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Abstract 

 

 Angiogenesis is the development of blood vessels from a pre-existing 

vascular network. This process is essential during growth, development and 

wound healing and plays a critical role in the growth and progression of cancer. 

Initial tumor size is restricted by the diffusion capacity of oxygen and nutrients 
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from surrounding blood vessels. Therefore, to progress beyond a volume of 

several millimeters, a tumor must stimulate angiogenesis to generate a vascular 

network that will supply the tumor with the necessary blood, oxygen and nutrients 

that will allow for continued growth, invasion and metastasis.  

 Over forty years ago, Judah Folkman hypothesized that targeting tumor 

angiogenesis would be beneficial for cancer patients. One of the first targets for 

this new class of drugs was vascular endothelial growth factor (VEGF) a 

predominant mediator of physiological and pathological angiogenesis. 

Bevacizumab (Avastin®, Genentech/Roche), a humanized monoclonal antibody 

that recognizes human VEGF and blocks VEGF from binding to VEGF receptor 

(VEGFR) 1 and 2, was the first anti-angiogenic drug approved by the United 

States Food and Drug Administration for the treatment of cancer and remains the 

gold standard for this class of therapeutics. The Brekken laboratory, in 

collaborations with Peregrine Pharmaceuticals and Affitech A/S has generated a 

fully human monoclonal antibody, r84 that recognizes mouse and human VEGF 

and blocks VEGF binding only to VEGFR2. The data presented in the first half of 

this dissertation demonstrate the specificity of r84 for VEGF in vitro and in vivo, 

the efficacy of r84 to control tumor growth and the superior safety profile of r84 

as compared to bevacizumab. 

 Although anti-angiogenic therapy was highly anticipated to have great 

success in patients, overall results have been somewhat disappointing with modest 
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improvements in patient progression free survival and few improvements to 

overall survival. In addition, with the expanding use of anti-angiogenic drugs such 

as bevacizumab and a host of receptor tyrosine kinase inhibitors in the clinic, it is 

becoming increasingly apparent that not all tumors respond or maintain sensitivity 

to treatment. Therefore, it is increasingly important to identify mechanisms of 

resistance to anti-angiogenic therapy so that new drug targets can be identified 

and/or patients can be appropriately screened for markers that can predict for 

resistance or sensitivity to anti-angiogenic therapy de novo. Non-small cell lung 

cancer (NSCLC), the most common form of lung cancer, claims the most new 

diagnoses and cancer-related deaths than any other cancer worldwide and the 

therapeutic options currently available for this disease, including bevacizumab 

have done little to change this statistic. The latter half of this thesis focuses on the 

in vivo screening of human NSCLC cell lines to identify mechanisms of resistance 

to the anti-angiogenic monoclonal antibodies bevacizumab and r84 in non-small 

cell lung cancer. 
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CHAPTER ONE 

 

 

 

THE VEGF FAMILY IN CANCER AND ANTIBODY-BASED 

STRATEGIES FOR THEIR INHIBITION 

 

 

 

Abstract 

Angiogenesis is required in normal physiological processes, but is also 

involved in tumor growth, progression and metastasis. Vascular endothelial 

growth factor (VEGF), a primary mediator of angiogenesis in normal physiology 

and in disease, and other VEGF family members and their receptors provide 

targets that have been explored extensively for cancer therapy. Small molecule 

inhibitors and antibody/protein-based strategies that target the VEGF pathway 

have been studied in multiple types of cancer. This chapter will focus on VEGF 
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pathway targeting antibodies that are currently being evaluated in pre-clinical and 

clinical studies. 
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Note: The following chapter is in part made up of a review article written by 

Laura A. Sullivan under the guidance of Rolf A. Brekken. 
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1.1  Introduction 

 Angiogenesis is a tightly regulated process responsible for the 

development of new blood vessels from a pre-existing vascular network. During 

development and normal physiological processes such as wound healing and the 

menstrual cycle, angiogenesis is regulated by endogenous activators and 

inhibitors. Within adult animals, the levels of endogenous mediators are balanced 

and endothelial cells are largely quiescent (Ferrara, 2004; Roskoski, 2007b). In 

pathological settings, such as age-related macular degeneration, rheumatoid 

arthritis, diabetic retinopathy and tumor growth and metastasis, angiogenesis is 

critical for disease progression (Ferrara, 2004; Hoeben et al., 2004). A key step in 

tumor development, the ‗angiogenic switch‘ occurs when endogenous activators 

of angiogenesis outweigh endogenous inhibitors, thereby shifting the balance of 

angiogenic mediators and stimulating angiogenesis. This results in increased 

blood vessel formation, which supplies growing tumors with necessary oxygen 

and nutrients for sustained growth (Hanahan and Folkman, 1996); however the 

resulting vasculature is disorganized and poorly structured, leading to chaotic 

blood flow and leaky blood vessels (Gerwins et al., 2000; Jain, 2003). Although 

dysfunctional when compared to the hierarchical, well-structured vascular 

network found in normal tissue, tumor vasculature is nonetheless essential for 

continued tumor growth (Dvorak, 2005; Less et al., 1991). In the absence of a 

blood vascular network, tumors are restrained in size due to limits in the diffusion 
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of oxygen (Folkman, 1971).  In 1971, Judah Folkman was the first to hypothesize 

the potential therapeutic benefit of targeting tumor angiogenesis (Folkman, 1971). 

The vascular endothelial growth factor (VEGF) family of proteins are key 

regulators of normal and tumor angiogenesis, and so provide attractive targets for 

anti-cancer therapies. 

 

1.1.1  The VEGF family 

 There are five members of the human VEGF family: VEGF-A (referred to 

in this chapter as VEGF), VEGF-B, VEGF-C, VEGF-D, and placental growth 

factor (PlGF) (Ferrara, 2004; Hoeben et al., 2004). In addition, multiple isoforms 

of VEGF, VEGF-B, and PlGF are generated through alternative splicing of pre-

mRNA (Roskoski, 2007b). The VEGF family ligands interact with the receptor 

tyrosine kinases VEGF receptor-1 (VEGFR1), VEGFR2, and VEGFR3. VEGF 

family interaction with VEGFRs is also regulated  by the non-enzymatic co-

receptors neuropilin (Nrp)-1 and Nrp2 (Roskoski, 2007b).  

 The VEGF gene contains eight exons and seven introns (Houck et al., 

1991; Tischer et al., 1991). VEGF binds to VEGFR1, VEGFR2, Nrp1 and Nrp2 

(Roskoski, 2007b). VEGF induces vascular permeability (Senger et al., 1990) and 

also functions as an endothelial cell mitogen and survival factor (Alon et al., 

1995; Ferrara and Henzel, 1989; Gerber et al., 1998), and an inducer of 

endothelial cell and monocyte migration (Barleon et al., 1996; Waltenberger et 
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al., 1994). Alternative splicing of VEGF yields nine different isoforms in total and 

four major isoforms: VEGF121, 165, 189, and 206 (Leung et al., 1989). The 

bioavailability of the different VEGF isoforms is mediated by their expression of 

heparin sulfate proteoglycan-binding domains, encoded by exons 6a, 6b and 7 

(Houck et al., 1992; Park et al., 1993). These domains have strong affinity for 

proteoglycans found on cell plasma membranes or within the extracellular matrix 

(ECM), thereby restricting the diffusion of larger isoforms of VEGF (Robinson 

and Stringer, 2001). Release of VEGF from the ECM and cell membrane allows 

for VEGF-mediated activity and signaling. Proteolytic release of VEGF is 

mediated by extracellular proteases plasmin (Keyt et al., 1996), urokinase type of 

plasminogen activator (Flaumenhaft and Rifkin, 1992) and matrix 

metalloproteinases (Bergers et al., 2000; Lee et al., 2005; Mignatti and Rifkin, 

1993). Proteolytic release of VEGF is induced by remodeling and 

microenvironment cues elicited during physiological and pathologic angiogenesis 

(Pepper, 2001).  

 The VEGF-B gene contains seven exons that undergo alternative splicing 

to produce two isoforms, VEGF-B167 and VEGF-B186 (Olofsson et al., 1996). 

VEGF-B binds to VEGFR1 and Nrp1 (Roskoski, 2007b). The overall function of 

VEGF-B remains unclear, with suggested roles in heart function in adults, but not 

in developmental angiogenesis or cardiovascular development since VEGF-B null 
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mice are viable despite some abnormalities in cardiac conduction (Aase et al., 

2001).  

 The VEGF-C gene is made up of eight exons, but does not undergo 

alternative splicing. Mature VEGF-C binds to VEGFR2 and VEGFR3 and is 

involved in developmental lymphangiogenesis and the maintenance of adult 

lymphatic vasculature (Lymboussaki et al., 1999). VEGF-C null mice are 

embryonic lethal and heterozygous VEGF-C loss is characterized by lymphedema 

from defective development of the lymphatic vasculature (Karkkainen et al., 

2004). Interestingly, VEGF-C is not required for blood vessel development since 

vessels appeared normal in VEGF-C null animals (Karkkainen et al., 2004).  

 VEGF-D is composed of seven exons and is found on the X chromosome 

(Rocchigiani et al., 1998). Mature VEGF-D binds to both VEGFR2 and VEGFR3 

as a non-covalent homodimer (Stacker et al., 1999). Knock out studies in mice 

suggest that VEGF-C, and perhaps other growth factors, are capable of 

substituting for VEGF-D function, as VEGF-D null mice are viable and have a 

normal lymphatic vasculature during development and in the adult (Baldwin et 

al., 2005).  

 The last member of the human VEGF family is PlGF. The PlGF gene 

contains seven exons that generate four different isoforms by alternative splicing 

(Cao et al., 1997; Maglione et al., 1991; Yang et al., 2003). These isoforms are 

expressed primarily in the placenta, but are also found within the heart, retina, 
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skin, and skeletal muscle (Roskoski, 2007b). There is reduced vascularization of 

the corpus luteum and retina in PlGF-null mice, but these animals are viable 

(Carmeliet et al., 2001).  

 

1.1.2  The VEGF receptors 

 There are three receptor tyrosine kinases that mediate the angiogenic 

functions of VEGF family members: VEGFR1, VEGFR2, and VEGFR3. 

Although these receptors initiate diverse downstream functions, they are 

structurally very similar. The VEGF receptors each contain a seven member 

immunoglobulin-like domain extracellular region, a single transmembrane 

domain segment, a juxtamembrane segment, a split intracellular protein-tyrosine 

kinase domain, and a carboxyterminal tail (Roskoski, 2007b).  

 VEGFR1, also known as fms-like tyrosyl kinase-1 (Flt-1), binds VEGF, 

VEGF-B and PlGF (de Vries et al., 1992; Olofsson et al., 1998; Park et al., 1994; 

Shibuya et al., 1990). Alternative splicing of VEGFR1 produces a soluble form of 

the receptor that contains the first six of the seven immunoglobulin domains, and 

binds to and inhibits the function of VEGF (Kendall and Thomas, 1993). 

VEGFR1 can function as a decoy receptor, utilizing its strong affinity for VEGF 

(approximately 10 times stronger than that of VEGFR2 for VEGF) to sequester 

the ligand, preventing it from signaling through other receptors (Waltenberger et 

al., 1994). Despite the strong binding affinity of VEGFR1 to VEGF, the kinase 
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activity of this receptor is weak making it difficult to evaluate levels of VEGFR1 

auto-phosphorylation in cells that have not been engineered to express high levels 

of the receptor (Waltenberger et al., 1994). VEGFR1 is essential during 

development. VEGFR1 null animals are embryonic lethal, characterized by 

endothelial cells that do not form a structured, organized vascular network (Fong 

et al., 1995). Interestingly, mice that do not express the tyrosine kinase domain of 

VEGFR1 but retain the ligand-binding extracellular domains and the 

transmembrane segment (VEGFR1-TK
-/-

) are viable, emphasizing the importance 

of ligand sequestration in VEGFR1 function (Hiratsuka et al., 1998). The mutant 

phenotype resulting from VEGFR1 loss in embryonic stem cell-derived blood 

vessels can be rescued with VEGFR2 small molecule inhibitors (Roberts et al., 

2004). Although VEGFR1 signaling remains unclear, there is support for the 

involvement of the receptor in hematopoiesis (Gerber et al., 2002; Hattori et al., 

2002), the migration of monocytes and the recruitment of bone marrow-derived 

progenitor cells (Barleon et al., 1996; Luttun et al., 2002). VEGFR1 has also been 

implicated in the paracrine release of growth factors from endothelial cells 

(LeCouter et al., 2003) and inducing VEGF-B-mediated endothelial cell 

expression of matrix metalloproteinase-9, urokinase type of plasminogen activator 

and plasminogen activator inhibitor-1, molecules important for ECM degradation 

that can facilitate VEGF release and cell migration (Olofsson et al., 1998). In 

addition, VEGF binding to VEGFR1 has been shown to induce SHP-1 
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phosphatase activity that in turn reduced VEGFR2 phosphorylation levels 

(Nozaki et al., 2006). These data support VEGFR1 functioning to negatively 

regulate activity of VEGFR2, which could have important implications for 

targeting the VEGF pathway within tumors.  

 VEGFR2 (Fetal liver kinase-1 (Flk-1)/Kinase Domain-containing 

Receptor (KDR)) is the predominant mediator of VEGF-induced angiogenic 

signaling (Millauer et al., 1993; Quinn et al., 1993; Terman et al., 1992). 

Functions of VEGFR2 include endothelial cell survival, migration, proliferation 

and vascular permeability (Bernatchez et al., 1999; Roskoski, 2007b; Takahashi et 

al., 2001). VEGFR2 binds all VEGF isoforms, VEGF-C and VEGF-D. Although 

VEGR2 has a lower affinity for VEGF than VEGFR1, it has a stronger kinase 

activity. When VEGF binds VEGFR2, it induces receptor dimerization and trans 

auto-phosphorylation (Roskoski, 2007b). The predominant phosphorylation sites 

on VEGFR2 occur on tyrosine 1175 and 1214, inducing signaling cascades 

through phosphatidylinosityl 3-kinase (PI3K), AKT, PLCγ, p38 MAPK, and 

p42/44 MAPK (Bernatchez et al., 1999; Roskoski, 2007b; Shibuya and Claesson-

Welsh, 2006). Ebos et al. identified a soluble, circulating form of VEGFR2, and 

Albuquerque et al. recently found that this soluble receptor is a distinct splice 

variant that inhibits lymphangiogenesis (Albuquerque et al., 2009; Ebos et al., 

2004). Recently, VEGFR2 expression by macrophages has been demonstrated to 

mediate macrophage infiltration in tumor-bearing animals (Dineen et al., 2008). 
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VEGFR2 null mice are embryonic lethal between day E8.5-9.5. These animals 

have severe defects in endothelial and hematopoietic cell development with no 

organized blood vessel found at any point within the developing embryo or the 

yolk sac (Shalaby et al., 1995).  

 VEGFR-3 (Flt-4) binds both VEGF-C and VEGF-D and functions in the 

remodeling of embryonic primary capillary plexus, with sustained roles in adult 

angiogenesis and lymphangiogenesis (Galland et al., 1993; Kaipainen et al., 1995; 

Pajusola et al., 1992). VEGFR3 null mice are embryonic lethal at day E9.5 and 

display cardiovascular failure as a result of the abnormal structure and 

organization of large vessels that leads to defective vessel lumens and an 

accumulation of fluid within the pericardial cavity (Dumont et al., 1998). In 

humans, inactivating mutations within the catalytic loop of the VEGFR3 kinase 

domain cause Milroy disease, a hereditary form of lymphedema where defective 

lymphatic vessels cause chronic swelling of the extremities (Olsson et al., 2006). 

The lymphatic abnormalities of Milroy disease and the phenotype of VEGFR3 

null mice, suggest that VEGFR3 functions first in the development of the 

cardiovascular system and later in the lymphatic vasculature in adults (Roskoski, 

2007b).   

 The two non-enzymatic co-receptors for the VEGF family, Nrp1 and Nrp2 

were first identified as receptors for semaphorins, which function during 

neurogenesis (Chen et al., 1997; Roskoski, 2007b; Takagi et al., 1995). 
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Structurally, the Nrps have a large extracellular region, a transmembrane segment, 

and a short intracellular domain that apparently does not function catalytically, 

but may serve as a binding site for other co-receptors or downstream signaling 

molecules (Mamluk et al., 2002). Nrp1 binds VEGF isoforms with heparin sulfate 

proteoglycan-binding domains, PlGF and both VEGF-B isoforms and potentiates 

signaling through VEGFR2 (Makinen et al., 1999; Migdal et al., 1998; Soker et 

al., 1998). Nrp1 functions during vascular development and in angiogenesis as 

demonstrated by genetic modifications in mouse models. Nrp1 over-expressing 

mice are embryonic lethal due to hemorrhaging and excessive capillary and blood 

vessel formation (Kitsukawa et al., 1995). Nrp1 null mice are embryonic lethal 

between days E10.5-12.5 resulting from nervous system and cardiovascular 

abnormalities (Kitsukawa et al., 1997). Nrp2 binds to VEGF145, 165, VEGF-C and 

PlGF (Gluzman-Poltorak et al., 2000; Karkkainen et al., 2001). Nrp2 functions 

during lymphatic development as indicated by Nrp2 null mice that are normal and 

display phenotypically normal vasculature but have a severe reduction in small 

lymphatic vessels (Giger et al., 2000; Yuan et al., 2002). Additional work 

evaluating the function of Nrp1 and Nrp2 by Takashima et al. demonstrated that 

Nrp1 Nrp2 double null mice have avascular yolk sacs and are embryonic lethal at 

day E8.5. Further, Nrp1
+/-

 Nrp2
-/-

 or Nrp1
-/-

 Nrp2
+/-

 mice are embryonic lethal at 

day E10-10.5 with severe angiogenic abnormalities in both the yolk sac and the 

embryo and an overall reduction in embryo size (Takashima et al., 2002). These 
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mutant embryos had a similar phenotype to VEGF or VEGFR2 null mice, 

highlighting the importance of the Nrps in embryonic blood vessel development.  

 

1.1.3  Monoclonal antibodies as therapeutic agents 

 The clinical use of monoclonal antibodies (mAbs) to treat cancer and other 

diseases is well established. There are currently more than 20 mAbs approved by 

the United States Food and Drug Administration (USFDA) for therapeutic use 

(Scolnik, 2009). Rituximab (Rituxan®, Genentech), a chimeric mAb directed 

against CD20 used to treat patients with non-Hodgkin‘s lymphoma, was the first 

anti-cancer mAb to gain USFDA approval. Since then, mAbs targeting key 

pathways in tumor survival have been developed and successfully used clinically 

to treat patients including trastuzumab (Herceptin®, Genentech) that recognizes 

the HER2/neu cell surface receptor expressed in 15-20% of breast cancers and 

cetuximab (Erbitux®, ImClone Systems) that binds epidermal growth factor 

receptor (EGFR) and is approved for the treatment of metastatic colorectal cancer 

and head and neck cancer (Scolnik, 2009).  

 Tumor angiogenesis is a hallmark of cancer, and is required for continued 

tumor cell growth and metastasis (Hanahan and Weinberg, 2000). VEGF is a 

major mediator of angiogenesis in normal physiology and in cancer. In many 

forms of cancer, there is an up-regulation of VEGF family members and the 

VEGF receptors, providing a target for cancer therapy (Roskoski, 2007b). This 
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target has been utilized by investigators, leading to the development of anti-

angiogenic small molecule tyrosine kinase inhibitors such as sorafenib 

(Nexavar®, BAY 43-9006, Bayer Pharmaceuticals Corp.) and sunitinib (Sutent®, 

SU11248, Pfizer, Inc.) as well as a number of mAbs against VEGF ligands and 

receptors (Roskoski, 2007b). The use of mAbs to target the VEGF pathway will 

be the focus of the rest of this thesis (refer to Figures 1.1 and Table 1.1 for a 

summary of the anti-VEGF pathway and the mAbs targeting this pathway 

discussed here).   
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Figure 1.1: Blockade of the VEGF pathway with mAbs. 

The specificity of the VEGF family ligands for the VEGF receptors and 

coreceptors are shown. The clinically-relevant mAbs targeting the VEGF pathway 

discussed in this chapter are placed based on their blockade of VEGF ligand or 

receptor. The ligand-binding antibodies bevacizumab (bev), r84, and VEGF-Trap 

inhibit ligand binding to the indicated receptor. IMC-18F1 and IMC-1121B bind 

VEGFR1 and VEGFR2 respectively, and prevent ligand binding to these 

receptors. 
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Table 1.1: Current anti-angiogenic mAbs with applications in cancer 

therapy. 

 

hz, humanized; hu, human; ms, mouse; rt, rat; fp, fusion protein; mCRC, 

metastatic colorectal cancer; NSCLC, non-small cell lung cancer; mBC, 

metastatic breast cancer, *see text for changes to approval status; mRCC, 

metastatic renal cell carcinoma. 
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1.2  Antibodies and fusion proteins targeting VEGF 

 

1.2.1  Bevacizumab (Avastin®, Genentech/Roche) 

 In 1993, the Ferrara et al. introduced a mouse anti-human VEGF mAb 

referred to as A.4.6.1 that inhibited the growth of A673 rhabdomyosarcoma, G55 

glioblastoma and SK-LMS-1 leyomiosarcoma tumor cell line xenograft models in 

vivo but not in vitro (Kim et al., 1993), illustrating an indirect role of VEGF 

signaling in tumor survival. The efficacy of A.4.6.1 in controlling the growth of a 

number of tumor cell lines in xenograft models in immunocompromised mice was 

demonstrated subsequently by a number of publications (Borgstrom et al., 1998; 

Melnyk et al., 1996; Warren et al., 1995). A.4.6.1 underwent site-directed 

mutagenesis resulting in the humanized mAb bevacizumab (Avastin®, 

Genentech/Roche) that binds human VEGF with an affinity similar to A.4.6.1 (Kd 

≈ 0.5nM) (Presta et al., 1997). Structural analysis of VEGF bound to bevacizumab 

Fab gave insight to the specificity and mechanism of the mAb. Gly88 of human 

VEGF is required for bevacizumab binding. In mouse and rat VEGF this residue 

is replaced by a serine, disrupting the binding of bevacizumab to rodent VEGF 

(Muller et al., 1998). Further, bevacizumab Fab bound to VEGF does not induce 

structural conformational changes in the ligand, suggesting that bevacizumab is 

effective by sterically disrupting the ability of VEGF to interact with its receptors 

(Muller et al., 1998; Muller et al., 1997; Wiesmann et al., 1997). Preclinical safety 
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evaluations of bevacizumab were performed in Macaca fascicularis. Some 

treatment-induced changes were observed, including suppressed angiogenesis 

within the female reproductive tract, but all adverse effects were reversible with 

the cessation of bevacizumab treatment (Ferrara et al., 2004).  

 In 1997, bevacizumab entered Phase I clinical trials and was found to be 

relatively non-toxic and well-tolerated, without exacerbating toxicities related to 

patient chemotherapy treatment (Gordon et al., 2001; Margolin et al., 2001). In 

subsequent Phase II and III trials, the primary toxicities induced following 

bevacizumab therapy were hypertension, proteinuria, and gastrointestinal 

perforations, which occurred more frequently in patients with colorectal cancer or 

metastases within the gastrointestinal tract. Bleeding events are also a concern 

with bevacizumab therapy and can be fatal with some tumor histologies such as in 

squamous non-small cell lung cancer (NSCLC) (Grothey and Galanis, 2009). 

These Phase II and III clinical trials led to the federal approval of bevacizumab, 

the first anti-angiogenic strategy approved for cancer therapy, for the treatment of 

five different cancers to date. In metastatic colorectal cancer (mCRC), 

bevacizumab in combination with chemotherapy (ironotecan, 5-fluorouracil, and 

leucovorin) significantly increased median duration of patient survival by 4.7 

months as compared to chemotherapy treatment alone, leading to the approval of 

this regimen in 2004 as a first-line treatment for mCRC (Hurwitz et al., 2004). 

Approval of bevacizumab as a second-line treatment for mCRC in 2006 was the 
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result of the Eastern Cooperative Oncology Group E3200 (ECOG E3200) study 

where bevacizumab plus chemotherapy (oxaliplatin, 5-fluororuacil and 

leucovorin) significantly increased patient overall survival (OS) and progression-

free survival (PFS) by 2.1 and 2.6 months, respectively as compared to 

chemotherapy treatment alone (Giantonio et al., 2007). In 2006, bevacizumab was 

also approved as a first-line treatment for NSCLC based on the findings of the 

ECOG E4599 study where bevacizumab in combination with paclitaxel and 

carboplatin versus chemotherapy alone significantly increased OS by 2 months 

and PFS by 1.7 months (Sandler et al., 2006). The results of the ECOG E2100 

study led to the approval of bevacizumab in 2008 as a first-line therapy for HER2-

negative metastatic breast cancer (mBC) where bevacizumab plus paclitaxel 

failed to increase OS versus paclitaxel alone treatment, but did significantly 

increase PFS by 5.9 months (Miller et al., 2007). Bevacizumab is not currently 

recommended for second- or third-line treatment of mBC that has progressed 

following anthracycline and taxane chemotherapy. This decision was made based 

on the findings of the AVF2119 study where mBC patients that had previously 

been treated with anthracycline and taxane had no increased in PFS or OS with 

bevacizumab in combination with capecitabine versus capecitabine alone (Miller 

et al., 2005). Analysis of two recent trials using bevacizumab plus chemotherapy 

in metastatic breast cancer patients have demonstrated small increases in PFS, but 

no change in OS. As a result of these findings the USFDA voted in late 2010 to 
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revoke the approval of bevacizumab for breast cancer indications. Repeals of this 

decision by Genentech/Roche are currently underway (Twombly, 2011). USFDA 

approval of single agent bevacizumab therapy for second-line treatment of 

glioblastoma in May 2009 was the result of AVF3708g and NCI 06-C-0064E trial 

that demonstrated durable, objective response rates (Friedman et al., 2009; 

Norden et al., 2008). In July 2009, bevacizumab was approved for the treatment 

of metastatic renal cell carcinoma (mRCC) based on the Hoffmann-La-Roche 

BO17705 trial where bevacizumab plus interferon (IFN) alfa-2a resulted in a 

statistically significant 4.8 month increase in PFS versus IFN alfa-2a treatment 

alone (Escudier et al., 2007), and the Cancer and Leukemia Group B 90206 trial 

that demonstrated a statistically significant 3.3 month increase in PFS with 

combination bevacizumab plus IFN alfa therapy versus IFN alfa alone (Rini et al., 

2008). Bevacizumab has paved the way for subsequent anti-angiogenic therapies 

in cancer. A more detailed account of bevacizumab‘s progress through clinical 

trials in a number of tumor types is provided in a thorough review by Grothey and 

Galanis (Grothey and Galanis, 2009). However, the survival benefits of 

bevacizumab therapy, although reaching statistical significance, are modest and as 

mentioned above, are measured in months. These somewhat disappointing results 

of bevacizumab‘s clinical efficacy in combination with bevacizumab-mediated 

toxicity highlight the need to re-evaluate how to best utilize anti-angiogenic 

therapies in the clinic.  
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1.2.2  2C3 and r84 (AT001, Affitech AS) 

 2C3 is a murine monoclonal IgG2a,κ antibody that binds human VEGF and 

inhibits VEGF from interacting with VEGFR2, but not VEGFR1. 2C3-mediated 

blockade of VEGFR2 signaling blocks VEGF-mediated EC growth, VEGFR2 

phosphorylation, vascular permeability, and inhibits the growth of established 

human tumor xenografts in immunocompromised mice (Brekken et al., 1998; 

Brekken et al., 2000). In addition, 2C3 localizes to pools of VEGF in the tumor 

stroma and within the perivascular connective tissue of solid human tumors 

(Brekken et al., 1998). Since its initial identification, 2C3 has been characterized 

in numerous tumor xenograft models as an effective inhibitor of tumor growth 

and angiogenesis, and as a modulator of macrophage and immune cell infiltration 

(Dineen et al., 2008; Holloway et al., 2006; Liang et al., 2006b; Roland et al., 

2009a; Stephan et al., 2004).  

 The success of 2C3 in preclinical models lead to the development of the 

phenotypically similar, fully human mAb, r84 (AT001, Affitech AS) that was 

generated by screening a human anti-VEGF single chain variable fragment library 

for specific 2C3-like properties. 2C3 and r84 crossblock each other in VEGF 

enzyme-linked immunosorbent assays (ELISAs) indicating that the epitope each 

mAb binds is very similar; however, the exact epitope on VEGF bound by each 

mAb has not been determined. Efforts are currently underway to solve the 
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structure of VEGF bound by the Fab of r84, which is anticipated to uncover the 

epitope for r84. r84 binds mouse and human VEGF, but not other VEGF family 

members, and specifically inhibits VEGF from binding to VEGFR2, but allows 

VEGF to bind and activate VEGFR1. Through specific VEGF blockade, r84 

inhibits VEGFR2-mediated endothelial cell migration and phosphorylation 

cascades in vitro and controls tumor growth, angiogenesis, and immune cell 

infiltration in vivo (Roland et al., 2009a; Roland et al., 2009b; Sullivan et al., 

2010). Research with 2C3 and r84 demonstrate that inhibition of VEGF-mediated 

VEGFR2 activation is sufficient to control tumor growth and calls into question 

the pro-tumorigenic function of VEGFR1. In addition, because r84 binds mouse 

and human VEGF, it facilitates evaluation of the effects of blocking tumor-

derived (human) and stromal (mouse) VEGF in preclinical xenografts models. 

Therefore r84 should more closely mirror the activity of selective VEGF 

inhibition in human patients. A mouse chimeric version of r84 (mcr84) has been 

generated and is a useful tool for studying angiogenesis in immunocompetent 

animals and in syngenic tumor models (Roland et al., 2009b; Sullivan et al., 

2010). To date, treatment of tumor-bearing mice with r84 has not induced anti-

VEGF-related toxicities that have been characterized in other preclinical models 

using different inhibitors of the VEGF pathway (Gerber et al., 2007; Kamba and 

McDonald, 2007; Kamba et al., 2006). Therefore, the potential efficacy of r84 as 

a cancer therapeutic for treating cancer patients is highly anticipated.  
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1.2.3  VEGF-Trap (Aflibercept, Regeneron Pharmaceuticals, Inc.) 

 The precursor of VEGF-Trap (aflibercept, Regeneron Pharmaceuticals, 

Inc.), the therapeutic drug currently in Phase II and III clinical trials, was first 

developed by trying to harness the strong affinity of VEGFR1 for VEGF to inhibit 

VEGF-mediated angiogenesis within tumors. A soluble decoy receptor was 

engineered by fusing the first three immunoglobulin domains of VEGFR1 to the 

Fc constant region of human IgG1 antibody, creating a forced homodimer, 

mFlt(1-3)-IgG that bound VEGF and PlGF with high affinity (Ferrara et al., 1998; 

Gerber et al., 1999). However, this fusion protein had poor pharmacokinetic 

properties in vivo that required large, frequent doses for efficacy (Gerber et al., 

2000). To improve the half-life without losing affinity, mFlt(1-3)-IgG was 

modified to contain the second immunoglobulin domain of VEGFR1 and the third 

immunoglobulin domain of VEGFR2 fused to human IgG1 Fc region, creating the 

fusion protein known as VEGF-Trap. This fusion protein had improved 

pharmacokinetics and affinity for VEGF (approximately 1 pM) as compared to 

the parental mFlt(1-3)-IgG, and effectively inhibited tumor growth and 

angiogenesis in xenograft models (Holash et al., 2002). Pre-clinical trials 

demonstrated the efficacy of VEGF-Trap in suppressing tumor growth and 

angiogenesis through its ability to bind both mouse and human VEGF (Fukasawa 

and Korc, 2004; Hu et al., 2005; Huang et al., 2003), and supported its entry into 
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clinical trials were it is being currently evaluated in a number of cancers and in 

age-related macular degeneration. 

 

1.3  Antibodies targeting the VEGF receptors 

 

1.3.1  MF1/IMC-18F1 (ImClone Systems) 

 The rat anti-mouse VEGFR1 IgG1 mAb, MF1 (ImClone Systems) was 

first shown to suppress tumor and ischemic retinal angiogenesis, as well as 

inflammation in an autoimmune arthritis model (Luttun et al., 2002). Kaplan et al. 

used MF1 to demonstrate VEGFR1 participates in the pre-metastatic niche in 

animal models, and that blockade of VEGFR1 with MF1 more effectively blocked 

tumor metastases than did inhibition of VEGFR2 (Kaplan et al., 2005). These 

studies led to the development of a fully human mAb directed against human 

VEGFR1 (mAb 6.12, IMC-18F1, ImClone Systems) that blocked VEGFR1 

signaling in VEGFR1-expressing breast cancer cells lines in vitro, and inhibited 

tumor growth in vivo (Wu et al., 2006a). The final characterization of IMC-18F1 

came in 2006. IMC-18F1 bound to VEGFR1 with high-affinity and was able to 

block VEGFR1 from interacting with VEGF, VEGF-B and PlGF, preventing 

downstream VEGFR1 signaling and breast cancer cell line growth in vitro and in 

vivo. Targeting human and mouse VEGFR1 with IMC-18F1 and MF1, 

respectively, more effectively controlled tumor growth than either agent alone 
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(Wu et al., 2006b). The safety and dosing of IMC-18F1 is currently being 

evaluated in a Phase I clinical trial. 

 

1.3.2  DC101/IMC-1C11 (ImClone Systems) 

  DC101 is a rat anti-mouse VEGFR2 mAb that inhibits ligand-induced 

activation of VEGFR2 (Rockwell, 1995). In vivo syngeneic and xenograft tumor 

models in mice demonstrated the ability of DC101 to control tumor growth and 

reduce tumor angiogenesis by targeting EC- or tumor-expressed VEGFR2 (Bruns 

et al., 2002; Prewett et al., 1999; Shaheen et al., 2001; Skobe et al., 1997; Zhang 

et al., 2002a). Since DC101 recognizes only mouse VEGFR2 and therefore is not 

a candidate for clinical trials, a single chain variable fragment with human 

VEGFR2 reactivity that was also able to block in vitro VEGFR2 signaling was 

isolated from a single chain antibody phage display library (Zhu et al., 1998). This 

fragment became IMC-1C11 (ImClone Systems), a chimeric mAb that blocked 

tumor growth and angiogenesis in tumor xenografts and was tested in a Phase I 

clinical trial in colorectal carcinoma patients with liver metastases (Posey et al., 

2003; Zhu and Witte, 1999). Although treatment with IMC-1C11 did not induce 

grade 3 or 4 toxicities, 50% of treated patients developed anti-chimeric antibodies 

that impeded the future progression of this antibody in the clinic (Posey et al., 

2003). 
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1.3.3  IMC-1121B (ramucirumab, ImClone Systems) 

 To develop an anti-human VEGFR2 mAb that would not be immunogenic 

in clinical trials, ImClone Systems used a human antibody phage display library 

to isolate VEGFR2-specific human Fab fragments. The resulting best Fab bound 

to human VEGFR2 with high affinity, and inhibited ligand-induced VEGFR2 

activation in endothelial cells (Lu et al., 2002; Lu et al., 2003). Affinity 

maturation of the best Fab clone and subsequent synthesis of a full length 

antibody yielded IMC-1121B, a fully human IgG1 mAb with higher affinity for 

VEGFR2 that was a more potent inhibitor of VEGF-induced VEGFR2 signaling 

and EC migration in vitro. IMC-1121B also increased the survival of murine 

xenograft models in vivo more effectively than other anti-VEGFR2 antibodies, 

including IMC-1C11 (Miao et al., 2006; Zhu et al., 2003). There are 13 current 

Phase I or II clinical trials with IMC-1121B to assess the safety and efficacy of 

this mAb. 

 

1.4  The future of mAbs against VEGF 

 The development of anti-angiogenic therapies was highly anticipated. This 

therapeutic strategy was hypothesized to avoid the tumor resistance pathways of 

traditional anti-cancer drugs by targeting the vasculature as opposed to the 

genetically instable and highly mutagenic tumor cell population. The pre-clinical 

success of targeting the VEGF pathway using mAb-based therapy further 
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bolstered this hypothesis. However, clinical studies of anti-VEGF strategies in 

cancer patients have not delivered the level of efficacy anticipated. To date, 

bevacizumab is the most developed anti-VEGF pathway mAb. Bevacizumab is 

currently indicated as a first- or second- line treatment in four different tumor 

types (not including mBC indications where approval is tenuous), and is being 

evaluated in many clinical trials. Therefore, experience with bevacizumab in the 

clinic provides a working model for the benefits and pitfalls of anti-angiogenic 

mAb therapies as well as a benchmark for other anti-angiogenic mAb discussed in 

this article. 

 As discussed previously, the results of bevacizumab in Phase II and III 

clinical trials have been modest when compared to the success of anti-VEGF 

therapy in pre-clinical models (Ferrara et al., 2004). In the clinic, responses with 

bevacizumab as a single agent therapy (in glioblastoma) or in combination with 

standard chemotherapy (in NSCLC, mCRC, mRCC) is measured in a handful of 

months correlating with small, albeit statistically significant increases in PFS and 

rarely in OS (Grothey and Galanis, 2009). This differs from some anti-angiogenic 

small molecule tyrosine kinase inhibitors (TKIs) that do not display improved 

efficacy when combined with chemotherapy (Kerbel, 2006). The differences 

between anti-angiogenic TKIs and mAbs may be due to functional changes 

occurring within the tumor in response to the different drugs. Treating tumors 

with bevacizumab or other anti-VEGF pathway mAbs counteracts the inherent 
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disorganization and abnormalities of the tumor vasculature. This process has been 

termed ―normalization‖ (Jain, 2005). The pruned, normalized tumor vasculature 

achieved with anti-angiogenic therapy has increased pericyte coverage and 

stability and a reduction in vessel leakiness and interstitial fluid pressure, which in 

combination improves the subsequent delivery of chemotherapy and other drugs. 

This process allows for cytostatic anti-angiogenic therapy (e.g. bevacizumab and 

other anti-VEGF pathway mAbs) combined with cytotoxic chemotherapy to have 

improved clinical response as compared to either agent alone. The absence of 

synergy with some VEGFR TKIs and chemotherapy is perhaps due to the 

targeting of other tyrosine kinase receptors such as platelet-derived growth factor 

receptor (PDGFR) that can disrupt the normalization process (Kerbel, 2006). A 

better understanding of the normalization process among tumor types would allow 

for optimization of anti-angiogenic and chemotherapeutic drug delivery 

schedules, perhaps improving the overall efficacy of these drugs in the clinic.  

 Bevacizumab therapy is associated with several adverse effects. The most 

common toxicities are hypertension, proteinuria and bleeding events that result 

from a loss of homeostatic VEGF signaling and vascular maintenance (Roodhart 

et al., 2008). Certain histologies, such as squamous NSCLC, were more prone to 

fatal bleeding events, leading to the exclusion of these patients from future studies 

(Grothey and Galanis, 2009). In addition, perforations were more frequent in 

patients with metastatic colorectal cancer, ovarian cancer or metastases within the 
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gastrointestinal tract. Inhibition of VEGFR signaling with sorafenib and sunitinib 

therapy is also associated with hypertension, proteinuria, and bleeding events 

similar to treatment with bevacizumab. However, there are a host of off-target 

adverse effects with sorafenib and sunitinib therapy, including skin reactions, 

hand-foot syndrome, fatigue and diarrhea resulting from TKI inhibition of targets 

other than the VEGFRs (Roodhart et al., 2008). Based on these patterns, specific 

blockade of VEGF, PlGF, VEGFR1 or VEGFR2 with r84, VEGF-Trap, IMC-

18F1 or IMC-1121B might induce toxicities more similar to bevacizumab rather 

than sorafenib and sunitinib. It is also possible that VEGFR1 signaling is 

important for maintaining the homeostatic function of VEGF and thus therapies 

allowing for continued VEGFR1 signaling such as r84 and IMC-1121B may 

provide a less severe toxicity profile than bevacizumab. In support of this, pre-

clinical studies in our lab with extended (12 week) treatment of tumor-bearing and 

non-tumor bearing mice with r84 failed to induce toxicity (Sullivan et al., 2010). 

Results from IMC-1121B on-going clinical trials and future studies with r84 in 

the clinic will ultimately answer these questions about differences in toxicities 

between the VEGF pathway antibodies. Alternatively, the severity or frequency of 

toxicities between mAbs targeting the VEGF pathway may depend more on the 

relative affinity of the drug for its target. In pre-clinical studies with mice 

engineered to express human VEGF, anti-VEGF antibodies of increasing affinity 

had a greater toxicity induction (Gerber, 2007). Additionally, chemotherapy 
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regimens such as carboplatin and paclitaxel, in combination with bevacizumab or 

VEGFR TKIs can exacerbate the toxicities of these targeted therapies (Chen and 

Cleck, 2009). Therefore, carefully assessing drug affinity for its target and 

chemotherapy doses and regimens is required to control toxicity in patients 

receiving drugs targeting the VEGF pathway. The distribution of toxicities within 

mAb strategy and patient groups should be taken into consideration as future anti-

VEGF pathway therapies are introduced into the clinic to minimize adverse 

effects and to monitor for new patterns of toxicity.  

 The opportunity to better understand the function of individual 

components of the VEGF pathway in the tumor microenvironment is afforded by 

evaluation of the efficacy and biology of the anti-VEGF strategies outlined in this 

review. As there are very few studies that directly compare anti-VEGF pathway 

mAbs, it is difficult to say with certainty that one strategy is best or will work for 

every patient. All of the mAbs discussed in this chapter target the VEGF pathway; 

however the specificity of the different mAbs affects the function of these 

therapies within the tumor microenvironment and provides clues to the potential 

advantages and disadvantages among the different therapies. It is of particular 

interest to compare the strategies that are specific to VEGF (bevacizumab and 

r84) to VEGF-Trap and those that inhibit VEGFR1 (MF1, IMC-18F1) or 

VEGFR2 (DC101, IMC-1C11, IMC-1121B) directly.   
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 Bevacizumab and r84 are highly specific for VEGF-A and do not directly 

interfere with other VEGF family members. r84 is even more selective than 

bevacizumab due to the fact that it only inhibits VEGFR2 activation, leaving 

intact VEGFR1 signaling. In endothelial cells, VEGFR1 primarily functions as a 

negative inhibitor of VEGFR2 signaling by acting as a decoy receptor for VEGF 

and preventing VEGF from binding to and inducing angiogenesis through 

VEGFR2. This idea is supported by previously mentioned genetic experiments 

where loss of VEGFR1 leads to embryonic death due to too many endothelial 

cells, however mice expressing only the extracellular domain of VEGFR1 are 

viable (Fong et al., 1995; Hiratsuka et al., 1998).  Additionally, VEGF binding to 

VEGFR1 can stimulate SHP-1 phosphatase to actively reduce levels of VEGFR2 

phosphorylation (Nozaki et al., 2006). Further, whereas VEGF activation of 

VEGFR1 does not alter gene expression, PlGF binding to VEGFR1 in vitro 

changes the gene expression of more than 50 genes (Autiero et al., 2003). PlGF 

may also provide an escape mechanism for anti-VEGF targeted therapy and 

blocking PlGF directly has been demonstrated to have anti-tumor effects (Fischer 

et al., 2007). Treatment with r84 would allow for regulatory signaling through 

VEGFR1 and could reduce PlGF activation of VEGFR1 as a result of competition 

with PlGF for VEGFR1 binding. Therefore, VEGF binding to VEGFR1 may be 

an important negative regulator of tumor angiogenesis that could be harnessed 

with r84, but not with bevacizumab. VEGF-Trap blocks VEGF from binding to 
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VEGFR1 and VEGFR2 and blocks PlGF from binding to VEGFR1, thereby 

preventing negative regulation of VEGFR2 activity by VEGFR1 similar to 

bevacizumab and uniquely controlling VEGFR1 activation by PlGF. Thus the in 

vivo mechanisms of action of VEGF-Trap may fall somewhere between that of 

r84 and bevacizumab. 

 Alternatively, blocking VEGFR1 activity with mAbs has been very 

effective in VEGFR1 expressing tumors (Wu et al., 2006a). VEGFR1 activity has 

also been linked to tumor metastasis and blocking VEGFR1 with MF1/IMC-18F1 

reduces tumor growth, demonstrating the potential importance of this receptor in 

tumor progression and the need to inhibit its function in patients. Despite these 

data, the overall functions of VEGFR1 remain unclear and the full effects of 

VEGFR1 blockade are uncertain. However, there is still a strong possibility that 

VEGFR1 functions as a negative regulator of VEGFR2 and direct targeting of 

VEGFR1 with MF1/IMC-18F1 may be in effect, inhibiting an inhibitor of 

angiogenesis, which may be therapeutically counterproductive. Therefore, the 

results of on-going IMC-18F1 and IMC-1121B clinical trials and entry of r84 into 

the clinical arena are highly anticipated to elucidate the importance of VEGFR1 

signaling in tumor angiogenesis and progression.  

 As previously mentioned, VEGFR2 is the predominant mediator of 

VEGF-induced angiogenesis and consequently, blocking functional signaling of 

this receptor with neutralizing antibodies such as DC101, IMC-1C11, and IMC-
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1121B is effective at reducing angiogenesis and tumor growth. There is increased 

expression of VEGFR2 in the tumor microenvironment, which in turn increases 

the potential of anti-VEGFR2 therapies to specifically target the tumor and not 

normal tissues. Directly targeting VEGFR2 also prevents receptor activation by 

other VEGF family members (e.g., VEGF-C, -D), which are not blocked by 

bevacizumab, r84, or VEGF-Trap. Additionally, the anti-VEGFR2 mAbs do not 

limit VEGFR1 negative regulation of VEGFR2, potentially enhancing blockade 

of VEGFR2 function. However, the anti-VEGFR2 mAbs will also block soluble 

VEGFR2, a natural inhibitor of lymphangiogenesis (Albuquerque et al., 2009). 

This effect is a potential disadvantage of directly targeting VEGFR2, given the 

importance of the lymphatic vasculature in metastasis (Saharinen et al., 2004). 

Infiltration immune cells such as macrophages within tumors can promote tumor 

survival and progression (Murdoch et al., 2008). Macrophages in tumor bearing 

animals express VEGFR2, and blockade of this receptor has been demonstrated to 

reduce macrophage migration and infiltration in tumors (Dineen et al., 2008; 

Roland et al., 2009b). Therefore, targeting VEGFR2 directly can negatively affect 

tumor growth and metastasis by reducing the population of tumor-promoting 

immune cells within the tumor microenvironment. 

 The anti-VEGFR antibodies have a broader specificity profile given that 

these agents interfere with signaling pathways stimulated by multiple members of 

the VEGF family. Thus far, it is unclear if a broader specificity anti-VEGF agent 
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is more effective than bevacizumab or r84. In fact, a recent direct comparison of 

mouse chimeric r84 with sunitinib and a peptoid that binds and inhibits VEGFR1 

and VEGFR2 demonstrated that r84 was as or more effective in controlling tumor 

growth in two models of breast cancer in immunocompetent mice (Roland et al., 

2009b; Sullivan et al., 2010). This study also evaluated the immunological 

phenotype of tumors under therapy and found that in general, treatment of r84 

resulted in fewer immunosuppressive cells (e.g. myeloid-derived suppressor cells, 

Treg, immature dendritic cells) in the tumor microenvironment. These cell-based 

changes are likely the result of an altered cytokine profile after therapy (Roland et 

al., 2009b). To our knowledge similar studies have not been performed with the 

other anti-VEGF agents discussed here. Species specificity issues and other 

inherent challenges with pharmaceutical-based novel therapies preclude a head to 

head test of these leading anti-VEGF strategies in pre-clinical models. Thus we 

are forced to make assumptions regarding the potential superiority of one agent 

over another based on the efficacy observed in similar models and the biology of 

the therapy employed.  

 In reality, arguing the benefits and shortcomings of the individual mAb-

based strategies available for targeting the VEGF pathway in cancer may be short-

sighted. Selectively targeting angiogenesis in patients will most likely require an 

arsenal of therapeutics and the best strategy may very well depend upon the tumor 

type, stage, histology and/or may be entirely patient specific. This highlights the 
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need for biomarkers that can predict a patient‘s response to anti-angiogenic 

therapy (a topic that will be examined more thoroughly in Chapters Four and 

Five), as well as the need for an array of selective therapies to improve patient 

survival by inhibiting tumor angiogenesis. 
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CHAPTER TWO 

 

 

 

MATERIALS AND METHODS 

 

 

 

2.1  Construction of human anti-VEGF antibodies  

 Human anti-VEGF single chain variable fragments (scFvs) were created 

by Affitech AS (Olso, Norway) and Peregrine Pharmaceuticals, Inc. (Tustin, CA) 

and screened for specific VEGF binding characteristics. The most desirable scFvs 

were cloned into full length antibody expression vectors containing the glutamine 

synthetase gene, transfected into CHO K1SV cells, and selected in a glutamine 

free cell culture media. The cells were plated into flat bottom 96 well culture 

plates, and wells with antibody production were diluted and the cells were 

subcloned. Once subcloned, the high production cells were grown to 500 mL 
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cultures and the antibody was purified by Protein-A affinity chromatography and 

size-exclusion chromatography for purities of greater than 90% monomer.  

 

2.2  ELISA analysis of r84 

 To evaluate the binding specificities of r84, a series of enzyme-linked 

immunosorbent assays (ELISAs) were performed.  

 

2.2.1  Determination of r84 specificity 

 Relative binding affinity of r84 for mouse and human VEGF was 

determined by ELISA. Recombinant human VEGF (R&D Systems®, 

Minneapolis, MN) or mouse VEGF (Sigma-Aldrich®, St. Louis, MO) was coated 

onto the bottom of 96-well plates at 0.5 µg/mL. Wells were blocked and then 

incubated with r84 starting at 2 µg/mL with a serial dilution factor of four. 

Antibody bound to the wells was detected by incubation with anti-human Fc 

horseradish peroxidise (HRP)-conjugated antibody followed by development with 

HRP substrate.   

 

2.2.2  r84 specificity within VEGF family 

 Human VEGF-A, mouse VEGF-A, human VEGF-B, human VEGF-C, 

human VEGF-D, and human PlGF (R&D Systems®) were coated onto 96-well 
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ELISA plates at 0.5 µg/mL. Wells were blocked and then incubated with human 

r84 at 1 µg/mL. Antibody bound to the wells was detected as described above. 

 

2.2.3  r84 receptor blocking ELISAs 

 Recombinant human VEGFR1/Fc or VEGFR2/Fc (R&D Systems®) was 

coated onto the bottom of 96-well plates at 1 µg/mL. Wells were blocked and then 

incubated with 2.38 nM or 4.76 nM biotinylated VEGF for VEGFR1 and 

VEGFR2, respectively +/- fold the indicated molar excess of antibody. Labelled 

VEGF bound to the wells was detected by incubation with strepavidin HRP-

conjugate, developed as described above, and displayed as a percentage of VEGF 

binding alone in the absence of antibody. 

 

2.3  Endothelial cell in vitro assays 

 The effect of r84 on endothelial cell function and signaling in vitro was 

assessed using human dermal microvascular endothelial cell (HDMEC) 

(ScienCell™ Research Laboratories, Carlsbad, CA), porcine aortic endothelial 

cell (PAE)-KDR (Waltenberger et al., 1994), PAE-Flt-1 (Waltenberger et al., 

1994) endothelial cell lines. 

 

2.3.1  Migration Assays 
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 A modified Boyden chamber assay was used. 20,000 endothelial cells 

(ECs) (HDMEC (ScienCell™ Research Laboratories, Carlsbad, CA), PAE-KDR 

(Waltenberger et al., 1994), PAE-Flt-1 (Waltenberger et al., 1994)) were plated in 

serum free media on 8.0 µm pore size cell culture inserts (BD Falcon™, San Jose, 

CA) and allowed to migrate overnight at 37º C. Recombinant human or mouse 

VEGF (Sigma-Aldrich®) was used as a chemo-attractant at 100 ng/mL, with 

antibodies added at a 500-fold molar excess. Insert membranes were isolated 

following migration and stained with 4‘,6-diamidino-2-phenylindole (DAPI) to 

allow for quantification of migrated cells (total magnification, 100X). 

 

2.3.2  Stimulation Assays 

 HDMEC and PAE-KDR, -Flt-1 cell lines were maintained in 100 mm
2
 

tissue culture dishes in MCDB 131 (Gibco®, Carlsbad, CA) media supplemented 

with 0.4 µg/mL endothelial growth factor and 20% fetal bovine serum (FBS). 

Following 24 hour serum starvation, cells were stimulated for two minutes with 

100 ng recombinant human VEGF or mouse (R&D Systems®) +/- 500-fold molar 

excess antibody. Cell lysates of stimulated cells were prepared by incubating 

pelleted cells in M-PER® Mammalian Protein Extraction Reagent 

(ThermoScientific, Rockford IL) containing freshly added protease and 

phosphatase inhibitors on ice for 20 minutes with period vortexing followed by 

centrifugation at 13,500 rpm for 10 minutes. Cleared lysates supernatant was 
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transferred to a fresh tube and total protein concentration was evaluated using a 

BCA reaction kit (Pierce Biotechnology, Inc., Rockford, IL). Lysates were 

analyzed by Western blot using commercially-available antibodies specific for 

targets of interest (total and phospho- VEGFR2, p38, PLCγ, ERK1/2 (Cell 

Signaling Technology®, Danvers, MA), and VEGFR1 (Abcam®, Cambridge, 

MA)).  

 

2.4  Animal studies 

 4-6-week-old NOD/SCID mice were purchased from the breeding core at 

the University of Texas Southwestern Medical Center. Animals were housed in a 

pathogen-free facility and all procedures were performed in accordance with a 

protocol approved by the Institutional Animal Care and Use Committee at the 

University of Texas Southwestern Medical Center. 

 

2.4.1  Tumor cell lines 

 All tumor cell lines (with the exception of PANC-1) were generously 

provided by the Minna and Gazdar laboratories. The human lung cancer cell lines 

(with the exception of Calu-3, Calu-6 and A549) used in these studies were 

established by the Minna and Gazdar laboratories. Lung cancer cell lines that 

were established at the National Cancer Institute or the UTSW Hamon Center for 

Therapeutic Oncology Research are denoted with the prefix H or HCC, 
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respectively (Gazdar et al., 2010). All tumor cells lines were cultured in RPMI-

1640 medium (HyClone®, Waltham, MA) supplemented with 5% FBS. Cell lines 

were confirmed to be pathogen free and were authenticated to confirm origin prior 

to use.  

 

2.4.2  Subcutaneous NSCLC xenograft intrinsic resistance to anti-VEGF 

therapy study 

 2.5 million NSCLC cells were injected (in phosphate buffered saline 

(PBS)) subcutaneously into the right flank of NOD/SCID mice. Mice were treated 

with 50 mg/kg/week r84 and 25 mg/kg/week bevacizumab/Avastin® 

(Genentech/Roche) and a control human antibody (palivizumab/Synagis® anti-

respiratory syncytial virus or XTL anti-hepatitis C virus supplied by Peregrine 

Pharmaceuticals, Inc. (Tustin, CA)) via intraperitoneal (IP) injection starting one 

day post tumor cell injection (TCI) (n = 8-9 per group). Mice were monitored 

twice a week, recording weights, taking perpendicular tumor measurements, and 

observing for signs of distress such as weight loss and inactivity. Tumor volume 

was calculated from perpendicular tumor measurements using the formula D x d
2
 

x (π/6), where d = the smaller of the two measurements. Therapy continued until 

average control-treated tumor volume reached 1500 mm
3
 or until day 60 post 

TCI, at which point animals were sacrificed.  
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2.4.3  Toxicity studies 

 Five million PANC-1 human pancreatic cancer cells (ATCC, Manassas, 

VA) (in PBS) were injected subcutaneously into the right flank of NOD/SCID 

mice. An equal number of NOD/SCID mice were not injected with tumor cells. 

Therapy began one day post TCI. Tumor bearing (TB) and non-tumor bearing 

(NTB) mice were treated with 50 mg/kg/week r84 and palivizumab via IP 

injection. Each group consisted of five mice. Mice were monitored as previously 

described. All mice were sacrificed following 12 weeks of continuous therapy and 

evaluated for r84-induced toxicity. Blood was collected from animals at sacrifice; 

serum was isolated following centrifugation and analyzed by the mouse metabolic 

phenotyping core at the University of Texas Southwestern Medical Center.  

 A second toxicity study was performed in immunocompetent mice 

harbouring spontaneous pancreatic cancer (p48cre/Kras
G12D

/INK4a) (Aguirre et 

al., 2003). Mice were treated with saline (n = 4) or 25 mg/kg/week mouse 

chimeric r84 (mcr84, n = 3) via IP injection or with 50 mg/kg/week sunitinib (n = 

4) by daily oral gavage five days per week. Sunitinib was purchased from LC 

Laboratories (Woburn, MA). Therapy began when mice reached eight weeks old. 

Mice were monitored for weight gain as previously described.  At weeks two and 

seven of therapy, tail vein cuff blood pressures of all mice were measured using 

the Visitech Systems BP-2000 Series II Blood Pressure Analysis System™ 

through the O‘Brien Kidney Research Core Center at the University of Texas 
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Southwestern Medical Center. To familiarize mice to the procedure, tail cuff 

blood pressures were measured for five consecutive days, with data collection on 

the fifth day. Average systolic pressures were calculated from data collected on 

the last day of measurement (day five). At week six of therapy metabolic cages 

obtained through the O‘Brien Kidney Research Core Center at the University of 

Texas Southwestern Medical Center were used to collect urine from all animals 

over a 24-hour collection period. Fresh urine samples were then submitted to the 

University of Texas Southwestern Medical Center mouse metabolic phenotyping 

core for analysis of total levels of urine protein and creatine. All mice were 

sacrificed following eight weeks of continuous therapy and evaluated for mcr84- 

and sunitinib-induced toxicity. Blood was collected from animals at sacrifice; 

serum was isolated following centrifugation and analyzed by the mouse metabolic 

phenotyping core at the University of Texas Southwestern Medical Center. 

 

2.4.4  Therapy dose titration 

 2.5 million A549 NSCLC cells (in PBS) were injected subcutaneously into 

the right flank of NOD/SCID mice. Mice were treated with 5, 15, or 50 

mg/kg/week r84 and bevacizumab and 15 mg/kg/week control IgG (Peregrine 

Pharmaceuticals, Inc.) via IP injection starting one day post TCI. Each group 

consisted of eight mice and were monitored as above. Therapy continued until 
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average control-treated tumor volume reached 1200 mm
3
, at which point animals 

were sacrificed.   

 

2.4.5  Generation of Axl knockdown NSCLC lines  

 pGIPZ lentiviral shRNAmir Open Biosystems constructs (Thermo Fisher 

Scientific, Huntsville, AL) targeting human AXL were generously provided by the 

Shay and Wright laboratories at the Univeristy of Texas Southwestern Medical 

Center. A non-targeting control (NTC) plasmid provided by the Minna laboratory 

at the Univeristy of Texas Southwestern Medical Center was used as a negative 

control for gene knockdown. Bacterial production and subsequent purification of 

construct plasmid DNA together with pMD.G-VSVG and pCMV-∆R8.91 

plasmids were transiently transfected with Fugene® 6 (Roche, Indianapolis, IN) 

into 293T cells grown in DMEM containing 10% FBS. Resulting virus was 

harvested and used to infect A549, Calu-3 and Calu-6 NSCLC cells. Stable 

shRNA expressing cells were generated following two weeks of culture in 

puromycin. Cell lines were checked for Axl knockdown by qPCR and Western 

blot analysis. 

 2.5 million A549 cells stably expressing NTC or AXL shRNAmir (A549-

NTC or A549-H12, respectively) were injected (in PBS) subcutaneously into the 

right flank of NOD/SCID mice. Mice were treated with 25 mg/kg/week 

bevacizumab or saline via IP injection starting one day post TCI (n = 8 per 
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group). Mice were monitored twice a week, recording weights, taking 

perpendicular tumor measurements, and observing for signs of distress such as 

weight loss and inactivity. Therapy continued until average tumor volume in 

control-treated animals reached 1500 mm
3
, at which point animals were 

sacrificed. 

 

2.4.6  Subcutaneous NSCLC xenograft combination bevacizumab and 10C9 

therapy study 

 2.5 million Calu-3, Calu-6 NSCLC cells were injected (in PBS) 

subcutaneously into the right flank of NOD/SCID mice. Mice were treated with 

25 mg/kg/week bevacizumab or saline via IP injection starting one day post TCI 

(n = 16 per group). Mice were monitored twice a week, recording weights, taking 

perpendicular tumor measurements, and observing for signs of distress such as 

weight loss and inactivity. Therapy continued until average tumor volume for 

each group reached 140 mm
3
 at which time saline-treated mice were randomized 

to receive either saline or 25 mg/kg/week anti-human Axl monoclonal 

antibody10C9 (BerGenBio AS; Bergen, Norway) and bevacizumab-treated mice 

were randomized to receive bevacizumab or combination bevacizumab and 10C9 

(n = 8 per group). Therapy continued until average tumor volume in control-

treated animals reached 1500 mm
3
, at which point animals were sacrificed. 
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2.4.7  Generation and evaluation of NSCLC tumor lines with evasive resistance 

to anti-VEGF therapy 

 2.5 million H1975, H1993, H2073 NSCLC cells that previously displayed 

intrinsic sensitivity to bevacizumab and r84 therapy were injected (in PBS) 

subcutaneously into the right flank of NOD/SCID mice. Mice were treated with 

50 mg/kg/week r84 and 25 mg/kg/week bevacizumab and saline via IP injection 

starting one day post TCI (n = 5 per group). Mice were monitored twice a week, 

recording weights, taking perpendicular tumor measurements, and observing for 

signs of distress such as weight loss and inactivity. Mice in the control-treated 

(saline) group were sacrificed when average tumor volume reached 1000 mm
3
 but 

therapy continued for r84 and bevacizumab groups. When anti-VEGF-treated 

individual tumor measurements reached 1500 mm
3
 mice were sacrificed and 

tumors were harvested for ex vivo culture and subsequent analysis.  

 To determine the effects of in vivo passage and ex vivo culture of NSCLC 

tumor lines on tumorigenicity and resistance to anti-VEGF therapy, 2.5 million 

H1975, H1993 and H2073 NSCLC cells were injected (in PBS) into the right 

flank of NOD/SCID mice and received no treatment (n = 5 per group). Mice were 

monitored as before. When individual tumor measurements reached 1500 mm
3
 

mice were sacrificed and tumors were harvested for ex vivo culture and 

subsequent analysis. 
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 Following approximately 30 days of ex vivo culture, 2.5 million H1975, 

H1993 or H2073 cells generated from tumors that grew out in the face of 

extended r84 therapy (named H1975-81) or without treatment (named H1975-

713, H1993-714 and H2073-712) were injected (in PBS) subcutaneously into the 

right flank of NOD/SCID mice. Mice were treated with 50 mg/kg/week r84 and 

25 mg/kg/week bevacizumab and a control human antibody (XTL anti-hepatitis C 

virus supplied by Peregrine Pharmaceuticals, Inc. (Tustin, CA) via IP injection 

starting one day post TCI (n = 3 per group). Mice were monitored twice a week, 

recording weights, taking perpendicular tumor measurements, and observing for 

signs of distress such as weight loss and inactivity. Therapy continued until 

average control-treated tumor volume reached 1500 mm
3
 at which point animals 

were sacrificed. 

 

2.5  Histology and Immunohistochemical Studies 

 Formalin-fixed, paraffin-embedded tissues were sectioned and stained 

with hematoxylin and eosin by the molecular pathology core laboratory at the 

University of Texas Southwestern Medical Center. Snap frozen tumors were 

sectioned, blocked with 20% Aquablock (East Coast Biologics, North Berwick, 

ME) and stained for markers of interest. Primary antibodies used include MECA-

32 (DSHB; University of Iowa), endomucin (Santa Cruz Biotechnology®, Inc., 

Santa Cruz, CA), NG2 (Millipore®, Billerica, MA), smooth muscle actin 
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(NeoMarkers, Fremont, CA), Lyve1, VEGFR2 (55B11) (Cell Signaling 

Technology®, Danvers, MA), rabbit anti-VEGFR2 T014 (purified in our 

laboratory) (Brekken et al., 1998; Huang et al., 1998), rat anti-VEGFR2 RAFL-2 

(Ran et al., 2003), and insulin (Dako, Glostrup, Denmark). 

 

2.6  Generation of xenograft tumor lysates  

 Flash frozen tumor tissue was placed in M-PER® Mammalian Protein 

Extraction Reagent (ThermoScientific, Rockford IL) containing freshly added 

protease and phosphatase inhibitors and homogenized using a Qiagen TissueLyser 

at 20 Hz for one minute followed by centrifugation at 13,000 rpm for 10 minutes. 

Cleared lysates supernatant was moved to a fresh tube. Total protein 

concentration was evaluated using a BCA reaction kit (Pierce Biotechnology, 

Inc., Rockford, IL) and samples were stored at -80°C until needed for further 

analysis. Lysates were analyzed by Western blot using commercially-available 

antibodies against Axl (Abcam®, Cambridge, MA) and β-actin (Sigma-Aldrich 

Corp., St. Louis, MO). 

 

2.7  SABiosciences angiogenesis growth factors and inhibitors qPCR array   

 To evaluate the expression of a panel of angiogenesis growth factors and 

inhibitors in our NSCLC tumors we used SABiosciences RT
2
 Profiler™ PCR 

arrays (Catalog number PAHS-072A; Qiagen Inc., Valencia, CA). RNA was 
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isolated from control-treated Calu-6, A549, Calu-3, H1155, H1395, H2073, 

H1975 and H1993 tumors (n = 3 per line) using TRIzol® (Invitrogen™, Carlsbad, 

CA) and Qiagen RNeasy® Mini (Qiagen Inc., Valencia, CA) reagents. RNA 

quality and concentration was evaluated by spectrophotometry A total of 1 μg of 

purified RNA was reversed transcribed to cDNA using SABiosciences RT
2
 First 

Strand Kit and subsequently loaded with SABiosciences qPCR master mix into 

plates pre-loaded with 96 human primer sets (84 specific for angiogenesis growth 

factors and inhibitors, 12 housekeeping genes and RNA and PCR controls) and 

run on an Applied Biosystems™ 7300 System. A complete list of genes included 

in this array is provided in Appendix A. For each plate, the threshold cycle (Ct) 

for all primer sets was calculated using Applied Biosystems™ 7300 software and 

was uploaded to SABiosciences web-based data analysis to calculate fold changes 

in gene expression between lines with intrinsic resistance to bevacizumab, r84 or 

sensitivity to bevacizumab or r84. The raw Ct values from these arrays is included 

in Appendix B. 

 

2.8  MILLIPLEX human and mouse cytokines array  

 We used the MILLIPLEX® MAP to evaluate expression of 32 mouse and 

39 human cytokines in our NSCLC tumors (Catalog numbers MPXMCYTO-70K 

and MPXHCYTO-60K; Millipore™, Billerica, MA). A complete list of cytokines 

detected in these arrays is provided in appendix C. Lysates from control-, r84- and 
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bevacizumab-treated Calu-6, A549, Calu-3, H1155, H1395, H2073, H1975 and 

H1993 tumors (n = 3 per group) were generated as described previously (Chapter 

2.6) and 10 μg of total protein was loaded onto MILLIPLEX MAP kits as per 

manufacturer‘s instructions. Concentrations of each cytokine per sample were 

calculated using MILLIPLEX MAP data analysis software and are provided in 

Appendix D and Appendix E. 

 

2.9  Expression profiling of NSCLC cell lines and tumors by microarray 

 Dr. Minna‘s laboratory at the University of Texas Southwestern Medical 

Center expression profile data generated by Affymetrix (U133 plus 2.0 and 

U133AB chips) on many lung cancer cell lines, including the 12 NSCLC lines 

used our studies. This data was collected from lung cancer cell lines grown in 

vitro. To identify genes associated with resistance to anti-VEGF therapy and with 

the assistance of Dr. Yang Xie‘s group at the University of Texas Southwestern 

Medical Center, the T/C ratios calculated for each NSCLC cell line tested were 

used as a dichotomized variable to find differentially-expressed genes filtered by 

a false discovery of < 1% and a > 2 fold change in expression. This analysis 

generated a list of 101 and 86 genes associated with resistance to r84 and 

bevacizumab therapy, respectively.  

To add to Minna laboratory dataset, we harvested tumor RNA using 

Qiagen RNeasy® Mini (Qiagen Inc., Valencia, CA) kits from control-treated 
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Calu-6, A549, Calu-3, H2009, H1299, H460, H358, H1155, H1975, H1993, 

H1395 and H2073 tumors, from H1975, H1993 and H2073 tumors that were 

untreated or that grew out in the face of extended r84 or bevacizumab therapy, 

and from control-, r84-, or bevacizumab-treated H1975-81 tumors (n = 3 samples 

per cell line and treatment group, 72 samples total). RNA quality was verified 

with capillary electrophoreses using the Experion System (Bio-Rad; Hercules, 

CA) and subsequently labeled and hybridized on Illumina Human HT-12 V4 

array platforms by the University of Texas Southwestern Comprehensive Cancer 

Center Genomics Core. Completed raw data was imported and analyzed using 

MATRIX (MicroArray Transformation in Microsoft Excel) software, a Microsoft 

Visual Basic program created by Dr. Luc Girard in the Minna Laboratory 

(luc.girard@utsouthwestern.edu). MATRIX was used to normalize median value 

transcript expression across all samples and to calculate log2-transformations. 

Subsequent analysis as previously described was performed to determine in vivo 

NSCLC gene expression associated with resistance to anti-VEGF therapy. 

 

2.10  Reverse-phase protein array 

 Lysates were generated from control-treated Calu-6, A549, Calu-3, 

H2009, H1299, H460, H358, H1155, H1975, H1993, H1395 and H12073 tumors 

(n = 3 per line), untreated H1975, H1993, H2073 tumors (n = 3 per line), r84- and 

bevacizumab-treated H1975, H1993, H2073 following first round of evasive 
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resistance to therapy (n = 3 per treatment group per line), and control-, r84-, and 

bevacizumab-treated H1975-81 tumors following second round of evasive 

resistance to therapy (n = 3 per treatment group per line). Tumor lysates generated 

as previously described (Chapter 2.6). In addition, in vitro lysates were generated 

from Calu-6, A549, Calu-3, H2009, H1299, H460, H358, H1155, H1975, H1993, 

H1395 and H12073 as previously described in Chapter 2.3.2. Tumor and cell line 

lysates were adjusted to a concentration of 1 μg/mL (50 μg total), combined with 

4X SDS sample buffer (40% glycerol, 8% SDS, 0.25 M Tris-HCl, 10% 2-

mercaptoethanol, pH 6.8) and boiled for five minutes.  

 Reverse-phase protein array (RPPA) was performed and quantitated as 

described by Nanjundan et al. (Nanjundan et al.). Briefly, tumor protein lysates 

were printed on nitrocellulose slides with Aushon 2470 Arrayer (Aushon 

BioSystems, Inc., Billerica, MA) and stained with antibodies using the Dako 

Autostainer (Dako Cytomation California, Inc., Capinteria, CA). Following 

primary and secondary incubation, signal was detected with 3, 3‘-

diaminobenzidine tetrahydrochloride chromagen for 5 minutes. Following signal 

quantification, all data were row median normalized for signal intensity for each 

antibody amongst all samples and were logarithm transformed (base 2) for further 

analysis. Replicate samples were averaged and classified into groups according to 

bevacizumab response phenotype. Group 1: bevacizumab resistant tumors Calu-6, 

A549, Calu-3. Group 2: bevacizumab sensitive tumors H2073, H1395, H1993, 
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H1975. Fold change in expression between the two groups was calculated by fold 

change = 2 
(Group 1 average – Group 2 average)

 to assess differences in protein regulation. 

 

2.11  Quantitative real time PCR analysis  

 Quantitative real time PCR (qPCR) was performed to evaluate NSCLC 

AXL transcript expression. RNA was harvested from NSCLC tumors using 

Qiagen RNeasy® Mini (Qiagen Inc., Valencia, CA) kits, assessed for quality and 

concentration by spectrophotometry and reverse transcribed with iScript cDNA 

Synthesis kits (Bio-Rad; Hercules, CA). The qPCR was then performed with iQ™ 

SYBR® Green Supermix reagent (Bio-Rad, Hercules, CA) on an Applied 

Biosystems™ 7300 System to determine Ct values and calculate ΔCt values using 

β-actin as an internal amplification control. AXL: (5‘- GAC GGG TCT GTG TCC 

AAT CT -3‘; 5‘- ACG AGA AGG CAG GAG TTG AA -3‘). β-ACTIN: (5‘- GAC 

GAG GCC CAG AGC AAG AGA -3‘; 5‘- ACG TAC ATG GCT GGG GTG 

TTG -3‘). 

 

2.12  Detection of Axl in NSCLC tumors by ELISA 

 Expression levels of human Axl was detected in control-, r84-, and 

bevacizumab-treated tumors (n = 3 per group) using DuoSet® IC sandwich 

ELISAs (R&D Systems®; Minneapolis, MN). Briefly, a capture anti-Axl 

antibody was coated in the wells of a 96-well plate and blocked. Following 
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incubation with 100 μg of tumor lysates, generated as previously described in 

Chapter 2.6, captured Axl is detected with a biotinylated anti-Axl antibody and 

developed using streptavidin-HRP. Concentrations of total Axl within tumor 

lysates samples is then calculated (at pg/mL) from a standard curve provided in 

the kit. 

  

2.13  Anti-human Axl monoclonal antibody 10C9 

 

2.13.1  Purification of anti-Axl monoclonal antibody 10C9 

 IgG2bRE hybridoma cells expressing a mouse IgG2 against human Axl 

named 10C9 were generously provided by BerGenBio AS (Bergen, Norway). 

Cells were grown in DMEM supplemented with 10% FBS and 10% Hybridoma 

Cloning Supplement (PAA, Austria). Following one week production incubation 

medium supernatant was harvested and 10C9 was purified by affinity 

chromatography using a protein A column. Antibody fractions were eluted from 

the column using pH 3.5 citrate buffer and dialyzed against four changes of 1X 

PBS. Purified, dialyzed and sterile filtered antibody fractions were checked for 

Axl-binding activity by ELISA and structural integrity by Coomassie-stained 

protein gels prior to use in mice. 

 

2.13.2  Detection of active 10C9 from mouse serum by ELISA 
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 Calu-6 or Calu-3 tumor-bearing NOD/SCID mice were treated with 25 

mg/kg/week 10C9 with or without bevacizumab. At sacrifice, blood samples were 

taken and serum was isolated following centrifugation. To detect 10C9 present in 

treated mouse sera, 96-well plates were coated with recombinant human Axl 

(R&D Systems®; Minneapolis, MN), blocked, and incubated with a 1:100 

starting dilution of sera from saline-, 10C9- and 10C9 + bevacizumab-treated 

mice (n = 3 per group) and serially diluted with a dilution factor of five (eight 

dilutions total). 10C9 bound to human Axl on the plate was detected with HRP-

conjugated anti-mouse antibody and developed with HRP substrate. 

 

2.14  Statistics 

 Data were analyzed using GraphPad software (GraphPad Prism version 

5.00 for Windows, GraphPad Software).  Results are expressed as mean ± SE.  

Differences are analyzed by t test or ANOVA, and results are considered 

significant at a p value of < 0.05. 
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CHAPTER THREE 

 

 

 

R84, A NOVEL THERAPEUTIC ANTIBODY AGAINST MOUSE AND 

HUMAN VEGF WITH POTENT ANTI-TUMOR ACTIVITY AND 

LIMITED TOXICITY INDUCTION 

 

 

 

Abstract 

 Vascular endothelial growth factor (VEGF) is critical for physiological 

and pathological angiogenesis. Within the tumor microenvironment, VEGF 

functions as an endothelial cell survival factor, permeability factor, mitogen, and 

chemotactic agent. The majority of these functions are mediated by VEGF-

induced activation of VEGF receptor 2 (VEGFR2), a high affinity receptor 

tyrosine kinase expressed by endothelial cells and other cell types in the tumor 

microenvironment. VEGF can also ligate other cell surface receptors including 
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VEGFR1 and neuropilin-1 and -2. However, the importance of VEGF-induced 

activation of these receptors in tumorigenesis is still unclear. We report the 

development and characterization of r84, a fully human monoclonal antibody that 

binds human and mouse VEGF and selectively blocks VEGF from interacting 

with VEGFR2 but does not interfere with VEGF:VEGFR1 interaction. Selective 

blockade of VEGF binding to VEGFR2 by r84 is shown through ELISA, receptor 

binding assays, receptor activation assays, and cell-based functional assays. 

Furthermore, we show that r84 has potent anti-tumor activity and does not alter 

tissue histology or blood and urine chemistry after chronic high dose therapy in 

mice. In addition, chronic r84 therapy does not induce elevated blood pressure 

levels in some models. The ability of r84 to specifically block VEGF:VEGFR2 

binding provides a valuable tool for the characterization of VEGF receptor 

pathway activation during tumor progression and highlights the utility and safety 

of selective blockade of VEGF-induced VEGFR2 signaling in tumors. 
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Note: The following chapter is in part made up of a research article written by 

Laura A. Sullivan under the guidance of Rolf A. Brekken. 
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3.1  Introduction 

 Angiogenesis is a tightly regulated process that is essential during growth, 

wound healing and development, as well as cancer growth, progression and 

metastasis (Folkman, 1971; Roskoski, 2007b). A key stimulant of angiogenesis is 

vascular endothelial growth factor-A (VEGF). VEGF induces endothelial cell 

survival, proliferation, and migration its predominant signaling receptor, VEGF 

receptor 2 (VEGFR2). Tumor associated macrophages also express VEGFR2 and 

selective blockade of VEGFR2 is able to decrease macrophage infiltration into 

tumors (Dineen et al., 2008). VEGF signaling through VEGF receptor 1 

(VEGFR1) remains unclear, although it is thought to have effects on 

hematopoiesis, vascular permeability, and monocyte migration. Importantly, there 

is elevated expression of VEGF, VEGFR1, and VEGFR2 within tumors, 

providing a therapeutic target. In fact targeting VEGF has lead to the development 

of anti-angiogenic therapies such as sunitinib malate (Sutent®, SU11248, Pfizer, 

Inc.), sorafenib (Nexavar®, BAY 43-9006, Bayer Pharmaceuticals Corp.), 

bevacizumab (Avastin®, Genentech/Roche), IMC-1121b (ramucirumab, 

ImClone), VEGF-Trap (aflibercept, Regeneron) and 2C3 (Brekken et al., 1998; 

Brekken et al., 2000; Grothey and Galanis, 2009; Roskoski, 2007b).  

Sunitinib and sorafenib are small molecule inhibitors of multiple receptor 

tyrosine kinases (RTKs) including the VEGF receptors. Sunitinib inhibits 

phosphorylation of VEGFR1, VEGFR2, VEGFR3, platelet derived growth factor 
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receptor (PDGFR) -α and -β, Fms-like tyrosine kinase-3 (Flt-3), glial cell-derived 

neurotrophic factor receptor and the stem cell factor receptor Kit (Roskoski, 

2007a, b). Sorafenib inhibits phosphorylation of VEGFR2, VEGFR3, Kit, 

PDGFR-β, Raf and Flt-3. (Roskoski, 2007b; Wilhelm et al., 2008; Wilhelm et al., 

2004). These drugs have been USFDA-approved for the treatment of renal cell 

carcinoma (sunitinib and sorafenib), gastrointestinal stromal tumors (sunitinib), 

pancreatic neuroendocrine tumors (sunitinib; 

http://www.cancer.gov/cancertopics/druginfo/fda-sunitinib-malate) and 

unresectable hepatocellular carcinoma (sorafenib) (Raymond et al., 2011; 

Roskoski, 2007b; Wilhelm et al., 2008; Wilhelm et al., 2004).  

 Bevacizumab is a humanized monoclonal anti-VEGF antibody that 

inhibits VEGF from binding to and signaling through VEGFR1 and VEGFR2. 

Bevacizumab is approved in combination with cytotoxic chemotherapy for the 

treatment of colorectal cancer and NSCLC, as monotherapy in glioblastoma, and 

in combination with interferon for renal cell carcinoma (Kamba and McDonald, 

2007; Vredenburgh et al., 2009; Yan et al., 2008). Treatment with bevacizumab 

plus chemotherapy results in a delay of tumor progression and increases in patient 

survival (Kamba and McDonald, 2007; Roskoski, 2007b). However, treatment 

with bevacizumab, sorafenib, and sunitinib, is also associated with a number of 

rare although serious toxicities including gastro-intestinal perforations, bleeding, 
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proteinurea, and glomerulosclerosis (Gerber et al., 2007; Kamba and McDonald, 

2007; Roodhart et al., 2008).  

 IMC-1121b is a high affinity, fully human IgG1 monoclonal antibody that 

recognizes VEGFR2.  IMC-1121b binding to VEGFR2 inhibits ligand-induced 

activation of the receptor. There are several on-going Phase I, II, and III clinical 

trials evaluating the efficacy of IMC-1121b in a number of tumor types (Grothey 

and Galanis, 2009).  

 VEGF-Trap is comprised of the second and third extracellular 

immunoglobulin domains of VEGFR1 and VEGFR2, respectively, joined by an 

IgG1 Fc region. The resulting fusion protein traps with high affinity multiple 

VEGF family members including VEGF and PlGF (Holash et al., 2002). 

Currently, VEGF-Trap is being tested in Phase III clinical trials in a number of 

tumor types (Grothey and Galanis, 2009). 

 2C3 is a murine, monoclonal antibody against VEGF that specifically 

blocks human VEGF binding to VEGFR2 (Brekken et al., 1998). The selective 

inhibition of VEGF:VEGFR2 signaling by 2C3 reduces vascular permeability, 

decreases endothelial cell growth, and decreases tumor growth in murine 

xenograft models. Additionally, 2C3 reduces tumor microvessel density (MVD) 

and macrophage infiltration and down-regulates VEGFR2 expression on the 

tumor vasculature (Brekken et al., 1998; Brekken et al., 2000; Dineen et al., 2008; 
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Zhang et al., 2002b). The desirable anti-angiogenic effects of 2C3 lead to the 

development of a human antibody that retains 2C3 specificity. 

 Here we describe a fully human monoclonal antibody, r84 (AT001, 

Affitech AS) that binds to mouse and human VEGF and specifically inhibits 

VEGF binding to VEGFR2, while leaving intact VEGF interaction with 

VEGFR1. Through blockade of VEGFR2 signaling, r84 inhibits the migration of 

VEGFR2 positive endothelial cells, and blocks VEGFR2 phosphorylation and 

downstream signaling. In addition, treatment of mice bearing tumor xenografts 

with r84 controls tumor growth resulting in tumor vascular changes, including 

reductions in tumor MVD and in tumor lymphatic vessel density (LVD). 

Furthermore, extended treatment with r84 does not induce significant systemic 

toxicity in mice. 

 

3.2  Results 

 

3.2.1  Generation of a fully human monoclonal antibody against VEGF 

 The success of 2C3 in preclinical models led to the development of a fully 

human monoclonal antibody that recognizes VEGF and retains many of the 

characteristics of 2C3. A number of anti-VEGF human single chain variable 

fragments (scFv) were screened for several characteristics such as a competition 

with 2C3 for binding to VEGF, the ability to block VEGF:VEGFR2 binding, and 
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the ability of the scFv to bind to different VEGF isoforms such as VEGF165 and 

VEGF121. 

 

3.2.2  r84 binds human and mouse VEGF-A and specifically blocks VEGF 

from binding to VEGFR2  

 To determine the binding specificity of r84, a series of ELISAs were 

performed. A titration of r84 against recombinant human or mouse VEGF 

demonstrated that r84 binds with equal affinity to both species (Figure 3.1 A). 

This result established r84 as an important tool in evaluating the contribution of 

both tumor cell- and host-derived VEGF in tumor progression using xenograft 

models. The binding specificity of r84 differs from other anti-VEGF antibodies, 

such as bevacizumab and 2C3 that recognize only human VEGF. Next, the 

specificity of r84 within the VEGF family was determined. r84 only bound wells 

coated with recombinant human and mouse VEGF-A (Figure 3.1 B).  

 The effect of r84 on VEGF binding to VEGFR1 and VEGFR2 was 

determined using ligand-receptor ELISAs. 2C3 and r84 at increasing fold molar 

excess significantly reduced biotinylated-VEGF binding to VEGFR2, compared 

to binding of biotinylated-VEGF alone or in the presence of a non-specific control 

IgG (Figure 3.2 A). In contrast, neither 2C3 nor r84 inhibited binding of 

biotinylated-VEGF to VEGFR1 (Figure 3.2 B). However, at a 500-fold molar 

excess of antibody to biotinylated-VEGF, bevacizumab decreased VEGF binding 
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to VEGFR1 by approximately 80% (Figure 3.2 C). These blocking ELISAs 

demonstrate the precise binding of r84 to VEGF to selectively inhibit the 

VEGF:VEGFR2 interaction. 
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Figure 3.1: r84 binds human and mouse VEGF-A.  

 

A, Recombinant human VEGF coated at 0.5 mg/mL was detected with a titration 

of fully human monoclonal antibody r84. r84 bound to VEGF was detected with 

an anti-human Fc HRP-conjugated antibody, demonstrating r84 binds both human 

and mouse VEGF-A (open squares and circles, respectively). B, Recombinant 

human and mouse VEGF-A, and human VEGF-B, -C, -D, and PlGF coated at 0.5 

mg/mL was detected with r84 at 1 mg/mL. Binding of r84 to VEGF family 

member was detected as in A, demonstrating r84 binds only human and mouse 

VEGF-A and not other VEGF family members. 
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Figure 3.2: r84 specifically blocks VEGF-A from binding to VEGFR2 but not 

VEGFR1. 

 

VEGFR2 (A) and VEGFR1 (B, C) were coated at 1 mg/mL and incubated with 

4.76 nM or 2.38 nM biotinylated VEGF, respectively, +/- the indicated fold 

excesses of antibody (Control IgG, 2C3, r84). r84 and 2C3 specifically block 

biotinylated-VEGF binding to VEGFR2 (A), but not VEGFR1 (B). In contrast, a 

500-fold molar excess bevacizumab (bev) reduces biotinylated-VEGF binding to 

VEGFR1, compared to biotinylated-VEGF alone or plus r84 (C). 



67 

3.2.3  r84 effects VEGFR2-mediated endothelial cell function 

 The effect of r84 on endothelial cells was determined using several in vitro 

assays. First, a transwell assay was used to test the effects of anti-VEGF 

antibodies on VEGF-induced endothelial cell migration. Three different 

endothelial cell lines, selected for their VEGF receptor expression, were used for 

the migration assays. Human dermal microvascular endothelial cells (HDMEC) 

express both VEGFR1 and VEGFR2, porcine aortic endothelial cells (PAE)-KDR 

and PAE-Flt-1 express high levels of VEGFR2 or VEGFR1, respectively 

(Waltenberger et al., 1994). Human VEGF significantly induced migration of all 

three cell types compared to serum free media alone (p < 0.05 for HDMEC, p < 

0.001 for PAE-KDR, -Flt-1), and a non-specific control IgG did not affect VEGF-

induced migration (Figure 3.3 A). Both r84 and bevacizumab significantly 

inhibited VEGF-induced migration of VEGFR2-expressing endothelial cells (p < 

0.001, Figure 3.3 A, HDMEC, PAE-KDR). However, only bevacizumab was able 

to decrease the migration of PAE-Flt-1 cells towards VEGF (Figure 3.3 A, PAE-

Flt-1). To further evaluate the specificity of r84 to mouse VEGF, migration assays 

were performed with PAE-KDR cells using mouse VEGF as the chemotactic 

agent. As seen with human VEGF, mouse VEGF significantly induced the 

migration of PAE-KDR cells as compared to serum free media alone (Figure 3.3 

B). Only r84 was able to significantly inhibit this migration, while bevacizumab 

and a control IgG had no effect on cell migration (p < 0.001, Figure 3.3 B). The 
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ability of r84 to specifically block both human and mouse VEGF-induced 

migration of VEGFR2-expressing endothelial cells (HDMEC, PAE-KDR) but not 

VEGFR1-expressing endothelial cells (PAE-Flt-1) demonstrates the selectivity of 

r84 to inhibit VEGF-induced VEGFR2 activity.    

 VEGF binding to VEGFR2 initiates receptor phosphorylation and 

subsequent phosphorylation of downstream pathway components such as 

phospholipase C gamma (PLCγ), p38, and the MAP kinase extracellular signal-

regulated kinase (ERK1/2). PAE-KDR cells stimulated in vitro with human 

VEGF (100 ng, two minutes) induced phosphorylation of VEGFR2, PLCy, p38, 

and ERK (Figure 3.4 A). Human VEGF stimulation of HDMECs induced 

phosphorylation of PLCγ and ERK (Figure 3.4 B). Stimulation of PAE-KDR and 

HDMEC cells with human VEGF plus 500-fold molar excesses r84 or 

bevacizumab inhibited phosphorylation of VEGFR2 and downstream targets 

(Figure 3.4 A, 3.4 B). However, only bevacizumab blocked human VEGF-

induced phosphorylation of VEGFR1 in PAE-Flt-1 (Figure 3.4 C). Further, 

stimulation of PAE-KDR cells with mouse VEGF induced phosphorylation of 

VEGF2, PLCy, and ERK that was only inhibited by r84 and not by bevacizumab 

or a control IgG (Figure 3.5). This data shows that r84 selectively inhibits human 

and mouse VEGF binding and signaling through VEGFR2 without interrupting 

VEGFR1 signaling. The ability of r84 to bind human and mouse VEGF (Figure 

3.1) and block VEGF from binding and signaling through VEGFR2 (Figures 3.2-
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3.5) makes r84 a unique tool for studying VEGF inhibition in tumor xenograft 

models, assessing possible toxicity induction and analyzing the importance of 

VEGFR1 signaling in these processes. 
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Figure 3.3: r84 reduces endothelial cell migration in vitro. 

 

A, A modified Boyden chamber migration assay was used to assess the effect of 

r84 and bevacizumab (bev) on VEGF-induced endothelial cell (EC) migration. 

20,000 HDMEC, PAE-KDR, PAE-Flt-1 cells were plated on 8.0 mm cell culture 

inserts and allowed to migrate overnight towards serum free media, human VEGF 

(A, 100 ng/mL), or mouse VEGF (B, 100 ng/mL) +/- 500-fold molar excess 

antibody (bev, r84, control IgG). r84, bev block the human VEGF-induced 

migration of VEGFR2-expressing ECs (A, HDMEC, PAE-KDR). Bev blocks 

VEGF-induced migration of endothelial cells expressing VEGR1, but r84 does 

not (A, PAE-Flt-1). Only r84 blocks mouse VEGF-induced migration of 

VEGFR2-expressing PAE-KDR ECs (B). 

*p < 0.05, **p < 0.01, ***p < 0.001, statistical differences compared to VEGF 

alone, unless otherwise indicated. 
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Figure 3.4: r84 reduces endothelial cell signaling in vitro. 

 

Western blots of VEGF-induced signaling in PAE-KDR (A), HDMEC (B), and 

PAE-Flt-1 (C) lysates following stimulation of cells with 50 ng/mL human VEGF 

+/2 500-fold molar excess antibody (bev, r84, control IgG). r84 and bev block 

VEGFR2 phosphorylation and downstream phosphorylation (p38, PLCc, 

ERK1/2) (A, B). Only bev blocks VEGF-induced VEGFR1 phosphorylation in 

PAE-Flt-1 stimulated cells (C). 
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Figure 3.5: r84 reduces mouse VEGF-induced endothelial cell signaling in 

vitro.  

 

Western blots of mouse VEGF-induced signaling in PAE-KDR lysates following 

stimulation of cells with 50 ng/mL mouse VEGF +/- 500-fold molar excess 

antibody (bev, r84, control IgG). Only r84 blocks VEGFR2 phosphorylation and 

downstream phosphorylation (PLC-γ, ERK1/2) in mouse VEGF-stimulated cells.  
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3.2.4  r84 controls tumor growth in human xenograft models 

 Previous studies in the Brekken laboratory have demonstrated the ability 

of r84 to control tumor growth and decrease tumor angiogenesis in established 

models of breast cancer (Roland et al., 2009a; Roland et al., 2009b). The efficacy 

of r84 as a cancer therapeutic was assessed in tumor xenograft models in 

NOD/SCID mice. Briefly, four- to six-week old female NOD/SCID mice were 

implanted subcutaneously with 2.5 million human non-small cell lung cancer 

(NSCLC) cell lines H460, H1299, or A549. Treatment began one day post TCI 

and continued until the average tumor volume in control IgG-treated tumors 

reached 1500 mm
3
, at which time all animals were sacrificed. Tumor-bearing 

animals were treated with 50 mg/kg/week r84 and 25 mg/kg/week bevacizumab 

and control IgG (palivizumab/Synagis®). r84 and bevacizumab similarly 

controlled H460 and H1299 tumor growth compared to control IgG therapy by 

both tumor volume and final tumor weights at sacrifice (Figure 3.6, Figure 3.7). 

In A549 xenografts, r84 controlled tumor growth better than bevacizumab, and 

the mean final tumor weight at sacrifice of animals treated with r84 was 

significantly smaller than animals treated with bevacizumab (Figure 3.7 C, p < 

0.05).   

 Bevacizumab has a half life in mice of approximately two weeks (Lin et 

al., 1999). Pharmacokinetic studies (data not shown) determined the half life of 

r84 in mice to be approximately five days. This difference, along with the fact that 
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r84 binds both human and mouse VEGF and thus has more target to bind in tumor 

xenograft models than bevacizumab, led to the differences in antibody doses used 

in tumor studies. Consequently, this increase in dose could lead to better control 

of tumor growth as was seen in the A459 model (Figure 3.6 C, Figure 3.7 C).  

 To evaluate the effect of antibody dose, A549 tumor cells were implanted 

into mice as previously described. One day post TCI, animals began therapy, 

receiving 5, 15, or 50 mg/kg/week of r84 or bevacizumab, or 15 mg/kg/week of a 

non-specific control human IgG. The different doses of bevacizumab had the 

same effect on tumor growth and final tumor weight (Figure 3.8). In contrast, 

there was an observable titration of tumor growth control and final tumor weight 

with r84 therapy, with tighter control seen at higher doses of antibody. In 

addition, treatment of A549 tumor-bearing animals with 15 and 50 mg/kg/week 

r84 resulted in smaller tumors as compared to the same dose of bevacizumab 

(Figure 3.8 B, p < 0.001 and p < 0.01, respectively). Therefore, these results 

indicate that r84 may be more effective at controlling tumor growth than 

bevacizumab independent of dose in certain models. We propose that the 

appropriate therapeutic antibody dose should be determined independently for 

different tumor types to maximize therapeutic benefit with minimal induction of 

toxicity (Dowlati et al., 2005; Jain, 2005; Jayson et al., 2002). 
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Figure 3.6: r84 controls tumor growth in vivo. 

 

2.5 million human NSCLC cells were injected subcutaneously into the right flank 

of NOD/SCID mice. Therapy began one day post tumor cell injection (TCI), and 

continued for 4-8 weeks. Tumor volumes were measured twice/week. r84 and 

bevacizumab (bev) similarly control tumor growth as compared to control IgG 

(Ctrl) treatment in H460, H1299 models (A, B). C, In A549 NSCLC tumor 

bearing animals, r84 displayed tighter control of tumor growth as compared to 

bev treatment. 
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Figure 3.7: r84 controls final tumor weight in vivo. 

 

2.5 million human NSCLC cells were injected subcutaneously into the right flank 

of NOD/SCID mice. Therapy began one day post tumor cell injection (TCI), and 

continued for 4-8 weeks. Final tumor weights were recorded at sacrifice. r84 and 

bevacizumab (bev) similarly control final tumor weight as compared to control 

IgG (Ctrl) treatment in H460, H1299 models (A, B). C, In A549 NSCLC tumor 

bearing animals, r84‘s control of tumor growth was significantly different from 

bev (p < 0.05) and Ctrl (p < 0.001). n = 8 mice per group. *p < 0.05, **p < 0.01, 

***p < 0.001, statistical differences compared to Ctrl treatment, unless otherwise 

indicated.  
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Figure 3.8: r84 control of final tumor growth in vivo is dose dependent. 

 

2.5 million human A549 NSCLC cells were injected subcutaneously into the right 

flank of NOD/SCID mice. Therapy began one day post tumor cell injection (TCI), 

and continued for 4-8 weeks. Tumor volumes (A) were measured twice/week and 

final tumor weights (B) were recorded at sacrifice. Titration of antibody dosing in 

A549 tumor xenografts showed no change in tumor growth and final tumor 

weight with increasing doses of bev, however there was increasing control of 

tumor growth with increasing doses of r84, with doses of r84 controlling growth 

better than bev. n = 6 mice per group. *p < 0.05, **p < 0.01, ***p < 0.001, 

statistical differences compared to Ctrl treatment, unless otherwise indicated. 
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3.2.5  r84 effects the tumor microenvironment  

 The phenotypic effects of r84 therapy within NSCLC tumors were 

assessed by immunohistochemistry. As was expected for anti-angiogenic 

therapies, treatment with r84 and bevacizumab resulted in a significant decrease 

in tumor MVD as demonstrated using two endothelial cell markers, MECA-32 

(data not shown) and endomucin (Figure 3.9). There was a trend towards an 

increase in the number of pericyte-associated blood vessels in r84- and 

bevacizumab-treated tumors as compared to control IgG, although this increase 

only reached significance in the H460 model (Figure 3.9, bottom left panel). 

Treatment of H460 and H1299 xenograft tumors with r84 or bevacizumab also 

reduced the number of VEGFR2 positive cells, as analyzed by 

immunohistochemistry (Figure 3.10). Interestingly, VEGFR2 expression in A549 

tumors was only decreased following r84 and not bevacizumab (Figure 3.10, 

bottom right panel, p < 0.05) therapy, perhaps reflecting the difference in the 

efficacy of these two drugs in controlling tumor growth in this model. 

Additionally, inhibition of VEGF with r84 or bevacizumab decreased tumor LVD 

as compared to control IgG therapy in both H460 and H1299 models (Figure 

3.11). However, bevacizumab therapy failed to reduce LVD in the A549 model. 

These results suggest that in a model-dependent manner, r84 and bevacizumab 

may be able to disrupt lymphatic vessel-mediated tumor metastasis.  
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Figure 3.9: r84 and bevacizumab therapy induces vascular changes within 

tumors.  

Frozen sections of A549, H460, H1299 tumors treated with control IgG (Ctrl), 

r84, or bevacizumab (bev) were analyzed by immunofluorescence. Number of 

positive-staining entities per high powered field was evaluated using Nikon 

Elements software. r84 and bev treatment significantly decreases tumor 

microvessel density, shown by a reduction in tumor endomucin positive 

endothelial cells (red). r84, bev treatment induced a trend towards increased NG2 

positive (green) pericyte coverage of vessels as compared to Ctrl. *p < 0.05, **p 

< 0.01, ***p < 0.001, statistical differences compared to Ctrl, unless otherwise 

indicated.  
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Figure 3.10: r84 and bevacizumab therapy reduces VEGFR2 expression 

within tumors.  

Frozen sections of A549, H460, H1299 tumors treated with control IgG (Ctrl), 

r84, or bevacizumab (bev) were analyzed by immunofluorescence. Number of 

positive-staining entities per high powered field was evaluated using Nikon 

Elements software. r84 and bev treatment significantly reduces the number of 

VEGFR2 positive cells in H460, H1299 tumors as shown by RAFL-2 staining 

(red). Only r84 treatment significantly reduced VEGFR2 staining in A549 tumors. 

*p < 0.05, **p < 0.01, ***p < 0.001, statistical differences compared to Ctrl, 

unless otherwise indicated. 
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Figure 3.11: r84 and bevacizumab therapy reduces LVD within tumors.  

Frozen sections of A549, H460, H1299 tumors treated with control IgG (Ctrl), 

r84, or bevacizumab (bev) were analyzed by immunofluorescence. Number of 

positive-staining entities per high powered field was evaluated using Nikon 

Elements software. r84 and bev treatment significantly decreased H460, H1299 

tumor lymphatic vessel density (LVD), as indicated by a reduction in lyve1 

positive cells (red). Only r84 treatment significantly reduced A549 tumor LVD. 

*p < 0.05, **p < 0.01, ***p < 0.001, statistical differences compared to Ctrl, 

unless otherwise indicated. 
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3.2.6  Extended r84 therapy does not induce toxicity 

 The use of bevacizumab and other anti-angiogenic therapies in the clinic is 

associated with a number of toxicities. Toxicity associated with r84 can be 

evaluated in preclinical mouse xenograft models because of its ability of r84 to 

bind both human and mouse VEGF. To assess the potential of r84 to induce 

toxicities, NOD/SCID mice were injected with five million PANC-1 tumor cells 

(a slow-growing human pancreatic cancer line) subcutaneously. Treatment began 

one day post TCI, with 50 mg/kg/week r84 or a non-specific control IgG 

(palivizumab/Synagis®). An equal number of NTB animals received antibody 

treatment as well. Therapy continued for 12 weeks, at which point animals were 

sacrificed and tumor, organs and blood were collected for toxicity assessment. 

Extended r84 therapy had no effect on animal body weight for the duration of the 

experiment (Figure 3.12 A). As was seen in the NSCLC models, r84 therapy 

significantly reduced PANC-1 tumor growth and final tumor weight, as compared 

to control (Figure 3.12 B, Figure 3.12 C, p < 0.05). In addition, r84 treatment 

resulted in decreased tumor MVD (Figure 3.13, p < 0.001). r84 did not induce 

histological changes (as assessed by a pathologist) within the kidney or liver of 

tumor-bearing (TB) or NTB mice as compared to age-matched naïve animals 

(Figure 3.14). Blood was collected from all animals at the time of sacrifice, and a 

serum analysis of 20 metabolic markers was performed at the University of Texas 

Southwestern Medical Center mouse metabolic phenotyping core (Table 3.1). 
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There were no significant changes in any of these analytes between treated 

animals and age-matched naïve animals. This analysis included no observable 

change in alanine aminotransferase, aspartate aminotransferase, and blood urea 

nitrogen levels (Figure 3.15), markers of liver and kidney function, respectively. 

These three markers are elevated in correlation with toxicity in animals treated for 

12 weeks with bevacizumab and high-affinity anti-VEGF antibodies (Gerber et 

al., 2007).  

 It has been reported that anti-VEGF treatment can reduce pancreatic islet 

vascular density in adult mice, leaving the supporting pericytes behind (Kamba 

and McDonald, 2007). In this study, the pancreatic islets of TB and NTB animals 

treated for 12 weeks with r84 showed a reduction in MVD as compared to control 

IgG-treated TB and NTB animals (p < 0.01), but there was no significant change 

when compared to naïve animals (Figure 3.16, bottom left panel). Additionally, 

there was no observable change in the percentage of pericytes without endothelial 

cell association (Figure 3.16, bottom right panel). Furthermore, there was no 

change in serum glucose levels, nor was there a change in insulin staining in 

pancreatic islets of experimental animals (Figure 3.17 A, B). Taken together, 

long-term therapy with r84 produced no observable toxicity in TB or NTB 

animals.    

 Since hypertension and proteinuria are among the most common toxicity-

related side effects associated with anti-VEGF therapy and given recent data 
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suggesting a role for VEGFR2 in controlling blood pressure (Facemire et al., 

2009; Roodhart et al., 2008), we investigated the effects of r84 therapy on 

hypertension and proteinuria in a spontaneous, immunocompetent model of 

pancreatic cancer. Mice (p48-Cre:LSL-Kras
G12D

:p16
ink4a/arf+/lox

) expressing a 

pancreas-specific Cre recombinase activating a constitutively active Kras allele 

(Kras
G12D

) and inactivating a single copy of Ink4a/Arf that spontaneously develop 

pancreatic ductal adenocarcinoma (Aguirre et al., 2003) were separated into three 

groups receiving either saline, mouse chimeric r84 (mcr84 (Roland et al., 2009b)), 

or sunitinib. Therapy began when mice when mice were eight weeks old, with 

weekly IP injections of saline 25 mg/kg/week or mcr84, or daily oral gavage of 50 

mg/kg/week sunitinib. Therapy continued for a total of eight weeks, at which time 

all animals were sacrificed. Extended therapy with mcr84 or sunitinib had no 

effect on animal body weight in this experiment (Figure 3.18 A). Tumor burden, 

as assessed by final pancreas weight at sacrifice, was reduced in mcr84-treated 

animals as compared to control- and sunitinib-treated animals, although this trend 

failed to reach significance (Figure 3.18 B). However, treatment with mcr84 or 

sunitinib resulted in decreased tumor MVD (Figure 3.18 C, p < 0.01 or p < 0.05, 

respectively). Tail cuff blood pressure measurements were gathered during weeks 

two and seven of therapy. At week two, animals in the mcr84 and sunitinib groups 

displayed elevated systolic blood pressure as compared to control-treated animals 

(Figure 3.19 A, left panel, p < 0.001). However, at week seven neither mcr84- nor 
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sunitinib-treated animals displayed elevated systolic blood pressures as compared 

to control-treated animals although blood pressures were significantly higher in 

sunitinib-treated animals than in those receiving mcr84 (Figure 3.19 A, right 

panel, p < 0.05). Thus in this model, inhibiting VEGFR2 with mcr84 or multiple 

receptor tyrosine kinases including both VEGFR1 and VEGFR2 with sunitinib 

increased systolic blood pressure after acute but not chronic therapy. During week 

six of therapy, metabolic cages were used to collect urine samples from all mice, 

which were subsequently analyzed for urine protein and creatine levels by the 

University of Texas Southwestern Medical Center mouse metabolic phenotyping 

core to assess possible induction of proteinuria in this model. The urine 

protein:creatine ratio did not differ between the three treatment groups, suggesting 

that long term treatment with mcr84 and sunitinib does not induce kidney damage 

(Figure 3.19 B). Similar to the initial toxicity study in NOD/SCID mice, blood 

was collected from all animals at sacrifice for analysis by the mouse metabolic 

phenotyping core, which again yielded no significant changes in any of the 18 

tested analytes between mcr84-, sunitinib-, or control-treated animals (Table 3.2). 

Notably, our immunocompetent model of extended anti-VEGF therapy did not 

demonstrate any observable change in the metabolic markers of liver and kidney 

function alanine aminotransferase, aspartate aminotransferase, and blood urea 

nitrogen (Figure 3.20). Therefore, in a spontaneous tumor model in 
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immunocompetent animals, chronic treatment with mcr84 failed to produce 

observable, lasting toxicity. 
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Figure 3.12: Extended treatment with r84 controls tumor growth.   

r84 was able to control tumor growth in an extended therapy model. NOD/SCID 

mice with no tumors (non-tumor bearing, NTB) or bearing subcutaneous PANC-1 

tumors (tumor bearing, TB) received long-term 12-week therapy with 50 

mg/kg/week r84 or a control IgG (Ctrl).  Antibody treatment had no effect on 

animal weight (A). r84 therapy significantly controls tumor growth (B) and final 

tumor weight (C) compared to control IgG ( *p < 0.05). 
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Figure 3.13: Extended anti-VEGF therapy reduces tumor MVD.  

 

r84 and mouse chimeric r84 (mcr84) were able to reduce tumor microvessel 

density in two extended therapy models. NOD/SCID mice bearing subcutaneous 

PANC-1 tumors received long-term 12-week therapy with 50 mg/kg/week r84 or 

a control IgG.  r84 significantly decreases PANC-1 tumor microvessel density as 

compared to control IgG (Ctrl) treatment as shown by endomucin staining. ***p < 

0.001, statistical difference compared to Ctrl treatment. 
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Figure 3.14: Extended r84 therapy controls tumor growth without inducing 

histological kidney or liver toxicity.  

Five million PANC-1 tumor cells were injected subcutaneously into NOD/SCID 

mice. Tumor bearing (TB) and non tumor bearing (NTB) mice received long-term 

12-week therapy with 50 mg/kg/week r84 or a control IgG. Following 12-weeks 

of therapy, animals were sacrificed and organs and blood were collected for 

toxicity analysis. n = 5 animals per group. Hematoxylin and eosin staining of 

formalin-fixed, paraffin-embedded kidney and liver sections demonstrated that 

control of tumor growth is achieved without induction of kidney or liver 

histopathologic changes. 
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Table 3.1:  Extended r84 therapy does not induce significant changes in 

blood serum chemistry.  

 

NOD/SCID mice bearing subcutaneous PANC-1 tumors received long-term 12-

week therapy with 50 mg/kg/week r84 or a control IgG. Blood chemistry analysis 

of serum samples collected from mice at sacrifice indicated that extended r84 

treatment does not induce changes in serum levels of 20 different markers, as 

compared to control-treated (Ctrl) or Naïve animals.  
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Figure 3.15: Extended r84 therapy controls tumor growth without induction 

of liver or kidney toxicity.  

Five million PANC-1 tumor cells were injected subcutaneously into NOD/SCID 

mice. Tumor bearing (TB) and non tumor bearing (NTB) mice received long-term 

12-week therapy with 50 mg/kg/week r84 or a control IgG. Following 12-weeks 

of therapy, animals were sacrificed and organs and blood were collected for 

toxicity analysis. n = 5 animals per group. Blood chemistry analysis of serum 

samples collected from mice at sacrifice indicated that r84 treatment does not 

induce changes in serum levels of alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), or blood urea nitrogen (BUN) as compared to control 

IgG therapy and to age-matched Naïve animals that did not have tumor and never 

received antibody therapy. 
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Figure 3.16: Extended r84 therapy does not induce vascular changes within 

pancreas islets.  

NOD/SCID mice bearing subcutaneous PANC-1 tumors received long-term 12-

week therapy with 50 mg/kg/week r84 or a control IgG. Long-term r84 therapy in 

TB or NTB animals did not change pancreatic islet vessel density (endomucin, 

green) or pericyte distribution (NG2, red) as compared to age-matched Naïve 

animals (**p < 0.01).  
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Figure 3.17: Extended r84 therapy does not damage pancreas function.  

NOD/SCID mice bearing subcutaneous PANC-1 tumors received long-term 12-

week therapy with 50 mg/kg/week r84 or a control IgG. Blood chemistry analysis 

of serum samples collected from mice at sacrifice revealed no change in glucose 

levels between groups (A). Immunohistochemical analysis of pancreas sections 

revealed no difference in insulin staining intensities (green) within pancreatic 

islets amongst treatment groups (B).   
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Figure 3.18: Efficacy of extended mcr84, sunitinib therapy in an 

immunocompetent mouse model. 

 

Immunocompetent mice heterozygous for a spontaneous model of pancreatic 

cancer received extended 8-week therapy with saline, 25 mg/kg/week mouse 

chimeric r84 (mcr84), or 50 mg/kg/week sunitinib. Anti-VEGF therapy had no 

effect on animal weight (A). There was a trend towards a decrease in final 

pancreas weight at time of sacrifice in mcr84-treated animals as compared to 

control, although this decrease failed to reach statistical significance (B). C, Both 

mcr84 and sunitinib significantly decreased tumor microvessel density as 

compared to control treatment (Ctrl) as shown by endomucin staining. *p < 0.05, 

**p < 0.01, statistical differences compared to Ctrl treatment. 
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Figure 3.19: Extended mcr84, sunitinib therapy has minimal effects on blood 

pressure and proteinuria. 

 

Immunocompetent Kras/INK4a mice that spontaneously develop pancreatic 

cancer were treated for eight weeks with saline, 25 mg/kg/week mcr84, or 50 

mg/kg/week sunitinib. After 2 weeks of therapy, mcr84 and sunitinib significantly 

increased mean systolic blood pressure (A left panel), but this effect was lost by 

week 7 of continuous therapy (A, right panel). B, Urine samples collected during 

week 6 of therapy and assayed for total levels of urine protein and creatine 

(Upro/Creatine ratio displayed) showed no significant difference between treated 

animals as compared to control, indicating that extended therapy with mcr84 and 

sunitinib did not induce kidney damage in this model. *p < 0.05, ***p < 0.001, 

statistical differences compared to control (Ctrl) treatment, unless otherwise 

indicated. 

 

  



96 

 
 

 

Table 3.2: Extended mcr84, sunitinib therapy does not induce significant 

changes in blood serum chemistry.  

 

Immunocompetent mice heterozygous for a spontaneous model of pancreatic 

cancer received extended 8-week therapy with saline, 25 mg/kg/week mouse 

chimeric r84 (mcr84), or 50 mg/kg/week sunitinib. Blood chemistry analysis of 

serum samples collected from mice at sacrifice indicated that extended mcr84 and 

sunitinib treatment does not induce changes in serum levels of 18 different 

markers, as compared to saline-treated animals in this model. 
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Figure 3.20: Extended mcr84, sunitinib therapy controls tumor growth 

without induction of liver or kidney toxicity.  

Immunocompetent mice heterozygous for a spontaneous model of pancreatic 

cancer received extended 8-week therapy with saline, 25 mg/kg/week mouse 

chimeric r84 (mcr84), or 50 mg/kg/week sunitinib. Blood chemistry analysis of 

serum samples collected from mice at sacrifice indicated that extended mcr84 and 

sunitinib treatment does not induce changes in serum levels of 18 different 

markers, as compared to saline-treated animals in this model. Blood chemistry 

analysis of serum samples collected from mice at sacrifice indicated that extended 

mcr84 or sunitinib treatment does not induce changes in serum levels of alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), or blood urea 

nitrogen (BUN) as compared to control (Ctrl) therapy. 
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3.3  Discussion 

 Angiogenesis is a crucial process during embryonic development and 

normal physiology, and during tumor development, growth, and progression 

(Roskoski, 2007b). Anti-angiogenic therapy therefore presents an exciting and 

rational approach for tumor therapy.  However, the clinical efficacy of anti-

angiogenic therapies have been mostly disappointing, with modest increases in 

patient OS (Jain et al., 2006). Therefore, there is still much to learn about 

angiogenic signaling and angiogenesis dependence within tumors, which can be 

aided through the development and use of new investigative tools.  

 Here we describe r84, a fully human monoclonal antibody specific for 

VEGF, a key mediator of angiogenesis. r84 binds to human and mouse VEGF-A, 

but not other VEGF family members (VEGF-B, -C, -D, PlGF), and specifically 

blocks subsequent binding of VEGF to VEGFR2, leaving intact VEGF:VEGFR1 

interaction. Through its unique VEGF binding properties, r84 blocked VEGFR2-

mediated endothelial cell migration and signaling. In vivo, r84 controlled tumor 

growth in NOD/SCID mice similarly to bevacizumab. r84-treated tumors had 

reduced MVD, VEGFR2 expression, and LVD as compared to control-treated 

tumors, and showed a trend towards increased pericyte-associated blood vessels. 

Importantly, chronic exposure to r84 in tumor bearing and non-tumor bearing 

NOD/SCID mice and in a spontaneous, immunocompetent model of pancreatic 

cancer did not induce toxicity. 
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 The discriminating specificity of r84 in that it recognizes one ligand 

(VEGF) and inhibits binding only to VEGFR2 establishes r84 as a beneficial tool 

for elucidating VEGFR1 signaling pathways and functional contributions of 

VEGFR1 and VEGFR2 in vitro and in vivo. r84 binds both human and mouse 

VEGF (Figure 3.1 A, B), and a mouse chimeric version of r84 (mcr84) has been 

developed, thereby obviating the need for complex mouse model systems 

genetically engineered to express human VEGF (Gerber et al., 2007) to study 

contributions of host- and tumor-derived VEGF in human xenograft or syngeneic 

tumor models. Previous work has directly compared the efficacy of r84 with other 

anti-angiogenic agents in established human tumor xenografts and syngeneic 

tumor models (Roland et al., 2009a; Roland et al., 2009b). In these studies, r84 

has been shown to be more effective than bevacizumab, sunitinib, an anti-

VEGFR2 antibody (RAFL-2), and a peptoid against VEGFR1 and VEGFR2 

(GU81) in controlling tumor growth and infiltration of immune suppressor cell 

populations (Ran et al., 2003; Roland et al., 2009b). Functionally, r84 inhibits 

VEGFR2 activity by specifically blocking only VEGF. This distinguishes r84 

from anti-VEGFR2 antibodies such as DC101 that block the activity of all 

VEGFR2 ligands (Tonra and Hicklin, 2007). The importance of r84‘s specificity 

is best observed through direct comparisons where r84 has been shown to 

outperform less specific anti-VEGFR2 strategies (Roland et al., 2009b). The 

present study supports previous investigations, highlighting that selective 
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inhibition of VEGFR2 with r84 can delay tumor take and control tumor growth 

similar to blockade of both VEGFR1 and VEGFR2 (Figures 3.6-3.8), bringing to 

question the function of VEGFR1 in tumor angiogenesis and in physiological 

homeostasis. A caveat to the specificity of r84 is that we have been unable to 

determine conclusively the effect of r84 on VEGF binding to neuropilin-1 or -2, 

which might impact the biological effect of r84. 

 Although the function and signaling pathways of VEGFR1 remain elusive, 

there is data supporting the concept that VEGFR1 is a negative regulator of 

VEGFR2 signaling. VEGFR1 deficient mice die in utero due to an over 

abundance of endothelial cells (Fong et al., 1995; Fong et al., 1999), whereas 

mice expressing on the extracellular domain of VEGFR1 are viable (Hiratsuka et 

al., 1998). These studies established that VEGFR1 does not need to signal through 

its cytoplasmic domain and functions during development as a decoy receptor for 

VEGF, sequestering the ligand and regulating VEGFR2-mediated angiogenesis. 

Roberts et al., (Roberts et al., 2004) demonstrated that the VEGFR1 mutant 

phenotype in embryonic stem cell-derived blood vessels could be rescued by 

incubation with small molecule inhibitors of VEGFR2. These data further 

supports that VEGFR1 controls blood vessel development by negatively 

regulating VEGFR2 signaling. In addition, work by Nozaki et al., (Nozaki et al., 

2006) demonstrated that VEGF binding to VEGFR1 induced the activity of SHP-

1 phosphatase that in turn reduced levels of VEGFR2 phosphorylation. Therefore, 
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active VEGF binding and signaling through VEGFR1 could potentially negatively 

regulate tumor angiogenesis, an interesting concept that warrants further 

investigation. Hypertension is likely caused by decreased levels of nitric oxide 

(NO) resulting from blockade of VEGF signaling through VEGF2 and VEGF1 by 

current anti-angiogenic strategies. VEGF activation of VEGFR1 has been 

demonstrated to induce NO production (Ahmad et al., 2006; Bussolati et al., 

2001). Therefore, it is possible that hypertension may be reduced or eliminated 

following r84 therapy. 

 Additionally, studies have demonstrated the importance of VEGFR1 

function in tumor cell survival. Neutralizing antibodies against VEGFR1 (Wu et 

al., 2006a; Wu et al., 2006b) and PlGF (Fischer et al., 2007), a VEGFR1 specific 

ligand, have successfully controlled tumor growth in preclinical models. Adding 

to the complexity of this pathway, PlGF over expression has also been shown to 

inhibit tumor growth and angiogenesis through increased levels of functionally 

inactive VEGF:PlGF heterodimers (Eriksson et al., 2002; Xu et al., 2006). 

Further, Bais et al., recently demonstrated that although anti-PlGF antibodies 

were able to inhibit wound healing and cancer cell extravasation, these antibodies 

only inhibited tumor growth in tumors that over expressed VEGFR1 (Bais et al., 

2010). These papers question the importance of directly blocking PlGF or 

VEGFR1 therapeutically and highlight the potential benefit of anti-angiogenic 

agents such as r84 that allow for PlGF and VEGFR1 interactions. VEGFR1 has 
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also been linked to tumor metastasis (Hiratsuka et al., 2002; Kaplan et al., 2005). 

However, selective blockade of VEGFR2 in our models was sufficient to control 

tumor growth as compared to simultaneous inhibition of VEGFR1 and VEGFR2 

(Figure 3.6 – Figure 3.8). Increased metastasis was not observed from tumor 

xenografts treated with r84 or the phenotypic precursor of r84, 2C3, in 

subcutaneous or orthotopic models (Dineen et al., 2008; Roland et al., 2009a). 

Nevertheless, the effects of anti-angiogenic therapy on tumor progression and 

metastasis are still being elucidated (Ebos et al., 2009; Paez-Ribes et al., 2009) 

and could benefit from selective tools, such as r84, to delineate important 

pathways and mechanisms of action in these processes. 

 In the present study, control of tumor growth through selective inhibition 

of VEGFR2 with r84 was associated with several histological changes. r84 

reduced tumor MVD similar to bevacizumab treatment (Figure 3.9). Consistent 

with the concept of anti-angiogenic therapies functioning by pruning nascent 

tumor vasculature, we observed a trend of increased pericyte association with 

endothelial cells in r84- and bevacizumab-treated animals, though this only 

reached statistical significance in the H460 model (Figure 3.9). NSCLC tumors 

treated with r84 and bevacizumab showed a reduction in VEGFR2 staining 

(Figure 3.10), with the exception of A549 tumors where bevacizumab had no 

effect, suggesting specific inhibition of VEGF:VEGFR2 binding by r84 can down 

regulate receptor expression. As VEGFR2 is considered the predominant 
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angiogenic signaling receptor, decreasing its expression within tumors could 

promote the anti-angiogenic effects of r84. Tumor LVD was also decreased in 

mice treated with r84 and bevacizumab, with the exception of A549 tumors where 

bevacizumab had no effect (Figure 3.11). In several tumor types, including lung 

cancer, lymphatic vasculature participates in tumor metastasis (Saharinen et al., 

2004). Although predominately mediated by VEGF-C and -D interaction with 

VEGFR3, recent data demonstrated elevated expression of tumor-derived VEGF-

A contributes to pathological lymphangiogenesis (Cursiefen et al., 2004; 

Hirakawa et al., 2005). In a corneal injury model, Cursiefen et al., (Cursiefen et 

al., 2004) demonstrated that elevated levels of VEGF-A recruits macrophages and 

inflammatory cells secreting VEGF-C and -D to the site of injury, thereby 

inducing lymphangiogenesis. This mechanism may explain the decrease in LVD 

seen in treated tumors in our studies. Therefore, reduced LVD observed with r84 

and bevacizumab therapy is perhaps mechanistically similar to the reduction in 

LVD observed in 2C3-treated breast cancer xenografts, which correlated with  a 

VEGFR2-mediated down regulation of VEGFR3 in lymphatic endothelial cells 

and a decrease in angiopoietin-2 expression in endothelial cells and tumor cells 

(Whitehurst et al., 2007).  

 Extended therapy with r84 in tumor bearing and non-tumor bearing mice 

did not induce toxicity, as measured by weight maintenance, blood pressure 

levels, proteinuria analysis, and preservation of renal, hepatic, and pancreatic 
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structure and function. Previous studies assessing the safety of anti-VEGF 

antibodies, including bevacizumab, demonstrated increased hepatic and renal 

damage with antibodies of increasing affinity to VEGF. Hepatic and renal toxicity 

produced elevated serum levels of ALT, AST, and BUN as well as 

glomerulosclerosis and loss of structural integrity seen by hematoxylin and eosin 

staining (Gerber et al., 2007). These toxicity-inducing antibodies were first 

characterized in 2006 as cross-reactive antibodies that recognized human and 

mouse VEGF and highlighted the importance of blocking stromal-derived VEGF 

in some tumor models (Liang et al., 2006a). Our current work with r84 in the 

A549 xenograft model (Figure 3.6 C, Figure 3.7 C, Figure 3.8) highlights the 

importance of host VEGF in the progression of some tumors. However, in our 

studies, long-term therapy with r84 does not induce renal or hepatic toxicities 

(Figure 3.14, Table 3.1, Figure 3.15). This separates r84 from previously 

developed cross-reactive antibodies as a unique therapeutic tool with the potential 

to answer key questions on the function of stromal VEGF in tumor progression 

and the importance of VEGFR1 activity in avoiding anti-VEGF induced toxicity. 

The endocrine pancreas is especially sensitive to VEGF inhibition (Kamba and 

McDonald, 2007; Kamba et al., 2006). However, extended therapy with r84 did 

not result in changes in pancreatic islet structure or function (Figure 3.16, Figure 

3.17). In an immunocompetent model of spontaneous pancreatic cancer, extended 

therapy with mcr84 did not induce renal or hepatic toxicities as indicated by urine 
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analysis and serum metabolic markers (Figure 3.19 B, Table 3.2, Figure 3.20) and 

acute increases in systolic blood pressure were resolved over time without 

cessation of therapy (Figure 3.19 A). Thus, we conclude that r84 and mcr84 do 

not induce significant toxicities in mice perhaps due to the lower affinity of r84 

for VEGF as compared to other anti-VEGF antibodies or from a protective 

function of VEGFR1. Overall, the characteristics of r84 both in vitro and in vivo 

establish this antibody as an important tool to further elucidate the importance of 

VEGF signaling through VEGFR1 and VEGFR2 within tumors and during 

normal physiology and as a potential adjuvant therapy. At the present time the 

production of clinical grade r84 is being evaluated and we anticipate that initial 

safety trials in humans will begin in the near future. 
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CHAPTER FOUR 

 

 

 

THE ROLE OF ANTI-ANGIOGENIC THERAPIES IN NSCLC 

 

 

Abstract 

 Worldwide, NSCLC is the most common and deadly cancer despite 

advances in cancer therapy. Here we describe the pathogenesis and epidemiology 

of lung cancer and some of the current treatment options for this disease. Several 

anti-angiogenic strategies have been evaluated in NSCLC, but only the anti-

VEGF monoclonal antibody bevacizumab (Genetech/Roche) has gained FDA 

approval. However, bevacizumab therapy is associated with modest increases in 

patient survival in NSCLC and its other cancer indications. Therefore, the future 

of anti-angiogenic therapy in NSCLC and other cancer types is tenuous and may 

be dependent on a better understanding of how resistance develops and what 

markers best predict for patient response. 
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4.1  Introduction 

 Lung cancer has remained the most prevalent and lethal cancer worldwide 

for the past 26 years (Jemal et al., 2011; Parkin et al., 1993). In 2008, there were 

more than 1.6 million new cases of lung cancer diagnosed worldwide and an 

estimated 1.4 million deaths associated with this disease (Jemal et al., 2011). 

Within the United States, there were more than 220,000 new cases of cancers of 

the lung and bronchus in 2010 and greater than 157,000 deaths, amounting to 

15% and 28% of total cancer incidences and deaths, respectively (Jemal et al., 

2010b). If one breaks down cancer incidence by gender, cancers of the lung and 

bronchus are the second most prevalent cancer type, behind prostate cancer in 

men and breast cancer in women (Figure 4.1) (Jemal et al., 2010b). However, 

lung cancer is still the most deadly form of cancer amongst both genders in the 

United States, representing nearly 1/3 of all cancer-related deaths for each gender 

(Figure 4.2) (Jemal et al., 2010b). 

 In general, the prognosis of lung cancer is discouraging. An overwhelming 

majority of patients with NSCLC, the most prevalent form of lung cancer, have 

advanced stage disease at the time of their diagnosis (Parkin et al., 2005; Webb 

and Simon, 2010). Although small cell lung cancer (SCLC) initially responds well 

to radiation and chemotherapy, NSCLC is not as responsive (Hoffman et al., 

2000). Additionally, the highly aggressive and invasive characteristics of NSCLC 
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often lead to metastasis of the tumor within months to the contralateral lung, 

bones, liver and brain. The rate and degree of metastatic progression in NSCLC is 

ultimately the key contributing factor to lung cancer patient death (Hoffman et al., 

2000) (Feld et al., 1984; Nguyen et al., 2009). Because of this, the five year 

survival rates for lung cancer remain dismal at approximately 15% in the United 

States, 10% across Europe and 9% in developing countries (Parkin et al., 2005; 

Webb and Simon, 2010). In addition, progress in chemotherapeutic agents has not 

yielded significant improvements in lung cancer patient survival and many lung 

cancer patients will recur despite multidisciplinary intervention. Therefore, 

emerging therapeutic modalities with the potential to improve the prognosis of 

lung cancer, such as those that inhibit tumor angiogenesis are of special interest.  
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Figure 4.1:  New cancer cases in the United States.  

 

The distribution of new cases of cancer in men and women in the United States by 

tumor type is displayed. Cancers of the lung and bronchus are the second most 

commonly diagnosed cancer among Americans, second only to reproductive 

cancers in men and women. Data adapted from (Jemal et al., 2010b). 
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Figure 4.2:  Total cancer deaths in the United States.   

 

The distribution of annual cancer-related deaths in men and women in the United 

States is displayed by tumor type. Lung cancer is the most common cause of 

cancer-related deaths in both genders. Data adapted from (Jemal et al., 2010b). 
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4.1.1  Lung cancer pathogenesis and epidemiology 

 There are two broad categories of lung cancer—SCLC and NSCLC. 

SCLC comprises approximately 15% of all lung cancer diagnoses in the United 

States. Arising from neuroendocrine cells within the lung, SCLCs tend to be  very 

aggressive and malignant tumors (Herbst et al., 2008). NSCLCs make up the 

remaining 85% of lung cancer cases. There are three main NSCLC histotypes, 

squamous cell carcinoma, large cell carcinoma and the most prevalent form of 

NSCLC, adenocarcinoma (Brambilla et al., 2001; Herbst et al., 2008). The least 

well-defined of the three NSCLC histotypes is large cell carcinoma, which often 

includes poorly differentiated or undifferentiated lung cancers that are not readily 

classified as any of the other histotypes.  

 Worldwide lung cancer trends are largely dependent on smoking and the 

use of tobacco products. The patterns of histotype incidence differ between 

smokers and never-smokers. Smoking is directly related to most lung cancers and 

is especially correlated with the incidences of squamous cell carcinoma and 

SCLC (Sun et al., 2007; Toh et al., 2006). Of the thousands of chemicals present 

in cigarette smoke, the International Agency for Research in Cancer has classified 

more than 60 as carcinogenic. Among these carcinogens are the highly potent and 

dangerous polycyclic aromatic hydrocarbons including nitrosamine nicotine-

derived nitrosoaminoketone and benzo[a]pyrene (Sun et al., 2007). Metabolism of 

these carcinogens enhances their ability to form DNA adducts through covalently 
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binding to DNA, leading to either their removal through nucleotide excision 

repair or apoptosis of the affected cell (Gazdar, 2007; Sun et al., 2007). The 

formation and attempted repair of carcinogen-induced adducts can confer 

mutations in key genes responsible for lung cancer development such as KRAS or 

TP53. This process can continue over time, inducing numerous other mutations, 

both at the genetic and epigenetic levels that escalate tumor progression (Sun et 

al., 2007). The direct relationship with smoking as the predominant driver of lung 

cancer pathogenesis is evident from worldwide statistics. In most Western 

countries, including North America, Europe and Australia, where the tobacco 

epidemic has peaked over 50 years ago, there are decreasing rates of lung cancer 

deaths (Bray and Weiderpass, 2010; Jemal et al., 2008; Peto et al., 2006). 

However, in areas where the epidemic is more recent, such as Asia and Africa 

where smoking rates are still rising or have not yet become stabilized, there are 

increasing lung cancer incidence rates (Jemal et al., 2010a; Lam et al., 2004; 

Youlden et al., 2008). Implementing tobacco intervention programs to control the 

use of these products by increasing prices, treating tobacco dependence and 

raising awareness of the harmful consequences of tobacco products has been 

shown to decrease lung cancer incidence globally (Prevention, 2007). Over the 

past three decades, increases in public awareness and tobacco control measures 

have resulted in declining rates of lung cancer incidence and mortality in men and 

a plateau in women in the United States (Jemal et al., 2001; Jemal et al., 2005). 
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Similar trends are observed in Europe and other developed regions (Bray et al., 

2004). However, in developing countries, the lung cancer epidemic is still on the 

rise and can be directly associated with the rising use of tobacco products within 

these regions (Jemal et al., 2011; Parkin et al., 2005). By gender, 80% of lung 

cancer in men and approximately 50% of lung cancer in women can be 

contributed to smoking activities (Ezzati et al., 2005; Ezzati and Lopez, 2003). 

The difference in smoking-related lung cancer incidences between the genders 

can be attributed to the fact that historically, women have started smoking around 

10 years later than their male counterparts (Harris, 1983). Additionally, there is 

growing data supporting a different set of risk factors for lung cancer in women, a 

topic that will be further discussed in this chapter. It is important to note that only 

10-20% of smokers will develop lung cancer and having a family history or lung 

cancer confers a 1.5-fold increase in the risk of disease incidence in never-

smokers (Matakidou et al., 2005). This association is heightened to a two-fold 

increase in risk amongst black individuals (Cote et al., 2005). Therefore, genetic 

differences amongst individual are likely to play large role in determining overall 

sensitivity to lung cancer carcinogens (Sun et al., 2007).  

 Although smoking plays a strong role in the majority of lung cancers 

worldwide, approximately 25% of lung cancers are not attributable to smoking. In 

fact, 15% of all diagnosed lung cancers in men and 53% in women are not due to 

smoking exposure (Parkin et al., 2005), highlighting a common public 
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misconception that lung cancer is solely a self-inflicted disease caused by 

smoking and the role gender plays in lung cancer development. Patients that are 

never-smokers, classified as individuals that have smoked fewer than 100 

cigarettes, are a growing minority of lung cancer patients. Never-smokers 

predominantly have adenocarcinoma and account for roughly 10-25% of all lung 

cancer cases. If this group of patients was evaluated independently from all lung 

cancer incidences it would represent the seventh most prevalent cancer type in the 

world (Hecht, 2003; Sun et al., 2007). Studies evaluating mutational status and 

therapeutic efficacy suggest that lung cancer in never-smokers is a distinct disease 

from their smoking counterparts (Sun et al., 2007; Toh et al., 2006). A better 

understanding of genetic and environmental risk factors contributing to lung 

cancer can provide new information for improving treatment modalities and may 

help reduce the stigma associated with this disease. 

 As previously discussed, tobacco product carcinogens are well-known to 

cause cancer. In never-smokers, the carcinogens are more varied and one 

predominant factor has not been identified. However, likely suspects include 

asbestos, arsenic, radon, environmental pollutants and silica (Alberg et al., 2005; 

Boffetta, 2006; Subramanian and Govindan, 2007). Exposure of never-smokers to 

environmental tobacco smoke (also known as second hand smoke) has been 

shown to be causally associated with increased risk of lung cancer incidence 

(Brown, 1992; Stayner et al., 2007; Vineis et al., 2004). However, environmental 
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tobacco smoke accounts for less than 10% of total lung cancer cases in never-

smokers in the United States and is therefore not the predominant factor 

influencing this disease (Brown, 1992). Within the global population of never-

smokers, lung cancer incidence is more common in females. The frequency of 

lung cancer in women never-smokers varies dramatically by region (Sun et al., 

2007). In the United States, approximately 15% of women with lung cancer are 

never-smokers (Cerfolio et al., 2006; Visbal et al., 2004; Wakelee et al., 2007). 

This proportion increases to over 80% in South Asia (Badar et al., 2006; Jindal et 

al., 1982), illustrating the strong influence of genetic and/or environmental factors 

contributing to lung cancer epidemiology in never-smokers. For example, in 

China the high rates of lung cancer in female never-smokers has been linked to 

exposure of Chinese women to vapors from poorly-ventilated indoor coal burning 

and cooking oils (Sun et al., 2007). During traditional Chinese cooking, the heated 

cooking oils produce volatile mutagenic and carcinogenic substances including 

aldehydes and polycyclic aromatic hydrocarbons. Long-term exposure to these 

risk factors is strongly associated with lung cancer in these populations 

(Kleinerman et al., 2002; Wu-Williams et al., 1990; Xu et al., 1989). 

 In cancer oncogene addiction can occur where certain mutations can drive 

tumor progression (Fisher et al., 2001; Weinstein, 2002). These genes are 

typically involved in cell proliferation and survival and can be successfully 

combated with targeted therapies. Several genetic mutations driving lung cancer 
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progression and pathogenesis have been identified and well studied including, 

EGFR, KRAS and TP53. EGFR is a RTK activated by extracellular growth factors 

and is over expressed in many cancer types, including approximately 50% of lung 

cancers (Sharma et al., 2007). Growth factor binding to EGFR induces receptor 

homo- or heterodimer formation with other RTKs and induces downstream 

signaling pathways that mediate numerous effects (Sharma et al., 2007). EGFR 

activation can lead to downstream signaling affecting apoptosis inhibition, 

increased cellular proliferation, and increased invasion, metastasis and 

angiogenesis through phosphatidylinosityl 3-kinase (PI3K) and AKT, Ras-Raf-

Mek-Erk and STAT signaling cascades, respectively (Sun et al., 2007). More than 

60% of NSCLCs have EGFR over expression and the prognosis of this patient 

population is poor (Hirsch et al., 2003; Nicholson et al., 2001; Ohsaki et al., 

2000). In addition, enhanced autocrine activation of EGFR signaling can occur in 

tumors over expressing the EGFR ligands epidermal growth factor (EGF) and 

transforming growth factor α (TGFα) (Putnam et al., 1992; Rusch et al., 1993). 

The identification of EGFR mutations in cancer led to the development and 

clinical use of two FDA-approved small molecule tyrosine kinase inhibitors 

(TKIs) targeting EGFR, gefitinib (Iressa, AstraZeneca) and erlotinib (Tarceva, 

OSI Pharmaceuticals, Genetech) for use in chemotherapy refractory advanced 

NSCLC (Blackhall et al., 2006; Herbst et al., 2005; Shepherd et al., 2005; 

Thatcher et al., 2005). A small population of patients treated in early clinical trials 
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with EGFR TKIs showed a striking response to therapy (Fukuoka et al., 2003; 

Kris et al., 2003; Perez-Soler et al., 2004; Shepherd et al., 2005). Further 

investigation of this group of patients led to the discovery that sensitivity to these 

drugs was due to mutations within EGFR‘s tyrosine kinase domain (Lynch et al., 

2004; Paez et al., 2004). Interestingly, these mutations are predominantly found in 

adenocarcinomas from never-smoker females of East Asian descent (Ciardiello 

and Tortora, 2008; Kim et al., 2008; Sharma et al., 2007; Shigematsu and Gazdar, 

2006). In fact, increased exposure to tobacco smoke is inversely correlated with 

EGFR mutation frequency (Kosaka et al., 2004; Pham et al., 2006). Despite the 

initial success of EGFR inhibitors, the majority of these responders will 

eventually become resistant to erlotinib and gefitinib therapy (Pao et al., 2005a; 

Sequist et al., 2007). The resistance mechanisms and new therapeutic approaches 

to overcome resistance are being actively researched and developed (Webb and 

Simon, 2010). 

 Downstream of EGFR, the Ras family of proteins are small GTPases that 

primarily function in regulating cell proliferation (Downward, 2003). When the 

GTPase activity of KRAS is lost following missense mutations, these proteins 

lose the ability to switch back to their inactive GDP-bound state and therefore 

remain constitutively active and contribute to the development of tumors 

(Downward, 2003; Sun et al., 2007). The most common Ras pathway mutations 

are found in KRAS. Activating mutations in KRAS are found in up to half of all 
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lung adenocarcinomas (Herbst et al., 2008; Webb and Simon, 2010). Oncogenic 

KRAS mutations are never found in SCLC, but are exclusively found within 

adenocarcinoma histotypes of NSCLC (Shigematsu and Gazdar, 2006; 

Shigematsu et al., 2005; Tam et al., 2006). The highly carcinogenic substances 

nitrosoaminoketone and BAP that are found in tobacco smoke have the ability to 

induce oncogenic, constitutively active KRAS by forming DNA adducts within 

codon 12 (Sun et al., 2007). Consequently, KRAS mutations are more prevalent in 

smokers than never-smokers, are not frequently found in East Asian populations 

and are primarily mutually exclusive to EGFR mutations (Pao et al., 2005b; 

Shigematsu et al., 2005). Additionally, these mutations are associated with poor 

prognosis and survival and resistance to conventional chemotherapy and TKIs 

(Eberhard et al., 2005; Mascaux et al., 2005; Pao et al., 2005b; Riely et al., 2008). 

Currently there is a paucity of efficacious therapeutic options for lung cancers 

harboring KRAS mutations, although research is actively underway to remedy 

this.  

 Within human cancers, one of the most commonly found mutations 

involves the TP53 gene encoding the tumor suppressor p53 (Sun et al., 2007). As 

a transcription factor, p53 affects many important pathways including 

maintenance of the DNA damage response and control of apoptosis (Sengupta 

and Harris, 2005). Mutations within TP53 predominantly affect the ability of the 

protein to recognize and bind to DNA, reducing its functionality as a transcription 
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factor (Sun et al., 2007). Although mutations in TP53 are found in lung cancers of 

smokers and never-smokers, they are more common within smoker populations 

(Le Calvez et al., 2005; Vahakangas et al., 2001). 

 During cancer progression, tumor suppressor genes are frequently 

inactivated by chromatin remodelling occurring following aberrant methylation of 

CpG islands within the promoter region of these genes (Sharma et al., 2007). 

Although further studies are required to disseminate methylation patterns and 

frequency, there appears to be selective differences within this process between 

smokers and never-smokers (Sun et al., 2007). 

 

4.1.2  Current treatment modalities for NSCLC 

 Lung cancer development, like other tumor types, occurs via stepwise 

progression of malignant transformation within normal respiratory epithelium 

(Noguchi, 2010). Tobacco smoke carcinogens drive the genetic alterations and 

progression of 85% of all lung cancers in developed countries (Ramalingam et al., 

2011). There has been much progress in our comprehension of the biological 

mechanisms governing the development and progression of lung cancer. This has 

led to the discovery of new therapeutic targets in lung cancer and the development 

of drugs to combat them. As the understanding of molecular drivers of lung 

cancer improved, so has the ability for using personalized therapy to treat a 

patient‘s lung cancer based on their specific mutations and phenotypes.  
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 Each year there are more than 25,000 new cases of SCLC diagnosed in the 

United States (Govindan et al., 2006). There are a limited number of therapeutic 

options for SCLC. For the past 30 years, platinum-based chemotherapy and 

etoposide have been the most efficacious regimens of systemic therapy for SCLC 

patients (Ramalingam et al., 2011). Studies evaluating varying doses, 

combinatorial strategies with topoisomerase, mTOR or Bcl-2 inhibitors have 

failed to improve SCLC patient survival (Hanna et al., 2006a; Lara et al., 2009; 

Pandya et al., 2007; Rudin et al., 2008). A recent study suggested prophylactic 

cranial irradiation can increase OS (Slotman et al., 2007), although follow up 

studies will be necessary to evaluate efficacy of this strategy in larger patient 

populations.  

 One third of all NSCLC patients are diagnosed with early stage disease. 

Although surgical resection is the best standard care for stage I, II and some IIIA 

lung cancer patients, approximately 40% will have a comorbid illness that 

precludes surgery (Ramalingam et al., 2011). Surgery in lung cancer involves the 

removal of the entire afflicted lobe or lung, as there is a higher incidence of local 

recurrence following sublobar resections (Ramalingam et al., 2011). Recurrence 

of lung cancer following surgery is predominantly at distant sites, highlighting the 

need for systemic therapies to combat this disease (Ramalingam et al., 2011). 

However, post-operative radiation therapy is generally not used for lung cancer 

patients since historical data indicated this can negatively impact survival 
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(NSCLCCollaborativeGroup, 1995; PORTMeta-analysisTrialistsGroup, 1998). 

Alternatively, for early stage NSCLC patients that are not surgical candidates, 

stereotactic body radiotherapy (SBRT) is a new therapeutic option that has been 

recently shown to confer a 97% three-year primary tumor control rate 

(Timmerman et al., 2010). Clinical studies are currently evaluating the efficacy of 

SBRT compared to surgery in early stage NSCLC patients in Europe 

(Ramalingam et al., 2011). Additionally, non-surgical early stage NSCLC patients 

with smaller peripheral tumors can achieve high local control rates with 

radiofrequency ablation therapy (Pennathur et al., 2007). 

 For patients with locally advanced disease that cannot be surgically 

removed, systemic and radiation therapy is used. Tumors are considered 

unresectable if they have invaded directly into major blood vessels, the 

mediastinum, heart or the vertebral body or if the tumor has spread to the 

mediastinal lymph nodes on the same side of the body as the initial tumor 

(Ramalingam et al., 2011). Studies in the early 1990s demonstrated increased OS 

with combination chemotherapy and radiation therapy as compared to radiation 

alone in stage III NSCLC patients (Dillman et al., 1990; Le Chevalier et al., 

1991). Later studies demonstrated increased efficacy with concurrent 

chemotherapy and radiation (Curran et al., 2000; Furuse et al., 1999). However, 

this approach also has increased toxicities and is therefore only used in patients 

that have a good performance status. Locally advanced NSCLC can be treated 
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with radiation therapy and full doses of cisplatin and etoposide (Albain et al., 

2002), or weekly ―radiosensitizing‖ doses followed by two full doses of 

carboplatin and paclitaxel (Belani et al., 2005a). The traditional dose of radiation 

for locally advanced NSCLC patients is 60 gray, but ongoing studies are 

evaluating the safety and efficacy of increasing doses to 74 gray (Perez et al., 

1980; Ramalingam et al., 2011).  

 Over the past 16 years, numerous studies have identified platinum-based 

chemotherapy (generally with three to four cycles of cisplatin-based 

chemotherapy) as the most effective option for early stage NSCLC patients 

(Ramalingam et al., 2011). Chemotherapy is given as adjuvant therapy following 

surgery in early stage NSCLC patients. Treatment options for advanced stage 

NSCLC relies heavily on patient performance status, with the overall goals to 

maintain or enhance quality of life, improve symptoms and prolong survival 

(Ramalingam et al., 2011). Females have been recently shown to have improved 

survival versus their male counterparts, making gender a prognostic factor in 

advanced stage NSCLC (Batevik et al., 2005; Harichand-Herdt and Ramalingam, 

2009; Siddiqui et al., 2010; Visbal et al., 2004). Standard treatment involves 

systemic platinum-based therapy regimens as this strategy proved more 

efficacious to supportive care alone in clinical trials conducted in the late 1980s 

(Bunn, 2002; Rapp et al., 1988). Although cisplatin-based regimes provide the 

best response rates, regimens with carboplatin are more tolerable and are routinely 
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used in the clinic (Kelly et al., 2001; Schiller et al., 2002). Two-drug 

combinations of platinum-containing chemotherapy regimens have demonstrated 

improved progression free survival (PFS), OS and response rate when compared 

to single agent therapy and have become the standard of care for advanced 

NSCLC patients (Lilenbaum et al., 2005; Sandler et al., 2000; Wozniak et al., 

1998). Commonly used, efficacious combination drugs include paclitaxel, 

docetaxel, vinorelbine, gemcitabine, pemetrexed and ironotecan (Belani et al., 

2005b; Ohe et al., 2007; Schiller et al., 2002; Wozniak et al., 1998). In a large 

randomized study of more than 1200 NSCLC patients performed by the Eastern 

Cooperative Oncology Group (ECOG), there was no difference in efficacy 

(median survival of eight months) between four different platinum-based 

chemotherapy regimens. However, the combination of paclitaxel and carboplatin 

had the fewest toxicities (Schiller et al., 2002). Trials evaluating three-drug 

cytotoxic combinations in advanced NSCLC patients did not show improved 

efficacy as compared to two-drug regimens, but did induce higher toxicities and 

have therefore not been implemented in standards of care (Alberola et al., 2003; 

Stinchcombe and Socinski, 2009). The platinum-based two-drug regimens use in 

good performance status advanced NSCLC patients confer an 8-11 month median 

survival and 30-40% one-year survival rates (Ramalingam and Belani, 2004).  

 40-80% of NSCLC cases express EGFR (Ramalingam et al., 2011). In 

general, EGFR TKIs are well-tolerated and the most common toxicities are 
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diarrhea and skin rash. Mutations in EGFR occur in 10-15% of Caucasian patients 

and are found in up to 40% of Asian patients (Paez et al., 2004). Treatment of 

resected, early stage NSCLC patients with the EGFR inhibitors gefitinib and 

erlotinib has yet to demonstrate any survival or progression advantages (Goss et 

al., 2010; Ramalingam et al., 2011). Further studies are underway to elucidate 

potential efficacies of other targeted therapies in this patient population. In a 

Phase III trial in inoperable stage III NSCLC patients, targeting EGFR signaling 

with maintenance gefitinib therapy after chemotherapy and radiation failed to 

increase survival over placebo (Kelly et al., 2008). However, use of the anti-

EGFR monoclonal antibody cetuximab (IMC-C225/Erbitux, ImClone) 

demonstrated a two-fold improvement in OS when combined with radiation 

therapy in a Phase III trial in head and neck cancer patients (Bonner et al., 2006). 

This treatment strategy is now being evaluated in a Phase III trial in locally 

advanced NSCLC patients (Ramalingam et al., 2011). Clinical studies performed 

within the last decade have demonstrated a striking response of mutant EGFR 

NSCLC to small molecule EGFR TKIs, leading to the use of these agents as first-

line therapy in advanced NSCLC patients with a known EGFR sensitizing 

mutation (Maemondo et al., 2010; Mitsudomi et al., 2010; Mok et al., 2009; 

Rosell et al., 2009). Use of these drugs in this patient population produces a 60-

80% response rate, 10-12 month PFS and 24-30 month OS (Ramalingam et al., 

2011). Interestingly, there are no survival advantages with combination 
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chemotherapy and EGFR TKIs in general or selected NSCLC patients (Giaccone 

et al., 2004; Herbst et al., 2004). Similar efficacies to the TKIs are not seen when 

the external domain of EGFR is targeted by cetuximab, suggesting that a different 

mechanism of action is at play (Hanna et al., 2006b; Mukohara et al., 2005). As 

previously mentioned, although there is great efficacy of EGFR TKIs in a subset 

of NSCLC, most patients will eventually become resistant to therapy. The best 

understood mechanisms of resistance include gain of a second EGFR mutation 

(T790M; happens in 50-60% of patients) occurring in exon 20 that alters the 

binding site for the TKIs, rendering them useless (Inukai et al., 2006; Kobayashi 

et al., 2005; Pao et al., 2005a), amplification of the proto-oncogene MET, 

activation of additional RTKs, or the initiation of epithelial to mesenchymal 

transition within tumors (Herbst et al., 2008; Webb and Simon, 2010). To combat 

these effects, second-generation EGFR inhibitors are under development and are 

currently at different stages of clinical evaluation (Ramalingam et al., 2011). 

Some of the strategies being investigated include irreversible inhibitors of EGFR 

as well as inhibitors of c-Met and downstream mediators of EGFR signalling such 

as heat shock protein 90 (Ramalingam et al., 2011). 

 A recent success story in personalized therapy in NSCLC involves a small 

subset of lung cancers driven by an inversion translocation of echinoderm 

microtubule-associated protein-like 4 (EML4) and anaplastic lymphoma kinase 

(ALK) genes (Shaw et al., 2009; Soda et al., 2007; Soda et al., 2008). The 
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resultant EML4/ALK fusion gene occurs in approximately five percent of NSCLC 

patients predominantly in younger, never-smoker patients that have 

adenocarcinoma with signet cell features (Pao and Girard, 2011; Shaw et al., 

2009). Interestingly the EML4/ALK translocation is mutually exclusive with 

mutations in KRAS and EGFR and do not respond to the EGFR inhibitors 

erlotinib and gefitinib (Horn and Pao, 2009; Ramalingam et al., 2011). Pfizer‘s 

small molecule TKI crizotinib (PF-02341066, Pfizer) inhibits c-Met and ALK. A 

Phase IB trial of crizotinib in NSCLC patients with an ALK translocation 

demonstrate a 66% response rate and an 87% disease control rate characterized by 

tumor shrinkage (Bang et al., 2010). A Phase III study is currently underway to 

evaluate the efficacy of crizotinib in this cohort of NSCLC patients and is 

expected to gain FDA approval. 

 

4.2  Anti-angiogenic therapy in NSCLC 

 Lung microvascular endothelial cells produce significant amounts of 

VEGF, which contributes to endothelial maintenance and homeostasis within the 

lungs in an autocrine manner (Voelkel et al., 2006). Finely tuned interactions 

between endothelial cells, VEGF and the lung embryonic mesenchyma are critical 

to the formation and maturation of the lung (Akeson et al., 2003; Majka et al., 

2006).  
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Tumor angiogenesis is functionally and structurally abnormal and is 

characterized by poorly organized and hyperpermeable tortuous dilated vessels 

(Blau and Banfi, 2001; Folkman, 2007; Jain, 2001). Therefore, the tumor 

microenvironment is characterized by hypoxia, acidosis and interstitial 

hypertension, which increases VEGF production and decreases cytotoxic 

chemotherapy efficacy (Carmeliet, 2005; Carmeliet and Jain, 2000). Tumor 

angiogenesis can be targeted therapeutically through blockade of the VEGF 

pathway at various molecular levels. Currently, there are two major concepts 

being studied in the clinical setting: blocking VEGF from binding to its 

extracellular receptors with VEGF or VEGFR antagonists or inhibiting VEGF 

signalling with TKIs.  

4.2.1  Bevacizumab (Avastin®, Genentech/Roche) 

 Bevacizumab is currently the only anti-angiogenic drug FDA-approved for 

use in lung cancer patients. In 2004, Johnson et al first demonstrated the efficacy 

of bevacizumab (15 mg/kg) in combination with paclitaxel and carboplatin in 

providing increased patient response rate, time to progression and a non-

significant trend towards OS increases in a randomized Phase II trial in 99 

patients with advanced NSCLC (Johnson et al., 2004). In this trial, approximately 

six percent of patients that received bevacizumab and had tumors located close to 

major vessels and with squamous cell histology suffered fatal hemoptysis. Due to 

this finding, patients with brain metastases or squamous histology tumors were 
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excluded from future studies with bevacizumab in NSCLC. As previously 

mentioned in Chapter One, the Phase III ECOG 4599 trial of 878 patients with 

advanced or recurrent non-squamous NSCLC evaluated the efficacy of 

combination carboplatin and paclitaxel chemotherapy versus chemotherapy plus 

15 mg/kg bevacizumab. The triple combination was associated with small, yet 

statistically significant gains in OS (12.3 months versus 10.3 months with 

chemotherapy alone) and PFS (6.2 months versus 4.5 months with chemotherapy 

alone) and led to the approval of this regimen in NSCLC in 2006 (Sandler et al., 

2006). This was the first report of an anti-angiogenic agent in the advanced 

NSCLC population demonstrating a survival benefit when used as first-line 

treatment in combination with standard doublet chemotherapy (Ramalingam and 

Belani, 2010). There were increased toxicities observed in the bevacizumab-

treated group including hypertension, proteinuria, bleeding and febrile 

neutropenia (Sandler et al., 2006). A subsequent Phase III randomized AVAiL 

trail in advanced non-squamous NSCLC assessed response to cisplatin and 

gemcitabine with or without two doses of bevacizumab. Although the addition of 

bevacizumab failed to improve OS, there was a statistically significant increase in 

the primary endpoint of PFS versus the control chemotherapy alone arm (Reck et 

al., 2009). Several studies have evaluated the potential utility of targeting both 

VEGF and EGFR signaling. Combinations of bevacizumab and docetaxel or 

pemetrexed or bevacizumab and erlotinib as second-line therapy were 
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demonstrated to have superior gains in PFS and OS versus chemotherapy alone in 

a 120 patient Phase II trial in advanced non-squamous NSCLC. There was no 

observed difference between the bevacizumab containing arms, prompting further 

research into the efficacy of erlotinib and bevacizumab combinations in NSCLC 

(Herbst et al., 2007). The Phase II BeTA trial evaluated the efficacy of erlotinib 

with or without bevacizumab in advanced NSCLC patients that had failed 

standard first-line therapy. Again, this trial found combination therapy yielded 

increases in PFS, but failed to meet its primary endpoint of OS (Hainsworth and 

Herbst, 2008). In a separate Phase IIIb trial (ATLAS) using a different dosing 

strategy, combination of bevacizumab and erlotinib demonstrated an increase in 

PFS versus single agent bevacizumab in advanced NSCLC patients (Miller et al., 

2009). A small Phase II trial in advanced NSCLC demonstrated promising OS 

and PFS results using combination pemetrexed, carboplatin and bevacizumab 

followed by pemetrexed and bevacizumab maintenance therapy (Patel et al., 

2009b). Based on these results, a large Phase III Pointbreak trial comparing the 

efficacy of pemetrexed, carboplatin and bevacizumab with pemetrexed and 

bevacizumab or bevacizumab alone maintenance therapy is ongoing (Patel et al., 

2009a). Second-line therapy with pemetrexed and bevacizumab in advanced 

NSCLC was shown to have encouraging OS and PFS outcomes and had a 

tolerable toxicity profile in a small Phase II trial (Adjei et al., 2010). Overall, 

bevacizumab therapy in NSCLC is associated with statistically significant, but 
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small increases in OS and PFS, suggesting we have not yet identified the optimal 

therapeutic combinations or patient subpopulations to benefit most from these 

regimens. There are currently 69 ongoing trials with bevacizumab in NSCLC 

listed on the National Cancer Institute website evaluating the efficacies of 

different combination strategies with bevacizumab that will hopefully contribute 

to the elucidation of the best regimens for bevacizumab in this indication 

(NationalCancerInstitute, 2011).  

 

4.2.2  Anti-angiogenic receptor tyrosine kinase inhibitors  

 Numerous studies have evaluated the utility of VEGFR targeting TKIs in 

NSCLC. These agents have potential benefits including their oral administration, 

ability to hit multiple targets and acceptable toxicity profiles. A selective list of 

the anti-angiogenic TKIs discussed in this chapter, detailing their respective 

targets is included in Table 4.1. 
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Table 4.1:  Receptor tyrosine kinase inhibitors evaluated therapeutically in 

NSCLC  

 

The targets of six anti-angiogenic receptor tyrosine kinase inhibitors that have 

been tested in NSCLC are listed. Of these inhibitors, none are currently approved 

for the treatment of NSCLC, although sorafenib, sunitinib, vandetanib and 

pazopanib are have approval in other cancer indications (see text). VEGFR, 

vascular endothelial growth factor receptor; PDGFR, platlet-derived growth factor 

receptor; RET, rearranged during transfection. 
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4.2.2.1  Sorafenib Tosylate (Nexavar®, BAY 43-9806, Bayer Pharmaceuticals 

Corp.)  

 Sorafenib targets VEGFR2, VEGFR3, PDGFR-β, c-kit and Raf, and as 

previously mentioned, has FDA approval for the treatment of advanced renal cell 

carcinoma and unresectable hepatocellular carcinoma (Wilhelm et al., 2008; 

Wilhelm et al., 2004), but has not yet been demonstrated as an effective regimen 

in NSCLC. A small Phase I/II trial in advanced NSCLC assessed the safety and 

preliminary efficacy of carboplatin and paclitaxel in combination with sorafenib. 

This study demonstrated a PFS of 104 days and had a reasonable toxicity profile 

with common TKI adverse events such as hand-foot syndrome, rash and 

gastrointestinal side effects (Flaherty et al., 2008). The ESCAPE trial was a large, 

randomized Phase III trial evaluating carboplatin and paclitaxel alone or in 

combination with sorafenib for advanced NSCLC patients in a first-line setting. 

Unfortunately, this trial was stopped early as there were no differences between 

the treatment arms in terms of response rate, PFS or OS. In addition, patients 

receiving sorafenib had more toxicities and infection rates (Scagliotti et al., 2010). 

Further studies evaluating sorafenib as monotherapy or in combination with other 

drugs are ongoing in NSCLC (Ulahannan and Brahmer, 2011). 

 

4.2.2.2  Sunitinib Malate (Sutent®, SU11248, Pfizer, Inc.) 
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 Sunitinib inhibits all three VEGFRs, PDGFR-α and –β, fms-like TK-3 

(Flt3), c-kit and rearranged during transfection (RET) and is FDA approved for 

the treatment of gastrointestinal stromal tumors after disease progression on or 

resistance to imatinib, advanced renal cell carcinoma, and most recently in 

progressive well-differentiated pancreatic neuroendocrine tumors (Raymond et 

al., 2011; Roskoski, 2007a; Socinski, 2008) 

(http://www.cancer.gov/cancertopics/druginfo/fda-sunitinib-malate). In a Phase II 

multicenter trial evaluating single-agent sunitinib efficacy in advanced NSCLC as 

second- or third-line therapy, there were encouraging data on sunitinib in terms of 

response rate, PFS and OS as compared with other agents approved for this 

advanced setting patient population (Socinski et al., 2008). A second Phase II 

study using continuous sunitinib monotherapy in advanced NSCLC supported 

these findings and both studies had acceptable toxicity profiles (Novello et al., 

2009). Two Phase I trials have assessed the safety of sunitinib in combination 

with chemotherapy (docetaxel or cisplatin and gemcitabine) and have observed 

manageable profiles and several partial responses (Reck et al., 2010; Robert et al., 

2010). More trials are needed to establish sunitinib as a beneficial treatment 

option as a single agent or in combination with chemotherapy in NSCLC. 

 

4.2.2.3  Cediranib (Recentin, AZD2171, AstraZeneca) 
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 Cediranib inhibits VEGFR1, VEGFR2, VEGFR3, PDGFR-α and c-kit and 

has not yet gained approval for any disease indication (Nikolinakos and Heymach, 

2008; Wedge et al., 2005). Cediranib was shown to have single agent anti-tumor 

activity in Phase I trials, and like other anti-angiogenic TKIs, has manageable 

toxicity profiles containing common adverse events for this class of drugs such as 

diarrhea, hypertension and fatigue (Drevs et al., 2007; Yamamoto et al., 2009). 

Several small Phase I trials have assessed the safety of combination cediranib and 

chemotherapy regimens in advanced NSCLC. In these trials, the toxicity profiles 

were manageable and in some instances combination therapy demonstrated 

improved efficacy (LoRusso et al., 2006). A Phase II/III randomized, double-

blind, placebo-controlled BR.24 trial evaluated combination carboplatin, 

paclitaxel and cediranib first-line treatment in NSCLC patients. Although some 

initial clinical efficacy was observed, excessive toxicity forced the trial to be 

terminated early and prevented its progression to a full Phase III study (Goss et 

al., 2010; Ulahannan and Brahmer, 2011). Further evaluation is needed for 

cediranib, especially in combination therapy regimens to determine its utility in 

NSCLC. 

 

4.2.2.4  Vandetanib (Zactima, ZD6474, AstraZeneca) 

 Vandetanib is an orally-available TKI that inhibits VEGFR1, VEGFR2, 

VEGFR3, rearranged during transfection (RET) and EGFR (Ciardiello et al., 
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2003; Herbst et al., 2010; Wedge et al., 2002). Recently, vandetanib gained FDA 

approval for the treatment of advanced thyroid cancer 

(http://www.cancer.gov/cancertopics/druginfo/fda-vandetanib). The large Phase 

III, double-blind, randomized ZODIAC trial evaluating second-line treatment of 

advanced NSCLC with combination docetaxel and vandetanib demonstrated a 

modest improvement in PFS, but no increase in OS (Herbst et al., 2010). The 

ZEST Phase III trial assessed the efficacies of single agent vandetanib or erlotinib 

therapy in previously treated advanced NSCLC patients. Although similar OS and 

PFS were observed with both drugs, there were greater toxicities with vandetanib 

(Natale et al., 2009). Preliminary analysis on the efficacy of vandetanib in 

advanced NSCLC patients that have progressed on combination EGFR TKI and 

chemotherapy has revealed that the primary endpoint of OS was not reached 

(Ulahannan and Brahmer, 2011). Overall, the potential of vandetanib as an 

efficacious therapeutic for NSCLC is disappointing. In regimens with vandetanib 

and combination chemotherapy there are changes in response rate and PFS, but no 

advantages are seen in OS and minimal efficacy is seen when combined with 

another targeted therapy (Ramalingam and Belani, 2010; Ulahannan and 

Brahmer, 2011). 

 

4.2.2.5  Pazopanib Hydrochloride (Votrient™, GW786034, GlaxoSmithKline)  
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 The TKI pazopanib inhibits all three VEGFRs, PDGFR and c-kit and has 

FDA approval for the treatment of advanced renal cell carcinoma (Hutson, 2011; 

Kumar et al., 2007; Sternberg et al., 2010). In a small Phase II trial in early stage 

NSCLC patients, pazopanib neoadjuvant monotherapy yielded partial responses 

in 11.5% of patients. There were the typical toxicities seen with anti-angiogenic 

TKIs, including hypertension, rash and elevations in alanine aminotransferase 

levels (Altorki et al., 2010). Further studies are needed to assess the efficacy and 

safety of pazopanib as single agent therapy or in combination with chemotherapy 

in NSCLC. 

 

4.2.2.6  Axitinib (AG-013736, Pfizer, Inc.)  

 Axitinib is very similar to pazopanib and also inhibits VEGFR1, 

VEGFR2, VEGFR3, PDGFR and c-kit (Choueiri, 2008). A small Phase I trial 

demonstrated safety and there was observed anti-tumor activity with single agent 

therapy (Rugo et al., 2005). First-line axitinib therapy in advanced NSCLC in a 

Phase II trial showed promising results for PFS and OS (Schiller et al., 2009). In 

both of these trials, observed adverse events were similar to those seen with other 

anti-angiogenic TKIs, such as hypertension, nausea, diarrhea and vomiting. 

Similar response rates among solid tumors, including NSCLCs were seen in a 

small Phase I trial testing combination paclitaxel, carboplatin and axitinib or 

gemcitabine, cisplatin and axitinib therapy (Martin et al., 2009). More single and 
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combination axitinib studies are needed to delineate the potential efficacy of this 

drug. 

 

The current data available on VEGFR TKIs have been mostly 

disappointing, with minimal efficacies observed with these drugs as single agents 

or in combination with chemotherapy in lung cancer clinical trials. Overall, 

further studies are needed to determine potential efficacies of anti-angiogenic 

TKIs.  

 

4.3  Resistance to anti-angiogenic therapy 

 When analyzing the available data on clinical use of anti-angiogenic 

therapies, the results are underwhelming. There are some modest gains seen in 

PFS, tumor regression and stabilization of disease and minimal changes in OS 

that are measured in weeks or months. However, these modest effects are 

temporary and expensive to obtain. This has made many, including the FDA as 

represented in their recent removal of bevacizumab‘s approval in breast cancer, 

question if the high costs of these drugs that do not provide impressive benefit to 

treated patients are really worth it. Analyses done in our lab and by other 

investigators have demonstrated that anti-angiogenic drugs are hitting their 

designed target and result in decreases in tumor microvessel density (see Chapter 

Three, Figures 3.9, 3.13, and 3.18).  Therefore, these drugs are not inherently 
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faulty and their relative failure in patients can instead be correlated with the 

tumor‘s ability to resist the drug‘s action. Indeed, with the expanding use of anti-

angiogenic therapies in the clinic, it has become apparent that not all tumors 

respond or will remain responsive to anti-angiogenic treatment. The inherent non-

responsiveness of certain tumor and the development of acquired resistance to 

therapy following an initial response, has been termed intrinsic and evasive 

resistance, respectively (Figure 4.3) (Bergers and Hanahan, 2008). Patients with 

intrinsically resistant tumors would have no clinical benefit from anti-angiogenic 

therapy and therefore should be excluded from these treatments; however, we 

currently lack effective biomarkers that would allow for the stratification of 

intrinsically resistant or sensitive tumors, or for the monitoring of tumor response 

and the development of resistance to therapy (Sessa et al., 2008). Research from a 

number of investigators has identified several mechanisms mediating resistance to 

anti-angiogenic therapy, including a switch to growth factors other than VEGF, 

vessel mimicry, genetic instability of tumor endothelial cells, and tumor invasion 

occurring independently of angiogenesis (Bergers and Hanahan, 2008; Mitchell 

and Bryan, 2010). 
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Figure 4.3:  Tumor resistance to anti-angiogenic therapy in vivo.   

There are two broad classes of resistance to anti-angiogenic therapies in vivo. 

The first is intrinsic resistance where a tumor shows no response over time in the 

face of anti-angiogenic therapy (left panel). The second is evasive resistant 

where there is an initial response to anti-angiogenic therapy that is lost over 

time (right panel). Adapted from (Bergers and Hanahan, 2008). 
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4.3.1  Growth factor switching 

 The tumor microenvironment is hypoxic and the use of anti-angiogenic 

drugs to target and reduce the tumor vasculature increases this stress. This can 

lead to signaling to increase expression of pro-angiogenic growth factors. Several 

studies have demonstrated that blocking VEGF in vivo in mice or humans can 

result in the increased expression of pro-angiogenic growth factors such as VEGF, 

PlGF, fibroblast growth factor (FGF), FGF-2 (also known as basic FGF), 

angiopoietin-1, and stromal derived factor 1 (SDF-1) (Batchelor et al., 2007; 

Casanovas et al., 2005; Ebos et al., 2007; Fisher et al., 2007; Motzer et al., 2006). 

The milieu of pro-angiogenic factors that become expressed following increased 

tumor microenvironmental stress brought on by anti-angiogenic therapy can result 

in the formation of a vascular network that is poorly constructed and functionally 

inefficient. This can in turn increase hypoxia, inducing more stress and growth 

factor release as well as impairing drug delivery to tumors (Mitchell and Bryan, 

2010). Alternatively, advanced stage cancers can express numerous angiogenic 

growth factors rendering them capable of continuing angiogenesis in the face of 

inhibitors of VEGF, such as bevacizumab. In support of this idea, Relf et al found 

that while VEGF is preferentially expressed in early-stage human breast cancers, 

there are a multitude of pro-angiogenic factors including FGF-2, PlGF, and 

transforming growth factor-β (TGF-β) found in advanced stage cancers (Relf et 

al., 1997).  
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4.3.2  Vessel mimicry 

 Vessel mimicry can occur as an alternative process through which blood 

vessels can be formed without undergoing the process of angiogenesis or 

vasculogenesis by the differentiation of endothelial progenitor cells (EPCs) into 

endothelial cells and their subsequent incorporation into new blood vessels. 

Several studies have demonstrated the ability of bone marrow derived EPCs to 

differentiate into endothelial cells and become part of the tumor endothelium, 

promote tumor growth and metastasis and occur in response to chemotherapy 

(Gao et al., 2008; Lyden et al., 2001; Nolan et al., 2007; Shaked et al., 2006; 

Shaked and Kerbel, 2007). Studies performed in the last decade have illustrated 

the ability of several cell types to give rise to EPCs, as characterized by their 

ability to function as endothelial cells and the secretion of pro-angiogenic factors 

such as VEGF, stromal derived factor 1 (SDF-1) and angiopoietin-1 and -2 

(Pomyje et al., 2003; Yamazaki et al., 2008). This includes mesenchymal stem 

cells, dendritic progenitor cells, vascular leukocytes, monocyte-derived 

multipotent cells and tumor stem cells (Annabi et al., 2004; Bussolati et al., 2008; 

Conejo-Garcia et al., 2005; Kuwana et al., 2008). Recent work has shown that 

glioblastoma stem-like cells can imitate endothelial cells, comprise the tumor 

endothelium and harbour the same mutations as the surrounding/parental tumor 

(Ricci-Vitiani et al., 2010; Wang et al., 2010). Interestingly, tumor cells can 
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directly participate in vessel mimicry by de-differentiating or trans-differentiating 

into endothelial or endothelial-like cells. These cells can form channels that do 

not contain endothelial cells, but have basement membranes and epithelial linings 

(Mitchell and Bryan, 2010). This concept has been illustrated in sarcomas and 

carcinomas that are not responsive to anti-angiogenic therapy (Zhang et al., 2007).    

 

4.3.3  Tumor endothelial cell genetic instability 

 One of the early hypothesized advantages of anti-angiogenic therapy 

targeting tumor vasculature was the relative genetic stability of endothelial cells 

as compared to tumor cells. Whereas tumor cells are known to harbour many 

mutations and can acquire new mutations under the stress of drug therapy to 

evolve resistance, it was hoped that endothelial cells are more genetically stable 

and would not evolve mechanisms of resistance to targeted therapies. However, 

several studies performed in the last decade have chipped away at these ideas and 

have demonstrated that tumor endothelial cells do acquire mutations and genomic 

instability. For example, ex vivo culture of endothelial cells taken from tumors has 

demonstrated that these cells have altered cellular morphologies and ECM 

components, are resistant to apoptosis and serum starvation, do not senesce in 

culture and have increased expression of oncogenes and decreases expression of 

tumor suppressor genes (Allport and Weissleder, 2003; Bussolati et al., 2008). In 

addition, tumor endothelial cells have been found to be cytogenetically abnormal, 
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containing non-reciprocal translocations, aneuploidy, multiple centromeres and 

can have missing chromosomes (Hida et al., 2008). The exact mechanism(s) 

through which genetic instability occurs in tumor endothelial cells is not precisely 

understood and warrants further investigation. Since tumor endothelial cells are 

genetically different from normal endothelial cells, they in turn behave 

differently, which can possibly explain why they do not respond as well as 

originally hypothesized to anti-angiogenic therapies. 

 

4.3.4  Angiogenesis-independent tumor invasion 

 There is growing evidence that the use of anti-angiogenic drugs can 

contribute to mechanisms of tumor escape and progression. The tumor 

microenvironment following treatment with anti-angiogenic drugs has fewer 

blood vessels than were present before therapy. This results in drastic reduction of 

oxygen and nutrients and thus an increase in hypoxia, creating an overall more 

hostile environment for tumors. Additionally, as anti-angiogenic therapy prunes 

and decreases tumor vasculature tracts of basement membrane are left behind. 

These residual tumor vasculature basement membrane tracts can in turn be 

utilized by the tumor to invade or metastasize to a more conducive environment 

for their continued growth (Bergers and Hanahan, 2008; Mitchell and Bryan, 

2010). In support of this idea, recent studies in glioblastoma demonstrated that 

VEGF inhibition was associated with continued cell growth, increased matrix 
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metalloproteinase activity and tumor cell migration occurring along normal blood 

vessels (Bergers and Hanahan, 2008; Lucio-Eterovic et al., 2009). Hypoxia levels 

can also mediate tumor signaling and promote migration in multiple tumor types 

though notch in breast cancer, the MAPK pathway in melanoma and markers of 

epithelial to mesenchymal transition and extracellular matrix proteins in prostate 

cancer (Chen et al., 2010; Luo et al., 2006; Mills et al., 2009; Mitchell and Bryan, 

2010). Further, increased hypoxia following sunitinib treatment in mouse tumor 

models was shown to promote increased tumor invasiveness and metastasis even 

though there were observed improvements in OS and tumor shrinkage (Ebos et 

al., 2009; Paez-Ribes et al., 2009).  

 

 As discussed in this chapter, NSCLC is a deadly disease with dismal 

survival rates. Therapeutic advances over the past 15 years have done little to 

improve patient prognosis. In addition, anti-angiogenic therapy in NSCLC and in 

other cancer types has not had the dramatic clinical impact initially hypothesized. 

More research is needed on the mechanisms of resistance of NSCLC to anti-

angiogenic therapy to better understand why not all tumors respond to treatment. 

Further, elucidation of resistance pathways could lead to the identification of 

patient biomarkers that could predict for therapy response thereby segmenting the 

patient population that received anti-angiogenic therapy and improving the overall 

efficacy of these drugs in the appropriate subset of patients. 
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4.4  Reliable biomarkers of tumor response to anti-angiogenic therapy  

 There are currently three USFDA-approved drugs targeting angiogenesis 

for the treatment of cancer, bevacizumab, sorafenib and sunitinib. In addition, 

there are numerous other anti-angiogenic drugs at various stages of clinical 

development (as discussed in Chapter One and Four). To date, there is a lack of 

reproducible, consistent biomarkers for predicting anti-angiogenic drug efficacy 

in cancer patients. This makes it impossible to distinguish patient populations that 

stand to benefit the most from treatment with this class of drugs. As a result, 

treatment with anti-angiogenic therapies in the whole patient population has had 

limited success. The identification of reliable biomarkers would enhance the 

utility of anti-angiogenic agents and could lead to a better understanding of how 

these drugs work, why they fail and to the development of new strategies to 

improve therapy. There are several important characteristics necessary for a 

useful biomarker. A good biomarker needs to be a measurable cellular, molecular 

or functional factor that represents the epigenetic, genetic or functional status of a 

biological system (Ludwig and Weinstein, 2005). In addition, to be clinically 

valuable, a biomarker needs to be able to be measured through a minimally 

invasive procedure, and be repeatable and consistently reproducible. A prognostic 

biomarker is indicative of disease course and outcome independent of the therapy 

used. The expression of a predictive biomarker is directly correlated to the 
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response seen following treatment with a specific drug or class of drugs (Gerger 

et al., 2011). Pharmacodynamic markers provide information on the effects of a 

drug on the target tissue (i.e. the tumor) or the host, but are independent of the 

overall efficacy of the drug. If the presence of the drug in vivo is associated with 

clinical response, than a pharmacodynamic marker can become a potentially 

useful surrogate marker of drug activity (Sessa et al., 2008).  

 Although there have been some studies providing evidence for some 

prognostic or pharmacodynamic biomarkers for anti-angiogenic agents in cancer, 

there is no consensus for one reliable marker (DePrimo and Bello, 2007; Gerger et 

al., 2011; Murukesh et al., 2010). VEGF expression levels within tumors or in 

circulation, although initially hypothesized to be useful biomarkers of 

responsiveness to anti-angiogenic therapies, have not been consistently validated 

in cancer patients (Gerger et al., 2011). A retrospective analysis of metastatic 

colorectal cancer patients that received bevacizumab did not show any correlation 

between response to drug and VEGF or thrombospondin (an endogenous anti-

angiogenic factor) expression levels (Jubb et al., 2006). In glioblastoma 

mulitforme patients, expression of angiogenesis and hypoxia signaling pathways 

had no predictive value as to whether or not a patient would benefit from 

ironotecan therapy plus bevacizumab (Hasselbalch et al., 2010). However, in 

metastatic renal cell carcinoma patients, expression of carbonic anhydrase IX, an 

enzyme involved in mediating hypoxia-induced cellular proliferation, was directly 
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correlated with a decrease in tumor size following sorafenib treatment (Choueiri 

et al., 2010). In breast cancer, higher expression of CD31 and PDGF-β within 

tumor vasculature by Immunohistochemistry staining was associated with 

improved response rates (Yang et al., 2008). However, within this same study, 

there was only a non-significant trend for enhanced response rate with baseline 

expression levels of VEGF (Yang et al., 2008). In rectal cancer patients receiving 

bevacizumab, there was a significant increase in VEGF and PlGF plasma levels 

(Willett et al., 2009). This increase was not seen in patients that received 

fluorouracil and radiation therapy without bevacizumab. Additionally, the 

expression of interleukin-6 and soluble VEGFR1 was negatively associated with 

tumor regression (Willett et al., 2009). However, when plasma samples from 

colon cancer patients treated with bevacizumab were immunodepleted of all 

immunoglobulins to distinguish overall levels of bevacizumab-bound and free 

circulating VEGF, biologically active levels of VEGF were greatly depleted by 

bevacizumab treatment (Loupakis et al., 2007). A subsequent study in 

bevacizumab-treated colorectal cancer patients has confirmed this result (Brostjan 

et al., 2008). In studies performed in our lab, treatment with the anti-VEGF 

therapeutic antibody r84 was shown to increase the circulation time of drug-

bound VEGF, but immunodepletion of the serum removed all detectable levels of 

VEGF (Roland et al., 2009a). However, illustrating the lack of reproducibility of 

VEGF as a biomarker, Kopetz et al did not find a pattern between VEGF plasma 
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expression levels and response in bevacizumab-treated metastatic colorectal 

patients, but did find that circulating interleukin-8 levels were inversely correlated 

with PFS (Kopetz et al., 2010). Although studies in bevacizumab-treated breast 

cancer populations have shown changes in expression levels of angiogenesis 

associated factors PlGF, VEGF, soluble VEGFR2 and intercellular adhesion 

molecule 1, there have been no clear associations between expression levels and 

patient response (Baar et al., 2009; Denduluri et al., 2008; Gerger et al., 2011; 

Kopetz et al., 2010). The Phase III ECOG 2100 trial evaluated paclitaxel versus 

paclitaxel plus bevacizumab as first-line therapy in metastatic breast cancer. 

Evaluation of polymorphisms between VEGF and VEGFR2 in this study 

identified VEGF-2578 AA and VEGF-1154 AA genotypes as a predictive marker 

for OS in patients receiving combination therapy (Schneider et al., 2008). This 

study also demonstrated a significant reduction in grade three or four 

hypertension in patients with VEGF-634 CC and VEGF-1498 TT genotypes, 

however there was no difference in overall VEGF and VEGFR2 expression 

amongst all patients (Schneider et al., 2008). In NSCLC patients, the VEGF-2578 

CC and VEGF 1154 AA genotypes were strongly associated with low levels of 

VEGF expression (Koukourakis et al., 2004). A systematic increase in blood 

pressure has potential as a pharmacodynamic biomarker of the efficacy of VEGF 

signaling blockade by bevacizumab and VEGFR TKIs. Recent studies have 

implicated the degree of hypertension in patients as an indicator of response to 
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VEGF targeted therapy, although this has yet to be validated in large studies (Jain 

et al., 2009). Overall, the utility of circulating growth factors and genetic 

polymorphism expression varies depending on tumor type and therapy regimen 

and is thus a convoluted predictor of tumor response to anti-angiogenic therapy. 

 In practice, we still lack biomarkers predictive of response to therapy that 

exist for other targeted drugs such as the over expression of human epidermal 

growth factor receptor 2 (HER2/neu) in BC or mutated EGFR in lung cancer as a 

predictive marker of response to trastuzumab or EGFR TKI therapy, respectively. 

Similarly, predictive markers of response to anti-angiogenic therapy may be 

tumor-dependent. Our lab and others are currently assessing tumor-specific 

factors in xenograft models while others are evaluating patient samples for 

potential biomarkers of response. Further studies are required to identify and 

validate predictive versus prognostic biomarkers and may require carefully 

designed clinical trials and more frequent collection of patient tumor and serum 

samples throughout treatment. A better understanding of what dictates patient 

response and how to monitor resistance could lead to improved efficacy of 

monoclonal antibodies targeting the VEGF pathway. 
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CHAPTER FIVE 

 

 

 

INVESTIGATING TUMOR-DERIVED FACTORS THAT PREDICT 

RESPONSE OF NSCLC TO ANTI-VEGF MONOCLONAL ANTIBODIES 

IN VIVO 

 

 

 

Abstract 

 Anti-angiogenic therapies are a rapidly-growing class of drugs used for the 

treatment of lung cancer. This category of drugs works by targeting blood vessels 

in a tumor in an effort to prevent the expansion of the tumor by shutting off the 

supply of nutrients and oxygen provided by the vascular tree. VEGF is critical in 

the growth and maintenance of tumor vasculature. The FDA has recently 

approved anti-VEGF monoclonal antibody bevacizumab (Avastin®, 

Genentech/Roche) for the treatment of NSCLC, however, there has been limited 
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clinical success with anti-VEGF therapy and data now suggest that a significant 

portion of patients are resistant to bevacizumab treatment. The variation of tumor 

response to anti-angiogenic therapy suggests a complex mechanism of drug action 

within lung tumors. Therefore, the success of anti-VEGF therapy for the treatment 

of cancer may rely on a better understanding of genes associated with 

responsiveness or resistance. We have completed a robust effort to explore 

differences in NSCLC cell expression patterns that determine intrinsic resistance 

or sensitivity to anti-VEGF therapies bevacizumab and r84 in vivo. Results from 

these studies demonstrate that NSCLC cell lines can be grouped based on 

response in vivo to anti-VEGF treatment. Expression of angiogenic growth factors 

and inhibitors, cytokines, microarray and reverse-phase protein array in sensitive 

and resistant tumor cell lines has been analyzed in an effort to elucidate pathways 

involved in resistance to anti-VEGF therapy. From these analyses, the receptor 

tyrosine kinase Axl was identified as having increased expression NSCLC lines 

intrinsically resistance to bevacizumab therapy compared to those sensitive to 

bevacizumab therapy, but subsequent analysis failed to confirm this correlation. 

However, the databases generated on NSCLC genomic and proteomic expression 

and responses to anti-VEGF therapy in vivo provide an extensive source of 

information that can be utilized to better understand mechanisms of resistance to 

therapy. 
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5.1  Introduction 

 Tumors are required to initiate angiogenesis, the formation of new blood 

vessels from a pre-existing vascular network, to provide oxygen and nutrients 

needed for continued growth and development beyond the limits of their diffusion 

from neighboring vessels. Anti-angiogenic therapy targeting the development and 

maintenance of tumor blood vessels was highly anticipated as an innovative and 

promising strategy, however its use clinically has been somewhat disappointing, 

with minimal observed gains in progression free survival (PFS) and overall 

survival (OS) (Jain et al., 2006). There are three anti-angiogenic drugs currently 

approved by the FDA for use in cancer patients, sunitinib malate (Sutent®, 

SU11248, Pfizer, Inc.), sorafenib (Nexavar®, BAY 43-9006, Bayer 

Pharmaceuticals Corp.), and bevacizumab (Avastin®, Genentech/Roche) 

(Roskoski, 2007b). These agents target the vascular endothelial growth factor 

(VEGF) pathway, the predominant mediator of physiological and pathological 

angiogenesis. Sunitinib and sorafenib are small molecule receptor tyrosine kinase 

inhibitors (RTKis). Sunitinib inhibits all three VEGF receptors (VEGFRs), 

platelet-derived growth factor receptor (PDGFR) –α and –β, fms-like TK-3 (Flt3), 

c-kit and rearranged during transfection (RET) and is FDA approved for the 

treatment of gastrointestinal stromal tumors after disease progression on or 

resistance to imatinib, advanced renal cell carcinoma and most recently in 

progressive well-differentiated pancreatic neuroendocrine tumors (Raymond et 
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al., 2011; Roskoski, 2007a; Socinski, 2008) 

(http://www.cancer.gov/cancertopics/druginfo/fda-sunitinib-malate). Sorafenib 

inhibits VEGFR2, VEGFR3, PDGFR-β, c-kit and Raf and has FDA approval for 

the treatment of advanced renal cell carcinoma and unresectable hepatocellular 

carcinoma (Wilhelm et al., 2008; Wilhelm et al., 2004). Bevacizumab is a 

humanized monoclonal antibody that recognizes human VEGF and blocks VEGF 

from binding to VEGFR1 and VEGFR2 and has FDA approval for colorectal 

cancer, non-small cell lung cancer (NSCLC), glioblastoma and renal cell 

carcinoma (Kamba and McDonald, 2007; Vredenburgh et al., 2009; Yan et al., 

2008). Although in the early stages of clinical development, r84 (AT001, Affitech 

A/S) is a fully human monoclonal antibody that recognizes mouse and human 

VEGF and prevents ligand interaction to VEGFR2 that shows great clinical 

promise. Pre-clinically, r84 has been demonstrated to inhibit VEGFR2-induced 

endothelial cell signaling and migration in vitro, to control tumor growth in 

multiple models and to reduce tumor angiogenesis and immune cell infiltration 

(Roland et al., 2009a; Roland et al., 2009b; Sullivan and Brekken, 2010; Sullivan 

et al., 2010). Additional studies with r84 are currently underway and clinical trials 

are anticipated to begin in early 2012.  

 NSCLC is the most prevalent and deadly form of cancer worldwide (Jemal 

et al., 2011). This statistic holds true despite recent therapeutic advances including 

the anti-angiogenic therapy bevacizumab. Although bevacizumab gained FDA 
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approval in NSCLC by demonstrating gains in OS and PFS, these are small 

increases, indicating that the optimal therapeutic combinations or patient 

populations most likely to benefit from therapy have not been adequately 

identified (Miller et al., 2009; Reck et al., 2009; Sandler et al., 2006). There is a 

growing body of evidence indicating that some tumors may be intrinsically 

resistant to anti-angiogenic therapy, or will develop evasive resistance after a brief 

period of response (Bergers and Hanahan, 2008; Mitchell and Bryan, 2010). We 

hypothesized that differentially expressed tumor-derived factors are predictive 

and functionally related to response to anti-angiogenic therapy in vivo. Here we 

present the largest data set to date on in vivo response and molecular 

characterization of twelve NSCLC cell line xenografts to bevacizumab and r84. 

We demonstrated that response to anti-VEGF monoclonal antibody therapy varies 

by cell line and treatment strategy and have identified NSCLC lines with intrinsic 

resistance and sensitivity to bevacizumab or r84. Further, response to therapy is 

characterized by changes genomic and proteomic expression patterns. Based on 

expression analysis of NSCLC lines that were resistant versus sensitive to 

bevacizumab therapy, we identified a potential role for the RTK Axl in mediating 

resistance. Although subsequent analysis failed to validate this connection, we 

feel that the databases generated through these studies provide an excellent source 

of information on NSCLC signaling in vivo and can help elucidate why some 

tumors do or do not respond to anti-VEGF therapy. 
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5.2  Results  

 

5.2.1  Response to anti-angiogenic therapy is dependent on NSCLC line  

 We set out to identify factors mediating intrinsic resistance to anti-VEGF 

monoclonal antibody therapy by testing 12 NSCLC cell lines in vivo since these 

drugs primarily function within the tumor microenvironment, which cannot be 

adequately recapitulated or targeted in vitro. Briefly, 2.5 million NSCLC cells 

were injected subcutaneously into mice and treated, as described in Chapter 

Three, starting one day post tumor cell injection with 25 mg/kg/week 

bevacizumab, and 50 mg/kg/week r84 or a control IgG. Treatment continued until 

average tumor volume in control-treated animal reached approximately 1200 

mm
3
, at which time all animals were sacrificed and tumor and organs were 

harvested for subsequent analysis. We tested a total of 12 NSCLC cell lines 

(A549, Calu-3, Calu-6, H1975, H1993, H2073, H1155, H1395, H358, H460, 

H1299 and H2009) as tumor xenografts. Tumor growth curves and final tumor 

weights are displayed in Figure 5.1 and Figure 5.2, respectively. To normalize 

tumor response to bevacizumab or r84 therapy amongst all cell lines and to 

illustrate overall sensitivity of a cell line to anti-VEGF therapy, we calculated 

treated/control (T/C) ratios by dividing the average final tumor weight of anti-

VEGF-treated animals (with bevacizumab or r84) by the average final tumor 
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weight of control-treated animals (Figure 5.3 and Figure 5.4). We found that 

response to anti-VEGF therapy varied by tumor line and by the anti-VEGF 

monoclonal antibody used. For example, Calu-6, A549 and Calu-3 displayed 

intrinsic resistance to bevacizumab therapy as illustrated by their tumor growth 

curves (Figure 5.1), final tumor weights (Figure 5.2) and their T/C ratios of 0.60, 

0.56 and 0.55, respectively (Figure 5.3). However, these same tumors responded 

very well to r84 treatment (Figure 5.1, Figure 5.2) and had T/C ratios of 0.26, 

0.21 and 0.28, respectively (Figure 5.4). In contrast to bevacizumab, the majority 

of tumor lines tested displayed great sensitivity to r84, with the exception of 

H1155 and H1395 that had T/C ratios of 0.54 and 0.40, respectively (Figure 5.4). 

It should be noted however, that these two cell lines are also the most inconsistent 

in terms of in vivo growth reproducibility of all 12 tested, which could make it 

difficult to replicate these results and be able to confidently classify these lines as 

resistant to r84 therapy. Further, the enhanced sensitivity of NSCLC lines to r84 

therapy versus bevacizumab could be related to the ability of r84 to bind both the 

mouse and human VEGF present in this model. To assess this possibility, H1395 

and H1155 animal experiments were repeated and mice were treated with 50 

mg/kg/week r84, control IgG, 25 mg/kg/week bevacizumab or 2C3. As previously 

mentioned in Chapter One and Three, 2C3 is a murine anti-human VEGF 

monoclonal antibody developed by Rolf Brekken at the University of Texas 

Southwestern Medical Center that blocks VEGF binding only to VEGR2, has 
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effective anti-tumor activity in a number of cancer models in vivo and was the 

basis behind the development of r84 (Brekken et al., 1998; Brekken et al., 2000). 

We found that blockade of mouse and human VEGF binding to VEGFR2 with 

r84 resulted in larger tumors as illustrated by tumor growth curves, final tumor 

weights and T/C ratios than in animals treated with bevacizumab or 2C3 that 

blocked only human VEGF from binding to VEGFR1 and VEGFR2 or only 

VEGFR2, respectively (Figure 5.5). These preliminary results are somewhat 

paradoxical and at this time suggest that stromal VEGF may play an inhibitory 

role in H1155 and H1395 tumor progression, although further investigation is 

necessary.  

Immunohistochemical analysis of treated tumors demonstrated that our 

dosing strategies with bevacizumab and r84 were effectively hitting their target, 

as illustrated by reductions in tumor microvessel density (MVD) (Figure 5.6). 

There is a slight trend in MVD reduction correlating with sensitivity to 

bevacizumab, with a greater percentage of MVD reduction seen in tumors more 

sensitive to bevacizumab (Figure 5.6, H1975 and H2073). The common 

oncogenotype status, tumor histotypes, gender and in vivo response to anti-VEGF 

therapy of the 12 tested NSCLC lines are displayed in Table 5.1 and Table 5.2. 

However, no clear patterns that could predict responsiveness of lines to therapy 

can be determined from this information. Therefore, we further probed the 

genomic and proteomic expression profiles of these lines with a series of arrays, 
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generating a large database of information on these 12 NSCLC lines and how they 

respond to anti-angiogenesis monoclonal antibody therapy in vivo.  
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Figure 5.1:  NSCLC xenograft tumor growth in response to anti-angiogenesis 

therapy varies by cell line.   

 

Twelve NSCLC tumor cell lines were implanted subcutaneously in NOD/SCID 

mice (2.5 million cells/mouse) and treated with the anti-VEGF monoclonal 

antibodies r84 and bevacizumab (bev). Tumor volumes were monitored and 

recorded throughout the course of the experiment. All mice were sacrificed when 

average control-treated tumor volumes exceeded ~1000 mm
3
.  
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Figure 5.2:  NSCLC xenograft final tumor weight following anti-angiogenesis 

therapy varies by cell line.  

 

Twelve NSCLC tumor cell lines were implanted subcutaneously in NOD/SCID 

mice (2.5 million cells/mouse) and treated with the anti-VEGF monoclonal 

antibodies r84 and bevacizumab (bev). Tumor volumes were monitored and 

recorded throughout the course of the experiment. All mice were sacrificed when 

average control-treated tumor volumes exceeded ~1000 mm
3 

and final tumor 

weights were measured and recorded. *p < 0.05, **p < 0.01, ***p < 0.001 

statistical differences compared to control (Ctrl) treatment, unless otherwise 

indicated.  
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Figure 5.3:  Response of NSCLC lines to bevacizumab therapy in vivo varies 

by cell line.   

 

Twelve NSCLC tumor cell lines were implanted subcutaneously in NOD/SCID 

mice (2.5 million cells/mouse) and treated with the anti-VEGF monoclonal 

antibodies r84 and bevacizumab (bev). Tumor volumes and final tumor weights 

were monitored and recorded. To normalize the responsiveness of each cell line to 

bev therapy in vivo, the T/C ratio was calculated by dividing the average final 

tumor weight of bev-treated animals by the average final tumor weight of control-

treated animals. Preliminary restrictions were set so that a T/C ratio > 0.5 or < 

0.25 represented resistant or sensitive NSCLC lines, respectively. 
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Figure 5.4:  Response of NSCLC lines to r84 therapy in vivo varies by cell 

line.   

 

Twelve NSCLC tumor cell lines were implanted subcutaneously in NOD/SCID 

mice (2.5 million cells/mouse) and treated with the anti-VEGF monoclonal 

antibodies r84 and bevacizumab (bev). Tumor volumes and final tumor weights 

were monitored and recorded. To normalize the responsiveness of each cell line to 

r84 therapy in vivo, the T/C ratio was calculated by dividing the average final 

tumor weight of r84-treated animals by the average final tumor weight of control-

treated animals. Preliminary restrictions were set so that a T/C ratio > 0.4 or < 

0.25 represented resistant or sensitive NSCLC lines, respectively. 
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Figure 5.5:  Blockade of stromal VEGF enhances NSCLC resistance to r84.   

 

H1155 (A) and H1395 (B) NSCLC tumor cell lines were implanted 

subcutaneously in NOD/SCID mice (2.5 million cells/mouse) and treated with the 

anti-VEGF monoclonal antibodies r84, bevacizumab (bev) and 2C3 and sacrificed 

when average control-treated tumor volumes exceeded ~1000 mm
3
. Tumor 

volumes and final tumor weights were monitored and recorded. To normalize the 

responsiveness of each cell line to bev therapy in vivo, the T/C ratio was 

calculated by dividing the average final tumor weight of r84-treated animals by 

the average final tumor weight of control-treated animals (C). *p < 0.05, **p < 

0.01, ***p < 0.001 by ANOVA, +p < 0.05 by t-test, statistical differences 

compared to Ctrl treatment, unless otherwise indicated.   
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Figure 5.6:  Treatment of NSCLC xenografts with anti-VEGF monoclonal 

antibodies reduces tumor microvessel density.   

 

Frozen sections of NSCLC tumors treated with control IgG (Ctrl), r84, or 

bevacizumab (bev) were analyzed by immunofluorescence. Number of positive-

staining entities per high powered field was evaluated using Nikon Elements 

software. Data is displayed as the number of positive-staining endothelial cells 

(ECs) per 20X field as a percent of ECs in control-treated tumors. r84 and bev 

treatment significantly decreases tumor microvessel density. *p < 0.05, **p < 

0.01, ***p < 0.001 statistical differences compared to Ctrl, unless otherwise 

indicated. 
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Table 5.1:  Characteristics of NSCLC lines studied displayed by sensitivity to 

bevacizumab in vivo.  

 

The tumor histology, source, gender, mutation status of common oncogenotypes, 

and bevacizumab T/C ratio for 12 NSCLC cell lines are given. No obvious 

patterns are identified based on these characteristics that could predict for tumor 

responsiveness to bevacizumab therapy. 
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Table 5.2:  Characteristic of NSCLC lines studied displayed by sensitivity to 

r84 in vivo.  

 

The tumor histology, source, gender, mutation status of common oncogenotypes, 

and r84 T/C ratio for 12 NSCLC cell lines are given. No obvious patterns are 

identified based on these characteristics that could predict for tumor 

responsiveness to r84 therapy. 

 

  



168 

5.2.2  Analysis of intrinsically resistant and sensitive NSCLC phenotypes  

 To further evaluate differences in gene expression among the 12 NSCLC 

cell lines tested in vivo for response to the anti-angiogenic monoclonal antibodies 

r84 and bevacizumab, a series of assays were performed, including qPCR arrays, 

cytokine arrays, microarrays, and reverse-phase protein array (RPPA). We believe 

these data sets offer an abundant source of information that can be used to identify 

distinguishing factors or pathways that are important in mediating response of 

NSCLC to anti-VEGF therapy.  

 

5.2.2.1  Tumor qPCR array of angiogenesis growth factors and inhibitors  

 To evaluate the expression of angiogenesis mediators in our NSCLC 

tumors, we utilized the commercially-available SABiosciences angiogenesis 

growth factors and inhibitors human qPCR array (PAHS-072, Qiagen). This assay 

provides quantitative real-time PCR (qPCR) expression analysis of 84 genes run 

in a 96-well format. Briefly, RNA was isolated from control-treated NSCLC 

xenograft tumors and reverse transcribed to generate cDNA that was then 

evaluated by qPCR for the expression of angiogenesis growth factors and 

inhibitors. A total of three tumors per NSCLC line was used for lines that 

displayed intrinsic resistance to bevacizumab (Calu-6, A549, Calu-3) or r84 

(H1155, H1395) or were intrinsically sensitive to bevacizumab and r84 (H1993, 

H1975, H2073). Raw cycle threshold values were uploaded to SABiosciences 
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web-based data analysis software to calculate fold changes in gene expression 

among our response phenotypes (resistant to bevacizumab, resistant to r84, 

sensitive to bevacizumab and r84) and are included in Appendix B. There are 

nearly 30 genes with a greater than four-fold increase in gene expression in 

tumors intrinsically resistant versus sensitive to bevacizumab therapy (Table 5.3) 

including platelet-derived growth factor D, angiopoietin-1, fibroblast growth 

factor-2 (FGF-2, also known as basic FGF) and FGF-13. When r84 intrinsically 

resistant versus sensitive tumors are compared, there are almost 50 genes with 

differential expression including interleukin-8 (IL-8), fibronectin-1 and FGF-13 

(Table 5.4). There are 15 genes with increased expression in bevacizumab 

resistant versus r84 resistant tumors (Table 5.5). Although there are differences in 

the degree of change between groups, the majority of the differentially expressed 

genes are repeated. 
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Table 5.3:  Panel of angiogenesis growth factors and inhibitors over 

expressed in tumors resistant versus sensitive to bevacizumab therapy in 

vivo.  

 

The SABiosciences angiogenesis growth factors and inhibitors qPCR array was 

run on a panel of NSCLC tumors with differential response to bevacizumab 

therapy in vivo. The displayed panel of genes had a greater than four-fold change 

in gene expression in bevacizumab resistant versus sensitive tumors. *, + genes 

shared amongst r84 resistant vs. sensitive, bevacizumab resistant vs. r84 resistant, 

respectively. 
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Table 5.4:  Panel of angiogenesis growth factors and inhibitors over 

expressed in tumors resistant versus sensitive to r84 therapy in vivo.  

 

The SABiosciences angiogenesis growth factors and inhibitors qPCR array was 

run on a panel of NSCLC tumors with differential response to r84 therapy in vivo. 

The displayed panel of genes had a greater than four-fold change in gene 

expression in r84 resistant versus sensitive tumors. *, + genes shared amongst 

bevacizumab resistant vs. sensitive, bevacizumab resistant vs. r84 resistant, 

respectively. 
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Table 5.5:  Panel of angiogenesis growth factors and inhibitors over 

expressed in tumors resistant to bevacizumab versus resistant to r84 therapy 

in vivo.  

 

The SABiosciences angiogenesis growth factors and inhibitors qPCR array was 

run on a panel of NSCLC tumors with differential response to bevacizumab and 

r84 therapy in vivo. The displayed panel of genes had a greater than four-fold 

change in gene expression in bevacizumab resistant versus r84 resistant tumors. + 

genes shared amongst bevacizumab resistant vs. sensitive or r84 resistant vs. 

sensitive.  
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5.2.2.2  Tumor cytokine array  

 Human and mouse cytokines expressed in control-, r84- and bevacizumab-

treated NSCLC xenograft tumors were evaluated using the MILLIPLEX MAP 

(multi-analyte panel) Multiplex Assay kits from Millipore. This technology uses 

distinctly colored beads conjugated to species-specific antibodies to detect 

multiple analytes in protein lysate within a single well of a 96-well plate. Using 

these assays, we were able to screen tumor lysate samples for the expression of 39 

human and 32 mouse cytokines, generating a large data base of information on 

tumor expression of these molecules by NSCLC line and treatment group. The 

complete results from these assays are included in Appendix D and Appendix E. 

Interestingly, there was differential expression of pro-angiogenic (Figure 5.7 A, B 

and Figure 5.8 A, B) and anti-angiogenic (Figure 5.7 C, Figure 5.8 C) cytokines 

as well as cytokines involved in recruitment of tumor associated macrophages 

(Figure 5.7 D and Figure 5.8 D). For example, sensitive tumors expressed 

significantly higher levels (p < 0.05 by t-test) of human VEGF than bevacizumab 

resistant tumors (Figure 5.7 A). In addition, there was higher expression of human 

FGF-2 in tumors that were resistant to bevacizumab therapy as compared to 

sensitive tumors (Figure 5.7 A). This increase in FGF-2 expression correlated 

with our SABiosciences qPCR data in bevacizumab resistant versus sensitive 

tumors (Table 5.3). As previously mentioned in Chapter Four, FGF-2 has been 

implicated as a growth factor involved in resistance of tumors to anti-angiogenic 
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therapies (Bergers and Hanahan, 2008; Casanovas et al., 2005; Mitchell and 

Bryan, 2010). Therefore, differences in cytokine expression may play a role in 

mediating tumor response to anti-angiogenic therapy in vivo. 
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Figure 5.7:  Expression of human cytokines varies between bevacizumab 

resistant and sensitive xenograft tumors.   

 

A subset of human tumor cytokine expression as determined through 

MILLIPLEX MAP multiplex assays are displayed. There are differences in the 

expression of pro-angiogenic (A, B), anti-angiogenic (C) and pro-tumor 

associated macrophage recruitment (D) cytokines between bevacizumab resistant 

(Res) and sensitive (Sen) samples.  
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Figure 5.8:  Expression of mouse cytokines varies between bevacizumab 

resistant and sensitive xenograft tumors.   

 

A subset of mouse tumor cytokine expression as determined through MILLIPLEX 

MAP multiplex assays are displayed. There are differences in the expression of 

pro-angiogenic (A, B), anti-angiogenic (C) and pro-tumor associated macrophage 

recruitment (D) cytokines between bevacizumab resistant (Res) and sensitive 

(Sen) samples. 
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5.2.2.3  NSCLC tumor and cell line microarray 

 Through collaborations with Dr. John Minna‘s and Dr. Adi Gazdar‘s 

laboratories at the University of Texas Southwestern Medical Center, we had 

access to in vitro gene expression microarray data from the 12 NSCLC cell lines 

we evaluated as xenografts. With the help of Dr. Yang Xie‘s group (also at the 

University of Texas Southwestern Medical Center) the T/C ratios calculated 

following treatment of xenograft tumors with either r84 or bevacizumab were 

used as a continuous dichotomized variable to weigh NSCLC cell line gene 

expression based on in vivo response to anti-VEGF therapy. Filtering with cut-

offs of a less than 1% false discovery rate and greater than two-fold change in 

expression, we were able to identify 86 and 101 differentially expressed genes 

based on responsiveness to bevacizumab and r84, respectively. There are 14 

differentially expressed genes that have a greater than three-fold change in gene 

expression in NSCLC cell lines that have intrinsic resistance to bevacizumab 

therapy as compared to cell lines that are sensitive to therapy (Table 5.6). A 

subsequent microarray database was generated using RNA harvested from 

control-treated NSCLC xenografts (n = 3 tumors per NSCLC line, 12 lines total) 

run on Illumina Human HT-12 V4 arrays. Similar statistical analyses were 

performed to generate of list of differentially-expressed genes weighted based on 

response to r84 or bevacizumab therapy in vivo. This in vivo NSCLC microarray 

yielded fewer gene hits than the previous array and did not include any of the 
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same genes as the in vitro analysis, with the exception of pleckstrin homology 

domain containing A5 (Table 5.7). 
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Table 5.6:  Differential gene expression in bevacizumab resistant tumors by 

in vitro microarray.  

 

Existing microarray data from the Minna and Gazdar laboratories on NSCLC cell 

lines grown in vitro was analyzed using the T/C ratios calculated following in 

vivo treatment of 12 NSCLC lines with bevacizumab to weight gene expression 

based on sensitivity to therapy. The above list of genes had a greater than three-

fold change in expression between NSCLC lines resistant versus sensitive to 

bevacizumab.   
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Table 5.7:  Differential gene expression in bevacizumab resistant tumors by 

in vivo microarray.  

 

Microarray data from NSCLC cell lines grown as xenografts in vivo and treated 

with a control IgG was analyzed using the T/C ratios calculated following in vivo 

treatment of 12 NSCLC lines with bevacizumab to weight gene expression based 

on sensitivity to therapy. The above list of genes had a greater than two-fold 

change in expression between NSCLC lines resistant versus sensitive to 

bevacizumab.   
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5.2.2.4  NSCLC tumor and cell line reverse-phase protein array 

 Tumor lysates from control-treated NSCLC xenografts were prepared 

from flash frozen tumor tissue or in vitro cell lines and sent to the laboratory of 

Dr. John Heymach at the University of Texas MD Anderson Cancer Center to be 

analyzed by RPPA for the expression of 125 proteins and phosphoproteins. An 

unsupervised hierarchical clustering analysis demonstrated differential protein 

expression between NSCLC tumors that are intrinsically resistant versus sensitive 

to bevacizumab therapy. In addition, tumors sensitive to bevacizumab therapy 

cluster closely together, independent of treatment (Figure 5.9). Samples were 

separated into groups based on in vivo response to bevacizumab therapy and the 

fold change in protein expression was calculated for bevacizumab resistant versus 

sensitive tumors (Appendix F). Proteins with a greater than 1.5-fold change in 

expression are displayed in Table 5.8. Interestingly, there were a number of 

proteins associated with tumorigenesis that had differential expression.  

 At the top of the differential expression lists generated from the in vitro 

microarray and RPPA data was the receptor tyrosine kinase Axl, with a 7.35-fold 

increase in gene expression and a 2.36-fold increase in protein expression in 

bevacizumab resistant versus sensitive lines (Table 5.6 and Table 5.8). Axl 

functions in angiogenesis, cell survival, proliferation, migration and in the release 

of inflammatory cytokines (Linger et al., 2008). Axl is over expressed in many 

cancers, including NSCLC (Shieh et al., 2005; Wimmel et al., 2001). The appeal 
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of Axl as a therapeutic target in cancer is supported by several recent publications. 

In primary breast cancer, Axl expression was demonstrated to be driven by 

epithelial to mesenchymal transition and is correlated with a worse prognosis 

(Gjerdrum et al., 2010). Knockdown of Axl using shRNA in the breast cancer cell 

line MDA-MB-231 prevented tumor metastases and increased overall survival in 

xenograft mouse models (Gjerdrum et al., 2010). Blockade of Axl signaling with 

the small molecule inhibitor R428 (Rigel, Inc.) reduced metastases and improved 

overall survival in two models of breast cancer (Holland et al., 2010). In NSCLC 

and breast cancer xenograft models, shRNA mediated knockdown of Axl 

decreased tumor growth and metastasis of breast cancer to the lung (Li et al., 

2009). The use of therapeutic anti-Axl monoclonal antibodies in NSCLC 

xenografts decreased tumor growth by down regulating Axl expression, reducing 

tumor proliferation and increasing apoptosis (Li et al., 2009). In addition, the 

treatment of A549 and MDA-MB-231 xenografts with the monoclonal antibody 

YW327.6S2 (Genentech) that recognizes mouse and human Axl decreases tumor 

growth, microvessel density, inflammatory cytokine production and enhances the 

activity of chemotherapy and VEGF inhibition (Ye et al., 2010). However, there 

are no publications to date suggesting that Axl expression may be correlated with 

in vivo resistance of NSCLC or other cancers to anti-VEGF therapy. Thus, we 

were excited to explore the potential of Axl as a mediator of resistance to 

bevacizumab therapy in vivo.   
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Figure 5.9:  Cluster analysis of NSCLC tumor RPPA.   
 
Unsupervised clustering analysis of control (Ctrl)-, r84- or bevacizumab-treated 
NSCLC tumors where shades of red and green denote high and low levels of 
protein expression, respectively. 
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Table 5.8:  Differential protein expression in bevacizumab resistant tumors 

by reverse-phase protein array.   
 

Reverse-phase protein lysates array data from NSCLC cell lines grown as 

xenografts in vivo and treated with a control IgG was evaluated for proteins 

displaying a greater than 1.5 fold change in expression between bevacizumab 

sensitive and resistant tumors.   
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5.2.3  The receptor tyrosine kinase Axl as a potential marker for resistance to 

bevacizumab therapy 

 

5.2.3.1  Axl expression is increased in NSCLC lines resistant to bevacizumab 

therapy  

 Given the increase in Axl expression in bevacizumab resistant tumors as 

compared to sensitive tumors by in vitro microarray and RPPA and known roles 

for Axl in tumor angiogenesis, progression and metastasis, we wanted to 

investigate the role of Axl in mediating resistance to bevacizumab therapy in vivo. 

To validate expression in NSCLC tumors, we evaluated mRNA expression levels 

in control-treated NSCLC xenograft tumors using qPCR. Although AXL 

expression varied amongst NSCLC line, there was a trend towards higher levels 

of Axl expression in tumors with resistance to bevacizumab therapy (Figure 5.10 

A). Combining data for bevacizumab resistant (T/C > 0.40) and sensitive (T/C < 

0.40) tumors demonstrated a significant increase in AXL expression in resistant 

tumors (p < 0.01) (Figure 5.10 B). Protein expression of Axl in control-treated 

NSCLC xenograft tumor lysates was evaluated using a commercially-available 

total Axl ELISA (R&D Systems). Similar to the qPCR results, there was a trend 

of increased Axl expression in bevacizumab resistant tumors as compared to 

sensitive tumors (Figure 5.11 A), which reached significance (p < 0.0001) when 

samples were combined based on in vivo response phenotype (Figure 5.11 B). 
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Control-treated NSCLC xenograft tumor lysates were also evaluated for Axl 

expression by Western blot (Figure 5.12 A). However, in this assay Axl 

expression (normalized to actin expression levels) was not enhanced in 

bevacizumab resistant samples (Figure 5.12 B). It is unclear at this time why there 

is a discrepancy between qPCR, ELISA and Western blot detection levels of Axl 

transcript and protein expression. The Western blot analysis of Axl in tumor 

lysates has been repeated multiple times with different lysate samples and has 

generated similar results to those shown in Figure 5.12. Despite these differences, 

we felt that Axl expression was indeed correlating with resistance to bevacizumab 

therapy in vivo and set out to validate this relationship. 
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Figure 5.10:  Detection of AXL expression in NSCLC tumors by qPCR.   

 

RNA was harvested from control-treated NSCLC xenografts (n = 3 tumors per 

NSCLC line, assayed in duplicate), reversed transcribed to generate cDNA and 

analyzed for expression of AXL by quantitative PCR (qPCR). AXL expression was 

normalized to L108 MiaPaca sample. Expression of AXL varies amongst the 

NSCLC tumors (A), and is more highly expressed in bevacizumab (bev) resistant 

versus sensitive tumors. Data normalized to AXL-low expressing MiaPaca2-1132 

(1132) sample. ++ p < 0.01 by t-test.  
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Figure 5.11:  The receptor tyrosine kinase Axl is expressed at higher levels in 

tumor resistant to bevacizumab therapy.   

 

The commercially-available R&D Systems Axl ELISA kit was performed with 

tumor lysates from NSCLC xenograft tumors that displayed in vivo resistance or 

sensitivity to treatment with bevacizumab. Axl expression within these tumor 

lysates was much higher in bevacizumab resistant versus sensitive samples. *** p 

< 0.001. 

  



191 

 

 

Figure 5.12:  Detection of Axl expression in NSCLC tumors by Western blot.   

 

Lysates generated from control-treated NSCLC xenografts and analyzed for 

expression of Axl by Western blot. Although Axl expression varies by NSCLC 

tumor line, there is no observable correlation between expression and sensitivity 

to bevacizumab (bev). 
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5.2.3.2  Targeting Axl signaling in vivo does not enhance response of NSCLC 

lines to bevacizumab therapy  

 Stable knockdown of Axl in bevacizumab resistant cell lines A549, Calu-3 

and Calu-6 was achieved using viral infection of AXL specific shRNAmir Open 

Biosystems constructs (designated B4, H12) followed by two weeks of selection 

in puromycin. Cells were also infected with a non-targeting control (NTC) 

shRNAmir construct as a negative control. A549 cells responded best to viral 

infection and Axl knockdown and were thus selected to go forward with 

subsequent experiments. Validation of Axl transcript and protein knockdown was 

assessed by qPCR and Western blot (Figure 5.13). In both assays, a greater 

reduction in Axl expression was observed in cells with stable expression of H12 

shRNAmir as compared to B4 (Figure 5.13).  

 To evaluate the role of Axl in mediating resistance to bevacizumab 

therapy in vivo, 2.5 million A549-NTC or A549-H12 cells were injected 

subcutaneously into NOD/SCID mice and treated with 25 mg/kg/week with a 

control IgG or bevacizumab (n = 8 per group) starting one day post tumor cell 

injection and continuing until control-treated A549-NTC tumors reached 

approximately 1200 mm
3
, at which time all animals were sacrificed and tumors 

were harvested, weighed and stored for further analysis. Similar to results seen by 

other investigators following Axl knockdown (Li et al., 2009), A549-H12 tumors 

grew much slower than A549-NTC tumors (Figure 5.14). However, loss of Axl 
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did not significantly increase sensitivity to bevacizumab therapy as indicated by 

tumor growth curves (Figure 5.14 A) or final tumor weights (Figure 5.14 B, top 

panel). Further, T/C ratios for parental A549 and bevacizumab-treated A549-NTC 

tumors were essentially the same (Figure 5.14 B, bottom panel) and indicated a 

high level of resistance of each tumor line to bevacizumab. Although the T/C ratio 

of bevacizumab-treated A549-H12 tumors (as compared to control-treated A549-

NTC) was reduced, final tumor weights were not significantly different from 

bevacizumab-treated A549-NTC or control-treated A549-H12 (Figure 5.14 B). It 

is possible that the lack of increased sensitivity to bevacizumab in A549-H12 

tumors could be the result of loss of Axl shRNAmir expression in vivo. To test 

this possibility, control- and bevacizumab-treated A549-NTC and A549 H12 

tumor lysates were evaluated for expression of Axl by Western blot. Axl 

knockdown was maintained in vivo and was significantly reduced in A549-H12 

control- and bevacizumab-treated tumors (Figure 5.15 A and B, respectively). 

Further, treatment with bevacizumab had no effect on Axl expression in either 

A549-NTC or A549-H12 tumors. Therefore, the lack of enhanced sensitivity of 

A549-H12 tumors to bevacizumab was not the result of inadequate reduction of 

Axl expression.  

 A second set of experiments was performed to independently evaluate the 

effect of therapeutic blockade of Axl in sensitizing bevacizumab resistant NSCLC 

tumors to therapy. 2.5 million Calu-6 or Calu-3 cells were injected 
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subcutaneously into NOD/SCID mice and treated with saline or 25 mg/kg/week 

bevacizumab (n = 18 per group) starting one day post tumor cell injection and 

continuing until tumors reached approximately 140 mm
3
. Saline-treated animals 

were then randomized to receive continued saline or 25 mg/kg/week anti-human 

Axl monoclonal antibody 10C9 (BerGen Bio AS) and bevacizumab-treated 

animals were randomized to receive continued bevacizumab or combination 

bevacizumab plus 10C9 (n = 8 per group). Therapy continued for 14 days post 

randomization for Calu-6 tumors and for 32 days post randomization for Calu-3 

tumors, at which time all animals were sacrificed and tumors were harvested, 

weighed and stored for further analysis. Inhibition of Axl with 10C9 as single 

agent therapy had no effect on Calu-6 or Calu-3 tumor growth, final tumor weight 

or T/C ratios and did not sensitize tumors to bevacizumab (Figure 5.16 and Figure 

5.17). These results differ from those seen by Ye et al, who demonstrated single 

agent efficacy with anti-mouse and human Axl monoclonal antibody therapy and 

enhanced tumor growth control when combined with anti-VEGF treatment in 

A549 and MDA-MB-231 xenografts (Ye et al., 2010). However, these differences 

could be related to the different cell lines used (A549 versus Calu-6 and Calu-3) 

or the specificity and function of their anti-Axl monoclonal antibody as compared 

to 10C9. Western blot analysis from Calu-6 and Calu-3 tumor lysates 

demonstrated that Axl is indeed expressed in these tumors, and expression does 

not change following treatment with 10C9, bevacizumab or combination therapy 
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(Figure 5.18). To test in vivo availability and function of 10C9, serum was 

collected from animals at sacrifice and evaluated for binding activity to 

recombinant human Axl by ELISA. Serum from animals receiving 10C9 

monotherapy or in combination with bevacizumab had strong anti-Axl activity, 

indicating that the lack of tumor response to therapy was not due to antibody 

degradation or lack of binding activity (Figure 5.19 and Figure 5.20).  

 Although Axl expression initially appeared to be related to intrinsic 

resistance of NSCLC tumors to bevacizumab therapy in vivo, subsequent 

experiments have not been able to validate this relationship. This could be the 

result of sub-optimal reagents used to block Axl function in vivo. Alternatively, 

even though Axl expression has been demonstrated to play important roles in 

tumor progression and metastasis by a number of investigators, this protein may 

have little to no function in mediating resistance to anti-VEGF therapy. Further 

investigation of AXL and other gene targets generated from our array datasets are 

warranted to identify mechanisms of intrinsic resistance to bevacizumab and r84 

therapy. 
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Figure 5.13:  Generation of A549 NSCLC cell line stably expression AXL 

shRNAmir.   

 

Knockdown of Axl in A549 cell line was generated through infection of lentivirus 

containing shRNAmir specific to human AXL (A549-B4, A549-H12; see Chapter 

Three, Materials and Methods). A non-targeting control (NTC) vector was used as 

a negative control. Following two weeks of selection, Axl knockdown was 

confirmed by qPCR (A) and Western blot (B).  
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Figure 5.14:  Knockdown of Axl in A549 NSCLC tumors does not increase 

sensitivity to bevacizumab.   

 

2.5 million A549-H12 cells stably expressing shRNAmir to human AXL that 

confers knockdown of Axl expression were injected subcutaneously (s.c.) into 

NOD/SCID mice and treated with 25 mg/kg/week control IgG (Ctrl) or 

bevacizumab (bev) beginning one day post tumor cell injection (TCI) (n = 8 per 

group). Knockdown of Axl resulted in slower tumor growth in A549-H12 tumors 

versus A549-NTC (non-targeting control) tumors (A) but did not confer 

significantly increased sensitivity to bev by tumor growth curves (A) or final 

tumor weight (B). T/C ratios of bev-treated A549-NTC tumors were similar to 

historical A549 with a slight improvement in A549-H12 tumors. **p < 0.01, ***p 

< 0.001 versus A549-NTC Ctrl.  
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Figure 5.15:  Knockdown of Axl with shRNAmir is stable in vivo.   

 

Tumor lysates were generated from control-treated (A) or bevacizumab-treated 

(B) A549-NTC and A549-H12 xenografts that stably express shRNAmir non-

targeting control or AXL constructs, respectively. Western blot analysis 

demonstrates Axl knockdown is maintained in vivo and that control or 

bevacizumab therapy does not alter Axl expression. Axl expression is 

significantly reduced in A549-H12 tumors as compared to A549-NTC tumors (A 

and B, right panel for quantification). *p < 0.05. 
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Figure 5.16:  Therapeutic targeting of Axl does not affect Calu-6 tumor 

growth or response to bevacizumab.   

 

2.5 million Calu-6 NSCLC cells were injected subcutaneously (in PBS) into 

NOD/SCID mice. Starting one day post tumor cell injection (TCI), mice were 

treated IP. with saline or bevacizumab (bev) at 25 mg/kg/week (n = 16 per group). 

When average tumor volume of the saline group reached 140 mm
3
, animals were 

randomized to receive saline or the anti-human Axl monoclonal antibody 10C9 at 

25 mg/kg/week (n = 8 per group). Similarly, when average tumor volume of the 

bev group reached 140 mm
3
, animals were randomized to receive bev or 

combination bev+10C9 at 25 mg/kg/week (n = 8 per group). Therapy continued 

for 14 days post randomization, at which time animals were sacrificed and tumors 

were collected. None of the treatment groups had any inhibitory effect on Calu-6 

tumor growth (A) or final tumor weight and T/C ratios (B).  
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Figure 5.17:  Therapeutic targeting of Axl does not affect Calu-3 tumor 

growth or response to bevacizumab.  
 

2.5 million Calu-3 NSCLC cells were injected subcutaneously (in PBS) into 

NOD/SCID mice. Starting one day post tumor cell injection (TCI), mice were 

treated IP with saline or bevacizumab (bev) at 25 mg/kg/week (n = 16 per group). 

When average tumor volume of the saline group reached 140 mm
3
, animals were 

randomized to receive saline or the anti-human Axl monoclonal antibody 10C9 at 

25 mg/kg/week (n = 8 per group). Similarly, when average tumor volume of the 

bev group reached 140 mm
3
, animals were randomized to receive bev or 

combination bev+10C9 at 25 mg/kg/week (n = 8 per group). Therapy continued 

for 32 days post randomization, at which time animals were sacrificed and tumors 

were collected. None of the treatment groups had any inhibitory effect on Calu-3 

tumor growth (A) or final tumor weight and T/C ratios (B).  
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Figure 5.18:  Targeting Axl with the monoclonal antibody 10C9 does not 

alter Axl expression.   

 

Lysates were generated from Calu-6 and Calu-3 tumor xenografts treated with 

saline, bevacizumab (bev), 10C9, and 10C9 + bev and analyzed by Western blot 

for Axl expression. Calu-6 and Calu-3 tumors express Axl, but expression is not 

altered by 10C9 and/or bev therapy.  
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Figure 5.19:  Active 10C9 is detected in serum of treated animals with Calu-6 

tumors.  

 

Serum was collected from NOD/SCID mice bearing Calu-6 tumors and receiving 

treatment with saline (A), 10C9 (B; 24 hours post last therapy), bevacizumab 

(bev) or 10C9 + bev (C; 72 hours post last therapy) and tested for binding activity 

to recombinant human Axl by ELISA. Animals that received 10C9 therapy have 

strong Axl binding activity that is not seen in animals that received saline (D).  
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Figure 5.20:  Active 10C9 is detected in serum of treated animals with Calu-3 

tumors.  

 

Serum was collected from NOD/SCID mice bearing Calu-3 tumors and receiving 

treatment with saline (A), 10C9 (B), bevacizumab (bev) or 10C9 + bev (C) (all 

collected 24 hours post last therapy) and tested for binding activity to recombinant 

human Axl by ELISA. Animals that received 10C9 therapy have strong Axl 

binding activity that is not seen in animals that received saline (D).  
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5.3  Discussion  

 Anti-angiogenic therapy has failed to deliver substantial gains in cancer 

patient survival and with expanded use of anti-angiogenic agents in the clinic it 

has become increasingly apparent that this strategy is not immune to the 

development of resistance, as was initially hypothesized. There are two broad 

categories of resistance to anti-angiogenic therapy, intrinsic resistance where a 

tumor never responds to therapy or evasive resistance where treatment stops being 

effective after a brief period of responsiveness (See Chapter Four and Figure 4.3) 

(Bergers and Hanahan, 2008; Mitchell and Bryan, 2010). However, the patterns 

and mechanisms of NSCLC resistance to anti-angiogenic therapies are not well 

defined and require further investigation. The ability to predict de novo if a patient 

will respond to a specific anti-angiogenic therapy is critical to improve the overall 

success of these drugs and to avoid treating patients that will receive no benefit 

from therapy. In addition, understanding the mechanisms through which 

resistance occurs can identify new targets that could be used effectively as 

monotherapy or combined to improve the efficacy of anti-angiogenic drugs. 

 NSCLC is the most common and deadliest cancer worldwide despite 

therapeutic advances (Jemal et al., 2011). Bevacizumab is approved for the 

treatment of NSCLC, but has not produced long-term survival advantages for 

these patients (Reck et al., 2009; Sandler et al., 2006). Therefore, there is the need 

to improve the efficacy of NSCLC treatments. We set out to identify tumor-
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derived factors that mediate intrinsic resistance of NSCLC tumors to the anti-

VEGF therapeutic monoclonal antibodies bevacizumab and r84. Since the 

primary effects of these agents are on the tumor vasculature and 

microenvironment, treating NSCLC cell lines in vitro with bevacizumab and r84 

has no effect on cell proliferation or viability (data not shown), thus resistance to 

therapy must be evaluated in vivo. We evaluated the response of a total of 12 

NSCLC cell lines, grown as xenografts in mice, and found that response varied by 

line and therapy (Figure 5.1 – Figure 5.4). Three of the 12 lines tested (Calu-6, 

A549, Calu-3) displayed intrinsic resistance to bevacizumab and sensitivity to r84 

therapy. Two lines (H1395, H1155) displayed intrinsic resistance to r84 therapy 

and sensitivity to bevacizumab therapy. Interestingly, none of the 12 lines we 

tested displayed intrinsic resistance to both anti-VEGF therapies; however there 

were common lines with sensitivity to bevacizumab and r84. This is the largest 

publically-available dataset of in vivo response of NSCLC to anti-VEGF to our 

knowledge and provides an excellent source of information to evaluate 

mechanisms of resistance. 

 There are no obvious patterns of tumor histotypes, gender, source (primary 

tumor or metastasis) of the original tumor sample or mutation status of common 

tumorigenesis genes that predict for NSCLC response to anti-VEGF therapy 

(Table 5.1 and Table 5.2). Therefore, we investigated the genetic and proteomic 

expression profiles of our 12 NSCLC tumor lines to identify key mediators of 
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response to bevacizumab and r84 therapy. There are several proposed 

mechanisms through which tumors can become resistant to anti-angiogenic 

therapy, including the deregulation of growth factor and cytokine expression 

(Bergers and Hanahan, 2008; Mitchell and Bryan, 2010). To evaluate these 

possible changes in our tumors, we performed qPCR and MILLIPLEX MAP 

arrays. We observed very few changes in the expression of growth factors 

between intrinsically resistant and sensitive tumor lines. For example, switching 

from VEGF to alternative growth factors such as FGF, platelet-derived growth 

factor (PDGF) and PlGF can compensate for therapeutic blockade of VEGF 

(Bergers and Hanahan, 2008). We observed a slight reduction in human VEGF 

and an increase in FGF-2 expression in tumors intrinsically resistant to 

bevacizumab versus sensitive by the MILLIPLEX MAP array (Figure 5.7 A). 

Using the SABiosciences qPCR arrays, we found a greater than four-fold increase 

in the expression of PDGF-D and FGF-13 in bevacizumab and r84 intrinsically 

resistant versus sensitive tumor lines (Table 5.3 and Table 5.4). However, we 

have no evidence that these alternative growth factors are driving continued tumor 

angiogenesis as we still have significant reductions in tumor microvessel density 

with bevacizumab and r84 treatment that is independent of response to anti-VEGF 

therapy (Figure 5.6). Therefore, these models do not support the idea of 

alternative growth factor switching as a mode of NSCLC resistance to anti-VEGF 
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therapy and suggest that other mechanisms may be responsible for intrinsic 

resistance. 

 Cancer is a disease of chronic inflammation and the inflammatory 

cytokines expressed in the tumor microenvironment can regulate cell 

proliferation, angiogenesis, metastasis and the maintenance of pro-tumorigenic 

inflammation (Grivennikov et al., 2010). Although smoking is known to drive 

inflammation in NSCLC, the relationship between inflammation and patient 

prognosis remains unclear (O'Callaghan et al., 2010). Chemotactic cytokines, or 

chemokines, can have direct effects such as induction of apoptosis, proliferation 

or angiogenesis on cells expressing the appropriate chemokine receptors. 

Additionally, chemokines can recruit other cell types such as leukocytes and 

stromal cells to the tumor to influence tumor growth and progression (Garin and 

Proudfoot, 2011). Thus the expression patterns of cytokines and chemokines can 

have pro- or anti-tumor effects. We evaluated tumor cytokine expression with 

SABiosciences qPCR and MILLIPLEX MAP arrays and observed some 

interesting patterns in intrinsically resistant and sensitive tumors. There are a 

number of pro- and anti-angiogenic cytokines evaluated in these arrays, including 

pro-angiogenic CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CCL2, CCL11 and 

IL-8 and anti-angiogenic CXCL4, CXCL9, CXCL10 AND CXCL11 (Keeley et 

al., 2011). We observed statistically significant increases in pro-angiogenic 

human CCL2, mouse CCL11 and CXCL6 in bevacizumab resistant versus 
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sensitive tumors (Figure 5.7, Figure 5.8 and Table 5.3). In addition, the expression 

of anti-angiogenic CXLC4 and CXCL9 cytokines was increased in bevacizumab 

resistant versus sensitive tumors by SABiosciences qPCR array (Table 5.3). 

However, protein levels of CXLC9 and CXCL10 expression were decreased in 

bevacizumab resistant versus sensitive tumors (Figure 5.7 and Figure 5.8). The 

significance of these changes is not fully understood at this time. When assessing 

only the protein expression data provided by the MILLIPLEX MAP assays, the 

increases in pro-angiogenic cytokines and reductions in anti-angiogenic cytokines 

in bevacizumab resistant versus sensitive tumors may work together to generate 

tumors that are actively undergoing angiogenesis and are thus good candidates for 

anti-VEGF therapy. However, although the expression of pro-angiogenic 

cytokines may play a role in tumor angiogenesis, we again do not see a change in 

the ability of anti-VEGF antibodies to reduce tumor microvessel density, again 

suggesting a muted, if any role for alternative growth factor switching in our 

model. 

 Although tumor associated macrophages have been demonstrated to have 

pro-tumorigenic effects in multiple cancer types, their role in NSCLC remains 

controversial (Grivennikov et al., 2010; O'Callaghan et al., 2010). Attempts by 

our lab to detect significant populations of macrophages within NSCLC xenograft 

tumors have been unsuccessful. Several cytokines detected by the MILLIPLEX 

MAP assay have roles in mediating the recruitment and function of pro-
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tumorigenic tumor associated macrophages, such as IL-10, CCL2 and CCL5 

(Allavena et al., 2011; Garin and Proudfoot, 2011). In bevacizumab resistant 

versus sensitive tumors, there were increases in human CCL2 and IL-10 

expression but a significant decrease in mouse CCL5 and IL-10 (Figure 5.7 and 

Figure 5.8), adding to the controversy of this cell type in lung cancer. However, 

given that there was significant expression of tumor associated macrophage 

recruiting cytokines, further investigation on the presence and function of 

macrophages in our NSCLC may be worthwhile. 

 To identify other key signaling pathways involved in mediating resistance 

to anti-VEGF therapy we analyzed existing microarray data from in vitro NSCLC 

cell lines, generated new microarray data from our control-treated NSCLC tumors 

in vivo and performed a RPPA on NSCLC tumor lysates (Table 5.6 – Table 5.8). 

These datasets generated a great source of information of NSCLC expression 

profiles in vitro, in vivo and how expression correlates with response to anti-

VEGF therapy. From these arrays, we identified that the receptor tyrosine kinase 

AXL transcript was increased in tumors intrinsically resistant to bevacizumab and 

performed subsequent experiments to validate this connection (Table 5.6 and 

Table 5.8). By qPCR and ELISA, Axl is expressed at much higher levels in 

bevacizumab resistant tumors as compared to sensitive tumors (Figure 5.10 and 

Figure 5.11); however this relationship was not seen by Western blot (Figure 

5.12). The Axl ELISA used different anti-Axl antibodies and did not test 
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expression in H2009, H1299, H460 and H358 tumor samples, which were 

evaluated by Western blot. These differences may account for the difference in 

Axl association to intrinsic bevacizumab resistance between the two assays. 

Regardless, we relied on the data from our microarrays, RPPA, qPCR and ELISA 

and further evaluated the role of Axl in mediating resistance to bevacizumab by 

targeting Axl signaling in vivo. First, we generated A549 cells expressing a 

shRNAmir construct targeted to the AXL transcript (A549-H12) that significantly 

reduced AXL expression (Figure 5.13). These cells, along with A549-NTC (non-

targeting shRNAmir control line) were injected into NOD/SCID mice and 

evaluated for response to bevacizumab. Although A549-H12 tumors grew more 

slowly than A549-NTC, there was not increased sensitivity to bevacizumab 

therapy (Figure 5.14) although there was significant knockdown of Axl within 

these tumors (Figure 5.15). Previous experiments from other investigators also 

investigated the efficacy of Axl knockdown in controlling tumor growth. In those 

experiments, A549, H1299 and the breast cancer cell line MDA-MB-231 

expressing a doxycycline-inducible shRNA to AXL were grown in mice and 

treated with sucrose of doxycycline (Li et al., 2009). Similar to our results, 

significant control of tumor growth was seen following Axl knockdown, however 

they did not evaluate the efficacy of anti-VEGF therapy in the face of Axl 

knockdown (Li et al., 2009). In the future, it could be useful to verify the results 

we observed with A549-H12 using the Calu-6 and Calu-3 tumor cell lines we 
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have generated that also have Axl knockdown to see if reduced Axl expression 

can sensitize other intrinsically bevacizumab resistant tumors to therapy. In our 

second set of Axl experiments, we used the anti-Axl monoclonal antibody 10C9 

(BerGen Bio A/S) in bevacizumab resistant Calu-6 and Calu-3 tumors. 10C9 

therapy either alone or in combination with bevacizumab had no effect on tumor 

growth, final tumor weight or tumor expression of Axl (Figure 5.16 – Figure 5.18) 

although there was active 10C9 in serum collected from treated mice at sacrifice 

(Figure 5.19 and Figure 5.20). These results differ from other investigators who 

demonstrated that targeting Axl in vivo with anti-human or anti-mouse and anti-

human specific Axl antibodies controlled A549 and MDA-MB-231 tumor growth 

similar to anti-VEGF therapy alone and that combination therapy greatly reduced 

tumor growth (Li et al., 2009; Ye et al., 2010). In addition, treatment with anti-

Axl antibody also reduced tumor expression of Axl (Ye et al., 2010). In these 

studies, antibody that recognized human and mouse Axl was more effective at 

controlling tumor growth than antibody specific to only human Axl. 10C9 

recognizes human Axl, and thus its lack of activity may be due to stromal Axl 

activity. However, other anti-human Axl antibodies have demonstrated modest 

reductions in tumor growth (Li et al., 2009) and our experiments with 10C9 failed 

to show any therapeutic benefit, indicating that 10C9 is not an effective anti-Axl 

therapeutic. Therefore, it would be interesting to repeat these combination 
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experiments with better anti-Axl drugs to see if tumors that are intrinsically 

resistant to bevacizumab can become sensitive following anti-Axl blockade.  

 Two recently published papers have identified novel pathways that may be 

important for NSCLC resistance to anti-VEGF monoclonal antibody therapy. 

Nardo et al., recently described a role for AMP-activated protein kinase (AMPK) 

in mediating a poorly glycolytic phenotype associated with resistance of ovarian 

tumors to anti-VEGF monoclonal antibody therapy (Nardo et al., 2011). In 

NSCLC H1975 and A549 tumors, stromal activation of FGF receptor (FGFR) and 

EGFR conferred resistance to bevacizumab (Cascone et al., 2011). Preliminary 

analysis of our tumor RPPA data demonstrate a greater than 1.2-fold increase in 

phospho-AMPK (T172) and phosphorylation of its downstream target acetyl-

coenzyme A carboxylase (ACC; S72) in bevacizumab resistant versus sensitive 

tumors (Appendix F), which correlates with increased activation of these proteins 

observed in poorly glycolytic ovarian tumors (Nardo et al., 2011) and suggests 

metabolic characterization of our NSCLC panel may be important in elucidating 

mechanisms of anti-VEGF resistance. Although we have not yet evaluated mouse 

levels of FGFR and EGFR, we do see elevated human FGF-2 levels by 

MILLIPLEX array in bevacizumab resistant versus sensitive tumors (Figure 5.7). 

There is a 1.51 fold increase in EGFR expression in bevacizumab resistant versus 

sensitive tumors by RPPA, but levels of phospho-EGFR (Y1173, Y992) are 

reduced (Table 5.8 and Appendix F). Therefore, further investigation into stromal 
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activation of the FGFR and EGFR pathway in our tumors could determine 

whether or not these pathways are important mediators of resistance to 

bevacizumab in a larger panel of NSCLC tumors. 

 At this time, our data suggest that although Axl may play important roles 

in tumor growth and progression, it does not appear to mediate resistance to 

bevacizumab. However, there are many other interesting proteins and pathways 

that have been identified by the many datasets generated by our lab that need 

further investigation. Hopefully some of these targets will be directly involved in 

NSCLC response to anti-VEGF therapy and will help elucidate novel drug targets 

or patient populations that will benefit from treatment. 
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CHAPTER SIX 

 

 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

 

6.1  Conclusions  

 Tumor angiogenesis is critical for tumor growth, development and 

metastasis and has been the studied by numerous investigators and pharmaceutical 

companies to identify the best method to target this process in patients. Although 

initially highly anticipated as a universal cancer drug that would be immune to the 

resistance seen by other therapies, the overall clinical results are disappointing. At 

best, anti-angiogenic therapies only modestly improve patient overall survival or 

progression free survival and are associated with numerous toxicities. In addition, 

it is now obvious that patients can be either intrinsically resistant to anti-

angiogenic therapy or will develop resistance over time. The objectives of this 
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thesis were to characterize a new, efficacious anti-angiogenic therapy and to 

investigate mediators of intrinsic resistance of NSCLC to anti-angiogenic 

monoclonal antibodies. 

 VEGF is a primary mediator of physiological and pathological 

angiogenesis. There are several monoclonal antibodies targeting VEGF or the 

VEGF pathway that have been evaluated for efficacy in cancer, including the only 

anti-angiogenic monoclonal antibody approved by the FDA, bevacizumab 

(Genentech/Roche) (See Chapter One or (Sullivan and Brekken, 2010)). Here we 

characterized r84 (AT001, Affitech A/S), a fully human monoclonal antibody that 

recognizes mouse and human VEGF and blocks VEGF from binding and 

signaling through VEGFR2. r84 can block VEGF induced signaling and 

migration of endothelial cells through VEGFR2 and controls tumor growth, 

angiogenesis and lymphangiogenesis in vivo. Importantly, r84 does not induce the 

significant liver, kidney or heart toxicities that are seen with bevacizumab, 

rendering r84 as a safe and highly efficacious therapy that has great clinical 

potential. 

 To evaluate tumor-derived mediators of resistance to anti-VEGF 

monoclonal antibodies, we treated 12 NSCLC cell lines with bevacizumab or r84 

in vivo. From these animal experiments, we discovered that NSCLC response to 

anti-VEGF is dependent on cell line and therapy. Three lines displayed intrinsic 

resistance to bevacizumab (Calu-6, A549, Calu-3), two lines expressed intrinsic 
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resistance to r84 (H1155, H1395). Although there were no cell lines that were 

intrinsically resistant to bevacizumab and r84, there were lines with sensitivity to 

both therapies. There were no obvious relationships between oncogenotype, 

histology, source or gender of our 12 NSCLC cell lines and resistance to therapy; 

therefore we performed a number of arrays to gather more information on the 

genetic and proteomic signatures of these lines. We have compiled the largest 

dataset to our knowledge on in vivo response of NSCLC to anti-VEGF 

monoclonal antibodies, tumor expression of angiogenic growth factors, 

angiogenic inhibitors and cytokines, microarray and RPPA of the 12 lines grown 

in vitro and as xenografts. These datasets are an excellent source of information 

and can continue to be analyzed in the future to identify mediators of resistance to 

therapy and other pathways involved in NSCLC tumor growth and progression.  

Using these datasets, we identified that the receptor tyrosine kinase Axl 

has increased expression in tumors that are intrinsically resistant as compared to 

sensitive to bevacizumab therapy. Although knockdown of Axl expression by 

shRNAmir controls A549 tumor growth in vivo, it does not increase sensitivity of 

tumors to bevacizumab. In addition, treatment with the anti-human Axl 

monoclonal antibody 10C9 does not control Calu-6 or Calu-3 tumor growth as a 

single agent therapy or in combination with bevacizumab. Although there are 

remaining questions on the efficacy of 10C9 at functionally blocking Axl activity, 

at this time it appears that Axl does not play a significant role in mediating 
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intrinsic resistance to bevacizumab. Even so, this finding does not detract from 

the immense source of data we have generated and that is available for further 

studies. 

 

6.2  Future directions  

 We initially designed our in vivo tumor experiments to identify tumors 

that had intrinsic resistance or sensitivity to r84 or bevacizumab. However, the 

development of evasive resistance is a critical problem of anti-angiogenic 

therapies in the clinic and warrants future investigation. To this end, we have 

begun to develop models of evasive resistance of NSCLC to bevacizumab and 

r84. Briefly, we injected NOD/SCID mice with 2.5 million NSCLC cells 

subcutaneously that were previously identified to have intrinsic sensitivity to 

bevacizumab and r84, H1975, H1993 and H2073. As done in our previous 

experiments, animals were treated starting one day post tumor cell injection with 

50 mg/kg/week control IgG, r84 or 25 mg/kg/week bevacizumab. When the 

tumors in control-treated animals reached approximately 1000 mm
3
, this group 

was sacrificed, but therapy continued in r84 and bevacizumab groups. As 

individual anti-VEGF-treated tumors reached 1000 mm
3
, they were sacrificed and 

their tumors were harvested and cultured ex vivo to generate tumor cell lines that 

were evasively resistant to therapy (Figure 6.1 – Figure 6.3). We have created at 

least three cell lines with evasive resistance to bevacizumab or r84 for H1975, 
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H1993 and H2073. One of these lines, H1975-81 was generated following 

extended r84 therapy and was subsequently re-injected into NOD/SCID mice and 

treated as indicated previously. Interestingly, tumor growth was accelerated as 

compared to parental H1975 and tumors had lost their sensitivity to r84 and to a 

lesser extent, bevacizumab (Figure 6.4, T/C 0.66 and 0.38, respectively).  

To determine if enhanced growth and resistance was due to extended 

therapy or ex vivo culture, we treated H1975-, H1993- and H2073-tumor bearing 

mice with saline until tumors reached 1000 mm
3
, at which time mice were 

sacrificed and their tumors harvested and cultured ex vivo. Subsequent re-

injection demonstrated similar growth curves and anti-VEGF sensitivity to 

parental lines (Figure 6.5 – Figure 6.7). Therefore, the changes we observed in 

H1975-81 tumor growth appear to be as a direct result of extended r84 therapy. 

Further analysis of other ex vivo cultured cell lines is required to verify these 

findings and molecular and genetic profiling of these tumors could help identify 

mediators of resistance. H1975-81 control IgG-, r84- and bevacizumab-treated 

tumors were included in the in vivo microarray and RPPA described in Chapter 

Five and although this dataset is small, can be analyzed for preliminary 

expression differences. In addition, it would be interesting to evaluate if tumor 

microvessel density is reduced and if angiogenic growth factor switching is 

occurring in this model. It would be very exciting if either of these parameters 

were similar to our intrinsic resistance model, where we observe that we are 
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hitting the target therapeutically (as indicated by a reduction in tumor microvessel 

density) but have little evidence to suggest that the angiogenic driver in our 

tumors has switched from VEGF to another growth factor. Thus the results of 

these experiments could potentially change one mechanism of anti-angiogenic 

resistance in NSCLC and could lead to the elucidation of novel ways that tumors 

can defy anti-angiogenic treatment. 
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Figure 6.1:  Generation of evasive resistance of H1975 tumors to r84 and 

bevacizumab.  

 

Similar to previous experiments, NOD/SCID mice were injected subcutaneously 

with 2.5 million H1975 tumor cells and treated with control IgG, r84 or 

bevacizumab. Control-treated tumors were sacrificed when average tumor volume 

reached ~1000 mm
3
. Therapy continued with r84 and bev and tumors were 

individually sacrificed once they reached tumor volumes of 1500 mm
3
 and were 

cultured ex vivo to generate separate lines representing evasively-resistant tumors.  
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Figure 6.2:  Generation of evasive resistance of H1993 tumors to r84 and 

bevacizumab.  

 

Similar to previous experiments, NOD/SCID mice were injected subcutaneously 

with 2.5 million H1993 tumor cells and treated with control IgG, r84 or 

bevacizumab. Control-treated tumors were sacrificed when average tumor volume 

reached ~1000 mm
3
. Therapy continued with r84 and bev and tumors were 

individually sacrificed once they reached tumor volumes of 1500 mm
3
 and were 

cultured ex vivo to generate separate lines representing evasively-resistant tumors.  
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Figure 6.3:  Generation of evasive resistance of H2073 tumors to r84 and 

bevacizumab.  

 

Similar to previous experiments, NOD/SCID mice were injected subcutaneously 

with 2.5 million H2073 tumor cells and treated with control IgG, r84 or 

bevacizumab. Control-treated tumors were sacrificed when average tumor volume 

reached ~1000 mm
3
. Therapy continued with r84 and bev and tumors were 

individually sacrificed once they reached tumor volumes of 1500 mm
3
 and were 

cultured ex vivo to generate separate lines representing evasively-resistant tumors. 
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Figure 6.4:  Extended r84 therapy in H1975 tumor bearing mice can generate 

a cell line that displays enhanced resistance to r84 and bevacizumab.  

 

Ex vivo cultured H1975 tumors that grew out following extended therapy (H1975-

81) with r84 were re-implanted into NOD/SCID mice (2.5 million cells/ mouse) 

and treated with control IgG, r84 or bevacizumab. Unlike parental H1975 cells, 

H1975-81 displays enhanced resistance to both r84 and bevacizumab as indicated 

by tumor growth curves (A) and final tumor weights (B).  
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Figure 6.5:  Ex vivo culture of H1975 does not enhance tumorigenicity or 

anti-VEGF resistance.  

 

Ex vivo culture of saline-treated H1975 tumor (H1975-713) was re-implanted into 

NOD/SCID mice (2.5 million cells/ mouse) and treated with control IgG, r84 or 

bevacizumab. H1975-713 grew similarly to parental H1975 cells and did not 

display enhanced resistance to r84 or bevacizumab as indicated by tumor growth 

curves (A), final tumor weights (B) or T/C ratios (C).  
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Figure 6.6:  Ex vivo culture of H1993 does not enhance tumorigenicity or 

anti-VEGF resistance. 

 

Ex vivo culture of saline-treated H1993 tumor (H1975-714) was re-implanted into 

NOD/SCID mice (2.5 million cells/ mouse) and treated with control IgG, r84 or 

bevacizumab. H1993-714 grew similarly to parental H1993 cells and did not 

display enhanced resistance to r84 or bevacizumab as indicated by tumor growth 

curves (A), final tumor weights (B) or T/C ratios (C).  
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Figure 6.7:  Ex vivo culture of H2073 does not enhance tumorigenicity or 

anti-VEGF resistance.  

 

Ex vivo culture of saline-treated H2073 tumor (H2073-712) was re-implanted into 

NOD/SCID mice (2.5 million cells/ mouse) and treated with control IgG, r84 or 

bevacizumab. H2073-712 grew similarly to parental H2073 cells and did not 

display enhanced resistance to r84 or bevacizumab as indicated by tumor growth 

curves (A), final tumor weights (B) or T/C ratios (C).  
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Appendix A:  List of SABiosciences qPCR primer sets   
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Appendix B:  SABiosciences qPCR raw Ct values  
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Appendix C:  List of MILLIPLEX MAP cytokine panels  

 

 
  



244 

Appendix D:  MILLIPLEX MAP raw human cytokine values  
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Appendix E:  MILLIPLEX MAP raw mouse cytokine values   
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Appendix F:  Reverse-phase protein array bevacizumab resistant versus 

sensitive fold changes in expression 
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