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SUMMARY 
In current clinical practice, patients with advanced or metastatic cancer are often treated 
with chemotherapy and in some cases with molecular targeted drugs, immunotherapies, 
radiotherapy or other modalities. While there have been significant advances in the 
development of anti-cancer drugs, limitations of current therapies (including resistance 
and toxicity) prevent long-term treatment responses. Development of combination 
therapies currently is a well-established approach aimed to overcome these limitations. 
Identifying optimal drug combinations however is particularly challenging considering the 
enormous amount of possible combinations of available drugs at different dose-levels. 
Therefore, the aim of this thesis was to study preclinical methods of identification and 
optimization of drug combinations and to focus on emerging anti cancer drugs.  

PART I: DUG COMBINATION THERAPIES IN CANCER TREATMENT
In chapter 2 epigenetic drugs that target angiogenesis and combination of epigenetic 
drugs with targeted therapies are reviewed. Epigenetics is the study of varied gene 
expression that is not caused by DNA alterations but affected by post-transcriptional 
modulation. Distinct processes that account for this post-transcriptional modulation 
include DNA methylation, histone modifications and noncoding micro RNAs (miRNA). These 
drugs administered as monotherapy are not often used in the clinic, partially because most 
epigenetic drugs are non-selective which is associated with toxicity. The review further lists 
the current evidence of combinations of epigenetic drugs and epigenetic drugs combined 
with targeted therapies. The information provided in the review may trigger evaluation 
of epigenetic drugs in the design of optimal anti-angiogenesis drug combinations.

Chapter 3 describes the potential of anti-angiogenic drugs (molecular targeted drugs that 
affect angiogenesis) as a way of increasing the efficacy of traditional chemotherapeutic 
drugs. Aberrant tumor vasculature, caused by the release of excess pro-angiogenic 
growth factors, may lead to poor perfusion in tumors resulting in decreased uptake of 
chemotherapeutics. Various studies have reported on a vascular normalization window as 
a result of anti-angiogenic therapy that may lead to increased drug delivery. In our study, 
administration of axitinib (targeting VEGFR and PDGFR) led to a stable increase in tumor 
oxygenation for 6 hours that we defined as a normalization window. Treatment with the 
chemotherapeutic drug doxorubicin and the ruthenium compound RAPTA-C within the 
normalization window resulted in enhanced inhibition of ovarian carcinoma tumor growth 
in the chicken chorioallantoic membrane (CAM) model when compared to administration 
of these drugs outside the window. Similar results were obtained when applying Visudyne® 
- photodynamic therapy (PDT) within the normalization window. Observations of increased 
extravasation of doxorubicin supported this result. Our results stimulate the continuation 
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of research exploiting benefits of a normalization window to increase drug delivery or 
enhance oxygen dependent treatment strategies. 

In chapter 4 an extensive analysis of the combination of the epidermal growth factor 
receptor (EGFR) inhibitor erlotinib and the ruthenium compound RAPTA-C is reported. 
In a previous study aimed to identify an optimal angiogenesis drug combination, dose-
dependent synergistic interactions between erlotinib and RAPTA-C were noted that 
prompted us to investigate this drug combination in more detail. We observed strong 
synergistic inhibition of cell viability at various dose ratios in human ovarian carcinoma 
cells (including a cisplatin resistant variant) and endothelial cells. Co-administration of 
erlotinib to RAPTA-C resulted in enhanced uptake of intra-cellular ruthenium in ovarian 
carcinoma cells. Furthermore, the combination led to an increased amount of DNA bridges 
that suggested cell senescence. Both may be part of the mechanism of action leading to 
synergistic activity. In a translation step, erlotinib/RAPTA-C combination was found to 
inhibit ovarian carcinoma tumor growth in the CAM and in a murine model, in parallel to 
observations anti-angiogenic activity. 

Chapter 5 describes the in vitro optimization of a combination of targeted drugs aimed 
to target 786-O renal cell carcinoma (RCC) cells using the streamlined Feedback System 
Control (s-FSC) technique. The s-FSC method was developed by the group of professor
Ho at the University of California (UCLA), Los Angeles and is based on a statistical design 
of experiment approach in combination with response surface modeling with a second 
order regression analysis to rapidly identify synergistic drug combinations from a panel 
of drugs. Using the s-FSC method, we identified a highly effective and synergistic 3-drug 
combination (axitinib; targeting VEGFR and PDGFR, erlotinib; targeting EGFR and dasatinib; 
targeting Src and bcr-abl) from a panel of ten drugs after only three search steps. Drug
doses in the combination regimen were reduced significantly when compared to achieving 
similar efficacy with a single drug. Additionally, we observed significant apoptosis induction 
in 786-O and endothelial cells (ECs; ECRF24) as well as inhibition of cell migration in ECs. 

Continuing the research described in chapter 5, in chapter 6 the s-FSC guided optimization 
of 4 other RCC lines and an endothelial cell line is presented. We identified optimized
targeted drug combinations for each cell line and used phosphoproteomics analysis 
(Integrative Inferred Kinase Activity – INKA) to investigate the mechanism of action. This 
revealed an overlap in the 20 most active kinases in al 5 RCC cell lines, suggesting that 
a universal optimized drug combination is effective in all cells. Indeed, we found that
a combination of erlotinib and dasatinib, combined with AZD4547 (targeting FGFR) or 
axitinib showed promising activity. Thus integrating phosphoproteomic analysis with 
s-FSC provides important insights that supports initial drug selection and identification 
of superior drug combinations for the treatment of RCC. This method has the potential to 
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analyze mechanisms of drug resistance and is currently explored to develop a platform 
of patient derived material to optimize specific combination therapies for tailored 
treatment. 

In chapter 7 we evaluated the activity of axitinib, erlotinib and dasatinib combination 
therapy in pre-clinical models of colorectal cancer (CRC). This combination was initially 
optimized for the inhibition of RCC cells (described in chapters 5 & 6) but was found 
to significantly inhibit colorectal cancer cells as well as variety of other cancer types in 
validation steps. In CRC cells, treatment with the combination therapy led to significant 
inhibition of CRC cell metabolic activity and an increase of apoptosis levels. We established 
the growth of CRC tumors on the CAM model and showed that the combination inhibited 
tumor growth. Subsequent phosphoproteomics analysis helped to gain insight in the 
mechanism of action of this drug combination. 

In chapter 8 a clinical trial protocol for a single center, open label phase I study is described 
aimed to evaluate the safety and tolerability of axitinib, erlotinib and dasatinib combination 
therapy in patients with advanced solid malignancies. This specific combination was 
chosen because of convincing evidence of strong activity in our preclinical studies 
(chapters 5 – 7). Importantly, the included drugs were all FDA-approved thus providing 
prior data on pharmacokinetics, toxicity and possible interactions. The study includes 
a unique dose escalation scheme starting from sufficiently low drug doses to prevent 
early dose-limiting toxicities. Secondary endpoints include assessment of efficacy and 
pharmacokinetics as well as examination of blood markers for molecular diagnostics and 
disease/response monitoring.

PART II: EMERGING ANTI-CANCER DRUGS IN RELATION TO 

ANGIOGENESIS INHIBITION
In chapter 9, the in vivo activity of the ruthenium-based compound RAPTA-C is evaluated. 
We observed significant anti-tumor activity of RAPTA-C in an ovarian cancer CAM 
model and a colorectal cancer murine model.  In both models, inhibition of microvessel 
density was observed, in line with previously described anti-angiogenic activity. Further 
investigations are needed to determine if RAPTA-C can be used as an alternative to 
traditional metal-based compounds such as platinum-based chemotherapeutics in the 
future. Chapter 10 describes the preclinical activity of the PDGFR inhibitor crenolanib 
that is currently evaluated in several clinical trials. Crenolanib showed strong activity in 
a variety of angiogenesis model such as inhibition of endothelial cell viability, migration 
and sprout length. Remarkably, we found that the activity of crenolanib is not related to 
PDGFR expression in the tested cell lines. This implies that other mechanisms account 
for the observed activity. Indeed, subsequent cell cycle and in silico analysis suggested 
a broad mechanism of action but a focus on cell cycle and cell division related proteins. 
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Moreover, crenolanib inhibited ovarian carcinoma tumor growth in the CAM model in 
parallel to angiogenesis inhibition. Based on our findings, crenolanib may be considered 
as potential therapy for patients with solid tumors in the future.

In conclusion, in this thesis, strategies for optimization of anti-cancer drug combinations 
are described that led to the identification of promising drug combinations. Subsequent
investigations revealed novel insights in the underlying mechanism of action and the 
anti-angiogenic potential of the studied drugs and drug combinations. We believe that 
the knowledge gained from these studies stimulates the clinical evaluation of the included
drugs and drug combinations, and that the methods of drug combination optimization
may be used to guide personalized therapy in the future. 
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