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Background
Cancer is the leading cause of death worldwide. The prime cause of cancer related deaths 
is the development of metastatic disease, which accounts for ~90% of these deaths (1, 
2). This underscores the need for new treatment options for patients with metastatic 
disease. Current treatment options for cancer patients consist of radiotherapy, systemic 
therapy with chemotherapy, hormonal treatment, targeted agents or immunotherapy 
and surgery. There is a continuous search for new treatment strategies that may increase 
the effect of systemic therapy. Currently, the importance of the tumor microenvironment 
as a contributor to tumor growth and metastatic disease has become more evident (3). 
Furthermore, the tumor microenvironment is an important regulator of cancer cell 
related drug sensitivity (4). This provides the rational for targeting not only the cancer 
cells, but also the tumor microenvironment to improve treatment options for cancer 
patients. The research described in this thesis focuses on potential targets for therapy 
present in the tumor microenvironment namely, transforming growth factor (TGF)-β and 
vascular endothelial growth factor (VEGF). 

TGF-β is involved in maintaining the balance of normal tissue homeostasis and 
suppression of tumor progression in healthy and premalignant tissues. In the tumor 
microenvironment, TGF-β prevents malignant progression (5). However, in many tumor 
types the tumor-suppressive responses to TGF-β are lost in the malignant phase. 
TGF-β then functions to promote epithelial-to-mesenchymal transition, angiogenesis, 
migration, invasion and immune suppression. TGF-β in that setting contributes to a more 
invasive and metastatic tumor phenotype (6).

Angiogenesis, the formation of new blood vessels in the tumor, is one of the hallmarks of 
cancer and is thus far one of the most studied components of the tumor microenvironment 
(4). VEGF is one of the key players in the process of tumor angiogenesis. The transcription 
of VEGF is regulated by hypoxia inducible factor 1α (HIF-1α). When hypoxia arises in 
the tumor, this will lead to an increase in the expression of HIF-1α, followed by an 
increased production of VEGF. The process of angiogenesis enables tumor growth and 
can eventually lead to metastatic disease. 

Early evaluation of drug effects is of major interest to support drug development. 
Molecular imaging can be used as one of the tools to evaluate new treatment regimens 
targeted at the tumor microenvironment. ImmunoPET (7), PET imaging with radiolabeled 
antibodies, can non-invasively provide information about the presence of specific 
targets in the tumor and microenvironment of a patient. In addition, this information 

Proefschrift.indb   10 01-03-15   14:47



Chapter 1 | General introduction

11

1
can potentially be used for patient selection and as a biomarker for treatment response.

This thesis aims to describe the development of microenvironmental factors as potential 
markers of tumor response and their use for molecular imaging. In preclinical co-
culture models, drug effects on tumor cell - microenvironment interactions are studied 
for TGF-β. In addition, the development of a new tracer based on an existing antibody 
is described for TGF-β. For VEGF, the effects of VEGF targeted therapy on the tumor 
microenvironment and tumor drug uptake is studied in preclinical animal imaging 
models with already more established tracers. 

Outline of the thesis
In chapter 2 a literature review is performed concerning the mechanisms of TGF-β 
production and activation as potential targets for TGF-β modulation. Sources used to 
identify data for this review were PubMed and ClinicalTrials.gov. Articles published in 
English between 1985 and 2011 were included. Furthermore, an overview of published 
as well as preliminary results from clinical trials targeting TGF-β is presented by mode 
of action: modulating TGF-β production, activation or signaling. The opposing role of 
TGF-β under physiological circumstances makes the window of effective TGF-β targeting 
evidently small. This poses a clear challenge in selecting the right patients at the right 
time. Therefore, methods for patient selection and evaluation of the different modulation 
strategies are also summarized in this review. 

The tumor microenvironment as a new potential target, subsequently leads to new 
treatment strategies focusing on microenvironmental factors. However, to assess 
treatment efficacy of this new approach most in vitro models fall short. An in vivo model 
in which the direct interaction between human tumor cells and human stromal cells can 
be studied would be of great additional value. Such a model should mimic the human 
situation, by consisting of both human cancer and human stromal components (8). The 
use of traditional mouse models would be insufficient, since host stromal infiltration into 
the human tumors occurs to a high extent in xenografts from cell lines as well as patient 
material (9,10). The chorioallantoic membrane (CAM) model potentially offers a solution 
because it allows evaluation of the direct interactions between human tumor cells and 
human stromal cells in an immune deprived in vivo setting. Bisphosphonates, currently 
used as supportive treatment in breast cancer patients with bone metastases, have a 
potential anti-cancer effect via microenvironmenal cells. Most research has been done 
with focus on the biphosphanate zoledronic acid (11). In chapter 3 we aimed to assess 
the mechanism behind the anti-cancer effect of modulating the microenvironment with 

Proefschrift.indb   11 01-03-15   14:47



Chapter 1 | General introduction

12

zoledronic acid. In an in vitro co-culture model, we assessed the effect of zoledronic 
acid on tumor cell survival and excretion of TGF-β in cell lines of different breast cancer 
subtypes cultured alone or in combination with human stromal cells. The in vitro 
validated cell lines were inoculated in the in vivo CAM model and the effect of zoledronic 
acid treatment on tumor growth with and without stromal cells was evaluated.

Fresolimumab is a fully human IgG4 κ-monoclonal antibody capable of neutralizing all 
mammalian isoforms of active TGF-β. A phase I study with fresolimumab in 22 patients 
with advanced melanoma and renal cell carcinoma showed stable disease in one patient, 
a partial tumor response in one patient, a mixed tumor response in three patients, and 
no dose-limiting toxicity (12). For further clinical development of fresolimumab and in 
order to identify the patients most likely to benefit, it will be helpful to know whether 
TGF-β is being overexpressed and activated in the tumor and whether fresolimumab 
reaches the target. In chapter 4 we describe the development and preclinical validation 
of labeling fresolimumab with the long-lived positron emitter Zirconium-89 (89Zr) for non-
invasive PET imaging of TGF-β. 89Zr-fresolimumab tumor uptake and organ distribution 
was assessed using three protein doses and compared with 111In-IgG. These experiments 
were performed in different human tumor bearing mouse models; two models 
transfected to produce different amounts of human TGF-β and a model of human triple 
negative metastatic breast cancer.

In solid tumors, angiogenesis leads to a defective vasculature and impaired lymphatic 
drainage. This is associated with increased vascular permeability and enhanced tumor 
permeability. Several preclinical and clinical studies indicate that antiangiogenic 
drugs, including the anti-VEGF-A antibody bevacizumab, lead to vessel normalization 
in addition to their antivascular effect. Characteristics of vessel normalization include 
reduced number and size of immature vessels, increased vessel pericyte coverage 
and reduced interstitial fluid pressure (13). In the process of vessel normalization, the 
architecture of the remaining vasculature is largely restored, leading to reduced vessel 
permeability and thereby improving tumor blood flow and tumor oxygenation (14). The 
effects of vessel normalization can have a marked influence on intratumoral delivery of 
macromolecular drugs, such as antibodies (15). These effects might have implications for 
therapies, when bevacizumab is combined with other monoclonal antibodies. In chapter 
5A we aimed to investigate the effect of blood vessel normalization in tumors by the 
antiangiogenic drug bevacizumab on antibody uptake in these tumors. In human tumor 
bearing mice models of ovarian and esophageal cancer we evaluated antibody uptake 
in tumors and organ distribution by PET imaging of 89Zr-trastuzumab, 89Zr-bevacizumab 
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and 89Zr-IgG before and after treatment with bevacizumab. In addition we tracked 
the localization of IgG in the tumors with ex vivo fluorescent labeling and performed 
immunohistochemistry to assess the effects of bevacizumab treatment on tumor vessel 
density and vessel normalization. Chapter 5B further contemplates in a reply letter on 
the dose dependency of vessel normalization after antiangiogenic therapy. To date, 
small molecule tyrosine kinase inhibitors (TKI) targeting the VEGF receptors (VEGFR), an 
antibody directly targeting VEGF and an antibody targeting VEGFR2 are VEGF pathway 
targeting drugs that are registered. In chapter 6 results of clinical trials combining these 
agents with chemotherapeutics or other targeted therapies is discussed. Furthermore, a 
comprehensive overview of preclinical and clinical studies illustrating the effect of vessel 
normalization after VEGF targeted therapy on tumor drug uptake is given.

Finally, all findings presented in this thesis are summarized in chapter 7. This summary is 
followed by a discussion on the interpretation of these findings and prospects for future 
studies. In chapter 8 a summary of the thesis in Dutch is given.
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Abstract
Cancer remains one of the leading causes of death in the developed countries and cancer 
mortality is expected to rise globally. Despite encouraging developments regarding 
targeted drugs, the most prevalent cancer mortality remains metastatic disease. 
Therefore, drugs that target cancer progression, invasion and metastasis, are clearly 
needed. One of the most interesting targets in this setting is transforming growth factor 
β (TGF-β). TGF-β can promote tumor growth, invasion and metastasis. However, TGF-β 
also has a physiological, opposing role: maintaining tissue homeostasis and suppression 
of tumor progression. The window of effective TGF-β targeting is therefore evidently 
small, which poses a clear challenge in selecting patients at the right time. Despite this 
complexity, several TGF-β inhibitors are currently in clinical development, modulating 
TGF-β production, activation or signaling. Still, specificity and long term toxicity remain 
unclear, emphasizing the importance of careful monitoring of clinical trials. 
Development and application of these drugs in the clinic, requires adequate insight in, 
and evaluation methods for the role of TGF-β during tumor invasion and metastasis. In 
this review, presently available methods for clinical evaluation will be discussed, such as 
an ex vivo stimulation assay, TGF-β response signature and molecular imaging techniques. 
Future clinical trials incorporating the validation of these evaluation methods will show 
which method will be most predictive and suitable for clinical application. 
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Introduction 
Cancer remains one of the leading causes of death in the developed countries and 
cancer mortality is expected to rise globally (1). Unprecedented, cancer treatment 
is rapidly moving towards use of targeted drugs that specifically aim at disrupting 
essential processes in cancer cells. Despite these encouraging developments, the most 
prevalent cause of cancer mortality remains metastatic disease. Therefore, drugs that 
target cancer progression, invasion and metastasis, are clearly needed. One of the most 
interesting targets in this setting is the protein Transforming Growth Factor β (TGF-β). 
TGF-β signaling is involved in maintaining the balance of normal tissue homeostasis and 
suppression of tumor progression in healthy and premalignant tissue (2-4). In response 
to injury, TGF-β is released by blood platelets and various stromal components to 
prevent excessive cell proliferation and inflammation. In the surrounding environment 
of an oncogenic process, TGF-β prevents malignant progression (1-3). However, during 
malignant progression TGF-β also functions as a factor that tumor cells use to their own 
advantage, by promoting tumor growth, invasion and eventually metastatic disease 
(5). TGF-β is especially overexpressed in aggressive and invasive types of cancer and 
overexpression is associated with poor outcome in amongst others glioma, melanoma, 
breast, lung, colon and prostate cancer patients (6,7).

Its overexpression and tumor growth promoting functions make TGF-β a potential drug 
target for cancer treatment. However, its dual role is a major challenge in the successful 
clinical implementation of TGF-β targeted drugs. To overcome this problem, and to safely 
intervene with TGF-β in cancer treatment, more insight is needed in TGF-β dynamics 
during oncogenesis. Much research has focused on the role of changes in the TGF-β 
signaling pathway (Fig. 1), but mechanisms of TGF-β production and activation by 
tumor or stromal cells have been less well clarified (6-10). Understanding production 
and activation mechanisms next to cellular signaling pathways, is of key significance for 
defining potential TGF-β intervention strategies. Additionally, as with other targeted 
therapies it is well possible that only patients with specific tumor characteristics will 
benefit from TGF-β directed intervention. 
Therefore, in this review we focus on the mechanisms of TGF-β production and 
activation and the currently known intervention options for modulating TGF-β activity. 
Furthermore, methods for patient selection and evaluation of intervention strategies, by 
means of TGF-β imaging and quantification methods will be addressed. Finally, future 
perspectives for the clinical implication of TGF-β targeted therapies will be discussed.

Proefschrift.indb   19 01-03-15   14:47



Chapter 2 | TGF-β expression and activation as targets for anti-tumor therapy and imaging

20

Production of TGF-β 
The TGF-β superfamily consists of TGF-β, bone morphogenetic proteins, anti-Mullerian 
hormone, activin, nodal and growth and differentiation factors. TGF-β plays a key role in 
maintaining homeostasis, inducing wound healing and controlling the immune system. 
Consequently, TGF-β and its receptors are expressed by almost all cell types (11). TGF-β 
is secreted into the extracellular matrix by amongst others, endothelial cells, fibroblasts, 
blood platelets, B-, T- and dendritic cells and macrophages (12). In a tumor, the main 
sources of TGF-β are the cancer cells and certain cells present in the tumor stroma, such 
as fibroblasts. Both by healthy tissue and in malignant tumors, TGF-β is secreted as a 
latent complex of high molecular weight (290 kDa) (4,13).

SMAD 2/3

SMAD 4

TGF-beta

TGF-beta
RI

TGF-beta
RII

Genes
Nucleus

Cell membrane

Fig. 1

Fig. 1 TGF-β Signaling pathway
Activated TGF-β dimers signal by bringing together two pairs of serine/threonine kinases receptors located on 
the cell membrane. Activated TGF-β binds to TGF-βRII on the cell surface. In turn TGF-βRII then activates TGF-
βRI, forming a complex of TGF-β and two pairs of TGF-β Receptor I and II. SMAD proteins play an important 
role in the TGF-β signaling pathway. SMAD proteins are situated in the cytoplasm and can be divided in three 
classes: receptor-regulated SMAD (SMAD 2/3), co-mediator SMAD (SMAD 4) and inhibitory SMAD (SMAD 7). 
SMAD 2/3 binds to the activated TGF-βRI. Subsequently, SMAD 4 will bind to SMAD 2/3 and this complex 
will shift to the nucleus. In the nucleus the complex will bind with additional DNA-binding cofactors and co-
activators or –repressors, in order to activate or repress specific target genes.

Proefschrift.indb   20 01-03-15   14:47



Chapter 2 | TGF-β expression and activation as targets for anti-tumor therapy and imaging

21

2

Synthesis of the latent complex of TGF-β 
In humans, three isoforms of TGF-β have been identified, namely TGF-β1, -β2 and -β3. 
These isoforms are encoded by the genes TGFB1, TGFB2 and TGFB3, which are located on 
chromosome 19, 1 and 14 respectively (14, 15). Transcription of TGF-β mRNA is induced 
by different stimuli from the microenvironment, such as hyperglycemia (via activating 
protein-1) or hypoxia (via hypoxia-inducible factor-1) (16,17). Translation of TGF-β mRNA 
in the nucleus results in a homodimeric protein complex consisting of two molecules of 
TGF-β and the latency associated protein (LAP) each (18). The following proteolytical 
processing of the complex, by means of the convertase family of endoproteases, results 
in a conformational change of TGF-β (19). This change is essential for subsequent 
activation steps. After processing, TGF-β remains non-covalently bound to LAP, forming 
the small latent complex. Still in the cytoplasm, the small latent complex then binds to 
latent TGF-β binding protein (LTBP) with a disulfide bond. This complex, consisting of 
TGF-β, LAP and LTBP, is called the large latent complex. Finally, the large latent complex 
is secreted into the extracellular environment (Fig. 2) (13, 20, 21). 

LAP and LTBP in the large latent TGF-β complex
All elements of the latent form of TGF-β have their own function. LAP blocks the binding 
site for the TGF-β receptor II (TGF-βRII), thus maintaining the TGF-β complex in its latent 
form. LAP is also involved in the folding and synthesis of TGF-β. There are three LAP 
isoforms, LAP-1, LAP-2 and LAP-3 (19,22,23). LAP monomers form a dimer by joining 
another LAP molecule by intrachain disulfide bonds near the C-terminus. Near the 
N-terminus, LAP can bind to LTBP (21).
In fibroblasts and fibrosarcoma cells LTBP directs TGF-β to the extracellular matrix. 
Latent TGF-β present in the extracellular matrix serves as a reservoir of TGF-β that can 
be activated via proteolytic cleavage of LTBP (24). LTBP has four isoforms, LTBP-1, LTBP-2, 
LTBP-3 and LTBP-4 (25). For most cells in which the large latent complex is defined, TGF-β 
is found as a large latent complex containing the isoform LTBP-1 (21).
Thus TGF-β is intracellularly processed before it is secreted as the large latent complex. 
This complex can consist of two or three elements, which all have their own function. 
After secretion, the large latent complex needs to be activated before it can bind to its 
receptors. Therefore overexpression of the latent form does not have an effect on its 
own, unless the release of the active form is increased (26).

Activation of the latent TGF-β complex
The effects of TGF-β are predominantly controlled by local activation of the latent TGF-β 
complex. TGF-β can be activated by denaturation, radiation or interaction with the 
extracellular matrix.
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Fig. 2 Production of latent TGF-β
TGF-β is intracellularly processed before it is secreted into the extracellular matrix as the large latent complex. 
The large latent complex consist of TGF-β itself, latency associated protein and latent TGF-β binding protein. 
After secretion, the large latent complex needs to be activated before it can bind to its receptors. 

TGFB1, TGB2, TGFB3

LAP

LAP

TGF-beta

TGF-beta

Small latent 
complex

Nucleus

Cell membrane

LAP
TGF-beta

LTBP

Large latent 
complex

ECM

Fig. 2

Activation induces a conformational change of LAP, or a release of TGF-β from LAP via 
proteolysis, thus revealing the binding site for the TGF-βRII (27,28). In this section, we 
will focus on different activators of TGF-β. 
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Activation by radiation
Reactive oxygen species (ROS) produced after ionizing radiation or metal-catalyzed 
ascorbate oxidation, can activate latent TGF-β (Fig. 3A). The hydroxyl radicals are thought 
to disable the counter acting LAP by scissions and side group modifications (29). In 
irradiated murine mammary glands, increased active TGF-β compared to non-irradiated 
mammary glands, was shown by means of immunofluorescent staining (30). In lung 
cancer, plasma TGF-β levels can predict the risk for pulmonary injury after radiotherapy 
(31-33). A study in non-small-cell lung cancer (NSCLC) patients (n=26), showed that 
plasma TGF-β levels above the normal range after radiotherapy predicted significantly 
for pulmonary injury in these patients (33). Another study amongst NSCLC patients 
(n=38), showed the feasibility of plasma TGF-β levels to select for patients who can be 
treated with higher doses of radiotherapy (31). Thus in lung cancer patients receiving 
radiotherapy, plasma TGF-β levels can serve as a predictive marker for pulmonary injury 
or tolerance for higher doses of radiotherapy, thereby allowing for individualization 
of treatment. Furthermore, TGF-β can also be activated by genotoxic stress and DNA 
damage induced by ionizing radiation or cytotoxic chemotherapy (34,35). TGF-β seems 
to play a role in regulating responses to genotoxic stress. Inhibition of TGF-β could in turn 
possibly sensitize tumors to DNA damage and promote cell death.

Activation by interaction with the extracellular matrix
Activation by integrins 
Integrins are heterodimeric transmembrane glycoproteins that attach cells to 
extracellular matrix proteins of the basement membrane or to ligands on other cells. 
They are composed of α and β subunits. Four types of integrins are identified as activators 
of latent TGF-β: αvβ3, αvβ5, αvβ6 and αvβ8. These integrins all activate TGF-β1 and 
TGF-β3 by binding to the amino acid sequence arginine-glycine-aspartate (RGD) present 
in LAP (36). The integrins αvβ6 and αvβ8 fully activate TGF-β1 and TGF-β3 in vivo (37). 
Primarily for αvβ6, a clear role in cancer progression has been described. This integrin 
is located on the cell membrane of epithelial cells (36). It can bind to the RGD sequence 
in LAP, which induces a conformational change in LAP. This subsequently enables TGF-β 
to bind to its receptor. To create this conformational change, the cytoplasmic domain 
of this integrin is connected to the actin cytoskeleton, thereby pulling LAP to the cell 
membrane. Simultaneously, LTBP1 is still bound to the extracellular matrix, thereby 
pulling TGF-β in the opposite way. These opposing forces create a conformational change 
in LAP (Fig. 3B), thereby allowing TGF-β activation (38-40). In normal epithelial cells, the 
expression of αvβ6 is very low. Physiological upregulation of αvβ6 expression is seen 
during injury, which in turn activates TGF-β. Activation of TGF-β via αvβ6 is mediated 
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Fig. 3 Activation of latent TGF-β
A) TGF-β can be activated by reactive oxygen species, which is produced after ionizing radiation or metal-
catalyzed ascorbate oxidation. B) Integrins are glycoproteins that attach cells to extracellular matrix proteins of 
the basement membrane or to ligands on other cells. Integrins can also bind to LAP, thereby enabling binding 
of TGF-β to its receptor on the cell membrane. C) Proteases can also activate TGF-β via proteolytical cleavage, 
which releases TGF-β from its latent complex.

Proefschrift.indb   24 01-03-15   14:47



Chapter 2 | TGF-β expression and activation as targets for anti-tumor therapy and imaging

25

2

by lysophosphatidic acid (41). In αvβ6 negative mice, bleomycin treatment induced 
pulmonary inflammation, but protected the mice from fibrosis due to lack of TGF-β 
activation (21,42). Thus, blocking αvβ6 could possibly prevent TGF-β mediated fibrosis. 
Blocking of αvβ6 in mice indeed caused inhibition of fibrosis after radiation or bleomycin 
treatment, without initiating inflammation (43,44).
Multiple cancer types (including breast, lung, colorectal, cervical and skin carcinomas) 
show increased αvβ6 expression (45,46). Blockade of αvβ6 did not affect tumor cell 
proliferation in vitro, but did inhibit tumor growth in vivo (45). This suggests a role for 
the microenvironment in this response, which should be further investigated. Since 
αvβ6 is hardly expressed on normal epithelial cells (47), it has been suggested that this 
upregulation might be a good marker for TGF-β activation in carcinomas, but so far 
evidence to support this is lacking.

Activation by proteases
Matrix metalloproteinases (MMP) are zinc-based proteolytic proteases. MMP 2 and 9 
are involved in extracellular matrix degradation and can both activate latent TGF-β (Fig. 
3C) (13). MMPs can cleave LTBP at a hinge region from the extracellular matrix, thereby 
releasing the large latent complex. This large latent complex can be directly activated by 
MMPs, through proteolytical cleavage of LAP (24, 48).
In mammary carcinoma cells and human melanoma cells, the hyaluronan receptor 
CD44 localizes proteolytically active MMP9 to the cell surface (49). A co-culture system 
of mammary carcinoma cells and mouse fetal myoblasts showed that TGF-β activation 
by MMP-9 depends on this localization of MMP9 at the cell surface by CD44. TGF-β 
activation is reduced when CD44 is only present in a soluble form and thus unable to 
bind to MMP-9. In contrast, activation increases when CD44 is present at the cell surface 
and is able to bind to MMP-9 (50). This is supported by xenograft mouse models with 
subcutaneous tumors. In tumors where TGF-β was less activated due to soluble CD44, 
there was reduced angiogenesis and invasiveness (50). The same mechanism has been 
shown for MMP2, with the difference that MMP2 is localized at the cell surface by the 
integrin ανβ3 (51).
In summary, TGF-β can be activated by denaturation, radiation or interaction with the 
extracellular matrix. These different activators all have their own mechanism to activate 
TGF-β by breaking down LAP. This induces a conformational change in the large latent 
complex or obliterates the non-covalent bonds between LAP and TGF-β. The end product 
is the same for all; active TGF-β, which is subsequently able to bind to its receptor and 
start its signaling cascade.
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Modulation of TGF-β 
The overexpression, tumor growth promoting functions and facilitation of an 
immunosuppressive environment by TGF-β has drawn attention to this protein as a 
potential target for anti-cancer drugs. There are a number of pharmacological ways 
to exert an anti-TGF-β effect. A variety of TGF-β inhibitors have been developed, and 
are in preclinical studies or already in clinical trials. In this section, we will discuss the 
TGF-β targeting drugs known at present. These drugs will be presented by mechanism of 
action, including: 1) modulation of TGF-β production, 2) modulation of TGF-β activation 
and 3) modulation of TGF-β signaling (Fig. 4a & 4b). 

Modulation of TGF-β production
Antisense oligonucleotides 
TGF-β production can be decreased by means of antisense oligonucleotides, through 
silencing of the corresponding mRNA sequence. Trabedersen (AP-12009) is an antisense 
oligonucleotide against the mRNA of TGF-β2 and is of interest for treating TGF-β2 
overexpressing tumors. In a randomized phase IIb study in patients with recurrent/
refractory glioblastoma multiforme (GBM) or anaplastic astrocytoma (AA), 10 or 80 µM 
of trabedersen was administered intratumorally through a subcutaneous port access 
system for 7 days every other week. In the total study population (n=134), trabedersen 
showed no significant benefit compared to chemotherapy. In the 39 AA patients however, 
trabedersen increased median- and overall survival rates compared to chemotherapy 
(52). The main toxicity observed was neurotoxicity. Procedure related serious adverse 
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Fig. 4a Modulation of TGF-β
TGF-β can be modulated at several levels: production, activation or signaling.  Production can be modulated 
by means of antisense oligonucleotides like trabedersen or AP-11014 or by tumor cell vaccines like 
belagenpumatucel-L.
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Fig. 4b Modulation of TGF-β
TGF-β can be modulated at several levels: production, activation or signaling. Activation of TGF-β can be 
modulated by blocking integrin αvβ3 with the antibody etaracizumab or by using Cilengitide, a small molecule 
inhibitor against αvβ3 and αvβ5. Modulation of TGF-β signaling can be achieved by directly blocking TGF-β 
with the human monoclonal antibody fresolimumab or with a tyrosine kinase inhibitor such as LY-2157299.

Proefschrift.indb   27 01-03-15   14:47



Chapter 2 | TGF-β expression and activation as targets for anti-tumor therapy and imaging

28

events were around 30% in the trabedersen groups. Currently, a phase III study with 
trabedersen (SAPPHIRE) in AA patients is ongoing [clinicaltrials.gov: NCT00761280]. 
Also a phase I/II study in pancreatic carcinoma, metastatic melanoma and metastatic 
colorectal carcinoma patients has started. Another antisense oligonucleotide against 
TGF-β1, AP-11014, is in preclinical development (53). 
Clinical results of antisense oligonucleotides targeting TGF-β seems to be favorable for 
recurrent/refractory AA but not for GBM patients. Still, these conclusions are based on 
a very small subgroup of only 39 patients and should be confirmed in future phase III 
trials. 

Tumor cell vaccines
Increased expression of activated TGF-β2 induces immunosuppression, favoring 
tumor progression. Belagenpumatucel-L (Lucanix®) is a gene-based allogeneiec 
tumor cell vaccine, transfected with a TGF-β2 antisense plasmid vector. By inhibiting 
TGF-β2 expression, the tumor cell vaccine can increase tumor antigen recognition. In 
a randomized phase II study amongst 75 NSCLC patients, who completed or refused 
conventional therapy, a single intradermal injection of 1.25, 2.5 or 5x107 cells given every 
month or every other month, was safe and well tolerated with low toxicity (54,55). An 
injection of ≥2.5 x 107 cells in NSCLC patients (n=60) led to an estimated 2 year survival 
of 47%, compared to 18% in NSCL patients (n=25) who received fewer cells, suggesting 
a dose-related survival benefit (54). At the moment, a phase III study in patients with 
advanced stage of NSCLC, comparing belagenpumatucel-L with placebo, is ongoing 
[clinicaltrials.gov: NCT00676507]. 

Modulation of TGF-β activation 
Integrins
Integrins are widely expressed on tumor cells and also on tumor vasculature. Ligand 
binding to integrins leads, amongst others, to angiogenesis. Blocking integrin activity 
can impede angiogenesis, raising interest for integrins as a potential target for anti-
cancer therapy. Integrins can also activate TGF-β, and indirect modulation of TGF-β may 
ensue when integrins are blocked. Etaracizumab is a monoclonal antibody against the 
αvβ3 integrin. In a phase II study in patients with metastatic melanoma, the addition 
of etaracizumab to dacarbazine did not show any benefit (56). Currently, clinical 
development of etaracizumab is on hold. Cilengitide is a small molecule inhibitor against 
the αvβ3 and αvβ5 integrin. In a phase II study in patients with newly diagnosed GBM, 
cilengitide was added to radiotherapy with concomitant and adjuvant temozolomide. 
Compared to historical data for chemoradiotherapy, the addition of cilengitide modestly 
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increased the median- and overall survival (57). At the moment cilengitide is the 
first anti-integrin agent to enter a phase III study, called CENTRIC (58). Furthermore, 
phase I/II studies with cilengitide combined with standard therapy in recurrent and/or 
metastatic squamous cell carcinoma of head and neck cancer and in NSCLC are ongoing 
[clinicaltrials.gov: NCT00842712 and NCT00705016].

Modulation of TGF-β signaling 
TGF-βR kinase inhibitors
Tyrosine kinase inhibitors (TKIs) inhibit signaling cascades by binding to a specific tyrosine 
kinase domain, located on the receptor of interest (59-61). At the moment, two TKIs 
targeted against the kinase domain of the TGF-βRI are being evaluated in the clinic. A 
small phase I study including 7 patients with advanced or metastatic tumors, showed that 
daily oral administration of 40 or 80 mg of LY-2157299 was safe and well tolerated (62). 
In another phase I study (n=28), glioma patients were treated with 160, 240 or 300mg of 
LY-2157299 per day with intermittent dosing (14 days on, 14 days off). Again, treatment 
with LY-2157299 was safe and well tolerated (63). An ongoing phase I/II study in GBM 
patients, aims at evaluating safety, tolerable dose and pharmacodynamics of LY-2157299 
combined with radiotherapy and temozolomide [clinicaltrials.gov: NCT01220271]. A 
phase II study to determine progression free survival after LY-2157299 monotherapy in 
patients with hepatocellular carcinoma is ongoing [clinicaltrials.gov: NCT01246986]. 

Monoclonal antibodies
The use of monoclonal antibodies appears to be a very effective approach in inhibiting 
TGF-β signaling. Both antibodies against mouse and human active TGF-β have been 
developed. Treatment of mice with 2G7 or 1D11, antibodies against mouse TGF-β, 
suppressed tumor formation and tumor burden of both bone and lung metastases. 
This illustrated the potential of targeting TGF-β with monoclonal antibodies (64,65). 
Fresolimumab (GC1008) is a fully human monoclonal IgG4 antibody against mammalian 
TGF-β isoform 1, 2 and 3. Recently, a phase I/II multi-center trial of fresolimumab in 
patients with advanced malignant melanoma or renal cell carcinoma who failed prior 
therapy, was completed. Patients received 0.1, 0.3, 1, 3, 10 or 15 mg/kg fresolimumab 
intravenously. If no dose-limiting toxicity was induced, patients received three 
additional doses given 2 weeks apart. If stable disease, partial- or complete response 
was reached, fresolimumab treatment was extended. No dose-limiting toxicity was 
observed in any of the 22 patients (21 malignant melanoma, 1 renal cell carcinoma). 
In one patient with a history of skin cancer, fresolimumab treatment possibly led to 
the development of a squamous cell carcinoma. The most common adverse event was 
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the development of reversible crops cutaneous lesions that histologically resembled 
benign keratoacanthomas. Interestingly, these appear to phenocopy the self healing 
epitheliomas, a genetic disorder that is caused by germline mutations in the TGFβR1 gene 
(66). Five patients achieved stable disease; three of these patients had mixed responses 
with shrinkage of liver metastases and at other sites. One patient with malignant 
melanoma obtained a partial response with over 75% reduction of target lesions (67). At 
the moment, a phase II study of fresolimumab for patients with mesothelioma has been 
initiated [clinicaltrials.gov: NCT01112293]. Furthermore, in another study the addition 
of fresolimumab to local radiotherapy in metastatic breast cancer patients is investigated 
[clinicaltrials.gov NCT01401062].
In conclusion, several different approaches to modulate TGF-β are in clinical development, 
but still many hurdles have to be overcome. Long-term toxicity still remains mainly 
unknown for all these different approaches. Since TGF-β exerts multiple functions in 
both healthy tissue and during cancer, unwanted side effects are therefore conceivable. 
Upcoming clinical trials should therefore monitor this carefully. Future phase III trials 
will clarify whether antisense oligonucleotides show a survival benefit for recurrent AA 
patients. Tumor cell vaccines have a favorable efficacy/toxicity profile, but again the 
survival benefit compared to a placebo group needs to be investigated. Targeting TGF-β 
by blocking integrins and thereby TGF-β activation could be an interesting approach. 
However, compared to the other approaches this could be too indirect and unspecific 
for proper targeting of TGF-β. Thus far, targeting TGF-β with TKIs seems to be nontoxic. 
A prominent advantage of using TKIs, is the possibility of oral- instead of intravenous 
administration. Targeting TGF-β by means of ligand trapping with a monoclonal antibody 
shows encouraging results. Targeting all three isoforms of TGF-β, may be an advantage 
for the use of fresolimumab. 

Evaluation of TGF-β targeting intervention strategies 
As stated previously, it is clear that the dual role of TGF-β in cancer complicates the 
clinical implementation of TGF-β targeted drugs. Therefore, there is a need for adequate 
evaluation methods to select patients most likely to benefit from TGF-β targeted therapies 
and to predict clinical response in these patients to guide treatment. Furthermore, these 
methods may be used to gain insight in the role of TGF-β during tumor progression. 
Immunohistochemistry, although predominantly used to evaluate TGF-β expression, 
is not suitable for detection of the dynamics of TGF-β signaling in vivo. In this setting, 
in vivo imaging could be a very attractive alternative. In this section, an overview of 
developments for evaluating TGF-β signaling and expression, with particular emphasis 
on their potentially clinical application, will be given.
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Optical imaging
Disseminating cells demonstrate a certain motile behavior, which can be divided 
in collective slow moving cells or single fast moving cells. These motile cells are 
heterogeneously distributed throughout the tumor and count for only 5% of all the cells 
in the primary tumor (68). Because of its role during tumor invasion and the forming of 
metastases, TGF-β could also influence the motile behavior of tumor cells. 
Rat mammary carcinoma cells, transfected with TGF-β dependent reporter constructs, 
were injected in the mammary fat pad of female nude mice. Intravital imaging showed 
that TGF-β signaling can influence the motile behavior of the tumor cells, favoring single 
fast moving cells. Then again, TGF-β signaling alone seemed to be insufficient in driving 
cancer cell motility, since active TGF-β signaling was also seen in non-moving cells. 
Furthermore, activated TGF-β signaling enabled these single moving cells to disseminate 
into the blood, whereas cells lacking activated TGF-β signaling were moving collectively 
and could not enter the blood. Conversely, persistent TGF-β signaling did not lead to 
an increase in lung metastases, suggesting that TGF-β signaling should be transient to 
permit efficient forming of blood borne metastasis (69,70). 
In a mouse model for bone metastases, TGF-β signaling dynamics and therapeutic 
response were evaluated with the help of bioluminescent imaging (71). The triple 
negative breast cancer cell line SCP28 was transfected with a dual-luciferase reporter 
system, allowing imaging of both metastatic tumor growth and TGF-β signaling. 
Preventive blocking of TGF-β signaling with either TKI LY2109761 or a bisphosphonate, 
evidently reduced the number of bone metastases, illustrating TGF-β’s role in the 
promotion of bone metastases. On the other hand, blocking TGF-β signaling when bone 
metastases were already established was less effective. This again illustrates a transient 
role for TGF-β signaling in the development of blood borne metastases. 
In a second study using a similar human metastatic basal-like breast cancer model, the 
effects of two types of TGF-β pathway antagonists (antibody 1D11 and TKI LY2109761) 
were examined on sublines of basal cell-like MDA-MB-231 human breast carcinoma cells 
that preferentially metastasize to lungs or bones. Both 1D11 and LY2109761 significantly 
reduced the metastatic burden to either lungs or bones in vivo. Besides inhibiting 
metastasis in a tumor cell autonomous manner, the TGF-β antagonists inhibited 
angiogenesis associated with lung metastases as well as osteoclast number and -activity 
associated with lytic bone metastases. In aggregate, these studies support the notion 
that TGF-β plays an important role in both bone- and lung metastases of basal-like breast 
cancer, and that inhibiting TGF-β signaling results in a therapeutic effect independently 
of the tissue-tropism of the metastatic cells (72).
In vivo visualization of TGF-β activity by means of optical imaging, has clearly led to 
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improved insight in the role of TGF-β during tumor invasion and metastasis. However, 
optical imaging with its poor tissue penetration depth is at present not applicable in the 
clinical setting. 

TGF-β and positron emission tomography
Of all presently available imaging techniques for TGF-β, positron emission tomography 
(PET) imaging is the one potentially applicable in the clinical setting. Fresolimumab is 
a human monoclonal antibody neutralizing all mammalian isoforms of TGF-β and has 
been evaluated in a phase I/II multi-centre trial in patients with advanced metastatic 
melanoma or renal cell carcinoma (67). Imaging with this antibody, and thereby the 
presence of TGF-β, with PET technique would be a non-invasive approach to ascertain 
tumor overexpression of TGF-β. This might allow patient selection for TGF-β targeted 
therapies and pharmacodynamic evaluations of these therapies. This approach, of in vivo 
imaging of a tumor related soluble factor with a radiolabeled antibody, was previously 
shown to be feasible for vascular endothelial growth factor (VEGF). In preclinical and 
clinical studies, tumor VEGF levels were visualized with zirconium-89 (89Zr) -bevacizumab-
PET (73,74). 89Zr-fresolimumab was developed, in order to visualize and quantify in 
vivo TGF-β expression, uptake of the antibody in the tumor and organ distribution, by 
means of PET imaging. Tumor uptake and organ distribution of 89Zr-fresolimumab was 
evaluated in different xenograft models. Clear uptake of 89Zr-fresolimumab in tumors 
of all xenograft models was observed from 72 hours post tracer injection and onwards. 
Distribution throughout all different organs of 89Zr-fresolimumab was comparable to the 
distribution of the control 111In-IgG, except for high uptake in the liver and kidney (75). 
Imaging of TGF-β with 89Zr-fresolimumab could be useful in the further clinical 
development of fresolimumab and help identify patients most likely to benefit 
from fresolimumab therapy. In the future 89Zr-fresolimumab will be used to quantify 
tumor uptake of fresolimumab in patients with high grade gliomas [clnicaltrials.gov 
NCT01472731].

Ex vivo stimulation assay
Within the development of potential new drugs, determination of pharmacodynamics 
is essential. To obtain sufficient tissue samples for such an assay directly from a solid 
tumor is (although potentially relevant) clinically usually unfeasible. Instead, frequently 
surrogate markers are used, such as measurements in peripheral blood mononuclear 
cells of cancer patients. Although it is clear that these surrogate markers are not 
necessarily reflecting the true events in the tumor, for evaluation of pharmacodynamics 
they may be of use. With regard to TGF-β, measuring phosphorylated SMAD 2 (pSMAD2) 
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was tested as a potential biomarker for tumor response to a TGF-βR kinase inhibitor. Ex 
vivo change in pSMAD2 levels of peripheral blood mononuclear cells (determined with a 
sandwich ELISA), correlated with the in vivo response of the tumor, in a xenograft model 
(76). The assay was further validated within a study of 49 patients with bone metastases 
of prostate- or breast cancer. In blood samples from these patients, the ex vivo pSMAD2 
response assay again correlated well with the TGF-β plasma levels (77). 
This ex vivo measurement of pSMAD2 is of particular interest, as it allows evaluation of 
pharmacodynamics of both large and small molecule inhibitors in one assay. 

TGF-β response signature
Investigators at Memorial-Sloan Kettering Cancer Center (MSKCC) recently defined a 
TGF-β response gene signature consisting of 153 genes (TBRSMSKCC) that may be used to 
identify tumors with high levels of TGF-β activity (78,79). In 368 primary breast tumors 
in TBRSMSKCC positive tumors, mRNA levels for TGF-β1, TGF-β2 and LTBP1 were higher. 
Also in estrogen receptor (ER) negative tumors, a positive TGF-β response signature 
correlated with lung metastases. This preference for lung metastases is possibly caused 
by an increase in angiopoietin-like 4 expression in the cancer cells, induced by TGF-β 
signaling. Angiopoietin-like 4 in turn disrupts the morphology of the lung capillaries and 
thereby improves seeding of tumor cells into the lung. 
Another study determined whether the TBRSMSKCC and a similar 92-gene signature 
developed at The Cancer Institute of New Jersey (TBRSCINJ) correlated with any particular 
breast cancer subset (80,81). This was validated across three independent publicly 
available breast cancer expression data sets. These subsets were classified as described 
by Alexe et al (82) in human epidermal growth factor receptor (HER) 2 positive tumors 
with of without lymphocyte infiltration, HER2 and ER negative tumors (basal-like type I 
and II) or HER2 negative and ER positive tumors (luminal type I and II) (78,83,84). Both 
signatures positively correlated with the HER2 positive tumors with no lymphocyte 
infiltration, basal-like type II and luminal type I subsets. Furthermore, expression of 
TBRSMSKCC correlated with poor overall survival in patients with lymph node negative 
breast cancer, who did not receive adjuvant systemic therapy. Patients with HER2 
positive tumors with lymphocyte infiltration have a significantly better outcome than 
patients with HER2 positive tumors with no lymphocyte infiltration (85). Also a positive 
signature predicted for very poor survival in HER2 positive tumors with no lymphocyte 
infiltration, while patients with a negative signature had a survival comparable to HER2 
positive tumors with lymphocyte infiltration. This suggests that active TGF-β signaling 
may be mainly responsible for the poor prognosis of these patients and that these 
patients will benefit from TGF-β inhibition. 
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In another study, gene expression profiles of early stage cervical cancer patients with 
or without positive lymph nodes, were compared to several pathway signatures. 
The TGF-β pathway was enriched in patients without lymph node involvement. 
Immunohistochemical staining for TGF-β on tissue microarrays confirmed this negative 
association for TGF-β with lymph node metastasis (86).
The TGF-β gene signatures may support patient selection for TGF-β targeted therapy and 
for further identification of new biomarkers.

Conclusion and future perspectives
For targeting cancer metastasis, TGF-β is both of interest and utterly challenging. Several 
TGF-β inhibitors are under clinical development. Amongst these inhibitors, monoclonal 
antibodies and TKIs are likely to be the most useful agents. In comparison with other 
TGF-β targeting agents, both TKIs and fresolimumab may be applicable to a broader 
range of tumors, since they target TGF-β relatively specifically, without discriminating 
between isoforms.
The fact that TGF-β can act both as a tumor promoter and a tumor suppressor, 
underlines the importance of adequate evaluation methods of TGF-β activation in the 
clinical setting. Several evaluation methods are under development. With the pSMAD2 
response assay in peripheral blood mononuclear cells, the effect of both large and small 
molecule inhibitors targeting TGF-β may be assessed in one assay. TGF-β gene signatures 
may be useful for patient selection and further identification of new biomarkers. The 
only technique that potentially allows in vivo imaging in patients at present, is the TGF-β 
PET. The currently conducted trial with TGF-β PET will assess whether this technique is 
indeed suitable for evaluating pharmacodynamics, patient selection and monitoring of 
response to TGF-β targeted therapies. Obviously, the ideal evaluation method will allow 
the identification of patients who will benefit from TGF-β targeted therapies, and select 
out those in whom targeting of TGF-β will do more harm than good. 
Future clinical trials should implement these evaluation methods, to show which 
method will be most predictive and suitable for clinical application. This could guide 
accurate timing of TGF-β targeted therapy and support the clinical development of TGF-β 
inhibitors, bringing us a step closer to the clinical implementation of TGF-β targeted 
therapies in the future. 
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Abstract
Previous studies suggested that bisphosphonate zoledronic acid (ZOL) exerts an anti-
tumor effect by interacting with the microenvironment. In this study, we elucidated the 
mechanism behind the anti-breast cancer effect of ZOL.
We showed that ZOL did not influence in vitro human breast cancer cell survival, but did 
affect human stromal cell survival. In co-culture, the addition of stromal cells to breast 
cancer cells induced tumor cell death by ZOL, which was abolished by transforming growth 
factor (TGF)-β. In the in vivo chicken chorioallantoic membrane model, ZOL reduced the 
breast cancer cells fraction per tumor only in the presence of human stromal cells. ZOL 
decreased TGF-β excretion by stromal cells and co-cultures. Moreover, supernatant of 
ZOL-treated stromal cells reduced phospho-Smad2 protein levels in breast cancer cells. 
Thus, ZOL exerts an anti-breast cancer effect via stromal cells, accompanied by decreased 
stromal TGF-β excretion and reduced TGF-β signaling in cancer cells.
Significance:  Our study is the first to show, both in vitro and in vivo, that ZOL can exert 
an anti-cancer effect only in the presence of human stromal cells.
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Introduction
Breast cancer accounts for the highest cancer incidence and cancer mortality among 
women worldwide (1). Despite great advances in breast cancer treatment, including 
increasingly targeted systemic treatment, development of metastatic disease still cannot 
be prevented in all patients. To tackle this problem, the focus has shifted to the breast 
cancer microenvironment (2), in which immune cells, fibroblasts, adipose cells and 
endothelial cells are involved in tumor growth and metastasis. Preclinical studies have 
also shown that the microenvironment can modulate treatment effects (3). 
The bisphosphonates are thought to mediate an anti-cancer effect in the 
microenvironment. A recent meta-analysis (4) concluded that this class of compounds 
has a survival benefit in postmenopausal women being treated for breast cancer. 
Although the anti-cancer effect of bisphosphonates is apparently not limited to their 
anti-resorptive role in bone lesions (5), the exact mechanism that effectuates this anti-
cancer response remains unclear. Recent research by Junankar et al. has elucidated parts 
of this mystery (6). In an in vivo study, they showed that the bisphosphonates risedronate 
and pamidronate are internalized by tumor-associated macrophages, but not by mouse 
tumor cells 4T1; the authors concluded that these compounds target macrophages, but 
not tumor cells. These results support the hypothesis that bisphosphonates have an 
indirect anti-tumor effect. 
Our research complements the work of Junankar et al. by providing functional evidence 
of the role of stromal cells in zoledronic acid (ZOL) mediated breast cancer cell survival. 
By using in vitro and in vivo models consisting of human stromal cells as well as human 
breast cancer cells, we studied the role of stromal cells in breast cancer bisphosphonate 
sensitivity.

Results
Stromal cells are required for the anti-breast cancer effect of ZOL in vitro 
High concentrations of ZOL were required to decrease cell survival of the human breast 
cancer cell lines. The SCP2 line was the least sensitive to ZOL, with a 50% inhibitory 
concentration (IC50) of 486 µM after 96 hours incubation. The human breast tumor cell 
lines SUM-149, H2N, MCF-7 and MDA-MB-231 had an IC50 of 194, 155, 145 and 86 µM 
respectively. However, ZOL affected stromal cell survival at concentrations far below the 
concentrations directly affecting breast cancer cell lines: IC50 for human stromal cell line 
Hs27a was reached at a concentration of only 8 µM (Suppl. Fig. 1).  
To investigate the indirect effects of ZOL, we used a fluorescence-based in vitro co-culture 
model. Representative nuclear structures of a viable and a dead SCP2 cell are depicted 
in Fig. 1A. At 24 hours (Fig. 1B), 50 µM of ZOL increased breast cancer cell death in the 
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co-culture group (SCP2 and Hs27a) compared to the mono-culture (SCP2) cancer cell 
group (18.9 ± 1 % vs 6.8 ± 3.5 %, P < 0.01). This effect was ZOL dose-dependent in the co-
culture group, increasing breast cancer cell death to 21.6 ± 0.6 % for 100 µM (P < 0.01) 
and 27.6 ± 7.8 % (P < 0.001) for 500 µM. In mono-culture, increasing the dose of ZOL did 
not increase breast cancer cell death (9.6 ± 1.6 % for 100 µM and 10.3 ± 1.7 % for 500 µM 
of ZOL). At 48 hours, the stromal-dependent breast cancer cell death induced by ZOL was 
even more pronounced than at 24 hours (Fig. 1B). At a ZOL dose of only 10 µM, breast 
cancer cell death in the co-culture group (23.5 ± 2.8 %) was higher compared to the 
mono-culture group (5.1 ± 3.1 %, P < 0.001). And the effect became more pronounced 
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Fig. 1 
A: Representative images presenting the assessment of SCP2 cell viability by fluorescence microscopy in the 
vitro co-culture model at x40 magnification. The overlay shows DAPI nuclear staining (blue) and membrane 
staining with DiI (red). Nuclei of viable SCP2 cells are round and intact, whereas nuclei of dead SCP2 cells are 
condensed and fragmented. B: Viability (%) of SCP2 mono-culture or co-culture with Hs27a stromal cells after 
24 and 48 hours of treatment with 0–500 µM zoledronic acid. 
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as the dose of ZOL increased, with breast cancer cell death of 6.5 ± 2 % for 50 µM, 11.8 
± 2.3 % for 100 µM and 18.4 ± 3.3 % for 500 µM in the mono-culture group versus 37.0 ± 
0.4 % for 50 µM, 38.0 ± 3.4 % for 100 µM and 44.0 ± 4.6 % for 500 µM in the co-culture 
group (P < 0.001 for all doses). In mono-cultures of SCP2, ZOL increased breast cancer 
cell death after 48 hours compared to control from 4.3 ± 1.4 % to 11.8 ± 2.3 % (P < 0.05) 
for 100 µM and 18.4 ± 3.3 % (P < 0.001) for 500 µM ZOL (Fig. 1B). 

Stromal cells are required for anti-breast cancer cell effect by ZOL in vivo
On day 14 of the in vivo CAM assay, vehicle-treated tumors containing SCP2 plus Hs27a 
cells were heavier (42.7 ± 14.7 mg vs 21.6 ± 10.3 mg, P < 0.001) and larger (55.5 ± 21.7 
mm3 vs 31.8 ± 15.5 mm3, P < 0.05) compared to tumors containing only SCP2 cells (Fig. 
2A and 2B). Tumors containing only SCP2 cells had a higher weight after treatment with 
ZOL compared to vehicle (33.9 ± 17.1 vs 21.6 ± 10.3 mg (P < 0.05). The tumor size was 
not affected by ZOL compared to vehicle treatment for tumors consisting of only SCP2 
cells. However, tumors containing SCP2 plus Hs27a cells were sensitive to ZOL. On day 
14, these tumors weighed less and were smaller when treated with ZOL compared to 
vehicle-treated SCP2 plus Hs27a tumors (tumor weight: 23.0 ± 8.6 mg vs 42.7 ± 17.7 mg 
P < 0.01, size: 32.4 ± 19.8 mm3 vs 55.5 ± 21.7 mm3 P < 0.05) (Fig. 2A and 2B). 
ZOL treatment showed similar results for tumors consisting of only MCF-7 cells and 
tumors containing MCF-7 plus Hs27a cells. On day 14, tumors comprising MCF-7 plus 
Hs27a cells were heavier (36.9 ± 8.8 mg vs 21.4 ± 6.2 mg P < 0.01) and larger (54.4 ± 
15.5 mm3 vs 18.6 ± 5.6 mm3 P < 0.001) (Fig. 2C and 2D) compared to tumors consisting 
of only MCF-7 cells. Moreover, ZOL had no effect on tumors containing only MCF-7 
cells. However, in tumors containing MCF-7 plus Hs27a cells, ZOL treatment resulted in 
reduced tumor weight and size compared to vehicle-treated tumors  (weight: 23.5 ± 6.4 
mg vs 36.9 ± 8.8 mg P < 0.01, size: 28.2 ± 10.7 vs 54.4 ± 15.5 mm3 P < 0.01) (Fig. 2C and 
2D). ZOL did not affect size and weight of tumors containing only Hs27a cells (Suppl. Fig. 
2).
The breast cancer cell fraction of tumors containing only SCP2 or MCF-7 cells was not 
affected by ZOL. However, SCP2 and MCF-7 tumors that also contained stromal cells 
showed a higher corrected weight. ZOL reduced the corrected weight of the co-cultured 
tumors (P < 0.01 SCP2, P < 0.05 MCF-7). Moreover, the size of ZOL-treated SCP2 and 
MCF-7 co-culture tumors was reduced to the size of their respective mono-culture 
tumors (Fig. 2E and 2F). Hematoxylin & eosin (H&E) staining showed no difference in 
tumor viability between any tumor group (Suppl. Fig. 3).
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Fig. 2
Scatter plots illustrating weight (mg), size (mm3) and quantified breast cancer cell fraction (breast cancer cells/
mg tumor) of in ovo tumors harvested on day 14 after a single gift of zoledronic acid (200 µM) or vehicle 
(phosphate buffered saline(PBS)) on day 10. Tumors consisted of SCP2 alone or SCP2 with Hs27a stromal cells 
(A, B, E) and MCF-7 alone or MCF-7 with Hs27a stromal cells (C, D, F). Tumor weight, size and breast cancer cell 
fraction are depicted for every individual tumor.
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Reduced TGF-β signaling in stromal cells is required for anti-breast cancer effect of ZOL
Transforming growth factor (TGF)-β1 excretion levels in supernatant of stromal cells 
and co-cultures were reduced by 48 hours treatment with ZOL (Suppl. Table 1). TGF-β1 
levels in supernatant of stromal cells decreased after treatment with 50, 100 and 500 
µM ZOL (Fig. 3A). In the supernatant of SCP2 co-cultured with Hs27a, TGF-β1 levels also 
decreased after treatment with ZOL 50 µM, 100 µM and 500 µM (Fig. 3B). In co-cultures 
of H2N with Hs27a and MCF-7 with Hs27a, TGF-β1 levels were reduced after treatment 
of 100 µM and 500 µM ZOL (Fig. 3C and 3D). However, 48 hours of ZOL treatment did 
not reduce TGF-β1 levels in the supernatant of SCP2 and H2N breast cancer cells in the 
absence of stromal cells. In the supernatant of MCF-7 breast cancer cells without stromal 
cells, TGF-β1 levels were undetectable (< 0 ± 60 pg/mL) (data not shown). One day of 

Fig. 3
TGF-β1 excretion (pg/mL) after 48 hours of exposure to 0–500 µM zoledronic acid of Hs27a stromal cells in 
mono-culture (A) or co-cultured with SCP2 (B), H2N (C) or MCF-7 (D).
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Fig. 4
Viability (%) of SCP2 mono-culture or co-culture with Hs27a stromal cells after 48 hours of treatment with 
0–500 µM zoledronic acid with or without TGF-β1. B, Western blotting of pSmad2 was performed on lysates 
of SCP2 cells. β-actin served as a loading control. SCP2 cells were incubated for 1 hour with medium, TGF-β, 
or supernatant of Hs27a cells treated for 48 hours with 0–500 µM zoledronic acid. The relative density of the 
pSmad2 bands compared to the loading control is shown.
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ZOL treatment did not alter TGF-β1 levels in the supernatant of monocultures of stromal 
Hs27a cells and SCP2, H2N and MCF-7 cells. This was also the case for the TGF-β1 levels 
in the supernatant of co-cultures of stromal and breast cancer cells treated for 24 hours 
with ZOL (Suppl. Fig. 4).
ZOL treatment resulted in dose-dependent increased death of SCP2 cells in co-culture 
with Hs27a cells in vitro (Fig. 4A). The addition of TGF-β1 to the in vitro co-culture model 
of SCP2 and Hs27a cells treated with ZOL almost completely abolished the ZOL-induced 
SCP2 cell death. Two days after the addition of TGF-β1, SCP2 cell death decreased from 
24.3 ± 2.9 % to 9.5 ± 2.3 % (P < 0.001) for 10 µM ZOL, 35.6 ± 2.9 % to 13.3 ± 2.5 % (P < 
0.001) for 50 µM ZOL, 37.7 ± 2.9 % to 15.3 ± 3.8 % (P < 0.001) for 100 µM ZOL and 47.8 ± 
8.6 % to 32.9 ± 1.9% (P < 0.001) for 500 µM ZOL. The addition of TGF-β1 to monocultures 
of SCP2 cells treated with ZOL did not have this effect. 
TGF-β signaling activity in SCP2 breast cancer cells, measured by pSmad2 levels, was 
increased after incubation with Hs27a supernatant (Fig. 4B). Also addition of TGF-β to 
the SCP2 cells resulted in Smad2 phosphorylation. In contrast, supernatant of Hs27a 
cells treated with all dosages of ZOL decreased pSmad2 levels. This indicates that ZOL 
can indirectly reduce TGF-β signaling in breast cancer cells, via an effect on stromal cells. 

Discussion
Our study provides functional proof that the bisphosphonate ZOL can exert an anti-
breast cancer effect only in the presence of stromal cells. 
These results complement research by Junankar et al. showing that the bisphosphonates 
risedronate and pamidronate target macrophages in the breast cancer microenvironment 
of mouse 4T1 xenografts (6). In their mouse model, intravital imaging revealed 
bisphosphonate uptake in calcium-rich tumor regions, while no uptake was seen in 
non-cancerous mouse mammary glands. Together with the data by Junankar et al., 
our study supports the concept of a microenvironment-mediated anti-tumor effect of 
bisphosphonates, and further clarifies the mechanism behind this effect.   
These results suggest that bisphosphonate treatment not only modulates the bone 
environment, but also affects non-bone disease. This is in line with clinical data. A recent 
meta-analysis showed that breast cancer recurrence decreased in early breast cancer 
patients treated with a bisphosphonate (4). The clear interaction of ZOL with stromal 
cells in our study supports the broader effect of bisphosphonates outside of the bone 
environment. 
We have shown that TGF-β secreted by stromal cells is an important mediator for 
induction of the anti-cancer effect of ZOL via stromal cells. Previous research suggested 
a strong role for the microenvironment with respect to bisphosphonate sensitivity 
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and TGF-β signaling (7). In mice, biphosphonate pamidronate treatment applied to 
established in-bone metastases of the cell line SCP28 evidently reduced active TGF-β 
signaling in these metastases. In that study, however, treatment of SCP28 tumor cells 
with pamidronate in vitro – without the presence of stromal cells – affected neither 
TGF-β signaling nor tumor cell death. Our study explains this apparent paradox by 
demonstrating the mediating role of the stromal cells. TGF-β transcriptional activity can 
also be inhibited by ER activation (8), thereby linking our research with pre-clinical and 
clinical studies showing that bisphosphonates only exert an anti-tumor effect under low 
estradiol concentrations (9, 10). If, under high estradiol levels, TGF-β signaling is already 
repressed, adding another TGF-β suppressing agent like ZOL would have no additional 
anti-cancer effect. 
To our knowledge, ours is the first study to evaluate the effect of ZOL on the breast 
cancer-stroma interaction by assessing the separate components. This analysis was 
made possible by using the CAM model. Due to its low immunogenicity, xenografts can 
be grown on the CAM model up to day 18 of embryonic development (11). Moreover, in 
the CAM model, growth of host stroma into the human xenograft is limited. In contrast, 
tumors of mice inoculated with human cell lines or patient-derived xenografts consist of 
around 40% mouse DNA (12, 13). We observed good experimental reproducibility of the 
CAM assay between separate experiments.
In conclusion, the anti-breast cancer effect of ZOL is dependent on the presence of 
stromal cells. This is accompanied by decreased stromal cell TGF-β excretion and reduced 
TGF-β signaling in cancer cells. 

Methods
Cell lines and reagents 
Different human cell lines were used. ER positive breast cancer cell line MCF-7 and 
immortalized stromal cell line Hs27a (American Type Culture Collection (ATCC)) were 
cultured in Roswell Park Memorial Institute (RPMI) medium (Invitrogen), supplemented 
with 10% fetal calf serum (FCS). Hs27a cells were cultured up to a maximum of 30 
passages during which these cells remained phenotypically stable and viable. The 
inflammatory triple negative breast cancer cell line SUM-149 (Asterand) was cultured 
in HAM’s Nutrient Mixture-F12 (HAM) supplemented with 5% FCS, 5 µg/mL insulin and 
1 µg/mL hydrocortisone. Triple negative breast cancer cell line MDA-MB-231 (ATCC), 
the daughter cell line MDA-MB-231-H2N (H2N) (transfected to stably overexpress 
HER2) (14), luciferase transfected MDA-MB-231-SCP2 (SCP2) (provided by Dr Y Kang, 
Princeton University, NJ) (15) were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) (Invitrogen) with 10% FCS and 1% glutamine. Cell lines were cultured at 37 °C in 
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a humidified atmosphere containing 5% CO2 and were routinely tested for Mycoplasma. 
Short tandem repeat profiling (BaseClear) was used to authenticate the cell lines. 

Breast cancer and stromal cell proliferation in vitro in response to ZOL
Hs27a, MCF-7, MDA-MB-231, H2N, SCP2 and SUM-149 cells were plated in 96-well 
plates with a density of 4,000 – 12,500 cells/well. ZOL (SelleckChem) was added in 
different concentrations (1-1,000 µM) and cells were incubated for 96 hours. Thereafter, 
3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) was added and 
formazan production as read out of cell number and metabolic activity was measured as 
described previously (16).

Breast cancer cell death in an in vitro co-culture model in response to ZOL
This fluorescence-based in vitro co-culture model was described previously (17). To 
distinguish the cancer cells from the stromal cells, SCP2 cells were pre-labeled with 
fluorescent marker DiI (Molecular Probes, Invitrogen). Hs27a cells were grown as 
monolayer on glass slides inserted in 24-well plates. Subsequently, 15,000 SCP2 cells 
were added per well, with or without a pre-cultured stromal cell monolayer and allowed 
to attach to the glass insert or the stromal layer for 24 hours. Attached cells were treated 
with ZOL (10 - 500 µM) for 24 or 48 hours. To study whether the effects of ZOL could 
be counteracted by TGF-β1, a condition with active TGF-β1 addition was included. The 
cells were cultured for 48 hours following the addition of 1 ng/mL TGF-β1 (PeproTech) 
concurrently with ZOL. 
After incubation, the plates were centrifuged at 300 g for 7 minutes. Glass slides were 
collected, fixed with methanol:acetone (1:1) and stained with 1:1000 4',6-diamidino-2-
phenylindole (DAPI). The results were analyzed by fluorescent microscopy. Tumor cell 
viability was assessed with nuclear DAPI staining based on observation of the nuclear 
structure (intact versus fragmented nuclei). For each condition, 6 - 12 fields of view were 
counted and the average percentage of dead cells was calculated. 

Breast cancer cell death in an in vivo co-culture model in response to ZOL
To study the effect of ZOL in vivo, the CAM model was used as described previously (18). 
Two breast cancer models, SCP2 and MCF-7, were studied in this way. Eggs (het Anker 
BV) were incubated at 38°C and after 3 days the CAM was lowered by puncturing the 
top of the eggs. On day 6 of embryonic development, a window was made in the egg 
shell to access the CAM. The CAM was damaged using a cotton tissue (Celltork) and each 
egg was inoculated with a total of 5·106 cells in 50 µL culture media and Matrigel (BD 
Biosciences) (1:1). On day 10 of embryonic development, a 4 mm latex ring (Dentsply 
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International) was placed on the CAM and 15 µL of ZOL (200 µM) or vehicle was pipetted 
in the ring. Each experiment comprised 3 subgroups; group 1) breast cancer cells only, 
SCP2 or MCF-7 cells treated with ZOL (SCP2 n = 15, MCF-7 n = 6) or vehicle (SCP2 n = 17, 
MCF-7 n = 8), group 2) Hs27a cells treated with ZOL (n = 8) or vehicle (n = 7) and group 3) 
a mixture of breast cancer cells, SCP2 or MCF-7, with Hs27a cells (1:1) treated with ZOL 
(SCP2 n = 17, MCF-7 n = 9) or vehicle (SCP2 n = 12, MCF-7 n = 6). On day 14 of embryonic 
development, tumors were harvested, weighed and measured with a caliper. 
Tumor tissue was formalin-fixed and paraffin embedded for immunohistochemical 
analyses. H&E staining was performed to analyze tissue viability and morphology. Slides 
(5 µm) were stained with an antibody against cytokeratin (CK) 8, 18 and 19 (Abcam 
1:100). Substitution of the 1st antibody by bovine serum albumin was used as negative 
control. To calculate the breast cancer cell fraction in the tumors, the ratio of CK positive 
cells on the total number of cells was determined per tumor. Then this number was 
multiplied by the total tumor weight. 

Stromal and breast cancer TGF-β1 excretion in mono- and co-culture models in vitro 
in response to ZOL
TGF-β1 levels were determined in supernatant of Hs27a cells in mono-culture or in 
co-culture with MCF-7, SCP2 or H2N cells after 24 and 48 hours incubation with ZOL. 
Cell culture supernatant was removed, centrifuged for 15 minutes at 240 g to remove 
any residual cells or cell remnants, and subsequently stored frozen in aliquots. TGF-β1 
levels were measured with enzyme-linked immunosorbent assays (ELISA) according to 
manufacturer’s instructions (Quantikine, R&D Systems). The absorbance of each well 
was measured by a microplate reader (Bio-Rad).  

Breast cancer TGF-β signaling in vitro in response to ZOL 
As read out for TGF-β signaling activity protein expression of phosphorylated Smad2 
was measured by Western blot. Hs27a cells were grown as monolayer and treated 
with ZOL (10 - 500 µM) for 48 hours. Subsequently, 500,000 SCP2 cells were plated in 6 
wells plates and incubated for 24 hours. The supernatant of Hs27a cells was harvested 
and added to the confluent SCP2 cells. After 1 hour incubation, the supernatant was 
removed. Total cell lysates were size fractionated and transferred to a membrane as 
described previously (19). 
Membranes were exposed to primary antibodies (anti-pSmad2; Cell Signaling Technology, 
anti-β-actin; MP Biomedicals). Binding of antibodies was determined using horseradish 
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peroxidase (HRP)-conjugated secondary antibodies (DAKO) and visualized with Lumi-
lightplus (Roche Diagnostics). Band density was evaluated by ImageJ software. 

Statistical analysis
Data are presented as mean ± SD. Statistical analysis was performed using the one-way 
or two-way ANOVA test with Tukey’s or Bonferroni’s post hoc test (GraphPad Prism, 
version 5). Differences were considered significant when P < 0.05.
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Supplemental Fig. 1
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Supplemental Fig. 1
Relative survival (%) curves after 96 hours of exposure to 1–1000 µM zoledronic acid of the stromal cell 
line Hs27a and breast cancer cell lines MCF-7, SUM-149, SCP2, H2N and MDA-MB-231. The 50% inhibitory 
concentration (IC50) is depicted for every cell line (dashed red line).
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Supplemental Fig. 2
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Supplemental Fig. 2
Scatter plots illustrating weight (mg) and size (mm3) of in ovo tumors harvested on day 14 after a single gift of 
zoledronic acid (200 µM) or vehicle (PBS) on day 10. Tumors consisted of Hs27a stromal cells. Tumor weight 
and size are depicted for every individual tumor.
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Supplemental Fig. 3
Representative images of H&E (A) and cytokeratin staining (B) of SCP2, SCP2 and Hs27a, MCF-7, MCF-7 and 
Hs27a in ovo tumors on day 14 at x20 magnification. Images depicted represent vehicle treated tumors.
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Supplemental Fig. 4
TGF-β1 excretion (pg/mL) after 24 hours of exposure to 0–500 µM zoledronic acid of Hs27a stromal cells in 
mono-culture (A) or co-cultured with SCP2 (B), H2N (C) or MCF-7 (D).
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Cell lines Treatment TGFβ levels

Cancer Stroma ZOL (µM) Value (pg/mL) Relative level (%) P

- Hs27a 0 538.4 ± 62.8 100 ref

10 446.4 ± 57.3 83 ± 10.6 ns

50 284.5 ± 96.6 53 ± 18.1 < 0.01

100 197.7 ± 46.8 37 ± 8.7 < 0.001

500 185.9 ± 60.3 35 ± 11.2 < 0.001

SCP2 Hs27a 0 871.7 ± 92.3 100 ref

10 683.3 ± 124.4 78 ± 7,2 ns

50 628.3 ± 73.9 72 ± 6.1 < 0.05

100 514.3 ± 36.7 59 ± 7.5 < 0.01

500 244.3 ± 80.2 28 ± 10.2 < 0.001

H2N Hs27a 0 866.3 ± 208.0 100 ref

10 699 ± 74.8 80 ± 10.4 ns

50 575.3 ± 45.3 66 ± 20.0 ns

100 407 ± 98.8 47 ± 21 < 0.01

500 301.7 ± 101.3 35 ± 3.2 < 0.01

MCF-7 Hs27a 0 624.7 ± 59.5 100 ref 

10 612.7 ± 33.4 70 ± 12.0 ns

50 535.5 ± 83.05 61 ± 20.8 ns

100 389.0 ± 48.1 45 ± 11.4 < 0.01

500 243.7 ± 55.4 28 ± 5.6 < 0.001

Abbreviations: β

Table 1 TGFβ levels in supernatant of stromal cells and co-cultured breast
cancer cells treated with ZOL for 48 hours

Supplemental Table 1

Supplemental table 1: TGFβ levels in supernatant of stromal cells and co-cultured breast 
cancer cells treated with ZOL for 48 hours
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Abstract
Transforming growth factor-β (TGF-β) promotes cancer invasion and metastasis and is 
therefore a potential drug target for cancer treatment. Fresolimumab, a monoclonal 
antibody which neutralizes all mammalian active isoforms of TGF-β, was radiolabeled 
with zirconium-89 (89Zr) for PET imaging to analyze TGF-β expression, antibody tumor 
uptake and organ distribution. 
89Zr was conjugated to fresolimumab using the chelator N-succinyl-desferrioxamine-B-
tetrafluorphenol. 89Zr-fresolimumab was analyzed for conjugation ratio, aggregation, 
(radiochemical) purity, stability and immunoreactivity. 89Zr-fresolimumab tumor uptake 
and organ distribution was assessed using three protein doses (10, 50 and 100 µg) and 
compared with 111In-IgG in a human TGF-β transfected CHO xenograft model, a human 
breast cancer MDA-MB-231 xenograft and metastatic model. Latent and active TGF-β1 
expression was analyzed in tissue homogenates with ELISA. 
89Zr was labeled to fresolimumab with high specific activity (> 1 GBq/mg), high yield 
and high purity (> 95%). In vitro validation of 89Zr-fresolimumab showed a fully 
preserved immunoreactivity and long (> 1 week) stability in solution and in human 
serum. In vivo validation showed a 89Zr-fresolimumab distribution similar to IgG in most 
organs, except for a higher uptake in liver in all mice and higher kidney uptake in the 
10 µg group. 89Zr-fresolimumab induced no toxicity in mice. It accumulated in primary 
tumors and metastases similar to IgG. Both latent and active TGF-β were detected in 
tumor homogenates, while only latent TGF-β could be detected in liver homogenates. 
Remarkably high 89Zr-fresolimumab uptake was seen in sites of tumor ulceration and in 
scar tissue, processes in which TGF-β is known to be highly active.
Conclusion: Fresolimumab tumor uptake and organ distribution can be visualized and 
quantified with 89Zr-fresolimumab PET imaging. This technique will be used to guide 
further clinical development of fresolimumab and could possibly identify patients most 
likely to benefit. 
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Introduction
The pleiotropic transforming growth factor-β (TGF-β) is excreted in low amounts by 
multiple cell types to prevent progression of premalignant lesions (1,2). In many tumor 
types the tumor suppressive responses to TGF-β are lost in the malignant phase, where 
tumor promotive responses to TGF-β (including epithelial-to-mesenchymal transition, 
angiogenesis, extravasation, migration, invasion and immune suppression) prevail. 
TGF-β thereby contributes to a more invasive and metastatic tumor phenotype (1,3). 
Mechanisms involved in this suppressor to promoter switch are diverse and include 
mutations (and epigenetic silencing) in the suppressive pathway, and increased TGF-β 
production, release and activation in the tumor microenvironment (1,4,5). Activity of 
TGF-β is locally controlled in the extracellular matrix by cleavage of active TGF-β dimers 
from the latent precursor (6,7).
TGF-β is a potential drug target for cancer treatment, especially in case of highly invasive 
or metastatic tumors such as glioblastomas and metastatic breast cancer (8,9). Strategies 
in clinical development for TGF-β inhibition include antisense oligonucleotides, TGF-β 
neutralizing antibodies and small molecule TGF-β receptor kinase inhibitors (9,10).  
Clinical TGF-β imaging can have an unprecedented role in the development of these 
TGF-β targeted agents, since the dual functions of TGF-β in cancer makes proper 
patient selection of crucial value. Selection seems especially important in breast cancer. 
Pathway analysis identified a subset of breast cancer patients with high expression of 
TGF-β pathway genes and an association with shorter distant-metastasis-free survival, 
indicating a potential benefit of TGF-β inhibition for these patients (11). In addition, 
others have identified a subset of patients with abrogated TGF-β signaling which was 
associated with reduced relapse-free survival (12). 
Improved insight into the role of TGF-β in breast cancer invasion and metastasis has 
recently been provided in a number of elegant preclinical optical imaging studies. Live 
intravital imaging of TGF-β signaling in tumor cells was performed in an orthotopic mouse 
model using rat breast cancer cells (MTLn3E) transfected with cyan fluorescent protein 
TGF-β dependent reporter constructs. Here, TGF-β signaling was transiently and locally 
activated in single moving tumor cells. TGF-β activated single moving cells demonstrated 
increased tendency to infiltrate surrounding tissues and were consequently responsible 
for distant metastases (13). TGF-β bioluminescence imaging using human breast cancer 
cells (MDA-MB-231) transfected with TGF-β responsive luciferase constructs indicated 
a temporal TGF-β dependency of bone metastases and an antimetastatic effect of 
TGF-β inhibition (14,15). These TGF-β responsive imaging approaches have provided a 
great extension of our understanding of TGF-β signaling in metastasis, but regretfully 
are restricted to preclinical use because of the use of transfections and the poor tissue 
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penetration of optical techniques. Clinically applicable TGF-β imaging techniques would 
therefore be of value in our clinical understanding of TGF-β, in the development of TGF-β 
targeting agents and in the selection of patients most likely to benefit.
Fresolimumab is a fully human IgG4 kappa monoclonal antibody capable of neutralizing 
all mammalian active isoforms of active TGF-β (1, 2, and 3). A phase I study with 
fresolimumab in 22 patients with advanced melanoma and renal cell carcinoma showed 
stable disease in one patient, a partial response in one patient and mixed tumor response 
in three patients, and no dose limiting toxicity (16). For further clinical development 
of fresolimumab and to identify the patients most likely to benefit, it will be helpful 
to know whether TGF-β is being overexpressed and activated in the tumor, and if 
fresolimumab reaches the target. Labeling fresolimumab with the long-lived positron 
emitter zirconium-89 (89Zr) should allow for non-invasive monitoring and quantification 
of fresolimumab tumor and organ distribution using positron emission tomography (PET). 
Preclinical studies, as well as, ongoing clinical studies with 89Zr-bevacizumab for imaging 
vascular endothelial growth factor (VEGF), previously demonstrated the feasibility of 
PET imaging with antibodies against soluble ligands overexpressed in tumors (17,18). 

In this study, we describe the development, quality control and preclinical validation of 
89Zr-fresolimumab for non-invasive PET imaging of TGF-β tumor expression and organ 
distribution of fresolimumab. We used two human TGF-β transfected CHO xenograft 
models, one with intermediate and one with high TGF-β expression. In addition, we 
used a MDA-MB-231 xenograft and metastatic model of human breast cancer. The triple 
negative breast cancer cell line MDA-MB-231 was selected because of the considered 
role of TGF-β in triple negative breast cancer and the extensive data available concerning 
the role of TGF-β in this cell line (14,15).

Materials and methods
Cell cultures
Chinese Hamster Ovary (CHO) clones were generated by transfection of DG44-CHO 
cells with human latent TGF-β1 (generously provided by Genzyme). Briefly, DG44-CHO 
cells were transfected with a human latent TGF-β1 cDNA using the SV2DHFR vector, 
and stable cell lines were generated by methotrexate selection. CHO Clone11S (CHO-
Cl11S) and Clone2 (CHO-Cl2) were selected as they produced intermediate (23.3 ng per 
1x106 cells per day) and high (189 ng per 1x106 cells per day) levels of human latent 
TGF-β1, respectively. CHO-Cl11S and CHO-Cl2 were cultured in a humidified incubator at 
5% CO2 and 37 0C in MEM, supplemented with 10% dialyzed fetal calf serum (FCS) and 
2% L-glutamine. The triple negative breast cancer cell-line MDA-MB-231 (from ATCC), 
and its luciferase transfected bone-tropic clone MDA-MB-231-SCP2luc (provided by Y. 
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Kang and described earlier (19)), were cultured in a humidified incubator at 5% CO2 and 
37 0C in D-MEM, supplemented with 10% FCS and 1% L-glutamine. Concentrations of 
active and total TGF-β1 in culture media were assessed using an enzyme-linked immuno 
sorbent assay (ELISA; R&D Systems) according to the manufacturers’ protocol. 

Conjugation, 89Zr-labeling and quality control of fresolimumab 
Fresolimumab (GC1008; provided by Genzyme) conjugation and labeling was performed 
as described by Verel et al (20). Briefly, fresolimumab was first conjugated with the chelator 
N-succinyldesferrioxamine-B-tetrafluorphenol (N-sucDf-TFP; generously provided by 
prof.dr. GAMS van Dongen from VUMC) in 5-fold molar excess. After conjugation, the 
product was purified by ultracentrifugation using a 30 kDa Vivaspin-2 (Sartorius) and 
stored in water for injection at -20 0C. In the second step, N-sucDf-fresolimumab was 
freshly radiolabeled with clinical-grade 89Zr oxalate (IBA Molecular) on the day of use. 
N-sucDf-fresolimumab and 89Zr-fresolimumab were analyzed for conjugation ratios, 
aggregation and (radiochemical) purity by size exclusion high performance liquid 
chromatography (SE-HPLC). The Waters SE-HPLC system was equipped with a dual-
wavelength absorbance detector, an in-line radioactivity detector and a size exclusion 
column (Superdex 200 10/300 GL; GE Healthcare). Sodium phosphate buffer (0.025 
M Na2HPO4·2H2O / NaH2PO4·H2O) was used as mobile phase. The retention time of 
fresolimumab was approximately 18 min, 89Zr-N-SucDf and low-weight impurities eluted 
at 28 min (at a flow of 0.7 mL/min). 
Stability of 89Zr-fresolimumab was tested in 0.9% NaCl at 4 0C and in human serum at 
37 0C using 20% trichloroacetic acid (TCA; Hospital Pharmacy, UMCG) precipitation. 
TCA precipitation was carried out in phosphate-buffered saline (PBS; 140 mM NaCl, 
9 mM Na2HPO4, 1.3 mM NaH2PO4; pH = 7.4) with 0.5% human serum albumin (HSA; 
Sanquin) and 20% TCA. Radioactivity in precipitate and supernatant was determined by 
a calibrated well-type gamma-counter (LKB Wallac).
Immunoreactivity was tested in a competition assay with unlabeled fresolimumab. 
Recombinant human TGF-β3 (Peprotech) was used as target antigen because 
fresolimumab has the highest affinity (with a dissociation constant of 1.4 nM) for 
this TGF-β isoform and therefore binding to TGF-β3 serves as a sensitive indicator for 
immunoreactivity of 89Zr-fresolimumab. TGF-β3 was diluted in PBS to a concentration 
of 4 µg/mL (pH was adjusted to 9.2–9.5 with 50 mmol/L Na2CO3) and coated to Nunc-
Immuno BreakApart ELISA plates (NUNC). Fifty µL was added to the wells, incubated 
overnight at 4 0C, and then blocked with 1% HSA in PBS. After blocking, plates were 
washed with 0.1% polysorbate 80 (Sigma-Aldrich) in PBS. 89Zr-fresolimumab and 
fresolimumab were mixed and diluted in PBS to result in a fixed concentration of 14 nM 
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89Zr-fresolimumab and varying concentrations of unlabeled fresolimumab, ranging 14 
pM tot 14 μM. These samples were added to the wells, and incubated for 2 h. Samples 
were collected in 2 wash steps. Both 89Zr-fresolimumab bound to the TGF-β3-coated wells 
and the collected samples containing unbound 89Zr-fresolimumab were measured for 
radioactivity. Percentage of TGF-β3 binding was calculated as the fraction of radioactivity 
bound to TGF-β3-coated wells divided by the total amount of radioactivity added. These 
percentages were plotted using Prism software (GraphPad), and the concentration that 
results in 50% inhibition of the maximum binding (IC50) was calculated.

Conjugation and 111In-labeling of control human IgG
Human IgG (Sanquin) conjugation and labeling were performed according to Ruegg 
et al (21). Briefly, IgG was first conjugated to the bifunctional conjugating agent 
2-(4-Isothiocyanatobenzyl)-diethylenetriaminepentaacetic acid (p-SCN-Bn-DTPA; 
Macrocyclics). After conjugation, the product was purified by ultracentrifugation using 
a 30 kDa Vivaspin-2 and stored at -20 °C. Conjugated human IgG was radiolabeled with 
111InCl3 (Covidien) on the day of use. 

Animal studies 
In vivo imaging and biodistribution experiments were conducted using male athymic 
mice (BALB/cOlaHsd nude; Harlan). All experiments were approved by the animal ethics 
committee of the University of Groningen. Tumor cell inoculation and imaging was 
performed with isofluran inhalation anesthesia (induction 3%, maintenance 1.5%).
For the CHO xenograft model, mice were injected subcutaneously with 2 x 106 CHO-
Cl2 or CHO-Cl11S cells suspended in Hank's Buffered Salt Solution (HBSS; Invitrogen). 
89Zr-fresolimumab (5 MBq; 10, 50 or 100 µg) and 111In-IgG (3 MBq; 10, 50 or 100 µg) 
were administered via the penile vein. For the MDA-MB-231 xenograft model, mice were 
injected subcutaneously with 2 x 106 MDA-MB-231 cells mixed equally with Matrigel™ 
(BD Bioscience). 89Zr-fresolimumab (5 MBq; 10 µg) and 111In-IgG (3 MBq; 10 µg) were 
administered via the penile vein. For the MDA-MB-231 metastatic model, mice were 
injected intracardially (left ventricle) with 105 MDA-MB-231-SCP2luc cells suspended 
in PBS. Metastatic tumor growth was measured twice weekly with bioluminescence 
imaging (BLI). BLI was performed for 30-45 min after intraperitoneal administration of 
150 mg/kg D-luciferin with an IVIS100 (Xenogen). When metastatic tumor growth was 
measurable, approximately 2-4 weeks after inoculation, 89Zr-fresolimumab (5 MBq; 10 
µg) and 111In-IgG (3 MBq; 10 µg) were administered via the penile vein. 
All animals were imaged using a microPET Focus 220 rodent scanner (CTI Siemens) and 
subsequent microCT imaging using a MicroCAT II (CTI Siemens). Static images of 15-
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45 min acquisition time were obtained at 24, 72 and 144 h postinjection. After image 
reconstruction, in vivo quantification was performed with AMIDE Medical Image Data 
Examiner software (version 0.9.1, Stanford University) and tumor accumulation was 
calculated as Standardized Uptake Value (SUV) (22). Animals were sacrificed after the 
last scan and organs were excised, rinsed for residual blood, weighed and counted 
for radioactivity. Tissue activity was expressed as percentage injected dose per gram 
tissue (%ID/g). Subsequently, organs of interest were split and partly formalin fixed and 
paraffin embedded for histological analysis and partly stored at -80 0C for ex vivo TGF-β1 
measurement.

Ex vivo analyses on organ of interest tissue
Ex vivo TGF-β1 measurement was performed in organs of interest using an enzyme-
linked immuno sorbent assay (ELISA; R&D Systems) according to the manufacturers’ 
protocol. This ELISA measures active TGF-β1 quantitatively and latent TGF-β1 was 
measured after activation by acidification to discriminate between latent and active 
TGF-β1. Measurement of TGF-β1 was performed because CHO cells were transfected 
with this isoform. Formalin-fixed, paraffin-embedded organs of interest were stained 
with hematoxylin and eosin (H&E) and for phospho-Smad2 (Cell Signaling). Staining for 
phospho-Smad2 (pSmad2) served as a surrogate for active TGF-β, since it is currently not 
possible to stain for active TGF-β itself. 

Statistical analysis
Data are presented as mean ± standard deviation (SD) from at least three individual 
experiments/animals, unless stated otherwise. Statistical analysis was performed using 
the Mann-Whitney test for non-parametric data and the unpaired T-test for parametric 
data. A P value ≤ 0.05 was considered significant.

Results
89Zr-fresolimumab labeling and quality control
HPLC analysis showed an aggregation of 1.4 ± 1.1% after conjugation of fresolimumab 
with sucDf-TFP and an effective conjugation of 62 ± 9%. N-sucDf-fresolimumab could 
be labeled with 89Zr to a specific activity of up to 1000 MBq/mg with a radiochemical 
purity of 97.0 ± 1.2% over all experiments, not requiring further purification. A typical 
representative HPLC analysis of 89Zr-fresolimumab is shown in Fig. 1A.
89Zr-fresolimumab was highly stable in solution (0.9% NaCl) at 4 0C and in human serum 
at 37 0C over > 168 h. Average decrease in radiochemical purity of 89Zr-fresolimumab per 
day in human serum at 37 0C was 0.44 ± 0.13, 0.84 ± 0.11 and 1.21 ± 0.09% for a specific 
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activity of 250, 500 and 1000 MBq, respectively. Average decrease in radiochemical 
purity of 89Zr-fresolimumab per day in solution (0.9% NaCl) at 4 0C was 0.42 ± 0.05%.
To proof that labeling fresolimumab did not alter the activity of fresolimumab, a 
competitive binding experiment was performed with unlabeled fresolimumab in 
competition with 89Zr-fresolimumab. This resulted in an average IC50 of 18 nM 
fresolimumab (95% confidence interval of 12-28 nM) for the competition of TGF-β3 
binding of 14 nM 89Zr-fresolimumab, indicating fully preserved immunoreactivity (Fig. 
1B).

Fig. 1
Quality control of 89Zr-fresolimumab. Panel A shows a typical HPLC of 89Zr-fresolimumab with detection at 
280 nm for the protein signal and co-registration of radioactive signal. Immunoreactivity of 89Zr-fresolimumab 
was determined in a competitive binding assay with unlabeled fresolimumab. Competition curve (with 95% 
confidence interval) for the binding of 89Zr-fresolimumab to TGF-β3 is shown in B.
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89Zr-fresolimumab μPET imaging and biodistribution in CHO xenografts
89Zr-fresolimumab μPET imaging was first performed on mice harboring xenograft 
tumors with CHO clones expressing intermediate and high levels of human latent 
TGF-β1. Assessment of in vitro expression of human latent TGF-β1 in culture media 
samples with ELISA confirmed the intermediate and high expression of CHO-Cl11S 
and CHO-Cl2, respectively (data not shown). μPET imaging of mice bearing CHO-Cl11S 
and CHO-Cl2 tumors with 89Zr-fresolimumab indicated clear tumor accumulation and 
visualization in both models at 72 and 144 h postinjection, with a slightly higher tumor 
uptake at 144 h postinjection (Fig. 2A and 2C). No visual difference in 89Zr-fresolimumab 
tumor uptake between both CHO clones could be detected and also quantification of 
the tumor uptake as assessed by SUV did not show a difference: SUV in CHO-Cl2 was 

A B
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2.0 ± 0.1 and 2.3 ± 0.2 at 72 and 144 h postinjection, respectively, and SUV in CHO-Cl11S 
was 2.0 ± 0.4 and 2.2 ± 0.6 at 72 and 144 h postinjection, respectively. Ex vivo analysis of 
89Zr-fresolimumab and 111In-IgG biodistribution indicated similar uptake of both tracers 
in all tumors and comparable distribution over most organs (Fig. 2B and 2D). Organ 
uptake of 89Zr-fresolimumab was higher than 111In-IgG in liver and bone of both groups 
of mice. Subgroup analysis of the different protein doses of 89Zr-fresolimumab showed 
similar tumor uptake of 10, 50 or 100 µg 89Zr-fresolimumab, with a non-significant trend 
towards lower liver uptake in the 10 µg dose group (Table 1). Only in the 10 µg group 
there was a 92 ± 28% higher uptake of 89Zr-fresolimumab than 111In-IgG in kidneys (P 
= 0.0079). Liver uptake of 89Zr-fresolimumab was 7.6 ± 2.4 %ID/g and was higher than 
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Fig. 2
μPET imaging with 89Zr-fresolimumab showed tumor uptake in both CHO-Cl11S and CHO-Cl2 (A and C; arrow 
indicates tumor). Tumor uptake and organ distribution of 89Zr-fresolimumab and control 111In-IgG as was 
quantified ex vivo (B and D).
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111In-IgG in all individual mice with a mean difference of 69 ± 28% (P = 0.0005; Fig. 3A). To 
assess whether this was caused by high TGF-β levels in the liver, we determined TGF-β1 
levels in liver homogenates with ELISA. Levels of active TGF-β1 were below the detection 
limit in all samples and levels of latent TGF-β1 were 0.22 ± 0.16 and 0.10 ± 0.07 ng/
mg protein in livers of mice with CHO-Cl2 and CHO-Cl11S xenografts, respectively (Fig. 
3B). TGF-β1 levels in tumor homogenates also showed the same pattern of higher levels 
in tissue from CHO-Cl2 xenografts compared to CHO-Cl11S xenografts, although not 
significant (Fig. 3C). The highest TGF-β1 levels were found in homogenates of tumors 
in two mice with skin ulceration at the tumor site. These tumors showed a focally 
increased 89Zr-fresolimumab uptake at the site of ulceration with μPET imaging (Fig. 3D). 
This correlated with TGF-β1 levels in homogenates of the ulcerations of 26 and 21 ng 
latent TGF-β1/mg protein, which were the highest levels of all tissue samples measured 
(highest latent TGF-β1 level in tumors without ulcerations was 17 ng/mg). High 89Zr-
fresolimumab uptake was also present in sites with scar tissue in two mice that were 
victimized by their dominant congener cage mate prior to 89Zr-fresolimumab injection 
(data not shown). 

Table 1: Dose escalation of 89Zr-fresolimumab and control 111In-IgG.
Data are expressed as percentage of injected dose per gram tissue (mean ± SD). * 89Zr-fresolimumab is 
abbreviated as 89Zr-fres.

10 µg (n=5) 50 µg (n=2) 100 µg (n=6)

89Zr-fres. 111ln-lgG 89Zr-fres. 111ln-lgG 89Zr-fres. 111ln-lgG

Heart 3.47 ± 0.59 3.61 ± 0.57 3.53 ± 0.54 3.88 ± 0.63 4.58 ± 0.66 3.72 ± 0.37

Blood 8.23 ± 1.47 10.71 ± 1.93 9.03 ± 2.32 12.29 ± 2.40 7.79 ± 1.84 10.07 ± 1.50

Lung 7.76 ± 3.98 7.27 ± 2.10 4.99 ± 1.31 5.55 ± 1.14 4.46 ± 1.12 4.72 ± 1.05 

Liver 6.31 ± 1.71 4.27 ± 0.96 6.69 ± 1.12 3.49 ± 0.09 8.91 ± 2.21 4.93 ± 1.00

Kidney 8.10 ± 0.75 4.32 ± 0.80 4.37 ± 0.18 3.45 ± 0.40 4.08 ± 0.38 3.79 ± 0.54

Urine 1.91 ± 1.55 1.82 ± 1.16 0.68 ± 0.05 0.94 ± 0.09 1.01 ± 0.41 1.65 ± 0.87

Bladder 4.23 ± 1.15 4.83 ± 0.90 3.16 ± 0.64 3.80 ± 0.71 3.29 ± 0.83 3.39 ± 0.89

Stomach 1.40 ± 0.28 1.47 ± 0.32 1.17 ± 0.05 1.18 ± 0.03 1.39 ± 0.16 1.39 ± 0.12

Pancreas 0.96 ± 0.52 1.08 ± 0.57 1.37 ± 0.36 1.54 ± 0.31 1.14 ± 0.20 1.29 ± 0.19

Spleen 5.22 ± 0.65 5.02 ± 0.71 5.43 ± 0.87 4.88 ± 1.02 5.83 ± 0.39 4.93 ± 0.47

Small intestine 1.38 ± 0.52 1.58 ± 0.71 1.38 ± 0.30 1.57 ± 0.31 1.55 ± 0.66 1.73 ± 0.66

Large intestine 1.48 ± 0.35 1.84 ± 0.58 1.39 ± 0.08 1.63 ± 0.05 1.17 ± 0.21 1.33 ± 0.26

Muscle 1.14 ± 0.40 1.34 ± 0.31 0.98 ± 0.04 1.27 ± 0.05 1.18 ± 0.14 1.31 ± 0.18

Bone 4.05 ± 0.77 2.04 ± 0.39 3.50 ± 0.42 1.75 ± 0.48 2.28 ± 0.81 1.50 ± 0.53

Tumor 5.64 ± 1.80 6.22 ± 2.17 5.99 ± 0.24 7.05 ± 0.71 6.56 ± 1.75 6.76 ± 1.58

Brain 0.23 ± 0.08 0.30 ± 0.10 0.21 ± 0.04 0.26 ± 0.04 0.25 ± 0.09 0.32 ± 0.10
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Fig. 3
Liver uptake of 89Zr-fresolimumab and 111In-IgG in CHO xenograft mice (A). TGF-β1 levels were determined 
by ELISA in homogenates of liver (B) and tumor (C) tissue. Two mice with a skin ulceration at the tumor site 
showed locally increased uptake of 89Zr-fresolimumab (represented by red areas) at the site of ulceration (D). 
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Histological and immunohistochemical staining for hematoxylin and eosin (H&E) and phospho-Smad2 
(pSmad2) on tumor and liver material from CHO xenograft mice.
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Fig. 5
μPET imaging (A) and ex vivo biodistribution at 144 h postinjection (B) of 89Zr-fresolimumab in MDA-MB-231 
xenografts.

Histological analysis of CHO xenograft tumors and livers
H&E staining showed no obvious difference in morphology between tumors from 
xenografts of either of the CHO clones (Fig 4). All tumors largely consisted of vital 
vascularized tissue with tumor and stromal cells, and minor areas of necrosis. H&E 
staining of livers from CHO xenograft mice showed a normal morphology. All tested 
samples showed nuclear staining for pSmad2. Concurring with the μPET data, there was 
no difference in pSmad2 staining in tumors and livers from xenograft mice of both CHO 
clones, although liver tissue showed a more intense staining than the CHO tumors.

A
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89Zr-fresolimumab μPET imaging and biodistribution in MDA-MB-231 xenografts
To further investigate the organ and tumor distribution of 89Zr-fresolimumab we used 
the MDA-MB-231 human breast cancer xenograft model. μPET imaging showed a clear 
89Zr-fresolimumab tumor accumulation over time (Fig. 5A). Tumor accumulation was 
also shown by SUV quantification: 1.5 ± 0.2, 2.3 ± 0.3 and 2.6 ± 0.3 at 24, 72 and 144 h 
postinjection, respectively. Ex vivo biodistribution analysis again showed a similar tumor 
uptake of non-specific control 111In-IgG at 144 h postinjection (Fig. 5B). Organ uptake of 
89Zr-fresolimumab was higher than 111In-IgG in liver (P = 0.0459), kidneys (P = 0.0078) and 
bone (P = 0.0007) and reflected the biodistribution seen in CHO xenografts.

89Zr-fresolimumab μPET imaging and biodistribution in MDA-MB-231-SCP2luc 
metastatic model
Because TGF-β is involved in breast cancer metastasis (13,14), we evaluated 89Zr-
fresolimumab imaging in a metastatic breast cancer model as well. All mice had developed 
multiple (bone) metastases 3-5 weeks after intracardiac injection of MDA-MB-231-
SCP2luc cells, as was visualized with bioluminescence imaging (Fig. 6), corresponding 

BLI PET PET/CT

Fig. 6
Representative example of bioluminescence (BLI) and μPET/ CT images of a mouse in which bone metastatic 
MDA-MB-231-SCP2-luc cells were injected into the left ventricle of the heart in a disseminated model of 
metastasis. Metastases were visible with BLI in the jaws, skull, sternum, spine, shoulders, hips and lower limbs. 

FIGURE 5
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Sagittal

BLI PET PET/CT
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with results from others with this model (19). Metastases were mainly localized in jaws, 
skull, sternum, spine, shoulders, hips and lower limbs. Both µCT and 89Zr-fresolimumab 
µPET imaging did not visualize any of the metastases detected by bioluminescence 
imaging. Only one mouse showed 89Zr-fresolimumab uptake at a site suspicious for 
metastasis (Fig. 6). Ex vivo 89Zr-fresolimumab biodistribution was similar as was found 
in CHO and MDA-MB-231 xenograft models with high liver uptake of 89Zr-fresolimumab 
(data not shown). No toxicity of 89Zr-fresolimumab was seen in any of these mice.

Discussion
In the present study, we describe for the first time the development, quality control and 
preclinical validation of 89Zr-fresolimumab for non-invasive PET imaging of tumor and 
organ distribution of fresolimumab. 
Development and quality control of 89Zr-fresolimumab provided similar results as we 
had seen earlier with the 89Zr labeling of antibodies directed at other targets (17,23), 
indicating the robustness of this labeling method. μPET imaging with 89Zr-fresolimumab 
showed tumor uptake in CHO xenografts and in MDA-MD-231 xenografts. Remarkably 
high 89Zr-fresolimumab uptake was seen in sites of tumor ulceration in two mice and in 
scar tissue of two other mice, processes in which TGF-β is involved (24).
Our study showed for 89Zr-fresolimumab a distribution comparable to 111In-IgG in most 
organs, except for a higher uptake in liver and kidneys. This increased uptake in non-
tumor organs was not seen previously with vascular endothelial growth factor (VEGF) 
directed 89Zr-bevacizumab and human epidermal growth factor receptor-2 (HER2) 
directed 89Zr-trastuzumab (17,23). 89Zr-fresolimumab liver uptake was especially 
increased when higher fresolimumab doses were used. The higher 89Zr-fresolimumab 
kidney uptake was only seen in the low dose 89Zr-fresolimumab group of 10 μg. High liver 
uptake of 89Zr-fresolimumab likely is the result of a specific, TGF-β driven, interaction 
between 89Zr-fresolimumab and TGF-β in the liver and would thus indicate high levels 
of active TGF-β in the liver. Our analysis of liver homogenates did not show high levels 
of the active TGF-β1 form. However, immunohistochemical staining for pSmad2 of liver 
tissues indicated that active TGF-β was present in the liver within hours before tissue 
collection (25). This presence of active TGF-β has probably caused the accumulation of 
89Zr-fresolimumab in the liver and can be the consequence of rapid hepatic clearance 
of active TGF-β from the circulation and subsequent lysosomal degradation (26). This 
might mean that human TGF-β from CHO or MDA-MD-231 tumors will upon activation 
be rapidly cleared by the liver, where it accumulates, is recognized by 89Zr-fresolimumab, 
and results in 89Zr-fresolimumab accumulation in the liver. In addition to tumor derived 
human TGF-β, activated mouse TGF-β from non-tumor origin likely will accumulate 
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in the liver and result in high 89Zr-fresolimumab liver uptake, since fresolimumab also 
binds to mouse TGF-β with high affinity. Another reason for the high liver uptake might 
be complex formation of 89Zr-fresolimumab with active TGF-β in the tumor micro-
environment and in the circulation, subsequently followed by hepatic clearance of this 
complex. All together, this indicates a TGF-β specific biodistribution of 89Zr-fresolimumab. 
Additionally, the high 89Zr-fresolimumab liver uptake also matches strikingly the available 
preclinical data on the biodistribution of 111In-decorin. Decorin, a small proteoglycan 
from the extracellular matrix, binds TGF-β with high affinity. Intravenous injection of 
111In-decorin into mice showed rapid hepatic clearance, especially by accumulation in 
nonparenchymal cells (27). The high liver uptake of 89Zr-fresolimumab reported in this 
preclinical study indicates the relevance of clinical 89Zr-fresolimumab imaging studies to 
explore not only fresolimumab tumor uptake but also its organ distribution. Increased 
kidney uptake of 89Zr-fresolimumab likely is not the representation of 89Zr-fresolimumab 
uptake caused by high TGF-β kidney levels, but uptake of 89Zr-fresolimumab catabolites 
from hepatic processing. Hepatic processing is often saturable and thus dose-dependent, 
thereby explaining that increased kidney uptake of 89Zr-fresolimumab catabolites was 
only seen in the lowest 89Zr-fresolimumab dose of 10 μg. The high bone uptake of 89Zr-
fresolimumab, compared to 111In-IgG, can be the result of high TGF-β levels in bone (28). 
However, we cannot exclude that this is an artefact due to bone uptake of dissociated 
89Zr since we have also seen higher bone uptake of 89Zr-bevacizumab when compared 
with 111In-bevacizumab (17). 
To study specificity of 89Zr-fresolimumab, tumor uptake results were compared with 
111In-IgG. This showed that tumor uptake of 89Zr-fresolimumab was similar to 111In-IgG 
tumor uptake. Lack of specific, i.e. TGF-β driven, tumor uptake of 89Zr-fresolimumab in 
our models could be a consequence of the fact that fresolimumab binds selectively to 
the active form of TGF-β. Our ELISA analysis of TGF-β1 levels in tumor homogenates, as 
well as clinical ELISA data on tumor homogenates of gastric cancer patients (29), show 
that more than 90% of total TGF-β is present in its latent form, leaving little antigen for 
fresolimumab binding. Our CHO models were generated to produce latent TGF-β1, since 
this would be more resembling natural conditions than cells that produce active TGF-β1 
because all normal and tumor cells only produce TGF-β in its latent form. However, 
specific accumulation of 89Zr-fresolimumab requires local activation of TGF-β1 in the 
tumor, and not all TGF-β activating mechanisms necessarily result in the release of free 
active TGF-β (30). Additional to the low levels of free active TGF-β, also the biological half-
life of active TGF-β is with 2-3 min much shorter than that of latent TGF-β (110 min) (31), 
making imaging of TGF-β with an antibody recognizing only the active form even more 
challenging. Obviously, this does not exclude the therapeutic potential of fresolimumab. 
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Our imaging data clearly show tumor accumulation of fresolimumab, likely because 
of the enhanced permeability and retention effect (32), indicating that fresolimumab 
reaches the target site in high concentrations (6.1 ± 1.6 % of injected dose per gram 
tumor over all mice). Presence of fresolimumab in the tumor microenvironment inhibits 
local activation of latent TGF-β, thereby reducing the stimulatory response of the tumor. 
Therefore, the amount of fresolimumab in the tumor, as visualized and quantified with 
89Zr-fresolimumab PET, could be a predictor for outcome. 
With respect to absence of specific preferential tumor uptake of 89Zr-fresolimumab, 
this tracer differed from other targeted antibody based tracers we developed. During 
imaging of other soluble tumor targets, such as VEGF, we found a 2-fold higher uptake of 
89Zr-bevacizumab in SKOV-3 xenografts versus control IgG.17 With 89Zr-trastuzumab HER2 
imaging in the same model, tumor uptake of 89Zr-trastuzumab was 5-fold higher than 
control IgG (33). However we also now know that preclinical results can underestimate 
clinical findings, since with clinical imaging studies, we found with 89Zr-bevacizumab 
a higher tumor uptake than with 89Zr-trastuzumab (18,34). These superior differential 
results in the clinical setting may prove to be the case for 89Zr-fresolimumab as well. This 
therefore supports further pursuing of TGF-β specific clinical imaging. Furthermore, the 
lack of 89Zr-fresolimumab visualization of metastases in our model of breast cancer bone 
metastases is likely caused by the sub-resolution size (< 2 mm) for μPET imaging of these 
lesions. This further illustrates the potentials of clinical evaluation of 89Zr-fresolimumab 
for a complete understanding of fresolimumab distribution in cancer patients, and to 
address the value of fresolimumab in the treatment of (metastatic) cancer. The clear 
visualization of tumor ulcerations with 89Zr-fresolimumab, together with the high 
levels of TGF-β1 we measured with ELISA in these ulcerations, encourages the further 
investigation of the use of fresolimumab in inflammatory diseases like pulmonary 
fibrosis.
In summary, 89Zr-fresolimumab µPET was shown to be preclinically feasible for 
imaging and quantification of fresolimumab tumor uptake and organ distribution. 89Zr-
fresolimumab PET is ready for clinical evaluation and might contribute to the clinical 
development of fresolimumab. We will use this technique to quantify the tumor uptake 
of fresolimumab in patients with high grade gliomas.
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Abstract 
In solid tumors, angiogenesis occurs in the setting of a defective vasculature and 
impaired lymphatic drainage that is associated with increased vascular permeability and 
enhanced tumor permeability. These universal aspects of the tumor microenvironment 
can have a marked influence on intratumoral drug delivery that may often be 
underappreciated. In this study, we investigated the effect of blood vessel normalization 
in tumors by the antiangiogenic drug bevacizumab on antibody uptake by tumors. In 
mouse xenograft models of human ovarian and esophageal cancer (SKOV-3 and OE19), 
we evaluated antibody uptake in tumors by positron emission tomographic imaging 24 
and 144 hours after injection of 89Zr-trastuzumab (SKOV-3 and OE19), 89Zr-bevacizumab 
(SKOV-3), or 89Zr-IgG (SKOV-3) before or after treatment with bevacizumab. Intratumor 
distribution was assessed by fluorescence microscopy along with mean vessel density 
(MVD) and vessel normalization. Notably, bevacizumab treatment decreased tumor 
uptake and intratumoral accumulation compared with baseline in the tumor models 
relative to controls. Bevacizumab treatment also reduced MVD in tumors and increased 
vessel pericyte coverage. These findings are clinically important, suggesting caution in 
designing combinatorial trials with therapeutic antibodies due to a possible reduction in 
tumoral accumulation that may be caused by bevacizumab cotreatment.
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Introduction
Angiogenesis, the formation of new blood vessels, is one of the hallmarks of cancer, and 
is therefore an anti-cancer drug target (1, 2). In solid tumors, extensive angiogenesis 
is accompanied by defective vascular architecture, leading to increased vascular 
permeability, hypoxia, low pH and high interstitial fluid pressure. Several preclinical and 
clinical studies indicate that anti-angiogenic drugs, including the anti-vascular endothelial 
growth factor-A (VEGF-A) antibody bevacizumab, lead to vessel normalization in addition 
to their antivascular effect. Major characteristics of vessel normalization include reduced 
number and size of immature vessels, increased vessel pericyte coverage, and reduced 
interstitial fluid pressure (3, 4). Normal (or normalized) blood vessels are lined with 
pericytes. This lining is absent in the abnormal, immature vessels created during tumor 
angiogenesis, which can cause increased leakiness (5).
In the process of vessel normalization, the architecture of the remaining vasculature is 
largely restored, leading to reduced vessel permeability and thereby improving tumor 
blood flow and tumor oxygenation (3-8). Bevacizumab is mainly given in combination 
with chemotherapy. One possible explanation for the beneficial effect of this 
combination therapy is subscribed to vessel normalization leading to increased tumor 
uptake of chemotherapy (7,9-13). However, in a recent clinical trial a single dose of 15 
mg/kg bevacizumab reduced the tumor uptake of a radiolabeled docetaxel tracer dose 
from as early as 5 hours until 4 days after injection in non-small cell lung cancer patients 
(14). This finding does not necessarily indicate loss of efficacy of the combination, as had 
been shown in two bevacizumab and docetaxel containing neoadjuvant breast cancer 
trials (15,16).
The effects of vessel normalization may be even more important for the intratumoral 
delivery of macromolecular drugs, such as antibodies (17, 18). These effects might have 
implications for combination therapies, when bevacizumab is combined with other 
monoclonal antibodies. Although there is no clear evidence yet for this phenomenon 
at the tumor level, two large clinical colon cancer trials have shown that combining 
bevacizumab with cetuximab or panitumumab was less effective than either antibody 
alone (19, 20). Also, two randomized studies in patients with human epidermal growth 
factor receptor 2 (HER2) positive metastatic breast cancer showed disappointing impact 
of adding bevacizumab to trastuzumab (21, 22). It is therefore of interest to clarify 
whether bevacizumab impairs tumor uptake of other antibodies. 
We have developed zirconium-89 (89Zr) labeled bevacizumab and 89Zr-trastuzumab 
as tracers for PET scanning to visualize and quantify bevacizumab and trastuzumab 
biodistribution for both preclinical and clinical purposes (23-25). These tracers can 
provide insight in how bevacizumab affects uptake of other antibodies.
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We evaluated the effect of bevacizumab treatment on the tumor uptake of 89Zr-
trastuzumab, 89Zr-bevacizumab and 89Zr-Immunoglobulin G (IgG). In addition we tracked 
the localization of IgG in the tumors with ex vivo fluorescent labeling and related 
the findings to effects of bevacizumab treatment on tumor vessel density and vessel 
normalization.

Materials and methods
Antibody labeling 
Trastuzumab (Roche), bevacizumab (Roche) and human IgG (Sanquin) were conjugated 
and labeled with 89Zr as described previously (23, 25). IgG served as control, because it 
is biochemically comparable to trastuzumab and bevacizumab, but has no affinity for a 
specific antigen. In short, purified trastuzumab, bevacizumab and IgG were conjugated 
with the chelator tetrafluorphenol-N-succinyldesferal (TFP-N-sucDf) (kindly provided 
by Dr G.A. van Dongen, VUMC). Radiolabeling of all conjugates (N-sucDf-trastuzumab, 
-bevacizumab and -IgG) was performed with clinical grade 89Zr-oxalate (IBA). All 89Zr-
tracers had a purity of >95% before administration to the animals.
IgG was also labeled with IRDye 800CW (LI-COR Biosciences) as described previously 
(26). Purified IgG was labeled with IRDye 800CW and the solution was purified with a 
PD-10 desalting column (GE Healthcare). Labeling efficiency and purity of IgG-800CW as 
determined by SE-HPLC were respectively 85-90% and >95%.

Animals and tumor inoculation
The human ovarian cancer SKOV-3 cell line was selected for xenograft experiments 
because of its high expression of VEGF and HER2 (25, 27). In addition, the HER2 
overexpressing esophageal adenocarcinoma cell line OE19 (28) was used for xenograft 
experiments. Both tumor models had comparable tumor growth kinetics in vivo, which 
allowed the evaluation of both before- and during-treatment scans at a comparable tumor 
size. SKOV-3 was obtained from American Type Culture Collection (ATCC) and OE19 from 
Sigma Aldrich. Both cell lines were authenticated by STR profiling (Baseclear). ATCC HTB-
77 was used as the reference profile for SKOV-3. The evaluation value (EV) obtained for 
SKOV-3 was 1 and for OE19 was 1.06. SKOV-3 cells were cultured in Dulbecco’s modified 
Eagle medium (Invitrogen) and OE19 cells in Roswell Park Memorial Institute medium 
(Invitrogen), both with 4.5 g/mL glucose and supplemented with 10% fetal calf serum 
(FCS) at 37 °C in a humidified atmosphere containing 5% CO2. For tumor inoculation the 
cells were harvested by trypsinization and resuspended in culture medium supplemented 
with FCS. In vivo imaging and ex vivo biodistribution experiments were conducted in 
male nude mice (HSD; Athymic nude-nu, average weight 30 g) obtained from Harlan. 
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In order to avoid a pharmacological effect of the 89Zr-bevacizumab tracer, in the 89Zr-
bevacizumab group, a lower bevacizumab tracer dosage was essential to evaluate pre- 
and post-treatment tumor uptake. To enable imaging of low tracer dosages male nude 
mice (BALB/cOlaHDS-foxnnu, average weight 20 g) from Harlan were used in the 89Zr-
bevacizumab group because of slower clearance of human IgG in these animals (29). At 
6-8 weeks of age, mice were subcutaneously injected with 1x106 SKOV-3 cells or 3x105 
OE19 cells in 0.3 mL Matrigel (BD Biosciences) and culture medium (1:1). Tumor growth 
was assessed by caliper measurements. When tumors measured 6-8 mm in diameter, 
~2-3 weeks after inoculation, in vivo studies were started. All animal experiments were 
performed with isoflurane inhalation anesthesia (induction 3%, maintenance 1.5%). The 
animal experiments were approved by the Institutional Animal Care and Use Committee 
of the University of Groningen.

PET scan imaging and bevacizumab treatment
Clear tumor uptake of 89Zr-trastuzumab and 89Zr-bevacizumab is known to occur 24 hours 
post tracer injection with an optimal time point 144 hours after tracer injection (23, 
25). Therefore, PET imaging was performed 24 or 144 hours after tracer injection. In 
the SKOV-3 model, on day 0 of the study schedule animals received the first tracer gift 
of 89Zr-trastuzumab (100 µg, ± 5 MBq), 89Zr-bevacizumab (10 µg, ± 5 MBq) or 89Zr-IgG 
(100 µg, ± 5 MBq). In the OE19 model, animals received 89Zr-trastuzumab (100 µg, ± 5 
MBq) on day 0 of the study schedule. The tracers were injected intravenously (iv) in the 
penile vein. PET imaging was performed on day 1 and day 6 (respectively 24 and 144 
hours post first tracer injection). From day 7 until 12 we allowed the tracer to decay and 
the antibody to remove form the tumor. On days 13, 16 and 19 the animals received a 
5 mg/kg non-labeled treatment dose bevacizumab according to earlier studies or 0.9% 
NaCl as placebo (30). The second tracer injection was administered on day 14 and PET 
imaging was performed on day 15 and day 20 (respectively 24 and 144 hours post second 
radioactive tracer injection). Animals were sacrificed after the last scan on day 20. For 
the second tracer injection, both IgG groups received a co-injection of 89Zr-(5 MBq) and 
IRDye 800CW-labeled IgG to study the intratumor distribution of IgG with fluorescence 
microscopy. The total protein dose was the same as in the first tracer injection, with half 
of the dose labeled fluorescently. In total five groups were scanned with different tracers 
and interventions: 1) 89Zr-trastuzumab (n = 7), 2) 89Zr-bevacizumab (n = 6), 3) 89Zr-IgG (n 
= 6) all treated with bevacizumab, 4) 89Zr-IgG (n = 6) treated with placebo all in the SKOV-
3 model and 5) 89Zr-trastuzumab (n = 6) in the OE19 model treated with bevacizumab. 
During each scan sequence static images of 15 minutes (24 hours post injection) and 
45 minutes (144 hours post injection) acquisition time were obtained with a microPET 
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Focus 220 rodent scanner (CTI Siemens) followed by an 8-minute transmission scan. 
In vivo quantification was performed after image reconstruction with AMIDE Medical 
Image Data Examiner software (version 0.9.1). The data are presented as the mean 
standardized uptake value (SUVmean) and percentage injected dose per gram tissue 
(%ID/g).

Ex vivo biodistribution and tumor tissue analysis 
After the last PET scan on day 20, animals were sacrificed and organs were excised 
and weighted for biodistribution. Organs and primed standards were then counted for 
radioactivity in a calibrated well-type LKB-1282-Compu-gamma system (LKB Wallac) and 
corrected for physical decay. Hematoxylin and eosin (H&E) staining was performed to 
assess tumor viability for SKOV-3 and OE19. For immunohistochemistry and fluorescence 
imaging harvested tumors were formalin-fixed and paraffin-embedded. For SKOV-3 
Slides (5 µm) were stained with antibodies against Ki67 (1:350, Dako) and von Willebrand 
Factor (vWF 1:250, Dako) to calculate the proliferation index and the mean vessel density 
(MVD) respectively. The proliferation index was calculated as the percentage of Ki67 
positive nuclei in three fields at 400x magnification using a calibrated grid. The MVD 
was analyzed as described earlier (23). Angiogenic hot spot areas were determined in 
three predefined hot spot areas by counting the number of positive vessels at a 200x 
magnification using a calibrated grid. Images were acquired by the NanoZoomer 2.0-HT 
slide scanner (Hamamatsu). Tissue viability was expressed as the total percentage of 
necrosis in the tumor within fixed size squares overlaying the tumor sections. Analysis was 
performed using NanoZoomer Digital Pathology (NDP) viewer software (Hamamatsu). To 
visualize endothelial cells a fluorescent double staining with an antibody against Meca32 
(1:40, BD Biosciences) was performed, while to visualize pericytes an antibody against 
α smooth muscle actin was used (SMA 1:100, Sigma). Nuclei were stained with Hoechst 
33528 (1:5000, Molecular Probes, Invitrogen). Tumor sections were analyzed using a 
Leica DM6000 microscope and images shown were captured with a Leica DFC360FX 
camera and processed with LAS-AF2 software (Leica). In three predefined angiogenic 
hot spot areas, the degree of pericyte coverage was examined at a 200x magnification, 
and scored for no coverage, partial coverage, or full coverage. 
Fluorescence microscopy analysis of IgG-800CW together with Hoechst staining was 
determined in tumor sections as described before (26) and overview images were 
obtained with the Odyssey infrared imaging system (LI-COR Biosciences). Image analysis 
was performed using FV10-ASW (version 1.6).
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Fig. 1
SKOV-3 representative transversal and coronal microPET images of 89Zr-trastuzumab, 89Zr-bevacizumab and 89Zr-
IgG tumor uptake at (A) 24 hours (day 1 versus 15) and (B) at 144 hours (Day 6 versus 20) after tracer injection. 
Bevacizumab (5 mg/kg) or placebo treatment was given on day 13, 16 and 19. In the graphs, quantification 
of 89Zr-trastuzumab, 89Zr-bevacizumab and 89Zr-IgG tumor uptake is shown for every individual animal (black) 
and the mean tumor uptake (dashed red line) expressed in SUVmean ± SD. When the difference in tumor uptake 
before and after bevacizumab treatment was significant, the decrease (%) is given with corresponding P value.
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Fig. 2
OE19 representative transversal and coronal microPET images of 89Zr-trastuzumab tumor uptake at (A) 24 
hours (day 1 versus 15) and (B) 144 hours (day 6 versus day 20) after tracer injection. Bevacizumab (5 mg/kg) 
was given on day 13, 16 and 19. In the graphs, quantification of 89Zr-trastuzumab tumor uptake is shown for 
every individual animal (black) and the mean tumor uptake (dashed red line) expressed in SUVmean ± SD. When 
the difference in tumor uptake before and after bevacizumab treatment was significant, the decrease (%) is 
given with corresponding P value.

Statistical Analysis
Data are presented as mean ± standard deviation (SD). PET data were analyzed with 
the paired Student’s t-test. Ex vivo analysis was executed with the unpaired t-test. All 
statistical analyses were performed with Prism 5 (GraphPad). A P value of 0.05 or less 
(two-tailed) was considered significant.

Results
Bevacizumab treatment decreases tumor uptake of 89Zr-trastuzumab, 89Zr-bevacizumab 
and 89Zr-IgG
PET images obtained at 24 and 144 hours after tracer injection visibly showed a lower 
tumor uptake of 89Zr-trastuzumab, 89Zr-bevacizumab and 89Zr-IgG during bevacizumab 
treatment. Already on the 24 hours PET images after tracer injection (day 1 versus day 
15), SUVmean 

 tumor uptake values decreased from 3.5 ± 0.8 to 2.2 ± 1.0 (-38 ± 20 %, 
P = 0.004), 1.5 ± 0.1 to 1.3 ± 0.3 (-16 ± 16 %, NS ) and 1.5 ± 0.3 to 1.0 ± 0.2 (-27 ± 
21 %, P = 0.04) for respectively 89Zr-trastuzumab, 89Zr-bevacizumab, and 89Zr-IgG (Fig. 
1A). This effect was even more pronounced at 144 hours (day 6 versus day 20), with a 
reduction in 89Zr-trastuzumab tumor uptake from a SUVmean of 5.2 ± 1.2 before to 3.0 ± 
1.0 after bevacizumab treatment (-41 ± 5%, P < 0.0001) and a similar reduction in 89Zr-
bevacizumab tumor uptake with an SUVmean of 2.8 ± 0.3 to 1.6 ± 0.2 after bevacizumab 
treatment (-43 ± 4%, P < 0.0001) (Fig. 1B).
Tumor uptake of 89Zr-IgG was also lowered, although to a lesser extent. SUVmean decreased 
from 1.7 ± 0.2 before to 1.2 ± 0.1 after bevacizumab treatment (-28 ± 6%, P = 0.0004). 
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Fig. 3
(A) Day 20 ex vivo biodistribution data of the target specific tracers 89Zr-trastuzumab, 89Zr-bevacizumab and 
the aspecific tracer 89Zr-IgG in mice bearing SKOV-3 treated with bevacizumab (5 mg/kg) or placebo on day 13, 
16 and 19. The %ID/g ± SD is shown for non-tumor tissue and tumor for 89Zr-trastuzumab, 89Zr-bevacizumab 
and both 89Zr-IgG groups. (B) Day 20 ex vivo biodistribution (%ID/g ± SD) and in vivo PET (SUVmean ± SD) data of 
tumor uptake for the 89Zr-IgG groups, treated with bevacizumab or placebo in the SKOV-3 model. Tumor uptake 
was lower in the 89Zr-IgG group treated with bevacizumab, compared to the placebo treated 89Zr-IgG group for 
biodistribution and PET data. (C) The day 20 ex vivo biodistribution tumor uptake (%ID/g) in the SKOV-3 model 
nicely correlated with the day 20 in vivo PET tumor uptake (%ID/g), R2 = 0.81 for SKOV-3. 
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Placebo treatment did not affect 89Zr-IgG uptake in the tumor with SUVmean tumor uptake 
of 1.6 ± 0.3 before and 1.6 ± 0.1 after placebo at 24 hours and 1.8 ± 0.4 before and 1.8 ± 
0.2 after placebo at 144 hours PET images (Fig. 1). 
In the OE19 model, bevacizumab treatment also decreased the tumor uptake of 89Zr-
trastuzumab. Already on the 24 hours PET images (day 1 versus day 15), the SUVmean 

 

tumor uptake values decreased from 2.7 ± 0.7 to 1.8 ± 0.7 (-34 ± 15 %, P = 0.004). At 144 
hours (day 6 versus day 20), the SUVmean tumor uptake decreased even more from 3.9 ± 
1.2 to 2.5 ± 1.4 (-39 ± 16 %, (P = 0.003) (Fig. 2).
Ex vivo biodistribution of the tracer in non-tumor tissues and the tumor, for all four 
groups in the SKOV-3 model, are shown in Fig. 3A. Ex vivo biodistribution for both 
89Zr-trastuzumab and 89Zr-bevacizumab were comparable to earlier described data, 
with high uptake of the tracer in the tumor, moderate uptake in the blood pool and 
highly vascularized organs and low uptake in the remaining organs. (23, 31). The ex vivo 
biodistribution data of 89Zr-trastuzumab in the OE19 model was similar to the pattern in 
the SKOV-3 model (Supplemental Fig. 1A) For 89Zr-IgG, tumor uptake was lower when the 
animals had received bevacizumab compared to the placebo treated 89Zr-IgG group for 
both the ex vivo biodistribution tumor uptake (P = 0.02) and the in vivo PET tumor uptake 
(P = 0.0001) (Fig. 3B). Tumor uptake of the in vivo PET data nicely correlated with ex vivo 
tumor uptake as measured during biodistribution analysis for both the SKOV-3 (R2 = 0.81, 
Fig. 3C) and the OE19 model (R2 = 0.71) (Supplemental Fig. 1B).
Tumor growth and tumor size were comparable between all groups throughout the 
experiment, with no significant differences. For the SKOV-3 model, the average tumor 
size of all four tracer groups was 288 ± 66 mm3 on day 1 and 494 ± 123 mm3 on day 15. 
On day 6 this was 327 ± 74 mm3 and 543 ± 86 mm3 on day 20. For the OE19 model, on 
day 1 the average tumor size was 238 ± 71 mm3 and 334 ± 117 mm3 on day 15. On day 6 
this was 298 ± 114 mm3 and 404 ± 158 mm3 on day 20.

Bevacizumab treatment normalizes the tumor vasculature and reduces uptake of 
fluorescent labeled IgG
Bevacizumab treatment reduced the tumor vessel density. In the placebo treated group 
the MVD was 9.0 ± 1.3 vessels/high power field, while the MVD in bevacizumab treated 
tumors was 5.8 ± 1.2 (P < 0.0003), 5.9 ± 1.1 (P = 0.0001) and 5.4 ± 0.8 (P < 0.0001) 
for the 89Zr-trastuzumab, 89Zr-bevacizumab and 89Zr-IgG group respectively (Fig. 4A, C). 
Bevacizumab treatment also induced vessel normalization. In placebo treated tumors 
68 ± 21% of the tumor vessels had no pericyte coverage and only 7 ± 11% of the vessels 
were fully covered with pericytes. After bevacizumab treatment pericyte coverage was 
absent in only 10 ± 14% of the tumor vessels (P < 0.0001), whereas 75 ± 21% of the 
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Fig. 4
(A) SKOV-3 day 20 representative images of depleted tumor vasculature in bevacizumab-treated tumors 
compared to placebo at 100x magnification. Insets depict overview images of the whole tumor. (B) SKOV-3 
day 20 representative fluorescent images of IgG-800CW distribution throughout the tumor, illustrating less 
accumulation of IgG-800CW in bevacizumab-treated tumors compared to placebo (red: IgG-800CW, blue: 
Hoechst nuclei staining). Insets depict HE and fluorescent overview images of the whole tumor, showing 
increased uptake of IgG-800CW in areas of viable tumor tissue and necrosis. (C) SKOV-3 day 20 MVD depicted 
as vessels per high power field ± SD for 89Zr-trastuzumab, 89Zr-bevacizumab and both 89Zr-IgG groups. 
Bevacizumab treatment (5 mg/kg on day 13, 16 and 19) decreased the MVD in all treatment groups, compared 
to placebo.
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A

Fig. 5
(A) SKOV-3 day 20, representative examples of tumor tissue, showing tumor vasculature with and without 
pericyte coverage. From left to right: Meca32 staining, for the detection of endothelial cells and visualization of 
the tumor vasculature; αSMA staining for the detection of pericytes; and an overlay of Hoechst nuclei staining 
with Meca32 and αSMa. Bevacizumab-treated tumors showed tumor vasculature with substantial pericyte 
coverage compared to placebo. (B) SKOV-3 bevacizumab-treated tumors (5 mg/kg on day 3, 16 and 19) have 
more vessel pericyte coverage, compared to placebo treated tumors on day 20. Vessel pericyte coverage is 
defined as no, partial of fully covered expressed in vessels per high power field ± SD. Bevacizumab treatment 
induces a shift from tumor vessels with hardly any pericyte coverage to vessels mainly fully covered with 
pericytes.
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vessels were fully covered (P < 0.0001) (Fig. 5). Ex vivo, we observed that IgG-800CW 
was mainly present in the extracellular matrix, and bevacizumab treatment reduced 
the accumulation of IgG-800CW relative to the placebo (Fig. 4B). This matches the PET 
results. Bevacizumab treatment did not affect tumor morphology and viability in both 
the SKOV-3 and OE19 model. In addition, bevacizumab did not affect the proliferation 
index in the SKOV-3 model.

Discussion
This study shows that bevacizumab treatment substantially reduces the tumor uptake of 
the antibodies trastuzumab, bevacizumab and of IgG. In addition, we show an induction 
of vessel normalization and decrease in MVD in these tumors by bevacizumab treatment. 
Since bevacizumab also lowered the uptake of IgG in the tumor, the results for the 
antibodies cannot solely be explained by a therapeutic effect or tumor saturation by 
bevacizumab itself. Therefore, these results demonstrate that bevacizumab treatment 
can impair penetration of large molecules such as antibodies into the tumor, resulting in 
a reduced tumor uptake of these antibodies. 
In several preclinical settings such as murine mammary carcinoma, human small cell 
lung carcinoma, human glioblastoma multiforme, and human colon adenocarcinoma, 
blocking VEGF signaling not only led to a depletion of the vasculature, but also created 
a morphologically and functionally normalized vascular network of the remaining 
vessels (3, 4, 8, 32, and 33). There are also additional preclinical data supporting the 
effect of vessel normalization on drug uptake by tumors. In an orthotopic mammary 
model the effect of vessel normalization by antiangiogenic treatment was shown for 
uptake of nanomedicines ranging from 12 to 125 nm in size. The mice received 5 mg/
kg of the mouse anti-VEGF antibody DC101 every 3 days. Intravital imaging showed that 
DC101 treatment led to vessel normalization in the tumor and thereby influenced the 
penetration of nanomedicines in the tumor. Small 12-nm particles took advantage of the 
induced vessel normalization, leading to better penetration of these particles into the 
tumor. Conversely, tumor uptake of 125-nm particles was reduced (34). We observed a 
reduction in tumor antibody uptake within 24 hours of tracer injection. This reduction 
was even more pronounced after 6 days, which coincided with a normalized tumor 
vasculature illustrated by increased pericyte coverage of the remaining vessels in the 
tumor. 
Another recent study described the effect of a single administration of the species 
cross-reactive anti-VEGF-A antibody B20-4.1 24 hours prior to tracer injection on the 
biodistribution and pharmacokinetics of trastuzumab (35). Tumor bearing mice received 
trastuzumab labeled with the SPECT tracers Indium-111 (111In) or Iodine-125 (125I) and 
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were treated with or without B20-4.1. Biodistribution data showed a 25-30% decrease 
for both 111In- and 125I-trastuzumab tumor uptake for up to 7 days. SPECT-CT images made 
2 days after anti-VEGF therapy also showed a decrease of 111In-trastuzumab uptake in 
the tumor. The advantage of PET scanning which we used, over SPECT scanning is that it 
is easier to quantify uptake. We observed a 41% decrease in vivo of the PET tracer 89Zr-
trastuzumab tumor uptake after bevacizumab treatment. This decrease already occurred 
within one day after tracer injection and the start of bevacizumab treatment. Moreover 
we observed a decrease in uptake of 89Zr-bevacizumab and 89Zr-IgG after bevacizumab 
treatment.
We observed no effect on tumor size of bevacizumab treatment and 89Zr-trastuzumab 
compared to placebo and 89Zr-IgG, in the SKOV-3 model. This might be due to the fact 
that we treated the animals over a relatively short period of time (one week) with 
bevacizumab (5 mg/kg) and one single gift of trastuzumab (100 µg, corresponding with a 
dose of 4 mg/kg). However, there are only very limited preclinical data on the biological 
effect of combining bevacizumab with trastuzumab (36, 37). This will likely be due to 
the fact that testing antitumor efficacy of humanized antibodies in an animal model has 
its limitation since trastuzumab has inherent immunomodulatory activity (38-41). More 
importantly findings in the clinic show that bevacizumab treatment does not contribute 
favorably to the effect of trastuzumab and support the idea that vessel normalization by 
bevacizumab has the same effects in patients. In HER2 positive metastatic breast cancer 
patients, the combination of bevacizumab and trastuzumab showed only a minimal to no 
improvement in progression-free survival (21, 22). Combination studies of bevacizumab 
plus another antibody have shown a detrimental or only modestly beneficial effect. In 
colorectal cancer, bevacizumab and the epidermal growth factor receptor 1 (EGFR1) 
antibody cetuximab are both active drugs when combined with chemotherapy. In 
addition cetuximab has some activity as monotherapy (42, 43). But the combination of 
chemotherapy, bevacizumab and cetuximab even negatively affected the progression-
free survival of colorectal cancer patients compared to chemotherapy and bevacizumab 
alone in the CAIRO 2 trial (19). A possible explanation of this reduced therapeutic efficacy 
was considered to be the fact that tumor-promoting M2 macrophages are activated by 
cetuximab in the local tumor microenvironment. This would lead to increased local VEGF 
production (44) resulting in insufficient depletion by bevacizumab. In addition, based 
on the present study, one could argue that the cetuximab levels in the tumors of these 
patients were likely lower because of the simultaneous treatment with bevacizumab. 
Analogously, in the PACCE trial, the addition of the EGFR1 antibody panitumumab to 
bevacizumab and chemotherapy in colorectal cancer patients also led to a decrease in 
progression-free survival (20). That vessel normalization by bevacizumab affects antibody 
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uptake in the clinic is supported by a preliminary report in which we showed a 47% lower 
tumor uptake of 89Zr-bevacizumab after bevacizumab treatment in 11 renal cell cancer 
patients (45). Overall these clinical data are in line with a considerable biological effect 
of reduced antibody uptake after bevacizumab treatment.
PET scanning with 89Zr-labeled antibodies can be used in future clinical studies as a 
supportive tool for more rationally designed treatment regimens containing bevacizumab 
combined with other antibodies. This can give additional insight whether choosing a 
treatment schedule affects tumor antibody distribution in patients and in this way PET 
imaging may contribute to improved and rational use of bevacizumab.
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Supplemental Figure 1
(A) Day 20 ex vivo biodistribution data of 89Zr-trastuzumab, in mice bearing OE19 treated with bevacizumab (5 
mg/kg) on day 13, 16 and 19. The %ID/g ± SD is shown for non-tumor tissue and tumor for 89Zr-trastuzumab. 
(B) The day 20 ex vivo biodistribution tumor uptake (%ID/g) in the OE19 model correlated with the day 20 in 
vivo PET tumor uptake (%ID/g), R2 = 0.71 for OE19. 
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We would like to reply to the letter by Huang et al. on the impact of vascular changes 
induced by antiangiogenic therapy on tumor uptake of other drugs in relation to 
our findings of reduced antibody uptake after bevacizumab treatment (1). Their 
comments focus on the bevacizumab dose used and whether vessel normalization was 
demonstrated. 
They consider the bevacizumab dose we used high and suggest that this resulted 
in “inadequate” rather than “normalized” tumor vessels. The concept of too high 
bevacizumab dosing is interesting and might have a major impact if translated to the 
clinic. Jain’s group reported on findings in a preclinical study with 10, 20 and 40 mg/kg 
of the mouse anti-VEGFR2-antibody DC101 where the highest dose resulted neither in 
vessel normalization nor improved efficacy of immunotherapy (2). It is unclear whether 
these findings with anti-VEGFR2-antibody can be translated directly to our results with 
bevacizumab, which binds VEGF-A, affecting both VEGR1 and VEGFR2 signaling. 
In our mouse model, one modest dose of 5 mg/kg bevacizumab reduced the tumor uptake 
of radiolabeled trastuzumab and aspecific control IgG by 38% and 27% respectively after 
only 2 days. On day 6, after three 5 mg/kg bevacizumab doses, this decrease was even 
more pronounced for radiolabeled trastuzumab, -bevacizumab and -IgG (1). Moreover, 
these decreases are all within the described vascular normalization time window (3). We 
found increased pericyte coverage after bevacizumab treatment, indicating structural 
vessel normalization. This may not prove functional vessel normalization. However, 
tumor histology showed no difference in already low percentages of necrosis, tumor 
viability or proliferation index between animals receiving bevacizumab or placebo. This 
is not in line with inadequate vasculature caused by high-dose antiangiogenic therapy 
(3). 
Our findings of reduced uptake of antibodies after antiangiogenic therapy are supported 
by two preclinical studies. One 10 mg/kg dose of the cross-reactive anti-VEGF-antibody 
B20-4.1 decreased tumor trastuzumab uptake by 50% after 2 days (4) and 10 mg/kg 
bevacizumab decreased tumor cetuximab uptake by 40% after 4 days (5). Importantly, 
our findings are also supported in the clinical setting as a study in renal cell carcinoma 
patients showed 47% decrease of 89Zr-bevacizumab tumor uptake after 10 mg/kg 
bevacizumab (6). Furthermore, large phase 3 trials showed only modest effects of 
bevacizumab combined with trastuzumab in HER2 positive breast cancer, and negative 
effects when combined with cetuximab or panitumumab in colorectal cancer. 
Combining bevacizumab with chemotherapy, in a dosage that is high according to Huang 
et al, showed also disappointing results as it did not improve overall survival in breast 
and ovarian cancer. Nonetheless, chemotherapy with a relatively low-dose of 5 mg/
kg bevacizumab in metastatic colorectal and a high-dose of 15 mg/kg in non-small cell 
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lung cancer (NSCLC) every 2 weeks improved overall survival (7, 8). Jain (3) suggested 
that the reduced tumor uptake of radiolabeled docetaxel in NSCLC patients may be the 
consequence of a too high bevacizumab dose of 15 mg/kg (9). However, also 24 hours 
after 7.5 mg/kg bevacizumab, radiolabeled 5-fluorouracil uptake decreased 20% in liver 
metastases of colorectal cancer patients (10).
This illustrates that many aspects of the interplay between vessel normalization, anti-
angiogenic therapy dosing and combination with other anticancer drugs still need to 
be clarified. Like Huang et al., we are interested in using imaging for this purpose. Small 
exploratory studies could visualize effects of antiangiogenic drugs on distribution of 
other labeled drugs, provide serial information on whole body drug distribution and 
guide rational trial design for large combinatorial studies. The ultimate goal is optimal 
drug delivery to individual tumors.
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Abstract 
Vascular endothelial growth factor (VEGF) pathway targeting agents have been combined 
with other anticancer drugs, improving efficacy in a few cancer types. Vessel normalization 
induced by VEGF pathway targeting agents influences tumor drug uptake. Preclinical and 
clinical studies have shown a decrease in tumor delivery of radiolabeled antibodies and 
two chemotherapeutic drugs, following bevacizumab treatment. The decrease in vessel 
pore size during vessel normalization might explain the decrease in tumor drug uptake. 
Moreover the addition of bevacizumab to cetuximab or panitumumab in colorectal 
cancer patients or to trastuzumab in breast cancer patients, did not improve efficacy. 
However, combining bevacizumab with chemotherapy did increase efficacy in a few solid 
tumor types. Novel biomarkers to select patients who may benefit from combination 
therapies, such as the effect of an angiogenesis inhibitor on tumor perfusion, requires 
innovative trial designs and large clinical trials. Small imaging studies with radiolabeled 
drugs could be used in the interphase to gain further insight in the interplay between 
VEGF targeted therapy, vessel normalization and tumor drug delivery.
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Introduction
Angiogenesis, the formation of new blood vessels, is one of the hallmarks of cancer 
enabling tumor growth (1). Vascular endothelial growth factor A (VEGF-A) is one of the 
key players in the process of tumor angiogenesis, and the VEGF pathway has therefore 
been an important focus for anti-cancer drug development (2).
During antiangiogenic treatment the formation of new blood vessels is blocked. Initial 
high hopes of VEGF pathway targeting agents as panacea for treatment of solid tumors, 
have now been replaced by a more realistic definition of their role. Single agent activity 
has been shown in renal cell carcinoma, hepatocellular carcinoma, glioblastoma, 
pancreatic neuroendocrine tumors and ovarian cancers. VEGF pathway targeting drugs 
have been added to other anticancer drugs to obtain improved efficacy. However, this 
approach has only been successful in a few cancer types (3). Insight in the mechanisms 
involved may support rational combinations.
Preclinical and clinical studies indicate that anti-VEGF therapy induces changes in the 
function and architecture of existing blood vessels, described as vessel normalization.4 
Major characteristics of vessel normalization are reduced number and size of immature 
vessels, increased vessel pericyte coverage and reduced interstitial fluid pressure (4,5).
The changes in the tumor induced by VEGF pathway directed drugs could also have an 
effect on tumor uptake of other drugs. It would be of great benefit when preclinical data 
could predict behavior of combination therapy in the clinic. At present, the translation of 
preclinical antiangiogenesis data to the clinic remains particularly challenging. Therefore 
this review focuses on the interplay between VEGF pathway targeting agents, vessel 
normalization and tumor drug delivery in the preclinical and clinical setting.

Search strategies
Sources used to identify information for this paper are PubMed, ClinicalTrials.gov, NCBI, 
conference reports and references from relevant articles. The following search terms 
were used: “anti-angiogenic drugs”, “bevacizumab”, “VEGFR tyrosine kinase inhibitors”, 
“VEGFR2 antibody”, “ramucirumab”, “blood vessel normalization”, ”tumor drug delivery/
uptake”. Articles published in English between 2000 and 2014 were included.

Vessel normalization and VEGF targeted agents
The vascular organization and structure in tumors differ from normal tissue. The tumor 
vasculature is more tortuous and chaotic, with inadequate pericyte coverage, increased 
breaches between endothelial cells and alternating thick and thin basement membranes. 
This leads to increased vessel permeability and high interstitial fluid pressure (IFP) 
causing hypoxia (4,5). Preclinical studies have shown that anti-VEGF therapy can initiate 
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the process of vessel normalization. Vessel normalization has been measured in the 
preclinical and clinical setting by a decrease in vessel diameter, blood volume, mean 
vessel density (MVD), macromolecular permeability, IFP and edema. Vessel normalization 
also leads to an increase in partial oxygen pressure and perivascular cell coverage in the 
tumor (4). In this review, vessel normalization is considered pruning and remodeling of 
abnormal tumor vessels, leading to vessels resembling the normal tissue vasculature in 
terms of structure and function (4,5). 
To translate preclinical insights about vessel normalization to the clinic has been 
challenging. A reason for this remains the difference between experiments in tumor 
bearing mice and studies in patients. In general, murine models with subcutaneous, 
fast growing human tumors are being used (6). In patients, primary tumor lesions can 
be located anywhere in the body and are mainly slowly growing tumors, with doubling 
times of months to years compared to weeks in murine models. Even with metastatic 
disease, clinical progression is in general much slower than in the mouse model. In 
addition, xenograft models often comprise a single subcutaneously implanted human 
tumor lesion with murine vasculature. These tumors are treated for weeks, at most. In 
patients, of course both the tumor and vasculature are of human origin and long term 
treatment is required for optimal antitumor effect. In addition, the normal vasculature 
in patients will be aged, as for most cancers incidence rates increase with age (7). To 
improve translation from preclinical studies to the clinical setting, preclinical studies 
should ideally be representative for the stage of disease treated in the clinic, consist 
of tumor cells with a compatible immunocompetent microenvironment and examine 
combination therapies at appropriate dosages analogous to the clinic.
At the moment there are several agents targeting the VEGF pathway. Registered drugs 
targeting the VEGF pathway include small molecule tyrosine kinase inhibitors (TKI) 
targeting the VEGF receptors (VEGFR), and antibodies targeting VEGF and VEGFR2.

VEGFR TKIs
A recent meta-analysis evaluated the efficacy and safety of combining VEGFR TKIs with 
chemotherapy in solid tumor cancer patients.8 Data of 24 randomized controlled trials 
with a total of 8,961 patients was included, with 879 patients participating in axitinib 
trials, 3,761 in sorafenib trials, 1,970 in sunitinib trials and 2,351 in vandetanib trials. The 
addition of VEGFR TKIs to chemotherapy increased side effects. There was an increase in 
any adverse events (relative risk 1.34, 95% confidence interval (CI) 1.20 - 1.50, P < 0.001) 
and fatal adverse events (relative risk 1.49, 95% Cl 1.16 - 1.90, P = 0.002) (8).
Results from numerous phase 3 trials combining VEGFR TKIs with chemotherapy showed 
only marginal to no increased antitumor efficacy (6). In metastatic colorectal cancer, both 
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vatalanib in first- and second-line and sunitinib in first-line did not increase progression 
free survival (PFS) or overall survival (OS) when combined with chemotherapy (9-
11). In the randomized phase 3 HORIZON II trial, the combination of cediranib with 
chemotherapy led to a clinically irrelevant increase of 0.3 months in PFS (HR 0.84, P 
= 0.012), and had no effect on OS as first-line therapy in metastatic colorectal cancer 
patients (12). In addition, in metastatic breast cancer, sunitinib had no effect on PFS or 
OS when combined with chemotherapy as first- as well as second-line therapy (13,14). In 
non-small cell lung cancer (NSCLC), the addition of sorafenib to chemotherapy in the first-
line had no effect on OS (15,16). Combining vandetanib with chemotherapy as second 
line NSCLC therapy in the randomized phase 3 ZODIAC trial (n=1,391) led to an increase 
in PFS of 0.8 months (HR 0.79, P = 0.024) (17). The smaller randomized phase 3 ZEAL trial 
(n=534) trial did show a trend, but no significant increase in PFS when vandetanib was 
combined with chemotherapy in the second-line (18). 

In recurrent glioblastoma multiforme (GBM) patients, combining cediranib with 
chemotherapy in the randomized phase 3 REGAL trial (n=325) did not increase PFS and 
had no effect on OS (19). Of interest with regard to the vascular normalizing effects 
of cediranib, a small prospective study measured tumor blood perfusion changes with 
magnetic resonance imaging (MRI) during cediranib treatment in 30 recurrent GBM 
patients (20). Tumor perfusion increased in seven patients, decreased in 11 patients and 
remained stable in 12 patients. OS was prolonged to 348 days in patients with increased 
perfusion, compared to 169 or 213 days in patients with respectively stable or decreased 
perfusion (P = 0.019). In another prospective phase 2 trial, patients with newly diagnosed 
GBM were allocated to receive 30 mg/day cediranib with chemoradiation (n=40) or 
chemoradiation alone (n=14) (21). The addition of cediranib led to an increase in perfusion 
in 20 (50%) patients, decreased perfusion in 10 (25%) patients and stable perfusion in 10 
(25%) patients. These changes already occurred at day 1 and became stable from around 
day 8. However, also in one out of the 14 (7%) control patients, perfusion increased with 
chemoradiation alone. In the combination group, increased perfusion was associated 
with a median OS of 26.3 months compared to 17.0 months for patients without increased 
perfusion (P = 0.028). Based on MRI analyses, these two studies show that cediranib 
increased perfusion in a subgroup of GBM patients and that this increase correlated with 
increased survival. From these results it was suggested, that increased tumor perfusion 
by cediranib induced vessel normalization might lead to increased tumor drug uptake 
and improve outcome in these patients as a result (20,21). Perfusion was suggested to 
be a potential read-out for vessel normalization and a possible predictive biomarker 
for survival in these patients. To provide insight in the implications of patient selection 
based on perfusion, we designed a hypothetical trial using an enrichment design for 
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primary GBM patients if these patients were to be treated by cediranib and/or standard 
chemoradiotherapy (Fig. 1) (22,23). In such a design, the biomarker is evaluated in 
all randomized patients, but only patients who are defined as biomarker-positive, i.e. 
patients with increased tumor perfusion after 8 days on initial randomized treatment, 
are eligible for a second randomization (23). To identify the biomarker-positive cohort, 
initially all patients are randomized to chemoradiotherapy with or without cediranib. In 
a second phase, only patients with increased perfusion after 8 days on treatment are 
randomized to continue chemoradiotherapy either with or without cediranib. The OS 
would be compared between randomized arms, to evaluate whether the addition of 
cediranib provides benefit in patients who achieved increased perfusion, irrespective of 
the initial treatment that led to this increase. Patients with decreased or stable perfusion 
would be taken off study and complete standard chemoradiotherapy. The second study 
phase, requires 310 patients, to achieve 80% power at a two-sided α of 5%, assuming 
an OS improvement of 35% (HR = 0.65). This implicates that upfront 1,602 patients 
should have been entered for the first randomization, with 460 and 1142 patient initially 
randomized to treatment with or without cediranib (respectively corresponding to 230 
and 80 patients with increased perfusion at 8 days under initial treatment). This is a 
considerably high number of GBM patients taking into account that the landmark paper 
demonstrating the additive effect of chemotherapy to first line radiotherapy in GBM 
required 573 patients, accrued during 20 months in 85 centers in 20 countries (22).

Randomiza)on	  #	  1	  

Cediranib	  
+	  

Chemoradiotherapy	  

Day	  8:	  
Assess	  	  

perfusion	  

Off	  study	  

Chemoradiotherapy	  

Randomiza)on	  #	  2	  

Cediranib	  
+	  

Chemoradiotherapy	  
Chemoradiotherapy	  

↓	  or	  =	  
tumor	  perfusion	   ↑	  tumor	  perfusion	  

Fig. 1
Scheme illustrating the randomization process for a hypothetical trial to evaluate tumor perfusion upon 
cediranib and chemoradiotherapy, as a predictive early biomarker for cediranib effect on survival in GBM 
patients.
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Bevacizumab
So far, combination studies of another antibody with bevacizumab plus chemotherapy 
have shown a detrimental to only a modestly beneficial effect. For metastatic colorectal 
cancer, combining bevacizumab, the anti-EGFR antibody cetuximab and chemotherapy 
in the phase 3 CAIRO2 trial did not improve OS compared to bevacizumab with 
chemotherapy alone. In fact, the addition of cetuximab even decreased PFS by 1.2 
months (HR 1.22, P = 0.01) (24). In addition, patients receiving cetuximab, bevacizumab 
and chemotherapy experienced more cetuximab-related side-effects. Similar results 
were obtained in the phase 3 PACCE trial in metastatic colorectal cancer patients 
receiving bevacizumab and chemotherapy or bevacizumab, chemotherapy and the anti-
EGFR antibody panitumumab. In the panitumumab group PFS decreased by 1.4 months 
(HR 1.27) and no effect was observed on OS (25).
In the phase 3 AVEREL trial in metastatic HER2 positive breast cancer patients 
chemotherapy with trastuzumab or a combination of chemotherapy, trastuzumab and 
bevacizumab was administered (26). No significant impact of bevacizumab was observed 
on PFS (13.7 months without bevacizumab versus 16.5 months with bevacizumab; HR 
0.82, P = 0.07). Furthermore, another randomized phase 3 trial in metastatic HER2 positive 
breast cancer patients also showed that the addition of bevacizumab to trastuzumab 
and chemotherapy did not increase PFS (11.1 months without bevacizumab versus 12.2 
months with bevacizumab; HR 0.65, P = 0.10) (27).
It has been suggested, that vessel normalization induced by antiangiogenic drugs 
could improve tumor delivery of other drugs when combined. In three small rectal 
cancer studies, comprising 5, 6 and 32 patients, vessel normalization induced by 5-10 
mg/kg bevacizumab was investigated with biopsies, IFP measurements and functional 
computed tomography (CT) scans. At 12 days after bevacizumab administration, IFP 
had decreased and the fraction of vessels covered with pericytes had increased, while 
the permeability-surface area product remained stable. These findings indicate that 
bevacizumab did induce vessel normalization in these patients (28-30). However, this 
does not prove a direct relation of vessel normalization and improved tumor uptake 
of other drugs. Imaging with radiolabeled drugs potentially provides a tool to quantify 
tumor uptake of labeled drugs. This would allow direct evaluation of the effects of vessel 
normalization on tumor drug uptake. Both preclinical and clinical studies evaluated the 
effects of antiangiogenic therapy on tumor drug uptake (Table 1).
In the University Medical Center Groningen (UMCG), we have developed 89Zr-labeled 
bevacizumab and 89Zr-trastuzumab as tracers for positron emission tomographic (PET) 
scanning to visualize and quantify bevacizumab and trastuzumab biodistribution for 
both preclinical and clinical purposes (31-33). These tracers can provide insight in 
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how bevacizumab affects uptake of other antibodies. Despite the limitations of animal 
models, the human grade tracers do allow mirroring of the findings in the preclinical 
setting to the clinic. In mouse xenograft models of human ovarian and esophageal 
HER2 positive cancer (SKOV-3 and OE19), we evaluated tumor uptake of radiolabeled 
anti-HER2 antibody trastuzumab (SKOV-3 and OE19), IgG (SKOV-3) and bevacizumab 
(SKOV-3) before and after bevacizumab treatment with PET imaging (34). On day 6, after 
three doses of 5 mg/kg bevacizumab, tumor uptake decreased with 41% and 39% for 
trastuzumab in respectively SKOV-3 and OE19. For radiolabeled IgG and bevacizumab, 
tumor uptake decreased with respectively 28% and 44% in SKOV-3 after bevacizumab 
treatment. This indicates that bevacizumab treatment affected antibody tumor 
uptake negatively. In addition, bevacizumab reduced uptake of fluorescent labeled IgG 
compared to control. Bevacizumab therapy reduced MVD in the tumors and increased 
vessel pericyte coverage, illustrating both anti-vascular and vessel normalizing effects of 
bevacizumab therapy. Two other preclinical studies report similar findings of reduced 
tumor uptake of antibodies after anti-VEGF therapy (35,36). One 10 mg/kg dose of the 
cross-reactive anti-VEGF antibody B20-4.1 decreased tumor trastuzumab uptake by 50% 
after 2 days in a xenograft HER2+ breast cancer model (KPL-4) (35). Moreover, 10 mg/
kg bevacizumab decreased tumor anti-EGFR antibody cetuximab uptake by 40% after 4 
days in EGFR+ breast cancer xenograft models (SUM149 and SKBR3) (36). Importantly, 
these findings are also supported in the clinical setting, as a study in patients with renal 
cell carcinoma (n = 11) showed 47% decrease of 89Zr-bevacizumab tumor uptake 2 weeks 
after one therapeutic infusion of 10 mg/kg bevacizumab (37). Thus, vessel normalization 
induced by bevacizumab seems to impair tumor delivery of antibodies. 
In addition, two clinical imaging studies suggest that this lower uptake of other 
antibodies following bevacizumab is not limited to antibodies, but also affects tumor 
drug delivery of chemotherapeutic drugs. In NSCLC patients (n = 10) a single dose of 
15 mg/kg bevacizumab reduced 11C labeled-docetaxel tumor delivery with 22% after 5 
hours and with 34% after 4 days (38). Moreover, tumor drug delivery of 18F-5-fluorouracil 
decreased with 20.2% 24 hours after a single administration of 7.5 mg/kg bevacizumab in 
metastatic colorectal cancer patients (n = 5) (39). Phase 3 trials combining bevacizumab 
with chemotherapy show varying results. Bevacizumab combined with chemotherapy in 
colorectal cancer, ovarian cancer, cervical cancer and HER2-negative breast cancer has 
shown an increase in PFS (40-44).
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VEGFR2 antibodies
Intravital imaging showed that DC101, an antibody against mouse VEGFR2, induced 
vessel normalization in an orthotopic mammary tumor model (45). This particular study 
is a key paper as it did provide insight in the effect of vessel normalization on pore size 
of tumor vasculature. The nanoparticles used were quantum dots coated with polymeric 
imidazole ligand (PIL) (ø = 12 nm) or polyethylene glycol (PEG) (ø = 60 and 120 nm) 
(46). Pore size was determined by modeling the nanoparticle penetration rate, given 
as transvascular flux per unit vascular surface area. Vessel normalization by DC101 
coincided with a decrease in pore size of tumor vasculature, resulting in an increase of 
the penetration rate of the small nanoparticles (12 nm) but no difference in penetration 
rate for the 60 and 120 nm size nanoparticles. This means that the effect of DC101 on 
the pore size was mainly based on the difference in the transvascular flux of the 12 nm 
particles in tumors with and without DC101 treatment. Moreover, in the E0771 xenograft 
model treated with DC101, for example, a large spread in transvascular flux of the 12 nm 
nanoparticles was already present in this group (from 0.05 – 0.3 µm s-1). Such a significant 
variation results in a large uncertainty in the model outcomes on pore size, which was not 
discussed by the authors. Since antibodies have a size of approximately 12 nm, similar 
to the small nanoparticles, it was suggested that DC101-induced vessel normalization 
may also improve tumor drug delivery of antibodies (47). However, although their size 
is similar, there are substantial chemical differences between the nanoparticles used in 
the study and antibodies which may affect the penetration rate (45,46). First of all, their 
nanoparticles are spherically shaped, whereas antibodies are Y-shaped (48,49). Secondly, 
the mass(density) of the studied nanoparticles and antibodies may be significantly 
different. Furthermore, the chemistry of the outer shell of the nanoparticles used in 
this study is different to antibodies (45). The PIL coated 12 nm size nanoparticles mainly 
have methoxy (R-O-CH3) functional end groups in the outer shell, the PEG coated 60 and 
125 nm particles have hydroxyl (R-OH) functional end groups. The antibodies, which can 
be seen as a combination of four biopolymers, on the other hand, mainly have R-NH2 
and R-COOH end groups (48,49). Because of these differences, it is not necessarily easy 
to translate the results regarding these specific nanoparticles to nanomedicines such 
as antibodies. Furthermore, this important study investigated whether DC101-induced 
vessel normalization could improve the efficacy of small chemotherapeutics (45). Mice 
were treated with DC101 or placebo, DC101 or placebo plus abraxane (albumin-bound 
paclitaxel, ø = 10 nm), DC101 or placebo plus doxil (liposome-encapsulated doxorubicin, 
ø = 100 nm). Tumor doubling times were used as a read-out for efficacy. Both, DC101 
alone and DC101 plus doxil had no effect on tumor doubling times compared to placebo 
alone or doxil plus placebo. However, DC101 plus abraxane did increase tumor doubling 

Proefschrift.indb   119 01-03-15   14:47



Chapter 6 | Anti-VEGF therapy, vessel normalization and tumor drug uptake

120

times, compared to abraxane plus placebo. From these data it was concluded that vessel 
normalizing effects of DC101 increased tumor penetration of abraxane. The results of 
the control experiments in this article showed a large range in tumor doubling times in 
the doxil plus placebo group. This might have influenced the results for this group. 
In the clinic, the VEGFR2 antibody ramucirumab, administered at much lower doses 
than in the mouse model, has shown very modest or no effect in four phase III clinical 
trials. Ramucirumab monotherapy (8 mg/kg every 2 weeks) increased PFS by 0.8 
months (HR: 0.48, P < 0.0001) and prolonged OS by 1.4 months (HR: 0.77, P = 0.047) 
in gastric cancer and esophageal junction adenocarcinoma patients in the second line 
(50). The FDA recently approved the drug for advanced gastric and esophageal junction 
adenocarcinoma patients. Adding ramucirumab (8 mg/kg every 2 weeks) to paclitaxel 
increased PFS from 2.9 months to 4.4 months (HR 0.63, P < 0.0001) and prolonged OS 
by 2.3 months from 7.4 to 9.6 months (HR 0.80, P = 0.017), in advanced gastric and 
esophageal junction adenocarcinoma patients (51). In addition, in NSCLC patients 10 
mg/kg ramucirumab every 3 weeks combined with docetaxel increased PFS by 1.5 
months (HR 0.76, P < 0.0001) and prolonged OS by 1.4 months (HR 0.86, P = 0.023) as 
second-line therapy (52). However, in breast cancer patients, 10 mg/kg ramucirumab 
every 3 weeks combined with docetaxel did not affect PFS or OS (53).

Conclusion
To date, preclinical studies have shown that anti-angiogenic therapy can induce 
vessel normalization. Clinical studies have illustrated that this is not just a preclinical 
phenomenon, it also occurs in patients. Although some studies suggest that vessel 
normalization can improve drug delivery of chemotherapy and enhance efficacy of 
combination therapies, there is no direct evidence for better tumor drug uptake. On 
the contrary, both preclinical and clinical studies with radioactive labeled drugs have 
shown a decrease in tumor delivery of both antibodies and chemotherapy. In the 
case of chemotherapy, this did not inevitably result in absence of an additional effect 
of the combination therapy although it may explain disappointing results and lack of 
synergism. In the case of antibodies, results from clinical trials in colorectal and breast 
cancer patients are in line with reduced antibody uptake after antiangiogenic therapy. A 
possible explanation for a decrease in uptake, can be the change in vessel pore size during 
vessel normalization. This might influence tumor drug uptake, depending on size, shape 
and chemical construction of the drug. Most research concerning vessel normalization 
has been performed on primary tumors. Preclinical and clinical studies have shown that 
vessel normalization is a delicate process, occurring during a certain timeframe and 
dependent on the dose of the antiangiogenic drug (5). However, it remains unclear how 
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vessel normalization will occur in the metastasized setting. In normal healthy tissue, 
tissue-specific vessel functions illustrate vessel heterogeneity for different organs (54). 
This also applies to the tumor vasculature, and indeed, different types of tumor blood 
vessels have been identified (55). In NSCLC patients for instance, the primary tumor and 
their brain metastases differ in MVD, vessel maturity and VEGF expression (56). There is 
a need for a biomarker or tool to evaluate the process of vessel normalization in different 
tumor types and stages. A possible biomarker to select patients who may benefit from 
combinations of antiangiogenic and other drugs is tumor perfusion. However, to assess 
its role requires innovative study designs and extensive clinical trials. A possible tool to 
eventually improve drug delivery to individual tumors and thereby to optimize outcomes 
of combination therapies could be in vivo imaging of labeled drugs. This might clarify 
the interplay between vessel normalization and tumor drug delivery. Small clinical trials 
could be performed to visualize effects of antiangiogenic drugs on the distribution of 
other labeled drugs, provide serial information on whole body drug distribution, and 
guide rational trial design for large combinatorial studies. 
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Summary
Currently, the treatment of cancer patients is mainly based on systemic therapy, next to 
local surgery and radiotherapy. Current systemic treatment options for cancer patients 
consist of systemic therapy with chemotherapy, hormonal treatment, targeted agents or 
immunotherapy. Despite our continuously increasing knowledge of driving oncogenes 
and growing insight in crucial oncogenic signaling pathways, metastatic disease remains 
mostly incurable and the main cause of all cancer induced deaths. Therefore, there is a 
continuous ongoing search for new treatment strategies that may increase the effect of 
systemic treatment. 
Over the past few decades, the development for new treatment options in cancer 
research was mainly focused on the cancer cells. However, the importance of the tumor 
microenvironment as a contributor to tumor growth and metastatic disease has become 
more evident. Furthermore, the tumor microenvironment is an important regulator 
of cancer cell related drug sensitivity. This provides the rational for targeting not only 
the cancer cells, but also the tumor microenvironment, in order to aim to improve 
cancer treatment. To enable accurate targeting, it is essential to identify key targets 
present in the tumor microenvironment. Two potential targets present in the tumor 
microenvironment are transforming growth factor (TGF)-β and vascular endothelial 
growth factor (VEGF). In addition, early evaluation of drug effects is of major interest to 
support drug development. ImmunoPET, molecular imaging of radiolabeled antibodies, 
can non-invasively provide information about the presence of specific targets in the 
tumor and microenvironment of a patient. This information can potentially be used for 
patient selection and as a biomarker for evaluation of treatment response.

This thesis aims to describe the development of microenvironmental factors as potential 
markers of tumor response and their use as markers for molecular imaging. In preclinical 
co-culture models, drug effects on tumor cell - microenvironment interactions are 
studied for TGF-β. In addition, the development of a new tracer based on an existing 
antibody is described for TGF-β. For VEGF, the effects of a VEGF targeted therapy on 
the tumor microenvironment and tumor drug uptake are studied in preclinical animal 
imaging models with already more established tracers. 

Chapter 1 provides a general introduction and outline of this thesis. In chapter 2 contains 
a literature review about TGF-β expression and activation mechanisms as potential 
targets for anti-tumor therapy and tumor imaging. Sources used to identify data for this 
review were PubMed and ClinicalTrials.gov. Articles published in English between 1985 
and 2011 were included. One of the most interesting targets in the metastatic setting 
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is TGF-β. TGF-β can promote tumor growth, invasion and metastasis. However, TGF-β 
also has a physiological, opposing role: maintaining tissue homeostasis and suppression 
of tumor progression. The window of effective TGF-β targeting is therefore evidently 
small, which poses a clear challenge in selecting patients at the right time. Despite this 
complexity, several TGF-β inhibitors are currently in clinical development, modulating 
TGF-β production, activation or signaling. Still, specificity and long term toxicity remain 
unclear, emphasizing the importance of careful monitoring of clinical trials. Development 
and application of these drugs in the clinic, requires adequate insight in, and evaluation 
methods for the role of TGF-β during tumor invasion and metastasis. In this review, 
presently available methods for clinical evaluation will be discussed, such as an ex vivo 
stimulation assay, TGF-β response signature and molecular imaging techniques. Future 
clinical trials incorporating the validation of these evaluation methods will show which 
method will be most predictive and suitable for clinical application. 
Given the importance of the tumor microenvironment as a contributor to tumor growth, 
metastatic disease and cancer cell drug sensitivity, finding targetable microenvironmental 
factors, such as stromal derived soluble factors, is of interest. Assessing treatment 
efficacy of this approach requires new tools, which can evaluate direct effects on the 
microenvironment and indirect effects on the cancer cells. Such a model should mimic the 
human situation, by consisting of both human cancer and human stromal components. 
The use of traditional mouse models would fall short, since host stromal infiltration into 
the human tumors occurs to a high extent in xenografts from cell lines as well as patient 
material. The chorioallantoic membrane (CAM) model potentially offers a solution 
because it allows evaluation of the direct interactions between human tumor cells and 
human stromal cells in an immune deprived in vivo setting. In chapter 3 we investigated 
the mechanism behind the anti-cancer effect of modulating the microenvironment 
with zoledronic acid. In 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) survival assays, it is shown that the breast cancer cell lines MCF-7, SUM-149, 
MDA-MB231, SCP2 and H2N are insensitive to zoledronic acid (half maximal inhibitory 
concentration (IC50) > 85 µM), whereas the human stromal cell line Hs27a was very 
sensitive (IC50 = 8 µM) to zoledronic acid. In an in vitro co-culture model, SCP2 breast 
cancer cells were cultured alone or co-cultured in the presence of human Hs27a stromal 
cells and treated with increasing doses of zoledronic acid. In cultures with cancer cells 
only, cell death remained stably low throughout the increasing concentrations used (~ 
10%). However, when SCP2 breast cancer cells were co-cultured with Hs27a stromal cells, 
zoledronic acid did induce cancer cell death up to 44% for the highest concentration of 
zoledronic acid (500μM, P<0.01). In an in vivo co-culture CAM model, zoledronic acid did 
not reduce size and weight of tumors of SCP2 or MCF-7 tumors compared to placebo. 
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However, co-culture tumors of SCP2 or MCF-7 mixed with Hs27a stromal cells made 
these tumors sensitive to zoledronic acid as shown by a decrease in size and weight 
compared to placebo treated co-culture tumors (Size: 32 vs 56 mm3 P < 0.05, weight: 23 
vs 43 mg, P < 0.01 for SCP2 and size: 28 vs 54 mm3P < 0.01, weight: 37 vs 24 mg P < 0.01 
for MCF-7). Furthermore, zoledronic acid decreased TGF-β1 excretion levels when breast 
cancer cells were co-cultured with Hs27a stromal cells in a dose dependent matter. The 
addition of TGF-β in the in vitro co-culture model, counteracted the induced cell death 
by zoledronic acid in the presence of stromal cells (P < 0.001). In addition, supernatant 
of Hs27a stromal cells treated for 48 hours with zoledronic acid reduced active TGF-β 
signaling in SCP2 cells. These data show that the presence of stromal cells is required to 
exert an anti-breast cancer effect and that this is mediated via TGF-β. 
Chapter 4 describes the preclinical development of 89Zr-labeled TGF-β antibody 
fresolimumab as a PET tracer. Fresolimumab, which neutralizes all mammalian active 
isoforms of TGF-β, was radiolabeled with 89Zr for PET to analyze TGF-β expression, 
antibody tumor uptake, and organ distribution. Tumor uptake and organ distribution 
of 89Zr-fresolimumab was assessed in a human TGF-β transfected Chinese hamster 
ovary xenograft model, as well as in a subcutaneous and a metastatic human triple 
negative breast cancer model (MDA-MB231). In all tumor models, tumor uptake of 89Zr-
fresolimumab was similar to the non-specific control antibody 89Zr-IgG for both the in vivo 
PET as the ex vivo biodistribution data. In addition, distribution of 89Zr-fresolimumab in 
most organs was similar to 89Zr-IgG, except for liver and kidney where 89Zr-fresolimumab 
uptake was higher. Active TGF-β is known to be rapidly cleared by the liver, with a half-
life of 2-3 min. Enzyme-linked immunosorbent assay (ELISA) of liver samples could only 
detect latent TGF-β, while tumor samples showed both active and latent TGF-β. However, 
immunohistochemistry for pSMAD2 on liver tissue confirmed presence of active TGF-β. 
Thus, the high liver uptake of 89Zr-fresolimumab was likely caused by specific binding 
to active TGF-β and rapid hepatic clearance of active TGF-β bound to 89Zr-freslimumab. 
Furthermore, high uptake of 89Zr-fresolimumab was seen at sites of tumor ulceration 
and in scar tissue, which resemble physiological processes in which TGF-β is highly 
involved. This study shows that 89Zr-fresolimumab is feasible for preclinical imaging and 
quantification of fresolimumab tumor uptake and organ distribution.

Several preclinical and clinical studies indicate that antiangiogenic drugs, including the 
VEGF-A antibody bevacizumab, lead to tumor vessel normalization in addition to their 
antivascular effect. In the process of tumor vessel normalization, the architecture of 
the remaining vasculature is largely restored. This can encompass a marked influence 
on intratumoral delivery of monoclonal antibodies and might have implications 
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when bevacizumab is combined with other monoclonal antibodies. In chapter 5A we 
investigated the effect of tumor blood vessel normalization induced by bevacizumab on 
antibody tumor uptake. In mouse xenograft models of human ovarian and esophageal 
cancer (SKOV-3 and OE19), we evaluated antibody uptake in tumors by PET imaging 24 
and 144 hours after injection of 89Zr-trastuzumab, 89Zr-bevacizumab or 89Zr-IgG before or 
after treatment with bevacizumab. PET images obtained at 24 and 144 hours after tracer 
injection visibly showed a lower tumor uptake of 89Zr-trastuzumab, 89Zr-bevacizumab and 
89Zr-IgG during bevacizumab treatment in the SKOV-3 model. Already on the 24 hours 
PET images, standardized mean 

 tumor uptake values (SUVmean) decreased with 38%, 16% 
and 27% for respectively 89Zr-trastuzumab, 89Zr-bevacizumab and 89Zr-IgG. This effect 
was even more pronounced at 144 hours, with a reduction in 89Zr-trastuzumab tumor 
uptake of 41% and a similar reduction in 89Zr-bevacizumab tumor uptake of 43%. Tumor 
uptake of 89Zr-IgG was also lowered, although to a lesser extent namely 28%. Placebo 
treatment did not affect 89Zr-IgG uptake in the tumor. In the OE19 model, bevacizumab 
treatment also decreased the tumor uptake of 89Zr-trastuzumab with 34% at 24 hours 
and with 39% at 144 hours. In addition, ex vivo biodistribution data of both 89Zr-IgG 
groups showed a lower tumor uptake when animals were treated with bevacizumab 
compared to placebo. Bevacizumab treatment reduced tumor vessel density in all 
bevacizumab treated groups, compared to placebo. Moreover, bevacizumab treatment 
induced vessel normalization of the remaining vessels. In placebo treated tumors 68% 
of the tumor vessels had no pericyte coverage and only 7% of the vessels were fully 
covered with pericytes. After bevacizumab treatment pericyte coverage was absent in 
only 10% of the tumor vessels, whereas 75% of the vessels were fully covered. Ex vivo, 
IgG-800CW was mainly present in the extracellular matrix and bevacizumab treatment 
relatively reduced the accumulation of IgG-800CW compared to placebo, matching the 
PET results. Chapter 5B further discusses the dose dependency of vessel normalization 
in response to comments received regarding our work in chapter 5A.
Registered drugs targeting the VEGF pathway are small molecule tyrosine kinase 
inhibitors (TKI) targeting the VEGF receptors (VEGFR), an antibody directly targeting 
VEGF and an antibody targeting VEGFR2. In Chapter 6 a review is given on preclinical and 
clinical results of registered VEGF pathway targeting agents. In particular, the interplay 
between these VEGF pathway targeting agents, vessel normalization and tumor drug 
delivery is discussed. VEGF pathway targeting agents have been combined with other 
anticancer drugs, improving efficacy in a few cancer types. Vessel normalization induced 
by VEGF pathway targeting agents influences tumor drug uptake. Preclinical and clinical 
studies have shown a decrease in tumor delivery of radiolabeled antibodies and two 
chemotherapeutic drugs, following bevacizumab treatment. The decrease in vessel 
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pore size during vessel normalization might explain the decrease in tumor drug uptake. 
Moreover the addition of bevacizumab to cetuximab or panitumumab in colorectal 
cancer patients or to trastuzumab in breast cancer patients, did not improve efficacy. 
However, combining bevacizumab with chemotherapy did increase efficacy in a few solid 
tumor types. Novel biomarkers to select patients who may benefit from combination 
therapies, such as the effect of an angiogenesis inhibitor on tumor perfusion, requires 
innovative trial designs and large clinical trials. Small imaging studies with radiolabeled 
drugs could be used in the interphase to gain further insight in the interplay between 
VEGF targeted therapy, vessel normalization and tumor drug delivery.

In conclusion, this thesis describes the possibilities and consequences of targeting factors 
present in the tumor microenvironment. For TGF-β, the development of a new tracer 
based on an existing antibody is described. Furthermore, the mediating role of TGF-β 
excreted by stromal cells to exert an anti-breast cancer effect has been identified. On 
the other hand, the detrimental effects on tumor drug uptake following VEGF targeted 
therapy illustrate consequences of targeting the tumor microenvironment.

Discussion and future perspectives
Apart from surgery, radiotherapy and systemic treatment with chemotherapy and 
hormonal treatment, over the last years targeted therapies and immunotherapies have 
become available. Despite the development of these new treatment options, metastatic 
disease remains the major cause of cancer related deaths (1). 

Tumor heterogeneity and the tumor microenvironment
A major hurdle in the treatment of metastatic disease is the heterogeneity in tumor 
characteristics between patients. Moreover, with respect to a single patient and even 
single lesions, it is increasingly clear that there is often also major heterogeneity of 
characteristics across and within tumor lesions. In Chapter 4 and 5 we visualized 
TGF-β, VEGF and HER2 with 89Zr-fresolimumab, 89Zr-bevacizumab and 89Zr-trastuzumab 
respectively. Insight in heterogeneity within one patient would require biopsies of all 
identified lesions. ImmunoPET can non-invasively provide information about the presence 
of a specific target in the primary tumor, metastases and tumor microenvironment of a 
patient. With 89Zr-bevacizumab primary breast tumors, neuroendocrine tumor lesions 
and renal cell cancer lesions were identified (2, 3). Furthermore, this technique can 
be used as read out of drug effects. We demonstrated with 89Zr-trastuzumab that it is 
possible to show reduction in HER2 by HSP90 inhibition and visualize heterogeneity 
in response within one tumor lesion in breast cancer patients (4). The visualization 
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of TGF-β, VEGF and HER2 illustrates that it is possible with the help of immunoPET to 
depict and analyze the expression of specific factors present in the tumor or tumor 
microenvironment. These techniques can potentially support future studies to provide 
insight in tumor characteristics within a patient.

Possibilities of targeting the tumor microenvironment
Targeted drugs mainly focus on one target or pathway in the tumor, whereas tumors 
rarely depend on a single pathway. It has become clear that a tumor does not solely 
exist of a cluster of epithelial cells, but has its own heterogeneous microenvironment. 
The tumor microenvironment is increasingly acknowledged as an important contributor 
to tumor growth and metastatic spread (5). By additional targeting of a patient’s tumor 
microenvironment, hurdles of heterogeneity and drug resistance might be addressed. 
In chapter 3 we showed that the anti-breast cancer effect of the bisphosphonate 
zoledronic acid on breast cancer tumors grown in the CAM model is controlled via TGF-β 
excretion by stromal cells. This study supports the possibility to target the tumor via the 
tumor microenvironment. Future preclinical studies should further explore possibilities 
of targeting the tumor microenvironment with other agents. In chapter 4 we described 
preclinical imaging of TGF-β with 89Zr-fresolimumab. It might be of interest to study 
TGF-β expression in the tumor microenvironment with 89Zr-fresolimumab to select breast 
cancer patients in the metastatic setting to adjust intensity of zoledronic acid therapy. 

Consequences of targeting the tumor microenvironment
The cells of the tumor microenvironment can be divided in three classes: angiogenic 
vascular cells, immune cells and mesenchymal cells. Up to now, angiogenesis is one of 
the most studied components of the tumor microenvironment. As described in chapters 
5 and 6, antiangiogenic drugs can initiate vessel normalization in the tumor vasculature. 
In chapter 5A we showed that bevacizumab induced vessel normalization led to a 
decrease in tumor delivery of other monoclonal antibodies. These results illustrate the 
possibility to use immunoPET for the evaluation of interactive effects of new combination 
therapies. Early implementation of small preclinical and clinical imaging studies during 
drug development, would allow visualization of the distribution of the labeled drug, 
provide serial information on whole body drug distribution, and could guide rational 
trial design for combinatorial studies.
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Samenvatting 
Naast lokale behandeling met chirurgie en radiotherapie is de behandeling van 
kankerpatiënten voornamelijk gebaseerd op systeemtherapie. De systeemtherapie 
bestaat op dit moment uit chemotherapie, hormonale therapie, moleculair gerichte 
geneesmiddelen en immunotherapie. Wanneer de ziekte uitgezaaid is, is er vaak geen 
curatieve behandeling beschikbaar ondanks het continu groeiende inzicht in het ontstaan 
van kanker. Gemetastaseerde ziekte is momenteel de hoofdoorzaak van alle aan kanker 
gerelateerde sterfte. Het is daarom van belang om nieuwe behandelstrategieën te 
vinden die het effect van de huidige systeemtherapieën mogelijk kunnen verbeteren. 

Onderzoek naar nieuwe behandelopties voor kankerpatiënten heeft zich de laatste 
decennia met name gericht op de kankercellen zelf. Onlangs is gebleken dat het 
omliggende normale weefsel van de tumor, de tumormicro-omgeving, een belangrijke 
rol speelt bij tumorgroei en metastasering. Men heeft ook aangetoond dat de 
tumormicro-omgeving de sensitiviteit van de kankercel voor bepaalde therapieën kan 
beïnvloeden. Door nieuwe behandelopties te richten tegen zowel de kankercellen als 
de tumormicro-omgeving, kan de effectiviteit van huidige therapieën mogelijk worden 
verbeterd. Voor de ontwikkeling van een dergelijke nieuwe behandeloptie, is het 
noodzakelijk om belangrijke moleculaire doelen (“targets”) in de tumormicro-omgeving 
te identificeren. Twee potentiële targets zijn transforming growth factor (TGF)-β en 
vascular endothelial growth factor (VEGF). Het is belangrijk om ter ondersteuning van 
de ontwikkeling van nieuwe geneesmiddelen al in een vroeg stadium behandeleffecten 
te evalueren. ImmunoPET is een techniek waarbij een radioactief gelabeld antilichaam 
(“tracer”) wordt afgebeeld met behulp van positron emissie tomografie (PET). Met 
immunoPET is het mogelijk om op een niet-invasieve manier informatie te verkrijgen 
over de aanwezigheid van specifieke targets in de tumor en de tumormicro-omgeving 
van een patiënt. Deze informatie kan worden gebruikt om patiënten te selecteren voor 
specifieke behandelopties of om respons op specifieke therapieën in kaart te brengen.

Dit proefschrift beschrijft het gebruik van targets die aanwezig zijn in de tumormicro-
omgeving ter evaluatie van behandel effecten en als potentiële tracers voor moleculaire 
beeldvorming met PET. In preklinische celkweekmodellen worden de effecten van therapie 
gericht op de interacties tussen de kankercel en zijn micro-omgeving onderzocht voor 
TGF-β. Daarnaast wordt de ontwikkeling van een nieuwe tracer voor TGF-β besproken. 
Voor VEGF worden in preklinische muismodellen met reeds ontwikkelde PET tracers de 
effecten van VEGF-gerichte therapie op de tumormicro-omgeving en de opname van 
geneesmiddelen in de tumor bestudeerd.
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Hoofdstuk 1 omvat een algemene introductie en een korte beschrijving van de inhoud 
van dit proefschrift. In Hoofdstuk 2 wordt een literatuuroverzicht gegeven van de 
expressie van TGF-β en zijn activatiemechanismen als potentiële aangrijpingspunten 
voor nieuwe antitumorbehandelstrategieën en beeldvormingsmogelijkheden. PubMed 
is geraadpleegd voor alle benodigde informatie en relevante artikelen die in het Engels 
gepubliceerd zijn tussen 1985 en 2011 en ClinicalTrials.gov voor informatie over lopende 
klinische studies. TGF-b is een zeer interessant target bij kanker in de gemetastaseerde 
fase, aangezien het een belangrijke rol speelt bij het bevorderen van tumorgroei, invasie 
en metastasering. Maar TGF-b bezit ook een fysiologische en geheel tegenstrijdige rol, 
namelijk het behouden van weefselhomeostase en remming van tumorprogressie. 
Dit vormt een duidelijke uitdaging voor het goed selecteren van patiënten voor een 
potentiële anti-TGF-b therapie op het juiste moment. Ondanks de complexe rol van 
TGF-b zijn er verscheidene klinische studies gaande met TGF-b-remmers, welke TGF-
b-productie, activatie van TGF-b of de signaleringsroute van TGF-b-moduleren. Er is 
nog weinig bekend over de specificiteit van deze geneesmiddelen en hun bijwerkingen 
op de lange termijn zijn nog onduidelijk. Dit benadrukt het potentiële belang van het 
zorgvuldig monitoren van klinische studies met TGF-b-remmers. De ontwikkeling en 
mogelijk uiteindelijke toepassing van deze geneesmiddelen in de kliniek vereist inzicht 
in, en adequate evaluatie methoden voor, de rol van TGF-b tijdens tumorinvasie en 
metastasering. In dit hoofdstuk worden alle huidige beschikbare evaluatie methoden 
uiteengezet, zijnde een ex vivo stimulatie assay, de TGF-b-responssignatuur en 
moleculaire beeldvormingstechnieken. De uitkomsten van toekomstige klinische trials 
die de validatie van deze evaluatie methoden analyseren, zullen laten zien welke 
methode het meest voorspellend is en toepasbaar zal zijn in de kliniek.

Gezien de betrokkenheid van de tumormicro-omgeving bij processen zoals tumorgroei 
en metastasering, is het van belang om factoren in de tumormicro-omgeving voor 
nieuwe behandelopties te identificeren. Om vervolgens de effecten van deze nieuwe 
behandelopties te evalueren, zijn modellen nodig waarin zowel de directe effecten op 
de tumormicro-omgeving als de indirecte effecten op de kankercellen kunnen worden 
beoordeeld. Een dergelijk model zou de klinische situatie moeten nabootsen en uit 
zowel humane kankercellen als humane stromacellen moeten bestaan. Traditionele 
muismodellen schieten hierin tekort, aangezien het bijna niet te voorkomen is dat 
humane tumoren afkomstig van cellijnen of patiëntenmateriaal worden geïnfiltreerd 
met stromale muiscellen. Het chorioallantoïsche membraan (CAM) model biedt 
mogelijk een uitkomst, omdat het in dit model wel mogelijk is directe interacties tussen 
humane kankercellen en humane stromale cellen in een immuungecompromitteerde 
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in vivo setting te evalueren. In hoofdstuk 3 hebben we het mechanisme achter het 
antitumoreffect van zoledronaat onderzocht. In vitro overlevingsassays lieten zien dat 
de borstkankercellijnen MCF-7, SUM-149, MDA-MB231, SCP2 en H2N niet gevoelig zijn 
voor zoledronaat (De concentratie die de maximale groei met 50 % remt (IC50) > 85 µM), 
terwijl de humane stromale cellijn Hs27a erg gevoelig is voor zoledronaat (IC50 = 8 µM). 
In een in vitro celkweekmodel, werden SCP2 borstkankercellen alleen of tezamen met 
humane Hs27a stromale cellen gekweekt en behandeld met een toenemende dosering 
van zoledronaat. In celkweken bestaande uit enkel borstkankercellen, had zoledronaat 
behandeling geen effect op kankerceldood, deze bleef stabiel bij toenemende 
concentraties van zoledronaat (~ 10%). Maar wanneer SCP2 borstkankercellen tezamen 
met Hs27a stromale cellen werden gekweekt, nam kankerceldood toe tot 44% voor 
de hoogste concentratie van zoledronaat (500 μM, P<0,01). In het in vivo CAM model, 
had zoledronaat behandeling vergeleken met placebo geen effect op de grootte en het 
gewicht van tumoren die enkel uit SCP2 of MCF-7 borstkankercellen bestonden. Echter, 
tumoren van SCP2 of MCF-7 borstkankercellen die gekweekt waren tezamen met Hs27a 
stromale cellen waren wel gevoelig voor zoledronaat therapie en slonken in grootte en 
gewicht ten opzichte van placebo behandelde tumoren (Grootte: 32 vs 56 mm3 P < 0,05, 
gewicht: 23 vs 43 mg, P < 0,01 voor SCP2 en grootte: 28 vs 54 mm3 P < 0,01, gewicht: 37 
vs 24 mg P < 0,01 voor MCF-7). Zoledronaat behandeling heeft geen effect op TGF-β1 
levels in het kweekmedium van borstkankercellen. Echter, zoledronaat behandeling 
vermindert wel de TGF-β1 levels in het kweekmedium, wanneer borstkankercellen 
gezamenlijk met Hs27a stromale cellen worden gekweekt, op een dosisafhankelijke 
wijze. Wanneer TGF-β werd toegevoegd in het in vitro celkweekmodel van SCP2 
borstkankercellen met Hs27a stromale cellen, werd het effect van de zoledronaat op 
borstkankerceldood teniet gedaan (P<0.01). Vergeleken met het supernatant van 
onbehandelde cellen, zorgt het supernatant van Hs27a stromale cellen die gedurende 
48 uur zijn behandeld met zoledronaat voor een verminderde actieve TGF-β-signalering 
in SCP2 borstkankercellen. Deze studie laat zien dat stromale cellen nodig zijn voor het 
TGF-β gemediëerde antiborstkanker effect van zoledronaat.

In hoofdstuk 4 wordt de preklinische ontwikkeling van het 89Zirkonium (Zr)-gelabeld 
anti-TGF-β antilichaam fresolimumab als PET-tracer beschreven. Fresolimumab, een 
antilichaam dat alle actieve isovormen van TGF-β neutraliseert, werd gelabeld met 89Zr 
om vervolgens, door middel van PET imaging, TGF-β expressie, tumor opname van het 
antilichaam en orgaandistributie te analyseren. Tumoropname van het antilichaam en 
distributie van 89Zr-fresolimumab in de organen werd onderzocht in naakte muizen met  
subcutane tumoren van Chinese Hamster Ovary cellen getransfecteerd met humaan 
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TGF-β, of met subcutane tumoren van humane tripel negatieve borstkankercellen 
(MDA-MB231) of in een metastasemodel in muizen van humane tripel negatieve 
borstkankercellen. In alle tumormodellen was de tumoropname van 89Zr-fresolimumab 
gelijk aan de tumoropname van het non-specifieke controle antilichaam 89Zr-IgG voor 
zowel de in vivo PET als de ex vivo biodistributie data. De distributie van 89Zr-fresolimumab 
was in de meeste organen gelijk aan die van 89Zr-IgG, maar 89Zr-fresolimumabopname 
was hoger in de lever en de nier. Het is bekend dat actief TGF-β snel wordt geklaard door 
de lever, met een halfwaardetijd van 2-3 minuten. In levermonsters werd met behulp 
van een enzyme-linked immunosorbent assay (ELISA) alleen latent TGF-β gedetecteerd, 
terwijl tumormonsters zowel actief als latent TGF-β bevatten. Immunohistochemische 
kleuring voor pSMAD2 van leverweefsel toonde aan dat ook in de lever actief TGF-β 
aanwezig was. De hoge leveropname van 89Zr-fresolimumab werd mogelijk veroorzaakt 
door specifieke binding van actief TGF-β en snelle hepatische klaring van actief TGF-β 
gebonden aan 89Zr-fresolimumab. Daarnaast werd er ook een hogere opname van 89Zr-
fresolimumab gezien ter plaatse van tumorulceratie en littekenweefsel, lokalisaties 
welke overeenkomen met de fysiologische processen waarbij TGF-β een belangrijke rol 
speelt. Deze studie laat zien dat het met 89Zr-fresolimumab mogelijk is om preklinisch 
fresolimumab tumoropname en orgaandistributie af te beelden en te kwantificeren.

Verscheidene preklinische en klinische studies laten zien dat antiangiogene 
geneesmiddelen, inclusief het anti-VEGF-A antilichaam bevacizumab, naast een 
antivasculair effect kan leiden tot tumorvaatnormalisatie. Tijdens dit proces van 
tumorvaatnormalisatie na anti-VEGF behandeling, wordt de architectuur van de resterende 
vasculatuur grotendeels hersteld. Dit kan gevolgen hebben voor het doordringen van 
monoklonale antilichamen in de tumor en kan daardoor de effectiviteit van combinatie 
therapieën van bevacizumab met andere monoklonale antilichamen beïnvloeden. In 
hoofdstuk 5A werd de invloed van tumorvaatnormalisatie door bevacizumab, op de 
tumoropname van antilichamen onderzocht. In muismodellen van humane ovarium en 
oesophagus kankercellen (SKOV-3 en OE19), werd de tumoropname van antilichamen 
met behulp van PET op 24 en 144 uur na injectie van de tracers 89Zr-trastuzumab, 
89Zr-bevacizumab of 89Zr-IgG, voor en na behandeling met een therapeutische dosis 
bevacizumab, geëvalueerd. PET-afbeeldingen gemaakt op 24 en 144 uur na tracerinjectie 
toonden een afname van 89Zr-trastuzumab, 89Zr-bevacizumab en 89Zr-IgG in de tumor 
tijdens bevacizumab behandeling in het SKOV-3 model. De 24 uurs PET-afbeeldingen 
toonden reeds een afname in gemiddelde gestandaardiseerde traceropnamewaarden 
(SUVmean) van 38%, 16% en 27% voor respectievelijk 89Zr-trastuzumab, 89Zr-bevacizumab 
en 89Zr-IgG. Dit effect was nog meer uitgesproken op de 144 uurs PET-afbeeldingen, 
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met 41% daling in 89Zr-trastuzumab tumoropname en 43% daling in 89Zr-bevacizumab 
tumoropname. Tumoropname van 89Zr-IgG liet, hoewel in mindere mate, ook een daling 
zien tot 28%. Placebo behandeling had geen effect op 89Zr-IgG tumoropname. In het 
OE19 tumormodel, leidde bevacizumab behandeling tot 34% daling na 24 uur van 89Zr-
trastuzumab tumoropname en 39% daling na 144 uur. Ex vivo biodistributiedata van 
beide 89Zr-IgG groepen lieten, vergeleken met placebo, een lagere tumoropname zien 
wanneer de dieren waren behandeld met bevacizumab. Behandeling met bevacizumab 
reduceerde, vergeleken met placebo, de vaatdichtheid in de tumoren in alle bevacizumab 
behandelde groepen. Bovendien induceerde bevacizumab vaatnormalisatie van de 
resterende vaten. In placebo behandelde tumoren was 68% van de tumorvasculatuur 
niet bedekt met pericyten en werd slechts 7% volledig bedekt met pericyten. Na 
behandeling met bevacizumab werd slechts 10% van de tumorvasculatuur niet bedekt 
met pericyten en was 75% volledig bedekt. Het niet specifieke IgG antilichaam werd 
ook fluorescent gelabeld (IgG-800CW) en op dezelfde wijze toegediend aan muizen. In 
tumoren, werd ex vivo aangetoond dat IgG-800CW voornamelijk aanwezig was in de 
extracellulaire matrix. Bevacizumab reduceerde de opname van IgG-800CW vergeleken 
met placebo, overeenkomend met de PET resultaten. Samenvattend blijkt behandeling 
met bevacizumab invloed te hebben op de bloedvaten in de tumor, waardoor opname 
van andere antilichamen in de tumor vermindert. In hoofdstuk 5B wordt dieper ingegaan 
op de dosisafhankelijkheid van vaatnormalisatie in antwoord op commentaar dat werd 
ontvangen naar aanleiding van ons werk beschreven in hoofdstuk 5A.

Op dit moment bestaan de geregistreerde medicijnen gericht op de VEGF-signaleringsroute 
uit tyrosinekinaseremmers gericht tegen de VEGF-receptoren (VEGFR), een antilichaam 
direct gericht tegen VEGF en een antilichaam tegen VEGFR2. In hoofdstuk 6 wordt een 
overzicht gegeven van de preklinische en klinische resultaten van deze geneesmiddelen. 
Voornamelijk het samenspel tussen deze geneesmiddelen, vaatnormalisatie en 
geneesmiddelopname in de tumor wordt besproken. Het combineren van geneesmiddelen 
gericht op de VEGF-signaleringsroute met andere antikankergeneesmiddelen, heeft 
slechts in enkele kankersoorten geleid tot een verbeterde effectiviteit. Vaatnormalisatie 
geïnduceerd door deze anti-VEGF geneesmiddelen beïnvloedt de opname van 
geneesmiddelen in de tumor. Preklinische en klinische studies hebben laten zien dat 
behandeling met bevacizumab kan leiden tot een verlaagde opname van antilichamen 
en twee cytostatica in tumoren. Tijdens vaatnormalisatie verkleinen de poriën in de 
tumorbloedvaten, dit kan mogelijk een afname in opname van het geneesmiddel in 
de tumor verklaren. Zo bleek in de kliniek dat combinatietherapie door de toevoeging 
van bevacizumab aan cetuximab of panitumumab in colorectale kankerpatiënten of 
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aan trastuzumab in borstkankerpatiënten niet een verbetering van de effectiviteit tot 
gevolg heeft. Daarentegen heeft de combinatie van bevacizumab met chemotherapie 
wel geleid tot een verbeterde effectiviteit in enkele solide tumortypen. De validatie 
van mogelijke nieuwe biomarkers, zoals tumorperfusie, om patiënten te selecteren die 
mogelijk wel van combinatietherapie zullen profiteren vereist innovatief ontworpen, 
grote klinische studies. Kleinschalige imaging studies met geneesmiddelen gelabeld met 
een radionuclide zouden kunnen bijdragen aan meer inzicht in het samenspel tussen 
VEGF-gerichte therapie, vaatnormalisatie en geneesmiddelopname door de tumor.

Samenvattend beschrijft dit proefschrift de mogelijkheden en consequenties van 
therapieën gericht op factoren in de tumormicro-omgeving. Voor TGF-β wordt de 
ontwikkeling van een nieuwe tracer beschreven. Daarnaast is de bemiddelende rol van 
TGF-β uitgescheiden door stromale cellen bij het antiborstkanker effect van zoledronaat 
geïdentificeerd. Daarentegen, illustreert het effect van VEGF-gerichte therapie dat er 
ook nadelige gevolgen kunnen zijn ten aanzien van geneesmiddelopname. 
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In de loop van de jaren bleek dat we beiden van moderne kunst houden, wat vaak tot 
leuke tips leidde. Een bezoek aan het Louisiana staat zeker nog op mijn planning deze 
zomer! Bedankt voor het vertrouwen, de discussies en mooie kansen.

Beste Carolien, ik ken weinig mensen die zo scherpzinnig zijn met de pen als jij. Als ik 
dacht dat een artikel af was, verbaasde jij mij vaak met aanpassingen en input die het 
stuk nog beter maakte. Toen bleek dat ik als arts de kant van de plastische chirurgie op 
wilde gaan, twijfelde jij geen moment om een stageplek voor mij te regelen. Nogmaals 
veel dank voor deze unieke kans, dit zal ik zeker niet vergeten. 

Beste Hetty, ik durf niet eens een schatting te maken van hoe vaak ik wel niet jouw kamer 
ben binnengelopen voor advies of een luisterend oor. Als jij niet elke keer welwillend had 
willen luisteren en mij had geadviseerd, waren veel experimenten nu waarschijnlijk nog 
steeds niet afgerond. Zelfs tijdens de laatste weken van mijn stage in het UMCG kon ik 
nog regelmatig langs lopen voor advies of een praatje, dit ga ik zeker missen!

Beste Marjolijn, als enige apotheker in dit gezelschap was jouw input met betrekking tot 
de imaging dierstudies van grote waarde. Uiteindelijk hebben deze studies geleidt tot 
mooie publicaties in onder andere Cancer Research. Bedankt voor je begeleiding en de 
fijne samenwerking.
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De leden van de leescommissie, prof. dr. G.M. van Dam, prof. dr. E.F. Smit en prof. dr. N.H. 
Hendrikse, wil ik hartelijk danken voor de beoordeling van dit proefschrift.

De Junior Scientific Masterclass (JSM) wil ik bedanken voor de mogelijkheid om dit MD/
PhD-traject te mogen volgen. Daarnaast wil ik ook de Van der Meer-Boerema stichting 
bedanken voor hun financiële bijdrage aan mijn onderzoek. 

De afdeling Nucleaire Geneeskunde en Moleculaire Beeldvorming, bedankt voor alle 
ondersteuning en gastvrijheid tijdens mijn imaging dierstudies. In het bijzonder wil 
ik Jurgen Sijbesma bedanken voor de zeer flexibele agenda met betrekking tot het 
inplannen van alle microPET scans.

Het secretariaat van de Medische Oncologie, in het bijzonder Gretha Beuker. Bedankt 
voor alle hulp bij de benodigde aanvragen, brieven en Hora Finita obstakels.

Daarnaast wil ik graag alle co-auteurs die meewerkten aan verschillende hoofdstukken 
in dit proefschrift bedanken. Dr. Sjoukje Oosting, bedankt voor alle nuttige input en 
discussiepunten voor de hoofdstukken 5 en 6. Zonder de bevindingen van jouw klinische 
werk, was dit stuk er nooit geweest. Drs. Erik Garbacik, thank you for your help with the 
fluorescent images for chapter 5. 
Dr. Josée Kleibeuker, dank voor de snelle en duidelijke aanvullingen met betrekking tot 
de scheikundige aspecten van hoofdstuk 6. Prof. Urania Dafni, thank you for your help 
regarding the hypothetical trial design in chapter 6. 

Graag wil ik al mijn collega’s en oud-collega’s van het Multidisciplinair Oncologisch 
Laboratorium (MOL) bedanken voor de fijne samenwerking de afgelopen jaren. Tijdens 
mijn MD/PhD-traject heb ik op verschillende afdelingen mogen werken, maar de basis 
voor dit proefschrift kwam vooral tot stand in dit laboratorium “MOL de vitrine”. De 
altijd bruisende energie van dit lab en de diverse groep mensen (onder andere biologen, 
farmaceuten, medici, analisten en studenten) zorgen naast de nodige gezelligheid ook 
voor veel verschillende en vaak verfrissende invalshoeken. Groen als gras met betrekking 
tot het doen van onderzoek en werken in een laboratorium kwam ik in mijn derde jaar 
naar de MOL, maar het duurde niet lang voor dit laboratorium en al zijn mensen mij had 
ingepakt met al hun charme. 
Graag wil ik van deze paar bladzijdes gebruik maken om een paar van hen nog apart te 
noemen.
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Ten eerste wil ik al mijn verschillende kamergenootjes gedurende de jaren bedanken. 
Lieve Esther, Silke, Linda, Ingrid, Jennifer, Kirill en Arjan, Martin en Marloes van de kelder, 
vooral dank voor al jullie geduld en gezelligheid. Ik weet dat ik vol zit met teveel vragen 
en verhalen die meerdere malen moeten worden verteld, maar jullie bleven toch elke 
keer weer enthousiast luisteren.

Phoung Le, toen ik als student op het lab kwam met twee linker handen heb jij mij leren 
pipetteren. Onder jouw toezicht werd mijn eerste MTT experiment zelfs een waar succes. 
Ik hoop dat je jouw recept voor die geweldige loempia’s toch eens met mij wilt delen. 
Ook wil ik Wytske Boersma-van Ek bedanken, ik kon jullie beiden altijd vragen voor hulp, 
als ik weer eens tientallen tumoren had verzameld die moesten worden gesneden. 

Beste Coby Meijer, ondanks dat je niet direct betrokken was bij mijn projecten, mocht ik 
jouw altijd lastig vallen met al mijn vragen. Dank voor je begrip en hulp.

Iedereen van het imaging team, bedankt voor alle sparmomenten op de donderdag en 
veel succes met alle verdere imaging-studies.
Linda en Silke, ik wil jullie nog speciaal bedanken voor alle hulp bij mijn labelingen en 
dierproeven. Mede dankzij dit A-team op het B-lab liepen de dierstudies op rolletjes en 
was het een stuk gezelliger! 
Thijs  onder jouw begeleiding begon ik als derdejaars geneeskunde studente aan mijn 
eerste onderzoek op het lab. Dit leidde tot een wetenschappelijke stage en groeide 
uiteindelijk uit tot dit MD/PhD-traject. Bedankt voor het vertrouwen en al jouw input 
de afgelopen jaren.
Esther, voor elke nieuwe aanvraag, poster of belangrijke presentatie kon ik rekenen op 
jouw hulp met de figuren. De ideeën in mijn hoofd waren lang niet zo mooi als jouw 
uiteindelijke versies. Wellicht zal het dit jaar wel lukken om beide naar PITCH te gaan?

Ondanks dat ik niet altijd van de partij was, wil ik iedereen van de TGIF Onco app ook 
bedanken voor alle gezelligheid! De pizza’s in de Uurwerker op vrijdag waren een zeer 
welkome afsluiting na een week experimenteren op het lab. Ook ons uitstapje naar 
lowlands met een aantal van de meiden (Nicolette, Elly, Linda, Judith, Marta en Esmee) 
is wat mij betreft aankomend jaar aan zijn tweede editie toe! Daarnaast herinner ik mij 
nog de WAMPEX, samen met Urszula, Roeliene en Hilde. Een nachtelijke wandeling van 
25km door de natuur op geleide van je kompas met onderweg nog allerlei obstakels, wat 
waren we blij bij de finish!
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Hilde, in de tweede helft van mijn MD/PhD-traject werden wij aan elkaar gekoppeld voor 
het bisfosfonaten stuk. Gedurende dit project kwamen we veel obstakels tegen, maar er 
was niks wat we niet aan konden met gevulde koeken, marsepein en een blikje cola (zero 
natuurlijk). Het ellenlange scoren van kleuringen en oogsten van 100+ ex ovo tumoren 
werden samen met jou super gezellige middagen. Ik wens je heel veel succes met de 
afronding van je boekje en je verdere specialisatie. Wie weet werken we in de toekomst 
nog een keer samen, ik houd mij in ieder geval aanbevolen!

Lieve familie en vrienden, bedankt voor alle steun en vooral ook gezellige etentjes en 
feestjes waarbij ik lekker kon ontstressen. Ik ben heel trots dat ik dit vandaag met jullie 
allemaal mag delen. In het bijzonder wil ik Nicole en Tim nog bedanken.
Lieve Nicole, vanaf onze tijd in de AkCie van Panacea in 2005 tot en met de dag van 
vandaag kan ik altijd op jou rekenen. Jij bent een van mijn liefste vriendinnetjes en ik gun 
je al het geluk samen met Mario! Nu we dichter bij elkaar wonen, hoop ik dat we nog 
veel gezamenlijke etentjes en andere leuke uitstapjes samen zullen beleven. 
Lieve Tim, onze vriendschap gaat terug naar groep 2 op de St. Bonifatiusschool in 
Dokkum. Wat hebben we veel boomhutten gebouwd en taarten gebakken. Elke keer als 
we elkaar weer zien pakken we moeiteloos de draad weer op waar we zijn gebleven, dat 
is echte vriendschap.

Lieve pap en mam, jullie reisden van hot naar her voor tenniswedstrijden, muziek 
concoursen en nog veel meer. Niets was te gek of ver weg voor jullie dochters. 
Van jullie heb ik geleerd om niet op te geven, eerlijk te blijven tegenover jezelf en anderen 
en je hart te volgen. Zelfs tijdens moeilijke tijden met jullie eigen gezondheid, vonden 
jullie de tijd om mij te steunen. Jullie hebben mij gemaakt tot de persoon die ik nu ben. 

Lieve San, mijn zusje, ik was 4 jaar toen jij werd geboren en “eindelijk niet meer alleen”. 
Beide in Groningen studeren, beide ingeloot voor geneeskunde. Ik vind het bijzonder 
en super stoer om te zien hoe jij je eigen weg vind en niks blijft aantrekken van de vaak 
gehoorde opmerking “ben jij niet het zusje van..?”. (Gelukkig gebeurt dit de laatste jaren 
ook andersom ;) )
Samen met Matthias heb jij je voor nu gesetteld in Groningen, waardoor we elkaar wat 
minder vaak zien. Gelukkig heeft de toekomst nog vele etentjes in Utrecht en Groningen 
in het verschiet!
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Mijn lieve paranimfen, Fenne en Ralph-Hermen, wat ben ik trots en blij dat ik jullie 
vandaag aan mijn zijde heb staan.

Fen, ik ken jou letterlijk vanaf het allereerste begin van mijn studententijd, toen we 
beide in hetzelfde introductiegroepje voor geneeskundekamp werden ingedeeld. Als ik 
terugdenk aan de afgelopen tien jaar, ben jij er altijd voor mij geweest. Samen hebben we 
veel mooie momenten gedeeld, maar kon ik ook altijd bij jou terecht met al mijn twijfels 
en onzekerheden. Met een glimlach denk ik terug aan onze jaarlijks terugkomende “nu-
worden-we-een-keer-echt-fit” sportactie. Zo ook in 2015, nu we (proberen) om samen 
1 keer per week te zwemmen. Jij bent mij erg dierbaar en ik weet zeker dat ik jou en 
Wouter nog vaak zal zien als we beide oud en grijs zijn. Ik kijk nu al uit naar alle mooie 
momenten die nog voor ons in het verschiet liggen!

Ralph, jou als paranimf was voor mij een logische keuze. Onze jaren samen op Aegir 
vormen de basis voor een hechte vriendschap, die wordt gekenmerkt door een 
duidelijke haat/liefde-verhouding (met terugkerende lieve scheldwoorden). Elke keer als 
ik neig te verzinken in werk, kom jij met een leuke film, concert of festival. Jouw ideeën 
over muziek, kunst en cultuur zijn een leuke en welkome afwisseling in mijn medische 
wereld. Je hebt een duidelijke mening, we kunnen altijd samen lachen en je kent me 
door en door. Dit jaar helaas voor mij weer geen kaarten voor into the great wide open, 
maar er zijn ongetwijfeld wel meer evenementen waar we naartoe kunnen dit jaar en 
de komende jaren! 

Lieve On, ik zou nog een heel dankwoord kunnen schrijven alleen voor jou, maar ik houd 
het kort: Jij en ik samen, zo moet het zijn.

Liefs, 

Marlous
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