
 

 

 University of Groningen

Angiogenesis in tumor and adjacent non - tumorous parenchyma - molecular presentation
before and after therapy
van der Wal, Gesiena

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van der Wal, G. (2014). Angiogenesis in tumor and adjacent non - tumorous parenchyma - molecular
presentation before and after therapy. [Thesis fully internal (DIV), University of Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/d8d0eb5e-de4f-4481-8ab4-49bb770511fe


�  

Angiogenesis in tumor and adjacent non 
- tumorous parenchyma - molecular 

presentation before and after therapy

 

 



 �  

The studies described in this thesis were supported and funded by the department of 
Pathology and Medical Biology section, and Junior Scientific Masterclass of the  
University Medical Center Groningen and conducted within the Research Institute 
GUIDE.
 
Printing of this thesis was financially supported by Scheepvaartsbedrijf van der Wal, 
Mw. G. Vlap, Rijksuniversiteit Groningen.

 
Layout:   Bianca Pijl, www.pijlldesign.nl, 
   Groningen, The Netherlands
Cover design:  Gesiena Elise van der Wal/Bianca Pijl 
Printed by:  Ipskamp Drukkers
   Enschede, The Netherlands
ISBN:    978-90-367-7450-5 (print)
   978-90-367-7449-9 (digital)

© 2014, G.E. van der Wal, Groningen, The Netherlands 

All rights reserved. No part of this publication may be reproduced or transmitted,
in any form or by any means, without prior written permission of the author.



�  

Angiogenesis in tumor and adjacent non
 - tumorous parenchyma - molecular 
presentation before and after therapy

Proefschrift

ter verkrijging van de graad van doctor aan de 
Rijksuniversiteit Groningen 

op gezag van de 
rector magnificus, prof. dr. E. Sterken 

en volgens besluit van het College voor Promoties. 
 

De openbare verdediging zal plaatsvinden op 

woensdag 26 november 2014 om 16.15 uur

door

Gesiena Elise van der Wal

geboren op 25 november 1980
te Groningen



 �  

Promotores   
Prof. dr. G. Molema
Prof. dr. A.S.H. Gouw 

 
Copromotor 
Dr. K.P. de Jong

Beoordelingscommissie  
Prof. dr. E.E. Voest
Prof. dr. H. Hollema
Prof. dr. G.M. van Dam



�  

voor mijn moeder en zus



 �  



�  

Contents

Chapter 1 Thesis Introduction      

Chapter 2 COX-2 inhibition combined with radiation reduces orthotopic 
 glioma outgrowth by targeting the tumor vasculature

Chapter 3 Angiogenesis in Synchronous and Metachronous colorectal 
 liver metastases. The liver as a permissive soil

Chapter 4 Higher expression levels of angiogenic molecules in adjacent 
 liver parenchyma of colorectal liver metastases treated with 
 Bevacizumab in combination with chemotherapy
 
Chapter 5 Angiogenic characteristics of radiologically hypervascular 
 and hypovascular liver tumors: the importance of tumor 
 adjacent environment 

Chapter 6   
 Summary
 Discussion and Future perspectives
   
Chapter 7 Nederlandse samenvatting

Appendices 
 Abbreviations
 Biografie/Biography 
 Dankwoord                                                              

9

21

39

61

79

97
99

101

111

119
121
122
123



 8  



9  9  

Chapter 1

Thesis Introduction



 �0  



��  

Chapter 1

General Introduction and aim of the thesis

Introduction
Despite considerable efforts to conquer cancer, it still is a common cause of death 
worldwide 1. Currently, surgery, radiotherapy and chemotherapy are not the only 
therapeutic options for the treatment of cancer anymore. Following the discovery by 
Dr. Judah Folkman in 1971, that tumor growth depends on angiogenesis, development 
and clinical application of anti-angiogenic treatment has taken place for several solid 
tumors 2, 3. Other than the tumor itself, the tumor microenvironment is an important 
source of angiogenic molecules as well, having a substantial role in tumor progression 
4, 5. The potential effi cacy of an anti-angiogenic treatment depends therefore on the 
knowledge of the angiogenic profi le of the tumor and its environment, which can be 
assessed from the perspective of its patterns of vascularization and from the angiogenic 
molecular signature. 
 In this thesis we studied the angiogenic profi les of four different tumors for which 
currently there are no curative treatment options, except for surgical interventions, and 
for which anti-angiogenic treatment modalities are being investigated. The four different 
tumor types consist of glioblastoma multiforme (GBM), hepatocellular carcinoma (HCC), 
liver metastases of neuroendocrine tumors, and colorectal liver metastases. GBM and 
HCC are primary tumors which are radiologically hypervascular. The two metastatic 
liver tumors represent a hypervascular metastasis (neuroendocrine) and hypovascular 
metastasis (colorectal). The aim of this thesis is to study whether an association exists 
between the radiological en histological pattern of vascularization and the molecular 
angiogenic profi le of the tumor and its adjacent non-tumorous parenchyma. Insight in 
such an association may contribute to a rational selection of anti-angiogenic treatment 
options for these patients.
 
Tumor angiogenesis: the central paradigm with insight in the role of its players
Tumor angiogenesis is a complex process that is essential for tumor growth in both 
primary and metastatic tumors. The acquired blood supply can be established through 
different angiogenic mechanisms, i.e., sprouting angiogenesis, recruitment of endothelial 
progenitor cells, vessel cooption, and vascular mimicry. In this thesis we focus on the 
angiogenic molecular profi le involved in sprouting angiogenesis. 
 The step from dormancy to sprouting angiogenesis is called the angiogenic 
switch. This angiogenic switch is usually marked by a structural destabilization of 
endothelial cells, detachment of endothelial cell-cell adhesions, and pericyte support cell 
detachment from the endothelial cells 6. The angiogenic process promotes degradation 
of the basement membrane, endothelial invasion towards surrounding tissue, sprout 
formation, and new tunneling of this sprout. Finally, the new blood vessel is stabilized 
by recruitment of pericytes and reconstruction of the basement membrane 6, 7. A variety 
of pro- and anti-angiogenic molecules and their receptors are involved in this multistep 
cascade. A brief description of the key molecules analyzed in this thesis will be given in 
the following paragraphs.
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  The current paradigm describes that angiogenesis is initiated in response to 
hypoxic conditions through hypoxia inducible factor-1α (HIF-1α) 8. As a response, vascular 
endothelial growth factor-A (VEGF-A) is produced by the tumor cells, which subsequently 
induces via binding to VEGF receptor-2 (VEGFR-2) endothelial cell proliferation, vascular 
permeability, migration, and eventually remodelling of the surrounding tissue 6, 9. 
Simultaneously, the activated endothelial cells produce Angiopoietin-2 (Ang-2) that 
competes with Angiopoietin-1 (Ang-1) to block the phosphorylation of the tyrosine 
kinase receptor Tie-2. Ang-2 binding to Tie-2 leads to loss of stability of the mature 
vasculature and sensitizes the endothelial cells to growth factors like VEGF-A 10, 11. VEGF-
A and Ang-2/Tie-2 signaling induce the detachment of pericytes, thereby stimulating 
further vascular destabilization and increasing vascular permeability. At the other end, 
when the sprouting of a new blood vessel has been completed, the recruitment of 
pericytes occurs through platelet-derived growth factor (PDGF). PDGF is produced 
by activated endothelial cells, macrophages, and activated platelets 12. As a result a 
stabilized new blood vessel will form, which is also called vascular maturation 13, 14. 
Other molecules like cyclo-oxygenase-2 (COX-2) contribute to the angiogenic process 
via the VEGF-A pathway as well 15.
  Placental growth factor (PlGF), a member of the VEGF family, also plays a 
role in angiogenesis by recruiting VEGFR-1 positive progenitor cells and activation of 
endothelial cells via its specific receptor VEGFR-1. Although VEGFR-1 also has high affinity 
for VEGF-A, this binding induces only a weak tyrosine kinase activation, in contrast to 
PlGF binding. PlGF itself enhances endothelial proliferation mainly by binding VEGFR-
1. As a consequence, VEGF-A has a higher chance of binding to VEGFR-2 leading to 
vascular destabilization as mentioned above 16, 17. 
  Another molecule playing a key role in the regulation of angiogenesis is Ang-
1. The current paradigm states that Ang-1, produced by pericytes stabilizes tumor 
vasculature. However, animal studies have revealed that when expressed at high levels 
for a prolonged period of time in hepatic vasculature, Ang-1 can dilate sinusoidal blood 
vessels and take part in remodelling the vasculature 18, 19. 
  Although angiogenesis seems a highly controlled process, it occurs actually in a 
spatially disorganized manner, leading to an unequal distribution of tumor vasculature 
throughout the tumor 20. In contrast to normal vasculature, newly formed tumor blood 
vessels have an aberrant structure with irregular endothelial cell lining and abnormal 
pericyte coverage. This leads to vascular leakage which in turn results in enhanced 
interstitial fluid pressure and anatomically dilated blood vessels with heterogenic blood 
flow in closed or blind loops 21. As a consequence, conventional cancer treatment like 
chemotherapy will not be easily carried through the complete tumor, resulting in less 
therapeutic effect. In 2000 Jain proposed the “vascular normalization” hypothesis in 
which under the influence of anti-angiogenic therapeutics the tumor vascular reverts to 
a more normal vascular status leading to a better distribution of chemotherapy 22.
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Tumor microenvironment
Already in 1889, Paget revealed the “seed and soil” hypothesis in which the interaction 
of the seed (the tumor cell) and the soil (the metastatic site, secondary organ) determines 
the progression from micrometastases to clinical detectable macrometastases 23, 24. 
Regarding the angiogenic process, the tumor microenvironment (the soil) plays an 
important role as, amongst others, an important source of angiogenic molecules. In 
general, the tumor microenvironment is referred to as a heterogeneous group of stromal 
cells, immune cells, and endothelial cells that originate from the host tissue 5. In addition 
to the stromal tissue, tumor cells are lined by adjacent non-tumorous parenchyma of the 
host as well, which can contribute to provide tumor cells an angiogenically prosperous 
environment. More investigations are needed to gain further insights in the angiogenic 
status of this compartment and whether this compartment can serve as an additional 
therapeutic target. 
 
Vessel normalization and the role of pericytes
At present, it is well appreciated that for growth beyond the size of 1-2 mm3, solid tumors 
are dependent on angiogenesis to have a sufficient supply of oxygen and nutrients 
25. As stated before, the angiogenic tumor vasculature is, unlike normal vasculature, 
chaotic in organization and usually permeable, thereby presenting as an insufficient 
vascular system. The increased vascular permeability can be partly explained by the 
lack of pericyte coverage and defects in, or (partial) absence of the vascular basement 
membrane 21, 26. Chemotherapy and radiation therapy require a sufficient blood supply 
in order to distribute properly through the tumor and have access to oxygen to induce 
oxygen radicals 27, 28. Taking this into account, these abnormal angiogenic blood vessels 
can cause treatment resistance and consequently can support tumor progression 29.
  Anti-angiogenic drugs aim to modify the disturbed balance of pro- and anti-
angiogenic molecules in tumor tissue towards a normalized balance resulting in a more 
mature vasculature 26, 29. This will lead to improved tumor oxygenation, normalized 
interstitial fluid pressure, and an anatomically more normal vascular structure 29. 
Especially VEGF-A inhibitors can alter the vascular abnormalities 29. Inhibition of VEGF-
A can lead to enhancement of Ang-1 and its receptor Tie-2, and PDGFR-β signalling, 
which contributes to the recruitment of pericytes 30. Simultaneously, it can activate 
certain metalloproteinases (MMPs) which is needed to recreate a vascular basement 
membrane 29. Consequently, normalized vasculature will improve drug delivery and 
tumor response to radiotherapy 29. 
  Is vascular normalization really beneficial for patients? A study by Sorensen et al. 
31 showed that patients with recurrent glioblastoma treated with anti-angiogenic drugs 
had the highest overall survival and progression free disease rate. However, new insights 
revealed that vessel normalization is a dose dependent, transient process characterized 
by a time window 21. This represents the time period after starting with anti-angiogenic 
therapy during which features of vessel normalization are being observed. After the time 
window enhanced expression of alternative pro-angiogenic factors can occur, resulting 
in a secondary hostile pro-angiogenic environment and therewith reduced anti-tumor 
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effect 21, 29. Further insights and investigations will be needed to determine the best 
possible treatment strategy in the clinic, in which not only drug dose and tumor stage 
but perhaps also tumor type may need to be taken into account. 
 
Tumors studied in this thesis
Based on our knowledge regarding their vascular presentation in radiological imaging, 
we investigated hypervascular glioblastoma multiforme, hepatocellular carcinoma, 
neuroendocrine liver metastases, and hypovascular colorectal liver metastases. Below a 
brief description of their pathological and molecular characteristics are given. 

Glioblastoma multiforme
Glioblastoma is the most common primary malignant tumor of the brain 32. 
Glioblastomas arise from astrocytes and are therefore actually called astrocytomas. 
The World Health Organization has graded them from grade I (benign) to grade IV 
(malignant). Glioblastoma multiforme (GBM) is the grade IV astrocytoma 33. Despite 
international efforts, treatment still remains challenging in clinical oncology and overall 
survival remains low. Most patients diagnosed with GBM die within one year after the 
diagnosis and only 5% survive more than 5 years despite current standard treatments 
with surgery, radiotherapy, and chemotherapy 34, 35. 
 
Glioblastomas are known to be angiogenic, with high expression levels of VEGF-A 
which is directly correlated with poor outcome and increased tumor grade 32, 36, 37. 
However, Sie et al. could not substantiate in their study, that there is a correlation 
between the expression of VEGF and overall survival of patients diagnosed with GBM 38. 
Blocking VEGF-A through Bevacizumab, a monoclonal antibody targeting VEGF-A, does 
result in a rapid radiologic response 39, 40. At present, however, this responsedoes not 
correlate with an improvement of overall survival 36. Currently, the FDA has approved 
Bevacizumab as a treatment for recurrent glioblastoma 32. Other approaches are at 
present under investigation as well, and include for instance targeting PlGF, PDGFR, 
and dual therapies involving VEGFR/PDGFR inhibitors 32, 35. Another approach is the 
inhibition of COX-2, as experimental studies have shown that COX-2 is highly expressed 
in glioblastomas and stimulate angiogenesis through the VEGF-A system 41, 42. Inhibiting 
COX-2 could therefore lead to lower expression levels of VEGF-A and thereby a reduction 
of angiogenesis.
 
Colorectal liver metastases
In patients with colorectal cancer, the liver is the most common site of haematogenous 
metastases. Liver surgery with complete resection of the metastases still remains the 
only potentially curative treatment, and results in a 5-year survival of 36-58% 43-45. 
However, only 20% of colorectal liver metastases (CRLM) patients proved to be suitable 
candidates for resection 19. Patients presenting with non-resectable liver metastases may 
be eligible for surgery following tumor downsizing by neoadjuvant chemotherapy. 
  CRLM are known as radiologically hypovascular lesions, showing a hypointense 
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lesion in the enhanced liver parenchyma during the portal phase of contrast enhancement 
of computer tomography (CT) scanning 46. Although being hypovascular, angiogenesis 
has been shown to play a role in the outgrowth of these metastases 47, 48. Based on 
this, Bevacizumab is applied in combination with chemotherapy, as the treatment of 
primary colon cancer and its metastases as another “downsizing therapy” 49-51. Although 
patients present survival benefit in the range of months, therapy resistance often occurs. 
Accumulating data suggests that therapy resistance may reflect adaptation to the given 
therapy resulting in increased hypoxia and activation of alternative angiogenic signalling 
pathways 25.
 
Gastroenteropancreatic neuroendocrine tumors
Gastroenteropancreatic neuroendocrine tumors (GEP-NET) have their origin in the 
gastrointestinal tract and pancreas and originate from neuroendocrine cells 52. Their 
prevalence has increased over the past decades but is still low 53. GEP-NETs are highly 
vascularised tumors as are their liver metastases. Currently, the 5-year survival is 13-54% 
in patients with liver metastases, compared to 75-99% for patients without hepatic 
metastases 54, 55. 
  Currently, surgery offers the only potential for long time survival 55, but less 
than 20% of the patients are suitable for this treatment option due to the high rate of 
bi-lobar spread of the liver metastases 56. These unresectable liver metastases are treated 
by locoregional therapy such as hepatic artery embolization and radiofrequency ablation 
56. Based on angiogenic molecules being expressed in GEP-NETs, among the new 
treatment strategies are two anti-angiogenic approaches using Everolimus (inhibition 
of mTOR) and Sunitinib (inhibition of platelet-derived growth factor receptors and 
vascular endothelial growth factor receptor-2) 55.
 
Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) represents the most frequently diagnosed primary liver 
cancer 57. Currently, therapeutic options are still limited with a dismal overall survival 
rate, resulting in HCC to be the third cause of cancer-related death worldwide 57, 58.
  Even though HCC grow in a highly vascularised environment, it is thought to be 
dependent on angiogenesis for the outgrowth of new vasculature 57. There is, however, 
no consensus yet to support the concept that HCC is truly highly angiogenic. Zeng et 
al. 59 showed that HCC expressed in fact low levels of VEGF-A. On the other hand, other 
pre-clinical and clinical studies revealed various angiogenic pathways involving blood 
vessel formation in HCC i.c., VEGF-A and both its receptors, Angiopoietins, PDGF-β, 
and PlGF 57, 60, 61. However, further characterization of the angiogenic status of HCC is 
needed to present solid proof to support the concept that HCC is highly angiogenic. 
Although there is no consensus, recently, anti-angiogenic therapeutics targeting some 
of the above mentioned pathways, have been investigated as treatment for HCC. 
Applied agents are (1) Sorafenib, targeting amongst others the VEGF receptors which 
has been demonstrated to improve the overall survival in patients with advanced HCC 
of 3- 8 months 62, 63, (2) Sunitinib, targeting VEGF receptors and PDGFR-β and -β, with 
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overall survival in patients with advanced HCC of 10 months 64, and (3) Bevacizumab in 
patients with advanced HCC with an overall survival of 12.4 months 65, 66.
 
Issues addressed in this thesis
Primary tumor growth and the growth of metastases is a complex process in which 
angiogenesis plays a key role and is hence a promising target for therapy. In addition 
to the tumor itself the tumor microenvironment, including the adjacent non-tumorous 
parenchyma, seems to play an important role as well. The precise angiogenic status 
of the adjacent parenchyma, however, has at present not been investigated to its full 
extent. 
The angiogenic process is a challenging process, with many angiogenic molecules 
involved. Although currently several anti-angiogenic treatments have made it into 
the clinic, the outcome, has been limited thus far. In this thesis important angiogenic 
molecules, including COX-2, VEGF-A, VEGFR-1, VEGFR-2, HIF-1α, PlGF, Ang-1, Ang-2, 
Tie-2, PDGFR-β, PDGF-β were studied in four different tumor types, in the absence or 
presence of anti-angiogenic treatment. We tried to gain insight in the angiogenic status 
of both tumor and adjacent non-tumorous parenchyma of primary brain and liver cancer, 
and the hepatic metastases, both on a molecular level and immunohistochemically.
The following issues have been addressed: 
(1) The anti-angiogenic effects and tumor reduction capacity of COX-2 inhibition in 
combination with radiotherapy were investigated in orthotopically growing murine 
glioblastomas in a preclinical setting (Chapter 2), as in several animal models COX-2 
was demonstrated to be related to angiogenesis through the VEGF pathway.
(2) The angiogenic molecular status of synchronous and metachronous colorectal 
liver metastases and the therapeutic effects of Bevacizumab in combination with 
chemotherapy on the angiogenic profile of synchronous colorectal liver metastases. 
We studied the balances in gene and protein expression of some of the key players in 
the angiogenic process as addressed above in both the adjacent non-tumorous liver 
parenchyma and the metastases itself (Chapters 3 and 4). 
(3) The molecular status of radiologically hypervascular GEP-NETM and HCC were 
compared with that of hypovascular CRLM. We hypothesized that the expression levels 
of VEGF and Angiopoietin/Tie-2 systems in adjacent liver parenchyma and tumor are 1) 
comparable in the two types of hypervascular liver tumors GEP-NETM and HCC, and 2) 
are lower in the hypovascular CRLM than in the hypervascular GEP-NETM (Chapter 5).

The ultimate goal of this thesis is to contribute to the design of more efficient and perhaps 
personalized anti-angiogenic anti-tumor treatment in order to improve overall survival of 
patients diagnosed with the types of cancer studied in this research. 
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Chapter 2

Abstract

Cyclooxygenase-2 (COX-2) inhibitors have been shown to enhance tumors response to 
radiation in several animal models. The strong association of COX-2 and angiogenesis 
suggests that the tumor vasculature may be involved in this process. The current study 
investigated whether treatment with the COX-2 inhibitor E-6087 could infl uence 
response to local radiation in orthotopically growing murine gliomas and aimed to 
analyze the involvement of the tumor vasculature. GL261 glioma cells were injected into 
the cerebrum of C57bl/6 mice. From day 7 after tumor cell injection, mice were treated 
with COX-2 inhibitor at 50 mg/kg i.p. every third day. Radiation consisted of three 
fractions of 2 Gy given daily from day 9 to day 11. Mice were killed at day 21. The COX-
2 inhibitor signifi cantly enhanced the response to radiation, reducing mean volume to 
32% of tumors treated with radiation only. The combination treatment neither increased 
apoptosis of tumor cells or stromal cells nor affected tumor microvascular density. In 
vitro, E-6087 and its active metabolite did not affect clonogenic survival of GL261 cells 
or humanumbilical vein endothelial cell after radiation. In vivo, however, there was a 
nonsignifi cant increase in Angiopoietin (Ang)-1 and Tie-2 mRNA levels and a decrease 
of Ang-2 mRNA levels after combination treatment. These changes coincided with 
a signifi cant increase in α-smooth muscle actin–positive pericyte coverage of tumor 
vessels. 
In conclusion, the antitumor effect of radiation on murine intracranial glioma growth is 
augmented by combining with COX-2 inhibition. Our fi ndings suggest an involvement 
of the tumor vasculature in the observed effects.
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Introduction
The growth of solid tumors depends on the formation of new vessels from preexisting 
ones, or angiogenesis. In angiogenesis research, gliomas have received special 
attention because of their high vascular density. Cyclooxygenase-2 (COX-2), an 
inducible prostaglandin synthetase, is strongly associated with tumor angiogenesis 1. 
It is overexpressed in gliomas and in other tumors, and its expression is correlated 
with vascular density and prognosis 2, 3. Inhibition of COX-2 resulted in a reduction of 
angiogenesis 4 and in a reduction of glioma growth 5.
 COX-inhibitors have been shown to exert a synergistic antitumoreffect in 
combination with radiation treatment in several tumors in vivo 6-10. Some controversy 
exists about the molecular and cellularbasis for this synergy. The ability of COX-2 inhibitors 
to suppress neovascularization suggests that mechanisms related to tumorvascular 
function may be involved in the radiosensitizing effects of these drugs 11.
 The aim of our research, therefore, was to analyze the effects of the combination 
of a COX-2 inhibitor with radiotherapy on gliomas in cerebro and to investigate to what 
extent the tumor vasculature is involved in the therapeutic response. We used a model 
that uses orthotopically implanted syngeneic GL261 glioma cells in C57bl/6 mice. In 
this model, invasive growth and neovascularization have been extensively described 12, 

13.
 We here demonstrate a reduced outgrowth of intracranial glioma caused by the 
systemic addition of a COX-2 inhibitor to local fractionated radiation and find indications 
for the involvement of the tumor vasculature in the observed antitumor effects.
 
Materials and Methods

COX-1 and COX-2 inhibitory effects
The effect of E-6087 (see Figure 1 for chemical structure) on COX-1 and COX-2 
enzymatic activity was assessed according to a modification of the method described 
by Takeguchi and Sih 14. In vivo, E-6087 is metabolized into another active compound, 
E-6132 (Figure 1), which was analyzed for its effect on COX-1 and-2 activity in the same 
way. For comparison, the effect of celecoxib was
assessed in parallel. In vivo, prostaglandin E2 (PGE2) production inhibition was 
determined in a rat inflammatory exudate (COX-2) and gastric mucosa (COX-1) 
model, as previously described 15. The PGE2 generation was determined by enzyme 
immunoassay using an immunoassay detection kit (Cayman Chemical Co., Ann Arbor, 
MI; Catalog no. 5140) according to the manufacturer’s instructions.
 E-6087 and E-6132 have been synthesized at the Chemistry Department of 
Laboratorios Esteve (Barcelona, Spain).
 
Cells
Human umbilical vein endothelial cells (HUVECs) were obtained from the Endothelial 
Cell Facility UMCG (Groningen, theNetherlands). Cells were isolated and cultured as 
previously described 16.
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 GL261 murine glioma cells, kindly provided by Dr. U Herrlinger (Hertie Institute 
for Clinical Brain Research, Tubingen, Germany), were cultured in tissue culture flasks 
at 37°C under 5% CO2–95% air. The GL261 culture medium consisted of Dulbecco’s 
modified Eagle’s medium supplemented with 10% FCS, 2 mM L-glutamine, and 1% 
gentamicin (Biowittaker, Verviers, Belgium). All experiments were performed with 
confluent GL261 monolayers, except for the clonogenic survival assays, in which 
confluency status was as described below.

Figure 1
Chemical structures of E-6087 and its metabolite E-6132.
E-6087 ( a crystalline solid with a molecular weight of 405.35) is an inhibitor of cyclo-oxygenase 
with preferential effects on COX-2. In vivo, it is metabolized into the even more potent COX-2 
inhibitor E-6132, with plasma concentrations of the metabolite in rats being lower than those of 
the parental compound. Pharmacokinetics studies of E-6087 in rats and dogs 29 showed peak 
plasma concentrations 2 to 7 hours after oral administration. Elimination t1/2 was 15 to 34 hours 
with a plasma clearance of 0.1 to 0.22 L/h per kilogram. These parameters varied with species 
and gender.

Animals
Immunocompetent male C57bl/6 mice were purchased from Harlan (Horst, the 
Netherlands). Animals were maintained on mouse chow and acidified tap water ad 
libitum in a temperature controlled chamber at 24°C with a 12-hour light/dark cycle. 
The mice were monitored daily for behavior and every other day for body weight. All 
experiments were approved by the local ethicscommittee on animal research and were 
performed in accordance with the Dutch Code of Practice for animal experiments in 
oncological research.
 
Animal Experimental Procedures
GL261 murine glioma cells, which are syngeneic to C57bl/6 mice,were orthotopically 
implanted. This model was chosen for its known invasive properties 13 and its well-
documented induction of neoangiogenesis 12. Implantation of GL261 cells into the brains 
ofC57bl/6 mice was performed under anesthesia. All procedures requiring anesthesia 
were performed using ketamine (75 mg/kg) and medetomidine (1 mg/kg) i.p. Animals 
recovered from anesthesia after i.m. injection with Antisedan (0.6 mg/kg). Additionally, 
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for analgesia during tumor cell implantations, Rimadyl (5 mg/kg) was administered 
s.c.
 Three microliters of tumor cell suspension (100,000 cells/μl) was stereotactically 
inoculated in the left striate nucleus using a 10-μlSGE syringe (SGE Scientific, Melbourne, 
Australia).
 On day 7 after tumor cell inoculation, mice were randomly assigned to treatment 
groups. Mice were i.p. injected with COX-2 inhibitor E-6087 (50 mg/kg) suspended in 
5% gum arabic (15 mg/ml) every third day, until the end of the experiment (day 21). 
Controlmice received injections with vehicle only. Local radiation in three fractions was 
started at day 9, for 3 consecutive days, one fraction of 2 Gy/day (1.8 Gy/min) to a 
total of 6 Gy. Mice were radiated using a MGC 41 X-ray machine (Yxlon International, 
Hamburg, Germany; 200 kV, 10 mA). The animals were anesthetized and positioned 
under a leaden shield (thickness >3 mm). Radiation was performed through a 1 × 0.8-
cm rectangular hole in the shield that was positioned over the left cerebral hemisphere. 
Tumor-bearing control mice were sham-radiated.
 On day 21, mice were anesthetized, and the brains were removed under 
perfusion with sterile 0.9% NaCl. The brains were snap frozen in isopentane and stored 
at −80°C.
 
Tumor Volume Measurements
For tumor volume measurements, mouse brains were mounted on a cryostat (CM 
1900; Leica, Wetzlar, Germany), and the cutting of 5-μm cryosections was started at the 
rostral end. Tumor volumes were calculated from surface area measurements of every 
20th tissue section of the tumor.
 
Clonogenic Survival Assay
Human umbilical vein endothelial cells (first passage) and GL261(up to passage 40) 
were plated in 25-cm2 gelatin-coated culture flasks in increasing densities (ranging 
from 100 to 100,000 cells per flask). Twenty-four hours after plating, cells were radiated 
with graded doses (0, 3, 5, or 10 Gy) with a Cs-137 γ-ray machine (dose rate: 0.765 
Gy/min). Two hours before radiation, cells were incubated with either E-6087 or E-6132 
in a concentration of 10 μM or vehicle only in EC medium. Feeder cells consisted of 
HUVEC or GL261 cells radiated with a lethal dose of 100 Gy(100,000 cells per flask, 
added before radiation; dose rate: 2.226 Gy/min). Half of the medium was refreshed for 
the first time after 8 days. After 14 days, cultures were gently washed with phosphate-
buffered saline, and colonies were stained with crystal violet 1% (Sigma, St. Louis, 
MO) in ethanol 30%–formaldehyde 3% in demineralized water. Colonies containing 
more than 50 cells were counted. A minimum of two independent experiments were 
performed per experimental setup.
 
Immunohistochemistry
Cryostat sections were immunohistochemically analyzed using standard protocols. 
The primary antibodies used recognized CD31(Catalog no. 55027; BD Biosciences-
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PharMingen, San Diego, CA), caspase 3a (Catalog no. 557035; BD Biosciences-
PharMingen), COX2 (Catalog no. ab21704; Abcam, Cambridge, UK), CD45 (Catalog 
no. 550539; BD Biosciences-PharMingen).
 Similarly, fluorescence double staining was performed using standard protocols. 
The primary antibodies used recognized CD31, desmin (Catalog no. ab152001; Abcam), 
and α-smooth muscle actin (αSMA; Cy3-labeled, Catalog no. C6198; Sigma-Aldrich).

Determination of tumor microvascular density
Microvascular density (MVD) was scored using the Chalkleypoint overlap morphometric 
technique, which allows for rapid analysis with a relatively low interobserver variability 
17. This method has been described in detail 18. In brief, three vascular hot spots were 
identified per tumor. A 25-point Chalkley eyepiece graticule (Graticules Ltd, Edenbridge, 
Kent, UK) was used to score each hot spot at a magnification of ×200. The graticule was 
oriented to permit the maximum number of points to hit the immunohistochemically 
visualized microvessels. This procedure was performed in duplicate. The MVD per tumor 
was obtained by calculating the mean of these three hot spots. Results were confirmed 
by the independent analysis of a second observer.
 
Analysis of Pericyte Coverage of Tumor Vessels
Cryosections were double stained for CD31 and αSMA or desmin. Per tumor, six or more 
random high-power fields were analyzed on a fluorescence microscope (Quantimed 
600S; Leica Camera, Solms, Germany) equipped with a 40× objective lens (Leica PL 
Fluotar). Using the appropriate filters, images were captured with the Leica QWin 3 
software. All vessels within the high-power field were analyzed. A minimum of 30 vessels 
per tumor were scored. The percentage of vessels that showed any perivascular staining 
for αSMA or desmin was scored. Results were confirmed by the independent analysis of 
a second observer.
 
Gene Expression Analysis by Real-time ReverseTranscription–Polymerase Chain Reaction
Total RNA was isolated with Absolutely RNA Micropep Kit (Stratagene, Amsterdam, the 
Netherlands) according to the protocol of the manufacturer.
 RNA was analyzed qualitatively by gel electrophoresis and quantitatively using 
Nanodrop (Nanodrop Technologies, Rockland, DE). One microgram of total cellular 
RNA was subsequently used for the synthesis of first-strand cDNA with SuperScript III 
RNase H minus reverse transcriptase (Invitrogen, Breda, the Netherlands) in a 20-μl 
final volume containing 250 ng of random hexamers (Promega, Benelux, Leiden, the 
Netherlands) and 40 U of RNase OUT inhibitor (Invitrogen). After the RT reaction, 1 μl 
of cDNA was used for each PCR. Exonsoverlapping primers and minor groove binder 
probes used for real-time reverse transcription–polymerase chain reaction (RTPCR) were 
purchased as Assay-on-Demand from Applied Biosystems (Nieuwekerk a/d IJssel, the 
Netherlands). As a control, water was analyzed to exclude unspecific signals arising from 
impurities and consistently showed no amplification signals. TaqMan PCR was performed 
as previously described 16.
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Statistical Analysis
Statistical significance of differences was tested with GraphPadPrism 3 (GraphPad 
Software, La Jolla, CA) using the one-way analysis of variance assuming normal 
distribution of the data. The differences were considered significant at P < 0.05.

Results

E-6087 and E-6132 Are Potent and Selective Inhibitors of COX-2 In Vitro and In Vivo
Both E-6087 and E-6132 were potent inhibitors of the COX-2 enzymatic activity. E-
6087 was more than 100-fold selective for COX-2 versus COX-1 [IC50 (μM): COX-1, 
334 (95% confidenceinterval (CI), 226-442); and COX-2, 2.93 (95% CI, 2.03-3.83)]. 
In the case of its main metabolite, the selectivity for COX-2 over COX-1 was >250-fold 
[IC50 (μM): COX-1, 134 (95% CI, 10-259); and COX-2, 0.5 (95% CI, 0.11-0.88)]. For 
comparison, the selectivity of celecoxib was >300-fold [IC50 (μM): COX-1, 90.2 (95% 
CI, 73.5-106.7); and COX-2, 0.28 (95% CI, 0.15-0.41)]. E-6087 and E-6132 potently 
inhibited the production of PGE2 in rat carrageenan induced inflammatory exudates, 
with per os (p.o.) ED50 for E-6087 of 7.38 mg/kg (SEM 1.3) and for E-6132 1.8 mg/kg 
(SEM 0.2).
The ED50 for celecoxib was 2.85 mg/kg (SEM 0.61). In contrast,no significant inhibition 
of PGE2 production was observed in gastric mucosa samples even when the compounds 
were administered at the highest dose tested (40 mg/kg, p.o. for E-6087 and E-6132; 
20 mg/kg for celecoxib).
 
Combination of COX-2 Inhibition and Radiation Therapy Resulted in a Significant 
Additive Reduction in GliomaOutgrowth
We initiated intracerebral tumors in 28 mice and randomly assigned mice to one of four 
study groups (n = 7). One mouse died before the end of the experiment. Its death was 
unrelated to tumor growth, administration of COX-2 inhibitor, or radiation treatment. 
Two more mice (one from the COX-2 inhibitor group and one from the combination 
group) did not grow any identifiable tumor and were excluded from the study. As such 
a take rate 93% was established. After exclusion of these three mice, three groups of 
six mice each and one group of seven mice (radiation group) remained. Mean tumor 
volume of the untreated group was the largest of all four groups (52.7 mm3, SD 11.2), 
differing significantly from the radiation group (P < 0.001) with mean tumor volume 
of 22.4 mm3 (SD 12.1; Figure 2). The mean tumor volume of the group treated with 
the combination of COX-2 inhibitor and fractionated radiation was the lowest of all 
groups: 7.1 mm3 (SD 4.6). Besides a difference with the untreated group (P < 0.001), 
this volume was significantly smaller than the meantumor volume of the group treated 
with radiation only (P < 0.05). The variance in the group treated with COX-2 inhibitor 
only (mean tumor volume, 25.7 mm3 (SD 27.9)) was such that no significant difference 
was found with the other groups (combination vs COX-2 inhibitor alone; P = 0.14). 
Representative microscopic images of tumors from the four treatment groups are 
shown in Figure 3. They illustrate the dramatic differences between the groups at the 
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end of the experiment, varying from dense compact tumors in the control group to 
disintegrated tumors in the combination group.

Tumor Cells Are Not Targeted by the COX-2 Inhibitor
To investigate whether the tumor cells could present as a possibletarget of COX-2 
inhibition, we analyzed COX-2 mRNA expression in GL261 cells in vitro and in vivo by 
real-time RT-PCR. In vitro, no COX-2 mRNA was detected in the GL261 cell line. In vivo, 
COX-2 gene expression was detectable in the tumors, which may be attributed to tumor 
stroma–associated cells, including endothelial cells and tumor-infiltrating leukocytes. 
Radiation did not affect the levels of COX-2 mRNA in vitro and in vivo (data not shown). 
However, immunohistochemistryshowed more cells in the glioma tumor tissue staining 
positive for COX-2 in both the radiation-only group and in the combination treatment 
group. The distribution of COX-2–positive cells was consistent with the distribution of 
leukocytes as stained with CD45 (data not shown).

Figure 2
Antitumor effects of the COX-2 inhibitor E-6087 and local radiation in fractions on intracranial 
murine glioma growth. One week after tumor cell inoculation, mice were left untreated, treated 
with COX-2 inhibitor, treated with radiation, or treated with a combination of COX-2 inhibitor 
and radiation. (*) Combination therapy (mean tumor volume, 7.1 mm3) significantly reduced 
tumor outgrowth compared with radiation-only (mean tumor volume, 22.4 mm3; p<0.05) and 
compared to nontreatedtumors (mean tumor volume, 52.7 mm3; p< 0.001). Mean tumor volume 
of mice treated with COX-2 inhibitor was 25.7 mm3. The mean volume per group is presented, 
n =6, except for the radiation group for which n=7, ± SEM. 

Because a COX-2–negative state of the tumor cells does not exclude COX-2 independent 
inhibiting effects on tumor cells 19, we next analyzed tumor cell apoptosis. Active 
caspase 3 (caspase3a) staining was virtually absent in the untreated group and in the 
mice treated with COX-2 inhibitor only. Variable amounts of caspase 3a–positive cells 
were detected in the radiation group and in the mice treated with COX-2 inhibitor 
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plus radiation. The distribution of the apoptotic cells, however, colocalized with the 
distribution of the infiltrating leukocytes as identified by CD45 immunohistochemical 
staining, suggesting that the therapeutic strategies used here induced cell death in the 
host-derived tumor-infiltrating leukocytes.
 In the absence of induction of apoptosis, a change in clonogenicsurvival may 
explain alteration of the tumors response to radiation. In the clonogenic survival assay, 
however, no significant effects of E-6087 on survival after radiation could be detected. 
To exclude the possibility of an actual clonogenic cell death–inducing effect by the active 
metabolite E-6132, which is formed in vivo from E-6087, we repeated the experiment 
with this metabolite. Although E-6132 did reduce clonogenic survival in tumor cells, the 
extent of reduction was constant regardless of radiation dosage and was statistically not 
significant (data not shown).
 

Figure 3
Combination therapy for COX-2 inhibition and radiation reduced tumor cell density and led to 
an apparent disintegration of the tumor. 
Representative cryosections of tumors harvested at the end of the treatment period and stained 
with hematoxylin. Original magnification x100. (A) Nontreated tumor. (B) COX-2 inhibitor 
treatment (50mg/kg every third day starting at day 7 after inoculation of tumor cells). (C) 
Fractionated radiation (three fractions of 2 Gy for 3 consecutive days starting at day 9). (D) 
Combination therapy for COX-2 inhibition and radiation. The tumors treated with a combination 
of COX-inhibition and radiation showed a clear decrease in tumor cell density with apparent 
cellular and stromal defects not seen to the same extent in other treatment groups. 
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Tumor Vasculature as a Possible Target for COX-2 Inhibition Plus Radiation Therapy
As described above, increased apoptosis was observed in the tumor infiltrating leukocytes 
after combination therapy. An immunofluorescence double staining procedure was not 
able to colocalize tumor endothelial cells, as identified by CD31 (PECAM-1) staining 
and caspase 3a positivity (data not shown).
 If the additional antitumor effect of the combination treatment were to be 
related to the destruction of tumor vessels during the treatment period, this vascular 
effect may be represented by a change in MVD. The Chalkley point grid analyses of 
CD31-stained tumor vessels, however, demonstrated that the MVD was similar in all 
four groups. Because a vascular effect cannot be unambiguously excluded based on 
MVD data, we analyzed in vitro whether COX-2 inhibition affected radiation-induced 
clonogenic cell survival of HUVEC. Yet, both E-6087 and its active metabolite E 6132 
neither significantly attenuated nor enhanced clonogenic cell survival in these cells 
(data not shown).
 
Combination Therapy Leads to Changes in the Tumor Vasculature Which Identifies the 
Vasculature as Target for Therapy
The absence of an apoptosis- or clonogenic death–inducing effect on endothelial cells 
and the absence of a change in MVD do not a priori exclude the occurrence of a change 
in angiogenic potential as a result of combination treatment. We therefore studied 
theeffects of the combination treatment on the expression levels of vascular endothelial 
growth factor (VEGF), the Ang/Tie-2 system, and other angiogenesis-related genes by 
real-time RT-PCR analysis (n = 3).
 As an indication of the biologic activity of E-6087, we observed an increase in 
COX-2 mRNA in animals treated with COX-2 inhibitor and radiation (mRNA vs GAPDH 
of radiation vscombination treatment: 1.23 × 10−5 vs 3.88 × 10−5, P < 0.05; Figure 4). 
Using Western blot, a similar inducing effect, paralleled by a decrease in the COX-2 
product PGE2, was demonstrated by Kang et al. 10 after the incubation of U87MG cells 
with celecoxib. Both results are indicative of a positive feedback loop induced by the 
inhibition of COX-2 activity. The increase in COX-2 mRNA in our study coincided with 
nonsignificant increases in VEGFR-1, hypoxia-inducible factor 1α, and Tie-2. 
The mRNA levels of integrin αv showed a decrease in animals treated with COX-2 
inhibition and radiation compared with the nontreated group (mRNA vs GAPDH 15.4 × 
10−3 vs 10.7 × 10−3, respectively, P < 0.05). However, the mRNA levels of integrin αv did 
not show a significant difference between the radiation and the combinationgroup. The 
mRNA levels of VEGF-A, VEGFR-2, VE-cadherin, integrin β3, and CD31 were similar in all 
four treatment groups (data not shown). The group treated with COX-2 inhibition and 
radiation showed a statistically nonsignificant increase in the expression of Ang-1 (one-
way analysis of variance, P = 0.055), whereas Ang-2 showed a non significant decrease 
of gene expression (P = 0.199; Figure 5). In line with this, there was a nonsignificant 
increase in the Ang1/Ang-2 ratio as a result of COX-2 inhibition and radiation (P = 
0.075).
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Shifts in the gene expression of the angiopoietin system can be expected to be found in 
case of changes in vessel maturation. Although the changes in gene expression of this 
system did not reach significance in this study, these changes prompted us to analyze 
an additional parameter of the maturation status of the tumor vasculature, which 
is the extent of coverage of the vasculature with pericytes. Staining for the pericyte 
markers αSMA and desmin showed a significant increase in αSMA-positive pericyte 
coverage of tumor vessels (Figure 5), corroborating the trends seen in mRNA analysis. 
Interestingly,staining for desmin was similar in all four groups.
 

Figure 4
COX-2 inhibition induced an up-regulation of COX-2 gene expression. Gene expression was 
analyzed with real-time RT-PCR. CT values were related to GAPDH gene expression. Gene expression 
is presented as fold increases in mRNA content normalized to the non treated control group.  
(*) The mean mRNA level of the mice treated with the combination of COX-2 inhibition and 
radiation was significantly increased compared to the control and radiation group, P<0.05, n=3, 
± SEM. 
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Figure 5
Changes in gene expression of Ang-1 and Ang-2 and pericyte coverage of tumor vessels are 
indicative of vessel normalization. 
(A) Ang-1 and Ang-2 gene expression in the different treatment conditions versus untreated 
controls. mRNA content was compared with GAPDH, n=3, ± SEM. (B) αSMA-positive pericyte 
coverage of tumor vessels determined by CD31/ αSMA double fluorescent immunostaining 
and subsequent quantification. (*) In response to treatment with a combination of E-6087 and 
radiation there is an increase in αSMA-positive pericyte coverage of tumor vessels compared to 
all other treatment groups. P<0.05, n=3, ± SEM.

Discussion

In this study, we showed that the administration of the COX-2 inhibitor E-6087 in 
addition to radiation treatment increases the antitumor effect of the treatment on 
intracranial murine glioma growth compared with radiation only. The added effect 
of combination treatment was strong, reducing mean tumor volumes by almost 70% 
compared with radiation treatment. The treatment did not affect tumor and endothelial 
cell proliferation and apoptosis. However, (neo)vascularization-related gene expression, 
but especially pericyte coverage of tumor vessels, may indicate that normalization of 
the tumor vasculature accompanied the reduced tumor growth.
 The results presented here corroborate those of previous studies, which showed 
an enhancement of tumor radioresponse by COX inhibitors in vivo in several tumor 
types 6, 7, 20, 21. Kang et al. 10 recently confirmed the effect of combination treatment 
in an intracranial murine glioma model using U87 xenografts. Kang et al. showed a 
direct effect of this treatment on tumor cells in vitro. The absence of such an effect 
in our study may be explained by the fact that the GL261 cells used in our model do 
not express COX-2 in vitro. However, the growth inhibition of tumor cells by COX-2 
inhibitors can occur in a COX-2–independent way 22, 23. Nonetheless, no effect of the 
combination treatment on the tumor cells was seen either in vitro or in vivo.
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 If the sensitization of radiation by COX-2 inhibition is not brought about by 
directly affecting the tumor cells then the tumor stroma must be involved.
 Inhibition of angiogenesis may be of importance in the enhancement of 
radioresponsiveness induced by COX-2 inhibitors 24, 25. Masferrer et al. 1 demonstrated 
the antitumor effect of celecoxib in tumor models in which only the tumor endothelial 
cells were expressing COX-2. Kang et al. 10 demonstrated a reduction of MVD and 
changes in the gene expression levels of VEGF and the angiopoietin system after the 
combination treatment of radiation and celecoxib. 
 We were not able to detect enhanced apoptosis or reduced clonogenic survival 
in endothelial cells after treatment with COX-2 inhibitors and radiation. Moreover, the 
MVD did not change as a response to treatment. The changes we found in the expression 
levels of the Ang/Tie-2 system, with an increase in the expression of Tie-2 and Ang-1, and 
a concomitant decrease in the expression of Ang-2, were all statistically nonsignificant. 
Nonetheless, this is in complete opposition with the decreased protein levels of VEGF 
and Ang-1, concomitant with an increased expression of Ang-2 in U87MG cells, found 
after radiation and incubation with celecoxib 10. Several differences in study design may 
underlie these contradictory outcomes. First, Kang et al. measured the levels of the 
angiopoietin proteins in glioma cells in vitro. In vivo, however, the production of Ang-1 
and Ang-2 relies on a number of different cell types, with the tumor cells or pericytes 
often accounting for Ang-1, and the endothelial cells for Ang-2 production. Second, 
in our study, we used real-time RT-PCR to measure gene expression, which neglects 
possible posttranscriptional regulation of two angiopoietin proteins. The results of the 
Ang/Tie-2 gene expression analysis prompted us to analyze tumor vessel maturation 
and study whether vessel normalization had occurred. Vessel normalization is a process 
that counteracts changes in vascular behavior induced by the angiogenic process. It is 
hypothesized that tumor angiogenesis can be initiated only after a switch in the balance 
of Ang-1 and -2 in favor of the latter. It is the aim of vessel normalization therapy 
to reverse this switch. The clinical relevance and feasibility of vessel normalization 
have been illustrated in a clinical 26 and a preclinical setting 27. Vessel normalization is 
associated with a recovery of pericyte coverage of the tumor vessels 28, a feature that 
was also seen in our current study. Because therapy in our model started relatively 
early, the suppressive effects of the treatment leading to vessel normalization possibly 
inhibited the ability of the tumor to induce an effective angiogenic switch and thereby 
inhibited tumor outgrowth.

 In summary, we showed that COX-2 inhibition effectively inhibited GL261 
intracranial glioma outgrowth when combined with radiation therapy. The changes 
in the tumor vasculature suggest a role for vessel normalization in the effects brought 
about. Further studies will be initiated to determine the molecular and cellular basis 
for the observed effects of the combination therapy. The strong effects warrant further 
studies on the feasibility of adding COX-2 inhibitor treatment to daily clinical practice 
in the treatment of high-grade glioma.
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Abstract

Objective: Resection of a primary colorectal carcinoma (CRC) can be accompanied
by rapid outgrowth of liver metastases, suggesting a role for angiogenesis. The aim 
of this study is to investigate whether the presence of a primary CRC is associated 
with changes in angiogenic status and proliferation/apoptotic rate in synchronous liver 
metastases and/or adjacent liverparenchyma.
Methods: Gene expression and localization of CD31, HIF-1α, members of the vascular 
endothelial growth factor (VEGF) and Angiopoietin (Ang) system were studied using 
qRT-PCR and immunohistochemistry in colorectal liver metastases and nontumorous-
adjacent liver parenchyma. Proliferation and apoptotic rate were quantifi ed. Three groups 
of patients were included: (1) simultaneous resection of synchronous livermetastases 
and primary tumor (SS-group), (2) resection of synchronous liver metastases 3 to 12 
months after resection of the primary tumor [late synchronous (LS-group)], and (3) 
resection of metachronous metastases >14 months after resection of the primary
tumor (M-group).
Results: In all 3 groups a higher expression of the angiogenic factors was encountered 
in adjacent liver parenchyma as compared to the metastases. VEGFR-2 gene expression 
was abundant in adjacent liver parenchyma in all 3 groups. VEGF-A and VEGFR-1 were 
prominent in adjacent parenchyma in the SS-group. The SS-group showed the highest 
Ang-2/Ang-1 ratio both in the metastases and the adjacent liver. This was accompanied 
by a high turnover of tumor cells.
Conclusion: In the presence of the primary tumor, the liver parenchyma adjacent to 
the synchronous liver metastases provides an angiogenic prosperous environment for 
metastatic tumor growth.
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Introduction
Metastatic disease is the major cause of death in cancer patients. The detection of 
metastases can vary from many years after resection of the primary tumor to the 
presence of clinically detectable metastases before a primary tumor can be identified, 
despite extensive clinical and radiological investigations. This well-recognized clinical 
entity is called “carcinoma of unknown primary” and is associated with a life expectancy 
of only 2 to 3 months.1, 2 Patients presenting with a primary tumor and simultaneous 
metastases—so called synchronous metastases—forman intermediate category with 
respect to the above mentioned time span between primary tumor and detection of 
metastases.
 Colorectal carcinoma (CRC) is one of the leading causes of cancer-related death 
worldwide.3 At the time of diagnosis, 20% of the patients present with synchronous 
liver metastases, and 30% of the patients will develop clinically detectable metastases 
afterwards, metachronous metastases. Partial liver resection is the only intentionally 
curative treatment of patients with colorectal liver metastases with a 5-year overall 
survival from 20% to 40%.4 Patients who develop liver metastases after a long time 
interval after resection of the primary tumor have a better prognosis after partial liver 
resection than patients with synchronous liver metastases.5, 6

 Already in 1889 Paget postulated his seed and soil theory in which the 
interaction of the seed (the cancer cell) and the soil (the secondary organ) dictates the 
progression from micrometastases (also called clinically occult metastases or dormant 
metastases) to clinically detectable macrometastases.7-9 The development of new blood 
vessels—angiogenesis—is considered to be one of the essential prerequisites for the 
progression from nonangiogenic dormant micrometastases to a macrometastasis with 
an angiogenic phenotype.10 Accumulating evidence suggests that a primary tumor can 
influence
the distant metastatic site to create a more prosperous environment to enhance the 
take of a metastatic tumor deposit in the distant organ.11 In mouse tumor models 
it was demonstrated that bone marrow derived haematopoietic cells, expressing 
vascular endothelial growth factor receptor-1 (VEGFR-1), colonize pre-metastatic 
niches to prepare the soil before metastatic tumour cells arrive.12 Subsequently, VEGFR-
2 expressing circulating endothelial progenitor cells and tumor cells settle in these 
premetastatic niches. Also in humans with cancer, VEGFR-1 positive clusters were 
shown to be present in lymph nodes and lung, not only concomitant with metastatic 
deposits in these tissues but also in tissues not (yet) invaded by metastases.12 These data 
suggest that the primary tumor is able to initiate a prosperous environment in distant 
tissues to favour metastatic tumor progression. The opposite effect—inhibition of the 
distant metastases by the primary tumor—is also well recognized. In mouse models, 
pulmonary metastases demonstrated a rapid progression after removal of the primary 
tumor, which was considered to be the result of elimination of the anti-angiogenic 
compound angiostatin produced by the primary tumor.13-15 After resection of the 
primary tumor the anti-angiogenic effects disappear, and the metastases undergo an 
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“angiogenic switch” leading to angiogenesis and enhanced tumor growth.14 Also in 
humans, positron emission tomography and biopsies of liver metastases during primary 
tumor resection, suggest that primary tumor resection can induce progression of 
metastases.15-18

 In this study, we test the hypothesis that colorectal liver metastases and/or 
adjacent non-tumorous liver parenchyma are influenced by the primary tumor with 
respect to angiogenic make-up and proliferation status. To this end we analyzed patients 
with synchronous liver metastases removed simultaneously with the primary CRC (the 
SS group), patients with synchronous liver metastases removed 3 to 12 months after 
resection of the primary CRC (the late synchronous (LS) group), and patients with 
metachronous liver metastases (the M group) in whom liver metastases were detected 
and resected later than 14 months after resection of the primary tumor. We quantified 
gene expression levels of the VEGF-A family and the Angiopoietin (Ang)-Tie-2 system: 
VEGF-A, VEGFR-1, VEGFR-2, Placental growth factor (PlGF), Ang-1, Ang-2, and their 
tyrosine kinase receptor Tie-2, and the hypoxia controlled transcription factor HIF-1 α 
in liver metastases and adjacent parenchyma using quantitative RT-PCR. The cellular 
localization of the proteins was analyzed by immunohistochemistry.

Materials and Methods

Patients and Tissue Samples
All procedures and use of anonymized tissues were performed according to national 
guidelines. Tissue samples of 29 patients who had undergone liver surgery because 
of colorectal liver metastases were collected. Samples were taken at the periphery 
of the metastatic nodule to avoid necrotic tumor areas. The lesions were classified 
as synchronous liver metastases resected simultaneously with the primary tumor 
(SS group, n = 6, 4 solitary), synchronous liver metastases resected between 3 and 
12 months after resection of the primary tumor (LS group, n = 10, 7 solitary) and 
metachronous liver metastases (M group, n=13, 11 solitary) diagnosed and resected 
14 months or more after the removal of the primary colorectal tumor. In patients with 
synchronous liver metastases, the metastases were detected before the resection of the 
primary tumor by ultrasound or computer tomography scanning. Patient and tumor 
characteristics including the clinical risk score according to Fong et al are described in 
Table 1.6 Samples from histological normal livers (n = 9), obtained from surplus donor 
liver, or partial liver resection for benign disorders were used as a reference and not for 
statistical comparisons.
 The same tissue blocks were used both for immunohistochemistry and for real-
time RT-PCR to quantify gene expression. For realtime RT-PCR analysis, the metastatic 
tissue was separated from the adjacent non-tumorous liver parenchyma to distinguish 
the gene expression pattern in both tissue types.
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Table 1. Patient and Tumor Characteristics 
Clinicopathological 
Characteristic No of Patients: 29 
Sex 
     Female        12 (41%) 
     Male        17 (59%) 
Age 
      Average        65 years 
      Range        44-77 years 
Primary tumor site 
      Right colon       8 
      Left colon       16 
      Rectum             5 
Synchronous/metachronous 
      Simultaneous synchronous            6 
      Late synchronous             10 
      Metachronous       13 
Median diameter (IQR) of largest metastasis (cm) 
      Simultaneous synchronous      5.4 (9.4) 
      Late synchronous       4.5 (7.3) 
      Metachronous       7.5 (3.0) 
Single/Multiple metastases 
      Single        22 (76%) 
      Multiple        7 (24%) 
Clinical risk score*        

      Average        2.2 
      SD        1.0 

* This score is based on the following variables which – if present- contribute to a worse survival: positive resection margin, extra 
hepatic disease, node-positive primary tumor, disease-free interval from primary tumor resection to metastases detection, number of 
liver metastases >1, size of largest metastases > 5cm, and carcinoembryonic antigen serum level (>200ng/mL). 

Gene Expression Analysis by Real-Time ReverseTranscription-Polymerase Chain Reaction
Total RNA was isolated as described earlier.19 Exonsoverlapping primers and minor 
groove binder probes used for real-time reverse transcription-polymerase chain reaction 
(RT-PCR) were purchased as Assay-on-Demand from Applied Biosystems (Nieuwekerk 
a/d IJssel, The Netherlands, Table 2). All PCR reactions were performed in duplicate. 
Distilled water was analyzed to exclude unspecific signals arising from impurities and 
consistently showed no amplification signals. TaqMan PCR was performed in an ABI 
PRISM 7900HT Sequence Detector (Applied Biosystems) as previously
described.19, 20 Gene expression was normalized to the expression of the housekeeping 
gene GAPDH.
 
Immunohistochemistry to Identify Cellular Location of Protein Expression
All antibodies and concentrations used for immunohistochemistry are summarized in 
Table 2.
For VEGF-A, VEGFR-1, VEGFR-2, Ang-1, Ang-2, and Tie-2, 5 μm sections of frozen tissues 
were used as described previously.20 CD31, CD34, αSMA, Caspase-3a, and Ki-67 were 
stained on formalin fixed tissue of 5 μm. Single immunohistochemical staining with 
anti-CD31 was performed to detect the vascular pattern in the metastases and their 
adjacent liver parenchyma, as described earlier.21 Double staining of CD34 with αSMA 
and Ki-67 with Caspase- 3a were performed to determine the presence of pericyte 
coverage of microvessels and proliferation rate versus apoptotic rate, respectively.22
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Table 2. Primers and Antibodies used for qRT-PCR and Immunohistochemistry 

Primers Immunohistochemistry 

CD31         Hs00169777_m1         Mouse anti-CD31  
VEGF-A         Hs00173626_m1         Rabbit anti-VEGF-A  
VEGFR-1       Hs01052936_m1          Rabbit anti-VEGFR-1  
VEGFR-2       Hs00176676_m1          Rabbit anti-VEGFR-2 
Ang-1         Hs00181613_m1         Goat anti-Ang-1 
Ang-2         Hs00169867_m1         Goat anti-Ang-2  
Tie-2         Hs00176096_m1         Rabbit anti-Tie-2 
HIF-1α         Hs00936366_m1  
PlGF         Hs00182176_m1 
GAPDH         Hs99999905_m1 
CD34                Mouse anti-CD34 
Ki-67                Mouse anti-Ki67 
Caspase-3a               Rabbit anti-Caspase 3a 
αSMA                Mouse anti-αSMA 
                    HRP-conjugated rabbit anti- 
    mouse Ig 
                HRP-conjugated anti-rabbit Ig 
                HRP- conjugated anti-goat Ig 

Assay ID Antibody Dilution Company 
1/25*         Dako 
1/100*         Santa Cruz 
1/100*         Abcam 
1/100*         Abcam 
1/100*         Santa Cruz 
1/50*         Santa Cruz 
1/50*         Santa Cruz 
 
 
 
Ready to use     Immunotech 
1/100           Dako 
1/50           Cell Signaling 
1/80           Immunotech 
1/100^           Dako 
 
1/100^           Dako 
1/100^           Dako        

HRP indicates horseradisch peroxidase; Ig, immunoglobulins 
* Diluted in 1% BSA/PBS 
 ^ Diluted in 1% BSA/PBS and 1% human serum 
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Evaluation of Immunohistochemical Staining
The number of proliferating and apoptotic cells was quantified on Ki-67/Caspase-3a 
double stained sections using an ×400 microscopic field. In non-tumorous adjacent 
liver parenchyma at least 500 hepatocytes were counted. In the most vital outer zone 
of the metastases at least 1,000 tumor cells were counted. The results are presented 
separately as the percentage of positively stained cells for adjacent liver parenchyma 
and the metastases. Using the double stained slides we quantified the number of 
apoptotic and proliferating cells in the same tissue region, preventing the potential 
bias of sampling error. Especially in the metastases, tumor heterogeneity could induce a 
bias if proliferation and apoptosis are scored in different tumor sections. As a surrogate 
marker of tumor growth we calculated the proliferation/ apoptosis ratio.
 
Statistics
Quantitative data were expressed as mean ± SD or median with interquartile range (IQR). 
Comparisons between the groups were analyzed by the ANOVA with the Bonferroni 
post hoc test and Wilcoxon test. A P value of less than 0.05 was considered statistically 
significant.
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Results

CD31 Expression in Adjacent Liver Tissue is Higher Than in Metastases in Patients with 
Synchronous Liver Metastases
Gene expression levels of CD31 and CD34 were comparable in the liver metastases 
and therefore CD34 data are not shown. CD31 gene expression level in non-tumorous 
adjacent liver parenchyma in both synchronous groups was higher as compared to the 
corresponding liver metastases (Fig. 1A). In the SS and LS group a 4-fold and 2-fold 
higher expression was found respectively (P < 0.05, Fig. 1A). The 3 types of metastases 
showed comparable CD31 expression levels (Fig. 1A).
Whereas sinusoidal CD31 protein expression in liver parenchyma is normally only seen 
in the periportal region, liver parenchyma immediately adjacent to the metastases 
uniformly showed upregulation of sinusoidal CD31 expression besides its presence in 
the periportal region (Fig. 1B).

 

Figure 1: 
Higher CD31 gene expression in adjacent liver parenchyma in the 2 synchronous groups.
Relative gene expression of CD31 in colorectal liver metastases and their adjacent liver parenchyma, 
with normal liver as a reference. (A) Endothelial gene CD31 expression is significantly higher in 
the non-tumorous adjacent liver parenchyma of the synchronous and late synchronous groups. 
Simulteneous synchronous (SS) n=6, late synchronous (LS) n=10, metachronous (M) n=13.
(B) Immunohistochemical staining with CD31 of colorectal liver metastases and the adjacent 
liver parenchyma. The tumor is poorly vascularized compared to the non-tumorous adjacent liver 
parenchyma. (Original magnification x200) * P<0.05
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Adjacent Liver Parenchyma Exhibits the Most Prosperous Angiogenic Environment in 
Simultaneously Resected Synchronous Liver Metastases
Analysis of the VEGF/VEGFR system revealed no differences in gene expression level of 
VEGF-A, VEGFR-1, VEGFR-2, and HIF-1α between the metastases in the SS, LS and M 
group (Fig. 2).
 In contrast, VEGF-A and VEGFR-1 gene expression in adjacent liver parenchyma 
in the SS group was approximately 2.5- and 10-fold higher, respectively, than in 
metachronous adjacent liver parenchyma (Fig. 2). Also the gene expression of PlGF 
in adjacent liver parenchyma in the SS-group was approximately 10-fold higher than 
in metachronous adjacent liver parenchyma (P < 0.05; Fig. 2). In the LS and M group 
VEGF-A expression was comparable in parenchyma and the corresponding metastases. 
VEGFR-2 gene expression was always higher in adjacent liver parenchyma as compared 
to the corresponding metastases with the highest expression in the adjacent liver 
parenchyma of the SS metastases. The latter demonstrated a 14-fold higher expression 
in adjacent liver parenchyma as compared to the metastases. A 3-fold higher HIF-1α 
expression was seen in the adjacent liver parenchyma compared to the metastases in 
the SS group (P = 0.05).
 Using immunohistochemistry, VEGF-A and VEGFR-1 protein were detected in 
stromal cells and tumor cells in all 3 types of metastases. VEGFR-2 was expressed in 
tumor cells and endothelial cells in the tumor vessels. VEGF-A, VEGFR-1, and VEGFR-2 
showed a sinusoidal expression pattern in the liver parenchyma. VEGF-A and VEGFR-2 
expression was more pronounced in adjacent liver parenchyma than in the metastases 
(Fig. 5).
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Figure 2: 
The adjacent liver parenchyma of the SS group has a higher gene expression of VEGF-A, VEGFR-2, 
and HIF-1α compared to the metastasis. 
HIF-1α and VEGF-A and its receptors mRNA expression levels were determined by RT-PCR as 
described in materials and methods. HIF-1α was less abundantly expressed in metastases compared 
to adjacent liver parenchyma in all 3 metastases groups, showing a bordeline significantly lower 
and a significantly lower expression in the simultaneous synchronous (SS) and metachronous (M) 
metastases. VEGFR-2 was higher expressed in the adjacent liver parenchyma’s of all metastases, 
whereas VEGF-A was only significantly higher expressed in adjacent liver parenchyma of the SS 
group metastases. The adjacent liver parenchyma of this group also showed a higher expression 
of VEGF-A compared to the adjacent liver parenchyma of the metachronous metastases. 
Simulteneous synchronous (SS) n=6, late synchronous (LS) n=10, metachronous (M) n=13. 
Normal liver is shown as a reference. * P<0.05, ** P<0.001.
 

Adjacent Liver Parenchyma and Metastases of the Simultaneous Synchronous Group 
Showed a Balance Toward Angiogenesis
Analysis of the factors of the Angiopoietin system did not reveal any differences in gene 
expression levels of Ang-1, Ang-2, and Tie-2 between the 3 types of metastases (Fig. 
3). The Ang-2/Ang-1 ratio, representing the net angiogenic effect of the Angiopoietins, 
was however 3-fold higher in the SS metastases compared to the LS metastases and 4.5-
fold higher than in the metachronous metastases. In the adjacent liver parenchyma, the 
Ang-2/Ang-1 ratio was 2-fold lower as compared to its metastases in the SS group. The 
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gene expression level of Ang-2 itself in the adjacent liver parenchyma was about 3-fold 
higher than in the metastases in the SS group. In the LS and M group, Ang-2 expression 
was comparable in the adjacent liver parenchyma and metastases (Fig. 3).
 Tie-2 expression was higher in the adjacent liver parenchyma compared to 
the corresponding metastases in all 3 groups. Remarkably, the largest difference in 
expression levels between adjacent parenchyma and metastases was seen in the SS 
group with a 16- fold higher expression in adjacent liver parenchyma, whereas in the LS 
and M group this was 5.5- and 6-fold, respectively. The Ang- 2/Ang-1 ratio in adjacent 
liver parenchyma of the SS group was 3- fold higher than in the adjacent parenchyma 
of the LS and M group.
 Immunohistochemical staining of Ang-2 and Tie-2 showed a sinusoidal 
expression pattern in adjacent liver parenchyma. This staining was more pronounced 
in the parenchyma as compared to the metastases in which not only endothelial cells 
were positively stained but also tumor and stromal cells (Fig. 5). Ang-2 and Tie-2 
expression were comparable in the SS, LS, and Mgroups, both in the metastases and 
the parenchyma.
 

Figure 3: 
Higher expression of Ang-2 and its Tie-2 receptor in adjacent liver parenchyma of the SS group.
Angiopoietins and their tyrosine kinase receptor Tie-2 mRNA expression levels were determined 
by RT-PCR as described in materials and methods. A significantly higher expression of Ang-2 and 
its Tie-2 receptor was seen in adjacent liver parenchyma of the simultaneous synchronous (SS) 
group. Looking at the Ang-2/Ang-1 ratio in the metastatic compartment of the SS metastases this 
was most pronounced compared to the other metastases. Also the adjacent liver parenchyma of 
the SS group had a higher Ang-2/ Ang-1 ratio than the adjacent liver parenchyma of the other 
2 groups. Simultaneous synchronous (SS) n=6, late synchronous (LS) n=10, metachronous (M) 
n=13. Normal liver is shown as a reference. * P<0.05, ** P<0.001.
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Mature Blood Vessels in the Colorectal Liver Metastases
A marker of vessel maturation is the coverage of blood vessels by pericytes.23 We 
semiquantitatively analyzed the maturation of the vessels in the 3 groups of patients 
by performing a double staining for the endothelial cells of vessels and the pericytes 
using CD34 and αSMA. The predominant pattern in all 3 types of metastases is that of 
vessels strongly covered by αSMA positive pericytes, suggesting mature vessels being 
the major phenotype in the metastases (Fig. 6). In adjacent liver parenchyma strong 
αSMA coverage was observed in nearly all sinusoids. This is compatible with increased 
expression of αSMA as can be found both in acute and chronic liver diseases.24

 
Higher Apoptotic Rate and Lower Tumor Growth Rate in Simultaneously Resected 
Synchronous Liver Metastases
Tumor cell turnover was highest in the SS group as reflected by a higher rate of both 
apoptotic and proliferating tumor cells. Rate of apoptosis was about 1.5-fold higher in 
the SS group as compared to the LS and M group (P = 0.05; Fig. 4B) with a 20% higher 
proliferation rate in the SS group as compared to the LS group (P = 0.05; Fig. 4B). As 
a surrogate marker of tumor growth we calculated the ratio Ki67 positive cells/caspase 
3a positive cells. It seemed that the tumors in the SS group had the lowest growth rate 
(Fig. 4C).
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Figure 4: 
No rapid outgrowth of liver metastases after resection of the primary colorectal tumor.
The balance and the rate of proliferation and apoptosis were determined by counting the positive 
cells via double staining of Ki-67 and Caspase-3a (A; red arrows are caspase 3a positive cells) as 
described in the materials and methods. (B) In the balance of proliferation and apoptosis there 
is a borderline significant difference between the Synchronous groups, with a higher amount of 
proliferation and apoptosis in the simultaneous synchronous compared to the late synchronous 
metastases. In the adjacent liver parenchyma there was a higher amount of apoptosis in the 
metachronous group compared to the late synchronous metastases. (C) Calculating the Ki-67/
Caspase-3a rate to determine tumor growth showed that the metachronous metastases had a 
borderline significantly higher tumor growth rate compared to the simultaneous synchronous 
metastases. Simultaneous synchronous (SS) n=6, late synchronous (LS) n=10, metachronous (M) 
n=13. Normal liver is shown as a reference. * P<0.05, ** P<0.001.
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Figure 5: 
Localization of VEGF-A, VEGFR-1, VEGFR-2, Ang-1, Ang-2, and their receptor Tie-2 expression in 
the adjacent liver parenchyma (A) and metastases (B) of colorectal liver metastases.
(A) VEGF-A had a more pronounced positive staining in the adjacent liver parenchyma than in 
the metastases (B). VEGFR-2 staining in the adjacent liver parenchyma was seen in a sinusoidal 
endothelial expression pattern whereas in the metastases positive staining of this receptor was 
seen in tumor cells, blood vessels, and stromal cells. Ang-2 and its receptor Tie-2 were also seen in 
a sinusoidal expression pattern in the adjacent liver parenchyma with also positive blood vessels 
in the metastases as well as positive tumor and stromal cells.  
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Figure 6: 
Double staining of αSMA (Fastred-staining) and CD34 (DAB-staining) to investigate the maturation 
status of the blood vessels. 
Example of a double stained blood vessel is presented by the black arrows. Vessels covered with αSMA 
positive pericytes are the most dominant feature in the metastatic tissue of all 3 types of metastases.
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Discussion

The main finding of this study is that in patients in whom the primary tumor is still 
present, liver parenchyma adjacent to the liver metastases provides a highly prosperous 
angiogenic environment. In contrast, we encountered no differences in VEGF/Ang/
Tie 2 levels in the liver metastases itself. An increased expression of VEGFA, PlGF and 
their receptor VEGFR-1 was seen in adjacent liver parenchyma of patients in the SS 
group as compared to patients in the M group. When using the Ang 2/Ang-1 ratio we 
encountered a shift favoring angiogenesis both in adjacent liver parenchyma and the 
metastases in the SS group as compared to the LS and M groups. This was accompanied 
by high Tie-2 levels in adjacent parenchyma as compared to liver metastases.
 Because the vascular pattern of adjacent liver parenchyma and metastases 
can differ, we used both CD31 and CD34 staining to determine the vascularization of 
both tissues. In contrast to tumor blood vessels, liver sinusoids hardly express CD34 
and CD31.25, 26 However, sinusoids in liver parenchyma adjacent to tumor exhibits 
upregulation of CD31 and CD34.19, 20 Because no major differences in CD31 and CD34 
expression were detected neither in the liver metastases nor in the liver parenchyma 
we only presented CD31 data. As expected we found that the metastases were poorly 
vascularised compared to the adjacent liver parenchyma.
 We investigated 3 groups of patients with different time intervals of resection 
of the liver metastases after resection of the primary tumor. One group of patients 
underwent a simultaneous resection of the primary tumor and the synchronous liver 
metastases representing liver metastases, which had grown under the influence of the 
primary tumor. The second group consisted of patients who also had synchronous liver 
metastases but in whom the primary tumor was resected several months before the 
resection of the liver metastases representing liver metastases growing independently of 
the primary tumor. The third group consisted of patients in whom liver metastases were 
detected at least 14 months after the resection of the primary tumor. The exact time 
frame of metastatic tumor development in relation to primary tumor resection is not 
feasible, because that would require repeated biopsies of the metastases and adjacent 
liver parenchyma at various time points.
 The development of colorectal liver metastases is a complex process.8 After 
detachment from the primary tumor, tumor cells arrive in the liver and establish 
crosstalk with liver parenchyma thereby creating their own microenvironment.7 
Metastatic cell proliferation and growth will only ensue if the micrometastases and a 
permissive environment undergo a switch to the angiogenic phenotype.10 The primary 
tumor can have an active role in making the liver permissive for future metastases by 
recruitment of VEGFR-1 expressing haematopoietic progenitor cells, which initiate the 
premetastatic niche.13, 27 These authors also demonstrated that conditioned media 
obtained from tumors contributed to the metastatic potential, which is probably 
mediated via VEGF and placental growth factor (PlGF).12 An active role for VEGFR-2 in 
making the liver permissive for the homing and growth of metastases was corroborated 
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in a study in which administration of a VEGFR-2 inhibitor inhibited the development 
of liver metastases in a mouse model.28 Also our data showed a high expression of 
VEGFA, VEGFR-1, VEGFR-2, and PlGF in adjacent liver parenchyma of the SS group and 
therefore it is conceivable that liver parenchyma in this group is indeed permissive. PlGF 
contributes to angiogenesis because it shares its receptor (VEGFR-1) with VEGF-A and 
thus can act as a competitor to VEGF-A/VEGF-R1 binding, leaving VEGF-A for ligation 
to and activation of VEGFR-2.29 Furthermore, it has been described that PlGF can recruit 
VEGFR-1+ myeloid bone marrow cells which indirectly promote angiogenesis by secreting 
proangiogenic cytokines.30 On top of that, animal and cell culture studies showed that 
the VEGF/PlGF heterodimer can activate VEGFR-1 to become proangiogenic.31 Applying 
these findings to our study might suggest that adjacent liver parenchyma stimulates the 
angiogenic signaling via the VEGFR-2 and the VEGFR-1 signaling pathway.31, 32

 On the basis of the fact that VEGFR-1 and Tie-2 are also predominantly found in 
bone marrow derived cells it might well be that adjacent liver parenchyma is probably 
providing a prosperous environment via both angiogenesis as well as vasculogenesis. 
Further studies using markers specifically for bone marrow-derived cells are necessary to 
unravel these mechanisms.
 The second major finding of our study is that in the SS group the highest Ang-
2/Ang-1 ratio both in the metastases and adjacent parenchyma was observed. This 
high Ang-2 gene expression in adjacent liver parenchyma compared to the metastases 
in combination with the high VEGF-A, VEGFR-1, VEGFR-2 and PlGF gene expression 
provides also support to the concept of a prosperous niche. Contributing to that is the 
fact that Ang-1 and Ang-2 and their receptor Tie-2 have an essential role in vascular 
development and angiogenesis in which Ang-1 binding leads to vascular stabilization 
and Ang-2 binding to vessel destabilization, endothelial sprouting, and angiogenesis.33-

35 A high Ang 2/Ang-1 ratio as a reflection of angiogenesis and vascular remodeling 
is nowadays accepted and often used throughout the body in different pathological 
circumstances including brain, breast and liver cancer.36-41

 The third main finding of our study is a high turnover of tumor cells in the SS 
group as is reflected by a high proliferation rate as well as a high apoptotic rate in tumor 
cells resulting in a low tumor growth rate. This is compatible with studies in mice, 
which also suggest a high turnover of tumor cells in the metastases.13, 42 In humans the 
apoptotic rate in colorectal liver metastasis is variable and ranges from 63%17to 3%.43, 44 
The latter number is in agreement with our findings. CRCs are believed to be angiogenic 
in a VEGF/VEGFR–Ang/Tie-2 dependent manner.45, 46 In this study, we demonstrate that 
adjacent liver parenchyma is a prosperous environment for the development of liver 
metastases and we provide evidence that angiogenic molecules contribute to this. There 
could also be a role for the vascular cell adhesion molecules such as the endothelium 
(of endothelial cell) specific E-selectin. Recent studies showed that selectin-mediated 
interactions may contribute to the formation of a permissive microenvironment for 
metastasis.47 The presence of Eselectin ligands on colorectal cancer cells correlates 
with enhanced adhesion to activated endothelial cells.48, 49 The binding of E-selectin 
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to the tumor cells alters the gene expression profile of cancer cells to a survival and 
proliferation state through activation of p38 and ERK MAP kinases in which the latter 
is involved in the VEGFR-2 growth factor signaling.50-52 Selectin-mediated signaling is 
also followed by upregulation of integrins.52, 53 Integrins αvβ3 and α5β1 can induce 
activation of the angiopoietin–Tie-2 signaling and thereby induceangiogenesis.54 
It is known that E-selectin is expressed and upregulated on activated liver sinusoidal 
endothelial cells in response to metastatic tumor cells 55, 56 and therefore might play a 
role in making the adjacent liver parenchyma permissive for metastatic growth via the 
above described pathways. The role of selectins in the formation of a permissive niche, 
however, necessitates further investigation.
 Concluding, in patients with colorectal liver metastases in whom the primary 
tumor is still present, adjacent liver parenchyma— the soil—behaves as an angiogenesis 
driven prosperous environment for metastatic growth. Possibly the application of drugs 
targeting not only the VEGF-A/VEGFR-1 system but also the Ang-Tie system in both the 
tumor as well as in the metastatic niche might become a strategy to prevent metastatic 
tumor growth.57, 58
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Abstract

Objective: Angiogenesis is essential for tumor growth, with vascular endothelial growth 
factor (VEGF-A) as one of the most important pro-angiogenic molecules. Targeting 
angiogenesis with anti-angiogenic therapy led to great expectations for the reduction 
of tumor growth and eventually to the FDA approval of Bevacizumab, a monoclonal 
antibody against VEGF-A. In this study we investigated the angiogenic molecular status 
of adjacent liver parenchyma and tumor tissue of colorectal liver metastases after 
treatment with Bevacizumab and chemotherapy versus chemotherapy alone. 
Methods: Gene expression and localization of CD31, HIF-1α, members of the vascular 
endothelial growth factor system, and the Angiopoietin/ Tie-2 system, PDGFR-β, PDGF-
β, and αSMA were studied using qRT-PCR and immunohistochemistry in adjacent liver 
parenchyma and colorectal liver metastases. We used specimens of three groups of 
patients, (1) untreated patients [untreated group], (2) patients treated with neoadjuvant 
chemotherapy consisting of capecitabine and oxaliplatin [CapOX group], and (3) 
patients participating in an open-label, single arm phase II clinical study consisting of 
short-course pelvic radiotherapy followed by capecitabine/oxaliplatin with Bevacizumab 
[Bevac-CapOX group], samples were obtained six weeks after discontinuation of 
Bevacizumab. 
Results: Adjacent liver parenchyma of the Bevac-CapOX group expressed the highest 
levels of the investigated angiogenic molecules, with higher gene expression levels of 
CD31, HIF-1α, VEGFR-1, VEGFR-2, PlGF, Ang-2, and Tie-2 in adjacent liver parenchyma 
of the Bevac-CapOX groups compared to the CapOX group. Also, the liver metastases of 
the Bevac-CapOX group revealed a higher expression level of CD31, HIF-1α, PlGF, and 
Ang-2 compared to the metastases of the CapOX group. Immunofl uorescent analysis 
presented in the adjacent liver parenchyma of the Bevac-CapOX group a predominantly 
normal periportal expression pattern of CD31 protein and extensive αSMA positive 
pericyte coverage. Similarly the metastases of all three groups showed a predominant 
pattern of vessels covered with αSMA positive pericytes. 
Conclusion: In patients with resectable colorectal liver metastases, at six weeks after 
discontinuation of neoadjuvant Bevac-CapOX treatment especially the adjacent liver 
parenchyma exerted a strong angiogenic response.



 ��  

Introduction
Angiogenesis, formation of new blood vessels from pre-existing ones, is essential for 
tumor growth, with vascular endothelial growth factor (VEGF-A) as one of the most 
important pro-angiogenic molecules identified to date 1. Angiogenesis is initiated 
in response to hypoxic conditions through hypoxia inducible factor-1α (HIF-1α), a 
transcription factor inducing amongst others VEGF-A. VEGF-A exerts its effects mainly 
via its receptor VEGFR-2. Other pro-angiogenic molecules that have an important role in 
the complex angiogenic process are placental growth factor (PlGF), the Angiopoietins 
Ang-1 and Ang-2, and their receptor Tie-2 2.
 Angiogenesis is considered an integral hallmark of cancer and thus anti-
angiogenic treatment was introduced with great expectations. Preclinical studies have 
shown encouraging results 3, leading eventually after a clinical phase III trial 4 to the FDA 
approval of Bevacizumab, a humanized monoclonal antibody directed against VEGF-A 
5,6. At present, Bevacizumab combined with chemotherapy is a treatment for colorectal 
liver metastases (CRLM) 7,8. Although patients present progression free survival benefit 
in the range of months, the general overall survival rate is often not prolonged 9 and no 
permanent cure has yet been established. Accumulating data suggest that resistance to 
anti-angiogenic treatment may be installed by activation of alternative pro-angiogenic 
pathways 10,11. As a consequence, tumor relapse might occur during treatment or after 
discontinuation of anti-angiogenic treatment 12,13, with several pathophysiological 
mechanisms having been postulated to contribute to activation of these alternative 
pathways 11,14.
 Colorectal metastases in the liver progress in a special permissive soil, the 
adjacent liver parenchyma. In a previous study we found that in patients with CRLM 
in whom the primary tumor is still present, adjacent liver parenchyma expresses a 
high level of angiogenic factors which could behave as an angiogenically prosperous 
environment 15. In the present study, we thus aimed to investigate the angiogenic 
molecular status of adjacent liver parenchyma and tumor tissue of CRLM after treatment 
with Bevacizumab and chemotherapy. To this end, we analyzed resection specimens 
of human synchronous colorectal liver metastases, resected simultaneously with the 
primary tumor or within 3 months after the resection of the primary tumor. We used 
specimens of three groups of patients, (1) untreated patients, (2) patients treated with 
neoadjuvant chemotherapy, and (3) patients treated with neoadjuvant chemotherapy 
and Bevacizumab. The last group consisted of patients included in a prospective study 
which was recently published 16. We quantified gene expression levels of HIF-1α, PlGF, 
VEGF-A, VEGFR-1, VEGFR-2, and members of the Angiopoietin (Ang-)-Tie-2 system in 
liver metastases and adjacent liver parenchyma using quantitative RT-PCR. The cellular 
localization of the proteins was analyzed by immunohistochemistry, pericyte coverage 
by immunofluorescent analysis. 



��  

Chapter 4

Materials and Methods

Patients and tissue samples
A total of 22 tissue samples of patients with synchronous colorectal liver metastases 
who underwent intentionally curative liver surgery simultaneous with, or within 
3 months after the resection of the primary tumor, were analyzed. Eighteen liver 
metastases samples were simultaneously resected and 4 (2 of the untreated and 2 of 
the chemo treated groups) were resected within 3 months after the resection of the 
primary tumor. The tissue samples were obtained from 3 patient groups with different 
preoperative treatment schedules; (1) patients without any preoperative chemotherapy 
or radiotherapy (untreated group, n=6), (2) patients treated with neoadjuvant 
chemotherapy consisting of six cycles of capecitabine (oral dose of 1,000mg/m2 twice 
a day during the first two weeks of each cycle) and oxaliplatin (130mg/m2i ntravenously 
in a two hour infusion) [CapOx group, n=6], and (3) patients participating in an open-
label, single arm phase II clinical study consisting of short-course pelvic radiotherapy 
with 5x5 Gy followed by capecitabine/oxaliplatin (administered as described above) in 
combination with Bevacizumab (7.5mg/kg  intravenously on the first day of each cycle) 
for up to six cycles (Bevac-CapOx group, n=10) 16. Resection of Bevac-CapOX treated 
liver metastases and primary tumor was performed six weeks after the last received 
dose. Patients participating in the Bevacizumab-study (approved by the local ethical 
committee; METc 2005/270; NTR2029) gave informed consent and anonymized 
tissue samples of the other two patient groups were used according to national Dutch 
guidelines.
 Baseline clinicopathological characteristics of the six patients (two male and 
four female) in the untreated group were as follows: median age (interquartile range, 
IQR) 64 (13) years, a median (IQR) liver tumor size of 9 (10) cm, and the primary 
tumors were localized in the right colon (3 patients), left colon (2 patients), and rectum 
(1 patient). The six patients (three male, three female) in the CapOX group had a 
median (IQR) age of 63.5 (6.8) years, a median (IQR) liver tumor size of 2.5 (3.5) cm, 
and primary tumors were located in right colon (2 patients), left colon (2 patients), and 
rectum (2 patients). The ten patients (six male, four female) in the Bevac-CapOX group 
had a median (IQR) age of 51 (4) years, a median (IQR) liver tumor size of 3.2 (0.8) cm, 
with primary tumors all localized in the rectum. Tissue samples of the liver metastases 
were taken at the peripheral, vital zone of the metastatic nodule to avoid more centrally 
located necrotic tumor areas. The samples were used both for immunohistochemical 
staining to localize proteins and for quantitative Reverse Transcription-Polymerase Chain 
Reaction (qRT-PCR) to quantify gene expression. cDNA of the untreated group from 
our previous study 15 was used again for qRT-PCR analysis and immunohistochemical 
staining as a reference for the analyses outcomes in this study. For qRT-PCR analysis, the 
metastatic tissue was separated from the adjacent non-tumorous liver parenchyma to 
distinguish the gene expression patterns in both tissue compartments.  
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Gene expression analysis by quantitative RT-PCR
Total RNA was isolated, cDNA synthesized and analyzed by real time PCR as described 
earlier15. cDNA was synthesized using Superscript III Rnase H-reverse transcriptase 
(Invitrogen, Breda, The Netherlands) in 20 μl final volume containing 250 ng random 
hexamers and 40 units Rnase Out inhibitor (Invitrogen). Exon overlapping primers 
and minor groove binder probes were purchased as Assay-on-Demand from Applied 
Biosystems (Nieuwekerk a/d IJssel, the Netherlands,) as described 15. All qPCR reactions 
were performed in duplicate, in an ABI PRISM 7900HT Sequence Detector (TaqMan PCR, 
Applied Biosystems)15. Distilled water was analyzed to exclude unspecific signals arising 
from impurities and consistently showed no amplification signals. Gene expression was 
normalized to the expression of the housekeeping gene GAPDH. 
 
Immunohistochemical and immunofluorescent staining to identify protein expression
Antibodies and concentrations used for immunohistochemical staining were described 
previously15. The presence of pericytes was visualized by immunofluorescent double 
staining for α Smooth Muscle Actin (αSMA) and CD31. Sections were incubated with 
mouse-anti-human CD31 (Dako,Heverlee, Netherlands, diluted 1:25) followed by Cy3-
labled mouse-anti-human-αSMA (Sigma, Aldrich, Steinheim, Germany, diluted 1:100). 
All antibody incubations were performed in PBS supplemented with 1% BSA. Sections 
were washed in three washings steps with PBS and subsequently incubated with rabbit-
anti-mouse-FITC (Jackson ImmunoresearchLaboratories, USA, diluted 1:50) to detect 
CD31. Nuclear counterstaining was performed using DAPI (Hoffmann-La Roche Ltd, 
Basel, Switzerland; diluted 1:5,000). Sections were embedded in Citifluor (Citifluor 
Ltd, Londen, UK) and examined using a fluorescence microscope (DM RXA, Leica) and 
Leica Qwin V3 software. Controls incubated with Cy3-labled mouse-anti-human-αSMA 
followed by rabbit-anti-mouse-FITC were consistently negative for unspecific double 
staining.
 
Statistics
Quantitative data were expressed as median with interquartile range (IQR) or as mean 
± standard deviation (SD). The three groups were compared using ANOVA with the 
Bonferronipost-hoc test. Adjacent liver parenchyma and its corresponding metastasis 
were compared using the Wilcoxontest. A p value of less than 0.05 was considered 
statistically significant. 
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Results

Bevac-CapOx group shows highest CD31 expression in adjacent liver parenchyma 
The vascular pattern of adjacent liver parenchyma and metastases can differ, we therefore 
used CD31, a endothelial marker gene, to determine the vascularization in both tissues 
in all three study groups. The highest CD31 mRNA expression was found in adjacent 
liver parenchyma of the Bevac-CapOX group, 5-fold higher than in liver parenchyma of 
the CapOx group and 8-fold higher than in the untreated group (Figure 1A). Similarly, 
metastases of the Bevac-CapOX group demonstrated a higher CD31 mRNA expression 
level compared to metastases of the CapOX (4-fold higher) and untreated metastases 
(10-fold) (Figure 1A). Adjacent liver parenchyma of the Bevac-CapOX group showed a 
4-fold higher expression level of CD31 compared to its corresponding metastases. The 
same holds true for the adjacent liver parenchyma of the untreated group with a 3-fold 
higher CD31 expression level compared to its corresponding metastases (Figure 1A). 
Sinusoidal CD31 expression in liver parenchyma is normally only seen in the periportal 
region 17. Apart from CD31 expression in the periportal region, liver parenchyma 
immediately adjacent to the metastases showed sinusoidal CD31 expression in the 
CapOx group and the untreated group but not in the Bevac-CapOX group (data not 
shown).  In all three groups, CD31 positive vessels were found in the tumor stroma 
between groups of tumor cells (data not shown).
 

Figure 1
CD31 gene expression in adjacent liver parenchyma and metastases of untreated, CapOX and 
Bevac-CapOX treated groups.
Relative gene expression level of CD31 in simultaneous synchronous colorectal liver metastases 
and their adjacent liver parenchyma obtained from patients being either untreated (n=6), CapOX 
(n=6), or Bevac-CapOX (n=10) treated as described in materials and methods. *p<0.05.
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Adjacent liver parenchyma of the Bevac-CapOX group expresses elevated levels of  
HIF-1α and the VEGF system members
VEGF-A is the direct target of Bevacizumab, we therefore studied the effects of VEGF 
neutralization on the gene expression of HIF-1α, VEGF-A, VEGFR-1, VEGFR-2, and PlGF. 
Adjacent liver parenchyma of the Bevac-CapOX group showed the highest expression 
levels of HIF-1α and the VEGF-A system members, expect for VEGF-A itself (Figure 2A). 
Liver parenchyma of the Bevac-CapOX group expresses higher levels of HIF-1α (6-fold), 
VEGFR-1 (7-fold), VEGFR-2 (7-fold), and PlGF (19-fold) compared to the parenchyma 
of the CapOX group. When comparing the adjacent liver parenchyma of the Bevac-
CapOX group to the liver parenchyma of the untreated group, higher expression levels 
of HIF-1α (37-fold), VEGFR-1 (4-fold), and VEGFR-2 (8-fold) were revealed (Figure 2A). 
HIF-1α expression levels were highest in the metastases of the Bevac-CapOX group 
compared to both other groups. In addition, metastases of the Bevac-CapOX group 
showed a 20-fold higher expression level of PlGF compared to the metastases of the 
CapOX group (Figure 2A). No differences were found in gene expression levels of VEGF-
A, VEGFR-1 and VEGFR-2 between metastases of all three groups. When comparing 
adjacent liver parenchyma with the corresponding metastases, a higher expression level 
of HIF-1α (4-fold), VEGFR-1 (6-fold), and VEGFR-2 (19-fold) in the Bevac-CapOX group 
was observed.  
 Detection of the proteins by immunohistochemical staining demonstrated a 
sinusoidal expression pattern of VEGF-A, VEGFR-1, and VEGFR-2 in the adjacent liver 
parenchyma of the Bevac-CapOX group. Only the adjacent liver parenchyma of the 
Bevac-CapOX group showed a scattered staining pattern of VEGFR-2 in Kupffer cells. In 
addition, expression of VEGF-A was seen in hepatocytes of the liver parenchyma of the 
Bevac-CapOX group (data not shown). Corroborating the mRNA analyses, we hardly 
found any VEGF-A protein in tumor tissue of the Bevac-CapOX group, its expression 
being limited to stromal cells. In contrast, metastases of the CapOX and untreated 
group revealed VEGF-A protein in tumor cells in addition to expression in stromal cells. 
Tumor tissue of the Bevac-CapOX group showed VEGFR-1 protein in stromal cells, tumor 
endothelial cells and tumor cells, VEGFR-2 protein was expressed by a few stromal and 
tumor endothelial cells. Neither VEGFR-1 nor VEGFR-2 was expressed by tumor cells of 
the CapOX group (data not shown).
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Figure 2
Molecules from the HIF-1α and VEGF family in untreated, CapOX and Bevac-CapOX treated 
groups.
mRNA levels of molecules from HIF-1α and VEGF family were determined in adjacent liver 
parenchyma and tumor tissue obtained from patients being either untreated (n=6), CapOX (n=6), 
or Bevac-CapOx treated (n=10) as described in materials and methods. * p<0.05, # p<0.001.
 

Higher expression levels of the Angiopoietin/Tie-2 family members predominantly  
in adjacent liver parenchyma of the Bevac-CapOX group
The Angiopoietin system represents other group of important molecules involved 
in microvascular stability and responses to neovascularisation stimuli. Adjacent liver 
parenchyma of the Bevac-CapOX group expresses higher mRNA levels of Ang-2 
(13-fold), and Tie-2 (3-fold) compared to adjacent liver parenchyma of the CapOX 
group (Figure 3). Compared to the parenchyma of the untreated group, adjacent liver 
parenchyma of the Bevac-CapOX revealed a higher expression level of both Ang-1 (80-
fold) and Tie-2 (3-fold) (Figure 3). 
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 Metastases of the Bevac-CapOX group showed a 4-fold higher expression level 
of Ang-2 mRNA compared to both the metastases of the CapOX and untreated group 
(Figure 3). In addition, compared to metastases of the untreated group, metastases of 
the Bevac-CapOX group revealed a 16-fold higher expression level of Ang-1 (Figure 
3). 
Comparing the liver parenchyma with the corresponding metastases demonstrated, 
respectively, a 13-fold and 3-fold higher Tie-2 expression level of both the Bevac-CapOX 
and untreated group (Figure 3).  
 Using immunohistochemical staining for the detection of proteins of the 
Angiopoietin system did not reveal remarkable different localization patterns between the 
Bevac-CapOX group and both other groups. Only Ang-1 and Tie-2 immunohistological 
protein expression were different in the Bevac-CapOX group compared to both other 
groups. In adjacent liver parenchyma of the Bevac-CapOX group a faint sinusoidal 
expression pattern of Ang-1 was seen with Ang-1 positive hepatocytes. The adjacent 
liver parenchyma of the CapOX and untreated group both showed Ang-1 positive 
hepatocytes while only in the CapOX group an additional sinusoidal expression pattern 
was observed (data not shown). In the metastases of the Bevac-CapOX group, tumor 
cells and tumor vasculature showed Ang-1 positive staining, while in both other groups 
only stromal cells were positive for Ang-1. In the adjacent liver parenchyma of the 
Bevac-CapOX group Tie-2 was observed in hepatocytes, and a sinusoidal expression 
pattern, while in the metastases positive tumor vasculature was seen (data not shown). 
Metastases of the untreated and CapOX groups showed positive stromal patterns. In all 
three groups, Ang-2 was visible in a sinusoidal expression pattern in the adjacent liver 
parenchyma, and in tumor endothelial cells and stromal cells in the metastatic tissue 
(data not shown).
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Figure 3
Molecules from the Angiopoietin/Tie-2 system in untreated, CapOX and Bevac-CapOX treated 
groups.
mRNA levels of molecules from the Angiopoietin system were determined by real-time RT-PCR in 
adjacent liver parenchyma and tumor tissue obtained from untreated patients (n=6) and patients 
treated with CapOX (n=6) or Bevac-CapOX (n=10) as described in materials and methods. * 
p<0.05.

Effects of Bevacizumab on vessel normalisation 
Tumor blood vessels are - unlike normal vasculature - chaotic in organization, permeable, 
and lack a vascular basement membrane 18. The current paradigm is that for a successful 
combination therapy consisting of chemotherapy with anti-angiogenic therapy, the 
vascular permeability should be reversed by the recruitment of pericytes and restoration 
of the basement membrane 19.
 To investigate whether vessel normalisation has occurred in the Bevac-CapOX 
group, we analyzed in the adjacent liver parenchyma and metastases, gene expression 
levels of PDGFR-β - expressed by pericytes - and its ligand PDGF-β produced by 
endothelial and tumor cells 20. In addition we analyzed by immunofluorescent staining, 
pericyte coverage of the vasculature in adjacent liver parenchyma and metastases 
of all three groups. Addition of Bevacizumab to the CapOX treatment did not affect 
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Adjacent liver parenchyma Metastasis 

αSMA 

the expression levels of PDGFR-β or its ligand in either the adjacent liver parenchyma 
or the metastases as compared to CapOx treatment alone (data not shown). When 
comparing to the metastases of the untreated group, metastases of the Bevac-CapOX 
group revealed an 8-fold higher expression level of PDGFR-β (data not shown). In 
addition, visualizing pericyte coverage in both adjacent liver parenchyma and tumor 
tissue revealed no significant difference between the Bevac-CapOX and CapOX group, 
suggesting no additional effect of Bevacizumab on the recruitment of pericytes and 
on concomitant vascular normalization. It furthermore revealed that the Bevac-CapOX 
(Figure 4) and both other groups had a normal periportal expression pattern of αSMA 
in the adjacent liver parenchyma. The metastases of all three groups presented with 
a predominant pattern of vessels covered with αSMA positive pericytes, revealing no 
difference between the Bevac-CapOX and CapOX groups (Bevac-CapOX group shown 
in figure 4).

Figure 4
Pericyte covered adjacent liver and tumor vasculature in Bevac-CapOX group
Immunofluorescent double staining for CD31 (green) and αSMA (red) and nuclear counterstain 
(DAPI; blue) from representative adjacent liver parenchyma and metastases of Bevac-CapOX 
group. Original magnification 200x.
 

Discussion

In this study we investigated the angiogenic molecular status of adjacent liver parenchyma 
and tumor tissue of colorectal liver metastases after treatment with the combination of 
chemotherapy and Bevacizumab (Bevac-CapOX) in comparison to patients treated with 
only chemotherapy or with no therapy at all. The main finding is that in patients of the 
Bevac-CapOX group, liver parenchyma adjacent to the metastases showed the highest 
expression levels of the majority of the investigated angiogenic molecules, i.e., CD31, 
HIF-1α, VEGFR-1, VEGFR-2, PlGF, Ang-2, and Tie-2 as compared to CapOX group (Figure 
5). Also, the liver metastases of the Bevac-CapOX group revealed higher expression 
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levels than the other two metastases, though the number of genes (CD31, HIF-1α, 
PlGF, and Ang-2) and the extent of expression were lower compared to metastases of 
the CapOX group (Figure 5). In adjacent liver parenchyma of the Bevac-CapOX group, 
immunohistochemical and fluorescent staining presented a predominantly normal 
periportal expression pattern of CD31protein and extensive αSMA positive pericyte 
coverage. Similarly, the metastases of all three groups showed a predominant pattern 
of vessels covered with αSMA positive pericytes. 

Discussion figure 5
Overview mRNA expression of the investigated angiogenic molecules in the Bevac-CapOX group 
compared to both other groups and its corresponding tissue.
Significant higher expression levels are shown as upwards arrows, significant lower expression as 
downwards arrows. 
Adjacent liver parenchyma of the Bevac-CapOX group revealed the highest expression levels of 
CD31, VEGFR-1, VEGFR-2, HIF-1α, PlGF, Ang-2, and Tie-2 compared to the CapOX group.

We investigated three groups of patients who received different neoadjuvant 
treatments for colorectal liver metastases. While angiogenesis is necessary for tumor 
growth, it is also involved in physiological processes such as wound healing 21. 
Therefore, discontinuation of Bevacizumab treatment for six weeks before surgery is 
recommended 22. As a consequence, we had access to adjacent liver and tumor samples 
obtained six weeks after the last treatment with Bevac-CapOX. In the present study, we 
found in both adjacent liver parenchyma and metastases of the Bevac-CapOX group 
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no significant differences in gene expression level of VEGF-A compared to both other 
groups. However, in metastases of the Bevac-CapOx we detected no VEGF-A protein. 
This could indicate that the monoclonal antibody against VEGF-A still exerts its effect 
at six weeks of discontinuation of the treatment, corroborating a previous study by 
Starlinger et al. 23. Unfortunately, no blood samples were taken from our patients to 
investigate the serum VEGF-A levels and investigate this feature further.
 Based on our main finding in adjacent liver parenchyma of the Bevac-CapOX 
group, i.e., induced expression levels of HIF-1α,VEGFR-1, VEGFR-2, PlGF, Ang-2, and 
Tie-2 we postulate that this vascular angiogenic response is due to a hypoxia driven 
rebound phenomenon induced by successful anti-VEGF-A treatment, and/or that as 
a response to the successful- and still ongoing- anti-angiogenic blockade, alternative 
angiogenic pathways are being activated in order to compensate for the loss VEGF-A. 
The rebound phenomenon is a pharmacological term, and concerns an exaggerated 
response to therapeutic blockade. Rebound induced expression of molecules like VEGF 
receptors after the depletion of VEGF-A -through Bevacizumab- is one example. Although 
Bevacizumab is believed to induce mainly vessel normalization, leading to reduction of 
intratumoral and environmental hypoxia 19, areas resistant to anti-angiogenic therapy or 
where vessel regression has occurred can still be hypoxic. As a result, higher expression 
levels of HIF-1α and production of pro-angiogenic molecules involved in the VEGF-A 
cascade may occur24. It is conceivable therefore that the higher expression levels seen in 
mainly the adjacent liver parenchyma the Bevac-CapOX group are a result of reactive, 
compensatory (over) production.
 Another compensatory mechanism which might occur on its own or in 
combination with the above proposed rebound phenomenon, is tissue adaptation to 
low VEGF-A levels by activating alternative pathways 11. As seen in for instance primary 
colorectal tumors treated with anti-angiogenic therapy, alternative pathways can 
include the expression of VEGFR-1, VEGFR-2, PlGF, and the Angiopoietins with their 
receptor Tie-2 25. PlGF binds under hypoxic conditions to VEGFR-1 through which tumor 
angiogenesis is stimulated 26,27. In addition, PlGF shares VEGFR-1 with VEGF-A and acts 
thereby as a competitor and decoy. As a result, small amounts of VEGF-A that are still 
available all bind and activate VEGFR-2 28. We found in the adjacent liver parenchyma of 
the Bevac-CapOX group a higher expression level of PlGF and VEGFR-1, suggesting the 
induction of this pathway when receiving VEGF-A neutralizing therapy.
 Macrophages are involved in angiogenesis and tumor progression after anti-
angiogenic therapy, thereby also representing an alternative pathway 29. Preclinical 
studies have shown that macrophages can express Tie-2 and VEGFR-2 30,31. We observed 
in the adjacent liver parenchyma of the Bevac-CapOX group VEGFR-2 positive Kupffer 
cells, macrophages of the liver. Possibly, these specific macrophages function as an 
alternative pathway to induce angiogenesis when under anti-angiogenic drug pressure. 
Further investigation is needed to study whether these Kupffer cells have the same 
effects and role as the previously described tumor-associated macrophages. 
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 Another alternative pathway is the initiation of angiogenesis via the Angiopoietin 
system. Ang-2 competes with Ang-1 and blocks the phosphorylation of their receptor 
Tie-2, leading to vessel destabilization and further instalment of angiogenesis when 
proper growth factors, like VEGF-A and PlGF are present 32, 33. In our study, we found 
higher expression levels of PlGF, VEGFR-1, VEGFR-2 Ang-2, and Tie-2 in adjacent liver 
parenchyma of the Bevac-CapOX group. 
 Collectively, these previously reported data of alternative pathways and our 
present data, makes it conceivable that alternative pathways could have been induced 
in the adjacent liver parenchyma of the Bevac-CapOX group in response to anti-
angiogenic therapy, especially when one takes into account that Bevacizumab can still 
exert its effects after six weeks of discontinuation 23. Such alternative pathways could be 
induced in the metastases of the Bevac-CapOX group as well, as we also observed in 
this tissue higher expression levels of PlGF and Ang-2 after treatment with Bevacizumab 
and chemotherapy.
 Vessel normalization is a concept proposed by Jain et al. in 2001 34. It 
hypothesizes that instead of inhibiting or blocking the tumor vasculature, antiangiogenic 
therapy normalizes the disorganized tumor vasculature 35,36. As a result there will be 
enhancement of pericytes coverage and restoration of the basement membrane19,36 
resulting in an improvement of tumor blood circulation, and improvement of the 
efficacy of chemotherapy. Bevacizumab is believed to be able to induce such vessel 
normalization. During vessel normalization by inhibiting VEGF, the balance between pro- 
and anti-angiogenic molecules is being restored. However, this is a transient process, 
characterized by a “time window” 18, the time period after start of the anti-angiogenic 
therapy during which features of vessel normalization are being observed. After this 
period, enhanced expression of alternative pro-angiogenic factors can occur, resulting 
in a secondary hostile pro-angiogenic environment 18,19. We investigated whether the 
combination therapy of Bevacizumab with chemotherapy was associated with vessel 
normalization by analyzing pericytes coverage and gene expression levels of pericytes 
markers. We did not find additive signs of vessel normalization in the investigated 
adjacent liver parenchyma and tumor tissue. There was no significant difference in the 
expression levels of PDGFR-β or its ligand PDGF-β, nor were there differences between 
the number of pericyte covered vessels between the Bevac-CapOX and the CapOX 
groups. It is conceivable that the “time window” of vessel normalization has passed 
by then and alternative pathways, as discussed above, have become fully induced. 
In addition, as we observed in our present study, colorectal liver metastases have a 
predominant pattern of vessels that are strongly covered with αSMA positive pericytes. 
Possibly in specific environmental circumstances pericyte coverage may not properly 
represent vascular stabilization status.   
 Our study revealed new insights of the angiogenic status of adjacent 
liver parenchyma and colorectal liver metastases treated with Bevacizumab and 
chemotherapy. Our study is limited by the relatively low number of included patients, 
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although significant differences were seen. Another limitation is that the investigated 
Bevac-CapOX group samples were obtained from patients who have received radiation 
therapy against their primary colorectal tumor, while the patients of both other groups 
did not receive this treatment. This could affect the present angiogenic signature of 
adjacent liver parenchyma and metastases of the Bevac-CapOX group. In our previous 
study 15 we suggested a possible role of the primary tumor in stimulating the adjacent 
liver parenchyma to become an angiogenic prosperous soil to stimulate tumor growth. 
This effect could be limited in the Bevac-CapOX group because of the radiation 
treatment given, though this is speculative and we do not know what the timeframe of 
this possible stimulating effect of the primary tumor would be. In addition, Van Dijk et 
al. 16 showed that 42% of the primary tumors from the Bevac-CapOX group had near 
complete pathological response after radiation therapy, leaving more than half of the 
patients with vital tumors to exert the possible stimulating effect. 
 From the present study we conclude that in patients with resectable synchronous 
colorectal liver metastases, at six weeks after discontinuation of neoadjuvant Bevac-
CapOX treatment, especially the adjacent liver parenchyma showed a strong vascular 
response presented by high gene expression levels of members of the VEGF and 
Angiopoietin/Tie-2 system. Further investigations are needed to reveal whether there is 
any pathological consequence of such a response in the adjacent liver parenchyma for 
progressive tumor outgrowth, and whether this compartment can serve as an additional 
therapeutic target in this group of patients. 
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Abstract

Purpose: Liver tumors are classifi ed as hypervascular or hypovascular during the 
arterial phase of cross sectional imaging. We hypothesized that the expression levels 
of angiogenic molecules of the VEGF-family and Angiopoietin/Tie-2 system in tumor 
and microenvironment, considered equally important for tumor behaviour, are (1) 
comparable in two types of hypervascular liver tumors (hepatocellular carcinoma (HCC) 
and neuroendocrine liver metastases (GEP-NETM)), and (2) are lower in hypovascular 
colorectal liver metastases (CRLM) than in hypervascular GEP-NETM. 
Methods: Resection specimens of GEP-NETM (n=10), HCC (n=15), and CRLM (n=15) were 
analyzed for expression of CD31, and members of the VEGF-family and Angiopoietin/Tie-
2 system using real time RT-PCR in tumors and non-tumorous-adjacent liver parenchyma. 
Gene expression levels of endothelially restricted molecules were normalized for vascular 
density of the tumor and adjacent liver parenchyma using CD31 mRNA levels. Cellular 
localization in tumor tissue was analyzed by immunohistochemistry.
Results: Histologically, GEP-NETM and HCC –but not CRLM- showed a prominent 
vascular pattern. At the mRNA level, HCC and CRLM showed a relative abundance 
of Ang-2 expression, whereas in GEP-NETM Ang-1 and Tie-2 showed relatively high 
expression. No differences were seen in expression of VEGF and its receptors. Adjacent 
liver parenchyma of HCC and CRLM revealed higher mRNA levels of VEGF-A, VEGFR-2 
and Ang-2 compared to GEP-NETM adjacent liver parenchyma.
Conclusion: Despite similar radiological appearance of hypervascularity, expression levels 
of the investigated angiogenic molecules in HCC and GEP-NETM are different. CRLM is 
characterized by scarcity of vessels with a high Ang2/Ang1 ratio. The most prominent 
differences were found in tumor-adjacent liver parenchyma, suggesting a role in tumor 
progression.
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Introduction
Inhibition of tumor growth by anti-angiogenic treatment is subject of several clinical trials 
for various types of cancer.  Not only the tumor but also the tumor microenvironment 
has been put forward as one of the determinants for responsiveness of the tumor 
to anti-angiogenic treatment 1,2. It also has become increasingly apparent that the 
development and pathophysiology of tumor cannot be explained by only the tumor 
characteristics itself 3. In fact successful tumor cells are those that have acquired the 
ability to interact with their normal neighbors by inducing them to release growth-
stimulating signals like pro-angiogenic factors 3,4. In turn it has been shown that non-
tumorous environment of especially the liver indeed express high amounts of angiogenic 
factors which could stimulate nearby tumor growth 5.  Therefore, further unraveling of 
angiogenic characteristics of tumors, their vasculature and their microenvironment may 
provide more insight in the underlying angiogenic mechanisms and in the future assist 
in predicting responsiveness to anti-angiogenic treatment.
 The liver is a frequent site of both primary and secondary tumors, with 
hepatocellular carcinoma (HCC) and metastases from colorectal carcinoma (CRLM) 
among the most frequent tumor types worldwide. Basically two types of liver tumors are 
identified based on radiographical characteristics. Liver tumors can be hypervascular, with 
contrast enhancement during the arterial phase of computer tomography (CT) scanning 
6, or hypovascular, with CRLM being the most representative example of the latter. 
The typical pattern of CRLM is a hypointense lesion in the enhanced liver parenchyma 
during the portal phase of contrast enhancement (Figure 1). Based on these differences 
in radiographical appearance we postulated that radiographical hypervascular and 
hypovascular liver tumors have different angiogenic characteristics.  Since not only the 
tumor itself but also the microenvironment of the tumor is important for tumor behavior 
7, we analyzed angiogenic characteristics of both the tumor and tumor-adjacent liver 
parenchyma in human liver tumors with different radiographical characteristics. As 
examples of radiographically hypervascular tumors we analyzed HCC, a fast growing 
tumor, and liver metastases from gastroenteropancreatic neuroendocrine tumors (GEP-
NETM) which are slow growing hypervascular tumors. CRLM were analyzed as a typical 
example of hypovascular liver tumors. In this study we tested two hypotheses, i.c., (1) 
angiogenic characteristics of hypervascular liver tumors and their microenvironment 
are comparable, and (2) tumors and microenvironment of hypervascular GEP-NETM 
exhibit a higher expression of angiogenic factors as compared to that of hypovascular 
CRLM.
 It is well accepted that molecules of the VEGF system and the Angiopoietins 
(Ang) and their receptor Tie-2 are important determinants in different parts of the 
angiogenic process 8. We therefore quantified gene expression levels of VEGF-A, VEGFR-
1, VEGFR-2, Ang-1, Ang-2, and Tie-2 in the three types of liver tumors. In addition, 
we studied their expression profiles and patterns in corresponding adjacent liver 
parenchyma, considering the fact that adjacent tissue might influence tumor growth 
via angiogenesis dependent mechanisms. The cellular localization of the proteins was 
analyzed by immunohistochemistry. 
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Figure 1. 
Hypervascular and hypovascular liver tumors visualized through CT scanning.
(A): CT image during arterial phase of contrast enhancement of neuroendocrine liver metastases 
(GEP-NETM). White arrow: 27 mm large hypervascular liver lesion with obstructed bile duct 
(black arrow). In the venous phase the periphery of the lesion is still slightly hypervascular (white 
arrow). White arrowhead: in all contrast phases hypodense liver cyst. * Contrast filled aorta.
(B): CT image during arterial phase of contrast enhancement of hepatocellular carcinoma (HCC) 
in a non-cirrhotic liver. White arrow: hypervascular lesion with hypodense centre. In the venous 
phase the lesion is slightly hypointense as compared to the surrounding liver parenchyma, 
suggesting wash-out of contrast during the venous phase. * Contrast filled aorta.
(C): CT image during arterial phase of contrast enhancement of colorectal liver metastasis (CRLM). 
White arrow: slightly hypodense lesion, protruding from the liver surface, which can hardly be 
differentiated from the surrounding liver parenchyma. In the venous phase the lesion is clearly 
visible as a less attenuating hypovascular lesion (white arrow). * Contrast filled aorta.
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Materials and methods

Patients and tissue samples
All procedures and use of anonymized tissue samples were performed according to 
national guidelines. Tissue samples of 40 patients who had undergone intentionally 
curative liver surgery because of HCC, GEP-NETM, and CRLM were collected. In none 
of the patients the tumors had been treated with chemotherapy or any other treatment 
before partial liver resection. The tumors consisted of HCC from non-cirrhotic livers (n 
= 15), liver metastases of GEP-NETM (n = 10), and CRLM (n = 15). Despite the fact that 
HCC predominantly develops in cirrhotic livers, non-cirrhotic HCCs were used in this 
study to match with the two other tumor-types which were present in non-cirrhotic 
livers. 
 Baseline clinicopathological characteristics of the 15 patients (10 male, 5 
female) with HCC are: median age (interquartile range, IQR) 54.5 (27.5) years, median 
(IQR) tumor size 14 (8) cm, and a median post-resection survival of 19.5 months. The 
10 patients (5 male, 5 female) with GEP-NETM had a median (IQR) age of 57.5 (18.6), a 
median (IQR) tumor size of 4.5 (6.0) cm and a median survival of 61.5 months. The 15 
patients (9 male, 6 female) with CRLM had a median (IQR) age of 66.4 (10.2), a median 
(IQR) tumor size of 5.0 (5.0) cm and a median survival of 36.3 months.  Previously 
used 7,9 samples from livers with normal histology (n = 9), obtained from surplus donor 
liver, or partial liver resection for benign disorders were used as a reference but not 
for statistical comparisons. cDNA of non-cirrhotic HCCs from our previous study 9 
were used again for real time Reverse Transcription-Polymerase Chain Reaction (RT-
PCR) analysis and immunohistochemical staining to allow direct comparison with the 
analysis outcomes of GEP-NETM and CRLM samples. The samples were used both for 
immunohistochemistry to localize proteins and for real-time RT-PCR to quantify gene 
expression. For real time RT-PCR analysis, the tumor tissue was separated from the 
adjacent non-tumorous liver parenchyma to distinguish the gene expression pattern in 
both tissue compartments.
Gene expression analysis by quantitative RT-PCR
 Total RNA was isolated and cDNA synthesized and analyzed by real time RTPCR 
as described earlier 7. cDNA was synthesized using Superscript III Rnase H-reverse 
transcriptase (Invitrogen, Breda, The Netherlands) in 20 μl final volume containing 
250ng random hexamers and 40 units Rnase Out inhibitor (Invitrogen). 
Gene expression was normalized to the expression of the housekeeping gene GAPDH. 
Of note, several angiogenic molecules analyzed in this study co-localize with CD31 
expressing vascular endothelial cells, and for this reason mRNA levels of VEGFR-1, 
VEGFR-2, Ang-2 and Tie-2 were compared to CD31 to normalize for vascular density.
The Ang-2/Ang-1 ratio was calculated as it reflects a dysbalance in this molecular system 
that may underlie sensitization or desensitization of the microvasculature to further 
engagement or in the angiogenic process.
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Immunohistochemistry to identify cellular location of protein expression 
Antibodies and concentrations used for immunohistochemistry were described 
previously 7. For VEGF-A, VEGFR-1, VEGFR-2, Ang-1, Ang-2, and Tie-2, 5 μm sections of 
frozen tissue were used as described 7. CD31 and αSMA were stained on formalin fixed 
tissue of 5 μm. Single immunohistochemical staining with anti-CD31 was performed 
to detect the vascular pattern in the tumor and adjacent liver parenchyma. Double 
staining of CD31 with αSMA was performed to determine the presence of pericytes 
coverage of microvessels, as described previously 10.  
 
Statistics 
Quantitative data were expressed as median with interquartile range (IQR) or as mean 
± SD. A two-tailed nonparametric Mann-Whitney-U test was used for comparison of 
groups. A p value of less than 0.05 was considered statistically significant. 
 

Results
 
HCC and CRLM showed a lower mRNA expression level of CD31 compared to GEP-
NETM 
GEP-NETM and HCC demonstrate a similar hypervascular pattern during the arterial 
phase of contrast enhancement on CT 6, in contrast with CRLM which is hypovascular 
during this phase. To determine whether the radiographical appearance is associated 
with vascular appearance at the tissue level, we compared gene expression levels of 
the vascular endothelial cell marker CD31 in whole tissue RNA isolates as well as CD31 
immunohistochemistry on representative tissue samples.
 HCC tumor tissue revealed a two-fold lower CD31 mRNA level compared to 
GEP-NETM tumor tissue (Figure 2A). Adjacent liver parenchyma of HCC demonstrated 
a three-fold lower CD31 expression level as compared to adjacent liver parenchyma 
of GEP-NETM (Figure 2A). In tumor tissue of CRLM a five-fold lower expression level 
of CD31 was found compared to tumor tissue of GEP-NETM (Figure 2A). Similarly, 
adjacent liver parenchyma of CRLM showed a two-fold lower expression level of CD31 
compared to adjacent liver parenchyma of GEP-NETM (Figure 2A).
 CD31 protein expression in tumor tissue of GEP-NETM and HCC was seen in 
tumor capillaries surrounding tumor cell groups (Figure 2B). In CRLM, CD31 positive 
vessels were found in the tumor stroma between groups of tumor cells (Figure 2B). 
Whereas sinusoidal CD31 protein expression in liver parenchyma is normally only seen 
in the periportal region 11, liver parenchyma adjacent to all three tumor types uniformly 
showed intense sinusoidal CD31 expression besides its presence in the periportal region 
(data not shown). 
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Figure 2. 
CD31 gene expression in tumor tissue and adjacent liver parenchyma of neuroendocrine liver 
metastases (GEP-NETM) , hepatocellular carcinoma (HCC), and colorectal liver metastases (CRLM)  
and immunohistochemical staining of CD31 in the respective tumors.
Relative gene expression of CD31 in GEP-NETM and HCC determined by real-time RT-PCR as 
described in materials and methods.
(A) CD31 expression in tumor tissue and adjacent liver parenchyma of GEP-NETM, n=10 compared 
to HCC n=15 and CRLM n=15, showing a higher expression level in both tissues of GEP-NETM. 
Mean ± SD, * p<0.05, ^ p<0.02.
(B) Immunohistochemical staining of CD31 paraffin embedded GEP-NETM, HCC and CRLM. 
Original magnification 400x.
 

Angiogenesis markers in hypervascular liver tumors: HCC versus GEP-NETM

VEGF family members different in adjacent liver parenchyma between HCC and GEP-
NETM but not in tumor tissue. 
Analysis of the molecules of the VEGF family revealed no differences in expression in 
GEP-NETM versus HCC tumor tissue (Figure 3A). Adjacent liver parenchyma of HCC 
contained five-fold higher mRNA levels of VEGF-A and three-fold higher VEGFR-2 mRNA 
levels as compared to GEP-NETM (Figure 3A), whereas VEGFR-1 did not differ in these 
two tissues.
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HCC tumor and adjacent parenchyma associated with high Ang-2 expression whereas 
GEP-NETM tumor tissue is associated with higher Ang-1 and Tie-2 expression. 
In HCC a three-fold lower Ang-1 expression and a two-fold lower Tie-2 expression 
compared to GEP-NETM was seen. In contrast, HCC showed a four-fold higher 
expression level of Ang-2 (Figure 3B). In adjacent liver parenchyma of HCC a three-fold 
higher expression level of Ang-2 was observed as compared to GEP-NETM adjacent liver 
parenchyma and no differences in Ang-1 and Tie-2 expression were observed (Figure 
3B). The Ang-2/Ang-1 ratio was about eight-fold higher in HCC tumor tissue and five-
fold higher in HCC-adjacent liver parenchyma as compared to corresponding tissues of 
GEP-NETM (Figure 3B).
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Figure 3. 
Molecules from the VEGF and Angiopoietin/Tie-2 system in neuroendocrine liver metastases 
(GEP-NETM) compared to hepatocellular carcinoma (HCC).
Relative gene expression of VEGF-A, VEGFR-1, VEGFR-2, Ang-1, Ang-2 and Tie-2 were determined 
by real-time RT-PCR. VEGFR-1, VEGFR-2, Ang-2, and Tie-2 gene expression levels are normalized 
to gene expression of CD31. 
(A) VEGF-A, VEGFR-1, and VEGFR-2 expression in tumor tissue and adjacent liver parenchyma 
of neuroendocrine liver metastases (GEP-NETM), n=10 and hepatocellular carcinoma (HCC), 
n=15, showing no differences in tumor tissue between the two groups. Mean ± SD. * p<0.05, ** 
p<0.01
(B) Expression of Ang-1, Ang-2, Tie-2, and the Ang-2/Ang-1 ratio in tumor tissue and adjacent 
liver parenchyma of GEP-NETM and HCC. Ang-1 and Tie-2 expression levels are lower in HCC 
tumor tissue whereas expression of Ang-2 and Ang-2/Ang-1 ratio is higher compared to GEP-
NETM. In HCC adjacent liver parenchyma a higher Ang-2 and Ang-2/Ang-1 ratio was seen as 
well. Mean ± SD, * p<0.05, ^ p<0.02, ** p<0.01, # p<0.001.
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Angiogenesis markers in hypervascular versus hypovascular liver metastases:  
GEP-NETM versus CRLM
 
VEGF family members showed differences between GEP-NETM and CRLM in adjacent 
parenchyma but not in tumor tissue 
Gene expression of the molecules of the VEGF family revealed no differences in tumor 
tissue of GEP-NETM versus CRLM (Figure 4A). Adjacent liver parenchyma of CRLM 
showed a two-fold higher expression level of VEGF-A, a three-fold higher expression level 
of VEGFR-2 and no difference in VEGFR-1 as compared to adjacent liver parenchyma of 
GEP-NETM (Figure 4A).
 
CRLM and adjacent liver parenchyma exhibit higher Ang-2 expression and Ang-2/Ang-1 
ratio compared to GEP-NETM 
Both CRLM tumor tissue and adjacent parenchyma revealed a 3 fold higher Ang-2 
expression and a higher Ang-2/Ang-1 ratio, i.c., seven-fold higher in tumor and three-
fold higher in adjacent parenchyma (Figure 4B). Expression of Ang-1 was three-fold lower 
in CRLM tumor tissue compared to GEP-NETM tumor tissue (figure 4B). Tie-2 showed 
no differences between GEP-NETM and CRLM tumor tissue. Adjacent liver parenchyma 
of CRLM and GEP-NETM showed no differences in Ang-1 and Tie-2 expression levels 
(Figure 4B). 
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Figure 4. 
VEGF and Angiopoietin/Tie-2 gene expression in colorectal liver metastases (CRLM) compared to 
neuroendocrine liver metastases (GEP-NETM).
Relative gene expression of VEGF-A, VEGFR-1, VEGFR-2, Ang-1, Ang-2 and Tie-2 was determined 
by real-time RT-PCR. VEGFR-1, VEGFR-2, Ang-2, and Tie-2 gene expression levels are normalized 
to gene expression of CD31.
(A) VEGF-A, VEGFR-1, and VEGFR-2 expression in tumor tissue and adjacent liver parenchyma 
of GEP-NETM, n=10 and CRLM, n=15, showing no differences in tumor tissue. In adjacent liver 
parenchyma of CRLM a higher expression level of VEGF-A and VEGFR-2 is seen compared to GEP-
NETM. Mean ± SD, * p<0.05.
(B) Expression of Ang-1, Ang-2, Tie-2, and the Ang-2/Ang-1 ratio in tumor tissue and adjacent 
liver parenchyma of CRLM and GEP-NETM. Ang-1 expression is lower in CRLM tumor tissue, 
while Ang-2 and Ang-2/Ang-1 ratio shows a higher expression level. In adjacent liver parenchyma 
of CRLM a higher expression of Ang-2 and Ang-2/Ang-1 ratio was found as well.  Mean ± SD, * 
p<0.05, # p<0.001.
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Chapter 5

The majority of tumor microvessels of all three tumor types are covered by αSMA positive 
cells.
Blood vessel maturation in tumors is characterized by blood vessel coverage with 
pericytes 12,13. As we found lower expression of Ang-1 in tumor tissue of HCC and CRLM 
compared to GEP-NETM, and Ang-1 is known to be involved in integrity maintenance 
or induction of vascular maturity and stability after vessel sprouting, we investigated 
vascular maturation status in the three tumor types. Microvessels which were double 
positive for CD31 and αSMA are regarded to be mature blood vessels. The mean (SD) 
percentage of CD31+/ αSMA+ vessels was 89% (8.5) in GEP-NETM, 79% (8.2) in HCC 
(p=0.074 compared to GEP-NETM), and 78% (14) in CRLM (p=0.15 compared to GEP-
NETM) (data not shown). 
 
GEP-NETM, HCC and CRLM: Immunohistochemistry of tumor tissue and adjacent liver 
parenchyma.
The cellular localization of VEGF and Angiopoietin/Tie2 family member proteins was 
studied by immunohistochemistry (Table 1). 
The most striking finding was that immunohistochemistry showed that, in contrast to 
GEP-NETM, HCC and CRLM do not show VEGF-A protein at their tumor cells.  
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Discussion

In this study we tested two hypotheses, the first one being that the expression 
levels of the six chosen angiogenic molecules are comparable in tumor and tumor 
microenvironment of two radiographically hypervascular liver tumors GEP-NETM and 
HCC, and the second that  radiographically hypervascular liver metastases (GEP-NETM) 
exhibit higher expression of angiogenic molecules as compared to radiographically 
hypovascular liver metastases (CRLM). We found that the two types of hypervascular 
tumors have different expression profiles of the six studied angiogenesis related genes, 
that hypervascular GEP-NETM does not express higher levels of the pro-angiogenic 
molecules compared to hypovascular CRLM, and that adjacent liver parenchyma 
revealed the most prominent differences in angiogenic profile depending on the type 
of tumor that it supports. 
 We found that GEP-NETM has high CD31 mRNA levels, which is in agreement 
with CD31 immunohistochemistry showing that GEP-NETM is the tumor type with the 
highest number of vessels per high power field. Both hypervascular tumor types –GEP-
NETM and HCC- were not different with respect to expression of VEGF family members 
but significant differences were found in the expression of the molecules of the Ang/
Tie-2 system. Tumor tissue of GEP-NETM expressed higher amounts of Ang-1 and Tie-2 
while HCC tumor tissue expressed higher amounts of Ang-2 with a high Ang-2/Ang-1 
ratio. Immunohistologically, GEP-NETM showed a more abundant VEGF-A expression 
than HCC.  In HCC, adjacent liver parenchyma showed a higher expression level of 
VEGF-A and VEGFR-2 and a higher expression level of Ang-2 as well as a higher Ang-2/
Ang-1 ratio compared to adjacent liver parenchyma of GEP-NETM. It may well be that 
the more rapid growth of HCC seen in patients is facilitated by the tumor’s environment. 
Possibly adjacent liver parenchyma creates an angiogenic favorable environment for 
tumor progression 5. It can be speculated that the more rapidly growing HCC produces 
its own  pro-angiogenic Ang-2 and that adjacent liver parenchyma facilitates HCC 
tumor growth by providing adequate levels of  VEGF-A and VEGFR-2, as well as Ang-2 
resulting in a growth-stimulating environment for HCC. In contrast, the clinically more 
indolent GEP-NETM lacks such a pro-angiogenic environment.  
 The comparison between hypovascular CRLM and hypervascular GEP-NETM 
reveals a similar overall picture. Tumor tissue shows differences in expression of molecules 
of the Ang/Tie-2 system but not of the VEGF-A family members, whereas in adjacent 
liver parenchyma differences in expression of molecules of both the Ang/Tie-2 system 
and VEGF-A family were demonstrated. Adjacent liver parenchyma of hypovascular 
CRLM seems to offer a more prosperous angiogenic environment as exemplified by 
higher VEGF-A, VEGFR-2, and Ang-2 expression as compared to adjacent parenchyma 
of the hypervascular GEPNETM. One might speculate that by producing pro-angiogenic 
factors –by the tumor- in combination with a supportive environment, CRLM can behave 
in a more aggressive way. This is in contrast to GEP-NETM, in which the tumor has a 
more vessel stabilising phenotype in a less angiogenic environment. 
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Are our data in accordance with findings of clinical trials using Sunitinib 14?  Sunitinib 
inhibits various angiogenic pathways, including the ones involving VEGFR-1, and VEGFR-
2 15. Based on the well established RECIST (Response Evaluation Criteria in Solid Tumors) 
criteria, tumor response rates are clearly defined and can be compared among various 
trials. In figure 5A, we summarize response data in patients with various tumor types 
treated with Sunitinib. These encompass patients with HCC treated in 3 phase II trials 16–

18, patients with RCC in a randomized phase III trial 19, patients with CRLM in a phase II 
trial 20, and one randomized phase III trial in patients with pancreatic NETs 14. The tumor 
in which we previously reported high VEGFR-1 and VEGFR-2 mRNA expression – RCC- 
revealed the highest partial response rate (44%) and the highest disease control rate of 
87% as compared to the other tumor types investigated in these trials 9. It is tempting 
to hypothesise that RCCs are self supportive because they exhibit both high expression 
of VEGF-family molecules as well as Ang-2 9. This is in contrast to HCC and CRLM, which 
are more dependent on a supportive environment, by revealing lower levels of both 
VEGFR-1 and VEGFR-2 mRNA levels in tumor tissue (Figure 5B). The results of a study 
in metastatic RCC in which coadministrationof inhibitors of the VEGFRs (Sunitinib) and 
the Ang-1/2/Tie-2 pathway (Trebananib) were recently published by Hong et al.21. They 
demonstrated a similar toxicity profile as single agent therapy with sunitinib, and a 
promising overall response rate of 53% 21. Based on our findings in GEP-NETM and 
HCC of high expression of both molecules of the VEGF family and the Ang-Tie-2 system 
–either in the tumor in adjacent liver parenchyma or both- one might speculate that 
Sunitinib in combination with Trebananib might be a promising therapeutic approach 
for these tumors as well.
 In conclusion, despite a similar hypervascular appearance of GEP-NETM and 
HCC, the expression profiles of the molecules that are considered important controllers 
of the angiogenic process (VEGF, VEGFR1 and R2, Ang-1 and -2, and Tie2) are rather 
different. Additionally, hypervascular GEP-NETM do not exhibit higher expression levels 
of these angiogenic molecules compared to hypovascular CRLM. Tumor-adjacent 
parenchyma reveals the most prominent differences in expression levels of the analyzed 
molecules–even more than in the tumor tissue itself- and it is tempting to suggest that 
they thus may be important as targets for anti-tumor therapy as well. 
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Figure 5: Discussion figure with a comparison of prospective studies data, mRNA levels and disease 
control rate of RCC, GEP-NETM, HCC and CRLM.
Table (A) and figure (B) supporting the proposed concept of a correlation between the expression 
of VEGF family members (our data) and response rates in randomised trials of patients with renal 
cell carcinoma (RCC), pancreatic neuroendocrine tumors (GEP-NET), hepatocellular carcinoma 
(HCC) or colorectal liver metastases (CRLM) treated with sunitinib.
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Summary

Despite considerable efforts, cancer is still one of the leading causes of death worldwide 1. 
For tumor growth, angiogenesis or new blood vessel formation from pre-existing blood 
vessels, is essential 2. Because of this prominent role, angiogenesis has become an 
important target for anti-cancer therapy. The original aim of anti-angiogenic therapy was 
to impair the nutritional and oxygen supply to tumor cells by reducing the tumor blood 
supply 3,4. Knowledge of the angiogenic status of the tumor and tumor environment can 
eventually assist in an accurate choice of anti-angiogenic drug treatment regimen and 
can be assessed from the perspective of the vascularization pattern and the molecular 
expression profi le of the angiogenic factors. The angiogenic status of glioblastomas 
(GBM), colorectal liver metastases (CRLM), gastroenteropancreatic neuroendocrine liver 
metastases (GEP-NETM), and hepatocellular carcinoma (HCC) and their adjacent non-
tumorous parenchyma are right now not investigated to their full extent. In this thesis 
we aimed to gain insight in the angiogenic status of these tumors and their environment 
- with or without treatment - both on a molecular level and immunohistochemically. 
  One of the molecules involved in angiogenesis is cyclooxygenase-2 (COX-
2), an inducible prostaglandin synthetase. Sawaoka et al. showed in a preclinical 
study that selectively inhibiting COX-2 lead to reduced VEGF expression 5. Because 
of the prominent involvement of VEGF in the angiogenic process, we investigated in 
Chapter 2 in a preclinical setting whether treatment with a COX-2 inhibitor could 
infl uence the response to local radiation therapy of murine glioblastoma, and to what 
extent the vasculature was involved in this response. We found that administration of 
the COX-2 inhibitor E-6087 in addition to radiation treatment increased the antitumor 
effect on intracranial murine glioblastoma growth compared to radiation only. The 
combination therapy showed a strong added reduction in mean tumor volume of almost 
70% compared with radiation treatment alone. After combination therapy a pericyte 
coverage of tumor vessels was seen, suggesting a role for tumor vessel normalization 
in the effects brought about by the combination therapy. Although the results shown 
and discussed in chapter 2 look promising, further investigations will be needed to 
study the feasibility of adding COX-2 inhibitor treatment to daily clinical practice in the 
treatment of glioblastomas. In this respect, it needs to be taken into consideration that 
various anti-angiogenic compounds have shown promising anti-tumor effects in mice. 
In medicine, the ultimate goal is to cure patients. We therefore proceeded from the 
glioblastoma mouse model to human colorectal and neuroendocrine liver metastases 
and the primary liver tumor hepatocellular carcinoma. At fi rst we studied in Chapter 
3 the molecular profi le of several key angiogenic molecules in CRLM in the presence 
or absence of the infl uence of the primary colorectal tumor, so called synchronous 
respectively metachronous metastases. We hypothesized that CRLM and/or the non-
tumorous adjacent liver parenchyma are infl uenced by the primary colorectal tumor 
with respect to the angiogenic molecular profi le and proliferation status. We studied 
this by quantifying gene expression levels of members of the VEGF and Angiopoietin 
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system, and studied their cellular localization in three groups of patients with different 
time intervals between resection of the liver metastases and resection of the primary 
tumor. Our main finding in this study was that in patients in whom the primary tumor 
was still present, liver parenchyma adjacent to the liver metastases expressed high 
levels of angiogenic molecules. In contrast, no differences in the gene expression levels 
of the investigated angiogenic molecules in the liver metastases itself were observed. 
Regarding the proliferation status, we found that when under the influence of the 
primary tumor, the liver metastases showed a high turnover of tumor cells reflected by 
a high proliferation rate as well as a high apoptotic rate in these tumor cells, suggesting 
a low overall tumor growth rate. 
  Based on the observations in chapter 3 that the non-tumorous adjacent liver 
parenchyma expressed high levels of angiogenic factors, which could be favourable for 
tumor growth, we investigated in Chapter 4 the effects of the combination therapy 
of Bevacizumab, an anti-angiogenic monoclonal antibody neutralizing VEGF-A, and 
chemotherapy on the expression of molecules relevant for angiogenesis both in the 
colorectal liver metastases and their adjacent liver parenchyma. We used specimens 
of three groups of patients, i.c., untreated patients, patients treated with neoadjuvant 
chemotherapy consisting of six cycles of capecitabine and oxaliplatin, and patients 
treated with neoadjuvant capecitabine, oxaliplatin, and Bevacizumab. We found that 
in patients six weeks after discontinuation of the combination therapy consisting of 
Bevacizumab and chemotherapy, especially the adjacent liver parenchyma showed a 
strong vascular response as observed by high expression levels of HIF-1α, VEGFR-1, 
VEGFR-2, Ang-1, Ang-2, and Tie-2. 
  Besides CRLM, the liver is also a frequent metastatic site for other tumors like GEP-
NETM, and can also contain a primary tumor, HCC. Liver tumors can be hypervascular, 
presenting with contrast enhancement during the arterial phase of computer tomography 
scanning, or hypovascular, characterized by hypointense lesions in the enhanced 
liver parenchyma during the portal phase of contrast enhancement. Based on these 
differences we postulated two hypotheses. The first is that angiogenic characteristics 
of hypervascular liver tumors HCC and GEP-NETM and their microenvironment are 
comparable. The second hypothesis is that the tumor tissue and microenvironment of 
hypervascular GEP-NETM exhibit a higher expression of angiogenic factors as compared 
to hypovascular colorectal liver metastases and its adjacent tissue. In Chapter 5 we 
therefore investigated gene expression levels of the same set of angiogenic factors 
investigated before, and studied their cellular localization. We found that despite a 
similar hypervascular appearance of GEP-NETM and HCC, the expression profiles of the 
angiogenic molecules were rather different. Additionally, hypervascular neuroendocrine 
liver metastases did not exhibit higher expression levels of these angiogenic molecules 
compared to hypovascular colorectal liver metastases. Furthermore, the adjacent liver 
parenchyma of HCC and colorectal liver metastases revealed the most prominent 
differences in expression levels of the analyzed molecules compared to adjacent liver 
parenchyma of GEP-NETM. In conclusion, both posed hypotheses were found to be 
incorrect. 
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  Altogether, we demonstrated that a combination therapy consisting of COX-
2 inhibitor and radiation therapy is a promising treatment for glioblastoma tumor 
volume reduction, affecting the tumor vasculature in mice. In primary and secondary 
human liver tumors, we revealed that adjacent liver parenchyma (of colorectal liver 
metastases perse as well as after treatment with anti-angiogenic combination therapy 
and of primary hepatocellular carcinoma) showed high expression levels of angiogenic 
molecules. Possibly, the adjacent liver parenchyma functions as a favourable angiogenic 
environment that can stimulate tumor outgrowth. With regard to the liver tumors 
themselves, even though neuroendocrine liver metastases and hepatocellular carcinoma 
both have a hypervascular phenotype, they in fact have highly different angiogenic 
profiles. Even hypervascular liver metastases expressed pro-angiogenic molecules 
at a level that was not higher than the level in hypovascular liver metastases. These 
novel insights in the angiogenic profiles of the different tumor types and especially 
of the adjacent liver parenchyma of these different tumor types may have important 
implications for therapeutic choices regarding anti-angiogenic treatments of the primary 
tumors and metastases studied.  
 

General discussion and future perspectives

In vivo mouse tumor models do not mimic tumors in patients
At present, the majority of the knowledge concerning the biological profile of tumor 
growth and tumor related angiogenesis has been derived from mouse models. These 
tumor models have provided preclinical platforms to reveal and validate a multitude 
of growth factors involved in angiogenesis and have provided a platform of potential 
targets for anti-angiogenic therapies. 
 There are different types of mouse models to study tumor related angiogenesis. 
The most commonly used method to analyze angiogenesis in cancers has been injection 
of a tumor cell line into mice. Some models represent syngeneic models in which the 
recipient mice and injected tumor cells share a common inbred genetic background 6. 
Tumor cell injection can be done subcutaneously or orthotopically, the latter being used 
in chapter 2 of this thesis. A serious limitation of syngeneic mouse tumors implanted 
in avascular subcutaneous pockets, which are commonly used in angiogenesis studies, 
is that they have synchronized tumor vascular growth and fully depend on sprouting 
angiogenesis. Models in which the tumor cells are injected orthotopically mimic the 
human situation more accurately than the subcutaneous model. In such a model, 
tumor cells can acquire vasculature for growth through different mechanisms, including 
sprouting angiogenesis, vessel co-option, or vascular mimicry, and do not solely depend 
on sprouting angiogenesis. Both models, however, fail to mimic the spontaneous tumor 
formation and outgrowth, as happens in humans, to its full extent. Other tumor mouse 
models include transgenic mice and xenograft tumor models, that both also have 
limitations regarding mimicking human tumors. Transgenic models can employ mice 
with a single gene mutation and therefore do not mimic the genetic complexity of the 
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investigated human tumors. In xenograft mouse models, human tumor cells are being 
injected into an immunodeficient mouse. The advantage of these models is that tumor 
cells of human origin can be used, however, they do not mimic the natural human 
environment due to the lack of a competent immune system that may contribute to 
tumor growth 6. The humanized host mice are a model which is one step closer to the 
human situation. In this model immunodeficient mice are being complemented with 
the average components of the human immune system, like B and T cells 6.
  Although the preclinical models have led us to a better understanding of the 
angiogenic process, humans do not react the same as mice. There is therefore a need 
to investigate the angiogenic processes and concepts further in human tumors and 
perhaps even re-define the present paradigms involving the angiogenic processes 
during tumor growth and development based on new findings. Improved models 
that represent the human situation better, combining both the genetic alterations 
with a complete immune system, should be developed More insight and improved 
knowledge of the angiogenic profiles of human tumors are a prerequisite to narrow 
the gap between successful outcomes in preclinical studies and clinical failures of anti-
angiogenic treatments. 
 
Angiogenesis: a complex process
In this thesis we analyzed important angiogenic molecules in four different tumor types 
obtained from patients that were either untreated or treated with an anti-angiogenic 
treatment regimen. Although HIF-1α, PlGF, VEGF-A, VEGFR-1, VEGFR-2, the Angiopoietins 
and Tie-2  and COX-2 are proven to be prominent players in the angiogenic process 
7,8 , the molecular repertoire concerning the regulation of angiogenesis is more divers 
and even differs between different tumor types . Other pro-angiogenic molecules are, 
amongst others, the neuropilin receptor which can serve as a co-receptor for VEGFR-2 
9, the Notch-1 receptor and its ligands Dll4 and Jagged-1 10,11, and bFGF 12. It would 
be worthwhile to investigate these and perhaps other molecules contributing to the 
vascular remodeling process in adjacent non-tumorous parenchyma and in the tumor 
tissue of the tumor types studied in this research, to create an even more thorough 
angiogenic profile of these tumors. 
 In addition, it would be worthwhile to study the angiogenic profiles not only 
at the mRNA expression levels but also at the protein expression level and, importantly, 
with regard to the cellular localization of the investigated molecules. In this thesis we 
addressed the mRNA expression levels and protein localization of HIF-1α, VEGF-A, VEGFR-
1, VEGFR-2, PlGF, Angiopoietins and their receptor Tie-2, and COX-2 through gene 
analyses and immunohistochemical staining. To investigate the actual functional activity 
of the growth factors and the induced phospho-kinase activity of for instance VEGFR-2 
and Tie-2 in these tumors, analyses of their phosphorylation status would contribute 
to a significant extent. At present, however, because of lack of appropriate specific 
antibodies to detect these phosphorylated proteins by for instance immunostaining, 
such analyses are scarce. 
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 Accumulating all data would contribute to a thorough profiling of the investigated 
tumors and adjacent non-tumorous parenchyma and provide new opportunities to 
address tumor vascular heterogeneity issues, and e.g., the resistance to anti-angiogenic 
therapies, and to identify other targetable kinases involved in angiogenesis. 
 
Micro RNAs regulating angiogenesis in cancer
A novel interesting molecular process of importance for the control of cell biological 
processes are microRNA’s (miRNAs). MiRNAs are gene regulatory molecules, 
approximately 20-22 nucleotides long, single stranded, and differentially expressed in 
tumors compared to normal tissue 13. MiRNAs are engaged in the post-transcriptional 
regulation of gene expression and function as negative regulators of target genes 
resulting eventually in target mRNA degradation or translational inhibition 14. Currently, 
preclinical studies have identified novel miRNAs associated with angiogenesis and the 
regulation of endothelial functions 15. Examples are miRNA-126, which was shown to 
regulate vascular integrity and angiogenesis by positive regulation of the downstream 
pathways of VEGF-A, bFGF, and epithelial growth factor (EGF) 16. miRNA-296 targets 
hepatocyte growth factor, and inhibits the degradation of the VEGFR-2 and PDGFR-β 17,18. 
Finally, miRNA-21 is also associated with angiogenesis, targeting PTEN which enhances 
HIF-1α and VEGF-A expression 13. In human tumors miRNA-21 is expressed in various 
tumor types, including HCC, primary colorectal cancer, and colorectal liver metastases 
19,20,21. In fact, Slaby et al. showed that miRNA-21 is more extensively expressed in 
metastatic than in non-metastatic colorectal tumors 22. Zeng et al., however, could not 
substantiate in their study of HCCs that miRNA-21 was associated with pro-angiogenesis 
23. Additional studies will be needed to investigate miRNA functions and their potential 
as a target to inhibit angiogenesis and tumor growth. Because some miRNAs are 
differentially expressed in tumors and associated with tumor stage 24 , they could be 
suitable biomarkers as well. In addition, because miRNAs are expressed differentially in 
tumors compared to healthy tissues, tumor-specific targeting could result in less side 
effects. Another advantage of targeting miRNAs in anti-angiogenic therapy is the fact 
that a single miRNA can regulate the expression levels of various genes 25. 
 
Biomarkers of angiogenesis and response to anti-angiogenic therapy
When addressing the monitoring of therapy response rates and identification of 
predictive markers in the context of anti-angiogenesis treatment, one has to realize 
that molecular profiles and immunohistologic patterns cannot be straight forwardly 
translated into imaging features of tumor vasculatures. In chapter 5 of this thesis we 
showed that despite their hypervascular appearance on CT scanning and high vascular 
density as shown by immunohistochemistry, neuroendocrine liver metastases and 
hepatocellular carcinoma express different angiogenic profiles. In fact, hypervascular 
neuroendocrine liver metastases do not reveal higher expression levels of pro-angiogenic 
molecules compared to the hypovascular colorectal liver metastases. In addition, 
hepatocellular carcinoma does not require VEGF-A per se, to exert angiogenesis 26, while 
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VEGF expression is often evaluated in relation to hypervascularity as seen by imaging 
techniques 27. Moreover, the most prominent variations in angiogenic expression 
profiles were found in the adjacent non-tumorous liver parenchyma (chapter 3-5), 
suggesting that this compartment should be taken into account in the monitoring of the 
therapy response.  Furthermore, as mentioned above, the selected angiogenesis related 
molecules investigated in this research are not the only molecules that are involved 
in the angiogenic process. One can therefore hypothesize that other pro-angiogenic 
molecules are highly expressed in hypervascular tumors. As a result, hypervascular 
tumors could still be highly angiogenic. Research concerning further profiling of the 
angiogenic status of the investigated tumors will therefore be needed. 
 Another challenge concerning the interpretation of therapy response rates via 
imaging techniques is the heterogeneous character of the tumor and its vasculature. It is 
accompanied by variations in tumor proliferation status, hypoxia levels, angiogenic gene 
expression patterns, and differences in the time frame of the onset of angiogenesis of 
the tumor vasculature. Imaging this complex variation and combination of components 
involved in angiogenesis is therefore difficult. An advantage of having the ability to 
evaluate the angiogenic status in a non invasive manner is to have the opportunity to 
select patients more accurately for anti-angiogenic treatment and monitor the efficacy of 
the administrated therapy 28. Currently, there are different imaging techniques available 
or under investigation, including conventional CT and MRI, which depend solely on 
changes in size and contrast enhancement to evaluate therapy responses.
 Other imaging modalities are functional imaging via perfusion CT and perfusion 
MRI, in which changes in blood flow can be monitored, which could take into account the 
heterogeneous vasculature. Single Photon Emission Computed Tomography (SPECT), 
Positron Emission Tomography (PET), and the combination of SPECT/CT and PET/CT 
are 3-dimentional molecular imaging techniques. In contrast to perfusion CT, SPECT 
and PET can provide both functional and molecular information concerning for instance 
cellular and metabolic changes. However, new and accurate markers are needed in 
order to predict and monitor, with accuracy, the heterogeneous characteristics in both 
tumor and adjacent non-tumorous environment.
The dynamic contrast-enhanced (DCE) MRI is available – although so far only in a 
preclinical setting – to provide tracking of low-molecular-weight contrast agents through 
the tumor vasculature. The translation of this imaging technique to the clinic would be 
useful for imaging the angiogenic process, as it is suited for molecular measurements of 
tumor angiogenesis. In general, it will be a slow and costly process as all types of imaging 
techniques and markers need to be validated before being of use in the clinic. 
 An additional method to predict and investigate therapeutic efficacy during and 
after treatment is the use of serum markers, with VEGF-A at present being the leading 
component 29. In this thesis we showed that the studied tumors all expressed different 
levels of the investigated angiogenic molecules, except for VEGF-A. Other markers in 
addition to VEGF-A will be needed in the future to predict and monitor therapeutic 
responses more accurate. Similar to the imaging markers and techniques, the investigated 
serum biomarkers need to be fully validated via genetic and immunohistochemical 
analyses before being of clinical use. 
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The tumor microenvironment and the adjacent non-tumorous parenchyma
Tumor cells and the tumor endothelial cells are supported by the tumor microenvironment. 
The tumor microenvironment consists of stromal cells, immune cells like macrophages, 
soluble cytokines, and growth factors 30. These cells are surrounded by collagen, 
fibroblasts, pericytes, and proteoglycans which are bound by a basement membrane 
30,31. This environment could stimulate the angiogenic process and thereby stimulate 
tumor growth 30,32. In addition to stromal tissue, tumor cells are lined by adjacent organ 
tissue as well. In this thesis, as discussed in chapter 3-5, we found profound expression 
of angiogenic genes in the liver parenchyma adjacent to different types of liver tumors. 
It can therefore be hypothesized that the adjacent parenchyma functions as an 
extended tumor microenvironment, encouraging tumor growth and angiogenesis by 
overexpression of angiogenic molecules.  The precise role of the adjacent non-tumorous 
parenchyma, however, needs to be further investigated.
 Recently is has been shown that the stromal architecture distinguishes 
environmental phenotype variations which can reveal sensitivity to anti-VEGF therapy. 
Smith et al. 33 described two distinct phenotypes, a “tumor vessel” phenotype in which 
vessels are embedded throughout the tumor cells mass as present in renal cell carcinoma 
and hepatocellular carcinoma. A second phenotype was described as “stromal vessels” 
in which there is a profound pattern of tumor cell nests surrounded by stromal structures 
containing the majority of the tumor vasculature, such as observed in colorectal 
tumors. In our studies we found that hepatocellular carcinoma, gastroenteropancreatic 
neuroendocrine liver metastases, and colorectal liver metastases indeed represented 
two different stromal phenotypes, whether this has ramifications for their sensitivities 
towards anti-VEGF therapy needs to be established.
 Recent developments in laser-based tissue microdissection systems provide an 
opportunity to analyze the molecular status of specific morphological types of cells 
and tissue areas 34-36. With immunohistochemical staining for guidance, the cell type 
of interest or area can be selected and harvested. Read-out of data gained from the 
harvested material can be done by qRT-PCR, analyzing genes of interest, or via gene 
transcription analyses or microarrays. In the future it would be worthwhile to investigate 
through this method the different stromal types, the adjacent non-tumorous parenchyma 
and the individual cell types to identify the specific molecular features. As a result, the 
contribution of the various compartments to the angiogenic status of the tumor in its 
context could be established.
 
Vessel normalization: friend or foe?
As stated previously, angiogenesis is essential for tumor growth. While it seems a highly 
controlled process, the angiogenic tumor vasculature is, unlike normal vasculature, 
chaotic in organization and permeability, thereby presenting as an insufficiently 
functioning vascular system. The increased vascular permeability can be partly explained 
by the lack of pericyte coverage and defects in or partial absence of the vascular basement 
membrane 37. For successful anticancer treatment with conventional chemotherapy or 
radiotherapy, sufficient blood supply is needed in order to distribute drugs, respectively 
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oxygen, properly through the tumor 38. Taken this into account, Jain et al. proposed 
the vascular normalization concept 39. They hypothesize that instead of inhibiting the 
tumor blood vasculature, anti-angiogenic therapy normalizes the disorganized tumor 
vasculature 39. As a result, there will be an improvement in tumor blood circulation, 
improvement in the efficacy of chemotherapy and radiotherapy, enhancement of 
pericyte coverage, and restoration of the basement membrane 4, leading to a restored 
balance between pro- and anti-angiogenic molecules. Although this process seems to 
have advantages, it is however transient which is characterized by a “time window”. This 
represents the period after starting with anti-angiogenic therapy during which features 
of vessel normalization are being observed. This period is dose and treatment duration 
dependent. After this period, enhanced expression of alternative pro-angiogenic 
molecules can occur, requiring additional targets to be inhibited 4, 40. It is therefore 
of utmost importance to know the precise normalization time frame in order to have 
the best therapeutic efficacy of the administrated therapeutic. To determine this time 
window in a clinical setting is, however, rather difficult. In a preclinical setting, using a 
dorsal skinfold window system, it has been shown that the normalization onset started 
1-2 days after administration of the anti-angiogenic drug, followed by a reduction of 
normalization features over a time period 37. In a clinical setting, determining the precise 
time frame is a challenge. The above mentioned imaging techniques could contribute to 
this. In chapter 2 of this thesis we found in a preclinical setting vessel normalization after 
treatment with COX-2 inhibitor and radiation therapy while in chapter 4 we found no 
features of vessel normalization after treatment with Bevacizumab and chemotherapy. 
Perhaps it is tumor and drug dependent whether or not vessel normalization will 
occur, adding to the complexity of the interpretation and prediction of anti-angiogenic 
treatment efficacy. In the future it would therefore be worthwhile to develop novel ways 
to monitor in a non-invasive manner and perhaps through molecular imaging tools, 
the vascular normalization process, thereby identifying the optimal time frame in which 
the combination therapy consisting of anti-angiogenic therapeutic and chemotherapy 
or radiotherapy should be administrated. This eventually would result in an increased 
efficacy of the given treatment and perhaps also may decrease the toxicity and side 
effects that the treatments commonly induce. Concerning brain tumors, we have to 
take into account that the normalization process could lead to a disadvantage as it 
can also induce the re-establishment of the blood-brain barrier which is characterized 
by low permeability of the normal brain vasculature. When the induction of this low 
permeability feature has occurred in the tumor vasculature, this could interfere with the 
delivery of chemotherapeutics thereby making the combination therapy less effective. 
 
In conclusion, different tumor types present different angiogenic profiles in which the 
adjacent non-tumorous parenchyma may play a similar or perhaps more important role 
in the angiogenic process as the tumor itself. New molecular imaging tools for clinical 
application are needed to contribute to further investigations of the angiogenic status of 
the tumor and adjacent parenchyma. It would also provide an improved opportunity to 
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monitor the adjacent parenchyma and tumor tissue in response to treatment with anti-
angiogenic drugs, leading to a precise determination of the therapeutic normalization 
window. This in turn will be essential to further optimize therapeutic efficacy of anti-
angiogenic treatments for patients. 
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Chapter 7

Nederlandse samenvatting

Kanker is nog steeds een van de meest voorkomende doodsoorzaken wereldwijd. In 
2011 vermeldde het nationaal kompas Volksgezondheid (www.nationaalkompas.nl) dat 
er in Nederland meer mensen stierven aan kanker (44.000) dan aan hart- en vaatziekten 
(38.000).
 Kwaadaardige tumoren kunnen worden onderverdeeld in primaire en 
secundaire tumoren, metastasen. Primaire tumoren ontwikkelen zich uit cellen in het 
orgaan waar ze in groeien, bijvoorbeeld de hersenen of de dikke darm. Metastasen zijn 
kankercellen die vanuit een zogenaamde primaire tumoruitzaaien naar andere organen. 
Zo kunnen deze cellen zich bijvoorbeeld van de dikke darm naar onder andere de lever 
verspreiden om daar een secundaire tumor te vormen. De lever kan zowel tumoren die 
uit oorspronkelijk voorkomende celtypen van de lever zijn ontstaan bevatten, alsmede 
metastasen. 
 Om te kunnen groeien hebben tumoren (nieuwe) bloedvaten nodig. Deze 
bloedvaten zorgen voor de aanvoer van voedingsstoffen en zuurstof, alsmede voor de 
afvoer van afvalstoffen. Daarnaast spelen deze bloedvaten een belangrijke rol bij het 
ontstaan van uitzaaiingen, omdat ze de tumorcellen middels de bloedbaan toegang 
geven tot vervoer naar een ander orgaan, waar ze kunnen uitgroeien tot een volwaardige 
tumor. Er zijn verschillende manieren waarop tumoren zichzelf van bloedvaten kunnen 
voorzien. Ze kunnen bijvoorbeeldendotheliale voorloper cellen uit het beenmerg 
rekruteren. Als tweede kunnen tumoren de bloedvaten van het orgaan waarin ze 
groeien kapen en hiervan hun eigen bloedvoorziening maken. Dit mechanisme wordt 
“ vessel cooption” genoemd. Ten derde kunnen tumorcellen zelf een buis vormen dat 
zou kunnen functioneren als bloedvat. Tot slot kunnen tumoren nieuwe bloedvaten 
laten maken uit reeds bestaande bloedvaten van het orgaan waarin de tumorcellen 
groeien. Deze vaatnieuwvorming wordt “sprouting angiogenese” genoemd, en is één 
van de meest frequent aangetoonde vormen van nieuwe bloedvatvorming in tumoren. 
In dit proefschrift bestuderen we voornamelijk dit laatste mechanisme.
 Sprouting angiogenese (hierna angiogenese genoemd) is een complex 
proces waarbij een scala aan moleculen betrokken is. Hierbij is niet alleen de tumor 
zelf van belang, maar ook de omgeving waarin de tumor groeit. In het kort omvat 
angiogenese het volgende: onder invloed van hypoxie (zuurstoftekort) in de groeiende 
tumoren, worden allereerst de endotheelcellen die de bloedvatwand bekleden door 
groeifactoren geactiveerd. Met name wordt de groeifactor vascular endothelial growth 
factor-A (VEGF-A) geproduceerd door onder andere tumor- en om tumorcellen heen 
liggendestromacellen. VEGF-A zal vervolgens binden aan zijn receptor VEGFR-2, die 
zich op het celmembraan van de endotheelcel bevindt. Door deze binding worden de 
endotheelcellen geactiveerd. Het basaalmembraan van het bloedvat wordt afgebroken en 
de endotheelcellen kunnen zich gaan delen om een nieuwe tak van het reeds bestaande 
bloedvat te vormen. Op ditzelfde moment zijn er verschillende andere moleculen actief 
betrokken in het angiogene proces, waaronder de eerder genoemde VEGF-A, de beide 
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VEGF-receptoren, maar ook het Angiopoietine systeem en nog een groot aantal andere 
moleculen met elk hun eigen specifieke functie. Vervolgens worden er pericyten en 
andere bloedvat ondersteunende cellen gerekruteerd om de endotheelcellen tot rust 
te laten komen, waarbij vasculaire stabilisatie optreedt. De nieuwe zijtak wordt een 
“volwaardig” bloedvat bij aansluiting op de bloedcirculatie. Deze nieuwe bloedvaten 
zijn echter niet van dezelfde goede opbouw en kwaliteit als reeds bestaande vaten 
en derhalve niet zo stevig. Nieuw gevormde tumorbloedvaten zijn vaak lek en 
rommelig van structuur. Dit heeft als nadeel dat chemotherapie minder goed tot in de 
tumor kunnen doordringen, waardoor het therapeutisch effect suboptimaal is. Voor 
bestralingstherapie heeft het als nadeel dat er minder zuurstof beschikbaar is waardoor 
het therapeutisch effect middels zuurstofradicalen eveneens suboptimaal is. Wanneer 
de bloedvaten genormaliseerd zijn voor wat betreft functionaliteit, zullen conventionele 
radiotherapie en chemotherapie effectiever zijn. 
 Door de belangrijke rol van angiogenese bij tumorgroei, is dit een aantrekkelijk 
aangrijpingspunt voor de behandeling van kanker. Hierbij zijn met name de theorieën, 
geïnitieerd door Dr. Judah Folkman (Harvard Medical School, Boston) en Dr. Juliana 
Denekamp (Mount Vernon Hospital, Northwood, Middlesex, United Kingdom) 
van belang. Deze stelden vanaf de jaren ‘60 dat de groei van tumoren geremd kan 
worden middels het blokkeren van de groei van tumorbloedvaten, respectievelijk het 
kapotmaken van tumorbloedvaten. Sinds 2004 heeft de Amerikaanse Food and Drug 
Administration(FDA) een aantal geneesmiddelen goedgekeurd dat angiogenese remt, 
waaronder Bevacizumab dat VEGF-A neutraliseert. Tot op heden zijn de resultaten in 
de kliniek echter minder veelbelovend dan aanvankelijk gehoopt werd aan de hand 
van preklinische studies. Een verbeterd inzicht in de moleculaire angiogene status van 
zowel de tumor als van de omgeving waarin de tumor groeit, zou kunnen leiden tot een 
verbeterde therapiekeuze in de toekomst. 

Doelstellingen van dit proefschrift
Het doel van dit promotieonderzoek was het bestuderen van de angiogene status van 
glioblastomen (primaire hersentumoren), colorectale levermetastasen (uitzaaiing in 
de lever van een dikke darmtumoren), gastroenteropancreatische neuroendocriene 
levermetastasen (uitzaaiingen in de lever van neuroendocriene tumoren), hepatocellulair 
carcinomen (primaire levertumoren) en hun niet tumorcel-bevattende omgeving 
waarbij er geen of wel behandeling met een angiogenese remmer gegeven is. Hierbij 
hebben we ons vooral gericht op genexpressie en de bijbehorende eiwitlokalisatie in 
de tumor en omgeving van de moleculen waarvan momenteel gedacht wordt dat deze 
een belangrijke rol spelen tijdens angiogenese. Deze moleculen waren VEGF-A, VEGFR-
1, VEGFR-2, Placental growth factor, Hypoxia inducible factor-1α, Cyclo-oxygenase-2 
(COX-2), Angiopoietine (Ang) -1, Ang-2, hun receptor Tie-2, Placental derived growth 
factor-β (PDGF-β), PDGFReceptor-β, en αSMA. Het ultieme doel van dit proefschrift 
was om een bijdrage te leveren aan een verbeterd inzicht in de moleculaire status 
van angiogenese van verschillende tumoren en van het weefsel waarin ze groeien,om 
uiteindelijk betere therapiekeuzes te kunnen maken en de overleving van patiënten met 
deze tumoren te verbeteren. 
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Resultaten van dit promotieonderzoek
COX-2 is een enzym dat een rol speelt in de activatie van VEGF-A. De theorie bestaat 
dat wanneer COX-2 geremd wordt, er minder VEGF-A wordt geproduceerd. Als gevolg 
hiervan zal er nauwelijks tot geen angiogenese optreden en zal tumorgroei daarmee 
worden geremd. In hoofdstuk 2 van dit proefschrift is het effect van een COX-2-remmer 
in combinatie met radiotherapie bestudeerd op de groei van glioblastomen in de 
hersenen van muizen. Tevens hebben we bestudeerd in hoeverre de tumorbloedvaten 
een directe rol spelen bij de verkregen reductie in tumorgroei. Tijdens deze studie zagen 
we een additief effect van de behandeling met de COX-2 remmer in combinatie met 
radiotherapie ten opzichte van radiotherapie of COX-2 remmer behandeling alleen. 
De combinatietherapie liet een forse afname van tumorvolume zien van bijna 70% ten 
opzichte van radiotherapie alleen. Naast reductie in tumorvolume was er een toename 
van pericyt-bekleding van de bloedvaten te zien. Deze waarneming suggereerde dat 
vaatnormalisatie - mogelijk gaande met verminderde permeabiliteit en verbeterde 
vasculaire structuur- een rol heeft gehad bij het tot stand komen van de geobserveerde 
reductie in tumorvolume. Deze resultaten zien er veelbelovend uit, men moet echter 
in gedachten houden dat dit om een preklinische muizenstudie gaat en aanvullend 
onderzoek in een klinische setting in de toekomst op zijn plaats is, alvorens een uitspraak 
te kunnen doen over het effect in de mens. 
 In de geneeskunde is het ultieme doel om patienten te genezen van hun 
ziekte. Voor het vervolg van dit promotieonderzoek hebben we ons daarom gericht op 
tumoren van patienten, te weten colorectale levermetastasen (CRLM), neuroendocriene 
levermetastasen (GEP-NETM) en hepatocellulaire carcinomen(HCC). Allereerst hebben 
we in hoofdstuk 3 het moleculaire profiel van de hierboven genoemde angiogene 
moleculen bestudeerd in CRLM, waarbij de primaire colorectale tumor of nog aanwezig 
was of van te voren verwijderd. De toestand van CRLM waarbij de primaire tumor nog 
aanwezig is in de dikke darm, wordt ‘synchrone levermetastasen’ genoemd. Wanneer 
de primaire colorectale tumor reeds verwijderd is, en de CRLM zich later (verder) heeft 
ontwikkeld, wordt dit ‘metachrone levermetastasen’ genoemd. In deze studie was 
onze hypothese dat de CRLM en het aangrenzende leverweefsel onder invloed staan 
van de primaire colorectaletumor, voor wat betreft de productie van de angiogene 
moleculen en de mate waarin de metastasen groeien. We hebben naast kwantitatieve 
RT-PCR, om de mRNA niveaus te bepalen van de angiogene moleculen, ook gekeken 
naar de lokalisatie van deze eiwitten op weefselniveau middels immunohistochemische 
kleuringen. We hebben hierbij drie groepen vergeleken, te weten: (1) simultaan synchrone 
levermetastasen, waarbij de primaire tumor en de levermetastasen tijdens één operatie 
zijn verwijderd; (2) laat synchrone levermetastasen, waarbij de primaire tumor eerder 
is verwijderd dan de bestudeerde levermetastase, en (3) metachrone levermetastasen, 
waarbij de primaire colorectaletumor verwijderd is meer dan 14 maanden voor de 
operatieve verwijdering van de levermetastasen. Het aangrenzende leverweefsel 
van de simultaan synchrone levermetastasen liet een sterk verhoogde expressie zien 
van de bestudeerde angiogene moleculen ten opzichte van de corresponderende 
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levermetastasen. Er werden echter geen significante verschillen gezien ten aanzien van 
de moleculaire genexpressieniveaus tussen de verschillende tumortypen zelf. Eveneens 
zagen we dat de levermetastasen zowel een verhoogde delingsstatus als verhoogde 
celdood lieten zien, als zij onder invloed van de primaire tumor groeien. Dit suggereerde 
een stabiele dan wel geen tumorgroei van de metastasen, wanneer de primaire tumor 
nog in het lichaam aanwezig is. 
 Gebaseerd op de uitkomsten van hoofdstuk 3, hebben we in hoofdstuk 4 
het effect van het anti-angiogene geneesmiddel Bevacizumab in combinatie met 
chemotherapie bestudeerd op de CRLM en het aangrenzende leverweefsel. Bevacizumab 
is een antilichaam dat VEGF-A neutraliseert. We hebben tumor- en leverweefsel van 
drie groepen patiënten onderzocht, te weten: onbehandelde patiënten; patiënten die 
alleen behandeld waren met chemotherapie, en patiënten die de combinatietherapie 
chemotherapie en Bevacizumab hebben ontvangen. We hebben, evenals in hoofdstuk 
3, naast mRNA expressieniveaus ook gekeken naar de lokalisatie van de eiwitten 
op weefselniveau. Zes weken na behandeling met de combinatietherapie liet het  
aangrenzende leverweefsel een sterke vasculaire respons zien, met verhoogde 
expressieniveaus van de bestudeerde angiogene moleculen. Tevens lieten de 
levermetastasen die behandeld waren met Bevacizumab en chemotherapie verhoogde 
genexpressieniveaus zien van een aantal bestudeerde moleculen. Toekomstig onderzoek 
is nodig om uit te wijzen of deze bevindingen in het aangrenzende leverweefsel zullen 
resulteren in het stimuleren van tumorgroei of niet. Eveneens is verder onderzoek 
nodig of het aangrenzende leverweefsel als target kan fungeren voor anti-angiogene 
therapie.
 In de lever komen niet alleen colorectale tumor uitzaaiingen voor, maar ook 
metastasen van neuroendocriene origine (GEP-NETM) en primaire levertumoren, 
i.c., HCC. Levertumoren zijn op te delen in radiologisch hypervasculaire tumoren 
[tumoren die veel bloedvaten laten zien bij Computertomografie (CT)] en radiologisch 
hypovasculaire tumoren (tumoren die weinig bloedvaten laten zien). Gebaseerd op deze 
twee observaties hebben we enkele hypothesen geformuleerd. De eerste hypothese 
is dat hypervasculaire levertumoren zoals GEP-NETM en HCC, en hun aangrenzend 
leverweefsel een zelfde moleculair angiogeen profiel bevatten. De tweede hypothese 
is dat de tumor en het aangrenzend weefsel van hypervasculaire GEP-NETM een 
verhoogde expressie van de bestudeerde angiogene moleculen zullen vertonen ten 
opzichte van de hypovasculaire CRLM. Deze hypothesen bleken beide niet juist te zijn. 
In hoofdstuk 5 zagen we dat ondanks het feit dat GEP-NETM en HCC beide radiologisch 
hypervasculaire tumoren zijn, ze een verschillend angiogeen profiel hebben. Daarnaast 
bleek dat hypervasculaire GEP-NETM geen verhoogd angiogeen genexpressieniveau liet 
zien ten opzichte van CRLM. Bovendien vonden we dat het aangrenzend leverweefsel 
van HCC en CRLM een verhoogd angiogeen genexpressieniveau liet zien ten opzichte 
van het aangrenzende weefsel van GEP-NETM. 
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Samenvattend hebben we in dit promotieonderzoek in een preklinisch muismodel 
aangetoond dat de combinatietherapie bestaande uit een COX-2 remmer en 
radiotherapie een veelbelovende behandeling is om tumorreductie te bewerkstelligen 
bij glioblastomen. Daarnaast hebben we aangetoond in humane tumoren dat het 
aangrenzende leverweefsel van zowel primaire levertumoren als van levermetastasen, 
zowel voor als na anti-angiogene therapie, een verhoogd angiogeen moleculair 
expressieprofiel laat zien. Wellicht fungeert het aangrenzende parenchym als een bron 
van angiogene prikkels die vervolgens tumorgroei kunnen stimuleren. Ten aanzien 
van de levertumoren zelf hebben we laten zien dat, hoewel bepaalde levertumoren 
radiologisch veel bloedvaten laten zien, dit niet automatisch betekent dat ze ook 
eenzelfde angiogeen profiel hebben. Daaraan toegevoegd hebben levermetastasen, 
die op een CT-scan veel bloedvaten bevatten, geen verhoogde expressie van de 
bestudeerde angiogene moleculen, in vergelijking met levermetastasen die radiologisch 
minder bloedvaten laat zien. Deze nieuwe inzichten hebben meer kennis gegenereerd 
ten aanzien van de moleculaire opbouw en kunnen op termijn bijdragen aan verbeterde 
therapiekeuzes, verbeteren van keuzes ten aanzien van biomarkers voor onder andere 
het visualiseren van tumoren -voor en tijdens behandeling- van zowel primaire 
levertumoren als levermetastasen, zoals bestudeerd in dit proefschrift.
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Abbreviations

Ang 1/2  Angiopoietin- 1/2
αSMA   α Smooth muscle actin
BSA   Bovine serum albumin
CD31/PECAM  Platelet endothelial cell adhesion molecule
COX-2   Cyclooxygenase-2
CRC   Colorectal carcinoma
CRLM   Colorectal liver metastases
CT   Computer tomography
cDNA   copy DNA
ERK   Extracellular signal-regulated kinase
GBM   Glioblastoma
GEP-NETM  Gastroenteropancreatic neuroendocrine liver metastases
HCC   Hepatocellular carcinoma
HIF-1α   Hypoxia inducible factor-1α
HUVEC   Human umbilical vein endothelial cell
LS   Late synchronous colorectal liver metastases
M   Metachronous colorectal liver metastases
MAPK   Mitogen-activated protein kinase
MMPs   Matrix metalloproteinases
MVD   Microvascular density
mRNA   Messenger RNA
PDGF-β   Platelet-derived growth factor-β
PDGFR-β  Platelet-derived growth factor receptor-β
PI3K   Phosphoinositide 3-kinase
PGE2   Prostaglandin E2
PlGF   Placental growth factor
qRT-PCR  Quantitative reverse transcriptase polymerase chain reaction
SS   Simultaneous synchronous liver metastases
Tie-2   Tyrosine kinase receptor-2
VEGF-A   Vascular endothelial growth factor -A
VEGFR-1/2  Vascular endothelial growth factor receptor-1/2
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Tijdens de studie geneeskunde is mij de mogelijkheid geboden om de artsenopleiding 
te combineren met het verrichten van wetenschappelijk onderzoek. Dit sprak mij zeer 
aan en heb ik met veel enthousiasme aanvaard. Zoals het leven zelf, gaat ook het 
combineren van kliniek en onderzoek niet altijd over rozen, maar het proefschrift is 
klaar. Promoveren doe je echter niet alleen, het slagen van een promotieonderzoek 
hangt ook voor een groot deel af van de mensen om je heen. Alvorens we overgaan tot 
een groot feest, wil ik graag van dit moment gebruik maken om iedereen  te bedanken 
die heeft bijgedragen tot de totstandkoming van dit boekje.
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Prof. Dr. T.H. The, Prof. Dr. J.C. Kluin-Nelemans, oud-voorzitters van de JSM en Prof. Dr. 
R.J. Porte, huidig voorzitter van de JSM, bedankt voor deze kans. 

Zonder onderzoeksteam en kritische begeleiding is er geen proefschrift. 
Beste Prof. Dr. G. Molema, beste Ingrid, hartelijk dank voor jouw enthousiaste en kritische 
begeleiding tijdens het onderzoek. Ik ben blij dat je mijn promotor bent geweest. Je 
onuitputtelijk enthousiasme ten aanzien van de wetenschap, je gedrevenheid, je frisse 
blik op de resultaten en concepten zijn een bron van inspiratie voor me geweest. Je 
leidde me op tot een zelfstandige onderzoekster, maar ving me ook op wanneer ik 
dreigde te ontsporen. Bedankt voor alles wat je me geleerd hebt. 
Beste Prof. Dr. A.S.H. Gouw, beste Annette, bedankt voor je betrokkenheid, geduld en 
je vermogen om issues te relativeren. Dank voor je bijdrage en inzet, je ondersteuning, 
aanmoedigingen en je waardevolle pathologische kennis en kunde. 
Beste Dr. K.P. de Jong, beste Koert, ik wil je hartelijk bedanken voor al je inzet, steun 
en momenten waarop ik van je begeleiding heb mogen leren. Dank voor je klinische 
kennis en kunde. 
Ik wil jullie als team in het geheel bedanken voor alle tools die jullie me hebben gegeven 
om een goede onderzoeker te worden. Als onderzoeksteam is het niet altijd makkelijk 
geweest, uiteindelijk heeft het wel tot een mooi proefschrift geleid, ontzettend bedankt 
daarvoor.

Dr. J.A.A.M. Kamps, beste Jan, je hebt me tijdelijk begeleid vanuit de EBVDT groep in de 
periode dat Ingrid in Boston was. Ik heb de besprekingen met jou tijdens deze periode 
en ook daarbuiten als zeer prettig ervaren. Je betrokkenheid, bereidheid om over alles 
mee te denken en je oprechte interesse worden zeer gewaardeerd.

Prof. Dr. J.J.A. Mooij en Michiel Wagemakers, beste Jan-Jakob en Michiel, bedankt dat ik 
bij jullie tijdens mijn wetenschappelijke stage mocht beginnen aan dit promotie avontuur. 
Michiel, bedankt voor de goede begeleiding en de gezelligheid in de avonduren tijdens 
het schrijven van ons eerste manuscript.
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ik je hartelijk voor bedanken. Ik wens je alle goeds toe in de toekomst en hoop dat je 
wensen die je nog hebt uit mogen komen. Waar we ook naar toe gaan ik hoop dat we 
nog lang contact mogen blijven houden. Op naar nog meer leuke tijden!
Lieve Tjitske, je bent mijn paranimf maar ook meer dan dat. Ik ken je nog niet zo 
lang maar je hebt mijn komst in de AIOS groep van de revalidatiegeneeskunde zeer 
veraangenaamd, dank daarvoor. We hebben al leuke tijden meegemaakt op de werkvloer 
en daarbuiten en ik hoop dat we nog meer van deze momenten mogen beleven. Je 
moet nog even maar dan is ook jouw boekje klaar, zet ‘m op, je kunt het!
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wetenschappelijke discussies en natuurlijk voor de broodnodige ontspanning. Onze 
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Niek dank voor alles tijdens werk maar vooral ook daarbuiten. We hebben het erg 
leuk gehad en ik zal bij het denken aan bepaalde momenten (Biezenmortel, Bottrop, 
skilessen samen met Elise en Akshay enz..) nog vaak een lach op mijn gezicht verkrijgen. 
Super bedankt daarvoor! Jouw boekje is ook klaar en je bent inmiddels al Dr. Niek, super 
gedaan joh! Ik hoop dat we nog veelvuldig contact blijven houden. Elise, we waren 
labmaatjes maar ook meer. Zoals je zelf beschreef hebben we deze onderzoeksperiode 
als “tumorangiogenese-maatjes” mogen beleven. Al onze avonturen zullen me voor 
altijd bij blijven. Super bedankt daarvoor! 
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Gopi, my Indian friend, thanks for all the good times in the lab and mainly the fun 
outside the AIOSroom. We had a great time in Paris with Francis and Neng and I miss 
our Indian Dinners, Divalli and all the rest. I enjoyed our talks very much, thank you 
for that! I wish you all the best in love and science.  Neng, thanks for being my friend 
as well. Your sense of humor and views on life have inspired me during our period 
together. Thanks for being my former roommate! I hope you are doing well, you are at 
least united with your family and I wish you all the best. 
Verder zou ik graag de rest van de collega’s op het MB-U, MB-Z lab willen bedanken 
voor een mooie tijd die ik met jullie heb mogen beleven tijdens mijn werkzaamheden 
op het lab. Never a dull moment. Theo en Martin, bedankt voor alle interesse die jullie 
hebben getoond, ook al werken we alle drie op dit moment ergens anders.

Ik wil graag mijn voormalig opleider en huidig opleider bij de revalidatiegeneeskunde, 
Dr. C.G.B. Maathuis en Prof. Dr. J.H.B. Geertzen bedanken voor de ruimte die ik heb 
gekregen om tijdens mijn opleiding tot revalidatiearts mijn proefschrift af te maken. Het 
boekje is klaar, nu op naar het onderzoek doen binnen de revalidatiegeneeskunde!
Ik wil ook graag van deze gelegenheid gebruik maken om de stafleden van de 
revalidatiegeneeskunde te bedanken voor alle steun die ik van jullie heb mogen ervaren 
en de oprechte interesse. In het bijzonder zou ik graag het neurorevalidatieteam (Henk 
Meulenbelt, Marleen Schönherr, Liesbeth Simmelink), het pijnrevalidatieteam (Jitze 
Posthumus, Rita Schiphorst Preuper, Maikel Siebrecht) en Drs. Mitzy Reinders, willen 
bedankten voor de ruimte die jullie me hebben gegeven tijdens mijn stages om mijn 
boekje af te maken, de steun bij de laatste loodjes, de adviezen en vooral het bieden 
van een luisterend oor.

Lieve (voormalig) AIOS revalidatiegeneeskunde collega’s,  bedankt dat jullie mijn werk 
bij de revalidatie leuk maken. Dankzij jullie ga ik met plezier naar mijn werk. Ondanks 
alle drukte hebben we toch vaak tijd voor leuke gesprekken en ontspanningsmomenten 
buiten het werk om. In het bijzonder wil ik graag de volgende collega’s extra bedanken 
voor hun betrokkenheid tijdens maar vooral ook buiten werktijden. Annelies, Diana,
Irene OL, Loeke, Marjolein en Tjitske, bedankt voor jullie persoonlijke betrokkenheid, 
gezelligheid en het klaar staan voor me wanneer ik jullie steun goed kon (kan) 
gebruiken.

Lieve Wenika, Pieter-Jan en Crystal, Arenda en Lieneke. Ik ken jullie al vanaf de middelbare 
school, biologie en geneeskundestudie. Ik waardeer jullie vriendschap enorm. Bedankt 
voor jullie betrokkenheid en steun, ook al was ik de laatste tijden niet zo sociaal. Het 
boekje is klaar, mijn sociale leven kan weer van start gaan. Wenika, Pieter-Jan, we 
hebben samen het VWO gedaan en ondanks dat we in verschillende steden wonen 
altijd contact gehouden. Dank daarvoor. Arenda, ik heb jou mogen leren kennen tijdens 
de biologiestudie waarna we samen zijn overgegaan naar geneeskunde. We zijn altijd 
een goed team geweest, ook buiten de collegebanken om. Je hebt inmiddels een 
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goede baan en bent in opleiding tot longarts, succes meid je bent er bijna! Lieneke, 
onze paden kruisten elkaar tijdens ons eerste jaar coschappen, we kwamen erachter 
dat onze levenspaden tot dat moment vrijwel het zelfde zijn geweest. Bedankt voor 
je diepgaande gesprekken, je onuitputtelijke enthousiasme en gezelligheid. Je wordt 
binnenkort moeder wat een heel nieuw avontuur voor je betekent.  Succes meid you 
can do it!

Lieve Jakob, Suzanne, Kalle en Anna-Fleuri, bedankt voor al jullie interesse, adviezen 
en bovenal gezelligheid! Het boekje is klaar, ik heb weer tijd voor de Kolonisten van 
Catan.

Tot slot maar zeker niet onbelangrijk wil ik graag mijn familie bedanken voor alles. Ik 
kon en kan altijd bij jullie terecht wat ik zeer waardeer. We zijn gelukkig een hechte 
familie, jullie nemen een belangrijke plek in, in mijn leven.
Lieve oma, al vanaf dat ik een klein meisje was hebben we veel tijd met elkaar 
doorgebracht. Dit zal ik altijd blijven koesteren, dank daarvoor! Je bent één van de gulle 
sponsoren voor de printkosten van dit boekje. Dankjewel! Ik vind het fijn dat je deze 
bijzondere gebeurtenis nog mag meemaken.
Lieve Gea en Céceline, dank voor jullie altijd getoonde interesse voor mijn doen en 
laten.  Jullie hebben altijd met me meegeleefd en dat waardeer ik enorm. Céceline, ik 
hoop dat jij ook je doelen, wensen en dromen in het leven zult verwezenlijken. 
Lieve Gerard, Jenny, Florian en Laurens, dank voor al jullie betrokkenheid en uiteraard 
alle gezelligheid. Jullie zorgen altijd voor leuke ontspanningsmomentjes die zo af en toe 
hard nodig zijn in het leven. Ook jullie interesse en steun worden zeer gewaardeerd. 
Ook jullie zijn een van de gulle sponsoren voor de printkosten van dit boekje, hartelijk 
dank daarvoor! Florian en Laurens jullie zijn de beste neefjes die ik me ooit kon wensen, 
op naar meer avonturen!
Lieve mam en Nanda (zussie), een betere moeder of een lievere zus(je) kan ik me niet 
wensen. Dit boekje is voor jullie. Lieve mams, dank dat je er altijd voor me bent en 
voor je oprechte onvoorwaardelijke liefde. Je bent altijd bereid mee te denken en een 
schouder aan te bieden voor als het even niet meezit. Super bedankt voor al je steun, 
je vertrouwen, de aanmoedigingen en een “fijn en gezellig thuis”! Op naar meer leuke 
dingen!
Lieve Nanda, je bent een zussie die ik voor geen goud had willen ruilen. Dank voor alles 
wat je voor me betekent, en dat is heel veel. We hebben veel meegemaakt samen en 
ondanks dat je nu verder weg woont, gaan we vast nog een mooie toekomst tegemoet. 
Ik vind het heel fijn voor je dat je je plekje hebt gevonden en je leven rooskleurig eruit 
ziet. Zet ‘m op meid en op naar mooie dingen!

Gesiena


