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The thesis presented here contains a variety of studies investigating the potential therapeutic 

benefits of different combination-based treatment strategies. These studies have been divided into 

two primary lines of research: Part I (Chapters 2-7) addressing the use of anti-angiogenic 

compounds in cancer therapy and the optimization of multi-drug combinations, and Part II 

(Chapters 8-11) focusing on the combination of angiogenesis inhibitors with different treatment 

modalities, particularly with light-dependent therapies such as photodynamic therapy (PDT).  

 

Part I of the thesis is introduced based on a review (Chapter 2) which addresses the combination 

of angiogenesis inhibition with other treatment modalities, including: chemotherapy, 

radiotherapy, immunotherapy and PDT. This chapter introduces the clinical use of angiogenesis 

inhibition in the treatment of cancer as well as some of its major limitation. It further discusses 

how angiostatic cancer therapy can be improved through its combination with different strategies. 

Chapter 3 then describes the in vivo tumor growth inhibition activity of an experimental anti-

angiogenic ruthenium-based organometallic compound RAPTA-C. RAPTA-C has previously 

been shown to possess anti-angiogenic properties in vitro as well as in vivo anti-metastatic 

activity. In vivo activity against primary tumors for this compound, however, had yet to be shown 

previous to this study. In this study, we discovered that the daily administration of RAPTA-C 

results in significant tumor growth inhibition with evidence of angiostatic mechanisms in two in 

vivo xenograft tumor models (A2780 ovarian carcinoma on the CAM and LS174T tumors grown 

in nude mice).  Additionally, biodistribution studies showed the rapid clearance of RAPTA-C 

from the blood and organs through excretion by the kidneys, likely explaining the tolerability of 

daily treatment at relatively high doses. These results are quite promising and indicate that this 

compound could be of interest for clinical development. Additionally, RAPTA-C was identified 

in the optimal combination in the FSC.I screen for anti-angiogenic combinations (Chapter 6), 

meaning that in addition to having a single drug activity, RAPTA-C may be of interest for 

development in a combination regimen.  

 

Chapter 4 provides a brief introduction and history to the development of combination therapies 

in the treatment of cancer. This chapter presents some of the main challenges faced in designing 

optimized combination therapy regimens which may play a role in limiting their clinical efficacy 

and which we attempt to address in our subsequent studies. This chapter additionally introduces 

the optimization techniques which are used in the later studies. Chapter 5 presents the results of 

four different studies where, in each case, the response surface of the bio-complex system to drug 

combinations was simple and smooth and could be described using a 2
nd

 order linear regression 

model.  This finding is particularly interesting as it helps to explain the successful application of 

FSC.I and II in biological systems. Additionally, this finding supports the theory that a cell can be 
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considered as a complex system in which redundant and overlapping pathways result in a smooth 

response to external stimuli. This discovery also carries the implication that when analyzing a 

system whose response can be modeled with a 2
nd

 order linear regression, there exists only one 

global maximum. Therefore, analyzing cell responses to drug combinations through 2
nd

 order 

regression analysis can greatly facilitate the identification of optimal drug combinations.  

 

Chapter 6 describes the use of the feedback system control (FSC.I) technique, developed by the 

group of Chih-Ming Ho at the University of California, Los Angeles (UCLA), to develop an 

optimized combination of angiogenesis targeted agents.  FSC.I utilizes a stochastic search 

algorithm driven by the results of in vitro cell assays to guide a search through a large parametric 

space of possible drug combinations towards the optimum solution. This allows for the 

identification of highly effective drug combinations over several iterations and a dramatic 

reduction in the experimental effort required for drug combination optimization. In this study, we 

begin with a broad array of nine differently targeted anti-angiogenic compounds and identify an 

optimal 3-drug combination which strongly enhances in vitro endothelial cell viability inhibition 

and apoptosis induction. When tested in two in vivo tumor growth inhibition models, the chicken 

chorioallantoic membrane (CAM) model grafted with human ovarian carcinomas (A2780) and a 

colorectal carcinoma (LS-174T) tumors grown in nude mice, this combination exhibited effective 

tumor growth inhibition with evidence of anti-angiogenic mechanisms. This study provided 

various interesting insights into the potential advantages of drug combinations, as well as some 

reflections on the mechanism of synergistic angiogenesis inhibition.  (i) Our research indicated 

that by combining angiogenesis targeted drugs, anti-angiogenic effects could be selectively 

enhanced as seen by a synergistic increase in the inhibition of EC viability, while the inhibition of 

other cell lines was less dramatic in combination. (ii) We discovered that the synergistic inhibition 

of endothelial cell (EC) proliferation is achievable, although we were unable to identify 

combinations which synergistically inhibited EC migration. This fact may carry implications with 

respect to the relative importance of these two mechanisms in the process of angiogenesis or to 

the means by which synergistic angiogenesis inhibition is achievable. (iii) We were able to 

translate the in vitro optimized combination to successful tumor growth inhibition in two in vivo 

models. While to some extent this translation was a ‘lucky guess’, its success still indicates a 

certain level of stability in the optimized combination and a relatively flat surface near the optimal 

drug combination, where some variation in the optimal doses can still result in successful tumor 

growth inhibition.  
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Subsequently, Chapter 7 describes the application of the next generation of the FSC technique, 

termed FSC.II, in the in vitro optimization of a combination of targeted agents against the renal 

cell carcinoma cell line 786-O. FSC.II is based on the use of a statistical design of experiment 

approach and response surface modeling with a second order linear regression analysis to quickly 

identify highly effective subsets of drugs from a larger initial set. Using the FSC.II technique we 

were able to identify a highly effective group of 3-drugs out of ten starting compounds after only 

three search steps. The FSC.II technique, which allows for even more rapid identification of 

optimal drug combinations as compared to FSC.I, may provide a unique possibility for 

application in the development of a personalized medicine platform. Identification of patient- or 

genotype-specific drug combinations could be conceivable with such a method, as an optimal set 

of drugs could be identified within a matter of weeks with as little as 3 rounds of in vitro testing 

on patient-derived cells.  Subsequently, drug dose optimization would likely be performed in vivo 

and adapted throughout the course of treatment based on the optimization of a quantitative 

parameter of treatment response (i.e. tumor burden, serum drug concentration, serum growth 

factor levels, etc.). 

 

Part II of this thesis begins with a review chapter, Chapters 8. This chapter focuses on the 

combination of PDT with angiogenesis inhibition. PDT frequently leads to blood vessel closure 

and to the subsequent induction of angiogenesis, which can be a limiting factor in its treatment 

efficacy. PDT is frequently used in the treatment of neovascular based eye disorders and, to a 

lesser extent, in the treatment of superficial cancers. The limitations of PDT in the treatment of 

cancer are largely related to secondary responses which can result in tumor recurrence and 

possibly even the acceleration of tumor growth
1-3

. Therefore this review addresses various anti-

angiogenic agents and signaling pathways that can be targeted to prevent PDT-induced 

angiogenesis. Additionally, methods to enhance the efficacy of PDT are discussed, such as: the 

use of angiostatic drug induced vascular normalization to increase tumor oxygenation and PDT 

treatment efficacy; the combination of PDT with vascular disrupting agents; and the enhancement 

of the selectivity of PDT treatment by targeting photosensitizer delivery to tumor endothelium. 

These topics are discussed in light of improving the clinically efficacy of PDT treatment for 

cancer and neo-vascular based eye disorders.   

 

In Chapter 9, the efficacy of PDT in combination with low-dose anti-angiogenic tyrosine kinase 

inhibitors (TKIs) to inhibit PDT-induced angiogenic tissue responses and improve treatment 

outcome for cancer therapy is examined. In this study, we show that the administration of axitinib 

or sorafenib following PDT treatment significantly enhances tumor growth inhibition in A2780 

ovarian carcinoma tumors grown on the CAM. These results were at least partially achieved 
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through anti-angiogenic mechanisms, as the combination treated groups show reduced 

microvessel density based on immunohistochemistry staining for CD31 and a reduced expression 

of VEGFR-2 based on polymerase chain reaction analysis. These results suggest a promising 

means by which improved clinical outcomes could be achieved for the PDT treatment of cancer.  

 

In Chapter 10 the use of anti-angiogenic TKIs to enhance therapeutic benefits based on the 

induction of vascular normalization in the A2780 tumor model in the CAM is studied. Here we 

show that treating tumors with VEGFR targeted TKIs can induce a transient period of increased 

intratumoral oxygenation, presumably due to a vascular normalization effect. The administration 

of doxorubicin during this transient period of increased oxygenation showed increased 

extravasation of the nano-sized drug based on fluorescence detection of doxorubicin. This 

increased drug leakage also correlated to an enhanced treatment efficacy in tumors when 

doxorubicin is administered in the normalization window as compared to before the start of the 

normalization window. Enhanced treatment efficacy was further confirmed in tumors treated with 

RAPTA-C or PDT either before or during the period of enhanced tumor oxygenation.  These 

findings have clinical relevance as they provide further evidence for the support of angiostatic 

drug induced vascular normalization phenomenon, which is currently debated by many experts in 

the field. Additionally these results show that vascular normalization can be used to enhance both 

nano-drug delivery as well as an increasing the efficacy of oxygen dependent therapy such as 

PDT.  

 

Finally, Chapter 11 is a further development on a previously reported study which describes the 

lysosomal sequestration of sunitinib as a mechanism of developed drug resistance
4
. In the work 

presented here, we exploit this mechanism in addition to the spectral properties of sunitinib to use 

sunitinib as a photosensitizer and enhance sunitinib treatment efficacy through light irradiation. 

Here we have shown that the exposure of ECs incubated with sunitinib in vitro (i.e. with 

lysosomally sequestered sunitinib) to light irradiation results in cell death and that sunitinib can be 

i.v. administration in the CAM vasculature and illuminated to have a vaso-occlusive effect, 

similar to what is seen with other photosensitizers such as Visudyne®. In addition, the irradiation 

of sunitinib-treated tumors with light of the correct wavelength enhanced tumor growth inhibition 

as compared to tumors receiving sunitinib alone in A278O tumors grown on the CAM and in 

colorectal carcinoma bearing Balb/c mice. Although there are obvious complications to the 

clinical use of the light activation of sunitinib to enhance therapy (mainly the limited penetration 

depth of the excitation wavelength of sunitinib), method exist by which this could be addressed, 

as discussed in Chapter 11. Due to the relatively wide-spread use of sunitinib in the clinics, this 



Chapter 12 

283 

 

study still presents an interesting method by which therapeutic effects could be enhanced.  

Additionally, this strategy could also be applied for other drugs to help overcome the resistance 

mechanism of lysosomal drug sequestration.  

 

In conclusion, combination therapies carry great therapeutic potential for the treatment of disease. 

In particular combination therapies may help in the treatment of very complex diseases such as 

cancer, where the development of resistance to clinically used drugs remains a constant challenge. 

The development and optimization of combination therapies, however, is far from 

straightforward. As has been demonstrated by some of the studies included in this thesis and by 

many other research groups, not only are the therapeutic modalities or specific compounds 

included in a combination strategy pivotal to its efficacy, but the drug dosages, timing schedules 

and methods of administration can also be critical. In the thesis presented here, we have explored 

and tested several strategies for tackling this problem; however, it is clear that we have only 

begun to investigate the possible solutions. Many strategies exist to aid in the design of optimal 

combination therapy regimens. These methods must take into consideration the many treatment 

parameters which can be manipulated to achieve an optimal therapeutic response. For example, in 

the studies presented here, we have yet to address the in vivo optimization of drug doses, a step 

that will be required for effective in vivo translation of drug combinations. Additionally, we have 

also yet to investigate the potential of sequential versus simultaneous drug administration. This 

consideration alone provides new possibilities for improved efficacy with the potential of reduced 

side effects; however it also exponentially increases the number of combinations which must be 

analyzed for optimization, further complicating the optimization problem. Long-term metastatic 

tumor models would also be helpful to further study the development of drug resistance and to 

monitor side effects and toxicities in response to combination strategies.   

 

Ideally, combination therapy strategies will eventually be optimized and applied on a patient by 

patient bases, and will be adapted throughout the course of treatment based on the patient’s 

response. In order for this to be clinically feasible, very fast screening and optimization method 

will be required. Preliminary results using the FSC.II technique are quite promising and the 

further development of this or similar methods may allow for the development of personalized 

medicine in the form of drug combinations for cancer therapy in the future.     
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