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ABSTRACT

Vascular endothelial growth factor (VEGF) is a specific mitogen for vascular endothelial 

cells expressing the VEGF receptor. VEGF aids tumour growth by promoting tumour 

angiogenesis and/or stroma generation; neutralisation of VEGF inhibits tumour growth. 

VEGF reacts with its upregulated receptor on tumour vascular endothelium and this VEGF- 

receptor complex may provide a tumour selective target. A series of recombinant 

antibodies to VEGF were generated to investigate the potential of VEGF targeting for 

antibody directed cancer therapy.

Antibodies were produced as scFvs (single chain Fvs) from splenic lymphocytes of Balb/c 

mice immunised with VEGF165 using filamentous phage technology to produce a 

combinatorial library of approximately 6.7 x 10  ̂scFv clones. Thirty clones expressing 

scFvs reactive to VEGF were selected by panning. Four of these were selected for further 

analysis on the basis of their DNA sequence diversity, and by immunohistochemistry to 

assess reactivity with blood vessel endothelium. The selected scFvs were subcloned into an 

expression plasmid incorporating a His^ tag and expressed scFv proteins were purified 

using metal chelate chromatography. Purified scFvs were biotinylated and used in 

immunohistochemical studies to examine binding to human placenta, normal human 

tissues, human colorectal carcinoma and human colorectal xenografts. ScFv clone LL4 

showed most selectivity for tumour vasculature in these tests and was more extensively 

studied.

LL4 binds VEGF with an affinity of 3.5 x lO^M and, in in vivo studies LL4 showed clear 

localisation to the endothelial layer of tumour blood vessels. LL4 did not neutralise the 

proliferative effects of VEGF on human umbilical vein endothelial cells (HUVECs) 

consistent with the hypothesis that it recognised receptor-bound VEGF rather than 

interfered with the VEGF/VEGF receptor interaction. LL4 demonstrates that VEGF- 

reactive scFvs, produced by phage technology, have potential as tumour vascular targeting 

agents.
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CHAPTER 1

INTRODUCTION

1.1 CANCER

Cancer kills approximately one million people per year worldwide; and accounts for a 

quarter of deaths in the Western world. Cancer [derived from Latin meaning crab] is a 

general term used to describe malignant tumours. Tumours are local growths in tissue or 

organs, which occur when there is disordered cell growth, typically due to escape from 

normal physiological control mechanisms. Benign tumours are characterised by entirely 

localised growth and are usually separated from neighbouring tissue by a surrounding 

capsule. Such tumours generally grow slowly and in a structure closely resembling the 

tissue of origin. In some instances they may endanger the patient by obstructing, 

compressing, or displacing neighbouring structures, as in the brain, but they are not 

malignant. A few benign tumours however, such as adenomatous-polyps of the colon may 

be pre-cancerous. Malignant tumours differ from benign tumours in their ability to spread 

beyond the site of origin forming secondary growths (métastasés). A tumour is termed a 

cancer only if it is malignant and the routes and sites of métastasés vary with different 

primary tumours.

Cancers are classified according to the tissue and cell types from which they arise. Cancers 

arising from epithelial cells are termed carcinomas; those arising from connective tissue or 

muscle cells are termed sarcomas. Cancers that do not fit into either of these broad range 

categories include the various leukemias, derived from haemopoietic cells, and cancers 

derived from cells of the nervous system (gliomas). Each of the broad categories has many 

subdivisions according to specific cell type, location and structure of the tumour.



Cancer arises from a single cell through a complex multistage process, and the conversion of 

a normal body cell into a malignant one is known to require multiple mutations. The 

proliferation of normal cells is regulated by both inhibitory and stimulatory molecules, 

corresponding to tumour suppressor genes and proto-oncogenes, respectively. The 

transformations to a cancerous genotype can result from loss or inactivation of both copies 

of a tumour suppressor gene or from amplification or hyperactivation of one of the two 

copies of a proto-oncogene. The DNA mutations leading to malignant transformation can 

be initiated by a variety of fectors such as radiation (UV light), chemical carcinogens, 

inherited genes, viruses, and replication errors.

The gene changes which occur in cancer development are well illustrated in the example of 

colorectal cancer as this has been intensely studied in its sporadic and in an inherited form, 

and has well defined pathological stages (adeno-carcinoma Dukes Stages). Colon cancer 

develops when a mutation in the APC tumour-suppressor gene in a single epithelial cell 

causes cell disregulated division forming a mass of localised benign tumour cells (polyp). 

Subsequent mutations leading to expression of a constitutively active Ras protein and loss of 

two tumour suppressor genes, DCC and p53, generates a malignant cell carrying four 

mutations; this cell continues to divide and the progeny invade the basal lamina that 

surrounds the tissue. Some tumour cells spread into blood vessels that will distribute them 

to other sites in the body. Additional mutations cause exit of tumour cells from the blood 

vessels and growth at distant sites. The proposed order of events in the development of 

colorectal cancer is shown in figure 1, and the process of carcinogenesis is more conqilicated 

as many other factors (e.g. defects of DNA repair, replication and recombination) also 

contribute to the development of cancer.

The details of these processes are beyond the scope of this thesis. However, one factor 

common to all soUd tumours, whatever their site of origin, is that they all require recruitment 

of new blood vessels derived from pre-existing capillaries or venules in order to grow 

beyond l-2mm  ̂to a large mass.



Normal epithelium

I mutation/loss of APC tumour-suppressor ^ne | 
1 (chromosome 5) !

Early adenoma

IM
mutation/activation of K-ras oncogene 

(chromosone 12)

Intermediate adenoma

loss of DCC tumour suppressor gene ^  
(chromosome 18)

Late adenoma

loss of p53 tumour-suppressor gene 
(chromosome 17)

Carcinoma

other changes

Metastasis

Figure 1. The Development and Metastasis of Human Colorectal Cancer. Most steps 
are associated with a defined genetic change. These are probably not the sole events 
involved. Colorectal tumours possess an average of one or two additional chromosomal 
losses, which may correspond to unidentified tumour suppressor genes. However, although 
there is a preferred order for these events -  Ras mutations occur early, for example, and p53 
deletions late -  it is the accumulation of these events rather than their order that is important 
in tumour development.



1.2 TUMOUR VASCULATURE

1.2.1 Background

Virchow in 1863 and Thiersch in 1865 [cited in Rogers et a/., 1967] first demonstrated the 

capillary network in stroma of tumours. However, the importance of the blood suppfy to 

tumours was first described by Goldman in 1907, who defined the growth of malignant 

disease in man and the lower animals with special reference to the vascular system. He 

considered that the vessels of the arteries and veins played a major part in the development 

of tumour métastasés (spread) and believed that cancer was spread by arteries and appeared 

as a form of periarteritis. His studies concluded that there was a disturbance of the regular 

distribution of blood vessels by the invading growth and formation of new blood vessels. 

This was most apparent in the zone of proliferation. The first microscopic observations of 

the vascularisation of tumour inq)lants were made in the Sandison-Clarke rabbit ear chamber 

in 1939 pde et al.}. Since this advance, rapid development of interest has identified a focus 

for novel therapies aimed at the tumour vasculature.

Treatments focused on damaging newly formed blood vessels are designed to cause 

blockage, haemorrhage, thrombosis or collapse of these vessels, leading to ischemic or 

haemorrhagic necrosis. In this way, many thousands of tumour cells can be killed by 

starvation as a result of occluding an individual capillary. This approach has the further 

advantage of overcoming tumour cell heterogeneity and the common problems of low 

penetration and localisation of drugs and macromolecules into tumours. Furthermore, since 

endothelial cells are non-transformed, treatment-resistant mutations are less likely to emerge.

1.2.2 Structure of Tumour Vasculature

Blood vessels form a significant part of tumour stroma and differ fi'om their normal 

counterparts both structurally and functionally. Macroscopically, the tumour vasculature 

can be studied in terms of two idealised categories: peripheral and central. In tumours with 

peripheral vasculature, the centres are poorly perfused. In those with central vasculature, 

the opposite would be expected. In reality, a tumour may consist of many regions, each



exhibiting one or the other of these two types of idealised vascular patterns [Jain, 1988, 

1990].

Microscopically, the tumour vasculature is highly heterogeneous and lacks the strict 

organisation of the vasculature of normal organs, showing stretched and tortuous tumour 

blood vessels, self-loops and sprouts, shunts and random criss-crossing [Less, 1991; Jain, 

1988]. A typical image of tumour vascular networks is shown in figure 2.

3

Figure 2. Diagram Illustrating Several Characteristic Features of Tumour 
Vasculature. These include trifurcations (1), self loops (2), the typical polygonal structure 
of capillary networks (3), venous convolutions in the vicinity of the feeding/draining vessel 
(4), and small (20-40pm diameter) vessels branching off of large (200pm) vessels (5).



The organisation of tumour vessels differs from one day to the next as well as one location 

to another [Jain, 1988, 1991]. There are two sources of blood vessels in a tumour: those 

recruited from the pre-existing network of the host tissue and those resulting from the 

angiogenic response of tumours [Folkman, 1985]. The vessels that grow in response to a 

tumour stimulus are primarily comprised of endothelial cells. They differ in this regard from 

normal capillaries, which often contain vascular pericytes (cells found in close association 

with the outside wall of blood vessels). Evidence indicates that pericytes act as a maturation 

signal that prevents endothelial proliferation [Orlidge & D’Amore, 1987]. Capillaries may 

be continuous (non-fenestrated) especially in highly differentiated tumours or fenestrated 

[figure 3]. Fenestrated capillaries seem to be partially responsible for the large permeability 

of tumour vessels. Discontinuous capillaries (sinusoids) are present in poorly differentiated 

tumours, and may be responsible for fibrin deposits in the extravascular space.

Continnous
Capillary

Fenestrated 
Capillary

(circular openings)

ikanow intexezidothelial 
junction

closed endothelial 
fenestrae

open endothelial 
fenestrae

DisGontmuous
C^illaiy
(sinusoids)

wide mteiendothehal 
junction

Figure 3. Classes of Capillary Endothelium.



1.2.3 Vessel Permeability and Interstitial Pressure

Many studies have shown that the tumour micro vasculature is 3 to 10 times leakier to 

macromolecular tracers than that of comparable normal tissues [Dvorak et a i, 1988, 1991]. 

Increased vessel permeability is due to up-regulation of structures known as Vesicular- 

Vacuolar Organelles (W O ’s) in tumour vessels [Kohn et a l, 1992]. W O ’s are a series of 

interconnected cytoplasmic vesicles and vacuoles that maintain contact with both the luminal 

and abluminal sur6 ce of vessels [figure 4].

LTUMn

hrm t

Figure 4. Schematic Diagram Showing Two VVO’s Within an Endothelial Cell. The
complex trans-cytoplasmic pathway linking the vascular lumen with the endothelial cell basal 
lamina is illustrated in both; one, on the left, opens to the interendothelial cell junction above 
its narrow mid-portion. Also shown within some vesicles and vacuoles are stomata.

Increased vascular permeability results fi*om the action of several fectors, most notably 

Vascular Permeability Factor (VPF), now known as Vascular Endothelial Growth Factor 

(VEGF) (see section 1.5). Secretion of this factor by tumour cells and its action on 

endothelial cells, leads to formation of W O ’s in endothelial cells of neo-vasculature. This 

leads to the formation of a fibrin gel /supporting matrix into which the endothelial cells can 

migrate.



Increased blood vessel permeability contributes to the increased interstitial pressure found in 

solid tumours. Other contributing fectors include the absence of functional lyn^hatic 

vessels in the tumour stroma and the increase in cell mass due to proliferation of tumour 

cells in a confined space [Jain, 1987]. One consequence of the increased tumour interstitial 

pressure is occlusion of the tumour interior blood vessels with consequent ischemia and 

eventually necrosis in the tumour core. In addition, the increased interstitial fluid pressure 

may facilitate exit of tumour cells fi*om the primary tumour into the blood stream or 

surrounding tissue. The increased pressure may also prevent the delivery of exogenous 

therapeutic agents, such as drugs or antibodies. This supports a vascular targeting approach 

to tumour therapy rather than approaches directed to tumour parenchyma which require 

efficient penetration of antibodies through tissue.

1.3 ANGIOGENESIS

Angiogenesis is defined as the formation of new capillary blood vessels fi*om existent micro

vessels by sprouting. In the adult, angiogenesis occurs infrequently. Exceptions are found 

in the physiological processes of wound and fracture healing, embryonic development and 

the female reproductive system. These periods of angiogenesis are relatively brief and 

tightly regulated. In contrast, uncontrolled angiogenesis is usually pathological, such as in 

rheumatoid arthritis, ischemic heart disease, psoriasis, diabetic retinopathy and tumour 

growth and metastasis [Battegay, 1995].

1.3.1 Process of Angiogenesis

Angiogenesis begins with the retraction of capillary endothelial cells in response to 

angiogenic factors released in response to stimuli such as hypoxia. Proteolysis of the 

capillary basement membrane and surrounding extracellular matrix then ensues. Endothelial 

cells begin to proliferate and migrate in the direction of the angiogenic stimulus [figure 5] 

resulting in three distinct zones of angiogenesis; the migratory zone, the proliferative zone 

and the zone of maturation. The endothelium initially travels as a solid cord which forms a



network of interconnecting loops and sprouts. Endothelial cells subsequently develop inter- 

and intra-cellular spaces to form lumina, which form anastamoses between themselves and 

elements of the host vasculature, allowing establishment of blood flow. The formation of a 

basement membrane and incorporation of pericytes into the vascular structures signify 

maturation of the capillary bed.

PARENT VESSEL

ENDOTEKTIUM

STROMA

Basement Membrane

Figure 5. Mode of Angiogenesis. Early phases o f angiogenesis involve dissolution of the 
parent vessel basement membrane and endothelial migration into the stroma forming a 
sprout toward the angiogenic stimulus.
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1.3.2 Angiogenic Mediators

1.3.2.1 Proteolysis

Degradation of and migration through extracellular matrix barriers such as the basement 

membrane is a complex process that requires the production, release and activation of a 

number of extracellular matrix degrading enzymes. Degradation of the basement membrane 

is dependent on the balance of activated proteases and their naturally occuring inhibitors. 

Plaminogen activators (PA) are serine specific proteases that convert inactive plasminogen 

to active plasmin. They exist in two forms, tissue-type plasminogen activator (tPA) and 

urokinase plasminogen activator (uPA) [Liotta, 1979]. Whereas tPA’s major role is in 

intravascular fibrinolysis [Gottesman, 1990], uPA is primarily involved in cell-mediated 

proteolysis during macrophage invasion, wound healing, embryogenesis, invasiveness and 

metastasis [Fazioli & Blasi, 1994]. Active uPA and plasmin play a direct role in the 

degradation of extracellular matrix components and thereby modulate cell-cell and cell- 

extracellular matrix interactions, and an indirect role by degrading tissue inhibitors of 

metalloproteases [DeClerck & Laug, 1996]. Furthermore high levels of uPA have been 

observed in both human tumours and cell lines [Billstrom et a/., 1995].

There is some evidence for the role of the cysteine proteases cathepsins B and L in 

proteolysis. Cathepsin B is a lysomal acid hydrolase that has a broad range of endopeptidase 

activity against substrates as myosin, actin, proteoglycans, and fibronectin. Although 

lysosomal, cathepsin B activity has been found in association with the plasma membrane 

fi*action of tumour cells and in the conditioned cell media fi*om tumour cell cultures [Sloane 

et al., 1986], and can convert inactive uPA (soluble and receptor bound forms) to its 

enzymatically active form [Kobayashi et ah, 1991]. Cathepsin L exhibits the same 

degradation as B but its proteolytic activity is higher [Goretzki et ah, 1992].

Matrix metalloproteinases (MMPs) are a femily of neutral metalloenzymes that depend on 

the metal ion, Zn̂ % for their activity. They are secreted as proenzymes, activated through 

proteolytic cleavage of an amino terminal domain. The femily members are divided into five 

general subclasses based on their substrate specificity: stromelysins, interstitial coUagenases, 

membrane type MMPs, gelatinases and elastase. The stromelysin femily have a broad range
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of substrates, inchiding laminin, fibronectm and type IV collagen. The interstitial 

coUagenases aU degrade coUagens found in the interstitial stroma [Stetler-Stevenson et al., 

1993]. The membrane type-MMPs possess a transmembrane domain that localises their 

activity to the ceU membrane, and are ceU membrane-bound activators of the pro-form of 

gelatinase A. The gelatinases, gelatinase A and B, are also known as the type IV 

coUagenases. Their substrates include coUagen type IV, fibronectin and gelatin. They are 

secreted as pro-enzymes and are activated by proteolytic cleavage of the pro-peptide domain 

by other proteases such as cathepsin B and plasmin [Paranjpe et al., 1980].

Angiogenesis growth factors (described below in 1.3.2.4) have been demonstrated to 

modulate the expression, production, and/or function of the matrix metaUoproteases as weU 

as many other proteases involved in the metastatic cascade [Reynolds, 1996].

1.3.2.2 Adhesion Molecules

Since vascular ceUs proliferate and migrate in an anchorage dependent manner, this suggests 

that adhesion-mediated signals may be important in the growth of new blood vessels 

[Meredith, 1993]. Four major classes of adhesion receptors have been identified as shown in 

figure 6.

SELECTIHSCÀDHEEDTS IgSUPERFASIlLT

Figure 6. M ajor Families of Cell Adhesion Receptors.



12

The integrms are a Ikmily of transmembrane glycoproteins that are expressed by the cell as 

ap  heterodimers [Hynes, 1992]. There are 16 distinct a  subtypes and 8 p subtypes. They 

mediate a variety of cell-extracellular matrix (ECM) and cell-cell interactions. Integrin- 

ECM ligands include collagen type IV, laminin, fibronectin and von ^^lUebrand’s fector, 

whereas cell-cell interactions are mediated through association with cadherins and cell 

adhesion molecules (CAMs) among others. The integrin Ovp3 shows a four-fi)ld increase in 

expression during angiogenesis, promoting a survival signal (suppresses apoptosis) that 

fecilitates blood vessel growth, differentiation [Brooks, 1994a] and maturation [Drake, 1995]. 

Integrins such as OvPs are involved in the regulation of adhesion interactions important in 

tumour metastasis. Melanoma variants lacking OvPs were found to be less tumourigenic 

than avPs-containing cells. avPs interactions with PeCAM-1 on vascular endothelial cells 

are essential for extravasation. Integrin Ovps has been compared to that of Ovps. Results 

suggest the presence of two pathways of angiogenesis: one that depends on otvPs and a 

second that is potentiated by Oyps [Friedlander, 1995].

The adhesion receptors implicated earliest in development are the cadherins [Takeichi, 1988, 

1990]. Cadherins are transmembrane glycoproteins that mediate calcium-dependent cellular 

interactions [Kadler, 1994]. There are several members of this femily including (E) epithelial 

and (VE) vascular endothelial. Each member regulates cell adhesion of particular cell types 

or is active during different developmental stages [Marrs & Nelson, 1996]. E-cadherin, the 

most extensively studied of the cadherins, is expressed on the basolateral surfece of epithelial 

cells, particularly at intracellular complexes that are involved in cell-cell communication 

[Boiler er a/., 1985].

The family of cell adhesion molecules (CAMs) are transmembrane glycoproteins defined by 

their tissue of origin, and includes V-CAM, vascular endothelial, PeCAM, platelet 

endothelial and I-CAM, intracellular. CAMs mediate a variety of cell-ceU or cell-substratum 

adhesion interactions [Cole & Glaser, 1986]. I-CAM fimctions in mediating lymphocyte 

adhesion, and its expression can be induced by several cytokines, such as TNF-a in 

melanoma cells and IL-6 in human breast cancer cells [Hutchins & Steel, 1994]. PeCAM-1 

mediates a variety of leukocyte-endothelial interactions, such as Ovps- PeCAM-1 

interactions involved in transendothelial migration [Piali et al., 1995].
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Selecting are members of the immunoglobulin femily that mediate interactions between 

leukocytes and vessel wall, such as at sites of tissue injury and inflammation. They promote 

vascular adhesion by mediating neutrophil, monocyte, and Iynq)hocyte rolling along the 

venular wall. The E-selectins fecilitate the entry of leukocytes into inflamed tissues and have 

been found to promote angiogenesis during tumour growth and wound repair [Koch et al.,

1995].

1.3 .2 .3 Recruitment o f Pro-Angiogenic Cells

Macrophages are widespread in normal and especially inflamed tissues. By release of 

proteases, growth fectors, and other monokines, activated macrophages have the capability 

to influence each phase of the angiogenic process [Sunderkotter et al., 1994]. Mast cells 

may act as a helper cell to the capillary endothelial cell during angiogenesis by stimulating 

capillary endothelial migration [Azizkhan et al., 1980]. Another scenario involves 

leukocytes in inflamed tissue promoting the invasion of new vessels [Koch et al., 1995; 

Sidky & Auerbach, 1975; Muthakkaruppan & Auerbach, 1979].

1.3.2.4 Angiogenic Growth Factors

Since the early seventies when Folkman and co-workers [1971] discovered a crude extract 

named Tumour Angiogenesis Factor (TAF), a multitude of angiogenic molecules have been 

characterised. The best-characterised angiogenic fectors belong to the fibroblast growth 

factor (FGF) group. Acidic fibroblast growth fector (oFGF) and basic fibroblast fector 

[pFGF], along with platelet-derived endothelial growth factor (PD-ECGF) [Ishikawa et al.,

1989] lack secretory signal peptides necessary for extracellular secretion. The FGF’s may 

be released from the extracellular matrix and basement membrane, by enzymatic action, 

mobilised by heparin and similar molecules from proteoglycans [Folkman & Shing, 1992], or 

upon mechanical cell injury [McNeil et ah, 1989].

Other angiogenic polypeptides which are mitogens for endothelial cells include epidermal 

growth fector / transforming growth fector-a (EGF/TGFa) [Schrieber et al., 1986] and 

VEGF [Leung et al., 1989]. VEGF has exclusive specificity for endothelial cells in contrast
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to the FGF and EOF families which are mitogenic for a wide range of cells. VEGF and FGF 

are directly acting angiogenic molecules and the actions of pFGF and VEGF can be 

synergistic [Pepper et aL, 1992]. VEGF is described in section 1.5. VEGF is now known 

to be identical to VPF by N-terminal sequencing of the protein [Ferrara et aL, 1991a, 1992; 

Keck et a/., 1989; Leung et al,, 1989].

Granulocyte colony stimulating fector (G-CSF), granulocyte-macrophage colony stimulating 

factor (GM-CSF) [Bussolino et al., 1989] and interleukin-4 (IL-4) [Toi et al., 1991] are 

mitogenic for endothelial cells and thus probably angiogenic in vivo. Angiogenin [Fett et al.,

1985] is not mitogenic for endothelial cells, although angiogenin does activate capillary 

endothelial cells and augment a primary mitogenic response [Bicknell & Vallee, 1988,1989; 

Heath et al., 1989]. Tumour necrosis fector-a (TNF-a) [Schweigerer et al., 1987; Frater- 

Schroder et al., 1987], transforming growth fector-p (TGF-P) [Frater-Schroder et al., 1986] 

and interleukin-6 (IL-6) [Motro et al., 1990; May et al., 1989] paradoxically inhibit 

endothelial cell growth in vitro and yet are angiogenic in vivo. Induction of pro-angiogenic 

inflammatory cells by TNF-a and TGF-p is a possible explanation [Roberts et al., 1986] and 

their actions are concentration dependent [Fajardo et al., 1992; Merwin et al., 1991].

A summary of the more fully characterised growth factors is shown in table 1. Many other 

fectors can affect angiogenesis but have not been characterised as angiogenic molecules. 

These include the peptides angiotensin II [Fernandez et al., 1985] and substance P [Ziche et 

al., 1990], erythropoietin [Anagnostou ef cr/., 1990], endothelin [Takagi etal., 1990], 

hepatocyte growth factor [Rubin et al., 1991] calcitonin gene-related peptide [Haegerstrand 

et al., 1990] and human growth hormone [Rymaszewski et al., 1990]. Several low 

molecular weight fectors are also angiogenic. These include 1-butyrylglycerol [Dobson et 

al., 1991], prostaglandins PGEi and PGE2 [Form & Auerbach, 1983; Ziche et al., 1982], 

nicotinamide and derivatives [Morris et al., 1989], stable prostacyclin analogues [Ohstu et 

al., 1988], and long chain fetty acids and their amides such as erucamide [Wakamatsu et al.,

1990]. Additional molecules such as nitric oxide (NO) [Leibovich et al., 1994] affect 

angiogenesis.
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I i|l a

:! h ifid i i||i 201
HEPARIN BINDINC

oFGF 16 + + + + + - 1984 Macing eta/.
pFGF 18 + + + + + - 1984 Shing etal
VEGF 4 6 4 6 + + + + - - 1983 SengereYa/.

HGF/SCATTER FACTOR 92 + + + + ND - 1991 Rubin «YaC
PIGF ND + + + ND - 1994 Takahashi eta/.

FIEIOTROPHIN 15 + + + ND ND - 1992 Fang etal

TNF FAMILY
TOFa 17 + - - +(L) - +  (H) 1987 Leibovich etal

TGFp FAMILY
TCFp 25 + + -/+(L) +(L) - +  (H) 1966 Roberts etal.

EGF FAMILY
TOFa 5.5 + + + - - - 1986 Schreiber eYa/
EGF 6.4 + + + ND + - 1986 Schreiber eYa/.

ENDOGENOUS
G-CSF 19.6 ND + + + + - 1989 Bussolino etal.

GM<SF 14/35 ND 4- + + + - 1989 Bussolino eYa/

PEPTIDES
PDGF 30 - + ./+ (H ) + - - 1994 Battegay eta/.

PD-ECGF 45 + ND + + ND - 1989 Ishikawa eta/.
ANGIOGENIN 14.4 + + + ND ND ND 1985 Fett eYaC
SUBSTANCE P ND + + + - - 1990 Ziche eY a /

INTERLEUKINS
IL-1 17 + + +/- + - + 1993 Fan etal
IL-4 20 ND + + ND - + 1991 Toi eta/.
IL-6 21.5/28 + ND - + - + 1989 May
H.-8 8 + + + + - - 1992 Koch etal

LOW MOLECULAR 
WEIGHT

PGEi&PGEz + + - + ND ND 1982 Ziche eta/.
NICOTINAMIDE + ND + - ND ND 1989 Monis

1-BUTYRYLGLYCEROL + ND + + ND - 1991 Dobson etal
PROSTACYCUNS + ND ND + ND ND 1988 Ohtsu eYa/

ERUCAMIDE + ND - + ND ND 1990 Wakamatsu aYa/

OTHER FACTORS
HGH ND + + ND ND ND 1990 Rymaszewski etal

ANGIOTENSIN U + ND + ND ND ND 1985 Fernandez etal.
ERYTHROPOIETIN 34-37 ND + + + + - 1990 Anagnostou eta/.

ENDOTHEUN ND ND + ND ND ND 1990 Takagi eta/.
CGRP ND + + ND ND ND 1990 Haegerstrand eta/.

ANGIOTROPIN 4.5 + - - + + - 1996 Schreiber eYaC
RBRIN + + - + ND - 1987 Dvorak eYaZ
IGF-1 7.6 + + + - + - 1994 Meyer-Schwickerath etal

PROUFERIN 34 + + + + ND - 1994 Jackson eYaC

INTERFERONS
IFN-a 19-26 ND + - - + + 1991 Maheshwari etal
IFN-y 20/25 ND - - - - + 1991 Maheshvnri etal.

Table 1. Angiogenic Mediators. Ratings use the symbols of positive (+), negative (-), not 
determined (ND), low concentration (L) or b i^  concentration (H).
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1.4 TUMOUR ANGIOGENESIS AND ANTI-ANGIOGENIC THERAPY

1.4.1 Tumours and Angiogenesis

The concept that tumours are angiogenesis-dependent was proposed by Folkman in 1972. 

Tumour angiogenesis refers to the directional sprouting of new vessels toward a solid 

tumour [figure 7] and differs fi*om normal physiological angiogenesis in that in tumour 

angiogenesis blood vessels grow under continuous stimulation [Folkman, 1992]. The stimuli 

that promote tumour angiogenesis may be provided directly by the tumour cells themselves, 

indirectly by host inflammatory cells that are attracted to the tumour site or they can be 

mobilised fi*om the extracellular matrix. The "switch to an angiogenic phenotype" [Folkman, 

1992; Battegay, 1995] depends on a net balance of positive and negative regulators of 

angiogenesis released by the tumour. The positive fectors include aFGF, pFGF, VEGF, 

angiogenin and others as described in section 1.3.2.4.

More than 10̂  endothelial cells line the human vasculature and cover an area of

approximately lOOOm  ̂in a 70-kg adult [Jaffe, 1997]. The proliferation rate of these 

normally quiescent endothelial cells can exceed 1000 days [Denekamp, 1993]. During 

angiogenesis, however, capillary endothelial cells can proliferate as rapidly as bone marrow 

cells, which have a mean turnover time of five days. The rate of proliferation is one of the 

most striking differences between tumour and normal endothelial cells.
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Figure 7. Process of Tumour Angiogenesis

1.4.2 Tumour Growth and Metastasis

Primary angiogenesis is the initial vascularisation of the mass of multiplying tumour cells 

[Blood & Zetter, 1990]. Without this development of a vascular blood supply, tumours 

cannot grow beyond 1-2 mm in size [Folkman, 1972]. It is possible that such tumours could 

remain in a viable and avascular equilibrium state for several years in vitro, and decades in 

vivo [loachim, 1991].

The induction of new tumour-associated vessels is accompanied by rapid outgrowth and the 

tumour cells begin to grow in a cylindrical pattern around the new microvessels, allowing 

tumour cells to tap into a source of blood-bome nutrients and possibly growth-regulatory
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molecules and it is estimated that in a rapidly growing, vascularised tumour, no tumour cell 

will be found more than 100 pm away from the nearest blood vessel

The formation of métastasés is dependent on angiogenesis at two stages of the metastatic 

cascade. Firstly, metastatic cells are not released from a primary tumour until after ft has 

become neovascularised [Liotta et aL^\99\\. Secondly, upon arrival at their target organ, 

metastatic cells must again undergo neo vascularisation if a metastasis is to grow to a 

clinically detectable size. In the absence of angiogenic activity, metastatic tumour cells may 

form microscopic perivascular cufts around the microvessel from which they presumably left 

the circulation. This form of dormancy profoundly limits e^ansion of a metastasis until 

angiogenesis occurs, despite a high replication rate of its tumour cells [O’Reilly et al., 1994; 

Holmgren et al., 1995]. In certain tumours, dormancy may be reversed by removal of the 

primary tumour [O’Reilly et al., 1993]. Secondary tumours can give rise to tertiary tumours 

in distant organs by a process termed the metastatic cascade [Stracke & Liotta, 1992]. 

Furthermore a correlation between the density of microvessels and the occurrence of 

metastasis has been recognised [Weidner et al., 1991].

1.4.3 Anti-Angiogenic Therapy

The concept of anti-angiogenic therapy was first proposed in 1971 [Folkman & Ingber,

1992] and is directed at inhibiting the formation of the neo vasculature. It is differentiated 

from vascular targeting [Denekanq), 1993], which is aimed at directly destroying the 

established vasculature by utilising differences between the endothelium in normal and 

tumour tissue. Vfith anti-angiogenic therapy, each of the steps in the angiogenic pathway 

and their controlling mechanisms provide potential targets for therapeutic intervention. At 

least three strategies are feasible which are (i) inhibition of tumour cell release of angiogenic 

fectors, (ii) neutralisation of angiogenic molecules that have already been released, and (iii) 

inhibition of vascular endothelial cells from responding to angiogenic stimulation.

Anti-angiogenic treatment has already proved itself in infentile hemangiomas with IFN-a 

[White et al., 1991; Ezekowftz et al., 1992], but transferring this success to the more 

common cancers has not yet been achieved. Several anti-angiogenic agents including AGM-
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1470 (TNP-470), synthetic inhibitors [Ingber et aL, 1990], PF-4 [Kahn et al., 1993], 

carboxyamidoimadazole [Kohn et aL, 1995], those that interfere with proteolysis e.g 

metalloproteinase inhibitors [Beattie etal., 1994, Drummond etal., 1995] and IL-12 [Voest 

et al., 1995], endogenous angiogenesis inhibitors such as angiostatin [Folkman, 1995a] are 

in ongoing clinical trials for cancer.

Anti-angiogenic therapy generally has low toxicity and appears to have its optimum efficacy 

if given daily or intermittently over a long period (months to a year) without a break in 

therapy [Folkman, 1995a]. So fer, drug resistance has not been a significant problem in 

long-term animal studies [Brem et al., 1994] or in Phase I/E, clinical trials reported so fer 

[Folkman, 1995b]. A combination of anti-angiogenic therapy and cytotoxic therapy can be 

curative in tumour-bearing animals, for which either agent alone is only inhibitory [Teicher 

et al., 1994]. Another approach and one which has been taken in this thesis, is to harness 

antibody specificity to direct anti-angiogenic therapy.

1.5 VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF)

1.5.1 VEGF Family and Isoforms

VEGF is a multifunctional cytokine, 34-42 kDa heparin-binding, dimeric, disulphide-bonded 

glycoprotein. The vascular endothelial growth fector VEGF femily currently includes six 

known members: VEGF-A, placenta growth fector (PIGF), VEGF-B, VEGF-C, VEGF-D 

and orf virus VEGF (also called VEGF-E).

Alternative splicing of the V E G F -A  gene yields five molecular species of V E G F  encoding 

polypeptides of 121,145,165,189 and 206 amino acid residues. V E G F ies is the 

predominant molecular species, but transcripts encoding VEGFisç are also commonly found 

in cells expressing the V E G F  gene [Houck et al., 1991]. VEGF145 is the major splice 

variant in several tumour cell lines originating from the female reproductive organs 

[Poltorak et al., 1997]. In contrast, VEGF206 is a rare form. The splice variants differ in 

their bioavailability. Whereas VEGF121 is freely soluble and does not bind heparin, the 

larger isoforms contain increasingly basic and heparin-binding C-terminal domains. A
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significant fraction of VEGFies remains bound to the cell surface and extracellular matrix, 

and VEGFi89 and VEGF206 are almost completely sequestered in the extracellular matrix 

[Park et a/., 1993]. VEGF145 binds to heparin with a similar afSnity to VEGFies. The 

longer isoforms can be released by plasmin cleavage, generating a proteolytic fi-agment 

containing the first 110 N-terminal VEGF amino acid residues [Houck et al., 1992; Keyt et 

al., 1996]. Local VEGF concentrations can thus be increased during tissue growth and 

remodelling involving proteolysis.

VEGF-B exists as two alternatively spliced forms, VEGF-Bie? and VEGF-B186 [Olofeson et 

al., 1996a; Gimmond et al., 1996]. It can form heterodimers with VEGF-A [Olofeson et 

al., 1996a, 1996b] and is a selective ligand for VEGFR-1 [Olofeson et al., 1998]. At the 

amino acid level VEGF-B demonstrates 45% identity with VEGF-A and approximately 30% 

with PIGF [Olofeson et al., 1996b]. The VEGF-B isoforms differ in their biochemical 

properties. VEGF-B 186 is secreted from cells, and VEGF-B167 becomes sequestered into the 

heparin sulphate proteoglycans of the pericellular matrix. Both forms of VEGF-B are 

widely expressed, being most abundant in heart and skeletal muscle [Olofeson et al., 1996b].

VEGF-A has high sequence homology with PIGF [Maglione et al., 1991]. Alternative 

splicing of human PIGF transcripts produces two protein isoforms, PIGF-1 (PIGF129) and 

PIGF-2 (PIGF152). PIGF-2 binds to heparin [Hauser & Weich, 1993; Maglione et al.,

1993], whereas PIGF-1 is non-heparin binding. In addition to PIGF homodimers, 

heterodimers of PIGF-1 and VEGF-Aies have been characterised [Disalvo et al., 1995; Cao 

etal., 1996].

VEGF-C was originally cloned as a ligand for VEGFR-3 [Joukov et al., 1996; Lee et al.,

1996]. Its VEGF-homology domain shows approximately 30% identity with VEGF-Aiôs 

[Joukov et al., 1996; Lee et al., 1996]. VEGF-C is produced as a preprotein, and 

proteolytic processing of this precursor produces a 29/31 kDa form. A second proteolytic 

step can be used to generate a 21 kDa homodimer.

VEGF-D was first cloned as a c-Fos-inducible mitogen for fibroblasts [Orlandini et 

a/., 1996]. Of the VEGF family members, VEGF-D is most closely related to VEGF-C. In
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the VEGF homology domain VEGF-D and VEGF-C are 61% identical [Achen et ah, 1998; 

Yamada et ah, 1997].

A gene encoding a VEGF homologue has been discovered in the genome of the orf virus, a 

parapoxvirus that infects sheep, goats and occasionally humans [Lyttle et ah, 1994]. The 

lesions induced by orf virus infection show extensive proliferation of the vascular 

endothelium and blood vessel dilation. Two viral VEGF variants named VEGF-E have been 

biochemically and functionally characterised [Ogawa et ah, 1998; Wise et ah, 1999].

1.5.2 VEGF Receptors

The human VEGF receptors VEGFR-1 (fins-like-tyrosine kinase, flt-1), VEGFR-2 (kinase 

domain region, KDR / fetal liver kinase-1, flk-1) and VEGFR-3 (flt-4) all consist of seven 

immunoglobulin-homology (Ig) domains, a transmembrane sequence and an intracellular 

portion containing a split kinase domain as shown in figure 8 [reviewed by Shibuya et ah, 

1995]. VEGFR-1 and VEGF-R-2 are primarily expressed by vascular endothelium, but 

VEGF-Rl is also expressed on monocytes [Barleon et ah, 1996], trophoblasts [Chamock- 

Jones et ah, 1994] and renal mesangial cells [Takahashi et ah, 1995]. Some tumour cells 

also express VEGFR-1 and VEGFR-2 including malignant melanoma cells [Cohen et ah, 

1995; Gitay-Goren et ah, 1993]. VEGFR-3 is expressed mainly in the lymphatic 

endothelium [Klagsbrun & D’Amore, 1996]. Ligand binding induces receptor dimérisation 

and subsequent auto-Ztrans-phosphorylation, and both VEGFR-1 and VEGFR-2 are 

glycosylated, which is necessary for auto-phosphorylate in response to VEGF. The second 

Ig domain of VEGFR-1 has been shown to be critical for specific binding of VEGF [Davis- 

Smyth et ah, 1996; Barleon et ah, 1997].

Neuropilin-1 (NP-1), a cell surfece glycoprotein that binds collapsins/semaphorins and 

mediates axonal repulsion during development has been identified as an isoform-specific 

V E G F-A i65 and P IG F -2  receptor [Migdal et al., 1998]. NP-1 enhances the mitogenic 

ejfiects of V E G F R -2  and may have a signalling function of its own.
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Figure 8. Diagram Illustrating the Structure of the VEGF Receptors VEGFR-1, 
VEGFR-2 and VEGFR-3 and their Ligands. The diagram displays the modular structure 
of VEGF receptors showing: extracellular domain containing 7 Immunoglobulin-like loops 
(1-7), transmembrane domain (TM), and tyrosine kinase domain (TK).
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1.53 Biological Activities of VEGF

All five molecular species of VEGF-A express identical biological activities [Park et al., 

1993; Houck et al., 1992] and act in a time dependent manner [table 2]. VEGF-A has been 

shown to promote angiogenesis in a variety of in vitro and in vivo assay systems [Leung et 

al., 1989; Connoly et al., 1989b; Wilting et al., 1992; Phillips et al., 1994]. It is one of the 

most potent vascular permeabilising agents known, acting at concentrations below 1 nM, 

and, as measured in the Miles assay, with a potency some 50 000 times that of histamine 

[Senger et al., 1993a]. As a vascular permeability fector, VEGF-A acts directly on the 

endothelium, but does not degranulate mast cells releasing histamine. Compared to 

VEGFi65» VEGF121 and VEGFuo are 50 to 100 fold less potent in endothelial proliferation 

assays [Keyt et al., 1996]. The greater mitogenic potency of VEGFies may be conferred by 

its neuropilin-1 binding region, which is encoded by exon 7 of the VEGF gene. VEGF-A 

promotes extravasation of plasma fibrinogen, leading to fibrin deposition which alters the 

tumour extracellular matrix. The modified extracellular matrix subsequently promotes the 

migration of macrophages, fibroblasts and endothelial cells. VEGF-A also causes 

endothelial cells fi*om different sources to assume an elongate shape, migrate and divide 

[Connoly et al., 1989b; Favard et al., 1991; Gospodarowicz et al., 1989; Senger & Dvorak, 

1993; Koch et al., 1994]. More generally, VEGF-A alters the pattern of endothelial cell 

gene activation, upregulating the expression of both plasminogen activators, as well as the 

plasminogen activator inhibitor and the urokinase receptor [Pepper et al., 1991; Mandriota 

et al., 1995]. VEGF-A has been shown to stimulate von Willebrand factor release fi*om 

endothelial cells [Brock et al., 1991] and induce expression of interstitial coUagenase 

[Unemori e /ûf/., 1992].

VEGF-A has been shown to stimulate mouse and human mononuclear phagocytes to 

migrate and express tissue fector [Clauss et al., 1990; Shen et al., 1993] and stimulates both 

the migration and differentiation of fetal bovine osteoblasts [Midy & Plouet, 1994] and of 

human retinal pigment cells [Guerrin et al., 1995]. However, in at least some non- 

endothelial cells that express VEGF-A receptors, VEGF has been found to induce no 

measureable response [Gitay-Goren et al., 1993].
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SECONDS -  FEW MINUTES -Induces calcium transients

-Protein phosphorylations

-Activate phospholipase C

-Release vWF

SEVERAL MINUTES -Increases micro vessel permeability to 

plasma (50,000 times as potent as 

histamine)

-Extravasation of plasma proteins, 

including fibrinogen, fibronectin, 

vitronectin, clotting factors, plasminogen

-Activation of intrinsic clotting system 

with thrombin generation and clotting of 

extravasated fibrinogen to fibrin

HOURS-DAYS -Increases endothelial cell gene 

expression: plasminogen activator, 

coUagenase, tissue fector, avps

-Alters (elongates) endothelial shape

- Initiates endothelial ceU migration and 

division

-Angiogenesis

Table 2. Time Course of VEGF Actions
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VEGF-B bindmg VEGFR-1 on endothelial cells results in increased expression and activity 

of uPA and uPA-inhibitor [Olofeson et al., 1998]. This suggests a role for VEGF-B in the 

regulation of extracellular matrix degradation, cell adhesion and migration.

While PIGF homodimers bind only to VEGFR-1 [Park et al., 1994], PIGFATEGF-A 

heterodimers bind to soluble VEGFR-2 with high affinity [Park et aL, 1994]. Purified 

PIGF-1 has been reported to induce neovascularisation in the rabbit cornea assay and in the 

chick chorioallantoic membrane (CAM) assay as homodimers or as heterodimers with 

VEGF-Ai65 [Ziche et al., 1997; Oh et al., 1998]. Both PIGFs are weakly mitogenic for 

postcapillary venular and umbilical vein endothelial cells in culture [Ziche et al., 1997; 

Sawano et al., 1996]. Since PIGF/VEGF heterodimers display less mitogenic activity than 

VEGF-Ai65 homodimers, PIGF may modulate VEGF-induced angiogenesis in cells 

producing both fectors [Cao et al., 1996].

The 21 kDa homodimer of VEGF-C, binds to VEGFR-2 and VEGFR-3, and induces 

receptor autophosphorylation [Joukov et al., 1997b]. VEGF-C stimulates migration and 

mitogenesis of cultured endothelial cells [Joukov et al., 1996,1997b; Lee et al., 1996; Cao 

et al., 1998]. While both VEGF-A and VEGF-C were able to elicit dose-dependent 

mitogenic and migratory signals on porcine aortic endothelial (PAE) cells expressing 

VEGFR-2, only VEGF-C stimulated the PAEAŒGFR-3 cells [Cao et al., 1998]. VEGF-C 

could thus play a dual role in the proliferation of both blood and lymphatic vascular 

endothelial cells expressing VEGFR-2 and VEGFR-3 respectively. Fully processed VEGF- 

C also induces vascular permeability in vivo via VEGFR-2 [Joukov et al., 1998].

A derivative of VEGF-D, corresponding to the mature, proteolitically processed VEGF-C is 

a ligand and an activator of VEGFR-2 and VEGFR-3 [Achen et al., 1998]. VEGF-D has 

also been shown to be mitogenic for microvascular endothelial cells [Achen et al., 1998].

Purified VEGF-like protein of each VEGF-E strain is able to stimulate endothelial cell 

mitogenesis and to induce vascular permeability in vivo. Both variants bind only to 

VEGFR-2, inducing receptor autophosphorylation [Ogawa et al., 1998; Wise et al., 1999].
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1.5.4 Signalling of VEGF

The role o f VEGFR-1 as a signal-transducing molecule is less well defined than that of 

VEGFR-2. Two major and two minor phosphorylation sites of VEGFR-1 have been 

identified and located in the C-terminal tail domain and may serve as docking sites for such 

signalling molecules as PLCy [Ito et aL, 1998].

Among non-endothelial cells, monocytes/macrophages which express exclusively VEGFR-1 

respond to stimulation with VEGF with increased intracellular calcium levels, production of 

tissue fector, and enhanced migration [Barleon et al., 1996; Clauss et al., 1990,1996; Shen 

et al., 1993; ], suggesting that at least in these cells VEGFR-1-mediated signalling is 

occuring.

Although the affinity of VEGF is about 10-fold higher for VEGFR-1 than for VEGFR-2, 

VEGFR-2 seems to be the major receptor that mediates VEGF-induced signalling in 

endothelial cells, resulting in ceU proliferation and migration. VEGFR-1 signalling leads 

only to cell migration [Waltenberger et aL, 1994; Soker et aL, 1998]. In many endothelial 

cell types VEGF stimulation leads to VEGFR-2 autophosphorylation, activation of the MAP 

kinase cascade, cell proliferation, chemotaxis, and changes in the biosynthesis of diOerent 

proteins. Activation of VEGFR-2 also protects endothelial cells against starvation- and 

tumour necrosis -induced apoptosis [Gerber et aL, 1998; Spyridopoulos et aL, 1997]. 

Interestingly, in contrast to endothelial cells, activation of VEGFR-2 in fibroblasts induces 

only a weak mitogenic response [Seetharam et aL, 1995; Takahashi & Shibuya, 1997], 

suggesting the existence of endothelial cell-specific signalling pathways.

Four major autophosphorylation sites have been identified in VEGFR-2 [Dougher-Vermazen 

et aL, 1994], located in the kinase insert domain and tyrosine kinase catalytic domain.

VEGF induces tyrosine phosphorylation and activation of phosphoinositol-3 kinase (PI3-K) 

in endothelial cells [Xia et aL, 1996]. PI3-K activation does not seem to be necessary for 

endothelial cell proliferation, but is inq)licated in VEGF-induced endothelial cell survival 

[Gerber ef a/., 1998].
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The avp3 integrms are specifically e3q>ressed by the angiogenic endothelium and VEGFR-2 

tyrosine phosphorylation and VEGF-induced mitogenicity were enhanced in endothelial cells 

plated on the ayps ligand vitronectin, demonstrating that specific integrins can contribute to 

the full activation of VEGFR-2 triggered by VEGF [Soldi et aL, 1999].

In comparison to VEGFR-2, relatively little is known about signal transduction pathways 

initiated from VEGFR-3. The long and short isoforms of VEGFR-3 differ in their signalling 

properties, only the long isoform able to mediate cell growth in vitro and tumourigenicity in 

vivo [Fournier et al., 1995]. Similar to VEGFR-2 activation, activation of VEGFR-3 is 

rapidly followed by tyrosine phosphorylation and increased cell proliferation [Pajusola et al., 

1994; Fournier et al., 1996; Cao et al., 1998].

1.5.5 Regulation of VEGF

Cytokines, growth factors and gonadotrophins that do not stimulate angiogenesis directly 

can modulate angiogenesis by modulating VEGF expression in specific cell types, exerting 

an indirect angiogenic or anti-angiogenic effect. Factors that can potentiate VEGF 

production include FGF-4 [Deroanne et al., 1997], PDGF [Finkenzeller et al., 1997], TNF- 

a  [Ryuto et al., 1996] and TGF-p [Pertovaara et al., 1994]. Other cytokines such as XL-10 

and IL-13 can inhibit the release of VEGF [Matsumoto et al., 1997].

Hypoxia is a major stimulator of VEGF-A expression both at mRNA and protein levels 

[Shweiki et al., 1992]. The production of other VEGF family members such as VEGF-B, 

VEGF-C and PIGF does not seem to be potentiated by hypoxia even though some of these 

fectors such as VEGF-C are strong angiogenic fectors in their own right [Jeltsch et al.,

1997; Enholme^ a/., 1997]. Hypoxia-induced transcription of VEGF-A mRNA is mediated, 

at least in part, by the binding of hypoxia-inducible fector 1 (HIF-1) to an HIF-1 binding site 

located in the VEGF-A promoter [Levy et al., 1995; Liu et al., 1995].

Many cell lines express increased amounts of VEGF when subjected to hypoxic culture 

[Shweiki et al., 1992; Minchenko et al., 1994; Ladoux & Frelin, 1993]. Further 

upregulation of VEGF mRNA expression has been demonstrated in situ in hypoxic zones of



28

tumours immediately adjacent to areas of tissue necrosis [Plate et al., 1992; Brown et aL, 

1993a, 1993b].

VEGF-A itself is not an oncogene [Ferrara et aL, 1993] but at least two oncogenes, Src 

[Mukhopadhay et al., 1995] and Ras [Grugel et al., 1995; Rak et al., 1995], and the tumour 

suppressor gene, p53 [Kieser et aL, 1994] have been implicated in VEGF regulation.

1.5.6 Expression of VEGF and Receptors in Neoplasia

VEGF is overexpressed at both the mRNA and protein levels in a high percentage of 

malignant animal and human tumours [Senger et aL, 1993; Berse et aL, 1992; Plate et aL, 

1992; Brown et aL, 1993a, 1993b] as well as many transformed cell lines [Senger et aL, 

1986]. VEGF and its receptors are reported in benign adenomatous polyps of the colon 

[Brown et aL, 1993b], pituitary adenomas [Berkman et aL, 1993] and hemangiomas 

[Brown et aL, 1995a], and over-expressed by various native (autochthonous) human 

tumours, including carcinomas of the gastrointestinal tract [Brown et aL, 1993b], kidney 

and bladder [Brown et aL, 1993a], breast [Brown et aL, 1995b, cervix [Guidi et aL, 1995] 

and ovaries [Olson et aL, 1994]. Over-expression also occurs in astrocytomas [Plate et aL, 

1992, 1993,1994] and meningiomas [Berkman ef oA, 1993].

Exceptions exist even among tumours that are able to induce new blood vessels, suggesting 

that at least some tumours induce angiogenesis by VEGF-independent mechanisms, e.g. 

malignant melanoma overexpresses VEGF in the eye but not in the skin [Vinores et aL, 

1995]. VEGF mRNA levels correlate with vascular density in both cervical and breast 

carcinomas [Guidi et aL, 1995; Toi et al., 1994], and high levels of VEGF expression have 

been linked to early relapse in primary breast cancer [Toi et al., 1994]. Tumour métastasés 

also overexpress VEGF much as do the primary tumours from which they arose [Brown et 

aL, 1995b]. Concentrations of VEGF-A are particularly high in tumour ascites [Yeo et aL, 

1993; Senger et aL, 1983; Nagy et aL, 1991].
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1.5.7 Expression of VEGF in Non-Neoplastic Angiogenesis

VEGF and receptors are also overexpressed in a number of pathological states that involve 

angiogenesis but are not associated with neoplasia. Epidermal kératinocytes, as well as a 

subpopulation of macrophage-like cells, overexpress VEGF mRNA in healing cutaneous 

wounds [Brown et aL, 1992], psoriasis [Detmar et aL, 1994] and delayed-type 

hypersensitivity [Brown et aL, 1995c]. Similarly, cardiac myocytes overexpress VEGF in 

ischemic myocardium [Ladoux & Frelin, 1993] as do synovial lining cells in the highly 

vascularised pannus of rheumatoid arthritis [Koch et aL, 1994; Fava et aL, 1994]. VEGF is 

also e3q)ressed at high levels by the placenta [Shweiki et aL, 1993], by many fetal tissues 

[Breier et aL, 1992; Shifren et aL, 1994], and by a number of adult tissues undergoing 

physiological angiogenesis, such as in the proliferating endometrium [CuUinan-Bove et aL,

1993] and in the corpus luteum [Kamat et aL, 1995].

1.5.8 Expression of VEGF in Normal Adult Tissues without Angiogenesis

In the adult, strong expression of VEGF mRNA can be detected in several tissues in the 

absence of angiogenesis, particularly kidney, lung, adrenal gland and heart [Berse et aL, 

1992]. Lower levels of VEGF mRNA are also detected in several other normal adult tissues 

including spleen and the epithelium of liver, gastric mucosa and breast [Berse et aL, 1992]. 

Angiogenesis is not evident in any of these tissues. Therefore it may be assumed that VEGF 

plays a maintenance role, perhaps regulating vascular permeability (especially important in 

the kidney), and may have other as yet poorly understood roles in vascular homeostasis. In 

addition, activated macrophages (oil-induced peritoneal macrophages), cultured smooth 

muscle cells, and retinal pigment epithelial cells were also reported to express VEGF mRNA 

[Ferrara et aL, 1991b; Berse et aL, 1992; Adamis et aL, 1993].

In normal tissues, VEGF expression has been found in activated macrophages [Fava et aL,

1994], renal glomerular visceral epithelium and mesangial cells [Brown et aL, 1992b; lijima 

et aL, 1993], hepatocytes [Monacci et aL, 1993], smooth muscle cells [Ferrara et aL,

1991b], leydig cells [Shweiki et aL, 1993], embryonic fibroblasts and bronchial and choroid 

plexus epithelium [Pertovaara et aL, 1994; Breier et aL, 1992].
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1.5.9 Potential Diagnostic and Therapeutic Applications of VEGF

The significance of VEGF in a number of inqx)rtant disease states and physiological 

processes suggests that reagents that react with this cytokine with high specificity and 

afiSnity could have practical use as diagnostic, imaging or therapeutic agents. Yeo et aL 

[1993] developed a sensitive and specific sandwich-type immunoassay for VEGF that made 

use of anti-peptide antibodies to the molecule’s N- and C- termini [Sioussat et aL, 1993]. A 

similar assay used a single antibody to recombinant VEGF-A for both capture and detection 

steps [Kondo et aL, 1994].

The inq)ortance of VEGF in initiating tumour angiogenesis has led to attempts at therapeutic 

intervention to inhibit the angiogenic process. Antibodies that neutralise VEGF reduce 

tumour growth, presumably by interfering with angiogenesis [Kim et aL, 1992,1993; Kondo 

et aL, 1993; Asano et aL, 1995]. Moreover, use of a dominant-negative VEGF receptor 

mutant [Millauer et aL, 1994] has resulted in inhibition of tumour growth in nude mice, 

apparently by binding VEGF in an ineffectual con^lex and thereby preventing angiogenesis. 

Ramakrishnan et al. [1996] have shown the potential use of VEGF-toxin conjugates to 

inhibit neovascularisation. In a colon cancer model, an anti-VEGF antibody has been shown 

to cause a dramatic reduction in the number and size of liver métastasés [Warren et aL,

1995]. New agents continue to be discovered, including selective inhibitors of the tyrosine 

kinase activity of flk-1, the receptor for VEGF [Strawn et aL, 1996].

1.6 ANTIBODIES AND THEIR USE IN CANCER THERAPY

1.6.1 Antibody Structure

Antibodies are a group of molecules present in the sera and tissue fluids of all mammals that 

bind antigen. They are only produced by B lymphocytes, and are the soluble form of a B 

cells’ antigen specific receptor. Five distinct classes of immunoglobulin molecule are 

recognised in most higher animals, namely IgG, IgA, IgM, IgD and IgE. They differ in size, 

charge, amino acid conqx)sition and carbohydrate content.
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Antibodies are bifunctional molecules, comprising an antigen-binding site at one end of the 

molecule and an effector site at the other. The general structure of all immunoglobulin 

molecules is a unit consisting of two identical light polypeptide chains and two identical 

heavy polypeptide chains, linked together by both covalent (disulphide bridges) and non- 

covalent forces.

Antibodies are made up of V (variable) and C (constant) regions. The antigen binding 

activity is found in the V region, whereas the complement fixing and immunoglobulin (Ig) 

receptor binding activity (i.e. the effector functions) is found in the C region. Each antigen- 

binding site is formed by three hypervariable loops (conçlementarity determining regions: 

CDRs) of the VH domain and three hypervariable loops of the VL domain.

Heavy chain V regions are similar in structure to those of light chains, but the class and 

subclass of an immunoglobulin molecule is determined by its heavy chain type. For example, 

the 4 human IgG subclasses (IgGl, IgG2, IgG3 and IgG4) have heavy chains called yl, y2, 

y3 and y4 that differ slightly, although all are recognisably y chains (i.e. have the same 

isotype). Antibodies of each isotype have different properties in terms of complement 

fixation and binding to Ig receptors. There are two light chain isotypes ( k  and X).

Some antibody classes form multimeric stuctures, pentamers in the case of IgM and dimers 

or trimers in the case of IgA. These two isotypes also associate with a small protein called 

the joining (J) chain, required for stabilisation of the conq)lexes.

There are an estimated 10̂  different antibody molecules, and thus 10̂  distinct B cell clones 

in an individual This diversity is generated by Ig gene rearrangement during B cell 

development. There are 4 types of mechanisms involved in generating antibody diversity, 

namely (i) pairing of different combinations of Ig heavy and light chains; (ii) recombination 

of V (variable), D (diversity) and J (joining) segments which code for the heavy chain (VJ 

for light chains). This is done in a precise order. First the heavy chain rearranges, the D 

genes rearrange with the J genes, followed by the V genes rearranging with DJ genes. Then 

if a fiinctional heavy chain results the light chains rearrange, first kappa, then if kappa is 

unproductive, or cannot pair with the heavy chain, lambda. Together these potentially
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generate some 2x10* different antibodies, (iii) Variability in the joins of the recombined 

DNA segments. These arise from imprecise Joining by the recombinatorial mechanisms and 

the addition of extra random nucleotides; and (iv) somatic hypermutation, a mechanism for 

introducing mutations into V regions of activated B cells (antigen driven).

Antibody fragments, the discrete protein domains of antibody molecules can be isolated by 

protease digestion [figure 9]. The larger Fab fragment (antibody binding) contains the V l-  

C l  and V h-C hi segments linked by disulphide bonds. The Fc fragment (crystallisable) is 

comprised of the Ch2 and Ch3 segments. The smaller Fv (fragment variable) is composed of 

the Vl and Vh regions only. In a recombinant version of the Fv fragment, designated the 

single-chain Fv fragment (scFv), the two variable regions are artificially joined with a neutral 

linker and expressed as a single polypeptide chain. Other fragments of immunological 

interest include the Fd fragment (V h and C h I ) ;  F(ab')2 (two Fab fragments joined by 

disulphide bonds); and the pFc' (pepsin-digested Fc fragment).

Paratope % Pnxners

COOH y Lightà Pnmers
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Linker
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Figure 9. Antibody Model Showing Subunit Composition and Domain distribution 
Along the Polypeptide Chains. Fragments are generated by proteolytic cleavage and/or 
recombinant technology.
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1.6.2 Antibody Treatment of Cancer

Since the invention of bybridoma technology by Kohler & Mjlstein [1975] monoclonal 

antibodies have been used as tools to target cancer for imaging and therapy. The approach 

is attractive because conventional treatment such as chemo- and radio-therapy produce 

dose-limiting toxicity in normal tissues. There has been progress in treatment of lynqjhoma 

[Maloney et aL, 1997], breast cancer [Baselga et al., 1996] and bowel cancer [Reithmueller 

et al., 1998] in which anti-tumour antibodies have proven clinical benefit and are approved 

for use in certain countries. In these exan^les, the antibodies depend on activation of 

natural eflfector mechanisms for anti-tumour activity. This is most effective when tumour 

volume is small, as in the bowel cancer study or when tumours are particularly sensitive as in 

the case of lymphoma. A more potent effect has been achieved in lymphoma when the 

antibody was linked to a radionuclide in which case sustained conq)lete remissions have been 

achieved in patients refiactory to conventional therapy [Kaminiski et al., 1996]. Thus the 

delivery of a therapeutic agent by a tumour selective antibody is worth pursuing for its 

potential to produce major therapeutic effects. Achieving this in common epithelial cancers 

such as those of the gastrointestinal tract, breast and lung is a greater challenge than for 

lyn^homas because these tumours are more resistant to radiation and many cytotoxic drugs.

Monoclonal antibodies directed against tumour-associated antigens have long been the focus 

of investigation for their potential in detection and treatment of human malignancies [Begent 

& Pedley, 1990; Baldwin & Byers, 1991]. The ability of particular monoclonal antibodies to 

specifically localise in tumour tissue in vivo offers a variety of therapeutic approaches for 

cancer therapy. Monoclonal antibodies alone have not met with consistent success in the 

clinic [Dillman, 1989]. Other approaches include chemically conjugating drugs or toxins to 

monoclonal antibodies [Pietersa,1990; Vitetta et al. 1987], or genetically linking sequences 

encoding toxins or biologically active domains to F(ab’)s or single chain binding sites 

[Chaudhary et al., 1989]. Partial and complete responses to cancer therapy have been 

demonstrated with immunotoxin trials [Amlot et al., 1993]. Antibody firagments offer 

advantages over whole antibodies with respect to tumour penetration and clearance fi*om the 

circulation [Yokota et al., 1992] and have already entered clinical trials for imaging of 

tumours [Begent et al., 1996; Casey et al., 1995]. Antibody dependent enzyme prodrug 

therapy (ADEPT) is another approach for tumour therapy [Bagshaw, 1989]. The concept
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of ADEPT is that an antibody enzyme conjugate, after selective localisation at the tumour 

target site, and its clearance ftom normal tissues, activates a non-toxic low molecular weight 

prodrug to a highly toxic drug in the tumour by enzymatic catalysis.

Monoclonal antibodies and immunoconjugates have proved effective against lymphomas 

[Vitetta et al., 1991; Grossbard et al., 1992], but relatively ineffective against carcinomas 

[Begent et al., 1989; Pastan & Fitzgerald, 1991]. The main problem is the relative 

impermeability of tumours to macromolecules, typically, only 0.001-0.01% of the injected 

dose of an antibody localises to each gram of tumour in humans [Epenetos et al., 1986].

An attractive approach to the antibody based therapy of solid tumours would be to target 

the vasculature of the tumours rather than to the tumour cells themselves. The vascular 

endothelial cells are directly accessible to circulating therapeutic agents, and it should be 

applicable to many types of solid tumours because all require a blood supply for survival and 

growth. Experiments have indicated that immunotoxins directed against vascular endothelial 

cells could provide a treatment for solid tumours [Burrows & Thorpe, 1993], or using 

antibodies to block angiogenic growth factors such as VEGF (refer to section 1.5.8). 

Another novel tumour vascular target is an isoform of the adhesion molecule fibronectin, 

which is present in vessels of neoplastic tissues during angiogenesis but not in mature 

vessels. [Neri et al., 1997]. The work in this thesis is aimed to develop engineered 

antibodies with therapeutic potential as tumour vascular targeting agents.

1.6.3 Recombinant Antibody Libraries

ScFv antibody fragments are readily cloned and expressed in bacteria [Chiswell & 

McCafferty, 1992]. They can be displayed as functional antibody fragments on the sur&ce 

of bacteriophages [McCafferty et al., 1990] allowing the selection of potentially clinically 

useful antibodies from vast combinatorial libraries [Chester et al., 1994b; Griffiths et al.,

1994]. Additionally, in vivo studies have demonstrated that scFv proteins exhibit highly 

specific targeting and more rapid tissue penetration than intact antibodies and their Fab 

fragments [Adams et al., 1993; Yokota et al., 1992].
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A number of advances in the field o f antibody engineering have greatly enhanced the ability 

to manipulate and isolate antibody genes. First was the demonstration that the H- and L- 

variable regions on the antibody expressed in bacteria could associate correctly to form a 

fimctional antibody fragment [Better et al., 1988; Skerra & Phicthun, 1988]. Secondly, that 

PCR could be used to clone antibody gene libraries fî om pools of B lymzphocytes [Orlandi 

et al., 1989]. The third critical development was the advent of phage display technology 

[McCafferty er £//., 1990].

Monoclonal antibodies have until recently been exclusively generated by using hybridoma 

cell lines, which secrete a single species of antibody. However, the display of antibody 

fi-agments on the surfece of filamentous phage that encode the antibody genes [McCafferty 

et al., 1990; Hoogenboom et al., 1991 ; Breitling et al., 1991 ; Kang et al., 1991], and the 

selection of phage by binding to antigen [Parmley & Smith, 1988] offer a powerful means of 

making antibodies fix>m repertoires of V-genes [Ward et al., 1989; Huse et al., 1989]. Re

arranged V-genes have been harvested fi*om the mRNA of B-cells of immunised mice 

[Clackson et al., 1991] and humans [Barbas et al., 1991 ; Burton et al., 1991], and the heavy 

and light chains combined at random [Huse et al., 1989]. These have been cloned into 

filamentous phage for display as scFv fi*agments joined to the amino terminus of the phage 

adsorption protein pHI [Bird et al., 1988]. Alternatively Fab fi*agments have been produced 

linking the H- or L-chain to either pIII [Hoogenboom et al., 1991 ; Breitling et al., 1991 ; 

Garrard et al., 1991; Barbas et al., 1991] or to pVIII [Chang et al., 1991; Kang et al., 1991] 

and secreting the other chain into the periplasm where the two chains associate. Phage 

particles produced were infectious, with a correctly folded, functional, antibody fragment, 

and bound specifically to antigen [McCafferty et al., 1990].

Phage have been selected by panning with antigen and the encoded antibody fi*agments 

subsequently expressed and secreted as soluble Augments fi*om infected bacteria [Skerra & 

Phicthun, 1988; Better et al., 1988]. The display of antibodies on phage and selection with 

antigen mimics the immune selection [Milstein, 1990; )Alnter & Milstein, 1991]. Due to the 

increase of mRNA in antigen stimulated B-cells compared with resting B-cells, immunisation 

contributes to the isolation of H and L V-genes that are predisposed to create antigen 

binding combinations [Persson et al., 1991 ; Clackson et al., 1991 ; Hawkins & Winter,

1992]. Mouse B-cells will collectively carry approximately 10̂  different VL genes (L chain
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V region genes) and 10̂  different VH genes which leads to 10̂  ̂possible random 

combinations of VH and VL. Actual library sizes obtained are commonly considerably 

smaller, in the region of 10* and 10̂  different clones. Recently a large library of 10^®-10" 

was obtained [Griffiths et al., 1994], but the libraries can be further diversified by chain 

shuffiing [Marks et al., 1992b] or random point mutation [Hawkins et al., 1992b] and high 

affinity antibodies can be obtained.

Rodent monoclonal antibodies have limited usefulness for cancer therapy as the antibodies 

are immunogenic in man, have a short in vivo half life, and are unable to recruit human 

effector functions. Current antibodies are humanised by chimerisation, where rodent V- 

regions are genetically linked to human constant regions [Neuberger et a l, 1984; Riechmann 

et al., 1988]. However, human libraries are available, with antibodies isolated without 

im m unisation , from repertoires of V genes rearranged in vivo [Marks et al., 1991] or in 

vitro [Hoogenboom & Winter, 1992].

1.6.4 Phage Vectors for Antibody Expression

Filamentous bacteriophages, (e.g. Ff phages, fd, fl and Ml 3) are a group of single stranded 

DNA viruses which only infect Gram negative bacteria and specifically absorb to the tip of 

the F pilus. They are long flexible filaments, about 900 nm in length [figure 10]. The fd 

(also fl. Ml 3) genome encodes ten proteins: five are structural components of the capsid 

(pin, pVI, pvn, pVin and pIX), three are required for DNA synthesis (pll, pV and pX), 

and two serve poorly understood assembly functions (pi and pIV). The DNA is enclosed in 

a protein coat comprised of approximately 2700 copies of the gene 8 protein (pVJÜ). A 

viable phage also expresses three to five copies of the gene-3-encoded adsorption protein 

(pin) on its tip. Its C-terminus is anchored to the virus coat but its N-terminus is exposed 

and mediates attachment of the phage to the tip of the host F pilus. From there the phage is 

brought near to the cell where the major coat protein is deposited in the inner surfece of the 

cell membrane and the phage DNA is released into the cytoplasm [Rasched & Oberer,

1986]. Infection with wild-type filamentous phage does not lead to lysis of the host cell, but
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Figure 10. The Filamentous Bacteriophage (fd) Particle. The particle contains a 6.4 kb 
single-stranded, circular DNA molecule. Antibody-gene sequences have been inserted at 5' 
end of gene 3 so that the natural gene 3 signal sequence is retained and the mature fusion 
protein has the antibody domain(s) at the N-terminus followed by the complete gene 3 
protein. The fusion protein is assembled into phage particles which display antibody 
fragments on the surface. Antibodies expressed this way retain the binding characteristics of 
the original soluble antibody.

permanent infection is established. The cells remain intact, divide and release phage particles 

continuously into the medium.

The filamentous phage genome may be regarded as a plasmid. Originally small peptides 

were displayed on their surface by insertion of synthetic DNA encoding the peptide into 

either the gene encoding pIII [Smith, 1985; Parmley & Smith, 1988], or the gene encoding 

pVIII. This results in the production of peptides fused to either the minor coat protein pIII 

or frised to the major coat protein pVIII. A hybrid “phagemid” vector system has been 

developed which combines the advantages of phage and plasmid vectors [Vieira & Messing,

1987]. There are 3 copies of gene III located at the tip of the phage, and phagemid vectors 

result in 0-3 copies of the antibody-gene III fusion protein, usually one (monovalency) 

[Marks et ah, 1992a]. There are about 2500 copies of gene VIII, involving the display of 

greater number of antibodies on each phage particle (multivalent). Phagemids possess both
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the bacteriophage (single-stranded) and plasmid (double-stranded) origins of replication. 

Phagemids can be grown as plasmids or alternatively packaged as recombinant phage with 

the aid of a helper phage. Although the phagemid carries the Ml 3 origin of replication, it 

lacks the phage protein genes required to produce a complete phage. Therefore, cells 

transformed with a phagemid must be infected with a helper phage that encodes proteins 

required to replicate and package single-stranded phagemid DNA into an M l3 phage 

particle (phage rescue). One such phagemid is pHEN [Hoogenboom et a i, 1991] in figure 

11, used in this thesis for cloning.
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M13 origin

L,.
pHEN
4522bp

\  \

Amp̂

fd-gene III

' i

/
colEl oiigm

Figure 11. Structure of Phagemid Vector pHEN used for Display of Antibody 
Fragments on the Surface of Phage, Highlighting the pHEN Cloning Sites.

Phage display technology using bacteriophage fd is well characterised. Moreover, other 

phage may have potential to be developed as alternative systems, such as the Pseudomonas 

phage Pfl [Makowski, 1993], the single-stranded RNA bacteriophage MS2 [Van Duin,

1988], or plant viruses such as the comoviridae [McLain et al., 1995].
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1.6.5 Selection of Antibodies using Phage Display

The advantage of a phage display system is that it provides a fester and more eflScient 

selection method than traditional bacterial screening. Phage preparations can be made of 

very high titre (10^  ̂TU/ml). Consequently, in a small volume of 50pl to lOOpl, a whole 

library of différent heavy and light chain combinations (typically 10^-10 )̂ will be represented 

in high multiplicity. The phage particles can then be tested for expression of an antibody 

fragment (e.g., specific binders are allowed to bind to a solid matrix and the non-binding 

pool of unspecific molecules is washed away). This selection process is often referred to as 

“biopanning” or “panning” [Smith, 1985]. The specific binders can then be eluted and 

further characterised, or a second round of panning can be performed. By adjustment of the 

selection protocol (e.g. reducing the antigen concentration), it is possible to select antibodies 

with high affinity for antigen [Chester et al., 1994], or the affinities of existing antibodies 

can be fiuther improved by random mutation [Hawkins et al., 1992, 1993].

Bound phage can be eluted by acid or alkali and enrichment fectors of between 20 to 1 en

fold [Marks et al., 1991; McCafferty et al., 1990; Garrard et al., 1991] have been reported 

for a single round of affinity selection. In this way as mentioned in section 1.5. an 

enrichment of 1000-fold in one round of selection can become a factor of 1,000,000-fold 

over two rounds of selection [McCafferty et al., 1990]. Thus even when the concentrations 

of the required phage are low [Hawkins et al., 1992; Marks et al., 1991], multiple rounds of 

affinity selection can lead to the isolation of rare phage and the genetic material contained 

within. Very rare phage can be isolated, because in contrast to filter screening of soluble 

antibodies [Huse et al., 1989], the number of phage which can be screened is limited only by 

the size of the initial library.

1.7 Hypothesis and Aims

It is proposed that the VEGF is a suitable target for antibody directed cancer therapies and 

that antibodies to achieve such therapies may be obtained using filamentous phage 

technology. The enqjloyment of phage allows efficient production and selection of many
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antibody specificities and there are major advantages gained by using a recombinant 

molecule to build into clinical products.

Either neutralising antibodies may be generated to stop VEGF biological activity or 

antibodies which bind VEGF when it is on the vascular endothelial cells (presumably in 

complex with its receptor) may be used to target cytotoxic agents to these cells. The latter 

system should show tumour selectivity because the endothelial cells lining the blood vessels 

of a solid tumour have on their surface a high concentration of occupied VEGF receptors, a 

situation that does not occur in the normal tissues.

The aim of this thesis was to develop a method for production and selection of recombinant 

antibodies targeted to VEGF and to test the above hypotheses by in vitro and in vivo 

characterisation of their tumour targeting potential.



41

CHAPTER 2 

MATERIALS AND METHODS

2.1 Materials & Suppliers

2.1.1 Chemicals and Reagents

All chemicals were of AnalaR grade and purchased from BDH, Merck Ltd. [Poole, Dorset, 

UK] or Sigma-Aldrich Company Ltd. [Poole, Dorset, UK], unless otherwise stated.

2.1.2 Glassware and Disposable Plasticware

All glassware used was washed in tap water and detergent followed by copious rinsing with 

distilled de-ionised dH2Û. Sterile plastic bijou’s were purchased from Sterelin Ltd.

[Hounslow, Middx., UK], along with 90 mm petri dishes. Falcon® polypropylene 50ml 

tubes, sterile disposables pipettes were purchased from Becton Dickinson & Co. [Plymouth, 

UK]. Elisa strips/plates were purchased from Costar [High Wycombe, Bucks., UK]. 

Immunotubes purchased from NUNC Tissue Culture Services Ltd. [Botolph Claydon, 

Bucks., UK]. Acrodisc filters obtained from Gelman Sciences Ltd. [Northampton, UK].

2.1.3 Electrophoresis Gels and Blotting Membranes

For gel electrophoresis multi-purpose agarose was supplied by Boehringer Mannheim 

[Lewes, East Sussex, UK]. NuSieve low melting temperature agarose and NuSieve 3:1 

agarose was purchased from Flowgen Instruments Ltd. [Sittingboume, Kent, UK].

The blotting membranes. Transfer blot membrane and Nitrocellulose paper was purchased 

from Bio-Rad Laboratories Ltd. [Hemel Hempstead, Herts., UK]. Chromatography paper 

(Whatman 3MM) was obtained from Whatman Ltd. [Maidstone, Kent, UK].
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2.1.4 Antibodies and Assay Detection Reagents

The antibodies Sheep anti-mouse Ig HRP was obtained from Amersham International Pic. 

[Little Chalfont, Bucks., UK]. Anti-rhVEGF was purchased from R & D Systems Europe 

Ltd. [Abingdon, Oxon, UK]. The a-myc antibody 9E10 was supplied by ICRF. OPD and 

Chloro-1,4-Napthol purchased from Sigma-Aldrich Conçany Ltd. [Poole, Dorset, UK].

2.1.5 Enzymes

The "Klenow" fragment of E.coli DNA polymerase I, calf intestinal alkaline phosphatase. 

Reverse transcriptase, RNAsin and RNase DNase free were obtained from Boehringer 

Mannheim [Lewes, East Sussex, UK]. The restriction enzymes Notl (GC^GCCGC) and 

Sfîi. (GGCCNNNN^NGGCC) were purchased from Boehringer Mannheim [Lewes, East 

Sussez, UK]. BjfNI GG) was obtained from New England Biolabs [Hitchin,

Herts, UK].

2.1.6 Molecular Weight Markers

DNA molecular weight markers XDNA Hind III digest and 0X174 RF DNA Hae III 

Digest were purchased from Boehringer Mannheim [Lewes, East Sussez, UK]. Protein 

molecular weight markers prestained SDS-Page standards, low range were purchased from 

Biorad.

2.1.7 Bacterial Strains

All work was done with E. coli strain TGI, a gift from Dr. Hawkins, MRC Centre, 

Cambridge.

TGI: K12, A(Iac-pro\ supE, thi, hsdDS/ ¥\trdD 36,proA^^, lacl\ lacZAMlS). 

[Hoogenboom e/a/., 1991].



43

2.1.8 Expression Vectors

The phagemid vector pHEN is a derivative of pUCl 19 and was obtained from Dr. R.E. 

Hawkins, MRC Centre, Cambridge [Hoogenboom et al., 1991]. The bacterial expression 

vector pUCl 19polyhis is also based on pUCl 19. The multiple cloning site has been 

replaced with an expression cassette containing the pelB leader sequence and the C- 

terminal tag Hise. This vector was also obtained from Dr. R.E. Hawkins, MRC Centre, 

Cambridge.

2.1.9 Buffers

BUFFER FORMULA

Tris-borate (TBE) buffer stock 

(xlO)

108 g Tris base, 55 g boric acid, 9.3 g EDTA 

(pHS.O). Add dHiO to 1 litre.

Tris-acetate (TAE) buffer stock 

(x50)

242 g Tris base, 57.1 ml glacial acetic acid, 100 ml 

0.5M EDTA (pH 8.0). Add dHzO to 1 litre.

DNA agarose gel loading buffer 

(xlO)

2.7 ml glycerol, 0.3 ml TBE buffer (x 10), 1% SDS, 1 

ml0.5MEDTA. Store at 4T .

RNA gel loading buffer (x 10) 50% glycerol, 0.01MNaH2P04(pH7.0), 0.4% 

Bromophenol blue

TE buffer 10 mM Tris-HCl, 1 mM EDTA. Adjust to pH8.0 with 

HCl.

IM Phosphate buffer Mix IM Na2HP04 with IM NaH2P04 until pH6.8 is 

reached.

Glyoxal buffer 25:6:4 (v/v) of DMSG : deionised 6M glyoxal : 

0.125M phosphate buffer pH6.8.

O.IM Citrate buffer Gradually add Buffer A) 10.5 g citric acid in 500 ml 

dH20 (O.IM) to Buffer B) 5.68 Na2HP04in 200 ml 

dH20 until pH3.0 is reached.



2.1.10 General Solutions

44

SOLUTION FORMULA

Ethidium bromide (10 mg/ml) 1 g Ethidium bromide. Add dHaO to 100 ml. Wrap 

container in aluminium foil. Store at room temperature.

Acrylamide stock 29.1 g acrylamide, 0.9 g Bis-acrylamide. Add dH20 to 

100 ml. Store at 4®C.

10 % Ammonium Persulphate 1 g Ammonium Persulphate. Add dH20 to 10 ml 

Store at 4°C.

PEG/NaCl 20% polyethylene glycol 6000, 2.5M NaCl. Store at 

4“C.

MgCl2/MgS04 12.0 g MgS04.7H20, 9.5 g MgCb. Add dH20 to 

100ml. Filter sterilise.

Destain 600ml Methanol, 1.2L H2O, 200 ml acetic acid.

Phenol lOOOg Phenol, 12 g Tris base, 650 ml (IH20, 1 g 

Hydroxyquino line. Store at 4®C. Discard if the yellow 

8-hydroxyquinoline turns orange.

Chloroform-Isoamyl alcohol 24 ml Chloroform, 1ml Isoamyl alcohol.

Phenol: Chloroform 1:1 mix

3M Sodium Acetate pH6 27.22 g sodium acetate.3H20, 5.75 ml acetic acid, 

75.4gdH20. Store at 4T .
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ANTIBIOTIC FORMULA WORKING
CONCENTRATION

Ampicillin Stock 25 mg/ml 0.25 mg ampicilin. Add sterile 
dHiO to 10 ml. 0.2 pm filter 
sterilise.

100 pg/ml

Kanamycin Stock 25 mg/ml 0.25 mg kanamycin. Add sterile 
dHzO to 10 ml. 0.2 pm filter 
sterilise.

50 pg/ml

Tetracyclin Stock 12.5 mg/ml 0.125 mg tetracyclin. Add sterile 
dH20 to 10 ml. 0.2 pm filter 
sterilise.

12.5 pg/ml

Ampicillin and Kanamycin were purchased from Boehringer Mannheim UK., Tetracyclin 

was obtained from Sigma-Aldrich Company Ltd.

2.1.12 Microbial Culture Media;

MEDIA FORMULA

2 X T Y medium 16 g bacto tryptone, 10 g yeast extraxt, 5 g NaCL Add 

dHiO to IL. Sterilise by autoclaving.

2xT Y  agar Add 15 g/L bacto agar to 2 x TY medium. Sterilise by 

autoclaving. Sufficient for 40 plates.

SOB medium 20 g bacto-tryptone, 5.0 g yeast extract, 0.5 g NaCl. Add 

dHiO to IL. Sterilise by autoclaving.

SOC medium Per litre of autoclaved of SOB medium, cool to 50®C, add 

aseptically 20 ml 20% glucose (20 mM), 10 ml MgC12 / 

MgS04.

10 xM9 salts 60 g Na2HP04, 30 g KH2PO4, 10 g NH4CI, 5 g NaCl. Store 

at 4®C.

Glucose / Minimal 

Medium Plates

Autoclave and mix aseptically: 15 g minimal agar in 900ml 

dH20, 100 ml 10 X M9 salts, 1 ml IMMgS04, 1 ml O.IM 

CaCb, 1 ml IM thiamine HCl, 10 ml 20% glucose.
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Yeast extract, Bacto-agar and Bacto-tryptone were purchased from Difco Laboratories. 

D(+) glucose was obtained from Sigma-Aldrich Company Ltd. Thiamine HCl (Vit B12) 

was purchased from Fluka.

2.2 Methods

2.2.1 Removal of RNase

Latex gloves were worn at all times to minimise RNase contamination. Disposable sterile 

plastic-ware was used or non-disposable glass- and plastic-ware were rendered RNase free 

by treatment with diethyl pyrocarbonate (DEPC, see 2.2.2). Sterile plugged eppendorf tips

were incubated at lOO^C for 8 hours prior to use.

2.2.2 DEPC Treatment

0.1% DEPC was added to plasticware and 50 ml dHiO aliquots overnight at room 

temperature and then autoclaved to deactivate remaining DEPC. NaCl being the exception, 

being prepared in pre-autoclaved DEPC-treated dHzO.

2.2.3 Immunisation and Preparation of Cells

Mice of the strain Balb/c were immunised by intraperitoneal injection of 3 pg rhVEGFies in 

incomplete Freund’s adjuvant. Mice were boosted 14 days later with 3 pg antigen. 10 days 

later the mice were bled, and the serum tested for the presence of polyclonal antibodies (see 

2.2.17.1), Four days before sacrifice the mice were given a final injection of 6 pg antigen 

each. The spleen was aseptically removed from the immunised animal. Contaminating 

tissue was trimmed and the spleen was placed in a 100 mm tissue culture dish containing 10 

ml sterile PBS. Spleen cells were released by teasing apart with two needles. Cell clumps 

were disrupted by pipetting. The cells and medium were transferred into a sterile
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centriftige tube, washed in sterile PBS and split into 5 X 2 ml aliquots. Aliquots were used 

immediately (see 2.2.4) or stored in liquid nitrogen.

2.2.4 Extraction and Precipitation of Total RNA

RNAgents Total RNA Isolation System [Promega, Southampton, UK] was used for RNA 

extraction as follows: Cells (from 2.2.3) were resuspended in 6 ml of denaturing solution 

(guanidinium thiocyanate), placed on ice for 5 minutes and homogenised using a Polytron® 

PT 10/35 (Kinematica, Luzem, Switzerland). The polytron was cleaned with DEPC-treated 

H2O and absolute alcohol between samples. The homogenised sample was placed back on 

ice prior to adding 0.6 ml of 2M sodium acetate and mixed by inversion. 6 ml of 

phenolrchloroform:isoamyl alcohol mixture was added and the sanqjle shaken vigorously 

for 10 seconds before being chilled on ice for 15 minutes. The mixture was then

transferred to a DEPC treated centriftige tube and centrifuged at 10,000 x g and 4^C for 20 

minutes. The top aqueous RNA containing phase was transferred to a fresh DEPC treated 

tube, measuring the amount transferred. The RNA was precipitated overnight by adding an

equal volume of isopropanol, and incubated at -20^C overnight.

The RNA was pelleted by centriftigation at 10 000 x g for 30 minutes. Supernatant was 

decanted off and the pellet resuspended in 5 mis of denaturing solution. An equal volume

of isopropanol was added, mixed by inversion, and placed in -20^C for a minimum of 4

hours. The RNA was pelleted by centrifugation at 8 250 x g and 4^C for 30 minutes, then 

washed with 5 mis of ice cold 75% EtOH. The pellet of RNA was air dried and 

resuspended in RNAse free dHiO.

The yield of the RNA preparation was quantitated by measuring the OD at 260 nm.

1.0 (A260) = 40 pg/ml RNA [Sambrook et al., 1989].
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2.2.5 Preparation of cDNA

For conversion of total RNA to cDNA the following reaction mix was prepared: 5 pi 

lOmM dNTP mix, 10 pi reverse transcriptase buffer (xlO), 10 pi O.IM DTT 

(dithiothreitol), 10 pi forward primer (10 pmol/pl), 4 pi RNAsin (40 units/pl) and 19 pi 

dHzO.

10 pg of RNA was microcentrifuged at 1 800 x g for 15 minutes. The resulting pellet was 

resuspended in 10 pi of DEPC-treated dHiO and heated at 65®C for 3 minutes, then chilled 

on ice to denature the RNA. The RNA was added to the reaction mix along with 2 pi of 

reverse transcriptase (giving a total reaction mix of 100 pi) and incubated at 42°C for 1 

hour. The sample was then boiled for 3 minutes and chilled on ice, and spun in a microfuge 

(1 800 X g) to pellet any debris. The supernatant was transferred to a new tube. 5 pi of 

cDNA was used to prime a 100 pi PCR reaction (see 2.2.6),

2.2.6 Polymerase Chain Reaction (PCR)

PCR amplifications were carried out using the GeneAmp kit from Perkin-Elmer Cetus 

[Nowalk, CT, USA]. The reaction kit buffer used was 10 mM Tris HCl. PH 8.3, 50 mM 

KCl, 1.5 mM MgCb, 0.001% (w/v) gelatin and the four deoxynucleoside triphosphates 

(dNTPs) were diluted from their original individual stock concentrations of 10 mM to 1.25 

mM in sterile dHzO as a mixture, and used at a working concentration of 0.2 mM. 

Oligonucleotide primers were used at a final concentration of 0.2 pM.

2.2.6.1 Primary PCR

Primary PCR reactions were carried out in microcentrifiige tubes in a final volume of 100 

pi using the following: 85 pi of PCR reaction buffer, 5 pi template (cDNA), 5 pi forward 

primer (10 pmol/pl) and 5 pi back primer (10 pmol/pl). The vial was mixed, 0.5 pi of 

Amplitaq® DNA Polymerase [Boehringer Mannheim] added, and the mixture was overlaid
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with 4 X drops of mineral oil [Perkin-Elmer Cetus] to prevent evaporation of the reaction 

mixture during the heating cycles.

PCR was performed in a Biometra personal cycler [Whatman] using the following 

program: 94®C for 1 minute (linearisation of DNA), 55°C for 2 minutes (annealing of 

primers) and 72®C for 2 minutes (elongation). This cycle was performed 30 times, 

followed by a further 5 minutes at 65®C, and finally cooling to 4°C. On completion of the 

PCR, sanq)les were carefully removed from beneath the oil and transferred to a fresh 

microcentrifuge tube. To check the success of amplification, samples were then analysed 

on a 1.5% standard agarose gel with TBE buffer (see 2.2.10.1), followed by the DNA being 

extracted via the Wizard purification protocol (see 2.2.7.1).

2.2.6.2 Secondary PCR

Secondary PCR was carried out in a final volume of 100 pi as follows: 85 pi PCR reaction 

buffer, 5 pi template (1® PCR), 5 pi forward primer (10 pmol/pl) and 5 pi back primer (10 

pmol/pl). The mixture was overlaid with 4 x drops of mineral oil and 1 pi of Taq 

polymerase (5 units) was added to each tube. The following cycle was carried out: 94®C 

for 1 minute (linearisation of DNA), 50°C for 1 minute (annealing of primers) and 72®C for 

1 minute (elongation). This cycle was performed 30 times, followed by a further 5 minutes 

at 65®C, and finally cooling to 4®C. On completion of the PCR, the aqueous phase of 

samples was carefiiUy removed from beneath the mineral oil and 10 pi analysed on a 15% 

TBE gel (see 2.2.10).

The an^lified fragments require end polishing: 10 pi of NTP and 1 pi of Klenow 

[Boehringer Mannheim] were added per 100 pi of PCR products and incubated for 15 

minutes at room ten^erature. The DNA was purified from a 2% low melting point (TAE) 

gel (see 2.2.7.2).
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2,2.63 Assembly PCR

For PCR assembly of the scFv repertoires approximately 1 pg of heavy chain product and 

1 pg of a kappa chain product were combined in a PCR reaction mixture with 10 pi 1 Ox 

PCR buffer, 10 pi dNTP’s, made to 100 pi final volume with dHiO. 1 pi Taq polymerase 

(5 units) was added, and the mix overlaid with 4 x drops mineral oil and cycled as follows: 

94®C for 1 minute, 50®C for 1 minute and 74®C for 1 minute to join the fiagments. This 

cycle was performed 10 times, followed by 5 minutes at 94°C. After 2 minutes at 94°C, 18 

pi of the following PCR / primer mix with 1 pi Taq polymerase (5 units) was added: 35 pi 

Kappa forward primer, 35 pi Heavy back primer, 10.5 pi lOx PCR mix, 10.5 pi dNTP mix 

and 14 pi dHiO and the following cycle carried out: 94®C for 1 minute, 60®C for 

1 minute and 74°C for 1 minute. This cycle was performed 20 times and cooled to 4°C.

The aqueous phase was removed from under the oil and 10 pi analysed on a 1.5% TBE gel. 

The assembled DNA product was extract by Wizard agarose purification (see 2,2,7).

2.2.6 4 PCR Screening of Bacteria! Colonies

Bacterial colonies were used as the template instead of DNA. Each bacterial colony was 

retrieved using a cocktail stick from a 2 x TY agar plate growing single colonies of the 

transformed DNA. This was added to the following reaction mix: 17 pi PCR mix, 1 pi 

M13 forward primer (10 pmol/pl), 1 pi Ml 3 reverse primer (10 pmol/pl) and 1 pi dHzO. 

The PCR cycle was as follows: 94°C for 1 minute, 50°C for 1 minute and 72°C for 

1 minute. This cycle was performed 30 times, followed by a frirther 7 minutes at 72®C, and 

finally cooling to 4®C. On completion of the PCR, the aqueous phase of samples was 

carefully removed from beneath the mineral oil and 10 pi analysed on a 1.5% standard 

agarose gel with TBE buffer (see 2.2.10.1),
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2.2.7 DNA Purification

2.2.7.1 Purification of PCR Reaction Products (Wizard purification)

The Wizard PCR Preps DNA Purification System from Promega [Southanq)ton, UK] was 

used to purify PCR products. PCR samples were transferred to fresh microcentrifuged 

tubes and 100 pi of direct purification buffer aliquoted and mixed in, followed by 1 ml of 

resin being mixed 3 times over 1 minute. The resin/DNA gel slurry was transferred to a 2 

ml syringe to which a Wizard PCR preps mini-column was attached and gently pushed 

through with plunger. Any eluant was collected in a microcentrifuge tube. The 

minicolumn was washed with 2 ml of 80% isopropanol, removed from the syringe barrel, 

placed in a 1.5 ml microcentrifrige tube and dried by spinning at 1 800 x g, for 25 seconds. 

Bound DNA was eluted by the addition 50 pi of Ix TE or dHiO for 1 minute followed by 

centrifugation of the column in a microfuge tube for 40 seconds at 1 800 x g.

2.2.7.2 Purification of PCR DNA from Agarose

The Promega Wizard PCR Preps DNA purification system was used. Fragments were size 

fractionated in 2% nusieve agarose gels (see 2.2.10.2), and bands of interest were visualised 

by long wave UV light transillumination, and excised from the gel using a scalpel. Gel 

slices were transferred to separate sterile 1.5 ml microcentrifuge tubes. Sangle was

incubated at 70°C to melt the gel, and 1 ml of DNA purification resin added. The product 

was then purified using syringe and minicolumn as above (see 2.2.7.1).

2.2.7.3 Phenol / Chloroform Extraction

An equal amount of phenolxhloroform: isoamyl alcohol was added to the sangle, vortexed 

for 1 minute, then centrifuge for 1 minute and the aqueous phase carefiilly transferred to a 

clean tube.
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2.2.8 Restriction Enzyme Cutting of DNA

Enzymes were tested separately and together against uncut DNA.

2.2.8.1 Vector Preparation

pHEN and pUCpolyhisl vectors were digested with Sfll and Notl restriction enzymes as 

follows: 20 pi Vector DNA, 20 pi Boehringer buffer M, 4 pi Sfil and 116 pi (IH2O. The 

mix was overlaid with 3 drops of mineral oil, and incubated at 50°C for 16 hours. The 

following mixture was then added under the oil: 10 pi NaCl IM, 5 pi Notl, 20 pi Tris-HCl 

400 mM and 5 pi dHiO. This mixture was incubated at 3TC for 6 hours. Then 20 units of 

calf intestinal alkaline phosphatase was added and the mix incubated for a further 30 

minutes at 37°C to prevent religation. Gel purify from a low melting point / TAE agarose 

gel and can be stored at -20®C.

2.2.8.2 scFv Preparation

The scFv constructs were assembled and an^lified with <5̂ 1 and Notl at each end in the 

following reactions: 50 pi assembly PCR products, 10 pi Boehringer buffer M, 4 pi Sfil and 

16 pi (IH2O. The mixture was overlaid with 3 x drops mineral oil and incubated for 15 

hours at 50®C after which the following was added: 5 pi NaCl IM, 5 pi Notl and 10 pi Tris- 

HCl 400mM. The reaction was incubated at 37®C for 6 hours. Gel purify from a low 

melting point / TAE agarose gel and can be stored at -20°C.

2.2.8.3 Subcloning into Hisg Vector

To focilitate purification by IMAC and subsequent detection by western blot analysis, sub

cloning into a vector incorporating Hise tags was performed. The anti-VEGF scFv’s were 

inserted into pUCl 19polyhis vectors via the Sfil/Notl restriction sites and re-transformed 

into TGI cells.
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2.2.9 Ligation Reactions

As a general rule a 3:1 molar ratio of insert to vector should lead to a satisfactory ligation. 

This was calculated by estimating units of activity by observing the brightness of bands on 

an agorose gel with reference to DNA markers. Ligation of the DNA fragment was carried 

out following the DNA Ligation System kit instructions from Amersham International 

[Little Chalfont, Bucks., UK]. The digested vector DNA and insert DNA were mixed in 5- 

10 ml of 100 mM Tris-HCl, 5 mM MgCl2, pH7.6. 4-8 volumes of reaction buffer was 

added and mixed vigorously. An equal volume of enzyme solution and the DNA solution

(5-10 ml) were mixed well, and incubated at 16^C for 30 minutes to 4 hours in the 

Biometra personal cycler. The ligation mixture was phenol chloroform extracted and 

ethanol precipitated before electroporation (see 2.2.7.3).

2.2.10 Gel Electrophoresis

2.2.10.1 Analytical Agarose Gel Electrophoresis

Analytical and purification gel electrophoresis using 1.5% horizontal slab gels was used to 

resolve nucleic acids from procedures, containing 5 pg ethidium bromide (fluorescent dye) 

to visualise DNA bands. For analytical gels, 0.5 g agarose MP (Boehringer Mannheim) 

was dissolved in 50 ml TBE buffer, and the agarose slurry was melted in a microwave. 5 

pi of ethidium bromide stock was added just prior to pouring into a Hi-Set mini horizontal 

electrophoresis unit (Anachem). The appropriate well formers were put in place and the gel 

allowed to set. Gels were submerged in 50 ml of TBE buffer. 2 pi of DNA loading buffer 

was added to 10 pi of DNA samples, and loaded into wells. DNA fragment sizes were 

estimated by co-electrophoresis of 10 pi of DNA standard molecular weight marker 0X174 

[Boehringer Mannheim, Lewes, East Sussex, UK] and / or A, DNA [Boehringer Mannheim]. 

Electrophoretic separation of samples was carried out at a constant voltage of 50 mV until 

sufficient separation was observed. Gels were visualised using a transilliminator UVP 

(Genetic Research Instrumentation Ltd, Dunmow, Essex, UK).
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2.2.10.2 Purification Agarose Gel Electrophoresis

For purification gels 2% NuSieve GTG agarose gels (Flowgen, Maidstone, UK) were 

prepared in 50 ml TAE bufier containing ethidium bromide as above, and run at 30 mV 

submerged in IxTAE buffer. The desired bands were visualised under long wave UV hght 

using a Mineralight® UV lamp (UVP, Milton Keynes, UK).

2.2.10.3 Glyoxal Gel Electrophoresis

Electrophoretic separation of RNA was carried out in 1-1.2% agarose gels prepared in 10 

mM phosphate buffer pH8. Samples must be denatured with glyoxal prior to 

electrophoresis. RNA was incubated with 5 pi of “glyoxal buffer” per pg of RNA for 1 

hour at 50®C. Samples were loaded onto gels with 0.1 volume of RNA loading buffer and 

electrophoresis allowed to proceed until the marker dye had run half way into the gel 

Buffer was circulated continuously with a peristaltic pump to prevent ionic polarisation of 

the buffer salts which can lead to the dissociation of the glyoxal from the gel. Glyoxalated 

RNA gels can not be directly stained during electrophoresis, and therefore must be de- 

glyoxalated after the run. This involved 2 x 20 minute washes in 50 mM NaOH to 

dissociate the glyoxal from the RNA, followed by 2 x 20 minute washes in 50 mM 

phosphate buffer pH6.8 to neutralise the gel. Gels were stained with 5 ug/ml ethidium 

bromide (EtBr) in 50 mM phosphate buffer for 30 minutes to visualise the samples. The 

species were sized using co-electrophoresed glyoxalated X markers.

2.2.10.4 SDS-PAGE Gels

Electrophoresis of proteins was performed using the discontinuous buffer system 

[Laemmli, 1970] under reducing conditions. SDS-PAGE mini gels (0.75 mm thick, 10 

wells) were run at 10 mA using SE 250 mighty small apparatus (Hoefer scientific, San 

Francisco, USA.). The concentration of acrylamide was based on the general guidelines for 

separation of proteins of different molecular weights (15%: 12-445kD, 10%: 16-70kD, 5%: 

60-200kD), the recipes were made and the gels cast according to manufacturer’s guidelines. 

Gels were electroblotted (see 2.2.17.2) or stained with Coomassie blue stain for 2-3 hours 

and destained overnight or until a clear background was achieved.
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2.2.11 DNA Sequencing

2.2.11.1 Double Stranded DNA Template Preparation

The Qiagen plasmid midi kit was used to produce plasmid preparations (of up to 100 mg) 

from cultures of E.coli A single colony on a 2 x TY (anq)/gluc) agar plate was transferred 

using a 1 pi sterile loop to a 250 ml conical flask containing 100 ml of sterile 2xTY 

(amp/ghic) media, and incubated at 37®C overnight in the orbital shaker at 250 rpm.

Bacterial cells were harvested from 100 ml o f overnight culture by centrifiigation at 4^C,

for 15 minutes at 2 772 x g. The bacterial pellet was resuspended in 4 ml of ice cold 

resuspension buffer (buffer PI) and 4 ml of lysis buffer (buffer P2), mixed by inversion and 

incubated at room temperature for 5 minutes to allow lysis to occur. 4 ml of chilled 

neutralisation buffer (buffer 3) was added, mixed immediately by inversion and incubated

on ice for 15 minutes. The Suspension was centrifuged at 4^C, for 30 minutes at 30 000 x 

g and supernatant promptly removed. A Qiagen-tip 100 was equilibrated with 4 ml of 

equilibration buffer (buffer QBT) and the supernatant applied. The column was washed 

with 2 X 10 ml of wash buffer (buffer QC), and the DNA eluted with 5 ml of elution buffer 

(buffer QF). The DNA was precipitated with 0.7 volumes (3.5 ml) of isopropanol

equilibrated to room temperature, centrifiiged immediately at 4^C, for 30 minutes at 15 000 

X g, and the supernatant carefully removed. The DNA was washed with 

5 ml of 70% ethanol, centrifuging as above. The supernatant was decanted off, and the 

pellet air dried for approximately 5 minutes before redissolving in 100 ml of dH20.

2.2.11.2 Automated Sequencing

Sequencing reactions using an automatic sequencer were performed by The Advanced 

Biotechnology Centre at The Charing Cross and Westminster Medical School (St. 

Dunstan’s Road, London, W6 8RF). Reactions were performed using 1 pg DNA template 

at 250 ng/pl and 3.2 pMoles of sequencing primer.
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2.2.11.3 DNA Fingerprinting of Clones

The diversity of the original and selected libraries was determined by PCR screening. 

Recombinant clones were screened before and after selection by amplifying the scFv insert 

using primers which sit upstream fi*om the pel B leader sequence and in the 5’ end of gene 

3, followed by digestion with the firequent cutting enzyme Rf/Nl. The results were 

analysed using agarose gel electrophoresis (see 2.2.10.1).

2.2.12 Transformation of Electro-Competent Bacterial Cells

2.2.12.1 Preparation of Electro-Competent Bacterial Cells

TGI E. coli cells were streaked to single colonies onto a minimal agar plate, and incubated

at 37^C overnight. A single colony was inoculated into a maximum of 10 mis of 2 x TY

medium and incubated culture at 37^C, 250 rpm for 16 hours. 1 litre of 2 x TY was

innoculated with 1/100 dilution of overnight culture, and grown at 37°C, 250 rpm until 

OD^OO ^  0.5-1.0, and then chilled on ice. The 1 litre of culture was then centrifiiged for 15

minutes at 4000 x g and the pellet washed in 1 litre of ice-cold pyrogen firee H2O. The cells 

were then recentrifiiged, washed with 500 ml ice-cold pyrogen firee H2O, recentrifuged and 

washed with 20 ml of ice-cold 10% glycerol in H2O, recentrifiiged and resuspended in 3 ml 

of ice-cold 10% glycerol. 200 pi of cells were then aliquoted into eppendorf tubes and 

either placed in ice if they were to be used immediately for electroporation (see below) or

snap fi-ozen in liquid N2. The cells can be stored at -70^C for up to 6 months. The 

conqietency of the cells was checked by transforming with a known quantity of plasmid
7

DNA. The competency should be at least 10 per pg of DNA.

2.2.12.2 Transformation by Electroporation

If fi*ozen the TGI electro-conqietent cells were thawed on ice. The electroporator [Gene 

Puiser, Biorad] apparatus was pre-set to 2.5 Kv, capacitance 25 pFD, resistance 200 Q. In 

a chilled 1.5 ml eppendorf tube, 40 ml of cells was mixed with 1-2 pi of DNA, or plasmid
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DNA (1/50 dilution) thoroughly by pipetting, and incubated on ice for 1 min prior to 

electroporation. The mixture of cells and DNA was transferred to an ice-cold sterile gene 

pulsar 0.2 cm disposable cuvette [Biorad]. The cuvette was placed in the pre-chilled 

chamber slide, pushed into the chamber to between the contacts, and pulsed once at the 

stated settings (the time constant should be between 4-5 mSec). The cells were 

immediately resuspended with 1 ml of 2 x TY + 0.1% glucose to recover the maximum

number of transformants, transferred to a 1.5 ml eppendorf tube and incubated at 37^C, for 

30 minutes in an Innova 4000 incubator shaker at 250 rpm [New Brunswick Scientific, 

Hatfield, UK]. The solution was centrifuged at 17,860 x g for 5 minutes, the supernatant 

removed and the cells resuspended in 100 pi of 2 x TY media. Dilutions of the culture 

were made and 100 pi was plated out onto 2xTY (amp/gluc) agar plates and incubated at

37^C overnight. Bacterial colonies were counted, conq>ared to the controls, and the 

conq)etency of the cells and estimated library size was calculated.

2.2.13 Preparation of Filamentous Phage

2.2.13.1 Phage Infection

E. coli TGI were grown overday at 37^C in an incubator/shaker, by inoculating 2 mis of 2 

X TY culture media with a single colony of TGI, taken from a GMM plate. When the 

bacterial cells were in the logarithmic growth phase, they were infected with phage as 

follows: 50 ml of the over-day culture was transferred to 5 mis of fresh 2 x TY medium + 

1% (w/v) glucose. To this 10 ml of 1/100 dilution of stock phage was added, approximately

10* cfu/ml. This culture was placed in the incubator / shaker at 37^C. After 1 hour 

dilutions were made in PBS, and 200 ml of each dilution plated out with neat controls onto

2xTY +1% glucose + ampicillin plates, and placed in the incubator at 37^C overnight. 

Phage rescue was performed as in section 2.2.13.2.
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2.2.13.2 Phage Rescue

Phage titres were calculated from the overnight plates and 2 mis of 2xTY + 1% glucose +

ampicillin was inoculated with a single colony of TGI and grown, shaking at 37^C. When 

the cells were in the logarithmic growth phase, 500 pi was transferred into 50 mis of fresh 

2xTY supplemented with 1% glucose and 100 pg anq)icillin / mL Cultures were grown to

an ODôoo of 0.4 and infected with VCSM13 (500 pLlO^* pfu) helper phage and grown an 

additional hour. At I hour the cultures was transferred to 50 ml Falcon tubes, and 

centrifuged in a bench centrifuge at 2 772 x g for 15 minutes, to pellet cells, and remove 

glucose. The supernatant was poured off, and the pellet resuspended in 50 ml of fresh 2 x 

TY supplemented with 100 pg ampicillin/ml and 25 pg kanamycin/ml and the culture was 

incubated overnight. Phage particles were purified and concentrated as set out in 2.2.13.3.

2.2.13.3 Phage Preparation

Phage were isolated from the liquid culture by clearing the supernatant by centrifugation (2 

772 X g for 20 minutes in a bench centrifuge at 4°C). The supernatant was decanted ofi^

and phage particles precipitated with PEG ((1/5 voL) 3.3% PEG 6000 / 0.4M NaCl) at 4°C 

for 30 minutes, and recentrifuged as above. Phage pellets were resuspended in 1.5 ml 

dHiO. The resuspended pellet was subsequently microcentrifuged (I 800 x g for 5 

minutes), the phage particles reprecipitated as above with PEG and re-microcentrifuged (I 

800 X g for 10 minutes), before the pellet was resuspended in I/100 of the original starting 

volume of TE buffer.

2.2.14 Phage Selections

2.2.14.1 Titering of Colony-Forming Units

Phage were diluted in 2xTY and I pi was used to infect 50 pi of fresh E.coli TGI culture 

(ODeoo = I) grown in 2xTY containing tetracycline (10 pg/ml). Phage and cells were 

incubated at 37®C for 15 minutes and then directly plated on 2xTY + anq> plates.
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2.2.14.2 Panning of Combinatorial Library to Select Antigen Binders

For selection, 75 mm x 12 mm immunotube was coated with 4 ml of rhVEGFies (10 pg/ml) 

in PBS overnight at room temperature. After washing 3 times with PBS, the tube was 

incubated for 1 hour and 37°C with 3% skimmed milk powder (Marvel) for blocking. The 

wash was repeated and phagemid particles (10*  ̂t.u.) in 4 ml of 2% skimmed milk powder 

added, incubated 30 minutes at room temperature, systematically inverting the tube using a 

rotating turntable. Tubes were then washed 20 times with PBS, 0.1% (v/v) Tween 20 and 

20 times with PBS (each washing step was performed by pouring buffer in and out 

immediately). Bound phage were eluted after a 10 minute incubation in 1 ml of 100 mM- 

triethylamine with end-over-end mixing. The eluted material was immediately neutralised 

by adding 0.5 ml of 1 M Tris-HCl (pH 7.4). Eluted phage (in 1.5 ml) were used to infect 

log-phase E.coli TGI cells in 2 x TY broth, and plated on 2 x TY medium containing 

anqjicillin and glucose. Bacterial colonies were counted, scraped from the plates, and an 

aliquot used as an inoculum to prepare phage for the next round of panning.

2.2.14.3 Purification of scFv’s using Immobilised Metal Ion Affinity 

Chromatography (IMAC)

Colonies o f E.coli TGI harbouring the appropriate phagemid was used to inoculate 10 litres 

of 2 X TY containing 100 pg ampicillin / ml and 0.1% glucose. The cultures were grown to 

an Aéoo nm of 0.9 and expression of soluble scFv induced by the addition oflPTG to a final 

concentration of 1 mM. Supernatant was concentrated using an Amicon CH2 

ultrafiltration system incorporating a RA2000 reservoir and SIYIO spiral cartridge with a 

molecular cut off of 10 kD. The culture supernatant was concentrated to 200-300 ml and 

cfialysed against sterile PBS pH 7.4.

A 2.5 X 10 cm Econocolumn (BioRad) was packed with 40 ml chelating sepharose fast flow 

(Pharmacia) and equilibrated under gravity with 100 ml sterile dHiO. Metal ions (Cu^^ 

were loaded as 100 ml of 0.1 M copper sulphate in dHiO and washed through with the same 

volume of equilibrium buffer (PBS/IM NaCl). Up to 300 ml supernatant was loaded and 

the unbound material collected. Conq^etitive elution was carried out using 250ml 

imidazole in concentrations o f20, 40 and 200 mM respectively, collecting fractions of 40
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ml, 60 ml, 10 ml and 130 ml eluant at each step. The column was regenerated by stripping 

metal ions with 100 ml 50 mM EDTA and re-equihbrated with several 250ml of sterile 

dHzO.

All fractions were dialysed into PBS to remove salt, eluting agents and any metal ions 

which may have leached from the column. The fractions containing purified anti-VEGF 

His were then pooled and concentrated using Amicon ultrafiltration and a PMIO membrane 

for SDS PAGE analysis.

2.2.14.4 Induction of Soluble scFv

E.coli TGI were infected with phagemid and plated on 2 x TY, 100 pg/ml ampicillin 

plates. Colonies were shaken at 37°C in 2xTY medium, 100 pg/ml ampicillin, 1% glucose 

to OD550 = 0.5 to 1.0. Cells were pelleted, washed once in 2xTY medium, resuspended in 

medium with 100 pg/ml ampicillin, ImM IPTG, and grown for a further 16 hours at 30°C. 

Cells were pelleted and the supernatant, containing the secreted chains, used directly in 

ELISA.

2.2.15 Affinity Determination

2.2.15.1 Measurement of Antibody Affinity using BIAcore

The affinity of anti-VEGF scFv fragments to antigen was evaluated by surface plasmon 

resonance (SPR) detection using a BIAcore instrument (Pharmacia). This was performed at 

Zeneca Pharmaceuticals by Dr. Chris Boot. The molecular interactions occur on the 

surface of a CM5 sensorchip, which consists of a glass slide covered with a thin film of 

gold bound to a carboxylated dextran matrix. The ligand (VEGF165) was covalently 

coupled to the sensorchip via amine groups (see 2.2.15.2). Binding of scFv fragments to 

immobilised VEGF165 was monitored by passing aliquots (50 pi) of scFv at various 

concentrations in HBS (0.0 IM HEPES pH 7.4, 0.15M NaCl, 3mM EDTA, 0.005% 

surfactant P20) across the sensor plate at a flow rate of 40 pl/minute. SPR is measured in 

resonance units (RU) derived from changes in refractive indices on binding of an antibody
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to the surtace. Readings are taken continuously throughout the experiment and are 

presented as a sensorgram, from which the kinetic binding parameters were calculated with 

the BIAevaluation software version 1 (Biosensor). After each run with antilx>dy, the sensor 

chip surfece was regenerated (non-covalentiy bound molecules removed) by treatment with 

a 1 minute acid wash (O.IM HCl), allowing fiirther antibodies to be tested.

2.2.15.2 Amine Coupling

Immobilisation of VEGF to sensorchip CM5 was performed by using the amine coupling 

kit (Pharmacia) as follows: A continuous flow of HBS (O.OIM HEPES pH 7.4,0.15M 

NaCl, 3mM EDTA, 0.005% surfectant P20) was maintained over the sensor surface at a 

rate of 5 pl/minute unless otherwise stated. The carboxylated matrix on the sensor surface 

was activated by injection of 35 pi of a mixture (final concentrations were O.IM) of N- 

ethyl-N’-(3-diethyl-aminopropyl)-carbodiimide [EDC] / N-hydroxysuccinimide [NHS] 

(Biosensor amine coupling kit), forming reactive carboxyl groups that will then bind to 

amines present in the ligand. 2 pi VEGF (50 pg in 1.5 ml of lOmM sodium acetate, pH4.0) 

to be immobilised was then injected followed by 50 pi IM ethanolamine (Biosensor amine 

coupling kit) to block unreacted NHS-ester groups (flow rate 20 pl/min). Non-covalently 

bound ligand was washed from the surfece by injecting 5 pi O.IM HCl. Immobilisation of 

ligand took approximately 20 minutes. A response of 1000 RU corresponds to a surface 

concentration of approximtely 1 ng/mm^.

2.2.16 ELISA

2.2.16.1 ELISA of Phage-Antibody Preparations

ELISA plates were coated with CE A (0.1 ml, 2 pg/ml in PBS) or VEGF-A (10 pg/ml) for 1 

hour at room temperature. The plates were washed x3 with PBS and blocked with 3% 

skimmed milk powder in PBS (0.15 ml) for 1 hour at room temperature, and further washed 

x3 with PBS. Serial dilutions of phage (50 pi of clonally mixed phage (typically 10̂  ̂cfii)) 

(0.1 ml) were added to the precoated ELISA plate and were incubated for 1 hour at room 

tençerature. The plates were washed x3 with PBS/0.05% Tween, followed by x3 with
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dHaO, and primary antibody was added (0.1 ml diluted 1:500 in PBS) and incubated for 1 

hour at room tenq>erature. The plates washed x3 with PBS/Tween, and (IH2O and 

secondary antibody peroxidase-conjugated was added (0.1 ml diluted 1:500 in PBS) and 

incubated for 30-60 minutes at room tenqjerature. The plates were washed x3 in 

PBS/Tween and dHjO and substrate was added (0.1 ml, 10 mg Orthophenylenediamine 

(OPD) in 40 ml of O.OIM citrate buffer, pH5, containing 8 ml of H2O2). After 5 minutes 

incubation at room temperature for signal development, the reaction was quenched using 

4N HCl (0.1 ml), and OD490 was determined.

2.2.16.2 Rescue of Phage or soluble scFv from individual Phagemid Clones in 

Microtitre Trays for binding ELISA

To rescue phage, single ampicillin-resistant individual colonies, resulting from infection of 

E.coli TGI with eluted phage, were inoculated into 150 pi of 2 x TY medium containing 

100 mg/ml ampicillin and 2% glucose in a 96-well plate and grown with shaking (100

r.p.m.) for 6 hours at 37°C. A 96-well replicator was used to inoculate the overnight 

cultures on the master plate into 150 pi fresh 2 x TY + glucose + 100 pg/ml ampicillin.

Added 50ml of 50% glycerol to each well of the master plate and stored at -loPc. The

replica plate was grown with shaking at 100 r.p.m. for approximately 5-6 hours at 37^0 or 

until turbid (A6oo=0.5 to 1.0). 10 pi of 2xTY + glucose +100 pg/ml ampicillin broth

containing 5 x 10^%fu/ml M13K07 was added to each well, and the plate incubated at 

37®C for 30 minutes without shaking. The plate was then shaken (100 r.p.m.) at 37°C for 

30 minutes after which time glucose was removed by spinning down the cells (755 x g for 

10 minutes), and aspirated the supernatant. Cells were resuspended in 100 pi 2xTY with 

kanamycin (50 pg/ml) and ampicillin (100 pg/ml) and grown ft>r 20 hours, shaking at

30^C. Supernatant containing phage was tested for binding by ELISA.

To produce soluble scFv’s, single ampicillin-resistant colonies of infected Kcoli TGI were 

inoculated into 150 pi of 2 x TY broth containing 100 pg ampicillin / ml and 0.1% glucose 

in 96-well plates and grown with shaking at 37®C until an Aôoo nm of 0.9 was reached.
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Expression of soluble scFv was induced by the addition of isopropyl p-D- 

thiogalactopyranoside (IPTG) to a final concentration of 1 mM and the culture grown

overnight at 30^C. Supernatant containing soluble scFv was taken for analysis by ELISA.

2.2.16.3 Phage ELISA

On the same day as performing the phage rescue (section 2.2.16.2), one flexible 96-well 

plate was coated with 50 pl/well of antigen at 10 pg/ml in PBS and a second plate was

coated with 50 pl/well of PBS, and were left at 4^C overnight to coat. The plates were 

washed x3 with PBS, followed by blocking with 280 pi per well of 3% skimmed milk

powder (Marvel) in PBS, for 2 hours at 37°C. The overnight culture plate was centriftiged 

at 755 X g for 10 minutes. 100 pi of each culture supernatant was transferred to the 

appropriate well of a microtitre plate containing 20 pi of 6x PBS / 18% skimmed milk 

powder mixed by pipetting and allowed to block for 1 hour at room temperature. The 

coated and blocked plates were washed x3 times with PBS. 50 pi of pre-blocked phage

was then transferred to each of the two plates and allowed to bind for 1 hour at 37^C. The 

plates were washed for 2 minutes at a time, x3 each with PBS/Tween followed by x3 with 

PBS. 100 pi of a 1/1000 dilution of unconjugated sheep anti-fd antibody in 3% skimmed

milk powder /PBS was added to each well and incubated for 1 hour at 37^C. The plates 

were washed as before x3 PBS/Tween, then x3 PBS. To each well, 100 pi of a 1/500 

dilution of HRP-conjugated rabbit anti-goat IgG in 3% Marvel/PBS was added, and

incubated for 1 hour at 37^C. The plates were again washed as above x3 PBS/Tween, then 

x3 PBS and once with saline. One 10 mg OPD tablet was dissolved in 40 ml of O.OIM 

citrate/phosphate buffer, pH5 + 8 ml H2O2, and 100 pi added to each well. The plates were 

left at room temperature until sufficient colour developed, and the reaction quenched with 

100 pi per well of 4N HCl. The OD490 was determined.
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2.2.17 Protein Characterisation

2.2.17.1 Dot Blotting of Mouse Serum

The VEGF imiminised mice were anaesthetised 7-14 days post injection and bled by the 

retro-orbital venous sinus (carried out by Mr. B. Boden in the Dept, of Clinical Oncology), 

and the blood allowed to clot for 30 minutes at 37°C, followed by contraction of the clot at 

4°C. The serum was removed from the clot along with any remaining insoluble material by 

centrifugation at 10 000 x g for 10 mins at 4°C. A sheet of Transfer blot membrane (Bio- 

Rad Laboratories Ltd.) was cut to the appropriate size. The serum sample was spotted onto 

the membrane in 2 ml aliquots, allowing it to soak in. When the protein spots were dry the 

membrane was blocked by soaking it overnight in 20 mis of PBS containing 3% skimmed 

milk powder (Marvel). The membrane was incubated in 20 ml of the first antibody dilution 

(in PBS / 1% skimmed milk powder) for Ihour at room ten^rature with gentle rocking. 

The membrane was washed in 4 times 100 ml PBS / 0.1% Tween 20 on a rocker, each wash 

being 15 minutes. The membrane was then incubated in 20 mis of the second antibody 

dilution (HRP-conjugated antibody in 1% skimmed milk powder / PBS) for 1 hour at room 

temperature with rocking. The membrane was washed as above, and developed with 15 mis 

of 3’3’-diaminobenzadine HCl (DAB, Sigma) made immediately before use, at room 

temperature until the desired band intensity was achieved. The reaction was quenched with 

H2O and the membrane air dried.

2.2.17.2 Western Blotting

SDS-PAGE gels (see 2.2.10.4) were electroblotted using the 2117 Multiphor II system 

(Pharmacia Biotech., St. Albans, UK.) using a continuous buffer system. The graphite 

anode was moistened with transfer buffer and 6 AVhatman chromatography filter papers 

(Maidstone, Kent. UK.) cut to 9 cm x 11 cm soaked in transfer buffer were placed on the 

anode plate. The nitrocellulose membrane (PVDF, BioRad) was cut to size (8 cm x 10 cm), 

and after pre-soaking in methanol followed by transfer buffer was placed centrally on top of 

the filter papers. The mini gel was positioned flat on the membrane and additional buffer 

was applied to ensure efficient transfer. A further 6 soaked filter papers were stacked to 

cover the gel and the cathode was placed on top. A current o f200 mA was applied for 1 

hour.
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The blotted membrane was blocked with 5% milk powder (Marvel) in PBS for at least 1 

hour on a rocker. The blot was washed 4 times in PBS / 0.05% Tween 20 for 15 minutes 

with gentle mixing. The first antibody was incubated in blocking solution containing 

0.05% Tween 20 for 1 hour. The unbound antibody was washed away with 4 washes of 

PBS/0.05% Tween 20 over 30 minutes. The detection antibody conjugated to horseradish 

peroxidase (HRP) was incubated as for the first antibody at the recommended dilution. 

Anti-His Ni-NTA conjugate (Dianova) was used at a final concentration of 2 pg/ml and 

detected with a 1/1000 dilution of sheep anti-mouse HRP conjugate (Amersham). Anti- 

myc (9E10) was used at a 1/1000 dilution and detected with a 1/1000 dilution of sheep anti

mouse HRP conjugate. Extensive washing for 1 hour with at least 6 rinses was performed 

and the Western blot was detected with DAB substrate.

2.2.18 Distribution of Antibodies in Tissue Sections

Cryostat tissue sections were prepared and the procedures below supervised by Mr G. 

Boxer in the Dept, of Clinical Oncology.

2.2.18.1 Immunohistochemical Characterisation of Antibodies

Cryostat sections 5-7 pm thickness were prepared from frozen (stored at -70°C) or fresh 

tissue (snap frozen in iso-pentane cooled in liquid nitrogen) on a cryostat (Bright 

Instruments, Huntingdon, UK). Sections were mounted on 3-aminopropyl triethoxysilane 

(APS) coated slides, air dried and fixed in cold acetone for 20 minutes. The sections were 

blocked to minimise non-specific binding of antibodies to tissues, by applying a blocking 

agent usually 10% normal horse serum (Vector Laboratories, Peterborough, UK) for 10 

mins. The excess was drained off and the sections incubated with test samples in tris 

buffered saline pH 7.6 (TBS) for 40 minutes. After three 5 minute washes in TBS the 

second antibody, was addded for 40 minutes, then washed as above. For detection sheep 

anti-mouse HRP (1/75 dilution, Amersham) was applied to sections for 1 hour.

Following three washes in TBS, a freshly prepared filtered solution of DAB substrate at 0.6 

mg/ml in 0.03% H2O2 made in TBS was applied to the sections for approximately 5
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minutes. The reaction was stopped by washing in tap water. Nuclei were stained with 

Harris’ haemotoxylin stain for 30 seconds and washed in running tap water for 5 minutes. 

The sections were rehydrated in graded alcohol (70%-90% and 2 changes of 100%), cleared 

in Clearene (Surgipath, U.K.) and mounted under glass coverslips with a drop of Ralmount 

(BDH). Reactivity of antibody with antigen (or cross reactivity with tissue components) 

was determined by detection of a brown granular reaction product using bright-held 

microscopy (BH2 Olympus, London, UK). Interpretation of results was made with 

reference to controls.

2.2.18.2 Autoradiography

To assess the microdistribution of scFv, groups of four mice were injected with either 

scFv or the control *^^I-MFE-23. Mice were sacrificed 1 and 3 hours after injection and 

LS174T tumour and normal tissues (liver, kidney, lung and colon) were removed, fixed in 

10% neutral formalin for 24 hours and processed for histology. 4pm paraffin sections were 

cut and mounted on 3-aminopropyl triethoxysilane (2%) coated slides. Sections were de

waxed in Clearene (Surgipath, U.K.), dehydrated in graded alcohols and transferred to 

warm (45°C) distilled water. Under darkroom conditions, slides were covered with a 

nuclear emulsion -  K5 (Ilford, U.K.), diluted (1:3) with 2% warm glycerol, by dipping for 

15 seconds. After air drying on the bench for 30 minutes, slides were transferred to a 

lightproof cabinet containing silica gel, for 24 hours and then placed in lightproof boxes. 

Sections were e?q)osed for 8 weeks at 4°C. Slides were developed in a darkroom using a 

sequence of Kodak D-19 developer (2 minutes, 30 seconds), 1% acetic acid (4 minutes) and 

fixer (Ilford) diluted 1:10 w/v for 10 minutes. Sections were washed in running tap water 

for 5 minutes and then stained by haematoxylin and eosin, dehydrated, cleared, and 

mounted in DPX (Merck, U.K.). Autoradiographs were examined using bright field 

microscopy.

2.2.18.3 Grain Counting of Autoradiographs

After autoradiographic processing (see 2.2.18.2) at least fifty randomly selected high 

powered fields (xlOOO, under oil) were examined per tissue (4 mice sampled per group), 

and the number of grains present overlying endothehal cells, on the luminal surface of the
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vessels, was counted, using a 1mm graticule -  Le. number of grains per 10 pm length of 

endothelium.

2.2.18.4 Biotinylation

ScFv were biotinylated at concentrations o f200 pg-1 mg/ml using an ECL biotinylation kit 

(Amersham, UK) according to the manufacturers instructions. Briefly, antibody was diluted 

to the required concentration in carbonate buffer pH 8.5 and incubated with the 

biotinylation reagent for 1 hour at room temperature with constant agitation. scFv were 

dialysed against four changes of PBS overnight at 4®C before use in immunohistochemisty.

2.2.19 VEGF Neutralising Assay

The neutralising assay was carried out at Zeneca Pharmaceuticals, under the supervision of 

Ms. Jane Kendrew. The ability of the anti-VEGF scFv to inhibit the binding of VEGF to 

human umbilical vein endothelial cells (HUVECs) was measured in an endothelial cell 

proliferation assay utilising ^H-thymidine incorporation as the readout. Briefly, HUVECs 

were plated into 96 well plates stimulated with VEGF, FGF or EGF in separate assays. 

scFv were added and incubated for 4 hours after which the endothelial cells were pulsed 

with 0.1 pCi ^H thymidine for 16 hours. Cells were harvested onto nylon filters, counted 

on a beta counter and proliferation calculated. A commercially available mouse 

monoclonal antibody (MAB293; R&D Systems) known to neutralise VEGF was 

incorporated as a control.

2.2.20 Radiolabelling of Antibodies

2.2.20.1 lodogen

lodo-gen™ (Pierce & Warriner) was dissolved in dichloromethane at 20 pg/ml and 500 pi 

aliquots were added to glass tubes and allowed to evaporate to dryness overnight in a fume 

hood or under a stream of nitrogen. 0.2-0.5 mg of antibody (> 0.5 mg/ml) was added to the
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lodo-gen™ coated tube, followed by the appropriate volume of Na^^ Î (usually 77.44-18.5 

MBq) and allowed to react for 20 minutes at room temperature gently mixing every 5 

minutes. The radiolabelled protein was separated from free iodine using a HAS (human 

serum albumin) primed PD-10 column, fractions were collected, and a 50 pi sample was 

removed for analysis as in 2.2.20.2.

2.2.20.2 Thin Layer Chromatography (TLC)

TLC was performed to measure radiolabelling efficiency. 2 pi of iodinated protein was 

spotted 1 cm from the base of a 10 cm silica backed TLC plates (Whatman). The plate was 

run in 80% methanol until the solvent front was approximately 1 cm from the top of the 

plate and the percentage incorporation assessed by counting 1 cm strips using a gamma 

counter (Wizard1470, Wallac, Milton Keynes, UK.). Free iodine migrates with the solvent 

front, whereas antibody-bound iodine remains at the origin.

2.2.21 In Vivo Experiments

All animal work was supervised by Mr R. Boden, Ms J.A. Boden, and Dr R.B. Pedley 

[Dept. Clinical Oncology]. The following licensed procedures were performed by R. 

Boden and J.A. Boden: iv injections and tumour passaging. Supervision of excision of 

tissues was also performed by R. Boden and J.A. Boden.

2.2.21.1 LS174T Colorectal Tumour Xenografts

A human tumour adenocarcinoma cell line LS174T [Tom et ah, 1976] was used to develop 

a xenograft tumour model in the flank of nude MFl mice by subcutaneous injection. 

Subsequent passaging was performed under halothane anaesthesia by continuous 

implantation from the original xenograft. All mice used were 2-3 months old with a weight 

o f20-25 g.
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2.2.22.2 Biodistribution Experiments

In vivo antibody biodistribution was carried out in nude mice bearing the LS174T human 

colon adenocarcinoma xenograft. Studies were performed approximately 2-3 weeks after 

tumour implantation with an average tumour size of 0.4 g. Two groups of four nude mice 

bearing LS174T tumour xenografts were injected intravenously (iv) via the tail vein with 

radiolabelled scFv LL4 (57pCi/mouse) or MFE-23 (see 2.2.20.1 for radiolabelling). Mice 

were sacrificed 1 and 3 hours post injection and internal organs and tumours were excised. 

Activity in the organs was determined by gamma counting, and also processed for 

autradiography (see 2.2.18.2).
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CHAPTER 3

CONSTRUCTION of ANTIBODY LIBRARY with SPECIFICITY for VEGF

3.1 Introduction

VEGF is expressed and secreted by most solid tumours (as outlined in section 1.5) and 

there is indication that an apti-VEGF therapeutic strategy plight be successful for 

interfering with vascularisation and growth of primary tumours as well as with spread 

and outgrowth of métastasés (section 1.5). Furthermore, and perhaps tnore interestingly 

for tumour targeting of cytotoxic agents, the endothelial cells lining the blood vessels of 

a solid tumour have on their surface a high concentration of occupied VEGF receptors, 

a situation that does not occur in the normal tissue^. The VEGFireceptor complex 

presents an attractive target for specific delivery to tumour endothelium if antibodies are 

generated which react with VEGF when, it is bound to its receptor. This chapter 

describes the generation of such antibodies.

It was proposed that the filamentous phagç/scFv combinatorial library approach would 

be an advantageous way to obtain anti-VEGF antibody fragments as the technology 

allows efficient production and selection of many antibody specificities (as detailed in 

1.6.3) and there are major advantages gained by using a recombinant molecule tp build 

into clinical products. These include rapid and cheap production of a defined molecular 

species, ready cloning in fusion with various effectors [Michael et al., 1996; Yang et ql., 

1995], and the potential to add tags for purification [Casey et al., 1994] or site specific 

radio labelling [Verhaar et al., 1996].

An immunised mouse system was chosen over unimmunised human systems (naïve and 

synthetic repertoires) to produce antibodies to VEGF. Immunisation not only leads to 

an increase in the number of cells effecting an immune response, but also to greatly 

increased levels of mRNA, which is the starting material required for library 

production. Resting B cells produce about 100 copies of Immunoglobulin (Ig) mRNA 

per cell compared with 30 000 copies produced by a hybridoma (and presumably 

plasma cells) [Schibler et al., 1978]. Consequently, repertoires of variable heavy- or 

light-genes amphfied from the mRNA [Huse et al., 1989] of spleen cells of an 

immunised mouse are enriched for sequences of heavy and light chains encoding part of 

an antigen-binding site [Hawkins & Winter, 1992]. Using this method, rare antigen-
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binding phage have been selected from diverse repertoires of antibody genes from 

immunised animals and the stroller bipders enriched by panning on the immunising 

antigen [Clackson et al., 1991]. The “immunised mouse” route has led to the 

production by phage display of antibodies such as MFE-23, a high affinity, highly 

specific, anti-tumour scFv antibody fragment to çarcinoembryonic antigen (CEA) 

[Chester gf a/., 1994b].

3.2 Immunisation of Mice

Recombinant human VEGF^A (rhVEGFiôj) [a gift from Zeneca Pharmaceuticals] was 

used to immunise two mice ps described in section 2.2.3. After boosting once every 3 

weeks for 4 months, mouse serum was tested for anti-VEGF activity by dot-blot 

analysis (section 2.2.17) to determine whether the animals had raised a humoral 

response to the antigen. The immunised mice showed strong anti-VEGF responses 

compared to non-immunised controls and one mouse was sacrificed for library 

production. The serum response of this mouse before and after sacrifice is shown in 

figure 12 which demonstrates that there was a polyclonal IgG response to the VEGF 

used for immunisation and to an independent source of VEGF. RNA was prepared 

from this mouse spleen immediately after sacrifice (section 2.2.4) and this was shown to 

be undegraded as illustrated in figure 13.

3.3 PCR of V Genes

In order to construct an antibody library the Vh and Vl genes must be selected from the 

extracted RNA, and amplified by PCR using specific primers. To achieve this, primers 

were designed based on the murine antibody primers described by Orlandi et al. [1989] 

and Zhou et al. [1994]. Thç DNA sequence of these primers is shown in figure H . The 

primers incorporate a sequence encoding a (gly4ser)3 linker and this region was used for 

overlap during Vh and Vl linkage by two fragment assembly to give scFv as shown in 

figure 15. The primers also incorporate restriction shes that are suitable for cbning the 

amplified fragments into a phagemid vector digested with Sfi I and Not I restriction 

enzymes.
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Figure 12. Specificity of Antigen Binding. Serum # o m  the immunised mice was 
assayed for the presence o f  antibodies to VEGF using a dot-blot based assay. The 
serum was screened against the immunogen VEGF [Zeneca Pharmaceuticals] and 
commercially available VEGF [R&D Systems].

—  23,130

Number of 
base pairs

Figure 13. RNA Derived from VEGF Immunised Mouse Spleen. Visible amounts 
o f  28s and 18s ribosomal RN A  can be seen on the ethidium bromide stained 1% agarose 
gel. Lane 7, 6 pg VEGF RNA sample; Lane 2, 500 ng glyoxylated Lambda; Lane 3, 
500 ng Lambda D N A  digested with HindUl.
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1** strand cDNA synthesis primers:

VHFor 1 5 ’ -  TGAGGAGACGGTGACCGTGGTCCCTTGGCCCC -  3 ’

VKCFor 5 ’ -ATGAGTTTTTGTTCTGCGGCCGCGGATACAGTTGTTGCAGCATC -  3 ’

Primary VH PCR primers: VHBack \   ̂ /  VHFor

VHFor 1 as above in 1®* strand cDNA synthesis primers.

VHBack 1 5’ -  AGGTSMARCTGCAGSAGTCWGG -  3"

Secondary VH PCR primers: VHBack Sfi ^HFor linker

VHFor2 5 ’ -  gccaccgcc/cc/g^/accgcctccaccTGAGGAGACGGTGACCGTGGT -  3 ’

VHBack2 5’ -  CATGCCATGACTCGCGGCCCAGCCGCCATGGCCSAGGTSMARC 
TGCAGSAGTCWGG - 3 ’

VK PCR primers: VKBack linker /V K F or Not

VKFOR1 5 ’ -  atgagtttttgttctgcggccgcCCGTTTCAGCTCCAGCTTG -  3 ’
VKFOR2 5 ’ -  atgagtttttgttctgcggccgcCCGTnrATTTCCAGCTTGGT -  3 ’
VKFOR3 5’ -  atgagtttttgttctgcggccgcCCGnTTATTTCCACrTTG -3 ’

VKBACK 1 5 ’ -  tcaggaggĉ gtggc tctggcggtggcggatcgGATGTTTTGATGACCCAAACT -  3 ’
VKBACK2 5 ’ -  tcaggaggcggtggc tctggcggtggcggatcgGATATTGTGATGACGCAGGCT -  3 ’ 
VKBACK3 5 ’ -  rcoggflggcgg/ggf tctggcggtggcggatcgG AT ATTGTG AT AACCC AG -  3 ’ 
VKBACK4 5 ’ -  /caggaggcgg/ggttctggcggtggcggatcgGACATTGTGCTGACCCAATCT -3  ’ 
VKBACK5 5 ’ -  tcaggaggcggtggc tctggcggtggcggatcgGACATTGTGATGACCCAGTCT -3  ’ 
VKBACK6 5’ -  tctggcggtggcggatcgGATATTGTGCTAACTCAGTCT - 3 ’
VKBACK7 5 ’ - tctggcggtggcggatcgG AT ATCC AGATGAC AC AG ACT -  3 ’
VKBACK8 5’ - /cfl^a^çcgg/^grtctggcggtggcggatcgGACATCCAGCTGACTCAGTCT -  3 ’ 
VKBACK9 5 ’ -  tcaggaggcggtggc tctggcggtggcggatcgCAAATTGTTCTCACCCGTCT -3  ’

PCR primers for assembly as scFv fragments:

VHBack Sfi^p f  | | | VKFor 1-3 Not

Eqimolar mixture of VKFor 1-3 primers (shown above in VK PCR primers) used with VHBack2 (shown 
above in Secondary VH PCR primers).

Figure 14. Amplification Primers. Vh redundant primers in mouse frameworks 1 and 
4 were based on those designed by Orlandi et al. [1989]. For Vk, framework primers 
were based on those o f  Zhou et al. [1994]. Linker regions were designed to incorporate 
a (gly4 ser) 3  peptide. Upper case letters represent antibody framework annealing 
regions. Lower case letters represent the linker. Overlapping linker sequences are in 
red. Restriction sites are in blue.
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Figure 15. Two Fragment Assembly. I. cDNA synthesis o f  V h was achieved using 
VHFor 1, a framework 4 primer and that o f  V k by a constant region primer (VKCFor); 
ii. Primary Vh PCR products were produced using VHFor 1 and VHBack 1; iii. 
Secondary V h PCR was carried out to add linkers and restriction sites to the primary V h 
chain using VHFor2 and VHBack2. For V k, primary PCR products were not generated. 
PCR products were produced directly from the cD N A  using VKBack 1-9 in separate 
reactions with an equimolar mix o f  VKFor 1-3 in all cases; iv. Vh and Vk were 
randomly linked by annealing o f  the complimentary overlapping regions o f  the scFv 
linker, and extension, shown by arrows; v. Linked products were amplified using the 
outer primers VKFor 1-3 mixture and VHBackZ.
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3.3.1 Variable Heavy Antibody Genes

In the first step, cDNA was synthesised from RNA using reverse transcriptase (section 

2.2.5) and this cDNA was used as a template for separate amplification of the Vh genes 

[figure 15, step I,]. cDNA synthesis of V r was achieved using VH.Forl primer 

(priming in a region of framework 4), Primary V r  PCR products (section 2.2.6.1) were 

produced using the flanking primers VH.Forl and VH.Backl [figure 15, step ii]. 

Secondary V r  PCR (section 2.2.6.2) was carried out to add a 3’-terminal <5̂  /  restriction 

site and a 5’-terminal (Gly4Ser)3 coding sequence into the V r  genes [figure 15, step iii]. 

The PCR an^lified V r  genes were gel purified as described in section 12 .12  and the 

purified material analysed by agarose electrophoresis as described in section 2.2.10.1. 

The result shown in figure 16, lane 2, was a single band of approximately 350 base 

pairs, the correct size for V r . N o bands were obtained in the absence of a primer in the 

first strand cDNA reaction, indicating that the products resulted from the amplification 

of RNA and not DNA (data not shown).

3.3.2 Variable Light Antibody Genes

Although there are two types of antibody light chain, kappa and lambda, only the kappa 

light chain genes (V k) were an^lified since 95% of the antibody repertoire in mice 

contain kappa chains. cDNA synthesis of Vk (section 2.2.5) was achieved using a 

constant region primer (VKC For). For V k  amplification it was not necessary to 

perform a primary PCR and products with a 3’-terminal (Gly4Ser)3 coding sequence and 

a 5’-terminal Vo/ /  restriction were produced directly from the cDNA using VK.Back 1- 

9 in separate reactions with an eqimolar mixture of VK.For 1-3 in all cases as shown in 

figure 15, step iii]. After amplification, the nine Vk gene products were pooled and then 

gel purified and analysed by agarose electrophoresis (section 2.2.T.2) as for the V r  

products. The results showed a single band of approximately 300 base pairs, the correct 

size for Vk cDNA [figure 16, lane 1]. As for the heavy chain PCR reactions, no bands 

were obtained in the absence of a primer in the first strand cDNA reaction, indicating 

that the products resulted from the amplification of RNA and not DNA (data not 

shown).
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Figure 16. Immunoglobulin Heavy and Light Chain PCR Products Derived from 
First-Strand cDNA. 10 |ul from a 100 pi PCR reaction was applied with ethidium  
bromide to a 1% agarose gel for electrophoresis. The major PCR products are between 
300 and 400 base pairs. Lane 1, kappa light chain; Lane 2, heavy chain; Lane 3,
(|)X 174/LfaelU markers.

3.3.3 PCR Assembly

The purified Vn and V k genes were randomly linked by annealing o f  the complimentary 

overlapping regions o f  the scFv linker followed by extension as shown by arrows in 

figure 15, step iy, in a 10 cycle fusion PCR (section 2.2.6.3). Linked product was 

amplified using a mixture o f  the outer primers MVK.For 1-3 and VH2.Back [figure 15, 

step y]. Results showed that a major band o f  the correct size for an assembled scFv 

(approximately 750 base pairs) gene was obtained as illustrated in figure 17.

Number of
base pairs

Figure 17. PCR Assembly of scFv Gene Repertoires with Linker. PCR assembly 
allows a one-step cloning o f  heavy and light chain D N A  in random pairings. The 
sample was visualised with ethidium bromide on a 1% agarose gel. Lane 1, assembled 
repertoire; Lane 2, ^X\14IH ae\\\ markers.
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3.4 Optimisation of Ligation and Transformation

The assembled antibody scFv genes were purified fi'om low melting agarose to remove 

linkers, dNTPs and Taq DNA polymerase as described in section 22.1.2 and then 

digested with Sfli and Notl to generate cohesive ends for ligation into SffV / Notl 

prepared pHEN phagemid vector (section 2.2.S.2). As ligation efficiency is related to 

time, ligation of this insert into the pHEN vector was undertaken using varying 

incubation times. The Amersham ligation kit (section 2.2.9) used in this study 

suggested reaction times of 30 minutes, but in some cases, the efficiency of the reaction 

may increase if the incubation time is extended. With this in mind, incubation was 

carried out at three time points, at 30 minutes, 2 hours and 4 hours. Results shown in 

table 3 indicate that the four hour incubation gave the best ligation results, measured as 

number of colony forming units (cfu) obtained after electroporation of the reaction 

mixtures into competent E. coli (strain TGI). As a result of these experiments, the 

antibody single chain DNA fragments were Hgated with a 4 hour incubation into the 

pHEN phagemid vector.

The efficiency of electroporation can also vary, so steps must be taken to assess optimal 

conditions, as the amount of ligation mix applied to the competent cells can affect the 

transformation efficiency. Increasing the volume of the ligation mix in the 

transformation reaction increases the salt concentration, which is critical for efficient 

transformation. Higher salt concentrations interfere with the passage of current through 

the electroporation chamber, and for this reason, electroporation was undertaken with 

varying amounts of the ligation mix containing the scFv DNA. To test the preferred 

conditions, the amount of ligation mix used was varied from 1 pi to 4 pi and 

introduction of the DNA into competent E. coli TGI was performed as in section 2.2.12. 

The results, measured by the number of colony forming units, showed that the 

transformation efficiency increased to a maximum at 2 pi and tailed off at 4 pi as shown 

in table 4.
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Incubation 10 pi Dilution Factor POSSIBLE
Times Reactions

1/10 1/100
LIBRARY
NUMBER

30 minutes Ligation

Control

384 chi 

5 chi

53 cfii 

1 cfii
2.109 x l0 ‘

2 hours Ligation

Control

-1000 cfu 

20 cfii

124 cfu 

3 cfii
5.55 X 10*

4 hours Ligation

Control

-1400 chi 

6 cfii

185 cfu 

4 cfu
7.77 X 10*

CELL
COMPETENCY

200 cfii 6 chi 2x10*

Table 3. The Effect of Incubation Time on Ligation Rreactions. TGI cells are 
ampicillin sensitive, but pHEN contains an ampicillin resistance gene. Thus only cells 
transfected with ligated DNA will form colonies on the ampicillin growth medium. 
Control colonies are probably pHEN DNA that was not cut. cfu = colony forming units.

Amount of 
Reaction Mixture 

Electroporated

50 pi 
Reactions

Dilution Factor POSSIBLE
LIBRARY
NUMBER1/100 1/1000

Ip l Ligation

Control

346 cfii 

6 cfii

44 chi 

1 cfu
2.2 X  10*

2 pi Ligation

Control

800 cfu 

12 chi

120 cfu 

5 chi
3x10*

4 pi Ligation

Control

820 cfu 

20 cfu

143 cfu 

5 cfii
1.8 X 10*

CELL
COMPETENCY

24 chi 0 chi 2.4 X  10*

Table 4. The Effect of Volume of Ligated DNA on Electroporation of El coli, chi
colony forming units.
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3.5 Size of scFv Library

After establishing ligation and transformation conditions as described above (section 

3.4), the pHEN/scFv hgation mixture was incubated for 4 hours and electroporated into 

E. coli TGI cells in 2 pi aliquots in order to generate a phage library. The library was 

generated in six parts and results showed that when freshly made competent TGI cells 

were used (rather than frozen stocks) the efficiency of the electroporation increased, 

giving results in the order of 10̂  clones as seen in parts D and F of the library [table 5] 

in conq)arison with results in the order of 10̂  obtained with the frozen cells. The final 

library size when the six parts were combined was estimated to be 6.7 x 10̂  clones 

[table 5].

LIBRARY PART LIBRARY NUMBER

A 2.86x10^

B 4.332x10^

C 6.744 X 10̂

D 2.07x10^

E 4.393 xlO^

F 2.8177x10^

TOTAL LIBRARY 6.7146 X 10^

Table 5. Library Construction. The scFv hbrary was constructed in six parts.
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3.6 Testing that the Library Contains scFvs

Before beginning selections, the newly constructed library was tested to confirm the 

presence o f  scFvs. First the clones were tested to see i f  the pHEN vector contained 

inserts; this was done by PCR screening (section 2.2.6.4) using primers which span the 

cloning site. Ten colonies were randomly selected from the library, along with 3 

control colonies (ligation control o f  vector D N A with no insert). Results measured by 

analytical agarose gel electrophoresis (section 2.2.10.1) showed that all 10 colonies 

taken from the library contained inserts (750 bp) whereas the control colonies contained 

none [see figure 18]. The results indicate that the library contained scFvs but this can 

only be confirmed by D N A sequence analysis. To achieve this, eight fiirther colonies 

were selected at random from the library and double stranded D N A  produced (section  

2.2.11.1). This DNA was sequenced in both directions (section 2.2.11.2, performed by 

ABC at Charing Cross & Westminster Medical School) using the same pair o f  primers 

used in PCR screening above. Sequence results for all 8 clones are shown in figure 19 

with the CDRs and (Gly4 Ser) 3  linker indicated. The results confirmed that all the 8 

clones contained complete scFvs and that none o f  the 8 clones were identical. When 

compared against the EMBL database, the clones exhibited from 88% to 97% homology  

with sequences o f  other murine Vh regions and 93% to 98% homology with sequences 

o f  other murine Vk regions.

These results were taken to confirm that the library did indeed consist o f  scFvs and 

work was then undertaken to select VEGF binders from this repertoire.

M

1,353
,072
872
603
310

Number of 
base pairs

Figure 18. PCR Screening of Bacterial Colonies. The PCR bands show the presence 
o f  scFv inserts ligated into pHEN. Lanes 1-10, ligated D N A  colonies; Lanes 11-13, 
control ligation colonies; Lane 14, positive control; Lane M, <j)X174///(a^III markers.
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SJÎI
Clone 1 G GCC GAG CCG GCC  ATG GCC 

Clone 2 G GCC C 4G  CCG GCC ATG GCC 

Clone 3 G  GCC CXG CCG GCC ATG GCC 

Clone 4 G GCC GXG CCG GCC ATG GCC 

Clone S G  GGC CL4G CCG GCC ATG GCC 

Clone 6 G GGC GAG CCG GCC ATG GCC 

Clone 7 G GGC C ^G  CCG GCC ATG GCC 

Clone 8 G GGC GAG CCG GCC ATG GCC

CAG GTG AAA CTG CAG GAG TCT GGG GCT G ,\A  CTG GCA AGA CCT GGG 

GAG GTG CAA CTG CAG GAG TCT GGG GCA GAG CTT GTG AAG CCA GGA 

CAG GTC CAG CTG CAG GAG TCT GGA G CT GAG CTG ATG AAG CCT GGG 

CAG GTG AAG CTG CAG GAG TCA GGA CCT AGC CTA GTG CAG CCC TCA 

CAG GTC AAA CTG CAG GAG TCT GGG GCT GAA CTG GTG /\AG CCT GGG 

CAG GTG CAG CTG CAG GAG TCT GGG GCT GAG CTG GTG AGA CCT GGG 

CAG GTC CAA CTG CAG CAG TCT GGG GCT GAG CTG GTG AGG CCT GGG 

CAG GTG AAG CTG CAG GAG TCT GGA GCT GAG CTG GTA AGG CCT GGG

C D R l

Clone 1 GCC TCA GTG AAG CTG TCC TGC AAG GCT TCT GGC TAC ACG TTC ACC AGC TAC TGG ATA AAC l'GG 

Clone 2 GCC TTA GTC AAG TTG TCC TGC ACA GTT TCT GGC TTC AAC ATT AAA G  AC ACC TAT ATA CAC TAG 

Clone 3 GCC TCA GTG AAG ATA TCC TGC AAG GCT ACT GGC TAC ACA TTC AGT AGC TAC TGG ATA GAG TGG 

Clone 4 CAG AGC CTG TCC ATA ACC TGC ACA GCT TCT GGT TTC TCA ITA  ACC AGC TAT GGT GTA CAC I GG 

Clone 5 GCT TCA GTG AAG TTG TCC TGC AAG GCT TCT CKrT TAC ACC TCC ACC AGC TAC TAT ATG TAC TGG 

Clone 6 GCT TCA GTG AAG CTG TCC TGC AAG GCT TCT GGC TAC ACC TTC ACC AGC TAC TGG ATG AAC TGG 

Clone 7 CjCT TCA GTG AAG CTG TCC l'G C  AAG GCT TCT GGC TAC ACG TTC ACC AGC TAC TGG ATG AAC I GG 

Clone 8 ACT TCA GTG AAG ATG TCC TGC AAG GCT GCT GGA TAC ACC TTC AC I AGC TAC TGG ATA GGT TGG

CDR2

Clone 1 GT l AAG CAG AGG CCT GAG CAA GGC CTT GAG TGG A IT  GGA AGG ATT GAT CCT TAC GAT AGT GAA 

Clone 2 GTG AAG CAG ACKÎ CC I GAG CAG GGC CTG GAA l'CKÎ A IT  GGA AGG ATT AAT CCT GCG AAT GGT AAT 

Clone 3 GTA AAG CAG AAG CC I GGA C AT GGC CTT GAG TGG A TI CKÎG GAG ATT TTA CCT GGA AGT GGT AGT

Clone 4 GTT CGC C AG CC I CCA GGA AAG (K i r  C I G GAG TGG CTG GGA GTA  ATA T G G  G CT GGT GGA AGC

Clone 5 GTG AAG CAG AGG CC I GGA CAA GGC C H  GAG T(K) A IT  GGA GAG ATT AAT CCT AGC AAT CX}T GGT 

Clone 6 GTT AAG CAG AGG CC I GAG CAA GGC CTT GAG I GG AT I GGA AGG ATT GAT CCT TAC GAT AGT GAA 

Clone 7 G IT  AAG CAG AGG CCT GAG CAA GCC C IT  GAG TGG ATT GGA AGG ATT GAT CCT TAC GAT AGT GAA 

Clone 8 GTG AAG CAG AGG CCT GGA CAT CKÎC C l'T  GAG TGG ATT GGG GAT ATT TAC CCT GGA CXjT GGT AAT

CDR2

Clone 1 ACT CAC TAC AAT CAA AAG TTC CAA GGA CAA GGC CAT ITG  ACT GTA GAC AAA TCC TCC AGC ACA 

Clone 2 ACT AAA TAT GAC CCG AAG TTC CAG GGC AAG GCC ACT ATA ACA G CA GAC ATC TCC TCC AAC ACA 

Clone 3 ACC AAC TAC AAT GAG AAA GTT AAG GAC AAG GCC ACA T IC  A Cl GCA GAT ACA TCC TCC AAC ACA 

Clone 4 ACA AAT TAT AAT TCG GCT CTC ATG TCC AGA CTG GAG TTG ATC GCA GAC GAC TCC AAG AGC ACA 

Clone 5 ACT AAC TTC AAT GAG AAG TTC AAG A(K: AAG GCC ACA CTG ACT GTA GAC ACA TCC TCC AGC ACA 

Clone 6 ACT CAC TAC AAT CAA ATA GTT CAA GGA CAA GGC ATA ATT ACT TCA GAC AAA TCC TCC AGC ACA 

Clone 7 ACT CAC TAC AAT CAA AAG TTC AAG GAG AAG GCC ATA T I G ACT GTA GAC AAA TCC TCC AGC ACA 

Clone 8 ACT AAC TAC AAT GAG AAA TTC AAG GAC AAA GGC ACA CTG ACT ACA GAC ACA TCC TCC AGC ACT

Figure 19. DNA Sequences of Antibody Clones from scFv Library. V h chain is in 
red and V l chain in blue. CDRs and linker are underlined in black, restriction enzyme 
sites are shown in italics. Hise tag is underlined in green. Asterix marks the stop codon. 
Dashes indicate differences in length o f  nucleotide sequences.
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Clone 1 GCC TAC ATG CAA CTC AGC AGC CTG AC A TCT GAG GAC TCT GCG GTC I'AI TAC TGT GCA AGA GAT 

Clone 2 GCC l AC CTG CAG CTC AGC AGC CTG ACA TCT GAG GAC ACT GCC GTC TAT  TAC TGT GCC CCG GAT 

Clone 3 GCC TAC ATG CAA CTC AGC AGC CTG ACA TCT GAA GAC ATG GGG GTC TAT TAC TGT GCA AGA TÇÇ

Clone 4 GTC TTT ATG CAA C T G ..............................A AC CTG GAG GAC TCT GCG GTC TAC TAC TGT GCA AGA TÇÇ

Clone 5 GTA TAC ATG CAA CTC AGC AGC CTG ACA TCT GAG GAC TCT GCG GTC TAT TAC TGT GCA AGA TÇÇ 

Clone 6 GCC TAC ATG CAA CTC AGC AGC ATG AGG CCT GAG GAC TCT GCA GTC TAT TAC 'I’GT GCA AGA GAT 

Clone 7 GCC TAC ATG CAACTG AGC AGC CTG ACA TCT GAG GAC TCT GCA GTC TAT TAC TGT GCA AGA TÇÇ 

Clone 8 GCC TAC ATG CAG CTC AGC AGC CTG ACT TCT GAG GAC TCT GCT GTC TAT TTC TGT GCA AGA AGG

CDR3

Clone 1 TAC TAC GGG ACT TAC GAC TAC TGG GGC CAA GGG ACC ACG GTC ACC GTC TCC T C A G G T G G A G G C  

Clone 2 TAC TAC GGT ACT TAC GAC TAC TGG GGG CAA GGG ACC ACG GTC ACC GTC TCC T C A G G T G G A G G C  

Clone 3 TAC TTA CGA CGT TGG GAC TAC TGG GGC C A A  GGG ACC ACG GTC ACC GTC TCC T C A G G T G G A G G C  

Clone 4 TAC GGC TAC GCT ATG GAC TAC IG G  GGT CAA GGG ACC ACG GTC ACC GTC TCC T C A G G T G G A G G C  

Clone 5 TAC GGT TAC GTC GAC TGG TAC IGG GGC CAA GGG ACC ACG GTC ACC CCG TCC T C A G G T G G A G G C  

Clone 6 AGC TTA AGC CGT TGG GAC TAC TGG GGC CAA GGG ACC ACG GTC ACC GTC TTC T C A G G T G G A G G C  

Clone 7 GAT TTA TAC CGT GCT GAC TAC IGG GGC CAA GGG ACC ACG GTC ACC GTC TCC T C A G G T G G A G G C  

Clone 8 TAC CTG AAC CGT ATG GCT TAC TGG GGG CGG GGG ACC ACG GTC ACC GTC TCC T C A G G T G G A G G C

(GLY4SER)3 LIN K ER

Clone 1 GGT TCA GGA GGC GGT GGC TCT GGC GGT GGC GGA TCG GAC ATC CAG AI G ACA CAA GC'l CAA I CC 

Clone 2 GGT TCA GGA GGC GGT GGC TCT GGC GOT GGC GGA TCG GAC ATI GTG CT( I ACC C A A TCT CC A TCC 

Clone 3 GGT TCA GGA GGC GGT GGC TCT GGC GGT GGC GGA TCG GAT ATC CAG ATG ACA CAG ACT AC A TCC 

Clone 4 GGT TCA GGA GGC GGT GGC TCT GGC GGT GGC GGA TCG G VI AT F G FG C IA  ACT CAG FCI CC A GCC 

Clone 5 GGT TCA GGA GGC GGT GGC TCT GGC GGT GGC GGA TCG G AI CAA G l i  C FC ACC CAG IC I CCA GCA 

Clone 6 GGT TCA GGA GGC GGT GGC TCT GGC GGT GGC GGA TCG GAT AT I G TF CTA ACT  CAG TCT CCA GTC 

Clone 7 GGT TCA GGA GGC GGT GGC TCT GGC GGT GGC GGA TCG GAT ATC CAG A FG ACA CAA AC! AC A TCC 

Clone 8 GGT TCA GGA GGC GGT GGC TCT GGC GGT GGC GGA TCG GAI A F I G FG A FG ACG C AG CC I GC A CCC

Clone 1 

Clone 2 

Clone 3 

Clone 4 

Clone 5 

Clone 6 

Clone 7 

Clone 8

C D R l

ICC C FG TCT GCC TCT CTG GGA GAC AAG ATC ACC ATG AGT TGC AGG GCA AGT CAG —

TCC CTG TCT GCC TCT CTG GGA GAC AGA GCC ACC ATA TCC TGC AGA GCC AGT GAA AGT GTT GAT

ICC C FG FC F GCC TCT CTG GGA GAC AGA GTC ACC ATC AG T FGC AGG GCAAGT C A G ---------------------

ACC C FG IC I  G FG AC 1 CCA GGA G AI AGC G FC AG 1 C l i ICC FGC AGG GCC AGC C A A --------------------

ATC ATG TCT GCA TCI CCA GGG GAG AAG GTC ACC ATA ACC FGC AGT GCC AGC C A A --------------------

ACC CTG TCT GTG ACT CCA CKIA GAT AGC GTC AGT CTT TCC TGC AGG GCC AGC C A A ---------------------

I CC C FG I C I GCC IC  F CFG GGA GAC AGA GTC GCC AFC AC I FGC' AGT GCA AGT CAG

TC'F GTA CCT GTC ,\C  F CCT GGA GAG TCA GTA TCC ATC TCC TGC AGG TCT ACT AAG AGT CTC CTG

Figure 19 cont. DNA Sequences of Antibody Clones from scFv Library. V h chain is 
in red and V l chain in blue. CDRs and linker are underlined in black, restriction enzyme 
sites are shown in italics. His6 tag is underlined in green. Asterix marks the stop codon. 
Dashes indicate differences in length o f  nucleotide sequences.
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C D R l

-GAC ATT AGC AAT TAT TTA AAC TGG TAT CAG CAG AAA CCA GAT GGA TCT GTT .A,\A CTCClone 1 -----  ------------------------------------------------------

Clone 2 A G T  TAT GGC AAT AGT TTA ATG CAC TGG I’AC CAG CAG AAA CCA GGA CAG CCA CCC AAA CTC

Clone 3  GGC TTT AGC AAT TAT TTA AAC TGG TA'l CAG CAG AAA CCA GAT GGA AC I G I T AAA C TC

Clone 4 -------------- AGT ATT AAC AAC AAC CTA CAC TGG TAT CAA CAG AAA TCA CAT GAG TCT CCA AGG CTT

Clone 5 ------------AGT GTA AAT AGT TAT ATG TTC TGG TTC CAG CAG AAG CCA GGC ACT TCT CCC AAA CTC

Clone 6  AGT ATT ATC AAC AAC CTA CAC I GG 1 AC CAA CAG AAA IC A  C A l GAG I CC CCC AGA C l 1

Clone 7 -------------- GGC ATT ACC AAT TAT TTG AAC IGG TAT CAG CAG AAA CCA GAT GGA ACT GTT AAA C i'C

Clone 8 CAT AGT AAT GGC AAC ACT TAC TTG TAT TGG TFC CTG CAG AGG CCA GGC CAG TCT CCT CAG CTC

CDR2

Clone 1 C IG  A i C FAC TAC ACA TCA AGA TTA CAC TCA GGA G I C CCA ICA AGG 11C AGT GGC AG 1’ GGG IC  I 

Clone 2 CTC ATC TAT CGT GCA TCC AAC TTA GAA TCT GGG ATC CCT TCC AGG TTC AGT GGC AGT GGG TCT 

Clone 3 CTG ATC TA l TAC ACA TCA AGT TTA CAC TCA GGA GTC CCA TCA AGG TTC AGT GGC AGT GGG TCT 

Clone 4 C 1C A lC  AAG TAT GCT TCC CAG TCC ATC TCT GGG A 1C CCC ICC AGG T IC  AGT GGC AGI GGA I'CA 

Clone 5 TGG ATI' 1 Vl AGC ACA TCC AAC CTG GCT TCT GGA G IT  CC I GCT CGC ITC  AGT GGC AG 1 GGA TC I 

Clone 6 CTC ATC AAG TAT GCT TCC CAG TCC ATC TCT GGG ATC CCC TCC AGG TTC AGI GGC AGG GGA TCA 

Clone 7 C l Ci ATC TAC TTC ACA TCA AGG TTA CGC TCA GGA GTC CCA TCA A( K) TTC AGT GGC AGT GGG TCT 

Clone 8 C IG  ATA TAF CGG ATG TCC AAC CTT GCC TCA GGA G FC CCA GAC AGG FTC AGT GGC AGT GGG FCA

Clone 1 GGA ACA GAT FAF FC F CTC ACC A l l '  AGC AAC CFG GAG CAA GAA G AF A1 F GCC ACF FAC FF l TGC 

Clone 2 AGG ACA GAC F FC ACC CTC ACC A TF AAT CCT GTG GAG GCT GAT G AT G IT  GCA ACC 1 AT TAC TGT 

Clone 3 GGG ACA GAT I'A T TCT CTC ACC A l C AAC AAC C FG GAA CCT GAA GAT ATT GCC ACT FAC T A l' IG  F 

Clone 4 GGG ACA GAF F FC AC F C FC AGT AFC AAC AG F GFG GAG ACT GAA GAF FF'F GGA AFG FAF TFC IG F 

Clone 5 CKKÎ ACC FC F I AC FC'F C'FC ACA A FC AGC CGA AFG GAG GCT GAA GA F AC I GCC A F F FA 1 FAC FGC 

Clone 6 GGG ACA GAT TTC ACT CTC AGT ATC AAC AGT GTG GAG ACT GAA GAT FI T GGA ATG TAT TTC TGT 

Clone 7 GGA ACA GAT FAF 1 C l' CCC ACC ATI AGC AAC CTG GAA CAA GAA GAT A l l  GCC A Cl' FAC F IT  TGC 

Clone 8 GGA ACT G C 1 F FC ACA C FG AGA A FC AG 1 AGA G FG GAG G C l GAG GA F G I G G G l G I F FAF FAC IG  F

CDR3

Clone 1 CAA CAG GGT AAT ACG CTT CCG TGG ACG IT C  GGT GGA GGC ACC AAG CTG GAG C l C» .A.VA CGG 

Clone 2 CAA CAA AGT AAT GAG GAT CCT CCC ACG TTC G G l GGA GGC ACC AAG CTG GAA ATA AAA CGG 

Clone 3 CAG CAG TAT AGT AAG CTT CCT CGG ACG IT  C G G l GGA GGC ACC AAG C FG GAA A FA AAA CGG 

Clone 4 CAA CAG AGT AAC AGC TGG CCT CTC ACG TTC GGT GCT CKKl ACC AAG CFG GAG CFG AAA CGG 

Clone 5 CAG CAA AGG AGT AGT TAC CCG TAC ACG TTC GGA GGG GGG ACA AAG TTG GAA ATA AAA CGG 

Clone 6 CAA CAG AGT AAC AGC TGG CCG CTC ACG TFC GG l G C l GGG ACC AAG CFG GAA A FA AAA CGG 

Clone 7 CAA CAG GGT AAT ACG CTT CCG TGG ACG TTC GGT GGA GGC ACC AAG C FG GAA AFA AAA CGG 

Clone 8 ATG CAA CAT CTA AAA YAY CCA TTC ACG TTC GGC TCG GGG ACA AAG 1'1'G GAA ATA AAA CGG

Figure 19 cont. DNA Sequences of Antibody Clones from scFv Library. Vh chain 
is in red and V l chain in blue. CDRs and linker are underlined in black, restriction 
enzyme sites are shown in italics. His6 tag is underlined in green. Asterix marks the 
stop codon. Dashes indicate differences in length o f  nucleotide sequences.
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Nt/2/ M yc-tag * *

Clone 1 G( '(? ('K T  C: r  \  GAACAAAAACTCATCTCAGAAGACtGATCTGAAT TAA TAA 

Clone 2 < ':  G f l " < 7C \  GAACAAAAACTCATCTCAGAAGAGGATCTGAAT TAA TAA

Clone 3 (1( T7 GCC GC \  G AAC AAAAACTC ATCTC AG AAG AGG ATCI'G AAT TAA TAA

Clone 4 ■CG GCC ( H ' \  GAACAAAAACTCATCTCAGAAGAGGATCTGAA'l TAA TAA 

Clone 5 GCG (',CC GC \  G AAC AAAAACTC ATCTCAGAAGAGGATCTG.\ AT TAA TAA 

Clone 6 < :('G  GCC G C .\ GAACAAAAACTCATCTCAGAAGAGGATCTGAAT TAA TAA

Clone 7 GCG GC( f;C .\ GAACAAAAACTCATCTCAGAAGAGGATCTGAAT TAA TAA 

Clone 8 G( n  GCC G ( \ \  GAAC.AAAAACTCATCTCAGAAGAGGATCTGAAT TAA TAA

Figure 19 cont. DNA Sequences of Antibody Clones from scFv Library. V h chain 
is in red and V l chain in blue. CDRs and linker are underlined in black, restriction 
enzyme sites are shown in italics. His6 tag is underlined in green. Asterix marks the 
stop codon. Dashes indicate differences in length o f  nucleotide sequences.



85

3.7 Discussion

In this chapter the aim was to produce a recombinant scFv hbrary from mice immunised 

with VEGF-A. The results showed that mice were successfiilly immunised with VEGF- 

Ai65 as serum extracted from the immunised mice prior to sacrifice reacted with not 

only the VEGF used for immunisations, but also with an independent source of VEGF. 

Furthermore, it was demonstrated that it was possible to extract intact mRNA from the 

immunised mouse spleen. It was also demonstrated that the specific primers, designed 

to amplify antibody genes from this RNA were successfiil for initial amplifications and 

for linking the heavy and light chains, although it was difficult to establish conditions 

for these primers. Vk genes were able to be produced in one step directly from cDNA 

using the 9 Vk primers designed, but was not the case for Vh. Here, the one step PCR 

was not successful, so an alternate strategy was used. Primary PCR was carried out 

using primers without overhangs for the restriction sites and linker. These primary 

products were fiirther amplified in a secondary PCR to attach the linker and restriction 

sites. For the final amplified, linked scFv genes, ligation and electroporation conditions 

were established in separate experiments prior to cloning into the pHEN vector. When 

the anti-VEGF library was constructed using these conditions, a library size of 

estimated 6.7 x 10̂  members was achieved. Sequence analysis of clones chosen at 

random from the library demonstrated that all of the clones were of antibody Vh and Vk 

origin and in correct reading frame. These results predict with 90% confidence that at 

least 75% of the clones contained scFvs. Therefore, the library was considered 

acceptable.

The vector pHEN was chosen to construct the library, and fusions were directed to the 

phage coat protein gene HI, and not to gene VEI. Using gene VQI, selection could be 

largely a function of avidity rather than affinity which is not desirable when high 

affinity antibodies are required; this is much less of a problem with gene III [Marks et 

al., 1991]. Additionally, with gene VQI insertions, the length of the insert exerts a 

major effect on phage viability, disrupting the structural stability of the phage particle, 

as well as interfering with assembly and infection, which does not occur with insertions 

in gene III [Makowski et al., 1993].
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In immunoglobulin repertoire library cloning, the homology between a particular primer 

sequence and that of its target template, and the extent of the diversity within a 

particular primer pool are the two important parameters which determine the cloning 

efficiency and the size of a resulting library repertoire. Primers were designed in order 

that variable-region genes could be cloned as functional scFv, by amplifying Vl and Vh 

sequences using RNA as a template. Degenerate primers were used in order to 

maximise the chances of a particular primer binding to complementary region of DNA 

[Orlandi et al., 1989]. Zhou et al. [1994] presented an optimised set of primers, 

conq)atible with pHEN phagemid vector for mouse scFv repertoire phage display 

library construction which were used in this study to design primers to clone scFv into 

pHEN. Sites for restriction enzymes are included in the PCR primers allowing for 

directed cloning with the correct reading frame. For cloning of the amplified DNA into 

expression vectors, rare restriction sites were introduced within the PCR primer 

[Orlandi et al., 1989]. Chaudhary et al. [1990] did a con^uter search of the Kabat 

[1987] nucleotide database to identify enzyme sites that were not present in the variable 

DNA sequences to be cloned. The enzymes used have to be selected to minimise the 

accidental digestion of heavy and light chain DNA, although a small loss of the 

amplified repertoire in this way cannot be completely avoided.

Ligation and transformation are subject to many variables that can alter their efficiency. 

For ligation the temperature of 16°C is critical, as higher temperatures inhibit the 

formation of circular DNA. As was stated in section 3.4 earlier, the efficiency of the 

reaction may increase if the incubation time is extended, which was found to be the 

case. With electroporation, in this case the less ligation mix applied to the conq)etent 

cells, the higher the transformation efficiency.

Using phage technology, libraries of 1 x 10̂  -  5 x 10̂  are typical. The VEGF library 

size of 6.7 x 10̂  members in the pUC-based phagemid pHEN, which was obtained in 

this study is larger than that. Phagemids are probably superior to phage vectors for 

creation of large phage display libraries in view of their higher transfection efficiencies, 

allowing larger libraries to be constructed [Hoogenboom et al., 1991]. Marks et al. 

[1991] attempted to maximise the size of their scFv library by using the pHEN vector 

[Hoogenboom et al., 1991]. Their hbrary sizes (10^ to 10* members) were at least an 

order of magnitude greater than with phage fd [Clackson et al., 1991]. Immunisation
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seems to be necessary to create and / or enrich for Vh and Vk domains with at least 

some of the features required for antigen binding [Clackson et al., 1991]. For making 

high-afïmity antibodies, phage display libraries built from the spleen mRNA of 

hyperimmunised animals [Clackson et al., 1991] is desirable. With libraries of ~10^ 

members, domains need to be represented at a high frequency to reconstitute a binding 

site [Winter & Milstein, 1991], and immunisation ensures this by biasing the spleen 

lymphoid cell population heavily towards messenger RNA-rich blast cells making 

specific antibody.

In summary, this chapter describes primer design and successful construction of a well

sized scFv library from VEGF-immunised mice. All clones tested from this library 

contained intact scFvs in the correct reading frame. This library was cloned and 

expressed in the pHEN vector enabling later use of filamentous phage technology to 

select desired antibody specificities.



CHAPTER 4 

SELECTION of ANTI-VEGF ANTIBODIES

4.1 Introduction

The aim of this chapter was to assess whether the scFv library created in chapter 3 

contained antibodies with specificity for VEGF-A and, if so, to select those anti-VEGF 

scFvs firom this library. A number of methods have been developed by other workers 

to select antibodies with desired specificities from phage libraries and these were 

considered for use. For example, direct binding of the phage to columns of antigen 

linked to a matrix [Marks et al., 1991], or 'panning' i.e. binding to antigen coated on to 

dishes, immunotubes or ELISA wells [Marks et al., 1991; Burton et al., 1991]. Other 

methods include binding of phage by biotinylated antigen in solution, followed by 

capture on streptavidin-coated magnetic beads [Hawkins et al., 1992b; Chester et al., 

1994b]. However, the direct panning technique was chosen for use as it is the most 

straight forward and uses far less antigen than the other methods although, one of the 

limitations of this method is that it uses extracted or recombinant antigen bound to 

plastic, a situation far removed from that encountered in vivo. Therefore a second 

method, selection on human tissue sections, was also explored. No reported protocols 

were available for this second approach, so a model system was developed to test its 

feasibility. The proposed advantage over the panning-on-tubes method was that 

antibodies selected on tissue sections would be more likely to recognise VEGF-A in the 

form it is expressed in tumours. Furthermore, the selections could essentially be 

performed without using purchased (and processed) antigen.

In summary, two approaches were taken to selecting VEGF-binding phage from the 

library, selection on tissue sections and panning on immunotubes.
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4.2 Phage Selections on Tissue Sections

A model system was devised to test whether it was possible to select specific phage 

antibodies on histological sections. Tumour tissues known to express the CEA antigen 

were used with phage preparations expressing the anti-CEA scFv antibody MFE-23. 

Results were measured as the number of phage bound to the tissue compared with the 

number of phage bound when a non-specific scFv, the anti-lysozyme antibody D1.3 

[Amit et al., 1986] was applied. MFE-23 and D1.3 phage were prepared as described in 

section 2.2.13 and the concentrated phage were tested to establish that these 

preparations were selective for binding activity to CEA and lysozyme respectively.

This was achieved by ELISA as described in section 2.2.16. The results from these 

experiments are shown in figure 20 which demonstrates that MFE-23-expressing phage 

bound only to CEA coated wells and that the D1.3 expressing phage bound specifically 

to the lysozyme coated wells, albeit with a higher background binding than that 

observed with MFE-23.

0.9

□  MFE-23 Phage Prep 

■  D1.3 Phage Prep

□  PBS

CEA coating Lysozyme coating

Figure 20. Selectivity of Antibody Preparations for Antigen. The antibody 
preparations were applied to an ELISA plate coated with 0.2 pg CEA and 0.2 pg 
lysozyme.
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MFE-23 and D1.3 phage antibody preparations were then allowed to react with paraffin 

tissue sections as described in section 2.2.18. To ensure optimal condition of the tissue, 

LS174T, a human colorectal tumour xenograft was used for the CEA-expressing 

sections as this could be frozen immediately after excision. The xenograft was shown 

to express CEA by IHC prior to use for selections [personal communication, Geoff 

Boxer]. Term placenta was used as a control. MFE-23 has been shown not to bind to 

this tissue [personal communication, Geoff Boxer]. The efficiency of binding to the 

tissues was estimated by titering the phage colony-forming units eluted from the tissue 

sections as in section 2.2.14.1. Results, shown in table 6, indicate that, whilst 

approximately three times as many MFE-23 than D1,3 phage were bound to the CEA- 

expressing tissue this did not appear to be specific for the CEA in the tissue because the 

same results were obtained with placenta. Furthermore, the percentage of MFE-23 

phage which bound to placenta was three times higher than the percentage which bound 

to the CEA-expressing tissue, again indicating non-specificity.

PHAGE
ANTIBODY

TISSUE
SECTIONS

PHAGE
APPLIED

PHAGE
ELUTED

% OF PHAGE 
ELUTED

VS

APPLIED
PHAGE

MFE-23
(anti-CEA)

Placenta 
(CEA -ve)

1.825x10’ 1.05x10' 5.75%

Tumour 
(CEA +ve)

1.825x10’ 3.25 X 10’ 1.78%

D1.3
(anti-Lysozyme)

Placenta 
(CEA -ve)

5.0x10’ 3.0x10’ 1.64%

Tumour 
(CEA +ve)

5.0 X 10’ 1 .0  X 1 0 ’ 0.55%

Table 6. Selections of Phage Antibodies on Tissue Sections. Titering of phage 
antibodies applied to tissue sections of human placenta and LS174T tumour.



91

4.3 Panning the Phage Library on Immunotubes

4.3.1 Antigen Coating

Initially experiments were carried out to test the binding o f  VEGF to immunotubes . To 

conserve material, ELISA plates composed o f  the same material as immunotubes were 

purchased and an ELISA (section 2.2.16) was conducted to check binding o f  VEGF to 

the plates, and to find the optimal binding concentration o f  VEGF. The ELISA results, 

as seen in figure 21, showed that as the concentration o f  VEGF applied to the wells 

increased from 0.39 pg/ml to 50 pg/ml, the signal increased in a concentration- 

dependent manner. From these findings, 10 pg/ml o f  VEGF was chosen to coat the 

immunotubes for panning as this gave a high signal on the ELISA plate without 

excessive use o f  material.

1.0

0.8

am-VEGF 
Mouse senm0.6

0.4

0.2

0.0
0.0 10.0 20.0 30.0

VEGF Concentration ug/ml

40.0 50.0 60.0

Figure 21. ELISA Plot. Absorbance read at 490 nm o f  increasing concentrations o f  
VEGF (ng/ml).
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4.3.2 Panning

VEGF-reactive phage were selected from the whole library by panning on immunotubes 

(section 2.2.14.2) coated with 10 pg/ml o f  VEGF-A. After each round o f  selection, 

eluted phage were propagated by overnight growth in E. coli, which was carried out on 

solid agar to minimise overgrowth by the more rapidly dividing clones. As the vector 

used was a phagemid (section 1.6.4) a second step, phage rescue, was applied to obtain 

amplified scFv-expressing phage from E. coli for the next round o f  selection. This was 

performed as described in section 2.2.14. A schematic diagram o f  the whole selection- 

infection-rescue (panning) process is shown in figure 22.

□ =  VEdF

,1

Figure 22. Panning on Immunotubes. i: Phage were reacted with the VEGF-A  
coated tube for 1 hour at 37^C; ii. Elution was carried out with 100 mM triethlamine 
for 10 mins and neutralised with 400 mM tris-HCl (pH 7.5); iii. E. coli in logarithmic 
growth phase were infected with the eluted phage; iv: The culture containing phagemid 
particles was plated onto agar (2xTY amp + 1% glue) and incubated overnight; v: The 
phagemid containing cells were harvested and a proportion transferred to 2xTY media 
and incubated at 37 C. Phage particles were produced by addition o f  K 0 7  helper 
phage; vi: The phage were PEG precipitated before the 1  ̂round o f  selection. For 
subsequent selections bacteria were spun out o f  the supernatant after infection and 
rescue and the supernatant used.
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Four rounds of panning were performed in total and the process was monitored by 

titering the phage eluted from the antigen-coated tubes at each round. A control 

selection, using the same starting phage, but panning on PBS rather than VEGF-coated 

tubes was performed for each round. The results of phage cfus (colony forming units) 

obtained with the test (VEGF-coated) tubes in comparison to the control (PBS-coated) 

tubes are shown in table 7 which demonstrates that, for the first round of selection, there 

appeared to be more phage binding to the PBS tubes than to the VEGF tubes (ratio 

VEGFiPBS = 1:2.7). This was also true for the second round of selection, but ratio of 

non-specific binding was reduced (VEGFiPBS = 1:4). By the third round of selection 

the situation had reversed and the numbers of phage binding to the VEGF tubes were

7.5 times higher than those binding to PBS. This was further improved after a fourth 

round of selection where there was 95 times more phage binding to VEGF than to PBS. 

Furthermore, the titres of phage eluted from the VEGF tubes were increased after the 

second round of selection, although the number of phage applied were lower. This 

increase in titre, along with the increase in ratio of phage binding to VEGF as the 

panning proceeded, indicated that the library was enriched for phage that bind to VEGF.

ROUND PHAGE 
APPLIED 
(phage cfu)

PHAGE 
ELUTED 

(phage cfu)

RATIO OF VEGF 
BINDING CLONES 

Vs
CONTROL PBS 

BINDING CLONES

1 8x10'^ 2.34x10^ 1 :2.67

2 1.36x10'^ 1.04x10^ 1 : 1.35

3 2 x 1 0 " 1.5x10^ 7.5 : 1

4 2 x 1 0 " 9.48x10^ 94.8 :1

Table 7. Enrichment of VEGF Library by Panning on VEGF. In the first round of 
selection, the phage were portions of the original scFv library. In subsequent rounds 
phage were amplified eluates from previous rounds as described in the text. Phage 
concentrations were calculated from the titer of transducing units, cfu = colony forming 
units.
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4.3.3 Screening the Selected Clones

Individual clones o f  phage were monitored for binding to VEGF-A by ELISA. Twenty 

individual colonies were picked from each round o f  selection and pbage supernatants 

were analysed by ELISA (section 2.2.16). Results showed that one fifth o f  the clones 

selected after two rounds o f  selection were reactive with VEGF. Unselected clones and 

clones isolated after one round o f  selection showed no binding. As panning progressed, 

the proportion o f  VEGF binding clones estimated by ELISA increased from 0 out o f  20  

in the original library to 16 out o f  20 after the 4^ selection as shown in Figure 23.

I

i  >>Y i F . l  ORIGINAL
"  i  l i b r a r y

f  s t 'l  FIRST
SELECTION

^ 8  ̂ 9 ,  _|20.
SECOND

10^  .11 u

1*  T

THIRD 
SELECTION

FOURTH 
SELECTION

Figure 23. Binding o f Phage Antibodies to VEG F. Binding o f  individual phage to 
VEGF as detected by ELISA. Wells 1-20, individual phage preparations from each 
round o f  selection.
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4.4 DNA Fingerprinting

Clones from the library were analysed by BstNl fingerprinting to determine the 

diversity o f  the repertoire (section 2.2.11.3). With respect to the 34 positively identified 

(VEGF-reactive) clones on ELISA, one could not be amplified by PCR (clone 7, 3"̂  ̂

selection) and, three failed to produce a digestion pattern upon BstNl restriction (clones 

10, 18 & 19, 3̂  ̂selection). Thus, there were 30 VEGF-reactive clones available for 

fingerprinting.

After BstNl restriction, results indicated the presence o f  9 different digestion patterns, as 

seen in figure 24. This figure also illustrates that the diversity o f  the library decreased 

with panning, because after the 4̂  ̂ selection more than half o f  the clones (10 out o f  16) 

had the same fingerprint (figure 25, 4^ selection, lanes 1, 3-4, 6-7, 11, 13, and 17-19).

2nd selection 3rd selection 4th selection Controls

— 310 bp

 281 bp
 271 bp
 234 bp

 194 bp
 118bp

Figure 24. Schematic Diagram of DNA Fingerprinting of VEGF Positive Clones.
ScFv PCR products were incubated with BstN  I for 2 hours at 60^C and restriction 
patterns visualised on 3% Nusieve 3:1 agarose (Flowgen) gels. Each restriction pattern 
is represented by a different colour. The numbers under the restriction patterns are the 
clone numbers referred to in the ELISA screening o f  the selection rounds [figure 23]. 
Lane V, anti-VEGF scFv positive control clone; Lane M, MFE-23 clone; Lane F, 
pHEN vector clone; Lane O, (j)X174/Hae III markers.
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4.5 Western Blots

The 30 VEGF-binding phage clones were induced to express soluble scFvs as described 

in section 2.2.14.4 and these were analysed by Western blotting (section 2.2.17.2) using 

an antibody to the myc tag for identification. Results demonstrated that the scFvs 

migrated as single species under reducing conditions, as shown in figure 25. The 

molecular weight o f  the expressed proteins appeared to differ, but was in the range o f  

28-30 kD which is consistent with scFvs and comparable to the control scFv fragment 

MFE-23 (figure 25, lane M). There are no contaminants o f  lower molecular weight, 

which would indicate the presence o f  breakdown products. scFv fragments were 

detected using 9E10 anti-myc tag antibody [Ward et al., 1989] and hence the detection 

o f  the tag on the C-terminus o f  the scFv indicates the complete assembly o f  scFv 

antibody fragments.

^  - s . V ..

-53200 

-34900 MW 
-28 700 (KDi) 

-20500

1 3 10 16 20 ,  .1 3 4 ,  M L

2nd selection 3rd sdection

-53200

-34900 MW
-28 700(KD*) 

-20 500

3 4 5 6 7 8 9 10, M  L

4th selection

|6  11 14 15 16 17| iJ_ _ _ ^  M  L

3rd sdection 4th sdection

111 13 17 18 19 2 0 1 V M  L

4th sdection

-53200 
-34900 MW 
-28 7 0 0 (0 .)  

-20 500

-53 200 

-34900 MW 
-28 700(kd.)  

-20500

Figure 25. Western Blot of scFv Clones Expressed in Bacterial Supernatant.
Samples were analysed under reducing conditions using 15% SDS-Page gel. Protein 
transfer and blot development was carried out as in section 2.2.17.2. An anti-myc tag 
antibody followed by a sheep anti-mouse antibody coupled to HRP was used to detect 
Ig protein. Lane numbers represent the clone number from each round o f  selection. 
Lane V, anti-VEGF scFv positive clone; Lane M, positive scFv control (MFE-23); 
Lane L, low molecular weight markers.
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4.6 Immunohistochemistry

The 30 VEGF-reactive scFvs tested by western blotting (section 4.5) were subsequently 

subjected to immunohistochemical analysis (section 2.2.18). Of these 30 clones, 3 were 

negative and 8 showed only stromal connective tissue reactions. Six showed reactions 

with vascular endothelium (in placenta and carcinomas) and reacted variably with 

trophoblast and tumour cells, but also reacted with stroma. Thirteen showed specific 

reaction with antibody binding confined to blood vessels, trophoblast and tumour cells 

only. These results are summarised in table 8.

Examples of each type of immunohistochemistry staining pattern are shown in figure 

26.

c l o n e ;s IMMUNOHISTOCHEMISTRY
RESULTS

2 ^  selection, clones 3 & 2Q
3̂  ̂selection, clones 3, 11, 16 & 17
4* selection, clones 1, 3, 4, 6, 7, 13 & 17

SPECIFIC STAINING
[Selective only (and highlights) for 
vascular endothehum in placenta & 

colorectal cancer, placental trophoblast 
(variable) & colorectal tumour cells]

2“** selection, clone 16 
3̂  ̂selection, clones 6 & 14 
4^ selection, clones 8,11,18 & 19

GENERAL STAINING
[Generalised reactions with blood 
vessels & fibrovascular stroma in 

placenta & colon cancer. Trophoblast & 
tumour cells uniformly weakly positive] 

NB. No specific highlighting of any 
histological cell type

2*“* selection, clones 1 & 10 
3̂  ̂selection, clones 1, 4 & 15 
4^ selection, clones 2, & 20

NON-SPECIFIC STAINING
[Reaction with stromal connective tissue 
only. Vascular endothelium in placenta 

& colon cancer -ve. Tumour cells & 
trophoblast -ve]

4* selection, clones 5, 9 & 10 NEGATIVE

Table 8. Immunohistochemistry Results. Four different staining patterns were 
depicted by the 30 VEGF-reactive clones on histological tissue sections.
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Figure 26. Photomicrographs Showing Patterns of Immunohistochemical 
Reactivity of Four Selected scFv Anti-VEGF Clones with Human Term 
Placenta (a-d) and Colorectal Adenocarcinoma (e-h). Section a Mag. x400, 
Sections b-h Mag. x200
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4.7 Selection of Clones for Further Investigation

Five VEGF-reactive clones were chosen for further investigation and these were named 

L L l, LL2, LL3, LL4 and LL5. As shown in figure 27 these were: (i) 2"̂  selection, 

clone 3 [LLl]; (ii) 2"̂  selection, clone 10 [LL2]; (iii) 3"̂  ̂ selection, clone 3 [LL3] (iv)

4^ selection, clone 6 [LL4] and (v) 4^ selection, clone 8 [LL5]. The five clones were 

chosen to represent each o f  the three positive tissue staining patterns shown in figure 26. 

An emphasis was placed on clones with endothelial selectivity and a representative o f  

each o f  the 3 DNA fingerprint patterns seen in this group was included [figure 27].

13 endothelial specific 
staining clones

30 (myc-tagged) clones

6 general 
stainii^ clones

LLl I I LL3 i i LL4

8 non-specific (stromal) 
clones

3 negative 
staining clones

! j
LL4| LL5 LL2

Figure 27. Selection of Anti-VEGF scFv for Further Characterisation. Choice o f  
scFvs was based on DNA fingerprinting patterns and immunohistochemistry, 
highlighting endothelial selectivity.
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4.8 Discussion

In this chapter, the anti-VEGF scFv library created in chapter 3 was panned to isolate 

clones reactive with VEGF-A. Two approaches, selection on human tissues and 

panning on VEGF-coated tubes were tested to achieve this. Of these, the panning 

method was chosen because a model system, using tissues expressing a known antigen 

and phage-expressed scFvs reactive with that antigen, demonstrated that the tissue 

selection approach would be hampered by non-specific “stickiness” of phage. Although 

it would probably have been possible to develop methods to overcome this problem, the 

panning method proved so successful that this was not necessary.

Thirty VEGF-binding clones were selected from four rounds of panning on the basis of 

their VEGF-A reactivity by ELISA, comprising at least 9 different scFv as shown by the 

BstNl restriction patterns. Estimating the diversity of library by Bf/Nl fingerprinting of 

individual clones is well established by other workers [Vaughan et al., 1996] and, as 

reported by others, the diversity of the library was reduced as panning progressed. This 

is due to enrichment by better antigen binders as well as those clones which have a 

growth advantage. It can be noted that some of the BjrNl restriction patterns appear 

once only. For example, there are patterns in selection round 2 which are not identified 

in rounds 3 or 4. In addition, some patterns that appeared in rounds 3 and 4 were not 

identified in round 2. This suggests that we are seeing ‘the tip of the iceberg’, and there 

is much greater diversity in the library than has been identified by this analysis. 

Therefore, it is not known how many possible VEGF-binding scFvs were present in the 

library but it was decided to further analyse these 30 selected clones to ascertain if they 

would bind to VEGF on the endothelial cell surface as determined by immuno

histochemistry. Western blotting was used to show that all 30 scFvs were well 

expressed in soluble form and appeared to be intact prior to tissue application and 

appropriate tissues were chosen as follows. Human term placenta was used as a 

positive tissue since VEGF expression is at a high level during all three trimesters of 

pregnancy and two examples of human colorectal adenocarcinoma were tested. Whilst 

all clones tested were positive for VEGF by ELISA they did not all demonstrate VEGF- 

like immunohistochemical reactivity in sections, some being negative and others 

exhibiting no preferential binding for endothelium, connective tissue stroma or tumour 

cell cytoplasm. A total of 13 clones showed selective reactions with both endothelial 

cells and connective tissue stroma of placenta and vascular stroma and cytoplasm of
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malignant cells in adenocarcinoma. Twelve of these 13 clones showed the same 

restriction pattern, as evidenced by DNA fingerprinting.

As reported by Brekken et al. [1998] antibodies directed against different parts of the 

VEGF molecule show different immunojiistochentical patterns of reactivity. Antibodies 

directed against the NH2 terminus react primarily with vascular endothelial cells 

(presumably to receptor-bound VEGF) and those raised to other çpitopes bind more 

generally to all connective tissue stroma. Since the immunised library prepared for this 

thesis was against recombinant VEGF-A, which would contain the NH2 terminus as 

well as other epitopes, the immunohistochemical binding to stromal and endothelial 

elements as well as tumour cells is consistent with these results obtained by other 

workers.

Based on the results obtained in this chapter, five clones were selected for more in- 

depth analysis as described in chapter 5.
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CHAPTER 5

CHARACTERISATION of Anti-VEGF SELECTED ANTIBODIES

5.1 Introduction

In this chapter, the characteristics of the five VEGF-reactive scFvs selected in chapter 4 

were explored. To achieve this it was important to have milligram quantities of pure 

scFv protein. Therefore, the first stage was to sub-clone the scFvs into a vector 

containing a Hise tag, which would be added to the C-terminus of the scFv in place of 

the myc tag. The Hise tag enables purification by IMAC, as described in section 

2.2.14.3. IMAC is a powerful affinity chromatography method introduced by Porath et 

al. [1975]. It exploits the interaction between proteins and transition metal ions 

immobilised on a support. IMAC has the advantage that the scFvs bind and are eluted 

at neutral pH which does not denature them; an attractive alternative to standard affinity 

chromatography methods. A large number of recombinant proteins have been purified 

using IMAC [Linder et a/., 1992] and an IMAC purified scFv has been used in a clinical 

trial with no adverse effects [Regent et al., 1996]. Thus IMAC was chosen for 

purification and the use of costly VEGF-affinity matrixes was avoided.

The characterisation parameters for the IMAC purified scFvs were, (i) DNA sequencing 

of their genes, (ii) ELISA to show reactivity with VEGF after sub-cloning and 

purification, (iii) SDS-PAGE and Western blot analysis to demonstrate purity and 

integrity, (iv) biological assays to investigate any ability to neutraUse VEGF-A activity 

in vitro (v) immuno-histochemistry to investigate tissue reactivity.

The ability to neutralise biological effects of VEGF was considered an important 

parameter because it determines the possible therapeutic options with a given molecule. 

Neutrahsing' antibodies may be more apphcable to direct biological therapy, by 

competing for the sites on VEGF which normally bind the receptor and induce 

endothelial cell activation, as has been described by Borgstrom et al. [1999]. Non

neutralising scFvs could be used as a targeting agent for cytotoxic drugs, 

radionucleotides or enzymes. It is reasonable to suppose that non-neutralising 

antibodies reactive with VEGF would still bind VEGF on its receptor, and hence can be 

used as a targeting molecule.
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Whilst ELISA has the ability to verify reactivity with specific antigen immobilised in 

vitro, the question arises o f  whether antibodies to VEGF bind antigen when present in 

situ. This can be answered at least in part by immunohistochemistry. Moreover, the 

ability o f  antibody to recognise soluble VEGF and/or VEGF present as part o f  the 

VEGF:Receptor complex is something which these cellular techniques can help to 

elucidate because antibodies which recognise receptor-bound VEGF would be expected 

to target tumour vascular endothelium. Immunohistochemical analysis on human tissue 

also gives invaluable information on the likely distribution o f  an antibody in vivo; this 

is especially important when choosing an antibody specificity for clinical use. Thus, 

immunohistochemical analysis was considered a crucial parameter for characterisation.

5.2 Sub-cloning and Expression of scFv Antibodies

To facilitate purification by IMAC, the five genes encoding the scFv constructs ELI-5 

were sub-cloned (section 2.2.8.3) into a pUC19 based expression vector containing the 

His6 tail at the C-terminus [figure 28].

rbs M  K Y L L P
GCATGCAAATTCTATTTCAAGGAGACAGTCATAATGAAATACCTATTGCCTA

Sph\

PelB Leader
T A A A  G L L  L L  A A O P A M A Q V  
CGGCAGCCGCTGGATrGTTATTACTCGCGGCCCAGCCGGCCATGGCCCAGGT

Sfi I Nco I

--------------------------------- polylinker------------------------------------- 1  HiSé ta g -------
Q L Q V D L E  I K R A A A  H H H H  

GCAGCTGCAGGTCGACCTCGAGATCAAACGGGCGGCCGCACATCACCATCA
Pst I Sal 1 Xho I Not I

H H
TCACCATTAATAAGAATTC

EcoR 1

Figure 28. pUC119polyhis Cloning Sites. Expression plasmid for anti-VEGF scFvs 
containing the Hise tag site.
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The constructs were then expressed as soluble scFv protein in bacterial supernatant 

(section 2.2.14.4) which were analysed by ELISA (section 2.2.16). Results showed that 

all five sub-cloned scFvs bound VEGF-A and could be detected by their His6 tag [figure 

29a]. His6 tagged MFE-23, an anti-CEA scFv, gave background readings on VEGF, 

indicating that the reactions o f  L L l-5 were not due to non-specific binding o f  scFv. 

Furthermore, although MFE-23 bacterial supernatant gave a positive signal on CEA 

coated wells, the five LL scFvs were negative [figure 29b] and there was also no signal 

obtained with the LL scFvs on the pre-blocked uncoated wells [Figure 29c]. These 

results also indicate scFv specificity for VEGF-A. Western blotting [figure 30] was 

used to verify that the His6 tag was present and revealed bands o f  approximately 27- 

30kD, the expected size for scFvs.

a  LLl

□  LL4

IL L S  

□ MFE-23

CEA(2ug/nd)VBGF(5 i« /id )

0.8

0.7

0.6 □ LLl 

|L L 2  

OLL3 

0L L 4 

■ LL5

□ MFE-23

0.5

0.4

0.3

0.2

PBS

Figure 29. VEGF Binding by Hisé Tagged scFv A ntibodies. ELISA o f  individual 
soluble antibody preparations on: a, VEGF coated wells; b, CEA coated wells; and c, 
PBS coated wells.
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  34900  MW
  28 700 (KDa)

  20 500

Figure 30. Western Blot of Subcloned scFvs into His^ Tag Vector. Samples were 
analysed under reducing conditions using 15% SDS-Page gel. Protein transfer and blot 
development was carried out as in section 2.2.17.2. An anti-His6 tag antibody was used 
to detect Ig protein. Lanes LLJ-5, scFv clones; Lane M, His6 tagged MFE-23; Lane L, 
low molecular weight markers.

5.3 Purification of Antibody Fragments using Immobilised Metal Affinity 

Chromatography (IMAC)

Having established that the bacterial supernatants contained the desired scFvs, the 

supernatants were concentrated and dialysed (section 2.2.14.3). The concentrate and 

permeate were examined on ELISA, which showed that the scFv antibodies remained in 

the concentrate and were not removed with the permeate (figure 31). As previously, hisô 

tagged MFE-23 was added as a control for the ELISA and this did not bind to the 

VEGF, indicating specificity o f  the test.

DLL]

□ LL3

□ LL4

□ MFEHis

Concentrated scFVs Permeate

Figure 31. VEGF Binding after Concentration. An ELISA was carried out with a 
VEGF coating o f  10 pg/ml. Columns L L l-5, scFv clones; Column MFE His, His6 
tagged MFE-23.
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The concentrated supernatants were loaded in turn onto an IMAC column (section 

2.2.14.3). Bound material was eluted with increasing concentrations of imidazole (up to 

200 mM) and the eluant subjected to SDS-PAGE and Western blotting to analyse the 

protein content. The results of one elution (LL4) are illustrated as an example in figure 

32; all the profiles showed the same pattern. These results show that the majority of the 

purified scFv was eluted in the 200 mM imidazole fractioa Western blotting, using 

antibody to the Hise tag, was used to confirm that the purified material was intact scFv. 

Results showed that the Hisg tag was not cleaved off during elution of the scFvs. The 

40 ml, 60 ml and 10 ml eluted fractions were pooled, dialysed (section 2.2.15.4), 

filtered (section 2.2.15.4) and again subjected to SDS-PAGE and Western blotting. 

Results for all 5 LL scFvs are shown in figure 33 which indicates their purity and 

integrity. The final yields and concentrations of the purified scFvs are shown in table 9.

5.4 DNA Sequence of Anti-VEGF Clones

Plasmid DNA was produced for all 5 scFv clones (section 2.2.11.1) and DNA 

sequences were determined in both directions on an automated fluorescent DNA 

sequencer (section 2.2.11.2, performed by The Advanced Biotechnology Centre at The 

Charing Cross and Westminster Medical School) using primers which span the cloning 

site. Analysis of the sequences obtained (against the Genbank EMBL database) showed 

that both the scFv heavy and light chains for all five scFvs were more than 90% 

homologous to mouse immunoglobulin kappa & heavy chains. The sequence results of 

the anti-VEGF scFvs are shown in figure 34 with part of the flanking regions of the 

pHEN vector, highlighting the CDRs and (Gly4Ser)s linker.

The sequence results confirmed that after subcloning, all 5 clones contained complete 

scFvs. However, the sequencing revealed that LLl and LL4 were identical. The two 

base changes in the LLl sequence relative to the LL4 sequence were conservative and 

the sequences were identical at the amino acid level. Therefore, further characterisation 

was only carried on with clones LL2-LL5.
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(m)

scFv-

2 3 5 d 7 M

(b)

scFv-

1 2  3 4

— 66 000

—  45 000 
— 36 000 (KD-i) 

— 29 000 
— 24 000

-66 000

■45 000 MW 

-36 000 (KDa)

■29 000 
■24 000

M

Figure 32. SDS-PAGE of Recombinant Anti-VEGF scFv Fragment Purification by 
IMAC. Example shows purification of scFv LL4 from bacterial supernatant, (a) 
Coomassie blue stained gel. (b) Immunoblot of (a) stained with HRP-conjugated Ni- 
NTA (Qiagen). Lane 7, unbound wash through; Lane 2, 250 ml 20 mM imidazole; 
Lane 3, 250 ml 40 mM imidazole; Lane 4, 40 ml 200 mM imidazole; Lane 5, 60 ml 
200 mM imidazole; Lane 6, 10 ml 200 mM imidazole; Lane 7,130 ml 200mM 
imidazole; Lane M, low molecular weight markers.
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(a)

LLl LL2 LL3 LL4 LL5 H M L

(b)

I

— 36 000
MW

— 29 000 (KDa) 

— 24 000

— 45 000 
— 36 000

— 29 000
— 24 000

— 20 100

1

MW
(KD4)

LLl LL2 LL3 LL4 LL5 H M L

Figure 33. IMAC Purified scFvs. (a) Coomassie blue stained gel. (b) Immunoblot of 
(a) stained with HRP-conjugated Ni-NTA (Qiagen). Lanes LLl-5, purified scFvs; Lane 
H, His6 tagged MFE-23; Lane M, myc tagged MFE-23; Lane L, low molecular weight 
markers.
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ScFv O.D.280
(1/10 dilution)

Volume
(ml)

Concentration
(mg/ml)

Total Protein
(mg)

LLl 0.056 75 0.343 25.746

LL2 0.281 75 1.72 129.18

LL3 0.029 70 0.178 12.44

LL4 0.068 70 0.417 29.178

LL5 0.137 70 0.84 58.786

Table 9. ScFv Antibody Yields. Total yields in mg of the purified scFv.

5.5 Neutralisation of VEGF-Dependent Growth by the Anti-VEGF scFvs

The ability of the sub-cloned purified scFvs LL2-LL5 to inhibit the growth/proliferation 

of human umbilical vein endothelial cells (HUVEC) stimulated with VEGF, FGF or 

EGF was measured in an endothelial cell proliferation assay utilising ^H-thymidine 

incorporation as the readout (section 2.2.19). This was supervised by Ms. Jane 

Kendrew at Zeneca Pharmaceuticals. The assay was performed using five dilutions of 

the VEGF-reactive scFvs LL2-5 ranging fi*om 25pg/ml to 0.005pg/ml determined fi*om 

preliminary experiments of neutralisation against VEGF stimulated HUYECS (not 

shown). Results showed that none of the four LL scFv clones tested blocked 

proliferation induced by VEGF, FGF or EGF at any of the concentrations tested as 

shown in figure 35. However, the control antibody (MAb293; R&D Systems) gave 

good inhibition that was specific for VEGF as shown in figure 35.
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Sfil
L L l G GCC CAG CCG GCC  ATG GCC CAO GTG CAA CTG CAG GAG TCT GGG GCT GAA CTG GCA AAA 

LL2 G GCC CAG CCG GCC  ATG GCC CAG G IG  AAG CTG CAG CAG TCT GGA GCT GAG CTG ATG AAG 

LL3 G GCC CAG CCG GCC  ATG GCC CAG GTG AAG CTG CAG CAG TCT GGA CCT GAG CTG GTA AAG 

LL4 G GCC CAG CCG GCC  ATG GCC CAG GTG CAA CTG CAG GAG TCT GGG GCT GAA CTG GCA AAA 

LL5 G GGC CAG CCG  GCC ATG GCC CAG GTG AAA CTG CAG CAG TCT GGG GCT GAA CTG GCA AGA

C D R l

L L l CCT GGG GCC TCA GTG AAA ATG TCC TGC AAG GCT TCT GGC TAC ACC TTT ACT AGC TAC TGG 

LL2 CCT GGG GCC TCA GTG AAA ATG TCC TGC AAG GCT TCT GGC TAC ACC TTT ACT AGC TAC TGG 

LL3 CCT GGG GCT TCA GTG AAG ATG TCC TGC AAG GCT TCT GGA TAC ACA TTC ACT AGC TAT GTT 

LL4 CCT GGG GCC TCA GTG AAG ATG TCC TGC AAG GCT TCT GGC TAC ACC TTT ACT AGC TAC TGG 

LL5 CCT GGG GCC TCA GTG AAA ATG TCC TGC AAG GCT TCT GGC TAC ACC TTT ACT ACC TAC TGG

CDR2

L L l ATG CAC TGG GTA AAA CAA AGG CCT GGA CAG GGT CTG GAA TGG ATT GGA TAC ATT AAT CCT 

LL2 ATG CAC TGG GTA AAA CAG AGG CCT GGA CAG GGT CTG GAA TGG ATT GGA TAC ATT AAT CCT 

LL3 TTC CAC TGG GTG AAG CAA AAG CCT GGG CAG GGC CTT GAG TGG ATT GGA TAT ATT AGT CCT 

LL4 ATG CAC TGG GTA AAA ÇAG AGG CCT GGA CAG GGT CTG GAA 1 GG A IT  GGA TAC ATT AAT CCT 

LL5 ATG CAC TGG GTA AAA CAG AGG CCI' GGA C AG GGT CTG GAATGG ATT CKÎA TAC ATT AAT CCT

L Ll AGC ACT GGT TAT ACT GAG TAC AAT CAG AAG TTC AAG GAC AAG GCC ACA 1 TG ACT GCA GAC 

LL2 AGC ACT GGT TAT ACT GAG TAC AAT CAG AAG TTC AAG GAC AAG GCC A C A IT G  AC! GCA GAC 

LL3 TAC AAT GAT GGT ACT AAG TAC AAT GAG AAG TTC AGA GGC AAG GCC A I'A  CTG ACT TCA GAC 

LL4 AGC ACT GGT TAT ACT GAG TAC AAT CAG AAG TTC AAG GAC AAG GCC ACA ITG  ACT GCA GAC 

LL5 AGC ACT GGC TAT ACT GAG TAC AAT CAG AAG TTC AAG GAC AAG GCC ACA TFG  ACT GCA GAC

L L l AAA TCC TCC AGC ACA GCC TAC ATG CAA CTG AGC AGC CTG ACA TCT GAG GAC TCT GCA GTC 

LL2 AAA TCC TCC AGC ACA GCC TAC ATG CAA CTG AGC AGC CTG ACA I'CT GAG GAC TCT GCG GTC 

LL3 AAA TCA TCC AGC ACA GTC TAC A'l'G GAG CTC AGC AGC CTG ACC I'CT GAG GAC TCT GCG G'l C 

LL4 AAA TCC TCC AGC ACA GCC TAC ATG CAA CTG AGC AGC CTG ACA I C  I' GAG GAC TCT GCA GTC 

LL5 AAA TCC TCC AGC ACA GCC TAC ATG CAA CTG AGC AGC CTG ACA TCT GAG GAC TCT GCA GTC

CDR3

L L l I'A T TAC 1 GT GCA AGA GAT GAT TAC GCC TGG TAC TTC GAT GTC------------- T G G  GGC GCA GGG

LL2 TAT TAC TGT GCA AGA GCC TAT GGT AAC TAT GGG TAT GCT ATG GAC TAC TGG GGT C AA GGA

LL3 TAC TAC TGT GCA AGA TCC TAC GGC TAC GTC GAC T A C --------------------------  T G G  GGC CAA GGG

LL4 TAT TAC TGT GCA AGA GAT GAT TAC GCC TGG TAC TTC GAT GTC-------------T G G  GGC GCA GGG

LL5 TAT TAC TGT GCA AGA TCC CCA TTA CGA CGT GCT ATG GAC TAC-------------T G G GGC CAA GGG

(GLY4SER)3 LIN K ER

L L l ACC ACG GTC

LL2 ACC ACG GTC

LL3 ACC ACG GTC

LL4 ACC ACG GTC

LL5 ACC ACG GTC

Figure 34. DNA Sequence of Anti-VEGF Antibody Variable Regions. V h is in red
and V l in blue. CDRs and linker are underlined in black. Restriction enzyme sites are 
shown in italics. His6 tag is underlined in green. Asterix marks stop codon. Dashes 
indicate differences in length o f  CDR nucleotide sequences. The 2 base changes in the 
V h o f  LLl and LL4 are underlined in red.
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L L l GGA TCG GAT ATC CAG ATG ACA CAG ACT ACA TCC TCC CTG TCC GCC TCT CTG GGA GAC AGA 

LL2 GGA TGC GAC ATT GTG CTG ACC CAA TCT CCA GCT TCT TTG GCT GTG TCT CTA GGG CAG AGG 

LL3 GGA TCG GAC A IT  GTG CTG ACC CAA TCT CCA GCT TCT TTG GCT GTG TCT CTA GGG CAG AGG 

LL4 GGA TCG GAT ATC CAG ATG ACA CAG ACT ACA TCC TCC CTG TCC GCC TCT CTG GGA GAC AGA 

LL5 GGA TCG GAC ATT GTG CTG ACC CAA TCT CCA GCT TCT TTG GCT GTG TCT CTA GGG CAG AGG

C D R l

L L l GTC ACC ATC AGT TGC AGG GCA AGT CAG GAC ATT AGC AAT TAT TTA AAC---------------------------

LL2 GCC ACC ATA TCC TGC AGA GCC AGT GAA AGT GTT GAT AGT TAT GGC AAT AGT TTT ATG CAC 

LL3 GCC ACC ATA I  CC TGC AGA GCC AGT GAA AGT GTT GAT AGT TAT GGC AAT AGT TTT ATG CAC

LL4 GTC ACC ATC AGT TGC AGG GCA AGT CAG GAC ATT AGC AAT TAT TTA AAC----------------------- -----

LL5 GCC ACC ATA TCC TGC AGA GCC AGT GAA AGT GTT GAT AGT TAT GGC AAT AGT TTT ATG CAC

CDR2

L L l TGG TAT CAG CAG AAA CCA GAT GGA ACT GTT AAA CTC CTG ATG TAC TAC ACA TCA AGA TTA 

LL2 TGG TAC CAG CAG AAA CCA GG A  CAG CCA CCC AAA CTC CTC ATC TAT CGT GCA TCC AAC CTA 

LL3 I CiG TAC CAG CAG A.A.A CCA GGA CAG CCA CCC AAA C I C CTC ATC TAT CTT GCA TCC AAC CTA 

LL4 TGG TAT CAG CAG AAA CCA GAT GGA ACT GTT AAA CTC CTG ATC TAC TAC ACA TCA AGA TTA 

LL5 TGG TAC CAG CAG AA.4 CCA GGA CAG CCA CCC AAA CTC CTC ATC TAT CTT GCA TCC AAC CTA

L Ll CAC TCA GGA GTC CCA TCA AGG TTC AGT OGC AGT GGG TCT GGA ACA GAT TAT TCT CTC ACC 

LL2 GAA TCT GGG ATC CCT GCC AGG T I C AGT GGC AGT GGG TCT AGG ACA GAC TTC ACC CTC ACC 

LL3 GAA TCT GGG G I C CCT GCC AGG n  C AGT GGC AG I GGG TCT AGG ACA GAC i rC  ACC CTC ACC 

LL4 CAC TCA GGA G I C CCA I  CA AGG TTC AGT GGC AGT GGG TCT GGA ACA GAT TAT TCT C IC ACC 

LL5 GAA TCT GGG GTC CCT GCC AGG TTC AG I' GGC AG I GGG TCT AGG ACA GAC TTC ACC CTC ACC

CDR3

L L l A TI' AGC AAC CTG GAG CAA G .V \ GAT AT T GCC ACT TAC F IT  TGC CAA CAG GGT AAT ACG CTT 

LL2 ATT AAT CCT GTG G AG GCT GAT G AT GTC GC A ACC TAT TAC T G I' CAG CAA AGT AAT GAG GAT 

LL3 AT I GAT CCT GTG GAG GCT GAT GAT GCT GC A ACC TAT TAC TGT CAG CAA AAT AAT GAG GAT 

LL4 A TI AGC AAC CTG GAG CAA GAA GAT ATT GCC ACT TAC T IT  TGC CAA CAG GGT AAT ACG CTT 

LL5 A IT  GAT CCT GTG GAG GCT GAT G A1 GC T GCA ACC TAT FAC TGT CAG CAA AAT AAT GAG GAT

\ ( ) t l  His big

LLl CCG TAC ACG 'H 'C  GGA GGG CK3G ACC AAG CTG GAA ATA AAA CGG >1 CrCC f'< ' \  CAT CAC CAT 

LL2 CCT CCG ACG I l 'C  GGT CKiA GGC ACC AAG CTG GAA ATA AAA CGG ' ' ' ( TV ’ ' \  CAT CAC CAT

LL3 CCA TTC ACG T IC  GGC TCG GGG ACA AAG TTG GAA ATA AAA CGG T  -  C ('C  f ; '  \  CAT CAC CAT 

LL4 CCG TAC ACG TTC GGA GGG GGG ACC AAG CTG GAA ATA AAA CGG C,; Y," (7f T  f ?( \  CAT CAC CAT 

LL5 CCG TAC ACG TTC GGA (KiG GGG ACA AAG TTG GAA ATA AAA CGG T 'f : T  t 7 \  CAT CAC CAT

L L l CAT CAC CAT TAA TAA 

LL2 CAT CAC CAT TAA TAA 

LL3 CAT CAC CAT TAA TAA 

LL4 CAT CAC CA'F TAA TAA 

LL5 CAT CAC CAT TAA TAA

Figure 34 cont. DNA Sequence of Anti-VEGF Antibody Variable regions. V h is in
red and V l in blue. CDRs and linker are underlined in black. Restriction enzyme sites 
are shown in italics. Hise tag is underlined in green. Asterix marks stop codon. Dashes 
indicate differences in length o f  CDR nucleotide sequences. The 2 base changes in the 
V h  o f  LLl and LL4 are underlined in red.
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Figure 35. Neutralisation Activity of Anti-VEGF scFv Antibodies. Neutralisation 
was determined by measuring inhibition of protein synthesis in HUVEC cells against 
VEGF, EGF and FGF.
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5.6 Immunohistochemical Evaluation of Purified Antibodies

The four Hisô tagged anti-VEGF scFv fragments LL2-5 were tested by 

immunohistochemistry on human term placenta sections using an anti-His antibody 

[Dianova], under the supervision of Mr. G. Boxer (Dept. Clinical Oncology).

Sensitivity with this anti-His antibody was very low and so an alternative method 

needed to be designed. Direct biotinylation of the scFvs was considered the best option 

as it avoided used of detection systems involving anti-mouse antibodies. Anti-mouse 

antibodies are difficult to use for detection on human tumour xenografts in nude mice 

because the xenografts contain murine IgG. Thus, LL2-LL5 anti-VEGF scFv were 

biotinylated as described in section 2.2.18.4, the control for the biotinylation procedure 

was the anti-CEA scFv MFE-23. Initial immunohistochemical analysis with the 

biotinylated scFvs was performed against human term placenta using an avidin biotin- 

peroxidase technique. This tissue was chosen as it was readily available and well 

preserved after immediate freezing following removal, is highly vascular and is known 

to produce VEGF abundantly [Clark et al., 1998]. Thus, it was reasoned, that human 

term placenta would be an ideal tissue to screen for scFvs that detected VEGF on 

endothelial cells (presumably receptor-bound). Of the four clones (LL2-LL5) tested by 

immuno-histochemistry on placenta, LL4 showed most significant reactivity with blood 

vessel endothelium and to a lesser extent with syncitiotrophoblast cells [figure 36a].

The other clones gave weaker heterogeneous reactions with trophoblastic cells and 

connective tissue stroma as shown in figures 36c-e. Staining of the tissue sections by 

the anti-VEGF scFvs was compared with that of a commercially available mouse anti

human monoclonal antibody to human VEGF165 (R&D Systems) as shown in figure 

36b. A similar pattern to LL4 was observed for R&D anti-huVEGF. No binding was 

observed with the anti- CE A scFv MFE-23 as shown in figure 36f, indicating that 

biotinylation of the scFvs was not leading to non-specific binding.

On the basis of results obtained with human placenta, the LL4 clone was chosen for 

further analysis using human colorectal tumours. Results are shown in figure 37 and 

shows reactivity of LL4 [figure 37a & b] with two cases of human colorectal carcinoma, 

demonstrating strong reactivity with endothelial lining of the blood vessels and 

connective tissue stroma. There is also some weaker reaction with malignant glandular 

epithelium. The immunohistochemical reaction with R&D anti-huVEGF is shown for
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comparison [figure 37c & d]. Vascular stroma is more diffusely reactive but malignant 

cells show focal granular positivity. Normal colonic epithelium (surface and crypt) 

also showed some reactivity with LL4 and anti-huVEGF control. The results obtained 

were consistent with scFv LL4 having potential to target tumour vasculature and so 

further characterisation was performed on LL4 as described below.

5.7 LL4 Radiolabelling and FPLC

100 pg o f  LL4 were radiolabeled with as described in section 2.2.20 and the

labelled material subjected to FPLC to determine if  there were aggregates present. 

Results shown in figure 38 give a single peak for LL4 at an approximate molecular 

weight o f  25 kDa. These results indicate that LL4 was readily radio labelled and 

calculation o f  the area under the curve indicates that the antibody is >90% monomeric 

scFv.
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Figure 38. FPLC of Anti-VEGF scFv LL4. *̂ Î-LL4 was administered to a calibrated 
FPLC column, fractions collected and gamma counted for reactivity.

5.8 Determination of Affinity

The BIAcore^^ optical biosensor (Pharmacia Biosensor), was used to characterise the 

binding kinetics o f  the LL4 anti-VEGF scFv. This was performed by Dr. Chris Boot at
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Zeneca Phamaceuticals. Real-time BIAcore uses the optical phenomenon surface 

plasmon resonance (SPR) to monitor biomolecular interactions. Detection depends on 

changes in the mass concentration of macromolecules at the biospecific interface, and 

does not require any labelling of interactants. Results are presented as a sensorgram, 

which is a plot of changes in the resonance signal as a function of time. Software then 

calculates rates of association, dissociation and relative affinities.

VEGF was coupled to the sensorchip by amine immobilisation (section 2.2.15) with an 

antigen density of 2000 RU (2ng/mm^). The BIAcore systems generates binding 

sensorgrams, as shown in figure 39 which illustrates the association and dissociation 

kinetics of antibody LL4 binding at various concentrations.

The analysis of LL4 was performed using five dilutions of antibody ranging from 

3.45x10'^M (3.45pM) to 1.72x10’̂ M (17.2pM). Results of the affinity constant are 

shown in table 10.
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Figure 39. Biocore Sensorgram Showing Association and Dissociation Kinetics of 
Antibody LL4 binding to VEGF Antigen. Kinetic association and dissociation 
binding over time in seconds (s) is measures as response units (RU).
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Anti-VEGF
Antibody

hass
(M ‘s ‘) (s'*)

ko
(M->)

ko
(oM)

LL4 6.99 X 10̂ 1.40x10'* 2.43 X10'^ 243

Table 10. Apparent Mean Kinetic Constants of VEGF Binding scFv LL4. 
Association rate (kass), dissociation rate (kdiss) and afiSnity constants (k D ) ,  evaluated by 
BIAcore analysis from the mean values. Where k D  is equivalent to kdiss /  kass-

5.9 Immunohistochemical Characterisation of LL4 Anti-VEGF scFv Antibody 

with Neoplastic and Non-Neoplastic Human Tissues

Neoplastic and normal human tissues were analysed for immunohistochemical 

reactivity with LL4 scFv, under the supervision of Mr. G. Boxer (Dept, clinical 

Oncology) using samples from a broad range of histological types» including: 

gastrointestinal tract, pancreas, liver, kidney, lung, spleen, thyroid, adrenal, cervix, 

fallopian tube, testis, hypothalamus, pituitary, as well as trophoblast from both 1®* 

trimester and term placenta. Reactivity was assessed in cell cytoplasm and with 

connective tissue stroma and specifically with endothelial cell surfeces. Reactions for 

cells was scored as an approximate measure of percentage positive. Endothelium and 

stromal areas were assigned a more crude rating, using the traditional scale of negative 

(-), weak (+), moderate (++) or strong (+++).

In neoplasia, 39/50 (78%) of cases were reactive cytoplasmically, within the malignant 

cell compartment of the tumours [table 11]. The remainder 11/50 (22%) were negative 

including, a single example of a Conn’s tumour of the adrenal gland, 1/4 bladder 

carcinomas, 1/2 endometrial carcinomas, 2/7 ovarian tumours (xl cystadenofibroma; xl 

granulosa cell tumour), 1/4 gastric adenocarcinomas, 1/5 lymphomas, 2/2 teratomas (xl 

mature differentiated: xl undifferentiated) and 2/7 lung tumours (xl squamous cell 

carcinoma; xl alveolar soft part sarcoma). Of these negative cases only the Conn’s 

tumour and the alveolar soft part sarcoma did not demonstrate any endothelial cell 

reactivity. Of the 39/50 tumours with VEGF positive malignant cells, the most reactive 

cases (>50% positive cells) included adenocarcinomas of the gastrointestinal tract.
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TUMOUR TYPE PERCENTAGE (%) POSITIVE CELLS Endothelial Connective tissue TOTAL
> 75% 50-75% 25-49% 10-24% <10% Negative cell reactivity stroma reactivity CASES

Y/N Y/N

Adrenal (carcinoma) 1 Y (-)-(+) N 1
Adrenal (Conns' tumour) 1 N N 1

Bladder carcinoma 2 1 1 Y(-)-(+++) Y(-)-(+) 4

Breast carcinoma 1 1 1 Y(-)-(+++) Y(+) 3

Cervix carcinoma (squamous) 1 Y(+) Y(+) 1

Colorectal adenocarcinoma (primary] 1 1 1 1 Y (+)-(+++) Y(+)-(+++) 4
Colorectal adenocarcinoma (mets) 1 1 1 N Y(+) 3

Duodenal carcinoma 1 Y(-)-(++) Y(-)-(++) 1

Endometrial carcinoma 1 1 Y (-)-(+) N 2

Lung (squamous cell carcinoma) 3 1 Y(-)-(+) Y(-)-(++) 4
Lung (adenocarcinoma) 1 1 Y(-).(++) Y(-)-(++) 2
Lung (alveolar soft part sarcoma) 1 N Y(+) 1

Lymphoma 1 3 1 Y(-)-(+++) Y (+) 5

Oesophagus (adenocarcinoma) 1 Y(-h -) Y(+) 1

Ovarian adenocarcinoma (serous) 1 2 1 Y(-)-(+++) Y(-)-(4+) 4
Ovarian adenocarcinoma (mucoid) 1 Y(+) Y(+) 1
Ovarian cystadenofibroma 1 Y(++) Y (+) 1
Ovarian granulosa cell tumour 1 Y(+++) Y(+) 1

Pancreatic adenocarcinoma 1 Y(-)-(++) Y(+) 1

Prostatic adenocarcinoma 1 N Y(-)-(+) 1

Renal carcinoma 1 Y(-)-(++) Y(-)-(+) 1

Rhabdomyosarcoma 1 Y(++) N 1

Stomach adenocarcinoma 1 1 1 1 Y(+)-(+++) Y(+)-(+++) 4

Teratoma (mature differentiated) 1 Y(+)-(++) N 1
Teratoma (undifferentiated) 1 Y(++) Y(+) 1

TOTAL= 50

Table 11. Immunohistochemistry of LL4 on Human Tumour Sections.
Ratings use the scale of negative (-), weak (+), moderate (++) or strong (+++).
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NORMAL TISSUE PERCENTAGE (% ) POSITIVE CELLS Endothelial Connective tissne TOTAL
> 75% 50-75% 25-49% 10-24% <10% Negative cell reactivity stroma reactivity CASES

Y/N Y/N

Adrenal 1 N N 1

Anal Margin 1 Y(++) N 1

Cervix - surAce epithelium 1 Y (-)-(++) Y (-)-(+ ) 2
Cervix - glandular epithelium 1

Duodenum - epithelium 2 Y (-)-(++) Y(+) 2
Duodenum - lamina propria 2

Fallopian tube - epithelium 1 N Y(+) 1

Gall bladder - epithelium 1 Y (-)-(++) N 1

Hypothalamus 1 Y(+) N 1

Intestine (large) - epithelium 3 Y(++) Y(+) 3
Intestine (large) - lamina propria 3

Kidney - glomeruli 1 2 N N 3
(mesangial/endothelium)

Liver - parenchyma 5 Y (-)-(+ ) N 5

Lung - alveolar epithelium 2 2 Y (-)-(++) Y (-)-(++) 4
Lung - bronchiolar epithelium 4

Ovarian cyst epithelium 1 Y (-)-(++) N 1

Pancreas - exocrine (ductal epithelium) 1 Y (+)-(+++) N 1
Pancreas - endocrine 1

Pituitary 1 1 N N 2

spleen (red pulp) 3 2 Y (-)-(+++) N 5
Spleen (white pulp) 5

Stomach - epithelium 2 Y (-)-(++) Y(+) 2
Stomach - lamina propria 2

Testis 1 Y(++) N 1

Thyroid 1 Y (+)-(++) N 1

Trophoblast - term placenta 2 Y (++)-(+++) Y(+) 2
Trophoblast -1st trimester 1 1 Y (-)-(++) Y(+) 2

Total = 41

Table 12. Immunohistochemistry of LL4 on Normal Human Tissue Sections.
Ratings use the scale o f negative (-), weak (+), moderate (++) or strong (+++).
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breast, ovary and prostate. Cases with <50% reactive cells included squamous 

carcinoma of the lung, endometrial, duodenal, cervical, and adrenal carcinomas as well 

as lymphomas (4/5). Bladder carcinomas were variably reactive. Of these 39/50 VEGF 

positive samples, only the single case of prostate carcinoma, and the 3/3 examples of 

hepatic metastasis of colorectal adenocarcinoma, were negative for endothelial cell 

surface reactivity. All other cases exhibited evidence of both stromal and endothelial 

cell surface binding, to some degree.

Forty one non-neoplastic tissue were assessed, reactivity with general cell cytoplasm 

varied widely with 13/41 tissues appearing negative (inc. hver, adrenal, hypothalamus, 

fallopian tube, cervix and 2/3 kidney samples) [table 12]. All of these tissues except 

fallopian tube and cervix were also negative for stromal reactions, but all except 

adrenal, fellopian tube, pituitary and kidney demonstrated endothehal binding. In other 

tissues, such as those of the gastrointestinal tract (including large bowel, stomach and 

duodenum), LL4 was reactive with hbrovascular stroma and endothehum and also 

showed variable reactions with epithelial cells. In lung, bronchiolar epithelium was 

negative, although alveolar epithelium was positive as was stroma and vascular 

surfaces. In spleen, lymphocytes were negative (also lymphocytes in the lamina propria 

of the gastrointestinal tract), although red pulp and the surfaces lining sinuses were 

reactive weakly. Weak binding was also observed with cells lining thyroid follicles and 

the ducts of testis, and whilst stroma was negative specific endothelial surface reactivity 

was noted. Trophoblast in first trimester and term placenta showed heterogeneous 

reactivity with weaker binding in the connective tissue stroma and strong reactivity of 

endothelium lining vessels.

5.10 Discussion

The results presented in this chapter describe the purification and characterisation of 

five anti-VEGF scFvs selected from the phage library. IMAC was chosen as a method 

for purification, and, although this involved sub-cloning to express the scFvs with a His6 

tag, it was proven to be a useful method. All five scFvs were successfully purified with 

this simple process and it was not necessary to explore other purification techniques.

The most widely used methods used to purify monoclonal antibodies and antibody 

fragments have been affinity chromatography or ion exchange chromatography. Anti-
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CEA antibodies have been purified using antigen affinity chromatography columns, 

which are highly specific but consist of tumour derived antigen which can leach out 

during elution of antibody. Ion exchange chromatography has disadvantages such as 

low selectivity and instability at low ionic strengths leading to precipitation of protein 

during the procedure. In addition, conditions must be optimised for each individual 

protein. Affinity chromatography has also been used with extracted or recombinant 

bacterial proteins which naturally bind antibodies. For example. Staphylococcal Protein 

A, which has been used since the early 1970's for purification of mammalian IgGs 

[Kronvall et al., 1970] and more recently, recombinant Protein LA, which has been used 

to purify scFv antibodies carrying the kappa hght-chain variable domain [Svensson et 

al, 1998].

When the five scFvs were characterised by sequencing of their DNA it was revealed 

that the sequence differences between LLl and LL4 were not in the regions of BstNl 

restriction sites, therefore the Bst'Nl digestion patterns were re-evaluated. Indeed, when 

looking back at the BstNl digestions in figure 24, chapter 4, it is possible that clone 

LLl (2“** selection, clone 3) consists of 2 patterns, one being LL4 (4* selection, clone 6) 

the other being LL2 (2°  ̂selection, clone 10). This result can be explained if the colony 

taken for restriction mapping contained two clones, one having the LL4 (4.6) pattern 

and one having the LL2 (2.3) pattern. After sub-cloning the clone with the LL4 (4.6) 

pattern was cloned for sequencing. It is debatable whether the LLl clone was indeed 

LL4, the differences being due to sequence errors, or whether it was a distinct clone. 

However, for practical purposes it did not matter as the protein sequences were identical 

because the DNA differences were conservative. Therefore, LLl was not presented for 

further studies and characterisation continued with LL2-LL5.

None of the four scFvs were able to neutralise VEGFs biological activity as assessed by 

^H-thymidine incorporation. The addition of a neutrahsing antibody resulted in marked 

inhibition of VEGF, indicating that if there were neutralising activity present then it 

would have been detected using this assay. The inability to identify neutralising scFvs 

from the random combinatorial library may have occurred because the mice did not 

make neutrahsing antibodies for example or they were not present in large enough 

numbers to be detected. Other reasons include technical reasons such as Hbfarÿ size, 

insufficient screening, or selective PCR amplification. It is also possible th^ the 

affinity, valency and size of the scFvs were not suitable to interfere with VEGF binding
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to the receptor, even if the epitope was appropriate. If neutralising antibodies were 

required, a chain-shuffling experiment could be conducted, as this has led to recovery of 

neutralising Fabs that were not recovered from the random combinatorial library [Ames 

et a/., 1995]. However, as not neutralising, these LL2-LL5 antibody fragments have 

potential as ‘building blocks’ for therapeutic strategies aimed at the eradication of solid 

tumours.

When the four VEGF-reactive scFvs were assessed immunohistochemically on 

placenta, it was observed that scFv LL4 was most selective for vascular endothelium 

and gave the strongest reactions. For this reason, it was decided to carry on one stage 

further with LL4 alone. LL4 was therefore assessed on colorectal carcinoma sections 

and the same staining pattern was seen as on placenta (i.e. vascular endothelium and 

connective tissue stroma). From this work it was considered that LL4 would be the best 

candidate to explore the hypothesis that VEGF is a suitable target for antibody directed 

cancer therapies and therefore LL4 was further analysed.

Affinity was chosen as a parameter to measure as it is an important part of antibody 

characterisation and may be predictive of antibody performance in biotechnological 

applications. Various methods, including competition ELISA and fluorescence quench 

[Neri et a/., 1996], have been used to measure affinity. For the purpose of this thesis a 

surface resonance based biosensor method was employed [Jonsson et al., 1991] because 

this gives real-time on and off rates for the antibody-antigen reaction but uses only 

small amounts of reagent. Furthermore, it has the ability to monitor complex formation 

directly, enabling calculation of association and dissociation kinetics as well as 

equilibrium binding constant. ScFv LL4 had an affinity of Kd = 2.4 x 10' .̂ This 

affinity, although not very high, is typical of a secondary immune response (Kd = 10“̂ - 

10'*) and may be expected as affinities achieved from immunised repertoire displayed 

on phage are of the same order as affinities from hybridoma clones [Clackson et al.,

1991]. It is possible, however to improve affinity using various affinity maturation 

techniques that should be readily applicable to LL4 since it is expressed on phage.

These include chain shuffling [Marks et al., 1992b], error prone PCR [Gram et al.,

1992] and random mutagenesis [Barbas et a l, 1992].

LL4 was also characterised by its binding to a range of neoplastic and normal tissues 

using immnunohistochemistry. In general, LL4 anti-VEGF reactivity was greater for
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fibrovascular stroma and endothelial cells in neoplastic tissues samples than those from 

normal sites. Immnunohistochemistry is not quantitative as it involves amplification of 

antibody binding by peroxidase labelling of tertiary complexes (avidin-biotin); thus the 

actual levels of VEGF are not measured. However, some important observations were 

made. In non-neoplastic tissues, distribution of VEGF as demonstrated by LL4 scFv, 

generally mimicked the distribution reported by workers who have performed crude 

assays of VEGF, by techniques such as radioimmunoassay after extraction of antigen 

from samples [Berse et al., 1992]. High levels have been reported in trophoblast, 

pulmonary tissues and in the gastrointestinal tract. However, LL4 binding to renal 

blood vessels and glomerular endothelium was either weak, equivocal or negative, 

despite reported evidence of upregulation of VEGF in this organ, by alternative methods 

[Berse et al., 1992]. In neoplasia, there are numerous reports of overexpression of 

VEGF iso forms in tumours from widely varying tissues of origin. Consistent with this, 

LL4 reacted with a large percentage of carcinomas of the gastrointestinal, breast, lung, 

ovary and bladder and with supporting connective tissue stroma and vascular 

endothelium in these carcinomas. Thus, LL4 did indeed appear to react selectively to 

tumour tissue and, on the basis of the further characterisation in this chapter it was 

decided to use scFv LL4 for in v/vo testing.
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CHAPTER 6 

IN  VIVO STUDIES of LL4

6.1 Introduction

This chapter describes the experiments designed to assess the biodistribution of LL4 

(selected in chapter 5) in a nude mouse xenograft model. In vivo studies include gamma 

counting of ̂ ^ Î-LL4 in normal tissues and LS174T tumour to establish gross organ 

distribution, and autoradiography to study the distribution of labelled antibody at the light 

microscope level.

The human colon adenocarcinoma cell line LS174T [Tom et al., 1976] was used to develop 

a xenograft tumour model in the flank of female nude mice [Pedley et ah, 1993]. The 

LS174T tumour is of human origin and is known to express and secrete VEGF [Fukumura 

et al., 1997]. Whilst the supporting fibrovascular stroma of the tumour and the nude mice 

normal tissues are of murine origin, it was reasoned that VEGF would react with the murine 

VEGF receptor since human VEGF is known to be angiogenic in mice [Kim et al., 1993].
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6.2 LL4 Reactivity with LS174T Tumour Xenograft

Prior to biodistribution studies the presence of VEGF antigen recognised by LL4 on 

LS174T tumour cells and vascular endothelium was confirmed by immunohistochemistry, 

under the supervision of Mr. G. Boxer (Department of Clinical Oncology). Sections of 

LS174T human tumour xenograft were incubated with biotinylated LL4 and binding was 

visualised using avidin biotin-peroxidase complexes reagents (section 2.2.18.4). Results 

showed that LL4 reacted with xenograft LS174T connective tissue stroma, the endothelial 

lining of the blood vessels, and also demonstrated heterogeneous reactivity with the 

malignant tumour cells themselves as seen in figure 40.

6.3 Biodistribution of LL4

6.3.1 Whole Organ

In order to assess the specificity of ̂ ^ Î-LL4 for VEGF, a control scFv anti-CEA antibody 

(MFE-23) was included in the experiment.

After injection of *^ Î-LL4 and ^^^I-MFE-23 into nude mice bearing LS174T xenografts 

(carried out by Mr. B. Boden & Ms. J.A. Boden, Dept, clinical Oncology), the mice were 

sacrificed at 1 hour and 3 hours, and normal and tumour tissues removed (supervised by Dr. 

R.B. Pedley, Dept. Clinical Oncology), weighed and dissolved. Radioactivity present in 

the tumour and normal tissues was assessed using a gamma counter. Results demonstrated 

that ^^ Î-LL4 and ^^^I-MFE-23 initially cleared from the blood at a similar rate (1 hour), but 

by 3 hours the amount of activity in the blood for MFE-23 was approximately half that for 

the anti-VEGF scFv (this was also generally mirrored by all other normal tissues). Kidney 

retention of both antibodies was expected and is consistent with low molecular weight 

scFvs being filtered by the renal tubules and accumulating in proximal tubule epithelium 

[Takakura et al., 1990]. However, in the tumour, levels of MFE-23 and LL4 were similar 

at 1 hour and 3 hours [figure 41].
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Figure 40. Photomicrographs Showing Immunohistochemical Reactivity 
of LL4 scFv Antibody to VEGF with Human Colorectal Tumour 
Xenograft LSI74T. Section a) Mag x200, Section b) Mag. x400
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129

It was not possible from these studies to assess the distribution of labelled antibody at the 

microscopic level. Thus, autoradiography was performed in adjacent pieces of tumour 

from the same samples which had been gamma counted for radioactivity.

6.3.2 Microdistribution using Autoradiography

Microdistribution using Autoradiography was carried out under the supervision of Mr. G. 

Boxer, Department of Clinical Oncology.

Sections of LS174T tumour showed distinctly different distributions for scFv LL4 and 

MFE-23 at both time points. For LL4, autoradiographic grains were locahsed either 

directly adjacent to or overlaying vascular endothelium lining blood vessels. This was 

particularly striking at 1 hour [Figure 42a], although still obvious at 3 hours (not shown) 

after injection. Tumour epithelial cells did not show any significant labelling. There was 

also some evidence of accumulation of grains within the vascular spaces themselves.

For the control scFv MFE-23, autoradiographs showed no significant association of grains 

within vascular spaces or with the endothelium lining them. Grains were observed 

throughout areas of fibrovascular stroma underlying the vessels and were demonstrable 

within viable regions of the epithelial compartment of the tumour. Particularly marked, at 

one hour was the increased density of grains directly underlying endothelial cells [Figure 

42b]. The grains were demonstrable up to approximately 100 pm away from the blood 

vessels after which grains became more uniformly distributed, in spite of being sparse.

In general LL4 showed a lower grain density in normal tissues, although grains were 

observed overlying vascular spaces and within kidney, and to a lesser extent in liver, 

colonic mucosa and pulmonary vessels. Looking at the organs individually, the spleen and 

liver showed a homogeneous, though low level of labelling and the colonic crypt mucosa 

grains were not obvious. Lung demonstrated a heterogeneous distribution with grains 

diffusely overlying alveolar epithelium and red blood cells, but bronchiolar epithelium was 

unlabelled. Sections of kidney showed grains associated with glomerular endothehum, 

compared to that of control scFv MFE-23 which was negative. In addition, proximal
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tubular epithelium was heavily labelled with grains and was demonstrable at a comparable 

level to that seen for MFE-23 autoradiographs. For autoradiographs of all other normal 

tissues with MFE-23 there were no significant accumulations of grains within any of the 

organs examined.

In order to assess quantitatively the distribution of antibody in the autoradiographs

which are described, a method for grain counting was devised, to compare the amount of 

antibody binding to vascular endothelium. This involved taking 50 fields of each tissue 

fi*om the 4 mice per group and counting using a 1mm graticule the number of grains on the 

luminal surfece of the vessel.

6.3.3 Grain Counting of Autoradiographs

Grain Counting of Autoradiographs was carried out under the supervision of Mr. G. Boxer, 

Department of Clinical Oncology.

Results showed that '^^I-LL4 scFv localised in significantly greater amounts in vascular 

endothelium than MFE-23 anti-CEA control (p=0.001, Mann-Whitney U-Test) as shown in 

table 13. When comparing LL4 reactivity in normal vessel endothelium with that in 

tumour vessels it was clear that liver, lung and colon endothelium were labelled only very 

sparsely (median=l) compared to that on tumour vessels (median=3, range 0-45)

(p=0.001).

In kidney, the vascular endothelium lining renal blood vessels was labelled more densely 

with LL4 than endothelium in other normal tissues, in fact to a more significant level than 

in tumour (p=0.0198, median 6). This autoradiographic distribution in kidney was confined 

to renal vessels but binding to glomerular endothelium was not evident.

This binding to renal endothelium with LL4 was confirmed as specific, since control anti- 

CEA scFv MFE-23 did not bind (median =0, p=0.001).
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TISSUE TYPE
Grains Lining Endothelial Surface 

per High Powered Field Significance
(relative to LL4 tumour)Median Mean Range

LL4 tumour 3 5.86 0-45 ******

MFE-23 tumour 1 1.5 0-8 p=0.001

LL4 liver 1 1.84 0-12 p=0.001
LL4 lung 1 1,52 0-5 p=0.001

LL4 colon 1 1.12 0-6 p=0.001
LL4 kidney 6 6.06 0-17 p=0.0198

(inverse correlation 
kidney>tumour

MFE-23 liver 0 0.4 0-3 p=<0.001
MFE-23 lung 0 0.1 0-1 p=<0.001
MFE-23 colon 0 0.46 0-3 p=<0.001
MFE-23 kidney 0 0.6 0-6 p=<0.001

Table 13. Relative Binding of scFv Anti-VEGF (LL4) and Anti-CEA (MFE-23) 
Antibodies to Tumour Xenografts (LS174T) and Normal Tissues.

6.4 Discussion

The most striking evidence of specificity of LL4 with tumour endothelium has come from 

the in vivo studies in tumour-bearing mice.

Autoradiography studies performed on tissue sections taken from mice that had been 

injected with ^^^I-labelled LL4 showed discrete locahsation of grains either directly 

adjacent or overlying vascular endothelium cells in tumour blood vessels. This was most 

striking one hour after injection but was clearly visible at 3 hours. The control antibody 

(anti-CEA scFv MFE-23) showed no significant association of grains within the vascular 

spaces even at one hour. MFE-23 diffuses out of the vessels and into the surrounding 

tissues where it is binds to CEA. LL4 also showed some reactivity with endothelial cells in 

normal tissues but of a lower order of magnitude. Normal tissue reactions were limited to 

the kidney (glomerular endothelial cells) and to a lesser extent the liver, colon (colonic
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crypt mucosa) and lung (alveolar epithelium). This is consistent with VEGF mRNA 

expression which has been demonstrated in normal adult tissues not undergoing 

angiogenesis, particularly kidney, lung and heart [Berse et ah, 1992]. The fimction of 

VEGF in these tissues is unclear, although it is thought that it may play a maintenance role, 

perhaps regulating vascular permeability, which is especially important in organs such as 

the kidney.

The results presented in this chapter demonstrated that LL4 has potential to target tumour 

and hence tumour vasculature in vivo.
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CHAPTER 7 

DISCUSSION

7.1 Summary

This thesis has explored the hypothesis that VEGF-A is a good target for antibody directed 

cancer therapies and that antibodies to achieve this could be created by recombinant 

methods using filamentous phage.

This thesis describes the production, isolation, purification and characterisation of VEGF- 

reactive scFv antibodies from a phage library made from a VEGF-immunised mouse. Five 

of these anti-VEGF scFv antibodies were selected by a combination of immunopanning on 

recombinant antigen, diversity and immunohistochemistry on human placenta and 

colorectal tumour sections, for subcloning and expression with a His6 tag and purification 

by IMAC. Specificity was assessed by ELISA against immobilised VEGF-A and by 

immunohistochemistry. The principal candidate, scFv LL4, was biotinylated and reacted 

with sections from human tumour xenografts, human tumours and normal human tissue. 

LL4 was shown to react selectively with endothehal cells lining blood vessels in human 

tumours and the most striking evidence of specificity of LL4 with tumour endothelium was 

obtained from the autoradiographic in vivo studies in tumour-bearing mice.

Thus, the work presented in the thesis can be said to confirm the hypothesis tested because 

the experiments illustrate that one of the anti-VEGF antibodies created, LL4, had excellent 

potential as a targeting agent. The ability of LL4 to localise specifically to tumour 

endothehum is probably due to the VEGF:receptor complex being relatively abundant on 

tumour blood vessels because the hypoxic tumour microenvironment stimulates VEGF 

expression by tumour cells and VEGF receptor expression by endothehal ceUs. Also 

tumour blood vessels are more permeable than normal blood vessels [Yuan et al., 1996], 

which may allow antibody greater access to the VEGFireceptor complex on the abluminal 

side of vessels [Ke-lin et al., 1996; Hong et al., 1995].



135

LL4 shows specificity for tumour vasculature and it can be assumed that LL4 binds to 

receptor-bound VEGF. This is consistent with the results of Brekken et al. [1998], who 

demonstrated that monoclonal antibodies that recognise the VEGF:receptor complex 

selectively localise to tumour endothelial cells after injection into mice bearing human 

tumour xenografts. In contrast, a monoclonal antibody recognising free but not receptor 

bound VEGF, localised to the perivascular connective tissue of the tumour [Brekken et al. 

1998]. Formal testing of the hypothesis that LL4 did indeed bind VEGF on its receptor 

may be explored as outlined in future work below. Antibodies that react with receptor- 

bound VEGF recognise the NH2 terminus of VEGF and do not neutralise VEGF-mediated 

endothelial cell growth [Brekken et al., 1998]. This indicates that the NH2 terminus of 

VEGF is not involved in receptor interaction and is consistent with the findings in this 

thesis that LL4 that was highly selective for endothelium but did not neutralise VEGF- 

activity. Thus it is highly suggestive that LL4 was raised to the NH2 terminus of VEGF-A, 

which may also be tested as described in future work.

The fact that VEGF-neutralising antibody specificities were not found in the library does 

not disprove the hypothesis that recombinant antibodies to VEGF may be of use for tumour 

targeting. Others have shown that VEGF-neutralising antibodies can have anti-tumour 

properties [Kim et al., 1993], which establishes the principal, and it is possible that such 

antibodies were present in the library. Testing for neutralising antibodies could be carried 

out as described in future work.

This thesis has established that the recombinant route is very appropriate for the task of 

creating scFvs to VEGF. The recombinant approach allowed the detection ofVEGF- 

reactive scFvs during their analysis via their incorporated myc or Hise tag, and 

demonstrated the convenience of the engineered Hisô tag, which enabled easy purification 

and characterisation of the selected scFvs. Furthermore, the recombinant antibodies were 

produced in a form conducive for friture engineering, for example to improve affinity or to 

create fusion proteins of scFvs with a therapeutic moiety. Taken together the work implies 

that production of antibodies via the recombinant technology route will eventually 

supersede hybridoma technology in that generation of suitable antibodies is much faster and 

it produces a larger and more stable and reliable source of specific antibodies to select 

from.
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Antibodies and antibody fragments produced from mice can be immunogenic in humans. 

But if they are recombinant antibodies, it is possible to humanise them by CDR grafting, 

therefore it would be possible to humanise LL4 for clinical evaluation. One promising 

approach to the production of therapeutic antibodies is to minimise immunogenicity of 

future targeting antibodies by making completely human scFvs using the human 

immunoglobulin transgenic mouse [Briiggemann & Taussig, 1997]. The mouse has its 

antibody genes replaced with those of humans. Human gene segments rearrange in the 

mouse B cells and the mice respond to immunisation by producing human antibodies. This 

is particularly attractive for producing antibodies to human proteins as they are foreign in 

the mouse and it should be technically possible to produce recombinant human sFv libraries 

from these mice as has been described in this thesis for normal mice. Another route to 

production of human scFvs is the manufacture of human libraries, from peripheral 

lymphocytes, allowing isolation of human antibodies directly without immunisation. 

Screening of these libraries has allowed isolation in one step of antibodies with affinities in 

the nanomolar range [Vaughan et al., 1996].

LL4 gave proof-of-principal that phage antibodies could be useful for tumour targeting. It 

had specificity for tumour vasculature in vivo and, although it also bound to blood vessel 

endothelium in the mouse kidney, LL4 did not show similar immunohistochemical 

reactivity with sections of human kidney, suggesting that renal vessel uptake of antibody 

would not be a problem in the clinic. Further work would be required before it was decided 

whether LL4, a LL4 derivative, or a fully human anti-VEGF scFv, produced in a similar 

manner to LL4, would be the most appropriate reagent to develop for clinical use. Some 

experiments that could be performed are described below.

7.2 Future Work

One of the first points to establish is that LL4 does indeed bind to the VEGF-receptor 

complex; various approaches can be taken to achieve this. Since it is now possible to 

purchase recombinant receptor VEGFR-2, it should be possible to test binding in vitro 

using radio labelled LL4 and FPLC. The radio labelled LL4 should bind to the VEGF/ 

VEGFR-2 mix (but not to the VEGFR-2 alone) to give a MW shift readily detectable by
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FPLC. A complementary approach would be to synthesise the N-terminal peptide of 

VEGF described by Brekken et al. [1998] and test for its binding to LL4. Alternatively, the 

epitope on VEGF that is recognised by LL4 may be determined using surface enhanced 

laser desorption /ionisation afiBnity mass spectrometry (SELDI^^-AMS) [Ciphergen 

Biosystems, Surrey, UK]. SELDI-AMS has been developed for epitope identification 

[Spencer et a/., 1999]. This technology allows an antibody to be covalently attached to a 

specialised metal chip; the antigen is added followed by proteases which digest away the 

unbound regions of the antigen which are then washed away. The antigen peptides left 

bound to the antibody are laser desorped and identified by mass spectrometry. Their 

position can then be identified using the crystal structure or a computer homology model. 

This method allows identification of discontinuous and conformational epitopes as well as 

linear epitopes.

Characterisation of the LL4 binding to VEGF in the ways described above would have two 

aims. First to establish whether the target for LL4 was indeed receptor bound VEGF and 

second to provide a peptide ligand that could be used for affinity maturation of LL4, to 

select novel LL4-like scFvs fi’om the library, or to make human scFvs from transgenic 

mice. Higher affinity antibodies may be superior to their lower affinity equivalents and 

biotinylated peptide could be used to select for higher affinity LL4-like binders using 

methods such as described by Hawkins et al. [1992b], which have been shown to be 

applicable to clinically useful scFvs [Chester et al., 1994b]. Alternatively, it would be 

possible to bind VEGF to recombinant receptor VEGFR-2, and select from the library 

using the VEGFireceptor complex. Affinity selection could be applied by lowering the 

concentration of antigen (i.e. the complex) during the rounds of selection.

The anti-VEGF library is now a resource as it has been demonstrated with LL4 that the 

vascular endothehum can be targeted. New scFvs, including derivatives of LL4, can be 

tested in vivo for improved tumour locahsing ability and by immunohistochemistry for 

improved specificity against tumour vasculature in preference to normal tissues.

Antibodies against the VEGFireceptor complex present an attractive target and the specific 

deUvery of drugs or other effects to tumour endothehum may be subsequently employed. 

Such strategies could include the delivery of toxic agents to the tumour, or for the occlusion 

of the vasculature [Huang et al., 1997]. For these purposes, the fragments could be
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chemically conjugated to drugs, radioisotopes, toxins, photosensitizers for 

immunophotodynamic therapy, or enzymes for antibody-directed enzyme prodrug therapy. 

Alternatively, the antibody fragments could be genetically engineered as fusions with 

superantigens or cytokines, or as bispecific antibodies capable of recruiting natural effector 

mechanisms [Neri gf a/., 1997].

If the aim is to use the library to produce scFvs with VEGF-neutralising activity then 

removal of those scFvs that react with the N-terminus would be helpful, as discussed 

earlier, these are unlikely to be neutralising. Technically, removal of non-neutralising 

specificity should easily be achieved using the biotinylated VEGF N-terminal peptide and 

streptavidin-coated magnetic beads to select the phage library. Alternatively, SELDI-AMS 

could be used to map the epitopes on VEGF that interact with the recombinant VEGF 

receptor. Synthesised VEGF peptides in the region that reacts with the receptor could be 

then used to select anti-VEGF scFvs more likely to neutralise.

The recombinant approach to making scFvs for vascular therapies need not be limited to 

VEGF. Huang et al., [1997] using the animal model devised by Burrows & Thorpe [1993] 

showed the effectiveness of using their antibody to selectively deliver a truncated form of 

tissue factor, thus, triggering thrombosis in tumour associated vasculature. Nevertheless, 

for such an approach to be clinically usefiil there is a need to identify antigenic 

determinants which are selectively and constitutively expressed on the endothelium of 

tumours. Several studies are now underway to identify such antibodies. Potential 

candidates include TEC-II, which recognises endoglin [Burrows et al., 1995], ayps integrin 

[Brooks et al., 1994] and the receptor tyrosine kinase Tie-1 [Derbeyshire & Thorpe, 1997].

ScFvs that react with tumour vasculature may also have great potential for specific delivery 

of gene therapy. Limited in vivo gene transfer efficiencies have proven a major obstacle to 

the development of effective tumour cell-directed gene therapy [Brody & Crystal, 1994], 

but this may be less of a problem in the context of vascular targeted approaches, perhaps 

using VEGFireceptor targeting. Specifically, since vascular endothelial cells are in direct 

contact with the blood they are likely to be far easier to transduce with systemically 

administered vectors.
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Whatever therapeutic approach is taken, the first stage in development of an antibody 

targeted therapy is to create and define a suitable antibody molecule for delivery of that 

therapy. The work described in this thesis demonstrates that production of such antibodies 

to target tumour vasculature can be achieved using recombinant antibody technology.
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