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1 - DIFFUSE INTRINSIC PONTINE GLIOMA 

Even though cancer is a rare disease in children, it contributes significantly to pediatric 

mortality. In 2014, cancer was the leading cause of death for children aged 5 to 15 years 

in the Netherlands, taking the lives of 102 children and young adults (figure 1A, B, data 

from www.cbs.nl). While these numbers are still high, much progress has been made 

in treating children with malignancies. From one of the first scientific publications in 

1947, reporting limited success of aminopterin in treating acute leukemia 1, the cure 

rate of childhood cancer has improved from 10% in the early 1950s, to approximately 

80% now 2. Progress has been made by a better understanding of tumor biology, but 

not without clinician-scientists pushing the limits to perform experimental and even 

risky clinical trials 3,4. The most common malignancy diagnosed in children aged 0 to 

15 is acute lymphoblastic leukemia (ALL) (26% of all cases), followed by tumors of the 

central nervous system (CNS) (21%) and neuroblastoma (7%). In older children, malignant 

lymphomas are more prevalent.  Out of the 550 children in the Netherlands diagnosed 

with cancer and registered by the Dutch Childhood Oncology Group each year, 115 will 

have a tumor located in the CNS (www.cbs.nl).   

Figure 1 | Data used in figures acquired from www.cbs.nl between 1996 and 2014.  (A) All deaths 

of children and young adults < 20 years (grey dots) and all deaths in this age group by cancer in 

general (orange dots), acute lymphatic leukemia (purple triangles) and CNS tumors (red squares). 

(B) All deaths (average of 5 consecutive years) classified by age group by cancer (y/o = years old).

Many basic “hallmarks” are shared by all cancers 5, but pediatric malignancies often 

differ from those seen in adults both in origin, (epi)genetics, tumor-biology, treatment 

and prognosis. This is most definitely the case for pediatric brain tumors 6. 
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Pediatric brain tumors 

Approximately 75% of all brain tumors in children are considered glial tumors (gliomas), 

but many diff erent tumor entities exist and brain tumors are named after their presumed 

cell of origin (supplemental box 1) or location. The main focus of this thesis is diff use 

intrinsic pontine glioma (DIPG), a high-grade glioma originating in the pons. 

BOX 1 | The central nervous system, consisting of the brain (fi gure 2A) and spinal cord, 

is made up of diff erent cell types including neurons (fi gure 2B and E) and glial cells (B, 

C, D and E). The three major classes of glial cells are: (C) astrocytes essential for support 

of neurons, (D) ependymal cells, lining the inner surface of the ventricles and (B) and (E) 

oligodendrocytes forming the myelin sheaths around the axons to increase speed of action 

potentials.  Diff use intrinsic pontine glioma originates in the pons (*), an integral part of the 

brainstem. Figures modifi ed from Lynch, (2009) and Akiyao, (2006).

Recently, the 2016 World Health Organization (WHO) Classifi cation of Tumors of the 

Central Nervous System was published (fi gure 2). For the fi rst time, this classifi cation 

system uses not only histological features, but also incorporates molecular parameters 

to defi ne pathological entities 8). In this system, DIPGs are recognized within a new clinical 

entity, designated “diff use midline glioma, H3K27M (histone 3 with missense mutation, 

lysine to methionine at position 27) mutated” or “diff use midline glioma, not otherwise 

specifi ed (NOS)”. For consistency, we will refer throughout this thesis to diff use midline 

glioma (H3K27M mutated or NOS) in the pons as diff use intrinsic pontine glioma (DIPG).

A 

B 

C 

D 
E 

* 
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Figure 2 | 2016 WHO classifi cation of glial tumors, this thesis will focus on the diff use midline gliomas 

H3K27- mutant * and diff use midline gliomas, not otherwise specifi ed (NOS) 7. Table modifi ed from 

Louis e.a. Acta Neuropathalogica 2016 8 . 



12 |      Chapter 1

Other groups of pediatric brain tumors which we will not address in this thesis include 

embryonal CNS tumors, subdivided into medulloblastomas, primitive neuro-ectodermal 

tumors (PNET) and atypical teratoid rhabdoid tumors (ATRT), pituitary tumors and 

craniopharyngiomas, germ cell tumors, meningiomas and neuronal and mixed neuronal-

glial tumors 9. Prognosis and treatment differ greatly depending on location and tumor 

type. Overall survival of children with CNS tumors is currently 66%, but this ranges from 

95-100% in pilocytic astrocytomas that are totally resected 10, to far less than 10% in 

diffuse intrinsic pontine gliomas (DIPG) 11. High-grade gliomas have the worst prognosis 

of any pediatric cancer and despite increasing efforts from clinicians and scientists in 

recent decades, the prognosis has not improved in the last 40 years 12. 

DIPG – Clinical aspects  

Although DIPG is a rare tumor diagnosed only 8-10 times per year in the Netherlands 13, 

its contribution to cancer-related mortality in children is substantial. DIPG is diagnosed 

at a median age of 7-8 years and children present with rapid onset focal neurological 

symptoms, including nerve palsies and ataxia 13. Diagnosis is typically made on MRI, in 

most cases showing a diffusely enlarged pons and encasement of the basilar artery 
11. Diagnostic criteria for DIPG defined by Barkovic are: T1-weighted hypointense and 

T2-weighted hyperintense tumor with at least 50% involvement of the pons on T2 14. In 

50% of DIPG patients, the tumor shows no gadolinium contrast enhancement on MRI 

at diagnosis 11,15. No treatment modalities currently exist to cure DIPG despite multiple 

clinical trials using various chemotherapeutic agents 16. Standard radiotherapy regimens 

include 54 Gray (Gy) in 60 fractions. Although evidence is inconclusive, clinical studies 

do suggest that more patient friendly hypofractionated regimens might be equally 

effective 17. Despite a transient and partial alleviation of symptoms after radiotherapy, 

median survival is only nine months and most children will die within two years after 

diagnosis 11. 

DIPG – the blood brain barrier (BBB)

One of the hypotheses on why chemotherapies have not been successful in cases of 

DIPG is the presence of a functional blood brain barrier (BBB) in DIPG. The lack of contrast 

enhancement on MRI at diagnosis supports this hypothesis. Few studies address the 

actual BBB function in DIPG but there are reports suggesting that the BBB is even more 

prominently present in the brainstem compared to other regions of the brain 18. Box 2 

provides some background on the physiology of the BBB.
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BOX 2 | Capillaries in the brain diff er greatly from capillaries in the rest of the body. In essence, 

the BBB is formed by brain endothelial cells that are connected by tight-junctions (purple 

circle). Tight-junctions are associated with expression of occludin, claudin-1, claudin-5 and 

junctional adhesion molecules (JAMs) and, apart from very small gaseous molecules, they 

prevent transport of soluble substances. Homeostasis of the brain is tightly regulated by  

uptake of essential nutrients and effl  ux of potential toxins by various mechanisms depicted 

In the fi gure in this box 19,20. The fi gure shows a schematic representation of the BBB. (A) 

Capillary lumen (red) with an adjacent astrocyte (blue) in close contact. (B) Transport 

over the BBB by 1) diff usion, 2) transcellular, 3) transport protein or 4) receptor-mediated 

transport, 5) adsorptive transcytosis and 6) effl  ux by effl  ux pumps. (*) Represents astrocytic 

endfeed taking up nutrients to support other brain cells including neurons. Modifi ed from:  

Patrick J. Lynch, (2009).

Currently, little is known about regional diff erences in blood brain barrier function either 

in the healthy brain or in the brain invaded by neoplasms. Because functionality of the 

BBB depends on the interaction of cerebral endothelial cells with other resident brain 

cells that are all distributed heterogeneously in diff erent regions of the CNS, it can be 

assumed that regional diff erences do exist 21. MRI studies in mice, comparing pontine 

and cortical tumors with similar genetic backgrounds, showed enhanced gadolinium 

uptake in cortical tumors 22. This could be explained by a diff erent growth pattern in the 

pons or by a pre-existing tighter control of homeostasis in the pontine area. Evidence to 

support the second hypothesis comes from microdialysis experiments in naïve monkeys 

that showed concentrations of temozolomide to be four times lower in the brainstem, 

compared to the cortex after intravenous administration 18. It has been speculated that a 

tighter control of homeostasis in the brainstem is needed because this area is involved 

in highly conserved autonomic functions such as breathing and maintenance of blood 

pressure and body temperature. Comprehensive pharmacological studies in DIPG 

patients, including drug penetrance at the tumor site, are lacking, but a least one drug 

imaging study (with bevacizumab) in DIPG patients is currently ongoing 23. 

DIPG – Biology 

In the past fi ve years, much progress has been made in understanding the basic 
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biological processes that play a role in tumor initiation and progression 12, 16. Because 

DIPG can be diagnosed reliably on MRI, biopsies were not routinely performed 24, and 

because tumors are also not eligible for surgical resection, very little material was 

available for study. Initiation of autopsy studies 25–27 and changing views on taking 

biopsies in DIPG 28 have increased the availability of tumor material for study. The first 

study of DIPG-specific genetic aberrations based on a relatively large case series (11 

tumors, including nine post-mortem samples) discovered that 36% of tumors had 

PDGFRA (gene) amplifications and all tumors had PDGFR-α (protein) expression 29. Using 

gene expression signatures, DIPG tumors could be distinguished from supratentorial 

high-grade gliomas in children, although some high grade midline/thalamic tumors did 

cluster with the DIPGs. By analyzing the expression profiles in more detail, two different 

subgroups of DIPG could be isolated: one group with mesenchymal and pro-angiogenic 

characteristics and one group with oligodendroglial features 30. Using a different 

approach, studying the development of the human brainstem, Monje et al. 31 identified 

a distinct cell type in the ventral pons (neural precursors that are Nestin-, Vimentin- 

and Olig2 immuno-positive) that could potentially represent the cell of origin for DIPG. 

Further studies in mice implicated Hedgehog signaling to be important in stimulating 

growth of this particular cell population. By performing whole genome sequencing 

on DIPG somatic DNA, Wu et al. 32 recently discovered point mutations in histone 3.1 

(HIST1H3B) and 3.3 (H3F3A) that had never been described in human cancer, but that 

together were present in 78% of DIPG tumors (~ 60% H3F3A, ~ 20% HIST1H3B).

BOX 3 | Histones are proteins that bind DNA, and by wrapping itself more or less tightly 

around the histone complexes, the chromatin state of the DNA is determined. H3F3A-K27M 

and HIS 1H3B-K27M point mutations, found in 78% of DIPG tumors, prevent trimethylation of 

lysine (K) 27 by inhibition of EZH2 33 and by doing so, directly cause a more open chromatin 

structure, global hypo-methylation and aberrant gene transcription 34–36.

It is currently thought that mutations in these important epigenetic regulators cause (or 

contribute to) tumor initiation in the brainstem, but how exactly this takes place has not 

yet been fully elucidated. Overexpression of the K27M mutant H3.3 itself does not cause 

oncogenic transformation, but combining H3.3K27M with PDGFR-α overexpression and 

P53 loss in Nestin-positive neural progenitor cells will result in transformation, defined 

by increased proliferation, impaired differentiation and tumor formation after orthotopic 

injection in vivo 37. This suggests that the developmental state determines how cells will 

behave after gaining the H3-K27M mutation. When we combine these insights with the 
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epidemiology of DIPG, knowing the tumor occurs mainly in childhood, we can plausibly 

point to a unique developmental window in which H3-K27M mutations can contribute 

to oncogenic transformation in the pons. After the publication by Wu et al in 2012, larger 

scale sequencing experiments have confirmed the high prevalence of H3 mutations in 

DIPG and have furthermore revealed mutations in ACVR1 (20-32%), TP53 (42-71%), PPM1D 

(10-12%), ATRX (9-13%) and PIK3CA (12-23%) and deletions in PTEN (14%), NF1 (7%) and RB1 

(16%) 12,38,39.

2 - FROM TARGET TO THERAPy: THE ROLE OF PRECLINICAL 
MODEL SySTEMS

Between 1984 and 2014, a total of 68 clinical trials were conducted in children with 

DIPG. These trials used a variety of therapeutic agents, including classic cytotoxic 

chemotherapy and modern targeted drugs 12, but none of them showed enough 

improvement in patient outcome to change standard clinical care. However, some of 

the genetic aberrations found in DIPG could theoretically constitute adequate targets 

for therapy. But once a target has been identified, many research questions remain 

to be answered. Will inhibiting the target stop tumor growth? Is there a drug available 

to attack the target? Will the effects of this drug be tumor-specific or will there be 

unacceptable side effects and toxicity? And very important in treating brain tumors: will 

the drug reach the target in adequate levels to be effective? Preclinical research uses 

disease models to try and answer these questions. Parallel to the lack of tumor tissue 

available for study, until recently, DIPG disease models did not exist. Acknowledging 

the unique features of DIPG and therefore, the need for DIPG-specific disease models, 

a number of research groups around the world have prioritized the development and 

characterization of representative in vivo and in vitro models using autopsy and biopsy 

material. Currently, 21 primary DIPG cell lines (supplementary table 1) and 6 DIPG mouse 

models (supplementary table 2) have been described in the literature, or have been 

developed in our laboratory. These models are now being used to answer various 

preclinical research questions. 
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BOX 4 | Different experimental disease models are available to perform preclinical research 

in oncology. Broadly, those models fall into one of the following categories: in vitro, in vivo, 

ex vivo or in silico. In vitro literally means “in or on glass”; in biological science this refers to 

growing cells under controlled conditions, generally outside of their natural environment. 

Ex vivo studies use explants (tissues and organs) from living animals; in vivo (in the living) 

refers to (vertebrate) animal models; and in silico uses computational techniques to study 

biological processes.

Disease models in cancer research 

The “fitness” of the disease model used in a specific experiment is of great importance 

because it determines the external validity of the experiment. The first step in early 

translational research in oncology is the identification of the right drug, using in vitro models. 

Many drugs that will be effective in vitro will, however, never reach clinical application. The 

next step is in vivo testing. In vivo cancer models aim to reconstruct the complexity of 

a human tumor microenvironment, but the value of preclinical testing in animal cancer 

models has been a topic of much debate. Many studies have shown a relatively poor 

correlation between in vivo efficacy in animal models and efficacy in clinical trials in 

humans 40–42. The strength of this correlation, however, appears to be quite dependent on 

the type of compound tested (cytostatic or targeted), the disease stage in which treatment 

is initiated and pharmacological aspects that can differ between species 41.

BOX 5 | In vitro cell culture, as we know it, has been a great tool for scientists both in and 
outside the field of oncology since the 1950s. In 1951, the first human tumor cell line (HeLa, 
named after Henrietta Lacks, a woman diagnosed with cervical cancer) could be maintained 
for a long period of time in vitro. If a cell line can divide indefinitely under certain conditions, 
it is called a continuous cell line. Some tumor cells, like HeLa’s, will have inherent properties 
to evade senescence, and other continuous cells (like human embryonic kidney cells, 
HEK 293 cells) are immortalized by the introduction of genes that deregulate cell cycle 
or overexpression of human telomerase-transcriptase (hTERT). If selective (tumor) cells 
are cultured in medium with minimal additives that stimulate growth and differentiation 
(without fetal bovine serum), they can maintain a non – differentiated stem cell state 
that will allow continuous cell division. If cells are isolated from human or animal tissues 
(including tumors) and directly used for experiments, they are called primary cells. They 
may or may not continue to divide in vitro, depending on genetic background and culture 
conditions. Continuous cell lines are easy to maintain, easy to manipulate for experiments 
and have a predictable growth pattern. However, because they have been growing in vitro 
for years or decades, they have drifted away substantially from their original tissue or tumor, 
both genotypically and phenotypically 43. Primary cells are much harder to culture and to 
manipulate, but have more resemblance to the original tumor or tissue. Culture conditions 
will also influence external validity. In glioblastoma it has been shown that culturing tumor 
stem cells (TSC) under serum free conditions will better recapitulate the genotype, gene 

expression patterns and in vivo biology 44.
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Preclinical model systems in DIPG 

Recognizing the unique features that set DIPG apart from adult high grade gliomas 

affirms the need for disease-specific preclinical models to study new treatment 

modalities. The availability of preclinical models of DIPG has increased substantially 

in the past four years 45–48. In 2002, the first study reported feasibility of xenografting 

(non-DIPG) tumor cells into the brainstem of rats and mice 49. In the following years, 12 

papers were published describing in detail the use of different xenograft models using 

non-DIPG cancer cells. All models had different typical features representing aspects of 

DIPG, including: diffuse infiltrative growth 50; temporary response to therapy 50,51; growth 

in juvenile or neonatal animals 52,53, established from cells cultured as neuro-spheres 
54 or equipped with luciferase genes to allow for monitoring of tumor growth 50,55. An 

overview of xenograft tumors established from non-DIPG tumor cells is included in 

supplemental table 2. Background information on in vivo models in cancer and in DIPG 

can be found in box 6 and 7.

BOX 6 | Generally animal models in cancer research can be categorized by origin of 

the tumor (human or non-human, cell line or tissue explant, xenografted or innate) and 

location of the tumor (orthotopic, located in the same anatomical site as the primary tumor 

in humans, or heterotopic, usually located subcutaneously in the flank) 56,57.  Each model 

has its advantages and disadvantages and this will influence the external validity of an 

experiment depending on the research question. The first animal models in cancer research 

were used in the 1950s and consisted of transplanted murine tumors (mostly sarcomas). 

The discovery of the athymic nude mice in 1962 followed by other immune deficient mouse 

strains allowed for the development of cell line derived (CDX) and patient derived xenograft 

(PDX) models. Although frequently used CDX models are valuable in identifying efficacy 

of non-targeted cytotoxic agents, they might not always match the complexity needed 

in current day targeted drug development. PDX models are more closely related to the 

original tumor, but these models are scarce, can have a low take rate and might take a 

long time to grow. Also, take rate and growth rate are associated with histological grade 

of the original tumor, potentially leading to bias 56. Another way to “model” a tumor is to 

use genetic engineering techniques to initiate tumor growth in mice. Models established 

this way are called genetically engineered mouse models (GEMMs). GEMMs can be used 

to recapitulate important genetic events in a natural microenvironment and, which is not 

usually the case when using xenograft models, to incorporate a natural disease initiation 

and progression. Because immune-competent mice are used, these models also allow 

for immunotherapeutic studies. However, if the contribution of genetic abnormalities or 

epigenetic pathology to a specific tumor type is insufficiently known, modeling this tumor 

type using GEMMs is not possible. 
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Isolation and characterization of primary DIPG cells from biopsies or autopsy and 

development of GEMMs enabled combining the knowledge gained from genetic and 

epigenetic studies in DIPG with the ability to perform functional assays and drug screens in 

vitro and in vivo. Using various strategies this has led to the identification of promising new 

targets for treatment with corresponding pharmacological agents. Results from preclinical 

studies have in some cases led to the opening of clinical trials (supplemental table 3). 

BOX 7 | In 2011, the first xenograft tumor model using autopsy-derived DIPG cells (SU-DIPG-

IV) was described by Monje et al. 31, followed by the biopsy procured SF7761_hTert_fluc 

xenograft model by Hashizume et al. 58 and the JHH-DIPG1 59, SF8628_fluc 36,60 and HSJD-

DIPG-007 61 xenograft models. Increasing knowledge about tumor biology also allowed for 

the generation of GEMMs. In 2010, Becher et al. described a DIPG model using the RCAS/

tv-a system to overexpress PDGFα in nestin positive cells in neonatal mice with an Ink4-

ARF -/- background. Subsequent GEMMs include PDGFα-overexpression, TP53 loss and 

H3.3K27M overexpression in either Nestin positive or PAX3 positive cells 22,46,62,63. Funato 

et al. used embryological stem cells differentiated to neuronal precursor cells in vitro 

and incorporated well known DIPG features (PDGFRα expression, P53 loss and H3.3K27M 

expression), using viral transduction to establish in vivo tumors for preclinical research and 

therapeutic testing 37.

3 - FROM BENCH TO BEDSIDE: TRANSLATIONAL RESEARCH

After the confirmation that a drug is effective against the tumor cells in models, two 

essential questions remain. Does the active drug reach sufficient concentrations to be 

effective in patients? And if not, what alternative strategies can be used to deliver the 

drug to the tumor microenvironment? 

Studying effective delivery over the BBB

We hypothesize that determining intratumoral drug concentrations of investigational 

agents in patients is needed to appreciate the outcome of therapeutic studies, especially 

in brain tumor patients. In some cases, drugs can be administered prior to a planned 

biopsy or resection of the tumor. The concentration of the drug and the desired target 

effect can subsequently be studied in the collected tissue. This technique can also be 

used to study delivery of drugs to tumors in animal models. However, manipulation of the 

tissue or contamination with peripheral blood could influence results from these types of 

studies 64. In vivo micro-dialysis studies can measure interstitial drug concentrations over 

time and can thereby give detailed information on drug distribution in different tissues. This 
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technique has been performed in brain tumor patients and in animal models including in 

the brainstem 18. However, it is invasive and costly, it might not be fully representative 

in case of intratumoral-heterogeneity and it is only suitable for molecules smaller than 

20 kD and with specific chemical properties 65. Brain imaging using positron emission 

tomography (PET) or single-photon emission computed tomography (SPECT) scanning 

after administration of isotope labeled drugs is clinically applicable for all possible agents. 

It is relatively non-invasive, quantitative and can be used for research purposes in a 

preclinical and clinical setting, or to direct treatment in individual patients 64. 

Alternative ways to bypass the BBB

If it has been determined that a potential effective agent does not reach the tumor 

microenvironment due to its inability to penetrate the BBB, alternative delivery strategies 

should be considered. These strategies are either aimed at disrupting, passing or 

bypassing the BBB. Disrupting the BBB has been tried chemically using bradykinin to 

up-regulate caveolin-1 and caveolin-2 and decrease function of tight-junctions, but 

this effect is transient and has only produced small improvements in patients 20. Efflux 

pump inhibitors such as elacridar (GW120918) have shown to decrease efflux from the 

brain, but they can in certain cases cause severe toxicity 20. Mannitol can be used to 

cause osmotic changes in BBB function. Effects of osmotic disruption are thought to 

be non-tumor specific and trials in patients have shown variable effects. Disrupting the 

BBB using ultrasound, microwaves or radiation is an interesting field of research, but 

these techniques are not yet applicable in clinical practice 20,66. Passing the BBB can 

be attempted by hijacking existing transport mechanisms. By adding receptor-binding 

motives to agents or to nanoparticles containing agents, one could increase uptake and 

establish therapeutic concentrations in the brain parenchyma 20,66. Bypassing the BBB 

can be done by implanting polymer wavers or by performing intra-tumoral injections or 

convection-enhanced delivery 20,66.

Convection-enhanced delivery in brain tumors and DIPG

Convection-enhanced delivery (CED) is a local delivery technique that has for some time 

been considered a potential therapeutic delivery strategy in brain tumors, including 

DIPG. It uses a pressure gradient at the tip of the infusion catheter to create bulk 

flow through the interstitial spaces of the brain 67,68. Currently, five papers have been 

published describing a total of eight DIPG patients and one patient with a high grade 

tumor infiltrating the brainstem, treated with CED 69–73. Unfortunately, CED has so far 
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not lived up to expectations. One of the major issues in CED is the distribution of the 

drug. The drug that is delivered should have favorable chemical properties to enable 

adequate distribution and not give too much toxicity in the healthy parts of the brain. 

What chemical properties a drug must have to enable adequate distribution after CED is 

not clear. It is known, however, that lipophilicity negatively influences distribution, as does 

a high affinity to proteins, very large molecular weight 67,68,74 and being a substrate for the 

efflux transporters. In order to overcome these issues, potentially effective chemicals 

can be transported via CED using nanoparticles to improve distribution, bioavailability 

and biological half-life 75,76. Nanoparticles form functional units to deliver therapeutic 

agents over a larger area after CED. Preclinical studies have demonstrated that the use 

of nanoparticles greatly improves distribution and survival in the treatment of orthotopic 

brain tumors. However, because it is unlikely that a one-time administration of one 

particular chemotherapeutic agent will cure a complex disease such as DIPG, new 

technical developments are being initiated to allow continuous and repeated dosing 

via CED 77. 

4 - THESIS OUTLINE

In this thesis, we use a range of preclinical DIPG models to study local delivery techniques 

and drug-targeting in order to enable rational design of phase 0 and 1 clinical trials in 

patients and ultimately to treat DIPG more successfully. In chapter 2 we describe the 

development of two murine DIPG models after injection of human DIPG cells. The models 

are extensively characterized and we furthermore hypothesize on the mechanisms that 

might have caused transformation of resident murine cells. In chapter 3 we use two 

different DIPG models to test the feasibility of performing CED in the murine brainstem. 

This would allow for preclinical CED studies in mice to improve translation of this 

technique to the clinic. In chapter 4 we use our validated technique to test the clinical 

potential of CED using a chemotherapeutic agent that has shown to be effective against 

DIPG cells in vitro, doxorubicin. To improve efficacy and decrease toxicity, doxorubicin is 

tested both in free form and in liposomal formulation. In chapter 5 we study efficacy and 

toxicity of long-term CED of SN38 and irinotecan in rat DIPG models. Using rat models 

allows for a longer infusion time with higher volumes, a strategy that is likely needed to 

improve the efficacy of CED in the clinic. In chapter 6 we use preclinical PET-imaging 

to study the distribution of 89Zr-bevacizumab, a monoclonal antibody that neutralizes 

vascular endothelial growth factor (VEGF), linked to a radioactive tracer. We execute 



01

21|Introduction

PET and ex vivo studies in orthotopic and heterotopic CDX and PDX models of DIPG at 

various stages of the disease. After analyzing the data, we correlate distribution of 89Zr-

Bevacziumab to expression of its target and to functionality of the BBB studied by MRI 

after administration of a contrast agent. In chapter 7 we perform an extensive case study 

of a patient with a unique clinical presentation, in which we correlate 89Zr-bevacizumab 

uptake measured ex vivo to vascular morphology and VEGF expression in tissue samples 

obtained at autopsy. In the discussion, we reflect on the various studies, evaluate the 

use of preclinical models and appraise the external validity of the conclusions in our 

specific patient population.
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Supplementary table 1 | DIPG cell lines published until 2016 and lines developed in our laboratory. 

M = male, F= female  A = autopsy, B=biopsy, u= unknown, GBM = glioblastoma multiforme, OAC = 

oligoastrocytoma, DA = diffuse astrocytoma, AA = anaplastic astrocytoma, Adh = grows adherent, 

Sph = grows as neuro-spheres, M = month

Cell Line M/F Age Autopsy/
Biopsy 

Histology Survival K27M Adh/Sph Cell Line in vivo 
growth

Survival 
in vivo 

ACVR1 P53 Grade References

DIPGM M 5 u u u WT sph DIPGM No - u 78

DIPG58 F 14 u u u H3.3 sph DIPG58 No - u 78

SU-DIPG-IV F 2 A GBM 8 m H3.1 sph SU-DIPG-IV yes WT IV 31,45

SU-DIPG-VI F 7 A HGG 6 m H3.3 sph SU-DIPG-VI u - Mut III 45

SU-DIPG-XIII F 6 A GBM 4 m H3.3 sph SU-DIPG-XIII u - WT IV 45

SF8628 u u B u u H3.3 adh SF8628 yes 75d u 79

SF7761 F 6 B u 7 m H3.3 sph SF7761 yes 140 d WT II 58

JHH-DIPG1 M 6 A GBM 25 m H3.3 sph JHH-DIPG1 yes 1 y IV 59

SK-DIPG27 u 6 u GBM u H3.3 u SK-DIPG27 u - IV 45

HSJD-DIPG-007 F 6 A u u H3.3 sph HSJD-DIPG-007 yes 62 days Δ206 u 45

NEM157 F 5.7 B OAC 12.9 m K27M adh NEM157 - Δ337–340 R273C II 47

NEM163 M 5.7 B OAC 10.6 m K27M adh NEM163 u - WT II 47

NEM165 M 3.3 B OAC 23.9 m K27M adh NEM165 u - WT III 47

NEM168 F 1 B AA 8.4 m K27M adh NEM168 u - Δ156 III 47

NEM-215 u 6 B OAC 9 m H3.3 adh NEM-215 u - II 45

NEM-186  u 3 B GBM 8 m H3.1 adh NEM-186  u - IV 45

NEM-175 u 9 B DA 15 m H3.3 adh NEM-175 u - II 45

VU-DIPG.A F 4 B DA 8 m H3.3 adh VU-DIPG.A No - II 48

VU-DIPG.B F 3 B DFA 18 m H3.1 adh VU-DIPG.B No - III 48

VU-DIPG08 M 11 A GBM 11 m H3.3 sph VU-DIPG08 u - IV N.a.

VU-DIPG10 F 12 A GBM 4 m WT sph VU-DIPG10 Yes 42 days V N.a. 

Li-A u 5 A GBM 17 m H3.1 u Li-A No - IV 45

Li-F (IBs-W0128DIPG) u  8.5 u GBM u WT u Li-F (IBs-W0128DIPG) Yes u IV 45
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Supplementary table 1 | Continued

Cell Line M/F Age Autopsy/
Biopsy 

Histology Survival K27M Adh/Sph Cell Line in vivo 
growth

Survival 
in vivo 

ACVR1 P53 Grade References

DIPGM M 5 u u u WT sph DIPGM No - u 78

DIPG58 F 14 u u u H3.3 sph DIPG58 No - u 78

SU-DIPG-IV F 2 A GBM 8 m H3.1 sph SU-DIPG-IV yes WT IV 31,45

SU-DIPG-VI F 7 A HGG 6 m H3.3 sph SU-DIPG-VI u - Mut III 45

SU-DIPG-XIII F 6 A GBM 4 m H3.3 sph SU-DIPG-XIII u - WT IV 45

SF8628 u u B u u H3.3 adh SF8628 yes 75d u 79

SF7761 F 6 B u 7 m H3.3 sph SF7761 yes 140 d WT II 58

JHH-DIPG1 M 6 A GBM 25 m H3.3 sph JHH-DIPG1 yes 1 y IV 59

SK-DIPG27 u 6 u GBM u H3.3 u SK-DIPG27 u - IV 45

HSJD-DIPG-007 F 6 A u u H3.3 sph HSJD-DIPG-007 yes 62 days Δ206 u 45

NEM157 F 5.7 B OAC 12.9 m K27M adh NEM157 - Δ337–340 R273C II 47

NEM163 M 5.7 B OAC 10.6 m K27M adh NEM163 u - WT II 47

NEM165 M 3.3 B OAC 23.9 m K27M adh NEM165 u - WT III 47

NEM168 F 1 B AA 8.4 m K27M adh NEM168 u - Δ156 III 47

NEM-215 u 6 B OAC 9 m H3.3 adh NEM-215 u - II 45

NEM-186  u 3 B GBM 8 m H3.1 adh NEM-186  u - IV 45

NEM-175 u 9 B DA 15 m H3.3 adh NEM-175 u - II 45

VU-DIPG.A F 4 B DA 8 m H3.3 adh VU-DIPG.A No - II 48

VU-DIPG.B F 3 B DFA 18 m H3.1 adh VU-DIPG.B No - III 48

VU-DIPG08 M 11 A GBM 11 m H3.3 sph VU-DIPG08 u - IV N.a.

VU-DIPG10 F 12 A GBM 4 m WT sph VU-DIPG10 Yes 42 days V N.a. 

Li-A u 5 A GBM 17 m H3.1 u Li-A No - IV 45

Li-F (IBs-W0128DIPG) u  8.5 u GBM u WT u Li-F (IBs-W0128DIPG) Yes u IV 45
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Author Species Age 
animals

Celltype Author GEM Spheres Primary Morphology  /Pathology Mutations

Hashizume et al.’12 Athymic rats, male 6 w Primary tumor (SF7761) with 
hTERT  Fluc

Hashizume et al.’12 No No Yes Diffuse invasive growth H3.3K27M

Aoki et al.’12 Athymic mice, female 5 w GS2 and AM-38 human glioma 
cells with Fluc

Aoki et al.’12 No No No Invasive tumor growth No

Monje et al.’11 NOD/SCID u Biopsy, primary Monje et al.’11 No Yes Yes Diffuse growth H3.3K27M

Caretti et al.’11 Athymic nude mice, female 6 - 8 w E98-Fluc-mCherry Caretti et al.’11 No No No Diffuse and perivascular growth No

Siu et al.’10 Female athymic nude mice 
and female Fischer 344 rats

5 - 6 w F98 cells (rat), or 060919 cells Siu et al.’10 No Yes No Diffuse growth No

Luther et al. ‘08 Athymic rats u U87 l Luther et al. ‘08 No No No not specified No

Hashizume et al.’10 Athymic male rats 6 w U-87 MG, U-251 MG, GS2, GBM6 
and GBM 14, all with Fluc

Hashizume et al.’10 No Yes No Variable infiltration, GS2 tumor 
cells most infiltrative

No

Thomale et al.’09 Male Fischer 344 rats u F98 (rat) Thomale et al.’09 No Yes No Diffuse tumor growth No

Liu et al. ‘08 Sprague-Dawley male rats 3 and 10 w C6 (rat astrocyte cell line) Liu et al. ‘08 No No No Striking difference between adult 
and juvenile rats, juvenile rats more 
invasive, higher proliferative index

No

Maria et al.’08 Nude rat u luciferase-expressing U87MG 
glioma cells

Maria et al.’08 No No No not specified No

Sho et al.’07 unknown u C6 (rat astrocyte cell line) Sho et al.’07 No No No unknown No

Jallo et al.’06 Female Fischer 344 rats u 9L and F98 Jallo et al.’06 No No & yes No comparable to aggressive human 
BSG

No

Lee et al. ‘05 Female Fischer 344 rats u 9L and F98 Lee et al. ‘05 No No & yes No comparable to aggressive primary 
human brainstem tumors

No

Jallo et al. ‘05 Fischer 344 rat pups 12 - 24 h 9L and F98 Jallo et al. ‘05 No No & yes No infiltrative spread into the 
brainstem

No

Becher et al. ‘10, 15, 16 Mice Neonatal - Becher et al. ‘10, 15, 16 Yes No No similar to human pediatric BSGs, 
diffusely infiltrating tumor cells

K27M

Wu et al. ‘02 Multiple rat and mouse u EMT6, B16, F98 and 9L Wu et al. ‘02 No No & yes No Bulk tumor at endpoint with little 
necrosis

-

Supplementary table 2 | Brainstem tumor animal models
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Author Species Age 
animals

Celltype Author GEM Spheres Primary Morphology  /Pathology Mutations

Hashizume et al.’12 Athymic rats, male 6 w Primary tumor (SF7761) with 
hTERT  Fluc

Hashizume et al.’12 No No Yes Diffuse invasive growth H3.3K27M

Aoki et al.’12 Athymic mice, female 5 w GS2 and AM-38 human glioma 
cells with Fluc

Aoki et al.’12 No No No Invasive tumor growth No

Monje et al.’11 NOD/SCID u Biopsy, primary Monje et al.’11 No Yes Yes Diffuse growth H3.3K27M

Caretti et al.’11 Athymic nude mice, female 6 - 8 w E98-Fluc-mCherry Caretti et al.’11 No No No Diffuse and perivascular growth No

Siu et al.’10 Female athymic nude mice 
and female Fischer 344 rats

5 - 6 w F98 cells (rat), or 060919 cells Siu et al.’10 No Yes No Diffuse growth No

Luther et al. ‘08 Athymic rats u U87 l Luther et al. ‘08 No No No not specified No

Hashizume et al.’10 Athymic male rats 6 w U-87 MG, U-251 MG, GS2, GBM6 
and GBM 14, all with Fluc

Hashizume et al.’10 No Yes No Variable infiltration, GS2 tumor 
cells most infiltrative

No

Thomale et al.’09 Male Fischer 344 rats u F98 (rat) Thomale et al.’09 No Yes No Diffuse tumor growth No

Liu et al. ‘08 Sprague-Dawley male rats 3 and 10 w C6 (rat astrocyte cell line) Liu et al. ‘08 No No No Striking difference between adult 
and juvenile rats, juvenile rats more 
invasive, higher proliferative index

No

Maria et al.’08 Nude rat u luciferase-expressing U87MG 
glioma cells

Maria et al.’08 No No No not specified No

Sho et al.’07 unknown u C6 (rat astrocyte cell line) Sho et al.’07 No No No unknown No

Jallo et al.’06 Female Fischer 344 rats u 9L and F98 Jallo et al.’06 No No & yes No comparable to aggressive human 
BSG

No

Lee et al. ‘05 Female Fischer 344 rats u 9L and F98 Lee et al. ‘05 No No & yes No comparable to aggressive primary 
human brainstem tumors

No

Jallo et al. ‘05 Fischer 344 rat pups 12 - 24 h 9L and F98 Jallo et al. ‘05 No No & yes No infiltrative spread into the 
brainstem

No

Becher et al. ‘10, 15, 16 Mice Neonatal - Becher et al. ‘10, 15, 16 Yes No No similar to human pediatric BSGs, 
diffusely infiltrating tumor cells

K27M

Wu et al. ‘02 Multiple rat and mouse u EMT6, B16, F98 and 9L Wu et al. ‘02 No No & yes No Bulk tumor at endpoint with little 
necrosis

-

Supplementary table 2 | Continued
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Supplementary table 3 |  DIPG targets in vitro, in vivo and in clinical trial until 2016

Reference Target Drugs in vitro In vitro  
cell line 

In vivo model Clinical trial Drug in clin. 
trial

78 Poly-ADP-
Ribose 
Polymerase

Veliparib, 
olaparib, and 
niraparib

DIPGM (36), 
DIPG58, 
and SU-
DIPG-IV

only pHGG NCT01514201 Veliparib

80 IGF-1R, IR, 
MET, TRKA, 
TRKB, 
AURKA, 
AURKB

BMS-754807 PDGF-B, 
P53 -/-, 
H3K27M, 
murine

PDGF-B, P53 
-/-, H3K27M, 
murine

n.a. n.a.

45 HDAC Panobinostat, 
GSKJ4

Varous in 
vitro

IBs-
W0128DIPG, 
SU-DIPG-VI

NCT02420613; 
NCT02717455, 
NCT01189266

Vorinostad + 
Temsirolimus, 
/ Panobinostat

79,81 WEE1 MK 1775 + 
irridiation

VU-DIPG-A. 
SF8628

E98FM-DIPG 
,SF8628

NCT01922076 AZD1775 (MK-
1775)

47 PDGFR Dabozantinib, 
Dasatinib

NEM157, 
NEM163, 
NEM165, 
NEM168

n.a. NCT01644773; 
NCT00996723; 
NCT02233049;  
NCT01393912

Dasatinib, 
Crisotinib; 
Vandetanib

82 Aurora 
Kinase

VX-680, 
reversine

DIPG27 n.a. n.a. n.a.

83 NG2 5-Azacytidine NG2 + 
PDGFB 
mouse 
tumor 

n.a. n.a. n.a.

84 CDK4/6 PD-0332991 PDGF-B; 
Ink4a-ARF / 
P53-

PDGF-B; 
Ink4a-ARF 

NCT02644460, 
NCT02607124

Abemaciclib, 
Ribociclib

48 No target Antracyclines DIPGA, 
DIPGB

n.a. NCT02758366 Doxorubicin

31 Hedgehog 
pathway

KAAD-
cyclopamine

SU-DIPG-IV n.a. NCT01774253 Vismodegib

59 NOTCH αγ-secretase 
inhibitor 

JHH-DIPG1 
and SF7761

n.a. n.a. n.a.

85 PPM1D n.a. n.a. n.a. n.a. n.a.
86 EGFRvIII Rindopepimut n.a. n.a. NCT01058850 Rindopepimut
87 EGFR Erlotinib, 

Gefitiib,  
Nimotuzimab

various in 
vitro

n.a. NCT02233049, 
NCT01182350, 
NCT00996723  
NTR2391

Erlotinib, 
Nimotuzimab, 
Vandetanib
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