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1. Abstract 

1.1 Purpose 
ZD6474 is a newly developed anti-angiogenic agent that selectively targets two key 

pathways in tumor growth by inhibiting vascular endothelial growth factor receptor 

(VEGFR) and epidermal growth factor receptor (EGFR) tyrosine kinase activity. While 

VEGFR signaling promotes an array of responses in the endothelium including 

endothelial cell proliferation and angiogenesis, EGFR signaling regulates principal 

cellular processes including proliferation, differentiation and apoptosis after cytotoxic 

stress. The purpose of the present study was to evaluate the antitumor efficacy of a 

combination of ZD6474 and radiotherapy in a human tumour xenograft model (Fadu, 

squamous cell carcinoma) and to investigate whether the effects of the treatments are 

related to changes in tumor perfusion, proliferation and apoptosis. 

 

1.2 Methods and Materials 
Tumor-bearing nude mice received either vehicle or ZD6474 (50mg/kg, by mouth, 

once daily for the duration of the experiment), with or without irradiation (5x2 Gy, days 

1-5) (4 treatment-groups: control; ZD6474 alone; radiotherapy (RT) alone; ZD6474 + 

RT). The antitumor efficacy of the different treatment modalities was evaluated by the 

tumor growth delay. For the different treatment-groups the tumor vascularisation was 

evaluated by immunofluorescence analysis of CD34 positive vessel segments (tumor 

vascular density) and the proliferative capacity and apoptotic degree of the tumor tissue 

were analysed by the quantification of Ki67 positive nuclei and Capase-3 positive cell.  
 

1.3 Results 
The tumor growth delay induced by the combined treatment (ZD6474 + RT) was 

greater than that induced by ZD6474 or radiotherapy alone (21.4 ± 2.8 versus 17.7 ± 3.0 

versus 12.5 ± 0.7 days). The application of ZD6474 had significant effects on the tumor 

vasculature resulting in clearly reduced neoangiogenesis. Moreover, the proliferative 

capacity of the tumor tissue was significantly decreased by ZD6474 and apoptosis of 

tumor tissue was significantly increased by ZD6474. 
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1.4 Conclusion 
When irradiation is combined with VEGFR and EGFR blockade, significant 

enhancement of antiangiogenic, antivascular, and antitumor effects were observed. These 

data provide support for clinical trials of biologically targeted and conventional therapies 

in the treatment of cancer.
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2. Introduction 
Ionizing radiation is an effective modality for the treatment of many tumors. It is a 

widely used treatment for cancer, with over half of all cancer patients receiving radiation 

therapy during their course of treatment (Owen et al., 1992; Hendry et al., 1992). 

Although widely used, a need remains to improve the cure rate by radiation therapy alone. 

The most frequent treatment is to combine cytotoxic chemotherapeutic agents with 

irradiation (McGinn et al., 1996; Stratford et al., 1996). The cytotoxicity of 

chemotherapeutic agents, however, is not limited to tumor cells because treatment of 

tumors with these agents can result in significant normal tissue toxicity (Archer et al., 

2003). 

There has been a recent rapid development of a new class of drugs termed 

antiangiogenesis or vascular targeting agents that target the relatively genetically stable 

tumor-associated vasculature (endothelial cells) rather than the genetically unstable tumor 

cell (Kerbel et al., 1991; Lin et al., 1998). The importance of targeting tumor vasculature 

development and function first became apparent in the 1970s through the seminal studies 

of Judah Folkman (Folkman, 1971), who demonstrated that angiogenesis is important for 

the growth and survival of tumor cells. The relationship between angiogenesis and tumor 

growth suggests that both tumor cells and their supporting endothelial cells are potential 

targets for cell killing and should be considered when planning cancer treatment 

(Camphausen et al., 2002). At least four theoretical advantages exist for considering 

tumor endothelial cells as targets for cancer therapy: (a) endothelial cells are more easily 

accessed by antiangiogenic/vascular targeting agents compared with drugs that act on 

tumor cells directly and have to penetrate large bulky masses; (b) antiangiogenic/vascular 

targeting agents may avoid tumor drug resistance mechanisms because they are directly 

cytotoxic to endothelial cells; (c) angiogenesis occurs in very limited circumstances in 

adults (wound healing and ovulation), thus antiangiogenic therapies targeting specific 

receptors on proliferating tumor endothelium potentially are safe and should avoid 

normal tissue toxicities; and (d) because each tumor capillary potentially supplies 

hundreds of tumor cells, targeting of the tumor vasculature should lead to a potentiation 

of the antitumorigenic effect (Scappaticci et al., 2002).  

Investigations of antiangiogenic/vascular targeting agents that have been conducted in 
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preclinical and clinical trials indicate that tumor cures are limited when these agents are 

used as the sole method of treatment (Kerbel et al., 2002). Some recent preclinical studies 

suggest that the combination of radiotherapy and angiogenic blockade enhances the 

therapeutic ratio of ionizing radiation by targeting both tumor cells and tumor vessels 

(Gorski et al., 1998; Mauceri et al., 1996; Mauceri et al., 1998). At present, there is great 

interest in combining antiangiogenic/vascular targeting strategies with conventional 

cytotoxic therapies such as radiotherapy to improve therapeutic gain. The mechanisms by 

which tumor response to radiation is enhanced by these new agents, however, are not 

currently understood. 

 

2.1 Role of angiogenesis in primary tumor growth and metastasis 
A competent and expanding vascular supply is a necessary component of the 

progressive growth of solid tumors because cells in solid tumors, like normal tissue, must 

receive oxygen and other nutrients to survive and grow (Folkman, 1976; Jain, 1988; Jain, 

1999). The connection between oxygen supply and tumor growth was first made in the 

1950s, histological analyses of human and rodent tumors performed by Thomlinson and 

Gray (Thomlinson and Gray, 1955) were the first studies to suggest that regions of viable 

cells exist close to tumor blood vessels and that these walls or cords of viable tumor cells 

correspond in thickness to the distance that oxygen can diffuse (1–2 mm3). The “tumor 

cord” model implied that hypoxic cells exist in a state of oxygen and nutrient starvation 

at the limits of the diffusion range of oxygen, and it was hypothesized that tumor cells 

could proliferate and grow only if they were close to a supply of oxygen from tumor 

stroma. In the 1970s, Folkman (Folkman, 1971) corroborated the earlier findings and 

proposed the importance of tumor vasculature as a viable target for anticancer therapy. 

He reported that a tumor without an adequate blood supply would grow only to a few 

thousand cells in size or around 1–2 mm3, which is the distance that nutrients can enter 

tumor cells by passive diffusion (Folkman, 1971). To increase in size beyond this passive 

diffusion-limited state, the growing tumor mass must acquire new blood vessels. Thus 

angiogenesis is a necessary condition to maintain tumor growth and their subsequent 

metastasis (Fig. 1). 
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Fig. 1: Angiogenesis is a necessary condition for sustained tumor growth (Ferrara et al., 
2004). 

 
2.2 Actions of VEGF in angiogenesis 

A switch to the angiogenic phenotype allows the tumor to expand rapidly. This 

so-called “angiogenic switch” (Hanahan et al., 1996) is regulated by environmental 

factors and by genetic alterations that act to either up-regulate proangiogenic factors (i.e., 

VEGF and basic fibroblast growth factor) (Rak et al., 2001) and transforming growth 

factors (TGF-α and TGF-β) and/or downregulate inhibitors of angiogenesis [i.e., 

angiostatin, endostatin, thrombospondin, and Alpha interferon (IFN-α) (Los et al., 2001)]. 

Tumor angiogenesis is a multistep process of degradation of the extracellular matrix, 

migration and proliferation of endothelial cells from postcapillary venules, and, finally, 

tube formation (Carmeliet et al., 2000). More than 20 endogenous activators and 

inhibitors have been identified in this process (Scappaticci et al., 2002). VEGF is the 

most potent and specific growth factor for endothelial cell activation (Ferrara et al., 2001). 

Evidence for the importance of VEGF-induced angiogenesis in tumor growth was 

demonstrated by use of neutralizing antibodies or a dominant-negative soluble receptor to 

inhibit VEGF action and growth of primary and metastatic experimental tumors (Gorski 

et al., 1999, Asano et al., 1995). VEGF also functions as a powerful antiapoptotic factor 

for endothelial cells in new blood vessels (Benjamin et al., 1999).  
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It has been described that angiogenesis is a multistep process, and VEGF acts at 

several stages to induce the angiogenesis (Fig. 2). (1) VEGF is a potent mitogen for 

vascular endothelial cells, but, with a few exceptions, is not mitogenic for other cell types 

(Ferrara et al., 1997). (2) VEGF mediates the secretion and activation of enzymes 

involved in degrading the extracellular matrix (Unemori et al., 1992; Lamoreaux et al., 

1998). (3) VEGF acts as a survival factor for endothelial cells through the inhibition of 

apoptosis (Alon et al., 1995). This action is mediated through the induction of expression 

of the antiapoptotic proteins: B-cell lymphoma gene-2 and A1 protein, regulation of the 

phosphatidylinositol 3-kinase/Akt pathway, increased phosphorylation of focal adhesion 

kinase, and stimulation of endothelial cell production of prostaglandin I2 (Ferrara et al., 

2001; Zachary et al., 2001). (4) VEGF is essential for the mobilization of bone 

marrow-derived endothelial cell precursors in the promotion of vascularization (Asahara 

et al., 1999; Bertolini et al., 2000). (5) In addition to promoting division of endothelial 

cells, VEGF also has an important role in modulating their migration to sites of 

angiogenesis (Rousseau et al., 2000). Other actions of VEGF include increasing vascular 

permeability (Senger et al., 1983), inhibition of dendritic cell differentiation (Gabrilovich 

et al., 1998), and induction of monocyte migration (Barleon et al., 1996). 

Fig. 2: Multiple functions of VEGF. Abbreviations: EC = endothelial cell; EPC = 
endothelial progenitor cell (Toi et al., 2001). 
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Many factor can induce the expression of VEGF, especially, VEGF is secreted by 

almost all solid tumors (Leung et al., 1989; Bellamy et al., 1999). Factors that lead to 

up-regulation of VEGF expression and secretion include external stresses such as 

ionizing radiation and tumor microenvironment factors such as hypoxia or a decrease in 

pH (Levy et al., 1995; Shweiki et al., 1995; Mukhopadhyay et al., 1995). Moreover, other 

growth factors stimulate VEGF production including insulin-like growth factor I and II, 

epidermal growth factor, and platelet-derived growth factor. Two specific signaling 

pathways are known to mediate the up-regulation of VEGF: (a) the phosphatidylinositol 

3’-kinase/Akt (protein kinase B) signal transduction pathway, which leads to stabilization 

of hypoxia-inducible factor1α (Maxwell et al., 1997; Mazure et al., 1997); (b) The 

mitogen-activated protein kinase (MAPK) pathway, in which activation of extracellular 

signal-regulated kinase increases transcription of the VEGF gene (Fig. 3 summary of the 

VEGF signaling mechanisms). 

 
Fig. 3: Signaling mechanisms involved in VEGF induced tumor angiogenesis. 
Endothelial cell survival and neovascular processes are induced by VEGF/VEGFR2 
signaling via PI3K/Akt signaling axis. VEGF is upregulated by external environmental 
stress (i.e., ionizing radiation) and internal tumor microenvironmental stress (i.e., hypoxia) 
(Jung et al., 1999). 
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Although the growth of solid tumors depends on angiogenesis from generation of a 

vascular network, the amount of newly formed vessels in the stroma of tumor does not 

necessarily lead to increased blood flow (Koukouraki et al., 2001). This inequality exists 

because newly formed microvessels in most solid tumors are abnormal when compared 

with the morphology of the host tissue vasculature (Vaupel et al., 1997). Endothelial cell 

lining of tumor blood vessels differ in many aspects with regard to gene expression from 

those of normal vasculature (St Croix et al., 2000). Due to the lack of adequate vascular 

maturation (Eberhard et al., 2000), vessels often have an incomplete or missing 

endothelial lining, and have interrupted basement membranes that result in an increased 

vascular permeability (Vaupel et al., 1997). Moreover, blood flow is often erratic, with 

even reversal of blood flow within individual vessels (Less et al., 1991). Consequently, 

oxygen availability to the tumor cells shows great variability. Many human tumors 

exhibit hypoxic regions that are heterogeneously distributed within the tumor mass 

(Movsas et al., 2002). Low perfusion rates and hypoxia may then coexist with high 

nonfunctional vascular density, creating hypoxic regions (Eberhard et al., 2000).  In 

these regions of hypoxia, endothelial cells may up-regulate survival factors to maintain 

their integrity and prevent apoptosis (Reinmuth et al., 2001). Thus, so-called “angiogenic 

hot spots” or localized regions of intense angiogenesis may be created and may be 

associated with failure of treatment (Koukourakis et al., 2001). 

 

2.3 Radiation and angiogenesis: a vicious cycle 
Tumor vasculature is abnormal, and the endothelial cell lining of tumor blood vessels 

have different phenotypic properties compared to those of normal vasculature (Eberhard 

et al., 2000). Consequently, increased tumor angiogenesis, as indicated by increased 

microvessel density or by increased VEGF expression, does not necessarily correlate with 

increased blood flow and oxygen availability. This situation, together with the existence 

of heterogeneous hypoxic regions within tumors, makes it difficult to predict how tumor 

angiogenesis will affect response to radiation therapy in a particular tumor. 

Strong evidence exists that cytotoxic therapy alone, such as irradiation, can result in 

intensification of angiogenic processes (Koukourakis et al., 2001). Direct up-regulation 

of VEGF after irradiation of various cancer cell lines has been reported (Gorski et al., 
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1998). This response is part of the overall cellular response to stress and is associated 

with the induction of a variety of transcription factors that can activate transcription of 

cytokines, growth factors, and cell cycle-related genes (Takahashi et al., 1998). The 

products of these genes regulate intracellular signaling pathways through tyrosine kinases, 

MAPKs, stress-activated protein kinases, and ras-associated kinases (Rak et al., 2002). 

These multiple pathways affect tumor cell survival or alter tumor cell proliferation. With 

regard to angiogenesis, radiation exposure can result in activation of the EGFR, which, in 

turn, can activate the MAPK pathway (Bowers et al., 2001). MAPK signaling is linked to 

increased expression of growth factors, such as TGF-αand VEGF. It is possible that 

radiation therapy itself contributes to radioresistance by upregulating and intensifying 

angiogenic pathways. The increased proliferation of tumor cells that is often seen after 

irradiation may be the result of up-regulated angiogenic pathways (Koukourakis et al., 

2001). Although many tumors reoxygenate after irradiation, in tumors that are 

unresponsive to radiation therapy, up-regulated angiogenesis may lead to factors 

contributing to radiation resistance such as increased vascular permeability, decreased 

tumor perfusion, increased oxygen consumption, and up-regulated survival pathways 

(Hansen et al., 2000; Lee et al., 2000). Thus angiogenesis contributes to making radiation 

therapy less effective in some tumors (Kung et al., 2000; Teicher et al., 1994; Vaupel et 

al., 1989). 

 

2.4 Radiation and antiangiogenic interactions 
The existence of tumor microenvironmental factors, such as hypoxia, that can 

up-regulate angiogenic and survival pathways and hence induce resistance to radiation, 

therapy has prompted studies combining antiangiogenic agents with irradiation in an 

effort to overcome this resistance. Teicher et al. (Teicher et al., 1995) were the first to 

show an increased response to single-dose radiotherapy with antiangiogenic agents. Since 

that time a number of preclinical studies have indicated that antiangiogenic agents can 

enhance the tumor response to irradiation (Hess et al., 2001; Huang et al., 2002). The 

differences in tumor response to antiangiogenic agents may come from differences in 

angiogenic growth patterns arising from different angiogenic growth factors such as 

VEGF/VEGFR or EGFR. Radiotherapy plays a role in upregulating the expression of 
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VEGFR and EGFR, both of which are considered key targets for novel anticancer 

therapies. Data from various studies suggest that inhibitors of VEGFR- and 

EGFR-dependent signaling may enhance the cytotoxic effects of radiotherapy (Hess et al., 

2001; Huang et al., 2002). 

 

2.4.1 Radiation and VEGF/VEGFR signaling pathway inhibitors 
Vascular endothelial growth factor has a critical role in pathological angiogenesis 

including sustained neovascularization that is required for all solid tumor growth. The 

signaling response is transmitted to the tyrosine kinase activity of the VEGF family of 

transmembrane receptors. Tyrosine kinase activation is stimulated after VEGF ligand 

binding and receptor dimerization. VEGF is a potent stimulator of endothelial cell 

proliferation, migration, and survival. In addition, VEGF acts as an important endothelial 

survival factor in newly formed vessels and stimulates vessel hyperpermeability, which 

may contribute to the high interstitial pressure commonly observed in solid tumors. The 

critical importance of VEGF in the growth of experimental tumors has been demonstrated 

when stasis or regression was observed after treatment with neutralizing antibodies (Kim 

et al., 1993; Asano et al., 1995; Kanai et al., 1998). Consequently, the development of 

clinically applicable inhibitors of VEGF signaling has been an area of avid research 

(Underiner et al., 2004), these can target either the VEGF protein directly or inhibit the 

activation of the cognate receptors. Of the three major receptors for VEGF family ligands 

[Flt-1 (VEGFR1), KDR (Flk-1; VEGFR2), and Flt-4 (VEGFR3)], VEGFR-2 is 

considered the most important receptor for mediating the angiogenic effects of VEGF. 

Therefore, inhibition of VEGFR-2 mediated tumor angiogenesis has become an 

important therapeutic goal. (Meyer et al., 1999; Zeng et al., 2001; Gille et al., 2001).  

In addition to the effect of VEGF on tumor angiogenesis and growth, VEGF can also 

play an important role in the response of tumors to radiotherapy. This appears to be 

predominantly achieved through the ability of VEGF to enhance endothelial cell survival 

(Gorski et al., 1999; Geng et al., 2001; Hess et al., 2001), recently suggested to be the 

critical factor determining tumor radiation response (Garcia-Barros et al., 2003). These 

observations raise the possibility of combined therapeutic strategies, although there are 

complexities surrounding the application of antiangiogenic agents in a radiotherapy 
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context. In particular, inhibition of VEGF signaling has the potential to impact on tumor 

oxygenation and proliferation kinetics, which could have profound effects on the 

response to irradiation (Griffin et al.,.2002). 

 

2.4.2 Radiation and EGFR signaling pathway inhibitors 
Aberrant EGFR tyrosine kinase activity has been reported in a number of human 

tumors and may contribute to tumor growth and the development of metastases (Harari et 

al., 2004). Radiation exposure not only results in activation of EGFR, but also 

upregulates the downstream MAPK pathway. MAPK signaling in turn is associated with 

increased expression of other growth factors such as TGF-α and VEGF (Park et al., 

2001). 

Several preclinical studies have been conducted with inhibitors of EGFR signaling in 

combination with radiotherapy. Administration of cetuximab (C225), the humanized 

antibody against EGFR, improved the response to radiotherapy in xenograft models of 

non–small-cell lung cancer (Raben et al., 2005) and epidermoid carcinoma (Milas et al., 

2000). Similarly, combining the EGFR tyrosine kinase inhibitor gefitinib with 

radiotherapy produced a cooperative antitumor effect in human colon and lung cancer 

xenografts (Bianco et al., 2002). Furthermore, clonogenic assays revealed a significant 

radiosensitizing action of gefitinib in bladder cancer cell lines (Maddineni et al., 2005). 

The potential mechanisms underlying the enhanced response to radiotherapy in the 

presence of EGFR signaling inhibition remain to be determined. However, possible 

explanations include enhanced tumor cell apoptosis and inhibition of EGFR-dependent 

production of endothelial cell survival factors such as VEGF. Of particular interest are 

the results from a randomized Phase III trial investigating high dose radiotherapy alone or 

in combination with cetuximab (humanized antibody against EGFR) in advanced 

head-and-neck cancer (Bonner et al., 2004). Patients who received combination therapy 

showed a significant prolongation of overall survival compared with those receiving 

radiotherapy alone. These highly promising data will encourage continued clinical 

evaluation of radiotherapy and inhibitors of EGFR as combination therapy. 
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2.5 ZD6474, an inhibitor of VEGFR and EGFR  
ZD6474 [N-(4–bromo-2–fluorophenyl)–6–methoxy–7-[(1–methylpiperidin–4-yl) 

methoxy] quinazolin-4-amine], is a potent inhibitor of both VEGFR and EGFR tyrosine 

kinase activity (Wedge et al., 2002). ZD6474 inhibits both VEGFR- and EGFR-mediated 

intracellular signaling, and its use in combination with radiotherapy may provide 

significant clinical efficacy (Sandström et al., 2008; Shibuya et al., 2007). Simultaneous 

inhibition of both VEGFR and EGFR signaling may present a novel and exciting 

opportunity to augment the antitumor effects of radiotherapy (Fig. 4). 

 

 

Fig. 4: Mechanism of action of ZD6474, which inhibits both VEGFR and EGFR tyrosine 
kinase activity (Frederick et al., 2006). 
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2.5.1 ZD6474 enhances the therapeutic efficacy of radiotherapy 
Preclinical evidence supporting the combined use of ZD6474 and radiotherapy has 

recently been reported. One study investigated the effects of ZD6474 and radiotherapy on 

human umbilical vein endothelial cell proliferation, as well as on tumor growth in a 

human non–small-cell lung cancer xenograft model (H226 and A549). In vitro, ZD6474 

inhibited human umbilical vein endothelial cell proliferation and induced accumulation of 

cells in G1, inhibited the formation of capillary-like networks, and enhanced the 

radiosensitivity of human umbilical vein endothelial cell in combination with 

radiotherapy. In vivo, the combination of daily oral ZD6474 plus radiotherapy produced 

significantly greater antitumor effects in H226 and A549 tumor xenografts compared 

with single-agent therapy alone (Hoang et al., 2006). 

 

2.5.2 ZD6474 — overcoming resistance to EGFR inhibition  
ZD6474 may also be a useful treatment option in the setting of acquired EGFR 

resistance. Overcoming resistance to EGFR signaling inhibition has been examined in a 

recent study from Ciardiello et al. (Ciardiello et al., 2004). Human colon cancer 

xenografts that had developed resistance to inhibitors of EGFR activity (gefitinib or 

cetuximab) were subsequently exposed to daily dosing of ZD6474. Significant tumor 

growth inhibition for the entire duration of dosing (up to 150 days) was observed with 

administration of ZD6474; in contrast, animals bearing gefitinib- or cetuximab-resistant 

tumors failed to respond when treatment with either EGFR inhibitor was reinitiated after 

a treatment break. Western blot analysis revealed increases in proangiogenic factors in 

the resistant GEO colon tumor cell lines, suggesting a potential mechanism underlying 

the strong antitumor effects of ZD6474 in these experiments. 

 

2.5.3 Pharmacokinetic dosing of ZD6474 in vivo 
Initial preclinical studies with ZD6474 in xenograft models have shown activity 

against a variety of tumor types using doses ranging from 12.5 to 100 mg/kg/d in mouse 

models (Wedge et al., 2002). In these initial studies, most human tumor xenografts 

continued to grow, albeit slowly at doses < 50 mg/kg/d. The most marked antitumor 

effects, including regression, usually required dosing at > 50 mg/kg/d (Gustafson et al., 
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2004). Therefore, preclinical studies may provide more predictive information on 

treatment application of ZD6474. 

The pharmacokinetics of ZD6474 in humans is linear, with a long terminal half-life 

(at least 100 hours) in both Japanese (Minami et al., 2003) and Western populations 

(Holden et al., 2005). At doses of 50–600 mg/d, the plasma levels at steady-state range of 

100–1,100 ng/mL. Steady-state levels are attained only after 20–30 days of daily drug 

dosing owing to the long half-life. The terminal half-life of ZD6474 in mice is 

significantly shorter (30 h) than that seen in humans (Zirrolli et al., 2005). Overall, the 

pharmacokinetics of ZD6474 are consistent with the maintenance of therapeutic levels 

after once-daily treatment, and dosing in animal models can be used according to 

approximate human exposure. 

 

2.5.4 Schedule optimization of radiotherapy and ZD6474 
Schedule optimization of radiotherapy and antiangiogenic combination therapy may 

differ among a variety of tumor types. Williams et al. (Williams et al., 2004) assessed the 

in vivo effect of chronically administered ZD6474 (25 or 50 mg/kg/d), with or without 

radiotherapy (three fractions of 2 Gy on days 1–3) in a Calu-6 human lung cancer 

xenograft model. Two schedules were examined: (1) ZD6474 dosing initiated 2 h before 

the first radiation dose (concurrent schedule), and (2) ZD6474 dosing initiated 30 min 

after the last radiation dose (sequential schedule). The growth delay induced using the 

concurrent schedule was significantly greater than that induced by either ZD6474 or 

radiotherapy alone. However, when administered sequentially, the tumor growth delay 

was markedly enhanced. Recent studies by Gustafson et al. (Gustafson et al., 2004) of a 

head-and-neck squamous cell carcinoma xenograft model indicated that concurrent 

administration of ZD6474 and radiotherapy significantly delayed tumor growth and was 

superior to single modalities or sequential combination therapies. The antitumor effects 

of ZD6474 doses was also examined in a human colorectal cancer xenograft model 

(HT29), either alone or combined with radiotherapy (Siemann et al., 2004). Three 

different schedules of combination therapy were assessed: ZD6474 before radiotherapy, 

concurrent administration, and ZD6474 after radiotherapy. In that model, irrespective of 

sequencing, concurrent therapy resulted in a significantly greater growth delay than either 
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radiotherapy or ZD6474 treatment alone. The in vivo effects of combination therapy 

correlated with a reduction in VEGF expression.  

The rationale for the development of VEGF signaling inhibitors in combination with 

radiotherapy was originally based on the observation that VEGF could enhance 

endothelial cell survival (Gorski et al., 1999). Consequently, a number of studies have 

shown that VEGF-targeting approaches can induce endothelial cell radiosensitization in 

vitro (Gorski et al., 1999; Geng et al., 2001). Some studies have suggested that 

VEGFR-blockade can lead to a transient normalization of the vasculature, leading to a 

window of opportunity when perfusion, oxygenation, and consequently, radiation 

response may be improved (Tong et al., 2004; Winkler et al., 2004). It is proposed that 

optimal treatment scheduling corresponds to administration of irradiation during a period 

of vascular normalization that is induced by the anti-VEGFR-2 therapy (Jain, 2001). 

Because tumors induce high levels of VEGF and angiogenesis, the antiangiogenic drug or 

VEGFR-blockade administration serves to balance this pathologic angiogenesis. 

Therefore, it is suggested that this period of normalization represents a balance between 

proangiogenic and antiangiogenic factors that transiently improves tumor blood flow and 

oxygenation (Jain, 2005). Because hypoxia is known to decrease the efficacy of 

radiotherapy (Wachsberger et al., 2003), giving radiation during this normalization 

window could serve to enhance treatment before the tumor vessels are irreversibly 

damaged and tumor blood flow is diminished by irradiation. 

Overall, ZD6474, is a potent (half inhibit concentration, IC50, 40 nmol/L), orally 

active, low molecular weight inhibitor of VEGF, and has additional activity versus the 

EGFR tyrosine kinase (IC50, 500nmol/L) (Ciardiello et al; 2003). Chronic oral dosing of 

mice bearing human tumor xenografts with ZD6474 has been previously shown to induce 

a dose-dependent inhibition of tumor growth (Wedge et al., 2002). And some results have 

suggested that ZD6474 may be a successful agent combined with clinical radiotherapy in 

a variety of tumor types (Gustafson et al., 2008; Bianco et al., 2006; Damiano et al., 

2005). However the optimal scheduling of treatments when ZD6474 combined with 

radiotherapy will continue to be an important issue to be assessed. 
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2.6 Aim of the project 
ZD6474 is a newly developed anti-angiogenic agent that selectively targets two key 

pathways in tumor growth by inhibiting VEGFR and EGFR tyrosine kinase activity. 

While VEGFR signaling promotes an array of responses in the endothelium including 

endothelial cell proliferation and angiogenesis, EGFR signaling regulates principal 

cellular processes including proliferation, differentiation and apoptosis after cytotoxic 

stress. The purpose of the present study was to evaluate the antitumor efficacy of a 

combination of ZD6474 and radiotherapy in a human tumour xenograft model (Fadu, 

squamous cell carcinoma) and to investigate whether the effects of the treatments are 

related to changes in tumor perfusion and tumor proliferation and apoptosis. 
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3. Materials and Methods 

3.1 Tumor cell line 
Fadu tumor cells (squamous cell carcinoma of head and neck) were maintained as a 

monolayer in RPMI 1640 supplemented with 10% fetal bovine serum and 0.01% (v/v) 

L-glutamine and penicillin/streptomycin. All cells were maintained at 37°C in a 5% CO2 

incubator. 

 

3.2 Animal cares 
Female athymic nude mice (nu/nu, body weight, 20–25 g, 8–12 weeks of age), were 

purchased from Charles River Laboratories, Inc (Wilmington, MA). All mice were provided 

sterilized food and water and housed in a barrier facility with 12-h light and dark cycles 

and in laminar flow hoods with constant temperature and humidity for the whole course 

of the experiments and supplied with standard laboratory diet and water (Sano et al., 2007; 

Brazelle et al., 2006). The mice were allowed to acclimatize from shipping for 1 week 

before use. The care and treatment of all experimental mice was in accordance with 

institutional guidelines. 

 

3.3 Tumors xenografts 
2 days before the tumor xenografts were established, all the mice were whole-body 

irradiated with 4 Gy (6-MV linear accelerator, MDX, Siemens) to suppress the 

immunoreactions. Fadu cells were prepared at a concentration of 2 x 107cells/mL in a 1:1 

mix of serum-free RPMI1640, and were intradermal injected to the right hind leg of the 

mice with. 

 

3.4 Drug and/or radiation treatment schedules  
After 7 days, when established tumor size reached at about 6 mm in diameter, all the 

mice bearing Fadu tumors were randomly assigned to 4 study groups (n = 6–8 mice per 

group): 
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Control group:  

No treatment was given to the mice. 

ZD6474 alone group:  

ZD6474 was administered daily by oral gavage (50 mg/kg, at volume of 0.1 mL/10g 

of body weight) for a period of 4 weeks (Monday to Friday). 

Radiotherapy alone group: 

Tumor irradiations were performed using a 6-MV linear accelerator, and localized 

radiotherapy was administered on anesthetized mice confined in plastic jigs. The tumor 

bearing limb was extended through an opening of the jig, allowing local tumor irradiation. 

The total dose was 10 Gy (5 × 2 Gy, days 1–5). 

Combination treatment with ZD6474 and radiotherapy group: 

ZD6474 (50 mg/kg, by mouth, once daily) was given 2 hours before each dose of 

radiation (5 × 2 Gy, days 1–5). 

 

3.4 Tumor response assessment 
Tumor size was measured using callipers every two days from the time of initial 

treatment to the time tumor size reached 2.5 cm3. Tumor volumes (V) were determined 

by the two axes of the tumor (L, longest axis; W, shortest axis). Volume was calculated 

according to the following formula as:  

Tumor volume (cm3) = (L x W2) x π/6, where L and W are the shortest and the 

longest diameter (Hessel et al., 2004). 

The tumor size and days of tumor growth were recorded until tumor volume reached 

2.5 cm3. 

 

3.5 Immunohistochemical evaluation of the xenograft tumors 
Mice were implanted with Fadu cells, after 6 to 8 days, mice were divided into 4 

groups to receive different treatment as described above in the tumor volume studies. In 

the drug treatment group, the mice were treated with 50 mg/kg ZD6474 p.o. daily for 5 

days. Mice in the radiation treatment group were treated with 2 Gy daily fractions for 5 

days, given by use of a 6 MV linear accelerator as described above in the tumor volume 

studies, and in combination treatment group, drug was delivered 2h before daily 
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irradiation. One week after 5 days treatments, mice were killed and the xenograft tumors 

sections were separated, tumor tissues from four mice from each treatment group were 

fixed and embedded in paraffin, then sectioned in 5 µm.  

 

3.5.1 Evaluation of vessel density 
To evaluate angiogenesis and vessel density, the antibody against CD34 was used. 

CD34 is a myeloid progenitor cell antigen and also present in endothelial cells, it can be 

detectable in all types of endothelium (Folkman, 1995). The monoclonal antibody against 

CD34 reacts with endothelium of arteries and venules, and has been found to stain more 

intensely capillary endothelium (Fina et al., 1990). It has been used for the diagnosis of 

vascular tumors and detection of small vessel proliferation representing angiogenesis 

(Schaerer et al., 2000). 

To evaluate vessel density, an immunofluorescence technique and antibody against 

CD34 were utilized. Briefly After deparaffinization and rehydration using the following 

series of washes: two xylene washes (10 min each), followed by 100% ethanol, 96% 

ethanol, 90% ethanol, 80% ethanol, 70% ethanol rinses (2 min each), the sections were 

washed by H2O for 1 min. Antigen retrieval was performed by heating the sections for 60 

min with citrate buffer (DAKO Retrieval puffer, #S-2031, Glostrup, Denmark pH 6.0) at 

96°C for unmasking the antigenic sites. After washing the sections with PBS for 5 min on 

a shaker, samples were blocked with normal goat serum (cat. #642921 ICN, Irvine, CA, 

USA) at room temperature for 60 min in order to diminish non-specific binding sites. 

Afterwards the tissue sections were incubated with primary monoclonal antibody of rat 

anti-mouse CD34 (United States Biological Inc, Massachusetts, Cat #C2386-02C) at a 

dilution of 1:100 in PBS in the humidified chamber overnight at 4°C, then the sections 

were incubated with biotinylated Alexa Fluor 488-conjugated goat anti-rat secondary 

antibody IgG (Invitrogen, Karlsruhe, Germany, cat. #A11006) diluted 1:200 in PBS in a 

humidified chamber for 60 min at room temperature in dark. Finally the sections were 

counterstained with DAPI and mounted in Entellan (Merck, Darmstadt, Germany) at 4°C 

overnight protected in the dark. Between each step the sections were washed by PBS 

(3x10 min). 

Sections were examined on a Nikon fluorescent microscope. Blood vessel density 
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was quantified that each slide was scanned at low power (x10-100) and the area with the 

higher number of new vessels was identified (hotspot). This region was then scanned at 

x600 microscope magnification. Three fields (0.15 mm2 per microscopic field) were 

analyzed and, for each of them, the number of stained blood vessels was counted. For 

individual tumors, microvessel count was scored by averaging the three field counts 

(Sano et al., 2007). 

 

3.5.2 Evaluation of tumor proliferation and apoptosis 
To evaluate the prolifreration of tumor tissue, the proliferation antigen Ki67 was used 

to assess the proliferating rate of tumor in different treatment group. The proliferation 

antigen Ki67 is detectable in cells at all phases of the cell cycle except G0 (Gerdes et al., 

1983), and the Ki67 labeling index (the percentage of cells with Ki67 positive nuclear 

immunostaining) is a measure of tumor proliferation (Lehr et al., 1999; Thor et al., 1999). 

Other studies (Chang et al., 2000; Archer et al., 2003) have suggested that a high Ki67 

labeling index can be as a predictor of responsiveness to adjuvant therapy. To evaluate 

the prolifreration of tumor tissue, the antibody against Capase-3 was used. Capases are 

family of cytosolic aspartate specific cysteine proteases involved in the initiation and 

execution of apoptosis. Capase-3 is a member of apoptosis execution group of capases, it 

can be activated when cells undergo apoptosis (Nicholson et al., 1995). 

The immunofluorescence technique and antibody against Ki67 and Capase-3 were 

utilized. After deparaffinization and rehydration using the following series of washes: 

two xylene washes (10 min each), followed by 100% ethanol, 96% ethanol, 90% ethanol, 

80% ethanol, 70% ethanol rinses (2 min each), the sections were washed by H2O for 

1 min, antigen retrieval was performed by heating the sections for 60 min with citrate 

buffer (DAKO Retrieval puffer, #S-2031, Glostrup, Denmark pH 6.0) at 96°C for 

unmasking the antigenic sites. After washing the sections with PBS for 5 min on a shaker, 

samples were blocked with normal goat serum (cat. #642921 ICN, Irvine, CA, USA) at 

room temperature for 60 min in order to diminish non-specific binding sites. Afterwards 

the tissue sections were incubated with primary monoclonal antibody of rat anti-mouse 

Ki67 (at a dilution of 1:200, Dako Gmbh, Hamburg, Germany) or rabbit anti-Capase3 

(1:100, Epitomic Inc, Burlingam CA, USA) in the humidified chamber overnight at 4°C, 
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then the sections were incubated with biotinylated Alexa Fluor 488-conjugated goat 

anti-rat (Invitrogen, Karlsruhe, Germany, cat. #A11006) or goat anti-rabbit (Invitrogen, 

Karlsruhe, Germany, cat. #A11008) secondary antibody IgG diluted 1:200 in PBS in a 

humidified chamber for 60 min at room temperature in dark. Finally the sections were 

counterstained with DAPI and mounted in Entellan (Merck, Darmstadt, Germany) at 4°C 

overnight protected in the dark. Between each step the sections were washed by PBS 

(3x10 min). 

Sections were examined on a Nikon fluorescent microscope. To determine the 

percentage of positive cells with Ki67, at least 500-1000 tumor cells per slide were 

counted, the number of Ki67-positive cell was scored and the positive rate was counted. 

To quantify the analysis of apoptosis, the number of apoptotic cells or Capase-3 stained 

positive cells was counted in 5 fields (0.15 mm2 per microscopic field) under x600 

microscope magnification in each tumor section per treatment group; results were 

expressed as positive cells per field. 
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4. Results 

4.1 Assessment of tumor growth delay 

4.1.1 Inhibition of xenograft growth in nude mice 
We evaluated the effects induced by radiotherapy and ZD6474 treatment in an in vivo 

model. 1 week after tumor cell injection, tumor size reached about 6 mm in diameter; all 

the mice were treated differently in 4 groups according to the plan. When tumor volume 

reached 2.5 cm3, mice were sacrificed. The progress of tumor growth was recorded every 

other day. The tumors in the control group (untreated mice) needed about 28 days to 

reach a volume of 2.5 cm3. At the same time point, the tumor growth in mice treated with 

either radiotherapy alone or ZD6474 alone or combination treatment with ZD6474 and 

radiotherapy was markedly inhibited. Respectively, it needed about 40 days, 45 days and 

49 days for the tumor volume to reach 2.5 cm3. So the inhibition effect in combination 

treatment with ZD6474 and radiotherapy group was better than ZD6474 alone group, and 

better than radiotherapy alone group (Fig. 5; Table 1). 

 

4.1.2 ZD6474-mediated tumor growth inhibition  
In the present study, ZD6474 has shown to produce a significant inhibition of Fadu 

cell xenograft growth. Fadu cell is an aggressive tumor cell line with high proliferating 

rate, the time taken for control tumors to achieve 2.5 cm3 was about 28 days. However, at 

the same time the mean tumor volume in ZD6474 alone group was 1.0 cm3, far smaller 

than in control group, it was about 45 days for ZD6474 alone group to reach end point, 

the difference between ZD6474 alone group and control group is obvious. (Fig. 5; 

Table 1). Thus ZD6474 treatment induced a highly significant inhibition of tumor growth 

in the present study. 
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4.1.3 ZD6474 combined with radiotherapy produces an enhancement of 
antitumor activity 

The potential of ZD6474 to enhance the outcome of radiotherapy in Fadu cell 

xenografts was investigated in a concurrent schedule whereby 50 mg/kg ZD6474 was 

given 2 hours before radiation (2 Gy per day) every day for a period of 5 days. When 

tumor in radiotherapy alone group reached 2.5 cm3, the mean tumor volume was 0.7 cm3 

in ZD6474 combined with radiotherapy treatment group. The time to achieve the end 

point in the combined treatment group was about 49 days, obviously greater than that 

seen in tumors treated only with radiotherapy (40 days) or only with ZD6474 (45 days), 

that there was an apparent difference between radiotherapy and ZD6474 combined with 

radiotherapy treatment (Fig. 5; Table 1). 

 
Table.1: Chronic daily dosing of ZD6474 (50 mg/kg) enhances the response of Fadu 
xenografts to fractionated radiotherapy 
 

Treatment Mean days (1)  
when Tumor volume (2.5cm3)

Mean days (2) 
Growth delay  

   Control 27.5 ± 1.2 NA 

Radiotherapy alone (RT) 40.0 ± 0.7 12.5 ± 0.7 

ZD6474 alone 45.2 ± 3.0 17.7 ± 3.0 

ZD6474+RT 48.9 ± 2.8 21.4 ± 2.8 

 
NOTE: 

(1) Tumors were treated daily in different groups until the tumor volume reached 

2.5 cm3 was. The days of tumor growth were recorded and compared. 

(2) Tumor Growth delay is a comparison of the days of tumor growth between different 

treatment group and control (days of TV 2.5 cm3 treated – days of TV 2.5 cm3 

control).  

Values shown are the mean ± SE.  

Abbreviations: NA, not applicable; TV, tumor volume 
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Fig. 5: Inhibition of in-vivo growth of Fadu tumors in nude mice treated with 
radiotherapy alone (RT: 5 x 2 Gy, days 1-5), ZD6474 alone (ZD6474: 50 mg/kg/d) and 
their combination (ZD6474 + RT) compared with control without treatment. Data points 
represent mean values obtained from six to eight animals. Error bars represent the SE of 
6-8 experiments. 
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4.2 ZD6474 with radiotherapy reduces vascular density in Fadu 
xenograft tumors 

To determine the effects of ZD6474, radiation, and combination treatment with 

ZD6474 and radiotherapy on endothelial cells in vivo, histological assessments of vessel 

density were done on tumors excised one week after 5 days of continuous treatment. To 

relate changes in the endothelial compartment to the pathology of the tumor as a whole, 

the extent of tumor proliferation and apoptosis were also assessed. An antibody for CD34 

was used to stain for blood vessels. A representative image is shown in Fig. 6 A. The 

number of vessels per microscopic field was determined for each treatment group. 

Sections were examined on a Nikon fluorescent microscope. Blood vessel density was 

quantified that each slide was scanned at low power (x10-100) at first and the area with 

the higher number of new vessels was identified (hotspot). This region was then scanned 

at x600 microscope magnification. Three fields (0.15 mm2 per microscopic field) were 

analyzed and, for each of them, the number of stained blood vessels was counted. For 

individual tumors, microvessel count was scored by averaging the three field counts 

(Sano et al., 2007). Our study has shown control tumors had an average of 30.9 ± 1.4 

vessels per microscopic field, radiotherapy alone had 21.6 ± 1.7 vessels, ZD6474 alone 

had 17.5 ± 2.3 and combination treatment with ZD6474 and radiotherapy had 12.5 ± 0.6, 

the number of vessels was lowest in the combination treatment sections. Both ZD6474 

(50 mg/kg) daily for 5 days and radiotherapy alone (5 × 2 Gy) reduced vessel density in 

Fadu tumors compared with control. However, it was when both agents were applied 

concomitantly that this change achieved significantly enhanced compared with 

radiotherapy alone (Fig. 6 A and B). 
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Fig. 6 A: ZD6474 in combination with irradiation decreases vascular density in Fadu 
xenograft tumors. Histological sections were obtained from the tumors of the mice in 
each treatment group after one week treatment with ZD6474 and with or without 
irradiation; total vessel density was assessed using immunostaining for CD34 as a marker 
of endothelial cells. Images were shown at ×600 magnification. 
 

 
Fig. 6 B: Quantification analysis of blood vessel in tumor. Average blood vessel density 
of each treatment group was determined by counting the number of blood vessels at an 
area of 0.15 mm2 per microscopic field. Data presented are average values. Error bars 
represent the SE of 3-4 experiments. 

ZD6474 alone ZD6474+RT 

Control RT alone 
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4.3 ZD6474 with radiotherapy reduces proliferation in Fadu xenograft 
tumors 

To determine whether the tumor growth delay from the combined therapy results 

from decreased tumor proliferation, immunofluorescence technique and antibody against 

Ki67 were utilized to evaluate tumor proliferation. Ki67 staining was done using tissue 

sections from Fadu tumors in all treatment groups. Sections were examined on a Nikon 

fluorescent microscope and the proliferating rate was then determined in each treatment 

group. To determine the percentage of positive cells with Ki67, at least 500 - 1000 cancer 

cells per slide were counted and the number of positive cell were scored. Results were 

shown in Fig. 7 A and B. 

Our results have shown tumor in mice of control group had a very high proliferating 

rate with an average positive rate of 50% ± 1%; radiotherapy alone had an average 

positive rate of 21% ± 2%; ZD6474 alone had an average positive rate of 15% ± 1%, and 

combination treatment with ZD6474 and radiotherapy had an average positive rate of 9% 

± 1%. Compared with control, ZD6474 alone or radiotherapy alone inhibited tumor 

proliferation; the difference was obvious. However, when ZD6474 was combined 

radiotherapy, the positive rate of Ki67 was lowest in all treatment sections, and compared 

with ZD6474 alone or radiotherapy alone, the inhibited effect was increased. The 

difference between ZD6474 combined with radiotherapy and ZD6474 or radiotherapy 

alone was significantly increased. 
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Fig. 7 A: ZD6474 in combination with irradiation reduces Ki67 expression in Fadu 
xenograft tumors. Histological sections were obtained from the tumors of the mice in 
each treatment group after one week treatment with ZD6474 and with or without 
irradiation; standard Ki67 stainings were done. Immunofluorescence staining was shown 
at × 600 magnification in 4 groups. 
 

 
Fig. 7 B: Quantification of proliferative rate in tumor. Average proliferative rate of each 
treatment group was determined by counting Ki67 positive cells in 500-1000 tumor cell 
under microscopic field at ×600 magnifications. Data presented are average values. Error 
bars represent the SE of 3-4 experiments. 

ZD6474 alone ZD6474+RT 

Control RT alone 
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4.4 ZD6474 with radiotherapy increases apoptosis in Fadu xenograft 
tumors 

To determine whether the tumor growth delay from the combined therapy results 

from increased tumor apoptosis, Immunofluorescence technique and antibody against 

Capase-3 were utilized to evaluate tumor apoptosis. Capase-3 staining was done using 

tissue sections from Fadu tumors in all treatment groups. Sections were examined on an 

Nikon fluorescent microscope and the apoptosis index was then determined in each 

treatment group. To quantificate analysis of apoptosis in tumor, 5 fields (0.15 mm2 per 

microscopic field) were selected in each tumor section per treatment group under x600 

microscope magnification, cells with positive expression of Capase-3 were counted, and 

results were expressed as positive cells per field. Results were shown in Fig. 8 A and B. 

Our results have shown that tumors in the control group had a very low number of 

apoptotic cells per microscopic field (3.7 ± 0.3). The tumors in the radiotherapy alone 

group had an average number of 5.8 ± 0.3 and in the ZD6474 alone group had an average 

number of 5.2 ± 0.3 apoptotic cells per microscopic field. Combination treatment with 

ZD6474 and radiotherapy lead to a significantly higher number of apoptotic cells (11.5 ± 

0.5) per microscopic field.  

Compared with control, ZD6474 alone or radiotherapy alone increase apoptosis in 

tumor; the difference was obvious; however, when ZD6474 was combined radiotherapy, 

the difference was increased further. Compared with ZD6474 alone or radiotherapy alone, 

ZD6474 combined with radiotherapy enhanced the apoptosis in tumor. The difference 

between ZD6474 combined with radiotherapy and ZD6474 or radiotherapy alone was 

significantly increased. 
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Fig. 8 A: ZD6474 in combination with irradiation increases Capase-3 expression in Fadu 
xenograft tumors. Histological sections were obtained from the tumors of the mice in 
each treatment group after one week treatment with ZD6474 and with or without 
irradiation; standard Capase-3 stainings were done. Immunofluorescence staining were 
shown at ×600 magnification in 4 groups. 
 

 
Fig. 8 B: Quantification analysis of apoptosis index in tumor. Average apoptosis index of 
each treatment group was determined by counting the number of Capase-3 positive cell at 
an area of 0.15 mm2 per microscopic field. Data presented are average values. Error bars 
represent the SE of 3-4 experiments. 

ZD6474 alone ZD6474+RT 

Control RT alone 
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5. Discussion 

5.1 ZD6474 inhibits VEGF signaling, angiogenesis, and tumor growth 
following oral administration 

Tumor growth requires access to oxygen and nutrients carried by blood vessels. 

Tumor cells meet this nutritional need by influencing the surrounding host stroma to 

induce formation of new blood vessels, which subsequently grow within the tumor 

(angiogenesis). Angiogenesis plays a central role in the exponential growth of primary 

tumors and metastases. Strategies directed toward inhibition of tumor angiogenesis hold 

promise in cancer therapeutics with the first antiangiogenic agent achieving approval 

from Food and Drug Administration in 2004 (Tortora et al., 2004; Kerbel et al., 2004). 

Activated vascular endothelium represents an attractive target because of its rich 

accessibility to drugs, genetic stability (less likely to develop resistance), tissue 

homogeneity, and presence of a proliferating state primarily within tumor tissue.  

Many factors have been implicated in promoting angiogenesis; VEGF plays a key 

role in tumor angiogenesis including induction of endothelial cell proliferation, migration, 

survival and capillary tube formation (Kanno et al., 2000). Enhanced production of 

VEGF is generally correlated with increased neovascularization within tumors (Kerbel et 

al., 2000; Fontanini et al., 1997). Different mechanisms, notably hypoxia can increase 

VEGF expression in cancer cells (Kerbel et al., 2000; Ferrara et al., 1992). VEGF binds 

to two distinct receptors on endothelial cells, i.e. flt-1 (VEGFR-1) and flk/KDR receptor 

(VEGFR2) (Ferrara et al., 1992). VEGFR-2 is considered to be the dominant signaling 

receptor for endothelial cell permeability, proliferation, and differentiation (Ferrara et al., 

2003). VEGF and its receptors are good targets for cancer therapy because VEGF 

receptors are highly specific for VEGF and are expressed in increased numbers primarily 

during periods of tumor growth (Cherrington et al., 2000). The integral role of the 

VEGF/VEGFR2 pathway in tumor angiogenesis is supported by numerous studies, 

including those that show inhibition of tumor growth in nude mice by anti-VEGF 

antibodies (Willett et al., 2004), anti-Flk1 antibodies (Kozin et al., 2001), inhibitors of 

VEGFR2 tyrosine kinase (Drevs et al., 2000; Abdollahi et al., 2003), anti-VEGF 

antisense RNA (Saleh et al., 1996; Ellis et al.,1998 ), and VEGF toxin (Ramakrishnan et 
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al., 1996). 

ZD6474 is a potent, low molecular weight inhibitor of VEGFR2 tyrosine kinase 

activity (Hennequin et al., 2002), which significantly inhibits tumor growth in a broad 

range of established human cancer xenografts in nude mice and is currently undergoing 

clinical evaluation (Miller et al., 2005; Heymach et al., 2005). ZD6474 also has 

additional activity against EGFR tyrosine kinase (Ciardiello et al., 2003; Ryan et al., 

2005). ZD6474 has potent antitumor activity by a direct antiangiogenic mechanism via 

inhibition of VEGFR2 signaling in endothelial cells, and can also directly inhibit cancer 

cell growth by interfering with the EGFR autocrine pathway which is central to cancer 

growth and progression. Overexpression of EGFR and/or its ligands, transforming growth 

factor TGF-α and EGF has been reported in many human tumor types (Ciardiello et al., 

2001). Furthermore, ZD6474 could block neoangiogenesis more efficiently than more 

selective anti-VEGFR agents, because in addition to a direct inhibitory effect on 

VEGFR2 signaling, it also has an indirect effect on angiogenesis via blockade of EGFR 

induced paracrine production of angiogenic growth factors (Wedge et al., 2002; 

Ciardiello et al., 2003).  

In this study, ZD6474 proved to be an effective agent for suppressing growth of Fadu 

cells in vivo. Chronic once-daily oral administration of ZD6474 (50 mg/kg/day) produced 

an obvious inhibition of tumor growth in Fadu tumor xenograft models. To evaluate 

vessel density in vivo, histological analysis of immunohistochemical staining was utilized. 

Vessels were detected with an anti-CD34 antibody. After treatment with ZD6474, the 

number of CD34-positive endothelial cells decreased and the vessel number was 

significantly lower in the tumors treated with ZD6474 alone compared with control. To 

evaluate proliferating rate and apoptotic events in vivo, the marker of Ki67 and Capase-3 

were utilized. After treatment with ZD6474, the number of Ki67-positive tumor cells 

decreased and the number of Capase-3 positive tumor cells was significantly higher in the 

tumors treated with ZD6474 than that in the control. These data are compatible with 

inhibition of VEGF signaling because a significant reduction in tumor neovascularization 

and VEGF-induced vascular permeability could be expected to result in greater tumor 

ischemia and the induction of tumor cell necrosis. 

In conclusion, based on the present results, we show that in vivo ZD6474 was a 
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highly active antitumor agent by inhibition of VEGF-dependent angiogenesis, 

proliferation and induction of tumor cell apoptosis. These results suggest that ZD6474 

may have dual antitumor effects by i) inhibiting VEGF dependent tumor angiogenesis 

and VEGF-dependent endothelial cell survival, and ii) inhibiting tumor cell proliferation 

and promoting tumor cell apoptosis. ZD6474 has the potential to inhibit two key 

pathways in tumor growth via inhibition of VEGF-dependent tumor angiogenesis and via 

inhibition of EGFR-dependent tumor cell proliferation. In further, the efficacy of ZD6474 

combined with radiotherapy will be evaluated. 

 

5.2 ZD6474 increases the tumor response to radiotherapy 
 

5.2.1 ZD6474 produces an enhancement of radiotherapy through 
antiangiogenesis 

Although antiangiogenic agents have been shown to reduce the growth rate of tumors, 

treatment with these agents alone is unlikely to be curative (Siemann et al., 2004). 

However, combining antiangiogenic agents with other modalities may lead to an overall 

increase in antitumor efficacy. When considering treatment options for combination 

studies, radiation therapy appears to be a good candidate given its extensive use and 

application in a wide variety of tumor types and clinical settings (DeVita et al., 1997).  

Radiation represents a central modality of treatment for many human cancers. 

Approximately one-half of all cancer patients receive radiation at some point during the 

course of their disease. The effectiveness of radiation is often limited by normal tissue 

tolerance or by tumor cell resistance to therapy. Molecular targeting of the tumor 

vasculature may influence the efficacy of radiotherapy in achieving locoregional tumor 

control (Gong et al., 2003; Fenton et al., 2004; Raben et al., 2004). Indeed, approaches 

using angiostatin (Mauceri et al. 1998), endostatin (Hanna et al., 2000), vascular 

microtubule formation inhibition (Siemann et al., 2002), and anti-VEGF treatment 

(Gorski et al., 1999; Lee et al., 2000) have shown enhanced antitumor effect of radiation 

in several preclinical studies with human tumor xenografts. With specific regard to 

VEGFR2, a report by Kozin et al. (Kozin et al., 2001) demonstrates that VEGFR2 

blockade by mAb DC101 reduces the dose of radiation required to control 50% of tumors 
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in two human xenograft model systems. Studies using an orally available inhibitor of 

VEGFR2 tyrosine kinase activity (ZD6474) also demonstrate antitumor activity (Wedge 

et al., 2002), and preliminary data in lung and head-and-neck tumor models suggest 

favorable interaction of ZD6474 with radiation (Shibuya et al., 2007; Hoang et al., 2006; 

Gustafaon et al., 2004). 

In the present study, we examined in vivo antitumor and antiangiogenic effects of 

VEGFR2 blockade by ZD6474, we have confirmed chronic once-daily oral 

administration of ZD6474 (50 mg/kg/day) produced an inhibition of tumor growth in 

Fadu tumor xenograft models. The growth-inhibitory effect of ZD6474 (VEGFR2 

blockade) on tumor xenografts seems to reflect antiangiogenic influence as revealed 

through an in vivo angiogenesis assay. We further investigated the effect of combined 

treatment with radiotherapy and ZD6474 on tumor xenograft response and angiogenesis. 
To explore the clinical viability of combining these two treatment modalities, we 

established a Fadu cell tumor xenograft model in nude mice. Mice were placed into four 

treatment groups: control, ZD6474 alone, radiotherapy alone, or ZD6474 combined with 

radiotherapy. To maximize clinical applicability, we chose to use five fractions dose (2 

Gy per day) irradiation on our tumor model. We found that chronic administration of 

ZD6474 caused a reduction of tumor growth, consistent with previous studies (Wedge et 

al., 2002). And when combined with fractionated radiotherapy, a significant increase in 

tumor growth delay was observed compared with either radiotherapy or ZD6474 alone. 

When tumor size reached 2.5 cm3, Mice in the control group needed about 28 days, 4 

weeks after tumor implantation. Respectively, it needed about 49 days, 45 days, 40 days 

for mice in combination treatment with ZD6474 and radiotherapy, ZD6474 alone, 

radiotherapy alone group. The growth delay was 17.7 ± 3.0 day for ZD6474 alone, 12.5 ± 

0.7 days for radiotherapy alone, and 21.4 ± 2.8 days for combination treatment (Fig. 5 

and table 1). The difference in tumor growth between treatment groups of ZD6474 

combined with radiotherapy and radiotherapy or ZD6474 alone is obvious, but compared 

with ZD6474 alone, the difference between combination treatment group and 

radiotherapy alone is significantly more obvious compared with ZD6474 alone (49 days 

versus 40 days versus 45 days for the tumor growth). In our project, the total dose of 

irradiation was only 10 Gy, but ZD6474 (50 mg/kg/day) was delivered for 4 weeks in 
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drug alone or combination treatment group. It can be the reason for the little difference 

between ZD6474 alone group and combination treatment group because of insufficient 

total dose of irradiation. In addition, because tumor regrowth after radiotherapy was 

slowed and the extent of tumor regression postradiotherapy was enhanced obvously in 

combination treatment group, it also can be explained as constantly excellent antitumor 

effect with the continuous application of ZD6474 after radiotherapy ended. 
To determine the effects of ZD6474 treatment on tumor neovascularization, 

proliferation and apoptosis in vivo, 4 mice per group were sacrificed one week after 5 

days treatment. Tumor tissues were then collected and analyzed, using antibodies against 

CD34; microvessel number was assessed in the most intense areas of neovascularization. 

And the marker of Ki67 and Capase-3 were utilized to evaluate proliferating rate and 

apoptotic events in vivo. Our results showed that tumor vascular density was significantly 

decreased by combination therapy with ZD6474 and radiotherapy (Fig. 6 A and B). This 

decrease in vascular density was observed 7 days after initiation of ZD6474 treatment. 

This abolition of tumor vasculature not only shows the value of ZD6474 in enhancing 

radiation-induced vascular damage but also underscores the previously discussed 

importance of optimal treatment scheduling when using anti-VEGFR2 agents. Consistent 

with the tumor growth delay, under the chosen treatment schedule, we observed 

decreased proliferation through Ki67 staining of histologic sections from the Fadu cell 

xenograft tumors. There was a notable decrease in Ki67 staining in the tumor sections 

that received treatment of ZD6474 combined with radiotherapy, compared with control or 

either treatment alone (Fig. 7 A and B). Similarly, apoptosis was increased in the 

combination treatment group compared with controls (Fig. 8 A and B). These data 

suggest that ZD6474 increases tumor response to radiotherapy through inhibition of 

tumor angiogenesis, and the mechanism of tumor growth delay also included both 

decreased proliferation and increased apoptosis of tumor cells. 
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5.2.2 The possible radiosensitive mechanisms of antiangiogenesis from 
ZD6474 

ZD6474 treatment resulted in significant in vivo tumor growth retardation. This 

growth inhibition was significantly enhanced when ZD6474 was combined with 

fractionated dose radiotherapy. Regarding potential mechanisms whereby VEGFR2 

blockade and radiation induce cell death, ZD6474 is thought to exert antitumor effects 

through inhibition of angiogenesis and induction of endothelial cell apoptosis (Wedge et 

al., 2002). Our present studies are compatible with this conclusion. Although one might 

speculate that VEGFR2 blockade could reduce the efficacy of radiation by reducing 

tumor oxygenation due to diminished vascularization, our results suggest the converse. In 

other words, VEGFR2 blockade in our model system showed enhanced efficacy of 

radiation on tumor response. The positive interaction observed when ZD6474 is used as 

an adjuvant to radiotherapy supports an important role for VEGF-mediated signaling in 

the tumor response to radiotherapy in vivo. Several mechanisms have been postulated by 

which inhibitors of VEGF signaling could improve the therapeutic effects of radiation. 

These include a normalization of tumor vasculature (Winkler et al., 2004) and a direct 

enhancement of the radiosensitivity of tumor endothelial cells (Gorski et al., 1999). 

 

5.2.2.1 Vascular normalization and radiosensitization 
The study by Kozin et al. similarly reports that DC101, a VEGFR2 blockade, can 

potentiate radiation response among a series of human tumor xenografts (Kozin et al., 

2001). Furthermore, several recent studies (Gong et al., 2003; Winkle et al., 2004; Tong 

et al., 2004) suggest that VEGFR2 blockade may create a “normalization window”, a 

period during which radiation treatment can induce maximal tumor impact. This window 

is characterized by an increase in tumor oxygenation, which is known to enhance 

radiation response. Because there is a critical window during which the interaction 

between anti-VEGFR2 therapy and radiotherapy is maximized, it is proposed that optimal 

treatment scheduling corresponds to administration of radiation during a period of 

vascular normalization that is induced by the anti-VEGFR2 therapy (Jain, 2001). Because 

tumors induce high levels of angiogenesis, the antiangiogenic drug administration serves 

to balance this pathologic angiogenesis. Therefore, it is suggested that this period of 
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normalization represents a balance between proangiogenic and antiangiogenic factors that 

transiently improves tumor blood flow and oxygenation (Jain, 2005). Because hypoxia is 

known to decrease the efficacy of radiotherapy (Wachsberger et al., 2003), giving 

irradiation during this normalization window could serve to enhance treatment before the 

tumor vessels are irreversibly damaged and tumor blood flow is diminished by radiation. 

Alternatively, a crucial role for VEGF in tumor remodeling and growth postradiotherapy 

has been suggested from studies demonstrating a positive interaction between 

radiotherapy and VEGF-targeting when the agent is given as an adjuvant to radiation 

(Zips et al., 2003; Williams et al., 2004; Zips et al., 2005). These data have lead to the 

suggestion that preirradiated tumor vasculature is more sensitive to inhibition of VEGF 

signaling. In our study, ZD6474 (50 mg/kg, by mouth, once daily) was given 2 hours 

before each dose of radiation (5 × 2 Gy, days 1–5) in combination treatment schedule, it 

did have produced a greater control of tumor growth during the course of radiotherapy 

and supported above ideas. 

 

5.2.2.2 Endothelial radiosensitivity and radiosensitization 
However, Fenton et al. (Fenton et al., 2004) also provide evidence to suggest that 

VEGFR2 blockade can enhance radioresponse by specifically sensitizing endothelial 

cells (possibly via enhancement of endothelial cell apoptosis) despite the induction of 

hypoxia in the tumor. This concept of the endothelial cell as primary target governing 

ultimate radiation response has been recently postulated using a mouse intestinal model 

system (Paris et al., 2001). Damage to the endothelial cell compartment would thereby 

facilitate subsequent damage to tumor cells, counter to the prevailing hypothesis that 

radiation damage targets primarily the malignant cell (Garcia-Barros et al., 2003). It has 

also been speculated that antiangiogenic therapies may block the endothelial cell VEGF 

production induced by radiotherapy, thus inhibiting a survival advantage for tumor 

endothelium (Kermani et al., 2001) and resulting in impairment of tumor cell growth and 

survival in a more indirect manner. Blockage of VEGF, it is hypothesized, would lead to 

an increase in endothelial cell apoptosis and thus lead to greater tumor cell death than 

radiation alone. 

Our present results have presented combination of ZD6474 with radiotherapy induced 
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a notable decrease in tumor proliferation and increase of apoptosis compared with either 

treatment alone. If this observation is further generalized, increased endothelial 

radiosensitivity after VEGFR2 blockade might explain the potent interactive killing of 

tumor xenografts observed with the combination of ZD6474 and radiotherapy. Our 

improved understanding of the molecular interplay between radiation and these 

angiogenic factors should facilitate the design and testing of new clinical trial strategies. 

 

5.3 Conclusion 
In summary, the present studies indicate that VEGFR2-associated tyrosine kinase 

inhibition by the small molecule ZD6474 improves the response of Fadu tumor 

xenografts to fractionated radiotherapy through: 

(a) ZD6474 appears to target tumor cells and tumor vasculature by both indirect and 

direct mechanisms (inhibition of EGFR/VEGF pathways). 

(b) ZD6474 can decrease overall tumor resistance to radiation by targeting both tumor 

cells and tumor vasculature. 

(c) Tumor growth and angiogenesis are part of a codependent cycle. ZD6474 can break 

the cycle and prevent revascularization after radiation. 

(d) The enhancement effects observed with combined radiation and ZD6474 treatments 

on inhibition of tumor growth may arise from antiangiogenesis and the intrinsic 

radiosensitivities of endothelial cells. 

These results provide further impetus for future evaluation of the combination of 

ZD6474 with radiotherapy in the clinical setting. As antiangiogenic agents experience 

increased applications in cancer patients and their potential for use in conjunction with 

radiotherapy grows, uncovering the complex interactions involved between the two 

therapies will become even more vital to successful therapies for solid tumors. 
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Fig. 9: Possisble mechanisms for enhanced tumor response to radiation with ZD6474. 
ZD6474 may work synergistically with radiation through inhibition of neovascularization 
processes. ZD6474 may also improve radiosensitivity by directly and/or indirectly 
inhibiting protective cell survival signaling pathways in both endothelial and tumor cells, 
resulting in increased apoptosis in both the tumor cell compartment and the tumor 
stromal (i.e., endothelial cell) compartment.



References 
  

40

References 

1. Abdollahi A, Lipson KE, Han X, Krempien R, Trinh T, Weber KJ, Hahnfeldt P, 
Hlatky L, Debus J, Howlett AR, Huber PE (2003) SU5416 and SU6668 attenuate 
the angiogenic effects of radiation-induced tumor cell growth factor production and 
amplify the direct antiendothelial action of radiation in vitro. Cancer Res; 63: 
3755–3763. 

2. Alon T, Hemo I, Itin A, Pe'er J, Stone J, Keshet E (1995) Vascular endothelial 
growth factor acts as a survival factor for newly formed retinal vessels and has 
implications for retinopathy of prematurity. Nat Med; 1: 1024–1028.  

3. Archer CD, Parto M, Smith IE, Ellis PA, Salter J, Ashley S, Gui G, Sacks N, 
Ebbs SR, Allum W, Nasiri N, Dowsett M (2003) Early changes in apoptosis and 
proliferation following primary chemotherapy for breast cancer. Br J Cancer; 89: 
1035–1041. 

4. Asano, M., Yukita, A., Matsumoto, T., Kondo, S., Suzuki, H (1995) Inhibition of 
tumor growth and metastasis by an immunoneutralizing monoclonal antibody to 
human vascular endothelial growth factor/ vascular permeability factor 121. Cancer 
Res; 55: 5296–5301. 

5. Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, Iwaguro H, Inai Y, 
Silver M, Isner JM (1999) VEGF contributes to postnatal neovascularization by 
mobilizing bone marrow-derived endothelial progenitor cells. EMBO J; 18: 
3964–3972. 

6. Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A, Marmé D (1996) 
Migration of human monocytes in response to vascular endothelial growth factor 
(VEGF) is mediated via the VEGF receptor flt-1. Blood; 87: 3336–3343. 

7. Bellamy WT, Richter L, Frutiger Y, Grogan TM (1999) Expression of vascular 
endothelial growth factor and its receptors in hematopoietic malignancies. Cancer 
Res; 59: 728–733. 

8. Benjamin LE, Golijanin D, Itin A, Pode D, Keshet E (1999) Selective ablation of 
immature blood vessels in established human tumors follows vascular endothelial 
growth factor withdrawal. J Clin Investig; 103: 159–165. 

9. Bertolini F, Mancuso P, Gobbi A, Pruneri G (2000) The thin red line: 
angiogenesis in normal and malignant hematopoiesis. Exp Hematol; 28: 993–1000. 

10. Bianco C, Tortora G, Bianco R, Caputo R, Veneziani BM, Caputo R, Damiano 
V, Troiani T, Fontanini G, Raben D, Pepe S, Bianco AR, Ciardiello F (2002) 
Enhancement of antitumor activity of ionizing radiation by combined treatment 
with the selective epidermal growth factor receptor-tyrosine kinase inhibitor 
ZD1839 (Iressa). Clin Cancer Res; 8: 3250–3258. 



References 
  

41

11. Bianco C, Giovannetti E, Ciardiello F, Mey V, Nannizzi S, Tortora G, Troiani 
T, Pasqualetti F, Eckhardt G, de Liguoro M, Ricciardi S, Del Tacca M, Raben 
D, Cionini L, Danesi R (2006) Synergistic antitumor activity of ZD6474, an 
inhibitor of vascular endothelial growth factor receptor and epidermal growth factor 
receptor signaling, with gemcitabine and ionizing radiation against pancreatic 
cancer. Clin Cancer Res; 12: 7099-7107. 

12. Bowers G, Reardon D, Hewitt T, Dent P, Mikkelsen RB, Valerie K, Lammering 
G, Amir C, Schmidt-Ullrich RK (2001) The relative role of ErbB1–4 receptor 
tyrosine kinases in radiation signal transduction responses of human carcinoma 
cells. Oncogene; 20: 1388– 1397. 

13. Bonner JA, Giralt J, Harari JM, Jones C, Cohen R, Sur RK, Raben D, Kies 
MS, Azarnia N, Molloy PT, Ang KK (2004) Phase III evaluation of radiation with 
and without Erbitux (cetuximab) for locoregionally advanced head and neck cancer. 
Proc Am Soc Clin Oncol; 22: 147–148. 

14. Brazelle WD, Shi W, Siemann DW (2006) VEGF-associated tyrosine kinase 
inhibition increases the tumor response to single and fractionated dose 
radiotherapy.Int J Radiat Oncol Biol Phys; 65: 836-841. 

15. Carmeliet P, Jain RK (2000) Angiogenesis in cancer and other diseases. Nat; 407: 
249–257. 

16. Camphausen K, Menard C (2002) Angiogenesis inhibitors and radiotherapy of 
primary tumours. Expert Opin Biol Ther; 2: 477–481. 

17. Chang J, Ormerod M, Powles TJ, Allred DC, Ashley SE, Dowsett M (2000) 
Apoptosis and proliferation as predictors of chemotherapy response in patients with 
breast carcinoma. Cancer; 89: 2145–2152. 

18. Cherrington J, Strawn L, Shawver W (2000) New paradigams for the treatment 
of cancer: the role of anti-angiogenesis agents. Adv Cancer Res; 79: 1-38. 

19. Ciardiello F, Tortora G (2001) A novel approach in the treatment of cancer: 
targeting the epidermal growth factor receptor. Clin Cancer Res; 7: 2958-2970. 

20. Ciardiello F, Caputo R, Damiano V, Caputo R, Troiani T, Vitagliano D, 
Carlomagno F, Veneziani BM, Fontanini G, Bianco AR, Tortora G (2003) 
Antitumor effects of ZD6474, a small molecule vascular endothelial growth factor 
receptor tyrosine kinase inhibitor, with additional activity against epidermal growth 
factor receptor tyrosine kinase. Clin Cancer Res; 9: 1546–1556. 

21. Ciardiello F, Bianco R, Caputo R, Caputo R, Damiano V, Troiani T, Melisi D, 
De Vita F, De Placido S, Bianco AR, Tortora G (2004) Antitumor activity of 
ZD6474, a vascular endothelial growth factor receptor tyrosine kinase inhibitor, in 
human cancer cells with acquired resistance to antiepidermal growth factor receptor 
therapy. Clin Cancer Res; 10: 784–793. 



References 
  

42

22. Damiano V, Melisi D, Bianco C, Raben D, Caputo R, Fontanini G, Bianco R, 
Ryan A, Bianco AR, De Placido S, Ciardiello F, Tortora G (2005) Cooperative 
antitumor effect of multitargeted kinase inhibitor ZD6474 and ionizing radiation in 
glioblastoma. Clin Cancer Res; 11: 5639-44. 

23. Drevs J, Hofmann I, Hugenschmidt H, Wittig C, Madjar H, Müller M, Wood J, 
Martiny-Baron G, Unger C, Marmé D (2000) Effects of PTK787/ZK 222584, a 
specific inhibitor of vascular endothelial growth factor receptor tyrosine kinases, on 
primary tumor, metastasis, vessel density, and blood flow in a murine renal cell 
carcinoma model. Cancer Res; 60: 4819–4824. 

24. DeVita V, Hellman S, Rosenberg S (1997) Cancer: Principles and practice of 
oncology. Philadelphia:Lippincott Raven; 307–332. 

25. Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH, Augustin HG 
(2000) Heterogeneity of angiogenesis and blood vessel maturation in human tumors: 
implications for antiangiogenic tumor therapies. Cancer Res; 60: 1388–1393. 

26. Ellis LM, Staley CA, Liu W, Fleming RY, Parikh NU, Bucana CD, Gallick GE 
(1998) Down-regulation of vascular endothelial growth factor in a human colon 
carcinoma cell line transfected with an antisense expression vector specific for c-src. 
J Biol Chem; 273: 1052–1057. 

27. Ferrara N (2001) Role of vascular endothelial growth factor in regulation of 
physiological angiogenesis. Am J Physiol Cell Physiol; 280: 1358–1366. 

28. Ferrara N, Davis-Smyth T (1997) The biology of vascular endothelial growth 
factor. Endocr Rev; 18: 4–25. 

29. Ferrara N, Houck K, Jakeman L Leung DW (1992) Molecular and biological 
properties of the vascular endothelial growth factor family of proteins. Endocr Rev, 
13: 18-32. 

30. Ferrara N, Gerber HP LeCouter J (2003) The biology of VEGF and its receptors. 
Nat Med; 9: 669-676. 

31. Ferrara N (2004) Vascular endothelial growth factor as a target for anticancer 
therapy. Oncologist; 9: 2-10. 

32. Fenton BM, Paoni SF, Ding I (2004) Pathophysiological effects of vascular 
endothelial growth factor receptor-2-blocking antibody plus fractionated 
radiotherapy on murine mammary tumors. Cancer Res; 64: 5712–5719. 

33. Fiedler W, Graeven U, Ergun S, Verago S, Kilic N, Stockschlader M, Hossfeld 
DK (1997) Vascular endothelial growth factor, a possible paracrine growth factor in 
human acute myeloid leukemia. Blood; 89: 1870–1875. 
 



References 
  

43

34. Fina L, Molgaard H, Robertson D, Bradley NJ, Monaghan P, Delia D, 
Sutherland DR, Baker MA, Greaves MF (1990) Expression of the CD34 gene in 
vascular endothelial cells. Blood; 75: 2417-2420 

35. Folkman J (1971) Tumor angiogenesis: therapeutic implications. N Engl J Med; 
285: 1182–1186. 

36. Folkman J (1976) The vascularization of tumors. Sci Am; 234: 58–64, 70–73. 

37. Folkman J (1995) Angiogenesis in cancer, vascular, rheumatoid and other disease. 
Nat Med; 1: 27-31. 

38. Fontanini G, Vignati S, Boldrini L, Chinè S, Silvestri V, Lucchi M, Mussi A, 
Angeletti CA, Bevilacqua G (1997) Vascular endothelial growth factor is 
associated with neovascularization and influences progression of non-small cell 
lung carcinoma. Clin Cancer Res; 3: 861-865. 

39. Frederick B, Gustafson D, Bianco C, Ciardiello F, Dimery I, Raben D (2006) 
ZD6474, an inhibitor of VEGFR and EGFR tyrosine kinase activity in combination 
with radiotherapy. Int J Radiat Oncol Biol Phys; 64: 33-37. 

40. Gabrilovich D, Ishida T, Oyama T, Ran S, Kravtsov V, Nadaf S, Carbone DP 
(1998) Vascular endothelial growth factor inhibits the development of dendritic 
cells and dramatically affects the differentiation of multiple hematopoietic lineages 
in vivo. Blood; 92: 4150–4166. 

41. Garcia-Barros M, Paris F, Cordon-Cardo C, Lyden D, Rafii S, 
Haimovitz-Friedman A, Fuks Z, Kolesnick R (2003) Tumor response to 
radiotherapy regulated by endothelial cell apoptosis. Sci; 300: 1155–1159. 

42. Gille H, Kowalski J, Li B, LeCouter J, Moffat B, Zioncheck TF, Pelletier N, 
Ferrara N (2001) Analysis of biological effects and signaling properties of Flt-1 
(VEGFR-1) and KDR (VEGFR-2). A reassessment using novel receptor-specific 
vascular endothelial growth factor mutants. J Biol Chem; 276: 3222–3230. 

43. Gerdes J, Schwab U, Lemke H, Stein H (1983) Production of a mouse 
monoclonal antibody reactive with a human nuclear antigen associated with cell 
proliferation. Int J Cancer; 31: 13–20. 

44. Geng L, Donnelly E, McMahon G, Lin PC, Sierra-Rivera E, Oshinka H, 
Hallahan DE (2001) Inhibition of vascular endothelial growth factor receptor 
signaling leads to reversal of tumor resistance to radiotherapy. Cancer Res; 61: 
2413–2419. 

45. Gong H, Pöttgen C, Stüben G, Havers W, Stuschke M, Schweigerer L (2003) 
Arginine deiminase and other antiangiogenic agents inhibit unfavorable 
neuroblastoma growth: Potentiation by irradiation. Int J Cancer; 106: 723–728. 



References 
  

44

46. Gorski DH, Mauceri HJ, Salloum RM, Gately S, Hellman S, Beckett MA, 
Sukhatme VP, Soff GA, Kufe DW, Weichselbaum RR (1998) Potentiation of the 
antitumor effect of ionizing radiation by brief concomitant exposures to angiostatin. 
Cancer Res; 58: 5686–5689.  

47. Gorski DH, Beckett MA, Jaskowiak NT, Calvin DP, Mauceri HJ, Salloum RM, 
Seetharam S, Koons A, Hari DM, Kufe DW, Weichselbaum RR (1999) 
Blockage of the vascular endothelial growth factor stress response increases the 
antitumor effects of ionizing radiation. Cancer Res; 59: 3374–3378. 

48. Griffin RJ, Williams BW, Wild R, Cherrington JM, Park H, Song, CW (2002) 
Simultaneous inhibition of the receptor kinase activity of vascular endothelial, 
fibroblast, and platelet-derived growth factors suppresses tumor growth and 
enhances tumor radiation response. Cancer Res; 62: 1702–1706. 

49. Gustafson DL, Frederick B, Merz AL, Raben D (2008) Dose scheduling of the 
dual VEGFR and EGFR tyrosine kinase inhibitor vandetanib (ZD6474, Zactima) in 
combination with radiotherapy in EGFR-positive and EGFR-null human head and 
neck tumor xenografts. Cancer Chemother Pharmacol; 61: 179-188. 

50. Gustafson DL, Merz AL, Zirrolli JA, Connaghan-Jones KD, Raben D (2004) 
142 Impact of scheduling on combined ZD6474 and radiotherapy in head and neck 
tumor xenografts. Eur J Cancer Suppl; 2: 45–46. 

51. Hanna NN, Seetharam S, Mauceri HJ, Beckett MA, Jaskowiak NT, Salloum 
RM, Hari D, Dhanabal M, Ramchandran R, Kalluri R, Sukhatme VP, Kufe 
DW, Weichselbaum RR (2000) Antitumor interaction of short-course endostatin 
and ionizing radiation. Cancer J; 6: 287–293. 

52. Hanahan D, Folkman J (1996) Patterns and emerging mechanisms of the 
angiogenic switch during tumorigenesis. Cell; 86: 353–364. 

53. Hansen-Algenstaedt N, Stoll BR, Padera TP, Dolmans DE, Hicklin DJ, 
Fukumura D, Jain RK (2000) Tumor oxygenation in hormone-dependent tumors 
during vascular endothelial growth factor receptor-2 blockade, hormone ablation, 
and chemotherapy. Cancer Res; 60: 4556–4560. 

54. Harari PM (2004) Epidermal growth factor receptor inhibition strategies in 
oncology. Endocr Relat Cancer; 11: 689–708. 

55. Hendry JH (1992) Treatment acceleration in radiotherapy: the relative time factors 
and dose-response slopes for tumours and normal tissues. Radiother Oncol; 25: 
308–312. 

56. Hennequin LF, Stokes ES, Thomas AP, Johnstone C, Plé PA, Ogilvie DJ, Dukes 
M, Wedge SR, Kendrew J, Curwen JO (2002) Novel 4-anilinoquinazolines with 
C-7 basic side chains: design and structure activity relationship of a series of potent, 
orally active, VEGF receptor tyrosine kinase inhibitors. J Med Chem; 45: 1300-1312. 



References 
  

45

57. Hess C, Vuong V, Hegyi I, Riesterer O, Wood J, Fabbro D, Glanzmann C, 
Bodis S, Pruschy M (2001) Effect of VEGF receptor inhibitor PTK787/ZK222584 
[correction of ZK222548] combined with ionizing radiation on endothelial cells and 
tumour growth. Br J Cancer; 85: 2010–2016. 

58. Hessel F, Krause M, Helm A, Petersen C, Grenman R, Thames HD, Baumann 
M (2004) Differentiation status of human squamous cell carcinoma xenografts does 
not appear to correlate with the repopulation capacity of clonogenic tumour cells 
during fractionated irradiation. Int J Radiat Biol Oct; 80: 719–727 

59. Heymach JV (2005) ZD6474 - clinical experience to date. Br J Cancer; 92: 14–20. 

60. Hoang T, Huang S, Armstrong E, Eickhoff JC, Harari PM (2006) 
Augmentation of radiation response with the vascular targeting agent ZD6126. Int J 
Radiat Oncol Biol Phys. 2006; 64: 1458–1465. 

61. Holden SN, Eckhardt SG, Basser R, de Boer R, Rischin D, Green M, Rosenthal 
MA, Wheeler C, Barge A, Hurwitz HI (2005) Clinical evaluation of ZD6474, an 
orally active inhibitor of VEGF and EGF receptor signalling, in patients with solid, 
malignant tumors. Ann Oncol; 16: 1391–1397. 

62. Huang SM, Li J, Armstrong EA, Harari PM (2002) Modulation of radiation 
response and tumor-induced angiogenesis after epidermal growth factor receptor 
inhibition by ZD1839 (Iressa). Cancer Res., 62: 4300–4306. 

63. Jain RK (1988) Determinants of tumor blood flow: a review. Cancer Res; 48: 
2641–2658. 

64. Jain RK (1999) Transport of molecules, particles, and cells in solid tumors. Annu 
Rev Biomed Eng; 1: 241–263. 

65. Jain RK (2001) Normalizing tumor vasculature with anti-angiogenic therapy: a 
new paradigm for combination therapy. Nat Med; 7: 987–989. 

66. Jain RK (2005) Normalization of tumor vasculature: an emerging concept in 
antiangiogenic therapy. Sci; 307: 58–62. 

67. Jung YD, Nakano K, Liu W, Gallick GE, and Ellis LM (1999) Extracellular 
signal-regulated kinase activation is required for upregulation of vascular 
endothelial growth factor by serum starvation in human colon carcinoma cells. 
Cancer Res; 59: 4804–4807. 

68. Kanai T, Konno H, Tanaka T, Baba M, Matsumoto K, Nakamura S, Yukita A, 
Asano M, Suzuki H, Baba S (1998) Anti-tumor and anti-metastatic effects of 
human-vascular-endothelial-growth-factor-neutralizing antibody on human colon 
and gastric carcinoma xenotransplanted orthotopically into nude mice. Int J Cancer; 
77: 933–936. 



References 
  

46

69. Kanno S, Oda N, Abe M, Terai Y, Ito M, Shitara K, Tabayashi K, Shibuya M, 
Sato Y (2000) Roles of two VEGF receptors, Flt-1 and KDR, in the signal 
transduction of VEGF effects in human vascular endothelial cells. Oncogene; 19: 
2138–2146. 

70. Kerbel RS (1991) Inhibition of tumor angiogenesis as a strategy to circumvent 
acquired resistance to anti-cancer therapeutic agents. Bioessays; 13: 31–36. 

71. Kerbel RS (2000) Tumor angiogenesis: past, present and the near future. 
Carcinogenesis. 2000; 21: 505-515. 

72. Kerbel R, Folkman J (2002) Clinical translation of angiogenesis inhibitors. Nat 
Rev Cancer; 2: 727–739. 

73. Kerbel RS (2004) Antiangiogenic drugs and current strategies for the treatment of 
lung cancer. Semin Oncol; 31: 54–60.  

74. Kermani P, Leclerc G, Martel R, Fareh J (2001) Effect of ionizing radiation on 
thymidine uptake, differentiation, and VEGFR2 receptor expression in endothelial 
cells: The role of VEGF(165). Int J Radiat Oncol Biol Phys; 50: 213–220. 

75. Kim KJ, Li B, Winer J, Armanini M, Gillett N, Phillips HS, Ferrara N (1993) 
Inhibition of vascular endothelial growth factor-induced angiogenesis suppresses 
tumour growth in vivo. Nat; 362: 841–844. 

76. Koukourakis MI (2001) Tumour angiogenesis and response to radiotherapy. 
Anticancer Res; 21: 4285–4300. 

77. Koukourakis MI, Giatromanolaki A, Sivridis E, Simopoulos K, Pissakas G, 
Gatter KC, Harris AL (2001) Squamous cell head and neck cancer: evidence of 
angiogenic regeneration during radiotherapy. Anticancer Res; 21: 4301–4309. 

78. Kozin SV, Boucher Y, Hicklin DJ, Bohlen P, Jain RK, Suit HD (2001) Vascular 
endothelial growth factor receptor-2-blocking antibody potentiates radiation- 
induced long-term control of human tumor xenografts. Cancer Res; 61: 39–44. 

79. Kung AL, Wang S, Klco JM, Kaelin WG, Livingston DM (2000) Suppression of 
tumor growth through disruption of hypoxiainducible transcription. Nat Med; 6: 
1335–1340. 

80. Lamoreaux WJ, Fitzgerald ME, Reiner A, Hasty KA, Charles ST (1998). 
Vascular endothelial growth factor increases release of gelatinase A and decreases 
release of tissue inhibitor of metalloproteinases by microvascular endothelial cells 
in vitro. Microvasc Res; 55: 29–42. 
 
 
 



References 
  

47

81. Lee CG, Heijn M, di Tomaso E, Griffon-Etienne G, Ancukiewicz M, Koike C, 
Park KR, Ferrara N, Jain RK, Suit HD, Boucher Y (2000) Anti-vascular 
endothelial growth factor treatment augments tumor radiation response under 
normoxic or hypoxic conditions. Cancer Res; 60: 5565–5570.  

82. Lehr HA, Hansen DA, Kussick S, Li M, Hwang H, Krummenauer F, Trouet S, 
Gown AM (1999). Assessment of proliferative activity in breast cancer: MIB-1 
immunohistochemistry versus mitotic figure count. Hum Pathol; 30: 1314–1320. 

83. Less JR, Skalak TC, Sevick EM, Jain RK (1991) Microvascular architecture in a 
mammary carcinoma: branching patterns and vessel dimensions. Cancer Res; 51: 
265–273. 

84. Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N (1989) Vascular 
endothelial growth factor is a secreted angiogenic mitogen. Sci; 246: 1306–1309. 

85. Levy AP, Levy NS, Wegner S, Goldberg MA (1995) Transcriptional regulation of 
the rat vascular endothelial growth factor gene by hypoxia. J Biol Chem; 270: 
13333–13340. 

86. Lin P, Sankar S, Shan S, Dewhirst MW, Polverini PJ, Quinn TQ, Peters KG 
(1998) Inhibition of tumor growth by targeting tumor endothelium using a soluble 
vascular endothelial growth factor receptor. Cell Growth Differ; 9: 49–58. 

87. Los M, Voest EE (2001).The potential role of antivascular therapy in the adjuvant 
and neoadjuvant treatment of cancer. Semin Oncol; 28: 93–105. 

88. Maddineni SB, Sangar VK, Hendry JH, Margison GP, Clarke NW (2005) 
Differential radiosensitisation by ZD1839 (Iressa), a highly selective epidermal 
epidermal growth factor receptor tyrosine kinase inhibitor in two related bladder 
cancer cell lines. Br J Cancer; 92: 125–130. 

89. Mauceri HJ, Hanna NN, Wayne JD, Hallahan DE, Hellman S, Weichselbaum 
RR (1996) Tumor necrosis factor α (TNF-α) gene therapy targeted by ionizing 
radiation selectively damages tumor vasculature. Cancer Res; 56: 4311–4314. 

90. Mauceri HJ, Hanna NN, Beckett MA, Gorski DH, Staba MJ, Stellato KA, 
Bigelow K, Heimann R, Gately S, Dhanabal M, Soff GA, Sukhatme VP, Kufe 
DW, Weichselbaum RR (1998) Combined effects of angiostatin and ionizing 
radiation in antitumour therapy. Nat; 394: 287–291. 

91. Maxwell PH, Dachs GU, Gleadle JM, Nicholls LG, Harris AL, Stratford IJ, 
Hankinson O, Pugh CW, Ratcliffe PJ (1997) Hypoxia-inducible factor-1 
modulates gene expression in solid tumors and influences both angiogenesis and 
tumor growth. Proc Natl Acad Sci USA; 94: 8104–8109. 
 
 



References 
  

48

92. Mazure NM, Chen EY, Laderoute KR, Giaccia AJ (1997) Induction of vascular 
endothelial growth factor by hypoxia is modulated by a phosphatidylinositol 
3-kinase/Akt signaling pathway in Ha-rastransformed cells through a hypoxia 
inducible factor-1 transcriptional element. Blood; 90: 3322–3331. 

93. McGinn CJ, Shewach DS, Lawrence TS (1996) Radiosensitizing nucleosides. J 
Natl Cancer Inst; 88: 1193–1203. 

94. Meyer M, Clauss M, Lepple-Wienhues A, Waltenberger J, Augustin HG, Ziche 
M, Lanz C, Büttner M, Rziha HJ, Dehio C (1999) A novel vascular endothelial 
growth factor encoded by Orf virus, VEGF-E, mediates angiogenesis via signalling 
through VEGFR-2 (KDR) but not VEGFR-1 (Flt-1) receptor tyrosine kinases. 
EMBO J; 18: 363–374. 

95. Milas L, Mason K, Hunter N, Petersen S, Yamakawa M, Ang K, Mendelsohn J, 
Fan Z (2000) In vivo enhancement of tumor radioresponse by C225 antiepidermal 
growth factor receptor antibody. Clin Cancer Res; 6: 701–708. 

96. Milas L, Mason K, Hunter N, Petersen S, Yamakawa M, Ang K, Mendelsohn J, 
Fan Z (2005) A multicenter phase II trial of ZD6474, a vascular endothelial growth 
factor receptor-2 and epidermal growth factor receptor tyrosine kinase inhibitor, in 
patients with previously treated metastatic breast cancer. Clin Cancer Res; 11: 
3369-3376. 

97. Minami H, Ebi H, Tahara M, Sasaki Y, Yamamoto N, Yamada Y, Tamura T, 
Saijo N (2003) A Phase I study of an oral VEGF receptor tyrosine kinase inhibitor 
ZD6474, in Japanese patients with solid tumors. Proc Am Soc Clin Oncol; 22: 194. 

98. Movsas B, Chapman JD, Hanlon AL, Horwitz EM, Greenberg RE, Stobbe C, 
Hanks GE, Pollack A (2002) Hypoxic prostate/muscle pO2 ratio predicts for 
biochemical failure in patients with prostate cancer: preliminary findings. Urology; 
60: 634–639. 

99. Mukhopadhyay D, Tsiokas L, Zhou XM, Foster D, Brugge JS, Sukhatme VP 
(1995) Hypoxic induction of human vascular endothelial growth factor expression 
through c-Src activation. Nat; 375: 577–581. 

100. Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP, Ding CK, Gallant M, 
Gareau Y, Griffin PR, Labelle M, Lazebnik YA, Munday NA, Raju SM, 
Smulson ME, Yamin T, Yu VL, Miller DK (1995). Identification and inhibition of 
ICE/CED-3 protease necessary for mammalian apoptosis. Nat; 376: 37–43. 

101. Owen JB, Coia LR, Hanks GE (1992) Recent patterns of growth in radiation 
therapy facilities in the United States: a patterns of care study report. Int J Radiat 
Oncol Biol Phys; 24: 983–986. 
 
 



References 
  

49

102. Park JS, Qiao L, Su ZZ, Hinman D, Willoughby K, McKinstry R, Yacoub A, 
Duigou GJ, Young CS, Grant S, Hagan MP, Ellis E, Fisher PB, Dent P (2001) 
Ionizing radiation modulates vascular endothelial growth factor (VEGF) expression 
through multiple mitogen activated protein kinase dependent pathways. Oncogene; 
20: 3266 –3280. 

103. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D, 
Haimovitz-Friedman A, Cordon-Cardo C, Kolesnick R (2001) Endothelial 
apoptosis as the primary lesion initiating intestinal radiation damage in mice. Sci; 
293: 293–297. 

104. Raben D, Helfrich B, Bunn PA, Jr (2004) Targeted therapies for non-small-cell 
lung cancer: Biology, rationale, and preclinical results from a radiation oncology 
perspective. Int J Radiat Oncol Biol Phys; 59: 27–38. 

105. Raben D, Helfrich B, Chan DC, Ciardiello F, Zhao L, Franklin W, Barón AE, 
Zeng C, Johnson TK, Bunn PA Jr (2005) The effects of cetuximab alone and in 
combination with radiation and/or chemotherapy in lung cancer. Clin Cancer Res; 
11: 795–805. 

106. Rak J, and Kerbel RS (2001) Ras regulation of vascular endothelial growth factor 
and angiogenesis. Methods Enzymol; 333: 267–283. 

107. Rak J, Yu JL, Kerbel RS, and Coomber BL (2002) What do oncogenic mutations 
have to do with angiogenesis/vascular dependence of tumors? Cancer Res: 62: 
1931–1934. 

108. Ramakrishnan S, Olson TA, Bautch VL, Mohanraj D (1996) Vascular 
endothelial growth factor-toxin conjugate specifically inhibits KDR/flk-1-positive 
endothelial cell proliferation in vitro and angiogenesis in vivo. Cancer Res; 56: 
1324–1330. 

109. Reinmuth N, Stoeltzing O, Liu W, Ahmad SA, Jung YD, Fan F, Parikh A, Ellis 
LM (2001) Endothelial survival factors as targets for antineoplastic therapy. Cancer 
J; 7: 109–119. 

110. Rousseau S, Houle F, Huot J (2000). Integrating the VEGF signals leading to 
actin-based motility in vascular endothelial cells. Trends Cardiovasc Med; 10: 
321–327 

111. Ryan AJ, Wedge SR (2005) ZD6474 - a novel inhibitor of VEGFR and EGFR 
tyrosine kinase activity. Br J Cancer; 92: 6-13. 

112. Sandström M, Johansson M, Bergström P, Bergenheim AT, Henriksson R 
(2008) Effects of the VEGFR inhibitor ZD6474 in combination with radiotherapy 
and temozolomide in an orthotopic glioma model. J Neurooncol; 88: 1-9. 
 



References 
  

50

113. Sano D, Kawakami M, Fujita K, Kimura M, Yamashita Y, Ishiguro Y, 
Nishimura G, Matsuda H, Tsukuda M (2007) Antitumor effects of ZD6474 on 
head and neck squamous cell carcinoma. Oncology Reports; 17: 289–295. 

114. Saleh M, Stacker SA, Wilks AF (1996) Inhibition of growth of C6 glioma cells in 
vivo by expression of antisense vascular endothelial growth factor sequence. Cancer 
Res; 56: 393–401. 

115. Scappaticci FA (2002) Mechanisms and future directions for angiogenesis- based 
cancer therapies. J Clin Oncol; 20: 3906–3927. 

116. Schaerer L, Schmid MH, Mueller B, Dummer RG, Burg G, Kempf W (2000) 
Angiogenesis in cutaneous lymphoproliferative disorders: microvessel density 
discriminates between cutaneous B-cell lymphomas and B-cell pseudolymphomas. 
Am J Dermatopathol; 22: 140-143. 

117. Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, Dvorak HF (1983). 
Tumor cells secrete a vascular permeability factor that promotes accumulation of 
ascites fluid. Sci; 219: 983–985. 

118. Shibuya K, Komaki R, Shintani T, Itasaka S, Ryan A, Jürgensmeier JM, Milas 
L, Ang K, Herbst RS, O'Reilly MS (2007) Targeted therapy against VEGFR and 
EGFR with ZD6474 enhances the therapeutic efficacy of irradiation in an 
orthotopic model of human non-small-cell lung cancer. Int J Radiat Oncol Biol 
Phys; 69: 1534-1543. 

119. Shweiki D, Neeman M, Itin A, Keshet E (1995) Induction of vascular endothelial 
growth factor expression by hypoxia and by glucose deficiency in multicell 
spheroids: implications for tumor angiogenesis. Proc Natl Acad Sci USA; 92: 
768–772. 

120. Siemann DW, Rojiani AM (2002) Enhancement of radiation therapy by the novel 
vascular targeting agent ZD6126. Int J Radiat Oncol Biol Phys; 53: 164–171. 

121. Siemann DW, Horsman MR (2004) Targeting the tumor vasculature: A strategy to 
improve radiation therapy. Expert Rev Anticancer Ther; 4: 321–327. 

122. Siemann D, Shi W (2004) The VEGFR2 tyrosine kinase inhibitor, ZD6474, 
enhances the antitumor effect of radiation. Eur J Cancer Suppl; 2: 49. 

123. Stratford IJ (1992) Concepts and developments in radiosensitization of 
mammalian cells. Int J Radiat Oncol Biol Phys; 22: 529–532. 

124. St Croix B, Rago C, Velculescu V, Traverso G, Romans KE, Montgomery E, 
Lal A, Riggins GJ, Lengauer C, Vogelstein B, Kinzler KW (2000) Genes 
expressed in human tumor endothelium. Sci; 289: 1197–1202. 
 



References 
  

51

125. Takahashi Y, Bucana CD, Cleary KR, Ellis LM (1998) p53, vessel count, and 
vascular endothelial growth factor expression in human colon cancer. Int J Cancer; 
79: 34–38. 

126. Teicher BA (1994) Hypoxia and drug resistance. Cancer Metastasis Rev; 13: 
139–168. 

127. Teicher BA, Holden SA, Ara G, Dupuis NP, Liu F, Yuan J, Ikebe M, Kakeji Y 
(1995) Influence of an anti-angiogenic treatment on 9L gliosarcoma: oxygenation 
and response to cytotoxic therapy. Int J Cancer; 61: 732–737. 

128. Teicher BA, Williams JI, Takeuchi H, Ara G, Herbst RS, Buxton D (1998) 
Potential of the aminosterol, squalamine in combination therapy in the rat 13,762 
mammary carcinoma and the murine Lewis lung carcinoma. Anticancer Res; 18: 
2567–2573. 

129. Thor AD , Liu S , Moore DH , Edgerton SM (1999) Comparison of mitotic index, 
in vitro bromodeoxyuridine labeling, and MIB-1 assays to quantitate proliferation in 
breast cancer . J Clin Oncol; 17 : 470–477 

130. Thomlinson R, Gray L (1955) The histological structure of some human lung 
cancers and the possible implications for radiotherapy. Br J Cancer; 9: 539–549. 

131. Tong RT, Boucher Y, Kozin SV, Winkler F, Hicklin DJ, Jain RK (2004) 
Vascular normalization by vascular endothelial growth factor receptor 2 blockade 
induces a pressure gradient across the vasculature and improves drug penetration in 
tumors. Cancer Res; 64: 3731–3736. 

132. Tortora G, Melisi D, Ciardiello F (2004) Angiogenesis: A target for cancer therapy. 
Curr Pharm Des; 10: 11–26. 

133. Toi M, Matsumoto T, Bando H (2001) Vascular endothelial growth factor: its 
prognostic, predictive, and therapeutic implications. Lancet Oncol; 2:667–673. 

134. Underiner TL, Ruggeri B, Gingrich DE (2004) Development of vascular 
endothelial growth factor receptor (VEGFR) kinase inhibitors as antiangiogenic 
agents in cancer therapy. Curr Med Chem; 11: 731–745. 

135. Unemori EN, Ferrara N, Bauer EA, Amento EP (1992) Vascular endothelial 
growth factor induces interstitial collagenase expression in human endothelial cells. 
J Cell Physiol; 153: 557–562. 

136. Vaupel P, Kallinowski F, Okunieff P (1989) Blood flow, oxygen and nutrient 
supply, and metabolic microenvironment of human tumors: a review. Cancer Res; 
49: 6449–6465. 
 
 



References 
  

52

137. Vaupel PW (1997) The influence of tumor blood flow and microenvironmental 
factors on the efficacy of radiation, drugs and localized hyperthermia. Klin Paediatr; 
209: 243–249. 

138. Wachsberger P, Burd R, Dicker AP (2003) Tumor response to ionizing radiation 
combined with antiangiogenesis or vascular targeting agents: exploring mechanisms 
of interaction. Clin Cancer Res; 9: 1957–1971. 

139. Wedge SR, Ogilvie DJ, Dukes M, Kendrew J, Chester R, Jackson JA, Boffey 
SJ, Valentine PJ, Curwen JO, Musgrove HL, Graham GA, Hughes GD, 
Thomas AP, Stokes ES, Curry B, Richmond GH, Wadsworth PF, Bigley AL, 
Hennequin LF (2002) ZD6474 Inhibits Vascular Endothelial Growth Factor 
Signaling, Angiogenesis, and Tumor Growth following Oral Administration. Cancer 
Res, 62, 4645–4655. 

140. Willett CG, Boucher Y, di Tomaso E, Duda DG, Munn LL, Tong RT, Chung 
DC, Sahani DV, Kalva SP, Kozin SV, Mino M, Cohen KS, Scadden DT, 
Hartford AC, Fischman AJ, Clark JW, Ryan DP, Zhu AX, Blaszkowsky LS, 
Chen HX, Shellito PC, Lauwers GY, Jain RK (2004) Direct evidence that the 
VEGF-specific antibody bevacizumab has antivascular effects in human rectal 
cancer. Nat Med; 10: 145–147. 

141. Williams KJ, Telfer BA, Brave S, Kendrew J, Whittaker L, Stratford IJ, 
Wedge SR (2004) ZD6474, a potent inhibitor of vascular endothelial growth factor 
signaling, combined with radiotherapy: Schedule-dependent enhancement of 
antitumor activity. Clin Cancer Res; 10: 8587– 8593. 

142. Winkler F, Kozin SV, Tong RT, Chae SS, Booth MF, Garkavtsev I, Xu L, 
Hicklin DJ, Fukumura D, di Tomaso E, Munn LL, Jain RK (2004) Kinetics of 
vascular normalization by VEGFR2 blockade governs brain tumor response to 
radiation: role of oxygenation, angiopoietin-1, and matrix metalloproteinases. 
Cancer Cell; 6: 553–563. 

143. Zachary I (2001). Signaling mechanisms mediating vascular protective actions of 
vascular endothelial growth factor. Am J Physiol Cell Physiol; 280: C1375–C1386. 

144. Zeng H, Sanyal S, Mukhopadhyay D (2001) Tyrosine residues 951 and 1059 of 
vascular endothelial growth factor receptor-2 (KDR) are essential for vascular 
permeability factor/vascular endothelial growth factorinduced endothelium 
migration and proliferation, respectively. J Biol Chem; 276: 32714–32719. 

145. Zips D, Krause M, Hessel F, Westphal J, Brüchner K, Eicheler W, Dörfler A, 
Grenman R, Petersen C, Haberey M, Baumann M (2003) Experimental study on 
different combination schedules of VEGF-receptor inhibitor PTK787/ZK222584 
and fractionated irradiation. Anticancer Res; 23: 3869–3876. 
 



References 
  

53

146. Zips D, Eicheler W, Geyer P, Hessel F, Dörfler A, Thames HD, Haberey M, 
Baumann M (2005) Enhanced susceptibility of irradiated tumor vessels to vascular 
endothelial growth factor receptor tyrosine kinase inhibition. Cancer Res; 65: 
5374–5379. 

147. Zirrolli JA, Bradshaw EL, Long ME, Gustafson DL (2005) Rapid and sensitive 
LC/MS/MS analysis of the novel tyrosine kinase inhibitor ZD6474 in mouse plasma 
and tissues. J Pharm Biomed Anal; 39: 705–711. 



 

 
 
Acknowledgements 
 
 
    During my stay in Homburg as a visiting doctor, I was very lucky to meet so many 

kind people who tried their best to help me. It is their help that I can accomplish the 

research project successfully. 

 

    First and foremost, I would like to express my thanks to Prof. Dr. Christian Rübe for 

kindly offering me such a precious opportunity to work in his department and laboratory, 

giving me this thesis project. I am also very grateful to him for his kinds of support and 

concern. 

    At the same time, I would like to express my thanks to Priv.-Doz. Dr. Claudia E. 

Rübe for her excellent direction and critical correcting of the manuscript as well as her 

generous helps in many aspects. 

    Also I am grateful to Dr. Martin Kühne, Dr. Andreas Fricke and Mrs. Daniela 

Ludwig in the laboratory of radiotherapy, who give a lot of help in my project. Special 

thanks go to Mr. Georg Blass and all the kind persons in radiotherapy room, they have 

given me too much help to finish this project. And then I must very seriuos say thanks to 

my friend Egile Hafstad Gleditsch for his help and support. 

    At last I thank Prof. Dr. Gang Wu and Dr. Li Liu in Wuhan Union Hospital Cancer 

center, Tongji Medical College (China), for their kind support to my study in Germany. 

 

    Last but not least, I acknowledge my family financially and spiritually. They all tried 

their best to support me. 



 

 
 
Curriculum Vitae 
 
Name  Hong Ma 

Date of Birth  Dec. 29, 1974 

Place of birth  Wuhan, China 

Sex:  Female 

Nationality:  Chinese 

Marital status  Married 

Address:  Cancer Center of Union Hospital, Wu Jia Dun 

District 56th, Hankou, Wuhan, 430023, P.R. China 

 

Education and professional experience 

1981 - 1987  Primary school in Wuhan, China 

1987 - 1990  Junior school in Wuhan, China 

1990 - 1993  Senior school in Wuhan, China 

1993 - 1998   Tongji Medical University, Bachelor of Medicine, 

 Wuhan, China 

1998 - 2000  Microbioorganism department, Tongji Medical 

 College, Huazhong Science and Technology 

 University, assistant teacher. 

2000 - 2003   Zhongshan Medical College, Zhongshan University,  

  Master of Science 

2003 – 2007  Union hospital Cancer Center,  

 Tongji Medical College, Huazhong Science and 

Technology University, attending physician 

2007 - present  Visiting scholar, Department of radiooncology, 

 Saarland University Hospital, Homburg/Saar, 

 Germany 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


