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“Try not. Do or do not - there is no try.”
Yoda, Star Wars, Episode IV (Steven Spielberg, 1977)
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DMSO
EGF
FDA
FGF
FMCA
HGF
hTERT-BCE
i.p.
IL
INRG
INSS
MRI
MTD
NB
NK cell
NRP
p.o.
PDGF
PET
PlGF
PPTP
s.c.
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Dimethyl sulfoxide
epidermal growth factor
Food and Drug Administration
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hepatocyte growth factor
immortalized bovine capillary endothelial cell
intraperitoneal
interleukin
International Neuroblastoma Risk Group
International Neuroblastoma Staging System
magnetic resonance imaging
maximum tolerable dose
neuroblastoma
natural killer cell
neuropilin
per oral
platelet derived growth factor
Positron Emission Tomography
placental growth factor
Pediatric Preclinical Testing Program
subcutaneous
severe combined immunodeficiency
vascular endothelial growth factor
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Introduction

Cancer, one of the leading causes of death worldwide, can arise from basically any cell in the body. It has been postulated that six modifications in
normal cells are essential for cancer transformation: apoptotic evasion, self
sufficiency in growth signals, insensitivity to growth inhibitory signals, limitless proliferation, tissue invasion and metastasis, and sustained angiogenesis 1. These alterations are a result of errors in DNA replication or DNA
damage caused by environmental factors, the latter being of major importance in the etiology of cancer in adults.
In contrast, no certain environmental factors increasing the incidence of
the childhood cancer neuroblastoma (NB) have as yet been identified 2.

Childhood cancer
Over the last 30 years, the overall incidence of childhood cancers in Europe,
especially NB, has increased 3. This can only in part be explained by improved registration 4. Despite this increase, little focus in anti-cancer drug
development is put on pediatric oncology, probably due to the risk of adverse effects on growth and development in this small patient group. As a
result, there are few clinical studies defining age- and weight appropriate
dose formulations 5. Today, childhood cancer therapy is usually performed
with dosing schedules extrapolated from clinical studies in adults, despite
known differences in metabolism between children and adults 6.
The introduction of chemotherapy has been a milestone in cancer treatment, improving patient survival. Chemotherapy has increased the overall
survival of Swedish NB patients from <20% in 1960 to >62% in 2005 7.
Chemotherapy is usually administered at the maximum tolerable dose
(MTD) aiming to produce the highest achievable cancer cell death. However, acute toxicities following MTD, such as bone marrow depression, malaise, impaired liver function, allergic reactions, diarrhea, and fever are of
great concern. Bone marrow toxicity can be overcome by autologous stem
cell transplantation, allowing administration of higher doses. However, intensified therapy can be associated with higher toxicities for pediatric patients, which in turn reduces the possible treatment benefit 8. Furthermore,
studies investigating follow-up of patients surviving childhood cancers show
that survivors are at risk for therapy related, late side effects such as early
11

onset cardiac failure, renal insufficiency, infertility, cognitive dysfunction,
and increased risk for secondary malignancies 9, 10. This indicates that highdose treatment needs to be modified in order to reduce therapy related side
effects.
Since 2003, the American Food and Drug Administration (FDA) has demanded that more data on drugs used for treating children are needed prior
to approval for pediatric use 11. In addition, according to a new directive
from the European Union, new pharmaceuticals intended for pediatric use
have to undergo clinical studies in children prior to pediatric approval 12, 13.
Together with increased high throughput screening in drug development, the
use of relevant preclinical models for childhood cancers is emphasized 14.
This thesis explores novel treatment strategies in clinically relevant
mouse models for high-risk neuroblastoma.

Neuroblastoma
NB is a neuroendocrine, adrenergic tumor arising in the sympathetic nervous
system. Most often the primary tumor is located in the abdomen (65% of
cases) and originating from the adrenal medulla 15, 16. NB is the most common extracranial solid tumor in children and accounts for more than 7% of
all childhood cancers (www.seer.cancer.gov; accessed January 2009). NB,
with a male : female ratio of 1.1 : 1, is the most common cancer diagnosed
during infancy, with a mean age at diagnosis of about 19 months 15.
To date, no certain environmental factors have been implicated in the etiology of NB. Expression of viral genes have been demonstrated 17, 18, but
data is conflicting 19. However, a genetic predisposition to develop NB has
been confirmed 20, 21. This familial NB follows an autosomal dominant pattern of inheritance with the median age at diagnosis being less than median
age at diagnosis in general 20.
NB is a heterogeneous tumor; some NBs regress spontaneously and disappear, whereas others grow rapidly and metastasize extensively 22, 23.
In order to confirm suspected NB, tumor biopsies and bone marrow aspirates are taken 15. The extent of disease can be identified by various imaging
methods such as computer tomography (CT), magnetic resonance imaging
(MRI), ultrasound, and 123I-MIBG scintigraphy.
Clinically, NB is staged according to the International Neuroblastoma
Staging System (INSS), a system based on surgical resectability and tumor
spread (Table 1). However, the INSS is investigator dependent (i.e. determination of resectability), which may result in different staging between clinical centers. In an attempt to unify pretreatment risk stratification, the International NB Risk Group (INRG) developed a classification system that summarizes risk factors for poor prognosis and defines 16 pretreatment groups
24
. The aim of this subclassification is to optimize treatment based on NB
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risk factors. These risk factors include age >18 months at diagnosis, di- or
tetraploid tumor cells, advanced tumor stage, unfavorable histology, and
amplification of the oncogene MYCN 16.
Table 1: The International Neuroblastoma Staging System (INSS) 15
INSS stage 1

Localized tumor with complete gross excision, with or without microscopic residual disease; representative ipsilateral lymph nodes
negative for tumor microscopically (nodes attached to and removed with the primary tumor may be positive).

INSS stage 2A

Localized tumor with incomplete gross excision; representative ipsilateral nonadherent lymph nodes negative for tumor microscopically.

INSS stage 2B

Localized tumor with or without complete gross excision, with ipsilateral nonadherent lymph nodes positive for tumor. Enlarged contralateral lymph nodes must be negative microscopically.

INSS stage 3

Unresectable unilateral tumor infiltrating across the midline§, with or
without regional lymph node involvement; or localized unilateral
tumor with contralateral regional lymph node involvement; or
midline tumor with bilateral extension by infiltration (unresectable) or by lymph node involvement.

INSS stage 4

Any primary tumor with dissemination to distant lymph nodes, bone,
bone marrow, liver, skin, and/or other organs, except as defined
for stage 4S

INSS stage 4S

Localized primary tumor, as defined for stage 1, 2A, or 2B, with
dissemination limited to skin, liver, and/or bone marrow (limited
to infants younger than 1 year). Marrow involvement should be
minimal†. The results of the MIBG scan, if performed, should be
negative for disease in the bone marrow.

§

The midline is defined as the vertebral column.
less than 10% of total nucleated cells identified as malignant by bone biopsy or by bone
marrow aspirate. More extensive bone marrow involvement would be considered stage 4
disease.
†

NB treatment is based on surgery (unless contraindicated by risk factors),
chemotherapy, and radiation therapy, depending on the patient’s risk classification 15. In rare cases of localized disease, patients can be observed for
signs of spontaneous tumor regression instead of treatment 25. Response to
treatment is based on imaging studies, both of the primary tumor and metastatic sites, as well as bone marrow aspirates, and catecholamine metabolites
in the urine 15.
Screening for elevated catecholamine metabolites in the urine for detecting NB resulted in an increased prevalence of NB compared to unscreened
13

populations. However, mass screenings have been abandoned since the increased detection of NB did not decrease mortality rates 26, 27.
In contrast to most childhood malignancies, the overall NB survival has
only been moderately improved over the last decades despite intensive
treatment protocols involving high-dose chemotherapy, sometimes with
bone marrow rescue, aggressive surgery, and radiotherapy. In fact, the overall survival of patients with high-risk NB is below 30%, underlining the necessity for new treatment strategies 8, 28.

Animal models
Tumor staging and risk group classification aid to separate patients into different subgroups 24. A challenge lies in finding the optimal treatment for
each NB subgroup, especially since the comparatively low NB incidence
limits the number of clinical trials that can be performed simultaneously.
New treatment strategies have to undergo extensive preclinical evaluation
before entering clinical trials. These circumstances underline the need for
clinically relevant, reliable, and reproducible animal models.
This chapter discusses a selection of animal models available in cancer
research.

Hollow fiber model
In the 1990s, the National Cancer Institute developed the hollow fiber model
for in vivo screening of new therapeutic agents prior to evaluation in xenograft models 29.
In this model, tumor cells are filled into polyvinylidene fluoride hollow
fibers and implanted subcutaneously (s.c.) or intraperitoneally (i.p.) in immunodeficient mice. The fibers have a molecular weight cut off allowing
release of growth factors and antibodies but inhibiting cell migration and
direct tumor-host cell contact.
The hollow fiber model was presented as a fast and efficient screening
model requiring a minimum of labor and material: implanting several fibers
simultaneously, allows evaluation of drug efficacy on a number of tumor cell
lines per animal. However, no interactions with host tissues, such as angiogenesis and metastatic spread, can be studied in this model, limiting the
clinical relevance.
Jonsson et al. applied the hollow fiber model in rats, allowing investigation of pharmacokinetics, anti-tumor effect, and hematological toxicity of
cytotoxic drugs in the same animal 30. In a subsequent study they showed
that primary human tumor cells could be used to replace cell lines in this
model 31. This approach could prove beneficial for tailoring therapy for individual patients.
14

Despite the benefits of rapid and cost efficient analysis, the hollow fiber
model has limitations due to the absence of angiogenesis and tumor spread.

Figure 1: Experimental mouse models used in this thesis. In papers I and IV,
s.c. models in either nude (A) or SCID mice (B; shaved for tumor measurements) were used. In papers II and III orthotopic models were chosen (C). In
paper II, orthotopic tumor growth was verified by re-laparotomy (D). * indicates the location of the tumor

Subcutaneous (heterotopic) models
Injecting tumor cells under the skin of immunodeficient mice is a fast, reliable, and easy method for investigating tumor growth, treatment efficacy,
and angiogenesis 32 (Figure 1A-B). In contrast to the hollow fiber model,
prolonged treatment schedules can be studied in a s.c. model, allowing
evaluation of treatment schedules mimicking clinical trials. Recently,
Houghton at al. introduced the Pediatric Preclinical Testing Program
(PPTP), a system facilitating comparison of studies performed at multiple
testing sites 33. The PPTP, implemented by the National Cancer Institute,
defines criteria for scoring tumor response, aiming to screen anticancer drugs
and identify potential drugs that may advance to clinical trials. Subcutaneous
models are preferred since a panel of cell lines and/or drugs can be investigated simultaneously with reasonable expense of time, money, and labor.
Subcutaneous tumors are easily accessible allowing daily measurement of
tumor volume, and rapid assessment of treatment efficacy. Therefore, this
model is preferred for in vivo drug screening, as within the PPTP.
The s.c. model can be modified by implanting tumor tissue from patients
instead of cell lines. Fresh tumor material is heterogeneous with tumor cells
as well as tumor stromal cells, which is in contrast to the uniform cell lines
that have been adapted to culture conditions.
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Subcutaneous NB models are usually non-metastatic, which facilitates assessment of total tumor burden. However, this non-metastatic feature does
not mimic the clinical course of high-risk NB. Furthermore, s.c. tumors are
not representative of the primary tumor site which makes extrapolation of
treatment efficacy to the clinic more difficult 34.

Orthotopic models
In orthotopic models (Figure 1C), tumor cells are injected to the site of origin, e.g. usually the adrenal gland. The result is more realistic as regards
tumor-host interaction, which in turn may be the reason for variation in
treatment response between orthotopic and s.c. tumors 34.
In fact, orthotopic NB xenografts have been shown to have a more relevant tumor biology and enhanced vascularization compared to s.c. xenografts 35. Orthotopic models have been designed to resemble clinical disease
in respect to tumor site, growth, and spread. The latter is of major importance for evaluating treatment efficacy, since advanced stage patients with
metastases are the most difficult to cure 16.
Xenotransplantation in general allows timing of tumor growth, i.e. tumors
grow at approximately the same rate and with high reproducibility. Furthermore, xenotransplantation of tumor cells with defined genetic aberrations
(e.g. MYCN amplification) provides the advantage of evaluating treatment
response in animals mimicking a defined subset of patients, e.g. children
with high-risk NB. For mimicking clinical NB, orthotopic tumors should
grow in young mice. However, the adrenal glands and the surrounding adrenal fat pads are small in young mice. This makes the orthotopic injections
difficult with a risk of seeding NB cells into the abdominal cavity. Therefore, a recommended lower age limit for mice subjected to orthotopic
xenotransplantation is 6 weeks 35.
SCID (Severe Combined Immunodeficiency) mice are often preferred
since they show more frequent metastasis of human tumor cells compared to
nude mice 36. Addition of the beige mutation in SCID mice depletes the mice
of NK (natural killer) cell activity, resulting in increased metastatic spread of
injected tumor cells 37.
The continuous in vivo evaluation of treatment efficacy, assessment of
metastatic growth, and evaluation of total tumor burden in orthotopic models
for NB is challenging. Transfecting tumor cells with fluorescent proteins,
e.g. green fluorescent protein, allows detection of micrometastases in the live
animal 38. This method is reliable for in vivo studies but lacks clinical application. PET (Positron Emission Tomography), CT or ultrasound can be directly applied in the clinic.
Orthotopic xenografts mimic clinical disease but are cost and time consuming, and require certain technical skills. Further, it should be noted that
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despite the clinical relevance of orthotopic models, it is not possible to study
the tumor’s interaction with the immune system in immunodeficient mice.

Transgenic models
Transgenic animals are fully immunocompetent and allow investigating the
role of the immune system in tumor progression. Since tumors occur “naturally” in this model, early onset of disease can be studied. Furthermore, studies for preventing disease can be performed, which is of importance for cancer in adults. Even though murine tumors are investigated instead of cells
from patients, transgenic models can be designed to specifically mimic genetic alterations in patients 39.
In general, drawbacks of transgenic models are difficulties of coordinating tumor growth, assessing total tumor burden including metastatic spread,
and low penetrance 40, 41. For NB models, penetrance, i.e. the percentage of
animals developing tumors, can be improved by increasing MYCN gene
dosage in neural crest cells 39. Furthermore, NB penetrance can be increased
by changing the mouse strain 39. It should be noted that the transgenic model
presented by Weiss et al. developed tumors with heterogeneous histology
and genetic alterations (chromosomal gains and deletions) resembling various NB subgroups 39.
Iwakura et al. created a transgenic model for NB by setting a Simian virus
40 T-antigen under a tetracycline responsive element with a cytomegalovirus
promoter and emerging tumors mimicking clinical NB 40.
Difficulty in assessing tumor burden in transgenic mice can be overcome
by applying imaging modalities as described for orthotopic xenografts. Finally, tumor growth can be coordinated by inducing regulatory elements
allowing timing of gene activation 42. However, one should keep in mind that
artificial promoters may have other effects on the affected cell type than on
tumor growth.

Animal models: conclusion
One may conclude that the perfect animal model does not exist 43. Each
model has advantages and drawbacks. The model of choice depends on the
scientific question asked. With increasing knowledge of genetic alterations
in and biology of various cancers we can “tailor” animal models, investigating individualized therapy for small groups of cancer patients, such as children with NB.
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Angiogenesis
Angiogenesis, the formation of new blood vessels, is a prerequisite for tissue
growth. Without angiogenesis, tissue growth is limited due to decreasing
oxygen levels about 100-200 μm from the nearest blood vessel 44. In 1971, it
was proposed that not only healthy tissue, but also solid tumor growth might
be dependent on vessel formation 45. Later it was shown that tumor cells
themselves can induce angiogenesis by producing soluble factors – the field
of angiogenesis research was born 46. In 1978, Ausprunk et al. demonstrated
that removal of an angiogenic stimulus resulted in vessel regression. This
gave rise to the idea that angiogenesis inhibition, the prevention of new vessel formation, might be a therapeutic alternative 47.
Today, angiogenesis is known to be a highly ordered and tightly regulated
process, requiring vessel destabilization, increased vessel permeability, matrix degradation, endothelial cell proliferation and migration, tube formation,
and vessel stabilization 48. Many factors promoting or inhibiting angiogenesis have been characterized, and under normal circumstances the system is
kept in balance. As long as this balance does not shift in favor of proangiogenic factors, solid tumors remain dormant. This situation is referred to
as ‘cancer without disease’ 49, 50. However, some tumors can, for a limited
period of time, grow without inducing angiogenesis. This is possible by
growing along preexisting vessels, a process referred to as ‘vascular cooption’ 51.
Table 2: Small tumor vessels differ from normal capillaries
Tumor vessels

Normal capillaries

irregular shape
dilated (diameter: 15 – 40 μm)
tortuous
leaky, increased permeability
dead ends
irregular blood flow

round
diameter: 4-10 μm
straight or regularly convoluted
physiological exchange
dichotomous branching
continuous blood flow

Once tumors change from the non-angiogenic to the angiogenic state, denominated the ‘angiogenic switch’, tumors do not remain dormant but start
growing and can eventually metastasize to other organs 49. The angiogenic
switch can be triggered by mutations causing activation of oncogenes or
inactivation of tumor suppressor genes 52. Furthermore, certain cellular stress
factors such as hypoxia, nutrient deprivation, and reactive oxygen species
can trigger the angiogenic switch 53. Tumor angiogenesis shares similarities
with the process of wound healing, except that vessel formation in the tumor
does not come to a programmed end. This is the basis of the metaphor that
‘tumors are wounds that do not heal’ 54.
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It should be noted that the result of tumor angiogenesis differs from normal physiological angiogenesis. In physiological angiogenesis, the new vessels rapidly mature and become stable. Tumor vessels, on the other hand, fail
to become quiescent, which results in constant formation of new vessels 52.
These vessels are structurally and functionally abnormal and require continuous incretion of growth factors in order not to regress 55 (Table 2). Furthermore, tumor vessels have loose endothelial cell junctions which increase
tumor vessel permeability. The resulting leaky vessels cause increased interstitial pressure 56. These abnormalities allow distinction between normal and
tumor blood vessels, which makes targeting tumor vessels a feasible approach in cancer therapy 52.

Angiogenic growth factors and their receptors
The key players of the angiogenic switch are angiogenic proteins expressed
by tumor and stromal cells. Also, decreased expression of endogenous antiangiogenic factors and increased recruitment of endothelial cell precursors
from the bone marrow shift the balance towards a pro-angiogenic profile 50.
Most important for angiogenesis are angiogenic growth factors such as vascular endothelial growth factor (VEGF), platelet derived growth factor
(PDGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF),
angiopoietin, epidermal growth factor (EGF), interleukin-8 (IL-8), and their
corresponding receptors. The angiogenic growth factors VEGF and PDGF
will be discussed in detail below.

Vascular endothelial growth factor
The vascular endothelial growth factor is an important mediator of vasculogenesis and angiogenesis and is involved in embryonic and postnatal development, bone growth, wound healing, and the female reproductive process 57. VEGF expression is potently induced under hypoxic stress via the
hypoxia-inducible factor (HIF) – HIF responding element system and almost
any cell increases VEGF expression at low pO2 58. VEGF controls endothelial cell proliferation, migration, angiogenic sprouting, and capillary tube
formation 59. Furthermore, VEGF acts as a survival factor for endothelial
cells in unstabilized vessels 55, 60.
The VEGF family consists of VEGF-A, VEGF-B, VEGF-C, VEGF-D,
and PlGF (placental growth factor) 61 (Figure 2).
The most prominent angiogenic factor in the VEGF family, VEGF-A, is
often referred to as VEGF and exists in several isoforms due to alternative
mRNA splicing. The four major splicing variants are VEGF-A121, VEGFA165, VEGF-A189, and VEGF-A206, with VEGF-A165 as the predominant isoform. VEGF-A121 is a freely soluble protein whereas the main fraction of
19

VEGF-A165 is bound to proteoglycans. The longer VEGF isoforms, VEGFA189 and VEGF-A206, remain membrane bound due to their high affinity to
heparin. However, VEGF bound to heparin binding motifs can be released
by proteolytic cleavage 57, 61.

Figure 2: Schematic illustration of the VEGF family and their receptors.
VEGF, vascular endothelial growth factor; PlGF, placental growth factor;
VEGFR, vascular endothelial growth factor receptor; NRP, neuropilin
VEGF, first described as vascular permeability factor, increases vessel permeability and induces vessel fenestration 56. In cancer, the resulting vessel
leakage increases interstitial pressure, which hampers infiltration of tumor
vasculature with molecules, such as anti-cancer drugs. Furthermore, increased vessel permeability allows leaking of plasma proteins such as fibrinogen, mimicking a wound and providing a pro-angiogenic stroma 54.

VEGF receptors
VEGF exerts its function by binding to specific receptors mainly found on
endothelial cells and monocytes. Some tumor cells produce VEGF under
hypoxic conditions and express VEGF receptors (VEGFR), indicating that
VEGF might not only function on endothelial cells in a paracrine fashion but
may also function as an autocrine factor promoting tumor growth 62. VEGF
binds to the high affinity receptors VEGFR-1 (Flt-1: fms-like-tyrosine kinase) and VEGFR-2 (KDR: kinase domain region) (Figure 2) 57. VEGFR-1
is a negative regulator of angiogenesis during early development but is an
important mediator of angiogenesis under pathological conditions 6365.
VEGFR-2, having a lower affinity for VEGF-A than VEGFR-1, is important
in mediating effects of VEGF-A such as endothelial cell survival, promoting
angiogenesis and vessel permeability.
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Expression of the high affinity receptors VEGFR-1 and 2 can be increased by hypoxia 66. VEGF exerts its function by dimerizing the VEGF
receptor which results in phosphorylation of the tyrosine kinase sequence. In
addition to these VEGF receptors, VEGF can form complexes with neuropilins (NRP) that can modulate receptor-ligand interaction 61.
Alternative splicing of VEGFR-1 mRNA results in a soluble receptor
consisting of six transmembrane regions (Figure 2). Plasma levels of the
soluble form, sVEGFR-1, are elevated in patients with cancer and ischemia
where the receptor can form non-signaling heterodimers with VEGFR-2,
thereby inhibiting VEGF-A activity 61.
VEGFR-3 (Flt-4) only binds VEGF-C and D and is involved in lymphangiogenesis 61.

Platelet derived growth factor
The platelet derived growth factors (PDGF) show a high sequence homology
with VEGF. Four PDGFs have been identified: PDGF-A and B are secreted
as active ligands and can form both homo- and heterodimers (PDGF-AA, BB, -AB). PDGF-C and D require extracellular cleavage to become active
and can only form homodimers (PDGF-CC, -DD) 67, 68. PDGF-BB is essential for microvascular pericyte attachment to capillary structures. Without
PDGF-BB, capillaries are dilated and consist of naked endothelial tubes 69.
Endothelial cells, especially the endothelial tip cell of the vascular sprout,
produce PDGF-BB, promoting fibroblast proliferation and recruitment of
pericytes in the microvasculature via PDGF receptor- 59, 70.

PDGF receptors
PDGF binding to its receptor induces receptor dimerization and subsequent
activation of the PDGFR pathways leading to cellular proliferation, migration and angiogenesis 71. Three different PDGF receptors have been reported
(Figure 3): PDGFR-, PDGFR- and PDGFR-. All three receptors are
essential for embryonic development 72. PDGFR- is expressed on vascular
smooth muscle cells and pericytes surrounding blood vessels, and ligand
binding of PDGF-BB to PDGFR- stimulates proliferation of these cells 73.
Interstitial fluid pressure, which characteristically is high in many solid
tumors, has been shown to be reduced by blocking PDGFR activation 71.
Addition of PDGFR inhibitors to chemotherapeutic drugs increases chemotherapeutic efficacy rendering PDGFR inhibitors as interesting candidates
for combination therapy 71.
PDGF is mainly expressed in endothelial cells, whereas PDGFR-positive
cells are located in their close proximity 69. PDGF-B signaling via PDGFR-
is important for pericyte function in vessel stabilization 72. A schematic illustration of the PDGFs and their receptors is shown in Figure 3.
21

Figure 3: Schematic illustration of the PDGF family and their receptors.
PDGF, platelet derived growth factor; PDGFR, platelet derived growth
factor receptor

Strategies for angiogenesis inhibition
NBs have been shown to express both VEGF, PDGF and their cognate receptors 7476 and high expression of several angiogenic factors has been associated with advanced tumor stage in NB 77. Furthermore, a high tumor angiogenesis in NB correlates with metastatic disease and poor outcome 78.
Therefore, angiogenesis inhibition might be suitable for treatment of NB.
Angiogenesis inhibition aims to inhibit neovascularization, thereby limiting the tumor’s metabolic exchange and vascular access for metastatic
spread. This can be achieved by either inhibiting the synthesis of angiogenic
growth factors, preventing these factors from binding to their receptors or by
inhibiting receptor mediated signaling. New drugs have been developed that
interfere with various steps of angiogenesis. Today, angiogenesis inhibitors
are being investigated in several clinical phase III trials in various tumor
types (http://www.cancer.gov/cancertopics/factsheet/Therapy/angiogenesisinhibitors; accessed 2009-01-03). Three angiogenesis inhibitors have already
been approved by the FDA as first-line therapy in patients with metastatic
cancer; bevacizumab (Avastin®, Genentech/Roche, in combination with
chemotherapy for treating advanced colorectal 79 and lung cancer 80),
SU11248 (Sutent®, Sugen/Pfizer, in advanced renal cell carcinoma and gastrointestinal stromal tumor after disease progression or intolerance to imatinib mesylate 81) and sorafenib (Nevaxar®, Bayer, in patients with inoperable
hepatocellular carcinoma 82 and advanced renal cell carcinoma 83).
Both bevacizumab and SU11248 have recently entered clinical phase I
trials for childhood cancers (Table 3).

22

Another strategy for angiogenesis inhibition is based on altered dosing
schedules of chemotherapeutic drugs 84. Chemotherapeutic drugs circulate
through the body using the vascular system, targeting proliferating cells.
Hence, endothelial cells at sites of angiogenesis are the first cells to be exposed to the drug, whereas tumor cells that are either distant from blood
vessels or in a non-proliferating state (dormant) will most likely remain unaffected and can start to grow during treatment free periods. Changing the
dosing schedule from administration of the maximum tolerable dose (MTD),
requiring treatment free periods, to a metronomic scheme (lower doses at
more frequent dosing intervals) allows continuous drug exposure and targets
both tumor and endothelial cells 85, 86.
Table 3: Angiogenesis inhibitors in clinical phase I trials in childhood cancers§
in combination with

Registration
number

Compound

Disease

SU11248

unspecified refractory
childhood solid tumor
(patient age > 2 years)

bevacizumab

refractory solid tumors
and leukemia

sorafenib and
cyclophosphamide

NCT00665990

bevacizumab

advanced cancer (all
ages)

SU11248

NCT00543504

−

NCT00387920

sorafenib
erlotinib and cetuximab
trastuzumab and lapatinib

§

Information derived from www.clinicaltrials.gov. Advanced search “angiogenesis inhibition”, age group: child (accessed 2009-01-03).

Reducing the dose can reduce systemic toxicity and may result in less treatment related side effects. However, identifying the optimal metronomic dose
is not as straight forward as determining MTD and requires surrogate markers 87. Reduced mobilization of bone marrow derived endothelial cells to the
blood has been ascribed to metronomic chemotherapy, suggesting circulating
endothelial cells as a potential marker 86, 88.
The concept of altering chemotherapeutic dosing schedules has led to a
reevaluation of established chemotherapeutic drugs in clinical trials, addressing their potential effect as angiogenesis inhibitors (www.clinicaltrials.gov;
search parameter: metronomic chemotherapy and angiogenesis; assessed
2009-01-03).
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Aims

The aims of this thesis were:
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•

to investigate the effects of the anti-VEGF antibody bevacizumab and
the tyrosine kinase inhibitor SU11248 on experimental neuroblastoma.

•

to examine the effects of metronomic administration of the chemotherapeutic drug CHS 828 and its prodrug GMX1777 on neuroblastoma growth, spread and vascularization.

•

to characterize tumor spread in an orthotopic model for high-risk neuroblastoma.

•

to evaluate contrast-enhanced ultrasound for monitoring tumor
growth and perfusion in orthotopic neuroblastoma.

Materials and methods

Drugs
All drugs used in the studies were dissolved and stored according to the
manufacturer’s instructions.
Bevacizumab (Genentech, San Francisco, CA) (Figure 4A) was diluted in
sterile PBS (SVA, Uppsala, Sweden) for both in vitro and in vivo use.

CHS 828

bevacizumab

SU11248

GMX1777

Figure 4: Drugs used in this thesis. Bevacizumab, a humanized anti-VEGF
antibody, was used in paper I (A; schematic image); CHS 828 (GMX1778)
was used in paper II (B); SU11248 was used in paper III (C) and GMX1777
(EB1627) was used in paper IV (D).
CHS 828 (GMX1778; Figure 4B) (N-(6-chlorophenoxyhexyl)-N-cyano-N4-pyridylguanidine), supplied by LEO Pharma (Ballerup, Denmark) was
either dissolved in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany) and further diluted in culture medium (for in vitro use) or suspended
in peanut oil (5 μg/μl) at least once weekly and stored protected from light at
4°C (for in vivo use). Prior to oral administration, the CHS 828 suspension
was stirred until CHS 828 was resuspended.
SU11248 (Figure 4C) (N-[2-(Diethylamino)ethyl]-5-[(Z)-(5-fluoro-2-oxo1,2-dihydro-3H-indol-3-ylidene)methyl]-2,4-dimethyl-1H-pyrrole-325

carboxamide) was supplied by Sugen/Pfizer (San Francisco, CA). For in
vitro studies, SU11248 was dissolved in DMSO (Merck) and diluted further
in culture medium. For oral administration, SU11248 was suspended in 0.5%
(w/v) carboxymethylcellulose, 0.9% (w/v) sodium chloride, 0.4% (w/v) polysorbate 80, and 0.9% (w/v) benzyl alcohol in deionized water, pH 6.0 at
least once weekly and aliquoted for daily use.
GMX1777 (Figure 4D) (Gemin X Pharmaceuticals, Montreal, QC, Canada) is a CHS 828 (GMX1778) prodrug where a tetraethylene glycol monoethyl ether has been added to CHS 828, resulting in a higher solubility.
GMX1777 was stored protected from light at 4-8°C and dissolved in 10 mM
citrate buffer pH 4.8 prior to in vivo administration.

Cell lines
Neuroblastoma cell lines
Three human NB cell lines were used: IMR-32, SK-N-AS and SH-SY5Y.
IMR-32, purchased from American Type Culture Collection (ATCC, Rockville, MD), has been isolated from an abdominal NB in a 13 month old boy.
IMR-32 cells are MYCN-amplified and have a 1p-deletion 89. The 1pdepleted SK-N-AS cells (ATCC) are derived from a 6 year old girl with
poorly differentiated NB 90. SH-SY5Y, was kindly provided by Dr. June
Biedler, The Memorial Sloan-Kettering Cancer Center, NY. The cells were
derived from a 4 year old girl, have a poorly differentiated neuroblastic phenotype and a 45 + XX karyotype due to trisomy of chromosome 1 91.
The cells were cultured in Eagle’s minimum essential medium (SVA)
supplemented with 10% fetal calf serum, 1 mM glutamine, 1% non-essential
amino acids (except SH-SY5Y), penicillin and streptomycin.

Endothelial cells
Immortalized bovine capillary endothelial cells (hTERT-BCE; 92; a kind gift
from Dr. Yihai Cao, Karolinska Institute, Stockholm, Sweden) were cultured
in Dulbecco's minimum essential medium (SVA) supplemented with 10%
newborn calf serum (Sigma-Aldrich, Sweden ), penicillin and streptomycin,
and 3 ng/ml recombinant human basic fibroblast growth factor (Sigma). The
cells were grown in culture flasks, (Sarstedt, Sweden) coated with sterile
gelatin (1.5%) in PBS without Ca2+ and Mg2+ (SVA).

Human fibroblasts
The human foreskin fibroblasts CCD-1064Sk (a kind gift of Dr. Magnus
Essand, Uppsala University) were cultured in Eagle’s minimum essential
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medium (SVA) supplemented with 10% fetal calf serum, 1 mM glutamine,
penicillin (100 IU/ml) and streptomycin (50 μg/ml) (Sigma).
All cells, tested negative for mycoplasms, were grown in humidified air
(95%) and 5% CO2 at 37°C. The medium was changed twice a week (NB
cell lines, CCD-1064Sk) or every second day (hTERT-BCE).

Cytotoxicity assay
In vitro cytotoxicity was evaluated by the fluorometric microculture cytotoxicity assay (FMCA) 93. Bevacizumab was diluted in PBS and CHS 828 and
SU11248 were dissolved in DMSO and further diluted in culture medium.
Drug solutions were plated at 10× final concentration (20 μl) in 96-well
plates (Nunc, Roskilde, Denmark) (final DMSO concentration 0.2%). The
plates were stored at -70°C and used within one month. Cells (20-30×103 for
NB; 15×103 for fibroblasts and 5×103 for endothelial cells) were added and
after a 72 h incubation at culture conditions the plates were washed with
PBS and incubated with 10 μg/ml FDA (fluorescein diacetate) in PBS for 40
min. Fluorescence was measured at 538 nm in a scanning fluorometer (Fluoroscan II, Labsystems OY, Helsinki, Finland), the fluorescence signal being
directly proportional to the number of viable cells per well. Medium alone or
cells without drug served as negative and positive controls, respectively.
Morphological changes due to CHS 828 exposure were recorded for
IMR-32 (1.5×105 cells/ml) and hTERT-BCE (38×103/ml). Cells were seeded
on to 24 well plates (gelatin coated for endothelial cells) and allowed to attach over night before changing the medium (positive control) or replacing it
with medium containing CHS 828. Cell morphology was recorded after 0, 4,
24, 48, 72 and 96 hours using a digital phase-contrast microscope at ×100.
For quantification of cell death (paper II), IMR-32 cells were stained with 10
g/ml propidium iodine and DAPI (4',6-diamino-2-phenylindole) after 24,
48 and 72 h. Disintegrated plasma membrane (i.e. cell death) results in red
fluorescence, easily distinguished from alive cells staining DAPI-blue. Cell
death was determined by evaluation of at least 2,000 cells per well using UV
microscopy at ×100.

Animals
All experiments were approved by the regional ethics committee for animal
research.
Six week old female mice (Taconic Europe A/S, Ry, Denmark) were used
for xenografting. Table 4 provides a summary of the different strains used in
this thesis. The animals were housed in an isolated room at 24°C, with a 12 h
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day/night cycle. They were fed ad libitum with water and food pellets. Both
weight and general appearance were recorded throughout the experiments.
All handling of animals was carried out under aseptic conditions.
Table 4: Overview of mouse strains used in this thesis
Strain
NMRI
nu/nu

Mutation
lack
thymus

Phenotype
T-cell
slight increase in NK-cells
deficient

C.B-17
SCID

Prkdcscid
mutation

T- and
B-cell
deficient

low levels of Ig in ~20% of the mice at II + IV
the age of 12 weeks (no inducible antibody response)

C.B-17
SCID
beige

Prkdcscid
mutation

low levels of Ig in ~20% of the mice at
the age of 12 weeks (no inducible antibody response)
lower incidence of serum Ig relative to
C.B-17 SCID

III

beige
mutation

T- and
B-cell
deficient
NK-cell
deficient

−

−

genetically identical to C.B-17 mice
except one Ig chain

IV

Balb/c

Paper
I

Ig, immunoglobulin; NK-cell, natural killer cell

Xenografting and confirmation of tumor take
For xenografting, mice were anesthetized either with 2% Fluothane (Zeneca
Ltd., Macclesfield, U.K.) supplemented with 50% N2O in oxygen (paper IIII) or with 2-2.5% Isoflurane (Baxter Healthcare, IL) (paper IV).
In s.c. xenografts (paper I and IV; Figure 1A-B), 30×106 tumor cells (in
0.1 ml medium) were injected under the skin of the right hindleg using a
23G needle. Once tumors were palpable (~0.1 ml), tumor measurement began using a digital caliper. Tumor volume was calculated using the formula:
0.44×length×width2 94. When tumors reached 0.3 ml (paper I) or 0.5 ml (paper III), the animals were randomized and treatment started.
For orthotopic studies (papers II and III; Figure 1C), 2×106 tumor cells (in
20 μl) were injected in the left adrenal gland through a flank incision, closed
with interrupted 4-0 sutures in two layers. Buprenorphine (10 μg/kg; s.c.;
Schering-Plough Europe, Brussels, Belgium) was given once as postoperative analgesia. Tumor take was verified by re-laparotomy (paper II; Figure
1D) or ultrasound (paper III) and tumor size was calculated as described for
s.c. growing tumors. Nine weeks after xenografting, all animals had established primary orthotopic tumors.
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Table 5: Experimental mouse models used in this thesis

strain
tumor site
tumor take
cells injected
volume injected
metastatic spread
liver
bone marrow
spleen
adrenal gland
‡

heterotopic

orthotopic

NMRI
SCID
s.c.; hind leg
92%
88%
30×106
100 μl
no
no‡/ yes§
−
− / yes§
n.d.
n.d.
−
− / no
−
− / yes§

SCID (beige)
adrenal gland
100%
2×106
20 μl
yes
yes
yes
yes
no†

not in naïve, untreated tumors
occasional tumor spread in relapsing tumors (see paper IV)
†
contra lateral adrenal gland
n.d., not determined
§

No animal had to be killed due to experimental procedures during xenografting (i.e. weight loss or general distress as a result of xenografting). Table 5
summarizes and compares the different experimental animal models for NB
used in this thesis.

Contrast-enhanced ultrasound
In paper III tumor growth was monitored with contrast-enhanced ultrasound
(CEUS). C.B-17 SCID beige mice were anesthetized by an i.p. injection of
12.2 mg/kg 2.2.2-tribromoetanol (Sigma) in 2.5% 2-metyl-2-butanol (Sigma)
in saline and put on a heating plate. Mice were shaved on one side and water
based ultrasound gel was applied after soaking the remaining fur with saline.
The animals were insonated with a linear high frequency ultrasound transducer (Sequoia, Siemens-Acuson, Mountainview, CA). The adrenal tumor
was identified, first in fundamental mode (grey-scale) at 14 MHz to measure
the tumor’s largest diameter and the diameter perpendicular to it, then with
contrast-specific ultrasound software (Cadence Contrast Pulse Sequencing,
Siemens-Acuson) at 7 MHz. A 0.1 ml bolus of ultrasound contrast agent
(SonoVue®, Bracco, Milan, Italy) was injected via a tail vein and a 4s videoclip was recorded at 30s after the injection, i.e. when the contrast was distributed in the blood pool of the animal. The video-clips were stored and the
image brightness was later analyzed using software (Axius, SiemensAcuson) that utilized the raw data of the ultrasound image before the logarithmic image formation process. This analysis gives a numerical value to
image brightness, which in turn is dependent on the concentration of ultrasound contrast agent in the sample volume. This relationship has previously
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been shown to be linear (unpublished data, Anders Nilsson, Uppsala University). The numerical values were used as a representation of perfusion.

Treatment
Bevacizumab was administered at a dose of 5 mg/kg i.p. twice a week (paper
I). CHS 828 (paper II) and SU11248 (paper III) were administered daily by
oral gavage at 20 mg/kg and 40 mg/kg, respectively. GMX1777 (paper IV)
was administered s.c. at 7.5 mg/kg/day or 15 mg/kg/day. Control animals
received vehicle only. Each experiment contained five healthy, untreated
littermate controls allowing comparison of normal weight development between normal and tumor bearing mice. A summary of treatment schemes and
duration can be seen in Table 6.

The Pediatric Preclinical Testing Program
In paper IV, response to treatment was evaluated according to the Pediatric
Preclinical Testing Program (PPTP) 33. The PPTP developed criteria for
scoring tumor responses in experimental models and translating these scores
to clinical terms (e.g. progressive disease, partial response, complete response). This system, supported by the National Cancer Institute, requires
scoring based on individual follow-up. This facilitates comparison of preclinical studies performed at different centers, aiming to identify candidate
drugs for clinical trials including pediatric patients.

Perfusion fixation and autopsy
At the study endpoints, animals were anesthetized by an i.p. injection of 25
mg/kg 2.2.2-tribromoetanol (Sigma) in 2.5% 2-metyl-2-butanol (Sigma) in
saline.
In papers I-III, a cannula was inserted into the thoracic aorta, and the animal was perfusion-fixed with 4% paraformaldehyde in 1.47 mg/ml
NaH2PO4×H2O, 12.62 mg/ml Na2HPO4×2 H2O, and 4.09 mg/ml NaCl in
distilled H2O (Millonig’s buffer, pH 7.4, 37°C) at an intra-arterial pressure
of approximately 100 mm Hg. Tumors were dissected out and their absolute
weights and volumes were recorded prior to paraffin embedding.
In paper IV, tumors were excised and tumor weight was recorded prior to
snap-freezing in isopentane (2-methyl-butan). Tumors were stored in liquid
nitrogen.
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Tissue analysis – immunohistochemistry
The internal organs were examined for macroscopic metastases, then sliced
in ~1 mm sections and examined under a dissection microscope (×20) (paper
II and III). Only organ biopsies with suspected metastases (papers II-IV) and
the iliac crest (papers II and III) were dehydrated and embedded in paraffin.
Paraffin embedded tissues were cut in 3 μm sections, put on diaminoalkyl-silane treated glass slides, dewaxed, rehydrated and stained immunohistochemically.
Frozen tumors were cut in 6 μm (immunofluorescence) and 25 μm (for
light microscopy) sections, fixed in ice cold acetone and 5% formalin,
washed in PBS and 0.2% Tween20 and subjected to immunolabeling. Fluorescent slides were analyzed in a Zeiss Axioscop 2 MOT fluorescence microscope using the Axiovision 4.6 software with a Zeiss AxioCamMr3 camera.
All immunohistochemical steps were performed in humid chambers at
room temperature unless indicated otherwise.
After immunohistochemistry, the sections for light microscopy were
counterstained with Harris’ hematoxylin and mounted with Kaiser’s glycerol
gelatin (Merck) unless indicated otherwise.

Blood vessels
For quantification of angiogenesis, Bandeiraea simplicifolia-1 (BS-1) lectin
was used for highlighting endothelial cells. In rehydrated tissue sections,
endogenous peroxidase activity was quenched in 0.3% H2O2 in PBS for 30
min and neuraminidase solution (N-2133; Sigma) was applied over night at
37°C. Biotinylated lectin (L3759; Sigma) was applied 1:50 and sections
were incubated 1-2 h. For detection, ABC/HRP (K355, Dako A/S, Glostrup,
Denmark) was applied at 1:100 for 30 min. The sections were developed
using DAB (SK-4100, Vector Laboratories Inc., Burlingame, CA). BCE
cells served as positive control and omission of the neuraminidase solution
as negative control. All antibodies were diluted in 1% BSA in PBS.
Frozen tumor sections were blocked in a solution containing goat serum or
rabbit serum and fish oil for 30 min. Slides were incubated with primary rat
anti-mouse CD31 (Pharmingen, San Diego, CA) diluted in rabbit serum
Solution 9 (PBS pH 7.4, 0.1% bovine serum albumin, 150 mmol/L tranexamic acid, 20 μg/ml aprotinin (3 to 7 TIU/mg), 1.8 mmol/L EDTA, and 2
mmol/L iodoacetic acid) for 60 min.
Endogenous peroxidase activity was quenched in 10% H2O2 in methanol
for 15 min. The slides were then incubated with a biotinylated rabbit anti rat
secondary antibody (Vector Laboratories Inc.) for 30 min. Subsequently,
slides were incubated with ABC-HRP solution (Vectastain, Burlingame,
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CA), followed by DAB chromogen substrate (Zymed Laboratories Inc.,
Carlsbad, CA) and finally counterstained with hematoxylin. Slides were
dehydrated in ethanol and xylene and mounted in permount (Vector Laboratories Inc.).

Tumor stroma
Frozen tumor sections were blocked with goat serum or rabbit serum and
fish oil diluted in PBS and 0.2% Tween for 30 min. Primary and secondary
antibodies and streptavidin conjugates were diluted in goat serum or rabbit
serum and 0.2% PBS Tween for 30 min. The primary antibodies used were
anti-NG2 from Chemicon (Temecula, CA), FITC labeled monoclonal antibody anti-smooth muscle -SMA clone 1A4 diluted 1/200 (Sigma), biotinylated and non biotinylated rat anti-mouse CD31 diluted 1/100 (Pharmingen) and F4/80 antibody diluted 1/100 for detecting macrophages (SEROTEC, Raleigh, NC). Secondary antibodies used were Texas Red conjugated
goat anti rat secondary antibody and FITC conjugated goat anti rabbit secondary (Vector Laboratories Inc). The streptavidin Alexa Flour 350 was from
molecular probes (Eugene, OR). DAPI (4’,6-Diamidino-2-phenyindole, dilactate; Sigma) was applied at 10 μg/ml. Slides were mounted in flouromount-G (Southern Biotech, Birmingham, AL).

Proliferation
Tumor cell proliferation was detected by staining for the Ki-67 nuclear antigen. Rehydrated sections were blocked in 0.3% H2O2 in PBS for 20 min
followed by boiling the sections in citrate buffer (pH 6.0) for 6 min. After
blocking the slides in 1% BSA for 10 min, the primary antibody (clone MIB1, M7240; Dako) was added at 1:100 for 1 h. Biotinylated secondary antibody (E354, Dako) was applied at 1:200 for 30 min. For detection,
ABC/HRP (K355, Dako) was applied at 1:200 for 30 min. The sections were
developed using DAB (SK-4100, Vector). Human colon was used as positive control and omission of the primary antibody served as negative control.
All antibodies were diluted in 1% BSA in PBS.

Cell death
Apoptosis was detected by staining for cleaved caspase-3. Rehydrated sections were boiled in 10 mM sodium citrate buffer (pH 6.0) for 10 min and
allowed to cool down to RT. Sections were blocked in 0.3% H2O2 in PBS for
20 min followed by blocking in 5% horse serum (SVA) in PBS at RT for 1
h. Affinity purified polyclonal anti cleaved caspase-3 antibody (1:100;
#9961; Cell Signaling Technology, Beverly, MA) was applied at 4°C overnight and a HRP-conjugated secondary antibody (1:500; #7074, Cell Signal32

ing) was added for 30 min at RT. Sections were developed using Vector®
NovaRED™ (SK-4800, Vector Laboratories Inc). Human tonsil or murine
colon served as positive control and omission of the primary antibody as
negative control.
Immunohistochemical staining for DNA strand breaks (i.e. cell death)
was performed by the TUNEL assay using an “In Situ Cell Death Detection
Kit, POD” (Roche, Indianapolis, IN) according to the manufacturer’s instructions. Murine ileum was used as a positive control, and the replacement
of TdT with water served as a negative control.

Verification of neuroblastoma origin and metastases
Staining specific for neuroendocrine and adrenergic cells, i.e. NB cells, was
performed by tyrosine hydroxylase (TH) and chromogranin A (CgA) immunohistochemistry.
For TH, tissue sections were blocked in 0.3% H2O2 in PBS for 20 min and
boiled in the microwave for 2×5 min (750W) in citrate buffer. The sections
were blocked in 1% BSA + 10% rabbit serum in PBS. Monoclonal rabbit
anti-TH (No. 1017 381; Boehringer Mannheim GmbH, Mannheim, Germany) was applied at 1:80 over night. The secondary antibody (polyclonal
biotinylated rabbit anti-mouse immunoglobulins, E354, Dako) was applied
at 1:200 for 30 min. For detection, ABC/HRP (K355, Dako) was applied at
1:100 for 30 min. The sections were developed using DAB (SK-4100, Vector). Sections from an adrenal medulla served as positive control and omission of the primary antibody served as negative control.
Biopsies from the iliac crest were decalcified in Parengy’s decalcification
solution (Pharmacy, University Hospital, Uppsala, Sweden) for one week
prior dehydration and embedding in paraffin. For CgA immunohistochemistry, tissue sections on glass slides were treated with Target Retrieval Solution (S3308, Dako) according to the manufacturer’s instructions. Sections
were blocked in 0.3% H2O2 in PBS for 30 min, and 1% BSA + 10% rabbit
serum in PBS for another 20 min. Primary antibody (M0869, Dako) was
applied at 1:100 for 30 min. The biotinylated secondary antibody (K335,
Dako) was applied at 1:80 for 30 min. For detection, ABC/HRP (K355, Dako) was applied at 1:100 for 30 min. The sections were developed using
DAB (SK-4100, Vector). NB cell pellets were used as positive control and
omission of the primary antibody served as negative control.
Tumor spread to the bone marrow of the iliac crest was detected and assessed by examining 3 CgA-stained sections per animal in a blinded fashion.
The presence of NB metastases in tissue biopsies was examined in eosin
and hematoxylin stained tissue slides.
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18 days

0.58

Duration§

T/C value‡

0.58

0.57
0.11

10 days

daily

20 mg/kg

p.o.

IMR-32

‡

n.a.

30 days

daily

20 mg/kg

p.o.

IMR-32

CHS 828

paper II

short / long term treatment
mean tumor volume treatment group divided by controls (short term treatment only)
i.p. intra peritoneal; s.c. subcutaneous; p.o. per oral; n.a. not applicable.

§

2x /week

2x /week

2x /week

Schedule
22 / 72 days

5 mg/kg

5 mg/kg

5 mg/kg

Dose

10 / 16 days

i.p.

i.p.

i.p.

Treatment

IMR-32

SH-SY5Y

SK-N-AS

bevacizumab

paper I

Cell line

Drug

Table 6: Summary of treatment schemes

0.34

23 days

daily

40 mg/kg

p.o.

IMR-32

SU11248

paper III

0.20

9 days

daily

15 mg/kg

s.c.

IMR-32

0.36

23 days

daily

7.5 mg/kg

s.c.

IMR-32

GMX1777

paper IV

Blood analyses
Serum
At the study endpoints, venous blood was drawn with a syringe from the
right atrium prior to perfusion fixation (papers I and II). The blood was allowed to clot overnight at 4°C and spun at 135×g for 10 min. The serum was
removed and stored at -20°C (-70°C for long time storage).
The presence of bevacizumab and VEGF in serum was demonstrated by
Western blot analyses (paper I). Serum samples were boiled for 5 min, separated on a 10% SDS/PAGE, electrically blotted on a nitrocellulose membrane and blocked with 5% non-fat milk in PBS and 0.1% Tween-20. Bevacizumab was detected by incubating the membrane with a polyclonal rabbit
anti-human IgG1 antibody (P0212, DakoCytomation, Denver, CO) directly
conjugated to HRP. For detection of human VEGF-A, the membrane was
incubated with a monoclonal anti-human VEGF antibody (MAB293; R & D
Systems, Abingdon, UK) followed by a HRP-conjugated secondary antibody
(P0161, DakoCytomation). Enhanced chemoluminescence (Amersham
Pharmacia Biotech, Piscataway, NJ) was used for detection according to the
manufacturer’s instructions. VEGF-A levels in serum were quantified by a
commercially available ELISA kit (DVE00, R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions.
Quantification of human CgA in serum was performed by a commercial
radioimmunoassay (Eurodiagnostica, Malmö, Sweden) according to the
manufacturer’s recommendations (paper II).

Plasma
For pharmacokinetic analysis, venous blood was drawn from the right ventricle with a heparinized syringe (paper IV). The samples were immediately
spun at 1800×g for 15 min. The plasma was removed and stored at -70°C
until analyzed.
GMX1778 was detected by Ultra Performance Liquid Chromoatgraphy
with Tandem Mass Spectrometry (UPLC-MS/MS) (protocol: GeminX on
file). GMX1778 was detected in plasma from all animals (detection limit:
1.3 nM).

Stereological quantification
All sections were quantified at ×400 magnification in a blinded fashion using
an eyepiece grid (506800, Leica Singapore, Singapore) with 10×10 squares
(0.25×0.25 mm). After placing the grid in the upper left corner of the section, it was systematically moved 0.25-3 mm (depending on tumor size) in
two dimensions by using the microscope’s goniometer stage. Vascular pa35

rameters in 20-35 grids, depending on tumor size, were quantified for each
tumor (Table 7). To adjust for the occurrence of non-viable areas, the presence of viable tissue in the upper right corner of the grid was noted as ‘nvc’
(number of viable corners) and was used as an unbiased estimator of the
fraction of viable tumor tissue 94.
Table 7: Definition of stereologic parameters
Symbol

Dimension

Lv

mm-2

Vv

Sv

1

mm-1

a(ves)

mm2

b(ves)

mm

d(ves)

mm

Equation

Definition

¦Q

LV = 2 ×
VV =

ves

vessel length per tumor volume

n vc × A frame

¦P

vessel volume per tumor volume

ves

n vc × Ppcg

SV = 2 ×

¦I

ves

n vc × L lig

vessel surface area per tumor
volume

a ves =

Vv
Lv

mean section area of vessels

b ves =

Sv
Lv

mean boundary length of vessels

d ves = 2 ×

¦a

ves

mean section diameter of vessels



The eyepiece was used as an unbiased counting frame, a point grid, and a line intercept grid.
Qves, number of vessels per mm2; nvc, number of grids with the viable tissue in the uppermost square to the far right; Aframe, area of one counting frame; Pves, number of test points
hitting vessels in one point counting grid; Ppcg, number of test points in one counting grid; Ives,
number of intersections with vessel in one line intercept grid; Llig, length of test lines in one
intercept grid.

Only stereologic estimates from grids with a viable upper right corner and
where the entire grid covered tumor tissue were used for quantification, leaving only data from viable tumor fraction in an unbiased way.
The percentage of caspase-3- and Ki-67 positive cells was calculated
among at least 2,000 cells in each tumor by using the upper right quarter of
the same counting grid.
In paper II, treatment related bone marrow toxicity was investigated in
hematoxylin-eosin stained sections of the iliac crest. The percentage of megakaryocytes was calculated among at least 2,000 bone marrow cells.
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Statistical methods
All data was processed in Statistica 5.1 for Windows (StatSoft Inc., Tulsa,
OK) (paper I) or in GraphPad Prism 4 for Windows (GraphPad Software
Inc.) (papers II-IV). Differences between two groups were examined with
Mann-Whitney U test and differences between all groups were analyzed
using the Kruskal-Wallis test.
Statistical differences between tumor spread in treated animals compared
to controls were analyzed using Fisher’s exact test (papers II and III). Linear
correlations between sonographic and manual tumor measurements were
tested using the Spearman rank correlation coefficient (paper III).
Differences with p<0.05 were considered statistically significant.
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Results and discussion

Animal models for neuroblastoma
In our studies we used s.c. (papers I and IV) and orthotopic models (papers
II and III). In the s.c. model, NB cells were injected s.c. in the hind leg of
immunodeficient mice. The animals developed exponentially growing, nonmetastasizing tumors, allowing measurements of the total tumor burden
without the use of invasive imaging techniques. The reliable s.c. model allowed simple, fast and continuous evaluation of treatment response throughout the study periods.
In paper I, NMRI nu/nu mice were the preferred choice since the lack of
metastases and the absence of fur facilitated tumor measurements (Figure
1A). In paper IV we decided in favor of SCID mice in order to facilitate
comparison with paper II using the same strain and NB cell line (see papers
II and IV for details). For tumor measurements, SCID mice were shaved
(Figure 1B). The s.c. models were chosen in order to perform studies requiring frequent (i.e. daily) tumor measurements.
In the more complicated orthotopic model (Figure 1C), MYCN amplified
NB cells were injected into the left adrenal gland of SCID mice. The orthotopic model mimicked the clinical course of NB in children with regard
to tumor site (adrenal) (Figure 5), growth and spread (Table 8), allowing a
more detailed extrapolation from preclinical data to the clinical setting.
Compared to s.c. tumors, orthotopic tumors are reported to be locally invasive and to form distant metastases 35. SCID beige mice have been shown
to have a higher rate of distant metastases compared to SCID mice 37, 95. We
investigated NB spread in both SCID (paper II) and SCID beige (Paper III)
mice and found that in both strains all untreated control mice developed metastases (Table 8). SCID mice developed slightly more microscopic metastases in the liver and fewer in the spleen, but the differences were not statistically significant. There was no statistically significant difference in organ
weight between tumor bearing SCID and SCID beige mice, except for the
lungs (Table 8). It should be noted, however, that mean lung weight in percent of body weight was higher in SCID beige mice despite the lack of lung
metastases in this group. Weight differences might be a result of different
excision techniques: lungs only were excised from SCID mice (paper II)
whereas lungs together with the trachea were removed from SCID beige
mice at autopsy (paper IV).
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Conclusions regarding tumor spread should be drawn keeping in mind the
different observation periods in the two studies (Table 6). Interestingly,
when s.c. tumors in SCID mice were treated with GMX1777 and allowed to
relapse, occasional metastases appeared during treatment free periods (paper
IV; Table 5). Thus, high-risk NB cells may be metastatic even in s.c. models,
provided that the primary tumor volume does not limit the observation period.
There was a higher vascularization of orthotopic tumors than in s.c. tumor
xenografts when paraffin embedded sections were investigated (papers I-III)
(Table 9). This increased vascularization of orthotopic tumors is in accordance with a previously reported observation 35.

Figure 5: Orthotopic neuroblastoma mimics clinical reality. Magnetic resonance image (A) (2 year old girl with stage 2; image courtesy of Dr. Rolf
Christofferson, Uppsala University, Uppsala, Sweden) showing a left adrenal neuroblastoma (light grey). Orthotopic neuroblastoma (B) after injecting
tumor cell into the adrenal gland in SCID beige mice resembles clinical
neuroblastoma in respect to tumor site. K, kidney; T, tumor
For our orthotopic studies, we used IMR-32 cells. These cells have a 1-p
deletion and are MYCN amplified which both are negative prognostic markers for NB. MYCN amplification is associated with advanced stage, poor
outcome, rapid tumor growth, poor prognosis and increased risk for relapse
15
. IMR-32 cells are derived from an abdominal tumor and can therefore be
considered to be “at home” at the adrenal site 89. We conclude that orthotopic
injection of IMR-32 cells to both SCID and SCID beige mice mimics the
clinical features of high-risk NB and are suitable for preclinical studies investigating new treatment strategies, such as angiogenesis inhibition.
Orthotopic xenotransplantation required surgical expertise and tumors
growing at the orthotopic site were difficult to measure with conventional
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non-invasive methods. Furthermore, tumor spread could not be monitored
easily. This model was more cumbersome for the animal, since two laparotomies had to be performed under general anesthesia: injection of tumor cells
and verification of tumor growth (paper II; Figure 1D).
Table 8: Comparison of metastatic spread of orthotopic NB in SCID and
SCID beige mice
SCID§

organ weight
(% BW)

SCID
beige§
9/9

organ weight
(% BW)

Animals with
metastases
Lung

9/9
1/9

1.1 ± 0.2
(0.8 – 1.3)

0/9

1.3 ± 0.1*
(1.1 – 1.5)

Liver

7/9

7.3 ± 1.0
(5.7 – 8.7)

4/9

7.7 ± 1.8
(5.0 – 10.0)

Spleen

2/9

0.4 ± 0.1
(0.2 – 0.7)

5/9

0.7 ± 0.6
(0.2 – 2.2)

Bone marrow

7/9

7/9

§

Fisher’s exact test
Mean values ± 1 SD (range)
*
p < 0.01; Mann-Whitney U test

Monitoring tumor growth in vivo
Contrast-enhanced ultrasound (CEUS) was applied for monitoring orthotopic
tumor growth and perfusion (paper III). Tumor volumes measured with ultrasound in vivo were highly accurate when compared to calipermeasurements at autopsy. Ultrasound combined with contrast agent was the
preferred method for monitoring tumor perfusion, since the contrast agent
allowed measuring capillary flow by local destruction of microbubbles with
a high power insonation burst and assessing capillary refill with contrast
agent using low insonation power 96. Doppler methods were not applied
since they are flow dependent and therefore cannot demonstrate areas with
stationary blood 96.
The contrast agent SonoVue has not shown any adverse effects in rats or
monkeys and multiple administrations are possible without risking accumulation in the blood 97. A clinical safety study showed that blood kinetics of
SonoVue were dose independent with the agent being rapidly removed from
the blood via the respiratory system 98. Today, this contrast agent is used in
the clinic. We conclude that CEUS can safely be applied for monitoring
tumor growth and treatment efficacy of angiogenesis inhibitors.
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0.9 ± 0.2
2.0 ± 0.2

IMR-32

IMR-32

paper IV§

87.8 ± 33.4
95.4 ± 18.4

47.7 ±9.2

72.7 ± 19.8

77.7 ± 37.1

28.7 ± 10.0

47.4 ± 15.8

40.1 ± 22.0

Lv [mm-2]

43.9 ± 16.7

36.3 ± 9.9

38.9 ± 18.5

14.7 ± 3.8

23.7 ± 6.7

20.1 ± 11.0

[mm ]

-2

vessel/mm2

All values are derived from tumors not subjected to treatment (mean ± 1 SD)
Papers I and IV: subcutaneous tumors; Papers II and III: orthotopic tumor
§
In paper IV, frozen tumor sections were cut thicker than in papers I-III

1.0 ± 0.4

IMR-32

paper III

2.8 ± 1.4

IMR-32
1.4 ± 0.9

2.1 ± 0.9

SK-N-AS

IMR-32

2.6 ± 0.9

SH-SY5Y

tumor volume

paper II

paper I

cell line

30.1 ± 24.7

26.1 ± 8.4

8.3 ± 4.3

5.1 ± 2.5

6.9 ± 4.9

25.7 ± 13.9

24.5 ± 13.8

Vv [10-3]

7.8 ± 3.2

7.2 ± 2.6

2.8 ± 0.7

2.6 ± 1.3

1.4 ± 0.5

3.7 ± 1.1

3.2 ± 1.3

Sv [mm-1]

Table 9: Summary of volume- and stereologic parameters of untreated neuroblastoma xenografts

Angiogenesis inhibition
VEGF is a potent angiogenic factor. It has important functions during embryonic development, growth, wound healing, and the female reproductive
process 57, 99. Studies trying to inhibit VEGF-mediated angiogenesis has resulted in the development of bevacizumab (Avastin®, Roche) a humanized
monoclonal antibody against VEGF 100. By immune-neutralizing VEGF,
VEGF cannot activate its receptor, thereby reducing angiogenesis 56. Bevacizumab was the first angiogenesis inhibitor approved for first-line treatment
of cancer patients when combined with chemotherapy 79. NB expresses high
levels of VEGF 75, 76 and both angiogenesis and the expression of angiogenic
factors have been correlated to metastatic disease, poor outcome or advanced
stage disease 78, 101.
In paper I we demonstrated that treatment of s.c. growing high-risk NB
with bevacizumab significantly slowed down tumor growth in all cell lines
examined, resulting in a treatment/control (T/C) ratio of 0.57-0.58 (Table 6).
In vitro analysis showed neither tumor nor endothelial cell toxicity, but a
reduction of vascular parameters in s.c. tumors (Table 2). We detected elevated levels of serum VEGF in tumor bearing mice compared to healthy
littermates and serum VEGF concentrations were even higher in bevacizumab treated animals. An increase in VEGF levels due to bevacizumab treatment has been reported in a phase 1 study 102 and is most likely due to reduced clearance of VEGF bound to bevacizumab 103. Despite the increase in
VEGF levels, tumors grew more slowly, indicating that circulating, bevacizumab-bound VEGF was inactive.
It has been speculated that simultaneous inhibition of several angiogenic
factors might increase treatment efficacy 104, 105. We therefore investigated
the effect of inhibiting receptor mediated signaling with the receptor tyrosine
kinase inhibitor SU11248 106 (paper III). We found that simultaneous inhibition of VEGFR, FLT-3, Kit and PDGFR resulted in reduced orthotopic NB
growth and metastatic spread with a T/C value of 0.34 (Table 6). Even
though SU11248 treatment resulted in a lower T/C value compared to bevacizumab treated tumors, the data may reflect the different animal models
used. In fact, “our” treatment response of SU11248 in orthotopic NB was
higher than in a panel of s.c. NB xenografts 107. The higher vascularization of
orthotopic tumors might render them more susceptible to angiogenesis inhibition 35, 108. Furthermore, these discordant results may be due to different
tumor-stroma interactions in the two animal models – interactions important
for tumor growth and metastatic spread 109.
The NB cell lines used in this thesis all express VEGF and VEGFR-2 74.
This led to the assumption that besides angiogenesis inhibition, bevacizumab
and/or SU11248 might slow tumor growth by interfering with a possible
VEGF/VEGFR stimulatory autocrine loop in tumor cells. This hypothesis
was not supported by our in vitro studies, where neither bevacizumab nor
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SU11248 reduced NB cell growth, at clinically relevant plasma concentrations 110. However, it should be noted that VEGF production in NB cells is
induced by suboptimal supply of oxygen 111 – conditions not tested in vitro
in this study.
Treating tumors with either bevacizumab (paper I) or SU11248 (paper III)
resulted in formation of perivascular cuffs, i.e. sleeve like arrangements of
tumor cells surrounding a blood vessel (Figure 6). Tumor cell apoptosis was
mainly located at the periphery of these cuffs whereas proliferating cells
were found in proximity to the central blood vessels.

Figure 6: Perivascular cuff. Representative tumor morphology of orthotopic
neuroblastoma treated with SU11248 (40 mg/kg/day for 23 days. Note the
sleeve-like arrangements of proliferating NB cells (black) around a central
blood vessel (*). Ki-67 staining. Bar = 50 μm
In paper I, we could not conclude whether reduced tumor growth was due
to reduced tumor cell proliferation or to increased apoptosis, as the three cell
lines investigated did not show similar patterns. This might be due to vessel
“normalization”, where VEGF inhibition reduces neovascularization, decreases vascular permeability and normalizes leaky blood vessels 112 resulting in decreased interstitial fluid pressure and increased supply of oxygen
and nutrients.
Tumors treated with SU11248 on the other hand showed an increase in
tumor cell apoptosis. When investigating tumor perfusion with CEUS, we
found that daily administration of SU11248 reduced tumor blood flow.
However, prolonged SU11248 administration could not maintain the initially
observed reduced perfusion levels indicating that tumor vessels were normalized, similar to tumor vessels treated with bevacizumab 112.
Vessel normalization together with the reported redundancy of angiogenic
growth factors (e.g. similar actions of VEGF and PlGF) might explain why
the angiogenesis inhibitors slowed tumor growth but failed to induce tumor
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regression 113. By inducing vessel normalization, angiogenesis inhibitors
change tumor blood flow from irregular to a more normal stage. As a consequence, drug delivery to and oxygenation of tumor cells are increased 114.
The increased supply of oxygen could be beneficial in cancer therapy since it
enhances the effects of radiation therapy as it increases the concentrations of
reactive oxygen species created by radiation 112. This makes angiogenesis
inhibitors candidates for adjuvant therapy 114.
Data from our studies warrant further investigation of bevacizumab and
SU11248, alone or in combination with current treatment modalities, for
treating high-risk NB.

Metronomic chemotherapy
Chemotherapy has long been the backbone of cancer treatment and survival
of NB patients has increased since the introduction of chemotherapy in the
early 70’s 7. Traditionally, chemotherapy is administered at MTD, aiming to
induce a high tumor cell death within few treatment cycles. This maximum
tolerable dosing scheme is not exclusively toxic to tumor cells but affects all
host cells, including proliferating endothelial cells 115. However, MTD schedules are accompanied by systemic toxicity requiring treatment free periods
for patient recovery, allowing endothelial cell repair and regrowth 86, 116.
Lowering the dose of chemotherapy reduces host toxicity and permits
more frequent, i.e. metronomic, drug administration 84. We investigated metronomic chemotherapy on high-risk NB xenografts both in orthotopic (paper
II) and s.c. xenografts (paper IV). We showed that daily administration of
CHS 828 or its prodrug GMX1777 resulted in tumor regression (paper II and
IV) and reduced metastatic spread (paper II). CHS 828 (GMX1778) is a
nicotinamide phosphoribosyltransferase (NAMPT) inhibitor 117 targeting
synthesis of oxidized nicotinamide adenine dinucleotide (NAD+) which in
turn is an important coenzyme/transmitter molecule for the generation of
ATP. Due to their higher metabolic activity, cancer cells require higher levels of ATP synthesis and therefore have higher turnover of NAD+ 118. As a
result, NAMPT inhibition has been proposed to affect cancer cells to a higher degree than healthy cells (data from Gemin X). In fact, CHS 828 has
shown high antitumor activity in many preclinical in vitro and in vivo models 119122.
Administering CHS 828 at 20 mg/kg/day targeted both tumor cells and
the vascular compartment as determined by stereology (paper II) (Table 9).
GMX1777, administered at a dose corresponding to less than 50% of CHS
828 123, increased stereologic parameters (paper IV). However, we found that
vessels in GMX1777 treated tumors were in direct contact to pericytes, whereas untreated tumors had little or no vascular associated stroma, suggesting
either GMX1777-mediated vessel maturation or treatment selecting for ma44

ture vessels. In paper IV, we argue that drug exposure over time was too low
for direct endothelial cell toxicity but high enough for inducing tumor regression. This is supported by in vitro data showing that NB cells were more
sensitive to prolonged CHS 828 (GMX1778) exposure than endothelial cells.
It is noteworthy that GMX1777 treated tumors contained a large population of macrophages and non-vascular associated fibroblasts. Whether these
cells contribute to tumor relapse remains to be determined 124, 125.
Development of drug resistance is a well-know phenomenon in cancer
treatment 113, 126, 127. In paper IV, we allowed s.c. NB to relapse twice after
GMX1777 treatment and continuously monitored tumor growth and response to treatment. Relapsing tumors did not grow more rapidly than naïve,
untreated tumors. Even more important, relapsed NB remained responsive to
metronomic GMX1777, arguing against the development of drug resistance.
Several studies have shown increased treatment efficacy when metronomic chemotherapy is combined with angiogenesis inhibitors 116, 128130.
However, a combination study with GMX1777 remains to be performed.
In conclusion, our data warrant further investigation of metronomic
GMX1777 for high-risk NB.

45

Conclusions

Animal models:
• Subcutaneous xenotransplantation of neuroblastoma cells to immunodeficient mice proved reliable and reproducible.
•

Injection of IMR-32 cells into the adrenal gland of SCID mice results in
orthotopic tumor growth, resembling clinical neuroblastoma in respect to
tumor site, growth and spread.

•

SCID and SCID beige mice show a similar pattern of orthotopic neuroblastoma growth and metastatic spread.

Treatment strategies:
• Inhibiting a single angiogenic growth factor (VEGF) with bevacizumab
reduces tumor growth in subcutaneous neuroblastoma models.
•

Inhibiting VEGFR, PDGFR and c-KIT receptor signaling with SU11248
reduces orthotopic neuroblastoma growth and spread.

•

Neither bevacizumab nor SU11248 are toxic to neuroblastoma cells in
vitro.

•

CHS 828 (GMX1778) is toxic to neuroblastoma cells in the nM range in
vitro, whereas human fibroblasts remain unaffected. This makes CHS
828 a potential candidate for metronomic chemotherapy in neuroblastoma.

•

GMX1777 induces regression of subcutaneous neuroblastoma in a dose
dependent manner.

•

Relapsing subcutaneous neuroblastoma do not grow more rapidly than
naïve tumors and remain responsive to metronomic GMX1777.

•

Metronomic chemotherapy with GMX1777 alters the composition of the
tumor stroma but does not inhibit tumor angiogenesis.

Imaging
• Contrast-enhanced ultrasound proved to be a reliable tool for noninvasive imaging and quantification of orthotopic neuroblastoma growth
and proved valuable for in vivo evaluation of treatment efficacy.
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Future perspectives

Overall, the survival rate of children with NB has increased in the past decades 7, 131. This progress can be explained by better subclassification of patients with regard to prognostic risk factors and availability of better treatment protocols for the subgroups. However, NB still accounts for around
15% of pediatric oncology deaths despite an incidence of only 7% in cancer
patients younger than 15 years 16. NBs with MYCN-amplification and advanced stage disease are most difficult to cure indicating the need for better
treatment modalities for this patient subgroup 132. Therefore, this thesis focuses on high-risk NB, the patient group with a long term survival below
30% 8, 28.
How can cancer treatment be improved?
With advances in molecular biology and bioinformatics, more risk factors
and biomarkers for high-risk NB are identified. Furthermore, large, combinatory in vitro drug screening assays increase the number of potential drugs,
combinations of drugs, and treatment schemes for NB.
Whether these findings are of clinical relevance remains to be determined
in complex model systems. These models should address the interactions
between tumor and healthy cells, tumor angiogenesis, and immune response
– a complexity only achieved in animal models.
As mentioned earlier, the animal model of choice depends on the scientific question asked (in vivo drug screening, metastatic spread, immune
modulation) with different models complementing each other.
The challenge lies in developing and characterizing reproducible animal
models specifically for the NB subgroup of interest. In our orthotopic model
we focused on high-risk, INSS stage 4 NB. The INRG recently defined 16
pretreatment groups based on a risk classification system integrating the
INSS 24. The ultimate goal in preclinical research should be the development
of representative animal models for each NB subgroup with poor prognosis
in an attempt to individualize therapy and improve treatment outcome. However, even though animal models should be representative they should not be
too complicated in order not to hamper reproducibility at other laboratories.
One should keep in mind that new treatment modalities entering clinical
phase I/II trials, often involve patients with refractory metastatic disease not
responding to current treatment modalities. Therefore, animal models mimicking these conditions should be used more often in preclinical trials in
47

order to better predict clinical outcome. The animal models in this thesis
meet some of these criteria (high-risk NB cell lines; orthotopic growth).
How about angiogenesis inhibition and metronomic chemotherapy for
treating children with neuroblastoma?
This thesis shows that both angiogenesis inhibition and metronomic chemotherapy should be considered for treating high-risk NB. Today, bevacizumab
(see paper I) is in clinical trials in children with solid tumors and SU11248
(see paper III) is in two clinical phase I studies in children. Metronomic
chemotherapy (papers II and IV) is currently assessed in a clinical study in
children with newly diagnosed NB.
It is important to include treatment related long-term side effects into riskbenefit analysis of a new treatment protocol. Again, animal models can provide information prior to clinical assessment.
I believe that the future lies in combining angiogenesis inhibition and metronomic chemotherapy and that cancer treatment will be based on a multitargeted approach, specific for each cancer subgroup. Ultimately, treatment
should be tailored for each patient in order to achieve the best treatment outcome. However, whether this is feasible remains to be seen.
What will the future bring?
Developing new treatment modalities in vitro, evaluating them in vivo and
finally testing them in clinical trials requires close collaboration of scientists
from different fields. So far, drug development from in vitro screening to
testing in in vivo models is working well and some possible drug candidates
get closer to clinical evaluation (from bench to bedside). However, it may be
time to reevaluate current treatment schemes in vivo using the experience
from the clinics (from bedside to bench). A close collaboration between scientists and clinicians could improve current animal models which in turn
might improve translation of preclinical results to patients.
I strongly believe that it is possible to improve survival of children with
high-risk NB and that relevant animal models are invaluable for achieving
this.

Dieter Fuchs
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Sammanfattning

Neuroblastom är en aggressiv cancerform hos barn som bildar dottersvulster
(metastaser) och som har en dålig prognos, mindre än 30% av alla barn med
aggressiv neuroblastom överlever trots intensiv behandling. Därför är det av
klinisk relevans att hitta nya behandlingsstrategier.
En sådan strategi för behandling är att hämma nybildning av blodkärl. En
tumör måste bilda nya blodkärl (angiogenes) för att få syre och näring och
för att kunna växa och sprida sig. Angiogeneshämmare blockerar denna process och förstör outvecklade kärl som är beroende av en konstant försörjning
med angiogena tillväxtfaktorer (t.ex. VEGF; Vascular Endothelial Growth
Factor).
Syftet med detta projekt har varit att undersöka behandlingsmetoder som
hämmar angiogenes hos aggressivt neuroblastom. Vi har därför använt oss
av befintliga djurmodeller och även utvecklat en ny djurmodell. Denna liknar den kliniska bilden vid aggressiv neuroblastom. Tumören utgår från
binjuren och sprider sig sedan till levern och benmärgen (ortotop modell).
Våra studier visade att inhibering av VEGF kunde hämma angiogenesen
och bromsa tillväxten av aggressivt neuroblastom. Hämning av flera angiogena tillväxtfaktorer i den ortotopa modellen minskade även tumörens förmåga att sprida sig.
För att utvärdera behandlingens effekt på tumören använde vi oss av ultraljudsundersökningar. För barn med cancer betyder användning av ultraljud
snabba och smärtfria undersökningar.
Även cellgifter (cytostatika) kan hämma angiogenes om de ges metronomiskt, dvs. kontinuerligt i låga doser. Vi visade att metronomisk dosering av
cytostatikumet GMX1778 hade en effekt på angiogenes och var direkt toxiskt för tumörcellerna utan att orsaka biverkningar.
Förhoppningen är att dessa resultat kan komma att ligga till grund för nya
kliniska prövningar på barn och som på sikt kan leda till en förbättrad prognos för barn med aggressivt neuroblastom.
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Zusammenfassung

Das Neuroblastom ist die zweithäufigste bösartige Krebserkrankung im Kindesalter. Trotz verbesserter Behandlungen für andere Krebserkrankungen
überleben nur 3 von 10 an aggressivem Neuroblastom erkrankten Kindern.
Aus diesem Grund ist es wichtig, neue Behandlungsstrategien zu finden.
Eine mögliche Strategie ist die Hemmung der Blutgefäßbildung. Ein Tumor ist auf die Neubildung von Blutgefäßen (Angiogenese) angewiesen, die
er sowohl zur Sauerstoff- und Nahrungsversorgung als auch zum Wachstum
und zur Bildung von Tochtergeschwülsten (Metastasen) benötigt. Angiogenese-Blocker hemmen diese Neubildung und zerstören unentwickelte Blutgefäße, die auf eine konstante Versorgung mit angiogenen Wachstumsfaktoren (z.B. VEGF; Vascular Endothelial Growth Factor) angewiesen sind.
Ziel dieser Arbeit war es, Behandlungsmetoden zur Angiogenesehemmung in aggressivem Neuroblastom zu untersuchen. Zu diesem Zweck wurden Tumore in Mäuse implantiert und als Modellsysteme für Neuroblastom
verwendet. Außerdem wurden sogenannte „ortotope Modelle“ (ortotop = am
richtigen Platz) charakterisiert, die aggressive Neuroblastome in Kindern
wiedergeben. Die ortotopen Modelle gleichen Neuroblastom in Kindern in
Bezug auf den Ursprung des Tumors (die Nebenniere) und der Metastasen in
Leber und Knochenmark.
Unsere Studien zeigten, dass die Hemmung von VEGF (mit „Bevazicumab“) ausreicht um die Angiogenese im Tumor zu reduzieren und dadurch
das Wachstum von aggressivem Neuroblastom zu verlangsamen. Gleichzeitige Hemmung von mehreren angiogenen Wachstumsfaktoren (mit
„SU11248“) in einem ortotopen Model reduzierte zudem die Fähigkeit des
Tumors, Metastasen zu bilden.
Auch Zellgifte (Zytostatika) können Angiogenese hemmen, wenn sie
metronomisch, d.h. kontinuierlich und in niedriger Dosis, verabreicht werden. Wir zeigten, dass metronomisch verabreichtes Zellgift „GMX1778“
effektiv gegen Angiogenese sowie gegen die Tumorzellen selbst ist.
Es ist besonders hervorzuheben, dass keine der Behandlungen von Nebenwirkungen beeinträchtigt wurde.
Unsere Forschungsresultate können den Weg zu neuen klinischen Studien
bereiten und könnten in Zukunft zu einer besseren Überlebenschance für
Kindern mit aggressivem Neuroblastom führen.
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