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1 Summary 

 
One avenue towards the development of more selective anti-cancer drugs consists in 

the targeted delivery of bioactive molecules (drugs, cytokines, procoagulant factors, 

photosensitizers, radionuclides, etc.) to the tumor environment by means of binding 

molecules (e.g., human antibodies) specific for tumor-associated markers. In this 

context, antibodies specific to markers of tumor neo-vasculature represent 

particularly suitable “vehicles” for the targeted delivery of therapeutics, considering 

that new blood vessels are a pathological feature of most aggressive solid cancers 

and that these structures are readily accessible from the bloodstream. 

The alternatively spliced extra-domain B of fibronectin (EDB) is one of the best 

characterized markers of tumor neo-vasculature. Similarly, the extra-domain A 

(EDA), which can also be inserted in the fibronectin transcript by a mechanism of 

alternative splicing, has been shown to preferentially accumulate around new blood 

vessels in certain tumors, but this antigen has not been investigated so far as a 

target for antibody-based biomolecular intervention. 

 

In this thesis, we present the generation and characterization of three human high-

affinity monoclonal antibodies specific to the extra-domain A of fibronectin. 

Randomization of key residues in the CDR1 loops of an original anti-EDA medium-

affinity clone, led to the isolation of scFv(F8), scFv(B7), and scFv(D5). These 

antibody fragments were different in terms of dissociation constant to the human 

antigen [KD = 3.1, 16 and 17 nM, measured for monomeric preparations of the F8, 

B7 and D5 antibodies in recombinant scFv format, respectively]. When the three 

antibody fragments were cloned and expressed with a 5 amino acid linker, the three 

resulting homodimeric antibody preparations displayed comparable tumor : organ 

ratios in quantitative biodistribution studies, performed in immunocompetent 129SvEv 

mice, bearing subcutaneous syngeneic F9 murine tumors. The percent injected dose 
per gram (%ID/g) values in tumors 24h after intravenous injection were 9.3, 10.2 and 
13 for F8, B7, and D5, respectively. 
 

In order to generate monoclonal antibodies against virtually any kind of antigen, a 

large initial antibody repertoire is required. The Neri group at ETH Zurich has already 
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described the design, construction, and performance of the ETH2-Gold library, in 

which antibody diversity was generated by appending short and variable CDR3 loops 

onto three antibody germline segments (DP47; DPK22; DPL16). This library was 

successfully used to isolate antibodies against more than 100 different antigens. In 

light of the experience gained with the ETH2-Gold library, we have cloned two new 

synthetic human antibody libraries (called Philo1 and Philo2) in scFv format 

containing more than 3 billion clones in total. Within the CDR2 loops of VH domains 

in antibodies consisting of DP47 germ line segment, position 52 is often found to be 

in contact with the antigen. Philo1 and Philo2 libraries were built essentially with the 

same strategy used for the ETH2-Gold, but included from the very beginning certain 

judiciously chosen amino acid residues at position 52 in the VH domain. Two 

charged amino acids (D or K in Philo1) or two aminoacids capable of hydrogen bond 

formation (N or Y in Philo2) were chosen in order to bias epitope recognition towards 

certain structural features, which may not be compatible with antibody selections 

from the ETH2-Gold library. 
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1 Riassunto 
 

Una nuova strategia nel campo della cura del cancro consiste nel generare farmaci 

in grado di portare molecole bioattive, come composti chimici, fattori della 

coagulazione, fotosensitizzatori e radionuclidi direttamente alla massa tumorale. 

L’accumulo selettivo del farmaco nel sito tumorale avviene attraverso il sussidio di 

molecole (ad esempio anticorpi) che sono in grado di legarsi specificamente a 

bersagli (chiamati anche “marker”) presenti esclusivamente nel tumore e assenti nel 

resto del corpo. A questo scopo, anticorpi specifici per i marker delle strutture 

vascolari neoformate del tumore rappresentano “veicoli” particolarmente adatti. E’ da 

sottolineare inoltre che i vasi sanguigni neoformati costituiscono una caratteristica 

patologica della maggior parte dei tumori solidi aggressivi e sono inoltre facilmente 

raggiungibili attraverso il torrente circolatorio. 

L’extra dominio B (EDB) della fibronectina, la cui inserzione all’interno della proteina 

è controllata da un meccanismo di splicing alternativo, è uno dei marker della 

neovascolatura tumorale piu studiati e conosciuti. Analogamente, l’extra dominio A 

(EDA), sotto il controllo del medesimo meccanismo di spicing alternativo, mostra 

un’espressione particolarmente elevata attorno ai vasi sanguigni neoformati di alcuni 

tumori. Al contrario di EDB, EDA non è stato ancora indagato approfonditamente 

come marker per terapia anti-tumorale basata su anticorpi. 

 

In questa tesi, si descrive la generazione e la caratterizzazione di tre anticorpi 

monoclonali umani ad alta affinità per l’extra dominio A della fibronectina. La 

randomizzazione di residui aminoacidici chiave nei CDR1 della catena pesante e 

leggera, ha portato all’isolamento di 3 anticorpi: scFv(F8), scFv(B7), scFv(D5), che 

differivano tra loro in termini di costanti di dissociazione dall’antigene [KD = 3.1, 16 e 

17 nM rispettivamente per F8, B7 e D5, misurate su preparationi monomeriche di 

scFv]. Questi anticorpi, una volta clonati ed espressi in forma omodimerica con un 

linker di 5 aminoacidi, mostrarono comparabile capacità di accumulo nel sito 

tumorale (in termini di rapporto quantitativo tumore : organi) in esperimenti di 

biodistribuzione eseguiti topi immunocompetenti 129SvEv con teratocarcinoma 

sottocutaneo. La percentuale di dose iniettata di farmaco per grammo di tumore dopo 

ventiquattro ore dall’iniezione era di 9.3, 10.2 e 13 rispettivamente per i cloni F8, B7 

e D5. 
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Al fine di generare anticorpi monoclonali contro potenzialmente ogni tipo di antigene, 

è necessario partire da un grande repertorio anticorpale iniziale. Il gruppo del Prof. 

Neri all’ETH di Zurigo ha già precedentemente descritto il design, la costruzione e la 

performance della libreria ETH2-Gold in cui la diversità anticorpale è data dalla 

randomizzazione delle regioni CDR3 fuse in frame alla sequenza delle germline (DP-

47; DPK22; DPL16). Da questa libreria furono isolati con succeso anticorpi contro piú 

di 100 antigeni diversi. Alla luce dell’esperienza della ETH2-Gold, abbiamo clonato 

due nuove librerie sintetiche di anticorpi umani in formato scFv (chiamate Philo1 e 

Philo2) di piu di tre miliardi di cloni in totale. All’interno della regione CDR2 della 

catena pesante che consiste nella germline DP47, la posizione 52 spesso si trova in 

contatto con l’antigene. Per questa ragione, le librerie Philo1 e Philo2 sono state 

costruite essenzialmente con la stessa strategia impiegata per la ETH2-Gold, a 

meno di mutazioni puntiformi effettuate in posizione 52 della catena pesante. 

Abbiamo scelto due aminoacidi carichi (D o K nella Philo2) e due aminoacidi in grado 

di fare legami idrogeno (N o Y nella Philo2) al fine di ampliare la potenzialità delle 

librerie anche verso epitopi non compatibili con il sito di legame degli anticorpi della 

ETH2-Gold. 
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2 Introduction 

2.1 Antibody phage display technology 

2.1.1 Phage display technology 

Phage display is a powerful methodology that allows the selection of a particular 

phenotype (e.g., a ligand specific to a desired antigen) from repertoires of proteins 

displayed on phage. Phage display was originally described in 1985 by Smith (Smith 

1985), who presented the use of the non-lytic filamentous bacteriophage fd for the 

display of specific binding peptides on the phage coat. The power of the methodology 

was further enhanced by the groups of Winter (McCafferty et al. 1990) and Wells 

(Lowman et al. 1991) who demonstrated the display of functional folded proteins on 

the phage surface (an antibody fragment and a hormone, respectively). The 

technology is based on the fact that a polypeptide (capable of performing a function, 

typically the specific binding to an antigen of interest) can be displayed on the phage 

surface by inserting the gene coding for the polypeptide into the phage genome. 

Thus the phage particle links genotype to phenotype (Fig. 2.1).  

 
 

 
 
Figure 2.1: Phage displaying a binding protein (in this case a scFv antibody fragment, see section 

2.1.2.2) as fusion protein of a minor coat protein pIII. 

 

It is possible to create repertoires of phage (phage display libraries) in which the 

proteins displayed on each phage are slightly different from each other. If one is able 
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to purify from this large phage repertoire a phage particle by virtue of the phenotype 

(e.g., the binding specificity) displayed on its surface, one also isolates the genetic 

information coding for the binding protein, and can amplify the corresponding phage 

by bacterial infection. As an example, one can consider the selection of a binding 

specificity from repertoires of binders (Fig. 2.2). The library on phage is biopanned 

against an antigen of interest; unbound phage are discarded whereas specifically 

binding phage are collected and amplified in bacteria. Several rounds of selection 

can be performed (typically 2-4 rounds using antibody phage libraries).  

As a consequence, even very rare phenotypes present in large repertoires can be 

selected and amplified from a background of phage carrying undesired phenotypes. 

 
 

 

Figure 2.2: Selection of binding specificity from a phage display library. A library of proteins displayed 

on the phage surface is used as input for the selection. Phage displaying binding proteins are 

captured on immobilized target molecules, and after washing, bound phage can be eluted. This phage 

population is then propagated in bacterial cultures after infection of E.coli cells and can be used for 

further rounds of selection. 
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Phage particles are very stable, they remain infective when treated with acids, bases, 

denaturants, and even proteases. These properties allow a variety of selective 

elution protocols and have been used for applications other than selection for 

binding, such as the selection of proteins with altered thermal stability (Bothmann et 

al. 1998; Kristensen et al. 1998), the selection of catalytically active enzymes 

(Pedersen et al. 1998; Demartis et al. 1999; Heinis et al. 2001), or aggregation 

resistant domain antibodies selected on phage by heat denaturation (Jespers et al. 

2004). The possibility to amplify the selected phage in bacteria during panning 

experiments allows the enrichment of the pool of phage with the desired phenotype. 

Filamentous phage infect strains of E.coli that harbour the F conjugative episome. 

Phage particles infect bacteria by attaching to the tip of the F pilus, and by 

translocating the phage genome (a circular single-stranded DNA molecule) into the 

bacterial cytoplasm. The genome is replicated involving both phage- and host-

derived proteins, and packaged into elongated (“filamentous”) viral particles of 

approximately 6 nm diameter and 900 nm length (Fig. 2.3).  

Filamentous phage particles are covered by several thousand copies of a small 

major coat protein (pVIII). Few copies of the minor coat proteins pIII and pVI are 

displayed at one extremity of the phage particle, while pVII and pIX are present at the 

other extremity. The minor coat protein pIII, the product of gene III, is displayed in 3-5 

copies and mediates the adsorption of the phage to the bacterial pilus. Peptides 

and/or proteins have been displayed on phage as fusions with the coat proteins pIII 

(Smith 1985; Parmley et al. 1988) or pVIII (Greenwood et al. 1991). Display of 

proteins encoded by a cDNA library as carboxy-terminal fusion with the minor coat 

protein pVI has also been reported (Greenwood et al. 1991).  

The first peptides and proteins were displayed on phage using phage vectors 

(essentially the phage genome with suitable cloning sites for pVIII or pIII fusions and 

an antibiotic resistance gene). Phage vectors carry all the genetic information 

necessary for the phage life cycle . 
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Figure 2.3: Life cycle of filamentous phage f1 (M13/fd). Sequential binding of pIII to the tip of the F-

pilus and then the host Tol protein complex results in depolymerization of the phage coat proteins, 

their deposition in the cytoplasmic membrane (where they are available for reutilization), and entry of 

the ssDNA into the cytoplasm. The ssDNA is converted by host enzymes to a double-stranded reading 

frame (RF), the template for phage gene expression. Progeny ssDNA, coated by pV dimers (except 

for the packaging sequence hairpin (PS) that protrudes from one end), is the precursor of the virion. A 

multimeric complex that spans both membranes mediates conversion of the pV-ssDNA complex to 

virions and secretion of virions from the cell. This process involves removal of pV dimers and their 

replacement by the five coat proteins that transiently reside in the cytoplasmic membrane. Adapted 

from “Phage display: a practical approach” Edited by Clackson T. and Lowman HB. Oxford University 

Press.  

 

With pIII fusions in phage vectors, each pIII coat protein displayed on phage is fused 

with the heterologous polypeptide. Using phage vectors, most peptides and folded 

proteins can be displayed as pIII fusions, while only short peptides of 6-7 residues 

containing no cysteine give rise to functional phage when displayed as pVIII fusions 

(Iannolo et al. 1995). Phagemids, a more popular vector for display, are plasmid 

vectors that carry the gene III with appropriate cloning sites and a packaging signal 

(Figure 2.4; (Hoogenboom et al. 1991)).  

For the production of functional phage particles, phagemid containing bacteria have 

to be superinfected with helper phage particles, which contain a complete phage 

genome. Phagemid vectors encoding the polypeptide-pIII fusion are preferentially 

packaged into the phage particles, because the typically used helper phage (M13K07 
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or VCS-M13) have a slightly defective origin of replication, which also serves as 

packaging signal.  

The resulting phage particles may incorporate either pIII derived from the helper 

phage or the polypeptide-pIII fusion, encoded by the phagemid. Depending on the 

type of phagemid, growth conditions used, and the nature of the polypeptide fused to 

pIII, ratios of (polypeptide-pIII): pIII ranging between 1:9 and 1:10000 have been 

reported (Kristensen et al. 1998; Demartis et al. 1999). Furthermore, the proteolytic 

cleavage of protein-pIII fusions has been reported, contributing to further elevated 

levels of wild type pIII (McCafferty et al. 1990). 

 

 
 

Figure 2.4: General scheme for phage display using phage or phagemid vectors. The difference 

between phage and phagemid vectors is illustrated for pIII display. Sequences for display are inserted 

between a secretion signal sequence (Sig.) and gene III. Both phage and phagemid vectors carry an 

Ff origin of replication to permit production of ssDNA and hence virions. Phagemid vectors also have a 

plasmid origin (here pBR322) and an antibiotic resistance marker to allow propagation as plasmids in 

E .coli. Phage vectors are also often modified with antibiotic resistance markers for convenience, as 

illustrated here. In many phagemid vectors, an amber stop codon (TAG) is interposed between the 

displayed sequence and gene III to allow soluble protein expression by transferring the vector into a 

non-supE suppressor strain. Adapted from “Phage display: a practical approach” Edited by Clackson 

T. and Lowman HB. Oxford University Press. 
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2.1.2 Antibody phage display libraries 

2.1.2.1 Antibodies 

At present, antibodies are the only general class of affinity reagents which can be 

generated rapidly against virtually any biomolecular target. Monoclonal antibodies 

represent an ideal alternative to hyperimmune sera for in vivo applications (Kohler et 

al. 1975). However, rodent antibodies are immunogenic in humans. Early work 

showed that human monoclonal antibodies can be produced by immortalizing B cells 

with the Epstein-Barr virus (EBV) (Steinitz et al. 1977; Kozbor et al. 1981), or by 

fusing B cells with an appropriate partner to produce hybridomas (Kozbor et al. 1982; 

Karpas et al. 2001). However, these methods have very low efficiency and therefore 

alternative strategies have been developed. These include humanization of murine 

monoclonal antibodies through protein engineering (Jones et al. 1986), selection of 

antibodies from phage-display libraries of human antibody fragments (McCafferty et 

al. 1990; Viti et al. 2000; Silacci et al. 2005), and immunization of transgenic mice 

carrying human immunoglobulin loci, followed by production of monoclonal 

antibodies using hybridoma technology (Green 1999). 

 

The basic structure of an antibody consists of two identical light chains and two 

identical heavy chains which are linked by disulfide bonds. Each heavy and light 

chain contains a variable sequence (VH and VL respectively) in the amino-terminal 

110 residues, and constant sequences (CH and CL respectively) in the remaining 

portion of the chain (Fig. 2.5). Variability of the antibodies, which accounts for their 

different binding specificities, is located in the VL and VH, clustered in several 

hypervariable regions: the complementarity determining regions (CDRs). These 

regions form the antigen binding site of the antibody molecule and determine its 

specificity (Fig. 2.5).  
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Figure 2.5: The modular structure of immunoglobulins. This figure shows a single immunoglobulin (Ig) 

molecule. All immunoglobulin monomers are composed of two identical light (L) chains and two 

identical heavy (H) chains. Light chains are composed of one constant domain (C
L
) and one variable 

domain (V
L
), whereas heavy chains are composed of three constant domains (C

H
1, C

H
2 and C

H
3) and 

one variable domain (V
H
). The heavy chains are covalently linked in the hinge region and the light 

chains are covalently linked to the heavy chain. The variable domains of both the heavy and light 

chains compose the antigen-binding part of the molecule, termed Fv. Within the variable domains 

there are three loops designated complementarity-determining regions (CDRs) 1, 2, and 3, which 

confer the highest diversity and define the specificity of antibody binding. Adapted from (Brekke et al. 

2003). 

 

Immunoglobulin light chains (which are of two types: κ and λ) and heavy chains are 

encoded by three separate multigene families located on different chromosomes. In 

germline DNA, each multigene family contains numerous gene segments. In vivo, 

diversity in antibody combining sites is produced by multiple variable (V), diversity 

(D), and joining (J) gene segments and somatic mutation.  

CDRs 1 and 2 of H and L chains are encoded by V regions. Light chain CDR3 

(LCDR3) is produced by the combination of V and D regions, whereas heavy chain 

CDR3 (HCDR3) is formed by the combination of V, D, and J regions.  

The diversity is created by random rearrangement of the variable gene segments in 

germline DNA: conserved DNA sequences flank each V, D, and J segment and direct 

their joining. During this process, many different combinations of V, D, and J 

fragments are obtained. Major sources of antibody diversity are the random joining of 

multiple V, J and D germline gene segments, random association of a given heavy 

chain and light chain, junctional flexibility and N-region nucleotide addition, and 

somatic mutation following antigenic stimulation.  
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Since 1986, when the first three-dimensional structure of an antigen-antibody 

complex was solved (Amit et al. 1986), it is known that most of the contacts with the 

antigen are made by the heavy chain and in particular by HCDR3. Moreover, HCDR3 

are the only CDRs which are not structurally constrained to canonical structures 

(Barre et al. 1994). 

For therapeutic applications the immunogenicity of rodent antibodies continues to be 

a concern for repeated administrations to humans, and the use of chimeric, 

humanized or fully human antibodies is generally preferred (Fig. 2.6)  

 

 
 
Figure 2.6: From murine to human antibodies. In grey: murine derived sequences, in green: human 

derived sequences.  

 

In our experience, antibody phage technology represents the most efficient avenue 

for producing good-quality human monoclonal antibodies, whenever sufficient 

quantities of pure antigen are available (1-2 milligrams). The display of antibody 

fragments on the surface of filamentous phage allows the facile construction of large 

(> 10
9 

antibodies) libraries of human antibodies, from which monoclonal antibodies 

can be isolated by panning the phage library onto an immobilized antigen (Winter et 

al. 1994; Viti et al. 2000; Silacci et al. 2005). When required, antibody affinity can be 

“matured” using combinatorial mutagenesis of the antibody gene and stringent 

selection strategies (Salacinski et al. 1981; Schier et al. 1995; Pini et al. 1998; Brack 

et al. 2006; Silacci et al. 2006). 

Antibody phage technology directly yields antibody fragments (typically in scFv or 

Fab format, see section 2.1.2.2). However, other antibody formats (e.g., IgG) can 

easily be obtained by transplanting the genes coding for the variable antibody 

domains into suitable expression vectors (Fig. 2.7).  
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Figure 2.7: Different antibody formats and antibody fragments. In green heavy chain domains and in 

red light chain domains.  

 

2.1.2.2 Phage display of antibody fragments 

Phage antibody technology refers to the display and use of repertoires of antibody 

fragments on the surface of bacteriophages. The filamentous phage surface serves 

as a physical link between the genotype and phenotype of the antibody, in the same 

way that surface immunoglobulins are linked to the B cells in vivo. Antibody 

fragments containing at least the VH and VL of a full immunoglobulin can retain the 

binding specificity of the parental molecule. Different formats of recombinant antibody 

fragments can be expressed on phage surface.  

In Fab fragments (Better et al. 1988; Cabilly 1989), the association of the variable 

domain is stabilized by the first constant domain of the heavy chain and the first 

constant domain of the light chain. More often, antibodies are displayed on phage as 

single chain Fv fragments (scFv; (Huston et al. 1988)). ScFv fragments consist of a 

single polypeptide chain, including an antibody heavy variable domain (VH) linked by 

a flexible polypeptide linker to a light chain variable domain (VL) (Fig. 2.7).  

ScFv fragments have a molecular weight of about 30 kDa and are not glycosylated. 

In a scFv fragment the order of the V domains may vary, with the VH domain at the 

amino terminus or at the carboxy terminus (Bird et al. 1988; Huston et al. 1988), 

whereby the linker length has to be adjusted for optimal spatial arrangement of the 

two V domains (Huston et al. 1996). The most frequently used format VH-(Gly4Ser)3-

VL has been used for the construction of various phage libraries (Clackson et al. 

1991; Marks et al. 1991; Hoogenboom et al. 1992). 
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2.1.2.3 Antibody phage display libraries 

In 1990, the display of a scFv fragment on the surface of filamentous phage was 

demonstrated, together with the possibility of selecting specific antibodies from a 

mixture of phage with irrelevant binding specificity (McCafferty et al. 1990). Phage 

display libraries of recombinant antibodies can be regarded as artificial immune 

systems that reliably yield specific monoclonal antibody fragments in 1-2 weeks of 

experimental work, provided that a small amount of pure antigen is available (Winter 

et al. 1994). It is therefore possible to obtain specific recombinant antibodies from 

repertoires of billions of different binding specificities on phage without immunization 

and against both foreign and self-antigens.  

The large scale production of selected antibody fragments is possible because the 

fragments are secreted into the bacterial periplasm and culture medium (Skerra et al. 

1988; Carter et al. 1992). 

 

Like in immune systems, the recombinant antibodies of a phage display library have 

a common scaffold and diversity is inserted in the positions which determine the 

specificity of binding (Fig. 2.8). CDR3s are the positions in which diversity is usually 

concentrated.  

 

 
 
Figure 2.8: The hypervariable regions lie in discrete loops of the folded structure. When the 

hypervariable regions (CDRs) are positioned on the structure of a V domain it can be seen that they lie 

in loops that are brought together in the folded structure. In the antibody molecule, the pairing of a 
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heavy and a light chain bring together the hypervariable loops from each chain to create a single 

hypervariable surface, which forms the antigen-binding site at the tip of each arm. Adapted from 

“Immunobiology: the immune system in health and disease” 5
th 

Edition. Janeway C., Travers P., 

Walport M. and Shlomchik M. Edited by Garland Science.  

 

There are different ways to create diversity when building an antibody phage display 

library, which all rely on the possibility to harvest VH and VL genes by PCR. Thanks 

to the extensive characterisation of the V-genes and their flanking regions, several 

sets of “universal” PCR primers have been described for the cloning of human 

(Marks et al. 1991; Tomlinson et al. 1992), murine (also usable for rat) (Orlandi et al. 

1989; Clackson et al. 1991; Kettleborough et al. 1993; Orum et al. 1993), rabbit 

(Ridder et al. 1995; Lang et al. 1996), and chicken (Davies et al. 1995) V-genes 

repertoires.  

On the basis of the strategy followed to obtain diversity, antibody phage display 

libraries can be classified in “Immune repertoires” (antigen-biased), and “Single-pot” 

libraries (antigen-unbiased). 

  

- Immune antibody phage display libraries  

Immune antibody phage display libraries (Burton et al. 1991; Clackson et al. 1991) 

take advantage of the diversity created in vivo by the immune system: in this case 

the source of variable immunoglobulin genes are B-cells from an animal immunized 

with the antigen of interest or an immune patient.  

The resulting libraries are enriched in antigen-specific immunoglobulin domains, 

some of which have already been matured by the immune system, and may 

therefore yield high-affinity antibodies even when the library size is not spectacular 

(e.g., 10
7 

clones). For example, Chester et al. (Chester et al. 1994) isolated from a 

murine immune library a well-behaved scFv fragment specific for the 

carcinoembryonic antigen (CEA) with a dissociation constant in the low nanomolar 

range. This scFv (MFE-23) has been shown to selectively target human tumors 

xenografted in nude mice (Verhaar et al. 1995). There are some disadvantages in 

isolating antibodies from immune repertoires. When the source of V genes is an 

immunized animal, the resulting antibodies are not human and therefore potentially 

immunogenic. Animal immunization and library construction are necessary for each 

individual antigen, making the whole procedure long and labour intensive.  
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However, the isolation of human anti-tumor antibodies from phage repertoires of 

antibodies derived from cancer patients immunised with autologous tumor cells (Cai 

et al. 1995), or from their tumor-draining lymph nodes (Kettleborough et al. 1994) is a 

powerful strategy for the isolation of novel tumor-associated binding specificities. We 

envisage that immune libraries, obtained by immunisation against complex antigen 

mixtures and analysed using efficient selection schemes (Hoogenboom 1997) and 

screening methodologies (e.g., high-throughput immunohistochemistry), will continue 

to be useful tools for the discovery of novel tumor markers.  

 

- Single-pot libraries  

Single-pot libraries contain virtually all possible binding specificities and are not 

biased for a particular antigen. They are cloned once, with the aim to reach a 

complexity > 10
8 

clones and, if possible, > 10
9
-10

10 
clones. The corresponding 

phages are stored frozen in aliquots (Neri et al. 1998) and can directly be used in 

panning experiments against a variety of different antigens. Typically, when using 

pure antigen preparations, specific monoclonal antibodies are almost always isolated 

in 2-4 rounds of panning (5-9 days of work). In general, both library design and library 

size contribute to the performance of the library, and to the quality of the isolated 

antibodies. Larger libraries have a higher probability of containing high affinity 

antibodies (Griffiths et al. 1994; Vaughan et al. 1996). It is technically possible to 

make phage display libraries of complexity >10
9 

using brute force electroporation, 

and >10
11 

using combinatorial infection and cre-lox mediated recombination 

(Waterhouse et al. 1993; Griffiths et al. 1994). However, the combinatorial diversity 

that can in practice be explored in panning experiments is limited by several factors, 

including the solubility of phage particles (typically ≤10
13 

transforming units/ml), the 

efficiency of antibody display on phage, and the phage recovery yields in biopanning 

experiments (de Haard et al. 1998).  

Single-pot libraries can be classified as naïve or synthetic.  

 

- Naïve repertoires  

In this case V-genes are isolated from unimmunised animals or human donors, and 

are combinatorially assembled to create large arrays of antibodies.  

The murine naïve repertoire has been estimated to contain <5x10
8 

different B-
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lymphocytes, while the human repertoire may be a hundred to a thousand times 

bigger (Winter et al. 1994). This array of antibodies may be cloned as a “naïve” 

repertoire of rearranged genes, by harvesting the V genes from the IgM mRNA of B-

cells isolated from peripheral blood lymphocytes (PBLs), bone marrow, or spleen 

cells.  

Several naïve human antibody phage libraries have been cloned so far. The first 

library of Marks et al. (Marks et al. 1991) was made from the PBLs of two healthy 

human volunteers and has yielded several antibodies with different specificities.  

While it is by now clear that high-affinity antibodies can easily be isolated from large 

naïve libraries if the corresponding pure antigen is available, potential disadvantages 

are (1) the lower affinity rescued when smaller repertoires are used; (2) the time and 

effort needed to construct these libraries; (3) the largely unknown and uncontrolled 

content of the library; (4) the need to sequence the isolated antibodies and to design 

custom primers for affinity maturation strategies based on combinatorial mutagenesis 

of CDRs. Furthermore (5), it remains to be seen how well naïve libraries perform 

against self-antigens for which the immune system is tolerant.  

 

- Synthetic repertoires  

In synthetic repertoires, variability is entirely created outside the natural host. To 

construct a synthetic antibody library, V-genes are typically assembled by introducing 

randomized CDRs into germline V-gene segments (Hoogenboom et al. 1992). The 

antibody residues in which synthetic diversity is concentrated may be chosen to 

correspond to areas of natural sequence diversity of the primary antibody repertoire. 

Since the VH CDR3 is the most diverse loop, in composition, length and structure, 

this is the region which is usually chosen for partial or complete randomization.  

The choice of the germline V-genes into which one can insert combinatorial diversity 

can greatly vary. The variable regions of human antibodies are assembled from 51 

different VH germline genes (Chothia et al. 1992) and 70 different functional VL 

segments (40 Vκ and 30 Vλ; (Tomlinson et al. 1995; Tomlinson et al. 1996; 

Ignatovich et al. 1997). One can choose to use only one type of scaffold, based on 

qualities of the scaffold (Pini et al. 1998), or keep one of the heavy or light chains 

constant and use different scaffolds of the other one (Nissim et al. 1994), or take full 

advantage of the diversity of the scaffolds and combine the different heavy and light 

chains as much as possible (Griffiths et al. 1994). 
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Since not all of the different chain variants are equally well represented in the 

functional repertoire, there might be a disadvantage using such a great variation of 

scaffolds. Indeed, there is evidence that only a few germline V-genes dominate the 

functional repertoire (Kirkham et al. 1992; Tomlinson et al. 1995). By using scaffolds 

that are not often represented among the binders, library diversity would be wasted. 

To avoid this, one could consider constructing libraries with only one light chain and 

concentrate combinatorial diversity solely in the heavy chain (Nissim et al. 1994). 

This approach has proven to work well in practice and offers the possibility to affinity 

mature the binders by randomising the light chain in a second step (Neri et al. 1997). 

One of the main advantages of synthetic antibody phage display libraries is that the 

content of the library (antibody structure, codon usage, knowledge of the antibody 

portions that are randomised and of those that are kept constant) is defined a priori. 

Moreover, since antibody genes have not undergone any immunological selection, 

the library is not biased against self antigens. Indeed, synthetic libraries have already 

yielded good-quality antibodies against conserved antigens such as calmodulin 

(Griffiths et al. 1994), the EDA (Borsi et al. 1998) and EDB domains of fibronectin 

(Carnemolla et al. 1996; Neri et al. 1997; Pini et al. 1998) or against “difficult” 

antigens such as BiP (a molecular chaperone) (Nissim et al. 1994). 

 

2.1.2.4 The antibody libraries ETH-2 and ETH-2 Gold 

The ETH-2 and ETH2-Gold are synthetic human antibody libraries in scFv format. 

The scFv antibody format has been chosen due to superior expression and stability 

compared to Fab fragments. Both libraries have been cloned in phagemid vectors, 

which encode scFv-pIII fusion proteins. 

The ETH-2 and ETH2-Gold libraries are based on one single VH
 
segment (DP47) 

and one single Vk
 
(DPK22) or Vλ

 
(DPL16) segment, respectively. These germlines 

dominate the functional repertoire in humans and represent 12%, 25% and 16% 

respectively of the antibody repertoire in humans (Kirkham et al. 1992; Griffiths et al. 

1994). The use of the DP47 VH germline segment offers a number of advantages, 

ranging from a higher thermodynamic stability (Ewert et al. 2003) to the possibility of 

using protein A for antibody purification and detection (Hoogenboom et al. 

1992).Variability was confined to the VL CDR3 (positions 91, 92, 93, 94, and 96 for 

Vk, 92 - 95b for Vλ) and to four to six residues in the VH
 
CDR3 (positions 95 – 100; 
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see also Fig. 2.9), in accordance with their role as common antigen contacts and with 

the high variability of naturally occurring antibodies in these regions (Padlan 1994). 

 

 
 
Figure 2.9: ETH2-Gold scFv antibody fragment structure. Residues subject to randomization are 

depicted in spacefill representation. The residue are numbered according to Tomlinson et al, 1995. 

(PDB file are 1igm and 8FAB for DP47/DPL16 and  DP47/DPK22, respectively). Adapted from Silacci 

et al., 2005. 

 

It was shown before that high affinity antibodies can be obtained with short CDR3 in 

the heavy chain (Lavoie et al. 1992). The choice of short CDR3 also limited the 

potential diversity of the library and reduced clone to clone variability. Furthermore, 

short CDR3 in VH
 
and VL

 
immunoglobulin domains are generally associated with 

better antibody stability to proteolysis, improved binding, and reduced 

immunogenicity.  

The linker used in the ETH-2 library to link Vk
 
and VH

 
was not the same one used to 

link Vλ
 

and VH. For the ETH-2 Gold library, the flexible polypeptide 

Gly
4
SerGly

4
SerGly

4
 (Huston et al. 1988) was chosen as linker. Additionally, a single 

cleavage site for the restriction enzyme XhoI was introduced at the 3’-end of the VH
 

to facilitate further antibody modifications by genetic engineering.  

ETH2-Gold scFv antibody fragments were cloned into the phagemid vector pHEN1 

(Hoogenboom et al. 1991), which appends the short peptidic myc-tag at the C-

terminal extremity of the recombinant antibody. It was observed that the vector 

pDN322, a pHEN1 derivative appending a versatile tag D
3
SD

3
-Flag-His

6 
at the C-

terminal extremity of the recombinant antibody, in which the ETH-2 library was 

cloned, exhibited genetic instability after repeated passaging of the library 

(unpublished).  
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The ETH-2 Gold library consists of 3 x 10
9 

different antibody clones, and it was 

shown to be highly functional (Silacci et al. 2005). At present, antibodies for more 

than 100 antigens have been isolated with the ETH2-Gold library. 

 

The modular design of these two human antibody libraries allows the facile affinity 

maturation of antibodies of interest by introducing diversity in CDR1 and CDR2 using 

standard partially degenerated primers (Pini et al. 1998; Brack et al. 2006; Silacci et 

al. 2006) (Fig. 2.10).  

 

 
 

Figure 2.10: Schematic representation of an example for in vitro affinity maturation by mutation of 

CDR loops of an antibody isolated from the ETH-2 library. An antibody selected from the ETH-2 

(primary library) is used as template for the construction of a secondary library with mutated residues 

in VH
 
CDR1 and VH CDR2 (in green spacefill). The best performing clone selected from the 

secondary library is used as template for the construction of a third library with mutations in the VL. 

This procedure can be extended to more residues and repeated until the desired affinity is obtained. 

 

2.1.3 Other selection methodologies 

2.1.3.1 Yeast display 

Yeast display of antibody fragments has proven to be an efficient and productive 

methodology for directed evolution of scFv fragments for increased affinity and 

thermal stability and, more recently, for the display of naïve scFv and immune Fab 

libraries. A major strength of yeast display is the possibility to characterize the 

binding properties, such as the affinity and epitope binding characteristics, of a clone 
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without the need of subcloning, expression and purification of the antibody fragment. 

A further strength of yeast display is the compatibility with Fluorescent-Activated-Cell-

Sorting (FACS). FACS offers the possibility to isolate yeast clones of interest, based 

on their ability to bind fluorescently labelled antigen.  

In yeast display the a-agglutinin yeast adhesion receptor is used to display 

recombinant proteins on the surface of Saccharomyces cerevisiae (Boder et al. 

1997). In S. cerevisiae, the a-agglutinin receptor acts as an adhesion molecule to 

stabilize cell-cell interactions and facilitate fusion between mating a and α haploid 

yeast cells. The receptor consists of two proteins, Aga1 and Aga2. Aga1 is secreted 

from the cell and becomes covalently attached to β-glucan in the extracellular matrix 

of the yeast cell wall. Aga2 binds to Aga1 through two disulfide bonds and after 

secretion remains attached to the cell via Aga1 (Lu et al. 1995) (Fig. 2.11). The 

display on the yeast surface of a recombinant protein takes advantage of the 

association of Aga1 and Aga2 (Schreuder et al. 1996). The gene of interest is cloned 

into a vector as an in frame fusion with the AGA2 gene. Expression of both the Aga2 

fusion protein from the vector and the Aga1 protein in the host strain is regulated by a 

tightly regulated promoter, GAL1. The use of this promoter allows the expansion of a 

scFv library 10
10

-fold without any recognizable changes in either the percentage of 

antibody expression or the frequency of specific clones within the library (Feldhaus et 

al. 2003). Upon induction with galactose, the Aga1 protein and Aga2-scFv fusion 

protein associate within the secretory pathway, and the epitope tagged scFv antibody 

is displayed on the cell surface at 10’000-100’000 copies per cell (Feldhaus et al. 

2004) (Fig. 2.11).  
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Figure 2.11: The scFv-Aga2 fusion protein surface expression system. Aga1 is bound to a cell wall 

glucan and connected by a disulfide bond to Aga2. The protein to be displayed is cloned in frame with 

the AGA2 gene. Using suitable antibodies, N-terminal hemagglutinin (HA) tag and C-terminal c-myc 

tag allow the monitoring of fusion protein expression. By addition of labelled antigen, yeast cells 

displaying antibody fragments binding the antigen can be isolated by affinity purification (e.g., 

biotinylated antigen) or FACS (e.g., fluorescently labelled antigen).  

 

ScFv antibody expression on the yeast cell surface can be monitored by flow 

cytometry with fluorescently labelled antibodies recognizing either the C-terminal c-

myc or the N-terminal hemagglutinin (HA) epitope tags encoded by the display 

vector. The extracellular surface display of scFv by S. cerevisiae allows the detection 

of appropriately labelled antigen-antibody interactions by flow cytometry. Antigen-

binding interactions with the scFv antibody are easily visualized by either direct or 

indirect fluorescent labelling of the antigen of interest. In a suitable concentration 

range the fluorescent signal for antigen binding correlates to the affinity of the clone 

for this antigen.  

Yeast display of non-immune human scFv libraries has only been available since 

2002, therefore their use is still limited. However, yeast display has some unique 

strengths as a platform for affinity reagent discovery and optimization. When 

screening a non-immune library for specific binders, enrichments of 10
9 

can be 

achieved through multiple rounds of enrichment on a cell sorter, magnetic and/or flow 

cytometry based. An additional benefit of yeast display is the ease of discriminating 
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between clones with different affinities for the antigen on a flow cytometer during the 

selection facilitating the isolation of higher affinity clones from lower affinity clones 

(VanAntwerp et al. 2000). As a final point to note, yeast display selections are 

performed in solution, allowing the investigator to precisely control the concentration 

of antigen and establish a lower affinity threshold preventing the accumulation of low 

affinity clones, thereby facilitating clone characterization at the end of the selection. 

However, in cases where the antigen is not monovalent, strong avidity effects may 

come into play due to dense display of scFv on the cell wall of the yeast cell 

(Feldhaus et al. 2004). 

Clone characterization is a time consuming and labor-intensive step in any antibody 

discovery process. Characterizations may include: dissociation constant (KD) 

determination, determination of off-rate (koff) and of on-rate (kon) constants and 

stability analysis. Yeast display is well suited for these analytical tasks, as the binding 

properties of multiple individually isolated scFv fragments can be rapidly and 

quantitatively determined directly on the yeast surface using flow cytometry.  

 

Yeast surface display of scFv antibodies has also been successfully utilized to isolate 

higher affinity clones from small mutagenic libraries (1x10
6 

clones) generated from a 

single antigen-binding scFv clone (Boder et al. 2000). These libraries are constructed 

by amplifying the parental scFv gene to be affinity matured using error-prone PCR 

incorporating three to seven point mutations per scFv (Stemmer 1994). One type of 

selection of a mutagenized library is based on equilibrium antigen binding at defined 

concentration, usually at a concentration equal to the KD of the parental clone. 

Selecting the brightest antigen-binding fraction of the population will often identify 

clones with increased affinity. Screening for slower off rates can also be performed. 

This requires saturating the antigen-binding sites and then allowing dissociation to 

occur in a large volume of buffer that does not contain antigen (“infinite dilution”). 

After a set amount of time, yeast clones still binding biotinylated antigen are 

visualized on a flow cytometer and the clones retaining the highest degree of binding 

are sorted.  

Selections can also be focused on increasing the kon rate constant of an antigen-scFv 

interaction by using shorter incubation times with a specific concentration of antigen.  

Recently, the directed evolution of an anti-CEA scFv antibody fragment with a 4-day 
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monovalent dissociation half-time at 37°C was published (Graff et al. 2004). The 

previously described scFv antibody fragment MFE-23 (Chester et al. 1994) was first 

humanized by replacing 28 amino acid residues (hMFE-23) and then affinity matured 

by two rounds of mutagenesis and screening of yeast surface-displayed libraries. 

Several variants of hMFE-23 were isolated which showed 10-, 100-, and 1000-fold 

improvement in the off-rate over the original scFv. The biggest improvement 

corresponded to a half-life for binding to CEA of 4-7 days at 37° (versus 10 min for 

the parental antibody hMFE-23). This is the slowest reported dissociation rate 

constant engineered for an antibody against a protein antigen (Graff et al. 2004). 

2.1.3.2 Ribosome display 

In vitro display technologies combine two important advantages for identifying and 

optimizing ligands by evolutionary strategies. First, by obviating the need to transform 

cells in order to generate and select libraries, they allow a much higher library 

diversity. Second, by including PCR as an internal step in the procedure, they make 

PCR-based mutagenesis strategies convenient.  

The concept underlying ribosome display, first described by Mattheakis et. al 

(Mattheakis et al. 1994) is very simple. The key idea is to translate a library of mRNA 

molecules with a stoichiometric quantity of ribosomes. The functional library size is 

limited by the amount of in vitro transcription translation mixture used. There are two 

primary requirements for an efficient ribosome display. Firstly, there is a requirement 

that the ribosome stalls on reaching the 3’ end of the mRNA without dissociating. 

This has been achieved by removing translation termination codons from the mRNA 

(Hanes et al. 1997). This also causes virtually all the full length translated protein to 

remain attached to the ribosome (Payvar et al. 1979). The second essential 

requirement for ribosome display is that the protein must be able to fold correctly 

while still attached to the ribosome in order for selection to take place. This can be 

achieved by introducing an unstructured tether or spacer region to the C-terminal end 

of a library of proteins, which is genetically encoded as a 3’ end fusion to the DNA 

library of interest. Another issue is the stability of the ternary complex (mRNA-

ribosome-protein). Jermutus and co-workers showed  that under appropriate 

experimental conditions, the complexes are stable for more than 10 days, allowing 

very extensive off-rate selections (Jermutus et al. 2001). One unexpected advantage 

of these ternary complexes is that proteins displayed on the ribosome appear to be 
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less aggregation-prone (Matsuura et al. 2003), expanding the range of proteins for 

which this technology can be applied.  

After in vitro translation the ribosomal complexes are directly used for selection either 

on a ligand immobilized on a surface or in solution, with the bound ribosomal 

complexes subsequently being captured with, e.g. magnetic beads. The mRNA 

incorporated in the bound ribosomal complexes is eluted by addition of EDTA, 

purified, reverse-transcribed, and amplified by PCR. During the PCR step, the T7 

promoter and the Shine-Dalgarno sequence are reintroduced by appropriate primers. 

Therefore the PCR product can be directly used for further selection cycles. 

Ribosome display is schematically depicted in Figure 2.12.  

 

 
 

Figure 2.12: Schematic representation of the selection cycle of ribosome display. Linear DNA 

fragments coding for a protein library (here scFv antibody fragments) are transcribed in vitro and then 

purified before subsequent translation in vitro. After having reached the end of the mRNA translation, 

the ribosome is unable to dissociate from the mRNA because the stop codon is missing. The resulting 

ternary complex comprising the ribosome, mRNA and the nascent polypeptide can be stabilized by 

high concentrations of magnesium ions and at low temperature, therefore creating a stable linkage 

between the mRNA (genotype) and the encoded protein (phenotype). Ribosomes displaying a binding 

protein can be isolated by affinity selection on immobilized antigen, and the genetic information is 

amplified by reverse transcription and PCR after elution of selected mRNA molecules by addition of 

EDTA.  
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A large synthetic antibody library, HUCAL-1, of 2x10
9 

independent members 

(Knappik et al. 2000), was used directly as the starting material for ribosome display 

selections (Hanes et al. 2000). This naïve library was applied for six rounds of 

selection using insulin as antigen. In three independent experiments, different scFv 

families with different framework combinations were isolated. Since the library was 

completely synthetic (Knappik et al. 2000), the starting scFv sequences were known 

and any mutation could by directly identified as being generated during the ribosome 

display procedure by non-proofreading polymerases in the PCR steps. In summary, 

this procedure mimics to a certain degree the process of somatic hypermutation of 

antibodies during secondary immunization.  

Ribosome display has been shown to work especially well for affinity maturation of 

scFv fragments. So far, two studies have been reported in which a given antibody 

was evolved to higher affinity. In both cases, off-rate selection combined with error-

prone PCR was used.  

An antibody fragment specific to fluorescein was evolved (Jermutus et al. 2001) 

using selections in which the antibody-antigen complex needed to last up to 10 days, 

resulting in final dissociation constants of about 100 pM. The evolved scFv fragments 

all contained between 4 and 11 mutations, with the majority unlikely to be in contact 

with the antigen.  

In another study the dissociation constant of a scFv fragment specific to a peptide 

from the transcription factor GCN4 was improved from 40 to 5 pM (Zahnd et al. 

2004). In both cases libraries were generated with error-prone PCR and DNA 

shuffling, and selected for decreased off-rates.  

ScFv antibody fragments have also been evolved for stability by using ribosome 

display (Jermutus et al. 2001).  

In a recent work, ribosome display was used in order to generate the tightest peptide-

binding antibody reported to date. A single-chain Fv antibody fragment, showing a 

binding affinity of 1 pM to a peptide derived from the unstructured region of bovine 

PrP, was obtained by applying several rounds of directed evolution and off-rate 

selection with ribosome display using an antibody library generated from a single PrP 

binder with error-prone PCR and DNA-shuffling (Luginbuhl et al. 2006). 
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2.1.3.3 Iterative colony filter screening 

Iterative colony filter screening is a method that allows the rapid isolation of binding 

specificities from a large synthetic repertoire of human antibody fragments 

(Giovannoni et al. 2001). In this procedure a positional linkage between the binding 

phenotype and the bacterial colony (therefore the genotype) is kept by two overlaid 

filters. Bacterial cells, expressing the library of antibody fragment, are spread and 

grown on a first master porous filter (membrane A, Fig. 2.13), while a second 

nitrocellulose filter (membrane B, Fig. 2.13) is coated with the antigen of interest and 

put on a solid medium capable to induce soluble antibody fragments. Placing the 

bacterial colony filter onto the antigen-coated filter allows the diffusion and binding of 

antibody fragments to the antigen immobilized on the nitrocellulose membrane. 

Detection of antibody fragment on the antigen filters and by overlaying it with the 

bacterial colony filter leads to the identification of clones displaying the desired 

binding phenotype. 

 

 
 

Figure 2.13: Schematic representation of the iterative colony filter screening method. Bacterial 

expressing a library of antibody fragments (i.e., scFv) are spread on a Durapore filter membrane A. On 

the filter, placed on a solid medium that allows the bacterial growth, colonies become visible after 

about 8h incubation at 37°C. Membrane B is a nitrocellulose filter coated with the antigen of interest. 

This second filter is placed onto a solid medium capable of inducing soluble antibody fragment 

expression. Once bacterial colonies are grown, membrane A is overlaid onto membrane B, where 

after a few hours of incubation induced soluble antibody fragments are able to diffuse through 

membrane A and reach antigen coated membrane B. Membrane B is then developed for instance with 

colorimetric or electrochemoluminescence techniques in order to identify the position of the colonies 

expressing binding antibodies. 
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This procedure can be iteratively reproduced until single clones are isolated. 

Typically two or three rounds of colony filter screening are applied in order to isolate 

monoclonal antibodies from big library repertoires. Iterative colony filter screening 

has been successfully used for the isolation of antibodies against EDB of fibronectin 

(Giovannoni et al. 2001) and against EspA, a protein involved in the type three 

secretion system needle complex of E.coli (Kuhne et al. 2004). 
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2.2 Antibody-based vascular tumor targeting 

2.2.1 Ligand - based targeting - general concept 

 
Most conventional pharmaceuticals currently in use for the treatment of cancer do not 

selectively accumulate in the tumor tissue. As it is true for the majority of 

pharmaceutical agents, intravenously administered drugs rather evenly distribute 

within the different organs and tissues of the body. Owing to the high interstitial 

pressure in the tumor environment, the accumulation of cytotoxic drugs in neoplastic 

lesions is especially poor (Jain 1987; Bosslet et al. 1998) (Fig. 2.14). The active 

efflux of cytotoxic agents through the cellular membrane of cancer cells by multidrug 

resistance transporters may further compromise drug uptake (Szakacs et al. 2006). 

Indeed, the dose of drug that finally reaches the tumor mass may be as little as 5-

10% of the dose that accumulates in normal organs (Bosslet et al. 1998). Since 

chemotherapeutic agents traditionally exert their antitumor effect by targeting rapidly 

proliferating cells, this causes significant toxicities in normal tissues with enhanced 

proliferation rates and compromises dose escalation to more therapeutically active 

levels. As a consequence, the development of selective and better tolerated cancer 

therapeutics represents the most important goal in modern oncology research.  

 

 
Figure 2.14: Tissue distribution of doxorubicin after a single i.v. injection of 4.5 mg/kg into tumor-

bearing nude mice. The tumor is almost spared from the drug. (Adapted from Bosslet et al. 1998). 

 

One elegant approach to circumvent the disadvantages of conventional tumor 

therapy involves the preferential delivery of a therapeutic agent to the tumor site by 

means of a binding molecule specific for a tumor-associated marker (Fig 2.15). The 
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selective targeting of the drug to the tumor tissue will ultimately result in an increased 

local concentration at its site of action, while the host’s healthy organs can be 

effectively spared. In most cases, this will lead to a beneficial therapeutic index of the 

delivered pharmaceutical, that is, a higher efficacy with minimized side effects. 

Indeed, the favorable toxicity profile of site-specific therapeutics may open new 

avenues in cancer therapy, allowing the systemic administration of highly potent and 

promising agents, which are currently either given at suboptimal doses or whose 

clinical application has been to date impeded by unacceptable toxicities when applied 

in an unmodified form.  

Markers of the tumoral neovasculature have the theoretical potential to meet all 

desired criteria for efficient drug delivery and therefore represent particularly 

attractive targets for a selective pharmaco-delivery to the tumor site. Vascular target 

molecules are easily accessible from the bloodstream to systemically administered 

agents. Interestingly, a single agent should in principle be applicable to a wide range 

of different tumor entities, because angiogenesis is a common feature of virtually all 

malignancies and tumor vessels in histologically distinct tumors express common 

markers. Thus, the same vascular targeting agent could be useful not only for the 

therapy but also for the imaging of numerous types of cancer. Furthermore, antigen 

heterogeneity as observed in solid tumors is less likely to impair tumor targeting 

approaches which are based on vessel-associated antigens. 

 

 
 

Figure 2.15: The concept of ligand-based tumor vascular targeting. The targeted compound, 

consisting i.e. of an antibody as a carrier molecule and an effector moiety, is applied intravenously and 

homes to the tumor-specific vascular antigen, resulting in the accumulation of the pharmaceutical at 
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the tumor site. Vascular antigen can be either expressed on the luminal surface of endothelial cells 

(EC) or in the perivascular extracellular matrix (ECM). 

 

Tumor vascular targeting is defined as the targeted delivery of a bioactive effector 

molecule (such as a drug, cytokine, toxin, procoagulant factor, radionuclide, or 

photosensitizer) to the tumor site by means of a binding molecule (the ligand, 

typically a human antibody) specific to a tumor-associated vascular marker. The 

target molecule could be a protein on the luminal membrane of vascular endothelial 

cells or a component of the vessel-associated extracellular matrix. The term 'tumor 

targeting' is not used to indicate the inhibition of the target molecule in a signaling 

pathway (e.g. the inhibition of VEGF signaling by bevacizumab or the inhibition of the 

BCR/ABL kinase by imatinib). Instead, the target molecule expressed on the tumor 

vasculature is rather used as an easily accessible binding site for specific ligands, 

exploiting the vasculature as a scaffold to achieve a site-specific localization of 

effector molecules at the tumor site. This fundamental conceptual difference 

becomes even more clear considering the fact that the pathophysiological role of 

some vascular marker molecules proven to be excellently suitable for ligand-directed 

tumor targeting applications is still largely unknown and possibly redundant (i.e., EDB 

of fibronectin).  

 

In addition to a good-quality target molecule, an appropriate ligand with high 

specificity and affinity for its cognate vascular antigen and with favorable 

pharmacokinetic properties is an extremely important component for efficient tumor 

targeting. At present, antibodies are indisputably the best-established class of 

binding molecules for tumor diagnosis and therapy. In fact, either unmodified or in 

fusion with drugs or radionuclides, they have clearly proven their value as tumor 

targeting biotherapeutics (Wu et al. 2005). Also in terms of ligand-based vascular 

targeting approaches, antibodies and fragments thereof (see figure 2.7) are by far the 

most widely used carrier molecules in preclinical development and clinical evaluation, 

as they allow excellent localization to the tumor environment with tumor to organ 

ratios of greater than 10:1 already a few hours after injection. 

 

The primary therapeutic effect of the vascular targeting compound can be directed 

either against the tumor cells themselves (in order to improve the therapeutic index of 
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an otherwise non-specific antineoplastic agent) or primarily against the tumoral 

neovasculature (in order to achieve a selective destruction of the tumor's blood 

supply), depending on the properties of the delivered effector function. Examples for 

the first scenario would be the selective delivery of cytotoxic drugs or 

immunostimulatory cytokines to the tumor environment. The second scenario is well 

described by the targeted delivery of toxins directly to the vascular endothelium (as 

reported in a prominent proof-of-principle study by Burrows and Thorpe in 1993 

(Burrows et al. 1993) or the delivery of an α-particle emitting radionuclide as a moiety 

with a near-acting range to the tumor vasculature (Singh Jaggi et al. 2007). 

Subsequently, the damage of the endothelial cell layer causes thrombosis of the 

tumor vasculature and secondary tumor cell necrosis. Many effector molecules (i.e., 

β-emitters) may exert overlapping actions against both cell types within the tumor 

environment, combining a vascular disrupting approach with direct cytotoxic effects 

against tumor cells. Figure 2.17 (see section 2.3.1) gives a schematic representation 

of many different functionalization strategies for the construction of vascular targeting 

antibody derivatives. 

 

2.2.2 Identification of vascular targets 

 
Drug delivery strategies fundamentally rely on the identification of good-quality 

markers of pathology, allowing a clear-cut discrimination between diseased tissues 

and healthy organs. Tumor vasculature is characterized by high rate of endothelial 

cell proliferation, abnormalities in the vascular basement membrane, and an 

increased vascular permeability. Tumor vessels are highly disorganized, tortuous, 

thin-walled and irregular in diameter (Konerding et al. 2001). Intratumoral blood flow 

is often sluggish and at times might be stationary or even experience a reversal in 

the direction of flow (Tozer et al. 2005). All these characteristics give rise to a 

profoundly hypoxic, acidic, and nutrient starved tumor microenvironment (Helmlinger 

et al. 1997) (Brown et al. 2001). While these anatomical and physiological differences 

in vessel architecture between tumor and normal vessels have been recognized for a 

long time, researches have only recently begun to characterize differences at the 

molecular level.  
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Real advances in this field have come with the availability of transcriptomic 

technologies that allow full genome analysis, in particular, serial analysis of gene 

expression (SAGE) in combination with bioinformatic approaches, and, more 

recently, with proteomic studies. 

 

- Transcriptomics and bioinformatics 

Serial analysis of gene expression (SAGE) technology allows the simultaneous and 

quantitative analysis of a large number of transcripts upregulated in tumor-associated 

endothelial cells (tumor endothelial markers, TEMs) (St Croix et al. 2000) (Velculescu 

et al. 1995). The SAGE approach is based on the serial sequencing of short 

sequence tags that are unique to each and every gene. These gene-specific tags are 

produced by a series of molecular biological manipulations and concatenated for 

automated sequencing. SAGE technology was applied to comparative analysis 

between endothelials cells coming form normal and tumor tissues. Attention was 

often mostly paid to antigen suitable for vascular targeting application, therefore on 

transmembrane protein or receptor. This approach led to the identification of CD276, 

also called B7-H3, a protein whose over-expression often correlates with poor 

prognosis (Zang et al. 2007). 

As more transcriptomes of tumors and associated vascular endothelial cells have 

become available, investigators have started to compare these databases using 

bioinformatic procedures for the discovery for novel tumor-associated endothelial 

markers. A subtractive algorithm has been applied to the sequence tag expression 

data that is available in the public databases to identify novel endothelial-specific 

genes (Huminiecki et al. 2000). Subsequently, by screening for expression by in situ 

hybridization, magic roundabout (ROBO4) and an endothelial-specific protein 

disulphide isomerase (EndoPDI) as tumor endothelial markers were identified 

(Huminiecki et al. 2002; Sullivan et al. 2003). 

 

However, due to posttranscriptional modifications, the amount of a given transcript 

may not necessarily reflect the expression level of the corresponding gene product. 

Thus, findings from transcriptomic approaches can only deliver hints that need to be 

subsequently confirmed at the protein level. Furthermore, numerous endothelial 

proteins expressed in vivo lack expression ex vivo. At present, several proteomic 

technologies have recently focused on the in vivo perfusion of tumor-bearing animals 
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for the identification of novel vascular targets under native, physiologically relevant 

conditions. 

 

- In vivo phage display 

Ruoslahti, Pasqualini and co-workers have pioneered the in vivo biopanning of 

peptide phage libraries to identify binding specificities against vascular addresses of 

normal and tumor angiogenic vasculatures (Pasqualini et al. 1996; Rajotte et al. 

1998). In this approach, unselected phage libraries are injected intravenously into 

mice, tissues of interest are then excised and examined for phages bound to tissue-

specific endothelial cell markers. Specific peptides homing to Aminopeptidase N, αV 

integrins, NG2 and MMP-2/MMP-9 have been identified with this methodology which 

currently has been extended also to the isolation of peptides specifically homing to 

tumor lymphatics (Laakkonen et al. 2002). 

 

- Perfusion with silica beads 

In principle, the most direct way to discover novel vascular markers of angiogenesis 

consists in the in vivo labelling of vascular structures, followed by recovery and 

comparative proteomic analysis. The group of Jan Schnitzer reported the use of 

colloidal silica for the in vivo coating of the vasculature (Jacobson et al. 1992; Durr et 

al. 2004). The physical modification enabled the enrichment of silica-coated 

structures such as luminal cell plasma membranes and their caveolae. Two 

dimensional-PAGE analysis of silica-coated plasma membranes from rat lungs 

bearing breast adenocarcinoma and from normal rat lungs led to the identification of 

a number of tumor-specific vascular proteins (Oh et al. 2004). Apart from proteins 

which were known to be specific for the tumor vasculature (VEGF receptors, 

endoglin, aminopeptidase-N and others), some proteins without known association to 

the tumor vasculature have been identified, like annexin A1.  

 

- In vivo and ex vivo biotinylation 

Our group has developed a methodology for the in vivo chemical labeling and 

identification of tumor-associated vascular proteins based on the terminal perfusion 

of tumor bearing mice with reactive ester derivatives of biotin (Rybak et al. 2005; 

Roesli et al. 2006).  This approach allows the efficient biotinylation of primary amino 

groups of proteins on the surface of endothelial cells or in the vascular extracellular 
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matrix, which are readily accessible from the bloodstream. The purification of 

biotinylated proteins from organ and tumor lysates on a streptavidin column, followed 

by a comparative proteomic analyses based on LC-MS/MS methodologies, permitted 

the identification of hundreds of accessible vascular proteins, some of which were 

found to be exclusively expressed in the tumor vasculature (Rybak et al. 2004; Rybak 

et al. 2005). Furthermore, this technique has been extended to the ex vivo 

biotinylation of surgically resected human organs with tumors. By perfusion of human 

kidneys with renal cell carcinoma we were able to identify a total of 637 proteins, 184 

of which were only expressed in the tumor vasculature (Castronovo et al. 2006). 

Some of the most exciting antigens identified include isoforms of periostin, versican, 

melanoma-associated antigen MG50 and annexin A4. 

 

2.2.3 Targets of tumor neovasculature 

 
A number of protein antigens expressed either in blood vessels or in the adjacent 

matrix of the vessels have been characterized as targets for the selective delivery of 

antibodies (or peptides) to the tumor neo-vasculature. In this section, promising 

targets in advanced animal or clinical studies with already available quantitative 

biodistribution data will be reported. These antigens can be sub-grouped on the basis 

of their spatial location (endothelial lumen or ECM). 

 

2.2.3.1 Endothelial membrane protein 
 
- Integrins 

Integrins are cell-surface glycoproteins that mediate cell adhesion to extracellular 

matrix proteins or cellular receptor proteins. The integrins αVβ3 and αVβ5 have been 

shown to be critically involved in angiogenesis events and have gained significant 

attention as targets for the pharmacological inhibition of angiogenesis (Brooks et al. 

1994; Friedlander et al. 1995; Hynes 2002; Li et al. 2004). Furthermore, integrins 

have been proposed as targets for ligand-directed delivery of therapeutic agents to 

the tumor vasculature, despite of the fact that αVβ3 integrin and other integrins have 

also been detected in several non-diseased cells such as smooth muscle cells, 

osteoclasts and hematopoietic cells (Max et al. 1997; Byzova et al. 1998). 
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A humanized high affinity monoclonal antibody anti αVβ3 integrin named Abegrin 

(MEDI-522, an affinity matured version of Vitaxin or MEDI-523, MedImmune Inc.), 

has already completed phase II clinical trials as an anti-angiogenic agent (McNeel et 

al. 2005; Mulgrew et al. 2006). Recently, in a first study investigating the imaging 

properties of Abegrin, only moderate performance of 64Cu-labeled Abegrin has been 

observed in quantitative biodistribution experiments with a prominent antibody uptake 

in liver and spleen using an orthotopic mouse model of human MDA-MB-435 breast 

cancer (Cai et al. 2006). 

 

- Annexin 

Annexins are cytosolic proteins that can associate with cell membranes in a calcium-

dependent manner. Some annexins may translocate the lipid bilayer to the external 

cell surface. Oh et al. recently discovered Annexin A1 as a tumor endothelial target 

using the previously described technology based on the terminal perfusion of tumor-

bearing rats with silica beads (Oh et al. 2004). A monoclonal antibody to this antigen 

has been successfully used for the radioimmunoscintigraphic detection of solid tumor 

lesions in a rat model. Furthermore, relatively low radioactive doses of the same 

antibody labeled with 125I (single injection of 50 µCi radiolabeled antibody per animal) 

showed therapeutic efficacy in tumor-bearing rats (Oh et al. 2004).  

 

- Nucleolin 

Originally described as a nuclear protein involved in the regulation of cell 

proliferation, replication and nucleogenesis (Srivastava et al. 1999), nucleolin is also 

expressed on the cell surface of angiogenic endothelial cells, whereas it is restricted 

to the nucleus in quiescent endothelium (Christian et al. 2003). During the angiogenic 

process it is shuttled from the nucleus to the cell-surface of endothelial cells where it 

is involved in the regulation of cell migration und capillary-tubule formation (Huang et 

al. 2006). However, despite its restricted expression and its ability to internalize 

binding agents, tumor vascular targeting applications based on antibodies specific to 

nucleolin have not been reported yet. 

 

- Prostate-specific membrane antigen 

Prostate-specific membrane antigen (PSMA) is a membrane glycoprotein, which is 

not exclusively expressed in the tumoral neovasculature but also on tumor cells. 
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PSMA is mainly detectable in prostate cancer, where its expression is especially up-

regulated in advanced or androgen-independent stages (Perner et al. 2007). 

However, several studies have reported the overexpression of PSMA in the 

neovasculature of several other solid tumors (Liu et al. 1997; Silver et al. 1997; 

Chang et al. 1999; Chang et al. 1999; Chang et al. 1999), whereas expression of 

PSMA in normal tissues appears to be restricted to prostate epithelium, renal 

tubules, duodenal epithelium and breast epithelium. It is essentially absent in normal 

vasculature (Silver et al. 1997; Chang et al. 1999; Bander et al. 2003; Bander et al. 

2005). The monoclonal anti-PSMA antibody J591 has been used in clinical studies 

for the imaging and therapy of progressing hormone indipendent prostate cancer and 

also with other solid tumor entities (Bander et al. 2003; Milowsky et al. 2004; Bander 

et al. 2005; Milowsky et al. 2007). 

 

- Vascular endothelial growth factors and their receptor 

Vascular endothelial growth factors (VEGFs) are prime mediators in the regulation of 

tumor-associated angiogenesis (Ferrara et al. 2003). The contribution of VEGF-A to 

cancer progression has been highlighted by the approval of the humanized anti-

VEGF monoclonal antibody bevacizumab (Avastin, Genentech/Roche) for the first-

line treatment of advanced colorectal cancer in combination with chemotherapy 

(Hurwitz et al. 2004) and, recently, for the treatment of non-small-cell lung cancer 

(Sandler et al. 2006) and breast cancer (Miller et al. 2005). VEGF-A, VEGF receptor 

2 (VEGFR-2) and the VEGF-VEGFR-2 complex have stimulated the interest of 

investors as potential antigens for antibody-based targeting of the tumor vasculature 

(Ke et al. 1996; Brekken et al. 2000; Cooke et al. 2001; Backer et al. 2007; Korpanty 

et al. 2007). In a recent study, Backer et al. described the generation of single-chain 

VEGF-based probes labeled with different contrast agents for the molecular imaging 

of VEGF receptors in angiogenic vasculature (Backer et al. 2007). However, the 

absolute quantities of antibodies against these antigens accumulating at the tumor 

site were in general modest, which possibly reflects kinetic limitations in the targeting 

of low or medium abundance antigens, even when they are easily accessible from 

the blood (Halin et al. 2002). 
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- Endoglin 

Endoglin (CD105) is a homodimeric transmembrane glycoprotein which acts as a 

TGF-β co-receptor. It is overexpressed in the neovascular endothelial cells of various 

human cancers (Wang et al. 1993; Burrows et al. 1995; Minhajat et al. 2006). Even 

though extensive immunohistochemical studies have demonstrated a significant 

expression of endoglin also in normal tissues (Matsubara et al. 2000; Balza et al. 

2001; Minhajat et al. 2006), monoclonal antibodies specific to endoglin have been 

used in biodistribution studies and for imaging and therapy purposes in rodent and 

dog models of cancer (Seon et al. 1997; Matsuno et al. 1999; Tabata et al. 1999; 

Bredow et al. 2000; Fonsatti et al. 2000; Korpanty et al. 2007). 

 

2.2.3.2 Extracellular matrix protein 
 

Markers on the luminal surface of vascular endothelial cells are the most readily 

accessible targets for ligands administered into systemic circulation, but may be in 

low abundance, thus allowing only a small quantity of ligand to accumulate. In 

contrast, antigens expressed in the stroma around the neovasculature offer the 

advantage of a usually more abundant and stable expression. Although they might 

appear less accessible, the extravasation of the targeting agent allows binding to 

matrix-associated vascular antigens.  

 

- Oncofetal fibronectins 

Fibronectin is a large glycoprotein, which is present in large amount in plasma and in 

ECM. During tissue remodeling events and in malignancies, extra-domain B (EDB), 

extra-domain A (EDA), and IIICS region is inserted in the protein by a mechanism of 

alternative splicing. In chapter 2.3, we will discuss the features of fibronectin in more 

detail (Oyama et al. 1989; Oyama et al. 1990; Kaczmarek et al. 1994). 

 

- Large isoform of tenascin C 

Tenascin C, the first reported member of the tenascin family, was discovered in 1983 

as a protein enriched in the stroma of gliomas (Bourdon et al. 1983). Tenascins are 

extracellular matrix components (ECM) and are primarily synthesized by cells in the 

connective tissue. Tenascin C is highly expressed during embryogenesis and is 

transiently expressed during organogenesis, while absent or much reduced in 
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developed organs. Tenascin C reappears under pathological conditions caused by 

infections, inflammation or during tumorigenesis (Chiquet-Ehrismann et al. 2003), 

where it is expressed by activated fibroblasts, endothelial cells or by cancer cells. 

Several isoforms of tenascin C can be generated, as a result of alternative splicing 

which may lead to the inclusion of (multiple) FN-III homology repeats in the central 

part of this protein, ranging from domain A1 to domain D (Borsi et al. 1992; 

Carnemolla et al. 1992). Large isoforms of tenascin C have been associated with 

tissue remodeling and with invasiveness of carcinomas (Jones et al. 2000) and 

angiogenesis (Zagzag et al. 1995) as well as with wound healing. The large isoform 

of tenascin C is undetectable in most normal tissue.  

Radiolabeled derivatives of monoclonal antibodies specific for the domains A1 and D 

of tenascin C have been investigated for imaging and radiotherapy in patients with 

cancer for years. The tumor targeting properties of the high-affinity human antibody 

G11, directed against the domain C of tenascin C, have been recently demonstrated, 

using immunohistochemical analyses and quantitative biodistribution studies in an 

orthotopic rat glioma model (Silacci et al. 2006). Similarly, using the high-affinity 

human antibody F16 reactive with the domain A1 of tenascin C, our group has 

recently shown a strong expression of the antigen in a variety of primary and 

metastatic tumors and an excellent tumor targeting performance (Silacci et al. 2006). 

 

2.2.3.3 Other potential targets 

 
- ROBO4 

ROBO4 is a highly endothelial-specific homologue of the axon guidance receptor 

roundabout, a family of genes previously thought to be restricted to neuronal tissue, 

and was identified by bioinformatic data mining by the Bicknell group. It is expressed 

at sites of active angiogenesis and tissue remodeling, including tumors, but is 

undetectable in healthy adult tissues, as confirmed by a combination of Northern 

blotting, in situ hybridization and immunohistochemistry (Huminiecki et al. 2002). 

 

- Delta4 

Delta4, a plasma membrane located member of the Notch/Delta family of signaling 

molecules, has been independently identified by several groups (Salacinski et al. 
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1981; Rao et al. 2000; Shutter et al. 2000; Mailhos et al. 2001). Induced by hypoxia 

and VEGF, it is expressed on arterial endothelium in the developing embryo, 

whereas in the adult it is most readily observed at sites of active angiogenesis, in 

analogy to ROBO4. Their cell surface expression and their restricted expression 

pattern make these markers ideal candidates for ligand-based vascular targeting. 

 

- Phosphatidylserine (PS) 

Phosphatidylserine (PS), an anionic phospholipid, is a major component of the cell 

membrane which, under normal conditions, is preferentially found in the inner leaflet 

of the cell membrane lipid bilayer. However, under conditions of cellular stress, 

apoptosis, platelet activation, malignant transformation and endothelial cell 

proliferation, PS becomes exposed on the outer surface of the plasma membrane 

(Shutter et al. 2000; Ran et al. 2002; Ran et al. 2002), making it accessible for 

targeting molecules. The monoclonal antibody 9G2 has exhibited potent therapeutic 

activity even as a naked antibody in rodent models of cancer. A more recent antibody 

3G4 was shown to inhibit the growth and metastatic spread of murine tumor 

allografts and human tumor xenografts (Ran et al. 2005). 

 

- Marker on tumor cells 

Under certain circumstances such as accessibility of tumor cells in close proximity to 

blood vessels, high number of targets, high affinity of the antibody, even antigens on 

tumor cells may lead to a “vascular pattern” of ligand localization. In a microscopic 

analysis of the tumor distribution of radiolabeled high-affinity recombinant antibody 

fragments specific for HER2/neu, Adams et al. described a predominantly 

perivascular accumulation of the injected antibody in the tumor tissue (Adams et al. 

2001). 

 

2.3 Oncofetal fibronectins 

 
The role of the tumor stroma is becoming increasingly recognized as an important 

determinant for the growth and progression of solid tumors. In particular tumor-

associated extra-cellular-matrix (ECM) components, which may be produced by 

tumor cells, stromal cells and/or endothelial cells, often represent ideal targets for 
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biomolecular intervention. Among the most abundant ECM components (such as 

collagens, tenascins, proteoglycans, glycosaminoglycans and laminin) (Wernert 

1997), fibronectins play a special role, both in terms of their functional properties and 

because they have been used as targets for the development of therapeutic 

antibodies which are currently in preclinical and clinical development. 

 

Fibronectins (FNs) are abundant, high-molecular weight adhesive glycoproteins 

present in the ECM (insoluble form) and in body fluids (soluble form) ((Hynes 1990) 

and references there in).  

Secreted fibronectin usually forms dimers composed of two similar but not 

necessarily identical subunits of 250-280 kDa joined by a pair of disulfide bonds near 

their carboxyl terminal end (Ruoslahti 1988). Each monomer is an extended and 

flexible molecule that is folded in a series of protein domains, known as type I, II and 

III repeats, which often display functionally distinctive properties (Fig. 2.16). These 

domains are resistant to proteolysis and may contain binding sites for extracellular 

matrix proteins (e.g., collagen), cell-surface receptors (integrins), blood protein 

derivatives (fibrin) and glycosaminoglycans (heparin). Fibronectin is present in blood 

at high concentrations (0.3 mg/ml) (Pankov et al. 2002) as a soluble dimer, but in 

tissues it normally assembles in disulfide-crosslinked fibrils, forming fibronectin 

matrices in the ECM (McDonald 1988). These fibrils are important for cell adhesion 

and spreading in the ECM. FNs play a critical role in the maintenance of normal cell 

morphology, migration, hemostasis, thrombosis, wound healing, differentiation, and 

proliferation (Hynes 1990). 

A single gene encodes fibronectin, but alternative splicing of pre-mRNA as well as 

post-translational modifications allow formation of multiple isoforms, with up to 20 

variants possible in humans (Schwarzbauer 1991). Splicing occurs in three regions of 

the FN gene. Two exons corresponding to type III repeat, known as EIIIA or EDA 

(extra-domain A) and EIIIB/ EDB (extra-domain B, Fig 2.16), are spliced to be either 

totally included or totally excluded. The other type-III repeats of FN are coded for by 

two exons. A third region, the variable (V) or IIICS (type III connecting segment), 

located near the C-terminal end of the molecule, may be spliced in several positions, 

giving rise to five potential variants in humans (Schwarzbauer et al. 1983). 

The alternative splicing is regulated in a cell-, tissue-, and developmentally specific 

manner (Carnemolla et al. 1989). In transformed cells and in malignancies, the 
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splicing pattern of FN-pre-mRNA becomes altered (Kaczmarek et al. 1994) leading to 

an increased expression of oncofetal FN isoforms containing the IIICS, EDA and 

EDB sequences (Oyama et al. 1989; Oyama et al. 1990). 

 

 
 
Figure 2.16: Model of the domain structure of Fibronectin monomer: A fibronectin monomer is made 

up of a series of repeating units of three different types (type I, type II, type III). Disulfide bonds at their 

carboxyl termini join two monomers. Three repeats (indicated in white) can be either inserted or 

omitted in the molecule by mechanism of alternative RNA splicing: ED-B, ED-A and IIICS. Arrows 

indicate antibodies binding to different epitopes. 

 

Among the macromolecular interaction partners with FN, integrins deserve a special 

mention. A large number of these heterodimeric membrane-associated proteins bind 

to FN, including integrins α5β1 and αvβ3, which are important for fibronectin-mediated 

cell adhesion and which are up-regulated during angiogenesis (Kim et al. 2000; 

Pankov et al. 2002). The best-known minimal integrin recognition sequence within 

FN is characterized by the amino acid sequence RGD (located in repeat III10) flanked 

by the synergistic sequence PHSRN (located in repeat III9), which enhances binding 

to α5β1 integrin, but also binding to other integrins especially of the αv subpopulation.  

George et al. showed the essential nature of FN in vivo, by the early embryonic 

lethality of mice with targeted inactivation of the FN gene (George et al. 1993). 

Embryonic death is associated with widespread defects in mesoderm-derived 

structures, including the absence of somites and development defects in the heart 

and the vascular system. 
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2.3.1 EDB 

EDB is a type-III-homology repeat with a sequence of 91 amino acids encoded by a 

single exon, it is identical in mouse, rat, rabbit, dog, and man and can be inserted by 

alternative splicing into the fibronectin molecule (Gutman et al. 1987; Schwarzbauer 

et al. 1987; Zardi et al. 1987). The domain was discovered during experiments of 

proteolytic cleavage of FN molecules obtained form different sources. In FN isoforms 

containing the EDB sequence, EDB is inserted between the type III modules 7 and 8. 

The presence of EDB domain in the FN induces exposure of a cryptic site within the 

7th type III repeat (Carnemolla et al. 1992; Pankov et al. 2002). 

The EDB domain is usually absent in both plasma and tissue fibronectin of adults, 

except for some blood vessels of the endometrium in the proliferative phase and of 

the ovaries (Castellani et al. 1994). By contrast it can be inserted into the fibronectin 

molecule during active tissue remodeling, like angiogenesis in tumors, wound healing 

and during embryogenesis in foetal tissues, giving rise to a prominent perivascular 

expression pattern (Ffrench-Constant et al. 1989). This accumulation around 

neovascular structures has been extensively demonstrated in studies on many 

different tumor types, in particular on invasive ductal carcinoma (Kaczmarek et al. 

1994) and brain tumors (Castellani et al. 2002), as well as in ocular angiogenesis 

(Birchler et al. 1999). 

The 3D-structure of EDB has been solved by NMR spectroscopy in solution and is 

characterized by two antiparallel β sheets that form a β sandwich.(Fattorusso et al. 

1999). These two β sheets enclose a hydrophobic core of 25 amino acid side chains. 

EDB is highly acidic and contains only two positively charged residues. The 

negatively charged residues are uniformly distributed over the protein surface, except 

for a solvent-exposed hydrophobic cluster formed by residues Ile35, Phe54, Ile78 

and Leu80. This hydrophobic patch represents a potential specific recognition site. 

To examine the biological function of the EDB segment in vivo, Fukuda et al. 

generated mice lacking the EDB exon (Fukuda et al. 2002). They showed, that 

although EDB containing FN is highly expressed throughout early embryogenesis, 

EDB deficient mice developed normally and were fertile. Despite the absence of any 

significant phenotypes in vivo, however fibroblasts obtained from EDB-deficient mice 

grew more slowly in vitro and deposited less FN in the pericellular matrix than 

fibroblasts from wild-type mice. These results indicate that expression of B-FN is 
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dispensable during embryonic development, yet may play a modulating role in growth 

of connective tissue cells via the FN matrix.  

 

Most of the tumor targeting work with anti-fibronectin antibodies has so far been 

performed with antibodies, which recognize fibronectin isoforms containing the EDB 

domain, but not plasma fibronectin. This approach has the advantage of exploiting 

the high abundance of certain oncofetal fibronectin isoforms in the tumor 

environment, without inhibition in plasma, where the levels of EDB-containing 

fibronectin (B-FN) are low (typically less than 60-100ng/ml, unpublished data 

Francesca Viti, Luciano Zardi, and Dario Neri). 
In 1989, Carnemolla et al. described the isolation of the monoclonal antibody BC-1, 

obtained by fusion of splenocytes from mice immunized using FN from the culture 

medium of SV-40-transformed human fibroblasts (Carnemolla et al. 1989). This 

monoclonal antibody recognized human B-FN (but not plasma FN), making it 

possible to carry out immunohistochemical analysis of B-FN in a variety of tissue 

specimens (Castellani et al. 1994; Kaczmarek et al. 1994; Scarpino et al. 1999). 

However, the BC-1 antibody does not directly recognize the human EDB domain, but 

rather an epitope that is localized on the adjacent type III repeat 7, which is cryptic in 

the absence of EDB, but becomes unmasked in B-FN (Carnemolla et al. 1992). BC-1 

dose not cross-react with murine B-FN, but has successfully been used in 

biodistribution experiments in mice bearing subcutaneously grafted human tumors 

(Mariani et al. 1997) and for the imaging of patients with cancer (Mariani et al. 1997). 

 

Several groups have tried raising monoclonal antibodies to EDB using hybridoma 

technology, without success until now, possibly because of the identity of the EDB 

sequence from mouse to man. However, good-quality anti-EDB antibodies could be 

isolated from large synthetic antibody libraries, using phage technology (Winter et al. 

1994; Carnemolla et al. 1996; Neri et al. 1997; Pini et al. 1998; Giovannoni et al. 

2001). 

The first examples of a successful tumor targeting with anti-EDB antibodies was 

reported using two phage-derived antibodies, named CGS-1 and CGS-2 (Neri et al. 

1997). However, most systematic studies for the antibody-based targeting of B-FN in 

cancer and other angiogenesis-related diseases has so far been performed using the 

scFv(L19) antibody fragment and its derivatives. L19 is a human antibody of high-
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affinity and specificity for EDB and B-FN, which was isolated from phage display 

libraries using affinity-maturation procedures, based on the randomization of certain 

residues in the CDR1 and CDR2 loops of the heavy and light variable domains (Pini 

et al. 1998). 

The tumor targeting ability of the L19 antibody has been studied in rodent models of 

cancer, using both immunophotodetection techniques (Fig 2.18 A) (Birchler et al. 

1999) and quantitative biodistribution analysis with radiolabeled antibody 

preparations in different formats (e.g., scFv, SIP, IgG) (Tarli et al. 1999; Viti et al. 

1999; Demartis et al. 2001; Borsi et al. 2002). For therapeutic applications, several 

L19 antibody derivatives have been produced and tested in pre-clinical animal 

models of cancer (Fig. 2.17) both for their biodistribution and for therapeutic activity. 

These derivatives include conjugates to photosensitizers (Birchler et al. 1999), 

(Fabbrini et al. 2006), radionuclides (Demartis et al. 2001; Borsi et al. 2002; Berndorff 

et al. 2005; Berndorff et al. 2006; Tijink et al. 2006), liposomes (Marty et al. 2002), 

procoagulant agents (Nilsson et al. 2001), enzymes (Heinis et al. 2004), charged 

proteins (Melkko et al. 2002) (Niesner et al. 2002) and cytokines such as IL-2 

(Carnemolla et al. 2002; Menrad et al. 2005), vascular endothelial growth factors 

(Halin et al. 2002), IL-12 (Halin et al. 2002; Halin et al. 2003; Gafner et al. 2006), INF- 

γ (Ebbinghaus et al. 2005), and IL-10 (Trachsel et al. 2007). Furthermore, the L19 

antibody fused to IL-2 or TNF, as well as a SIP version of the L19 antibody labeled 

with 131I, are currently tested in clinical trials (Philogen SpA and Bayer-Schering 

Pharma). 
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Figure 2.17: Scheme of L19 derivatives evaluated in pre-clinical model of cancer and in clinical 

studies (Adapted from (Schliemann et al. 2007)). 

 

Over forty patients with solid tumors have been imaged in Italy and Switzerland, 

using a non-covalent homodimeric preparation of scFv (L19), radiolabeled with 123I. 

The results of the imaging studies with the first 20 patients showed selective 

localization in tumor lesions in aggressive types of lung cancer and colorectal cancer 

(Santimaria et al. 2003). In addition, clinical tests of L19 antibody in SIP format (see 

mini-antibody, Fig. 2.7) labeled with 131I show that SIP(L19) is able to selectively 

accumulate in tumor lesions (Fig 2.18 B). 
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Figure 2.18: A) Near-infrared image of 129SvEv mouse subcutaneously grafted with F9 

teratocarcinoma after 24 hours from the i.v. injection of SIP(L19) labeled with Cy7 fluorofore. B) 

Accumulation of SIP(L19)-131I preparation in a patient with metastatic melanoma. SPECT images 

obtained 90h after antibody injection (anterior and posterior) show a selective antibody accumulation 

in the tumor lesion. 

 

2.3.2 EDA 

The extra-domain A of fibronectin (EDA) is a type-III-homology repeat with a 

sequence of 90 amino acids encoded by a single exon, which is highly conserved 

between human and mouse (96% identity). 

EDA was described for the first time by Kornblihtt, Pedersen and Baralle in 1984. 

From an in vitro culture of a breast cancer cell line (Hs578T), two different fibronectin 

mRNA species were isolated. One of them, the less abundant, contained an 

additional 270bp insert that codes exactly for one of the internally repeated structural 

domains of the protein (later on called extra-domain A) (Kornblihtt et al. 1984). This 

domain is located between type III FN domain 11 and 12 and can be inserted into the 

oncofetal FN by a mechanism of alternative splicing (Kornblihtt et al. 1984).  
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As EDB, the EDA domain is usually absent in both plasma and tissue fibronectin of 

adults, while it can be inserted into the fibronectin molecule during active tissue 

remodeling, such as angiogenesis in tumors, wound healing and during 

embryogenesis (Ffrench-Constant et al. 1989). The presence of EDA was detected 

by immunhystochemical analysis in stromal and/or neo-vascular structures in 

aggressive solid tumors such as human breast carcinoma, human glioblastoma 

(Borsi et al. 1998) and papillary carcinoma of the thyroid (Scarpino et al. 1999). 

Furthemore, a recent proteomic study based on the in vivo biotinylation of vascular 

structures has revealed that EDA is a promising vascular marker of metastatic 

disease (Rybak et al. 2007).  

A comparative analysis was carried out using healthy mice and mice bearing liver 

metastasis of F9 murine teratocarcinoma (Fig 2.20). Three peptides from the EDA 

domain were identified only in the metastatic livers while being completely 

undetectable in normal liver (Fig. 2.20 d). 

 

 
 
Figure 2.20: In vivo biotinylation of vascularly accessible proteins. A) the scheme illustrates the 

proteomic approach for target discovery. Healthy mice or mice with F9 liver metastases were 

subjected to a terminal perfusion with a biotinylation reagent. This procedure led to the in vivo 

biotinylation of proteins accessible from the blood stream. Subsequently, total protein extracts were 

prepared of tissue specimens from the normal liver of healthy mice as well as from the metastases. 

The biotinylated proteins were purified on streptavidin sepharose and digested on the resin with 

trypsin. The resulting peptides were separated by nano-HPLC and analyzed by MALDI-TOF/TOF 

mass spectrometry. Comparison of the proteins identified in the metastases with those identified in the 

normal liver specimens revealed candidate markers of metastases (see protein represented by red 
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pentagon in the scheme). B) excised liver with F9 metastases, the tumor model used in this study. C) 

histochemical staining of biotinylated structures in cryosections from metastasis and normal liver 

tissue specimens (with SA-alkaline phosphatase). Bars, 500 µm. D) Semi-quantitative mass spectra 

analysis of two selected HPLC fractions (top and middle, respectively) are shown for three replicate 

samples of liver metastasis (left ) and three replicate samples of healthy normal liver samples (right). 

Top, white arrow with dashed line border: peptide derived from a constant region of fibronectin present 

both in healthy and metastatic liver. Middle, white arrow: peptide EDA-derived peptide, only detectable 

in metastasis samples. Bottom: zoom on EDA peptide peak region. Adapted from (Rybak et al. 2007). 

 

The 3D-strucure of EDA was solved by NMR spectroscopy in 2001 and is essentially 

composed by two antiparallel beta sheets that form a beta sandwich (Niimi et al. 

2001). Similar to EDB, these two beta sheets enclose a hydrophobic core of 22 

amino acids. The removal of the last four C-terminal amino acids leads to a complete 

unfolding of the domain. This suggests that human EDA can be easily transformed 

into the unfolded state as a result of mechanical stress on the molecule through 

external forces. Such folding/unfolding reaction may contribute to the extensibility 

and elasticity of fibronectin, thus regulating its ligand-binding activities. Several FN-

typeIII domains of fibronectin have been shown to contain cryptic sites that become 

exposed after a partial unfolding and which are recognized by other ECM proteins 

(Hocking et al. 1996; Litvinovich et al. 1998). These evidences support the 

hypothesis that conformational equilibrium may play a key role in the physiological 

function of EDA (Niimi et al. 2001). 

 

Many possible functions have been proposed for the EDA segment, such as possible 

contribution to wound healing (Clark et al. 1983; Ffrench-Constant et al. 1989), matrix 

assembly (Guan et al. 1990), cell adhesion (Xia et al. 1995), cell differentiation 

(Jarnagin et al. 1994), tissue injury and inflammation (Satoi et al. 1999; Okamura et 

al. 2001), and cell cycle progression and mitogenic signal transduction (Manabe et al. 

1999). 

In 2002, Liao et al. demonstrated that integrins α9β1 and α4β1 are the cellular 

receptors for extra domain A, suggesting that cell adhesion can be directly regulated 

by the EDA alternative splicing mechanism (Liao et al. 2002). The in vivo function of 

EDA was investigated by generating mice devoid of the EDA-exon regulated splicing. 

Homozygous EDA+/+ and EDA-/- mice exhibited no apparent developmental 

abnormalities compared with wild-type or heterozygous embryos; EDA+/+ and EDA-/- 
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mice reached adulthood and were fertile. Conversely, mice without the EDA exon in 

the FN protein displayed abnormal skin wound healing. In fact, at day 5, the newly 

formed epidermis completely covered the wound area in the EDA-/- mice, but the 

border between the new epidermis and the granulation tissue was not sharply 

defined as in the control EDA+/+ mice. In addition, EDA+/+ mice showed a striking 

decrease in fibronectin levels in brain, heart, and lung. This decrease did not 

correlate with FN mRNA leves or increased protein degradation, but could be due to 

a specific intracellular trafficking secretion mechanism able to modulate EDA-FN 

levels in adult animals (Muro et al. 2003). In a more recent work, the phenotype of 

EDA-null mice and EDB-null mice was analysed. Both physiological and tumor 

angiogenesis was not significantly affected by the absence of either EDA or EDB 

exons. No differences in physiological mouse retina vascularization were observed 

between mice carrying heterozygous or homozygous deletion of EDA or EDB. 

Furthermore, neo-plastic angiogenesis, quantitatively assessed by monitoring 

number and size of tumors undergoing angiogenic switch, was also unaffected by the 

absence of EDA- or EDB-containing splice variant (Astrof et al. 2004). Taken 

together, these data did not lead to a clear definition of the role of EDA and EDB in 

fibronectin. It is possible that these two extra domains are overlapping in function, 

although they are only 30% identical in a given species. Alternatively, while EDA and 

EDB may be important in the same biological process (i.e., blood vessel 

development), their function could differ, but the presence of one splice variant is 

sufficient to support life in an artificial environment of a mouse cage. Lastly, the 

phenotype of gene deletions often vary depending on the genetic background, and it 

is possible that unknown genetic factors allowed the survival and function of EDA-null 

or EDB-null mice (Astrof et al. 2004). 

Astrof and coworkers successively analyzed the phenotype of EDA/EDB double-null 

mice. Deletion of both exons from fibronectin gene led to embryonic lethality with 

incomplete penetrance by embryonic day 10.5. At that time point of embryonic 

development, 80% of EDA/EDB double-null embryos displayed multiple severe 

cardiovascular defets, including vascular hemorrhage, dilatation of pericardial cavity 

and thinned outflow tract. In addition, most of abnormal embryos exhibited blistered 

yolk sac and defects in placental vasculature (Astrof et al. 2007). Earlier work 

suggested a possible role of ED-A in the differentiation of pericytes expressing alpha-

smooth muscle actin (αSMA, (Serini et al. 1998)), which are important for vascular 
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stability and integrity. Delay in recruitment or differentiation of αSMA-positive cells 

was observed around dorsal aortae in both morphologically normal and abnormal 

EDA/EDB double-null mice. Taken together, these data suggest that the presence or 

absence of EDA and EDB exons alters the function of fibronectin and the 

requirement for these alternatively-spliced domains in embryonic cardiovascular 

development (Astrof et al. 2004; Astrof et al. 2007). 

 

Althought the function of extra-domain A is still not clear, this fibronectin-typeIII 

domain has proven to be an attractive target for antibody-based delivery of bioactive 

agents to the neo-vasculature of tumors and metastatic lesions. However, unlike 

EDB, neither the isolation of high-affinity human monoclonal antibodies nor 

quantitative biodistribution studies in animal models of cancer had been reported for 

EDA prior to this study.  
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Aim of the thesis 

 
The extra domain A of fibronectin displays certain similarities to EDB in terms of 

expression pattern, but no high-affinity antibodies against EDA have been described 

so far. As we have already described above, many experimental evidence indicate 

that EDA may represent an attractive marker for the development of targeted anti-

cancer biopharmaceuticals, in full analogy with the anti-EDB L19 antibody. The aim 

of this thesis was the generation of high-affinity human monoclonal antibodies 

specific to EDA and their characterization in terms of in vitro microscopic analysis, 

immunohistochemistry, and in vivo validation by biodistribution experiments. 

 

We have previously described the features of the well characterized ETH2-Gold 

library, which was successfully used to isolate antibody fragments against more than 

100 antigens. A wider variety of antigen could be explored by new antibody libraries 

bearing slightly modified binding site pockets. In this thesis we also report the cloning 

and the characterization of Philo1 and Philo2 synthetic human antibody libraries in 

which the CDR2 loop have been modified by inserting either charged or polar amino 

acids. 
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3 Results 
 

3.1 Generation of high affinity monoclonal antibody against domain A of 
fibronectin 

 
A first medium-affinity anti-EDA antibody was isolated from a large synthetic human 

antibody library (“ETH-2”, (Viti et al. 2000)), using published procedures (Giovannoni 

et al. 2001; Kuhne et al. 2004; Silacci et al. 2005) and a recombinant preparation of 

an EDA-containing human fibronectin fragment (termed “FN11-A-12” (Borsi et al. 

1998), Fig 3.1) as antigen. 

 

 
 

Fig 3.1: Schematic representation of a monomer of human fibronectin. For the isolation and in vitro 

analysis of the anti-EDA antibodies we have used the recombinant antigen FN11-A-12. 

 

This screening procedure led to the identification of a first EDA-binding antibody 

clone (termed “EDA1”), with a dissociation constant in the 10-7 M range, as assessed 

by BIAcore analysis (data not shown). ELISA assays revealed that the EDA1 clone 

was able to recognize the biotinylated recombinant human EDA domain (Borsi et al. 

1998), but neither the recombinant fibronectin fragment FN11-12 in which the EDA 

exon was omitted (Borsi et al. 1998) nor human plasma fibronectin (data not shown). 

An affinity in the high nanomolar range is normally sufficient for use as research 

reagent (e.g., ELISA, Western Blot, immunohistochemistry) but suboptimal for 

therapeutic purposes, such as tumor targeting. 

In this section we report the affinity maturation and characterization of a highly 

specific human antibody fragments against domain A of fibronectin. 
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3.1.1 Affinity maturation library construction and isolation of human anti-EDA 
antibodies 

 
To improve the binding affinity of the EDA1 antibody clone, we constructed an 

antibody library in recombinant scFv format by combinatorial mutagenesis of a 

subset of residues within CDR1 loops of both heavy chain (VH) and light chain (VL). 

The success of such an approach is strongly linked to the choice of amino acid 

position to randomize.  

Comparison of antibody sequences reveals residues which may be used potentially 

in nature to introduce sequence diversity. Diversity in the CDRs of naturally occurring 

antibodies derives either from the use of different germline segments, or from 

somatic hypermutation which occurs at a later stage of an immune response. By 

looking at the variability of aminoacid positions within germline sequences of variable 

region, or at the frequency with which a certain position undergoes somatic 

hypermutation, variability-prone positions can be identified (Tomlinson et al. 1996). 

Compared to structural analysis, sequence comparisons may also identify residues 

which are important for binding without making direct contact to the antigen, for 

instance by influencing the conformation of the hypervariable loops. 

Based on germline VH3 family and VKIII family alignments (Tomlinson et al. 1992; 

Cox et al. 1994) see also the V-BASE database (www.vbase.mrc-cpe.cam.ac.uk)), 

highly variable residues 31, 32 and 33 of VH (germline sequence DP47) and 31, 31a, 

32 of VK (germline sequence DPK22) were chosen for randomization in the EDA1 

affinity maturation library (Fig 3.2 a). Furthermore, structural data indicate that these 

amino acid positions are often found in contact with the antigen. 

Sequence variability in the CDR1 loops of both VH and VL was introduced by PCR 

using partially degenerated primers (Table 3.1 and Fig 3.2 b). This mutagenesis 

procedure was accomplished by a codon that allowed all 4 bases at the first two 

positions of the triplet and only guanine or thymine at the third position. Such a 

randomized codon (“MNN”) can encode all 20 amino acids, but reduces the risk of 

introducing stop codons (taa or tga). The only possible stop codon is the amber stop 

codon tag.  
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Fig. 3.2: a) ScFv antibody fragment structure. DP47 and DPK22 backbones are depicted in light grey, 

the CDR3s are in black and the mutated positions during the affinity maturation procedure are shown 

in spacefill representation in dark grey. Using the program macPyMol, the structure of the scFv was 

modulated from the protein data base file 1igm (Brookhaven Protein Data Bank). b) Library cloning 

strategy. Mutations were introduced in the CDR1 regions by PCR using partially degenerated primers. 

Genes are indicated as rectangles and CDRs as numbered boxes within the rectangles. The three 

fragments were assembled by PCR and cloned into the expression vector. Primers used for the 

amplification and assembly are listed in Table 3.1. 

 

 

Two micrograms of insert and 3 micrograms of doubly-digested vector were ligated 

and electroporated into freshly prepared electrocompetent E.coli TG-1 cells, yielding 

a library size of 1.5 x 107 clones. More than 70% of 92 randomly picked clones were 

capable of expressing soluble scFv antibody fragments, as assessed by dot blot 

 

Table 3.1. Anti-EDA affinity maturation library primers. 

(a) LMB3long 5’ CAGGAAACAGCTATGACCATGATTAC 3’ 

(b) DP47CDR1fo 
5’ CTGGAGCCTGGCGGACCCAGCTCATMNNMNNMNNGCTAAAGGTG 

    AATCCAGAGGCTGC 3’ 

(c) DP47CDR1ba 5’ GAGCTGGGTCCGCCAGGCTCC 3’ 

(d) DPK22CDR1fo 
5’ CCAGGTTTCTGCTGGTACCAGGCTAAMNNMNNMNNGCTAACACTCT 

    GACTGGCCCTGC 3’ 

(e) DPK22CDR1ba 5’ GCCTGGTACCAGCAGAAACCTGG 3’ 

(f) fdseqlong 5’ GACGTTAGTAAATGAATTTTCTGTATGAGG 3’ 
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analysis (Fig 3.3 a). Two rounds of iterative colony filter screening of this library, led 

to the isolation of three scFv fragments (F8, B7 and D5; Fig. 3.3 b and Table 3.3 b), 

which yielded the strongest ELISA signals and which were selected for further 

characterization. 

 

 
 
Figure 3.3: a) Dot blot analysis of the supernatants of 96 induced cultures of individual library clones. 

70% of the clones expressed a detectable amount of soluble scFv fragment. b) Anti EDA antibodies 

identified after the second round of screening. Left panel: photograph of the Durapore filter on which 

104 bacterial clones (rescued from the first round) were plated. Right panel: film after exposure to the 

capture membrane and development. Black spots correspond to horseradish peroxidase activity, 

thereby indicating the presence of an anti-EDA scFv bound to the 11-A-12 coated capture membrane. 

 

Supernatants of F8, B7 and D5 clones were further tested in BIAcore where they 

showed lower apparent koff compared to the parental EDA1 clone (Fig 3.4). 
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Figure 3.4: BIAcore analysis of the supernatants from EDA1 parental clone, F8, B7 and D5 clones on 

11-A-12 high-density coated chip. 

 

The VH and VL CDR1 randomized regions of scFv(F8), scFv(B7) and scFv(D5) were 

sequenced and three different amino acid sequences with a conserved phenylalanine 

in position 32 of VL were identified (Table 3.2).  

 
Relevant amino acid positions of anti EDA antibodies. Residues mutated 

during the affinity maturation procedure are shown in bold. The one-letter 

amino acid code according to standard IUPAC nomenclature is used.  
a Amino acid positions are numbered according to Tomlinson et al. (1992), 

Cox et al. (1994). 

 

 

 

 

Table 3.2. Sequences of the scFv CDRs specific to the extra-domain A of 

fibronectin 

scFv VH chain  VL chain 

 31-33a 95-100a  31-32a 91-96a 

EDA1 S Y A  STHLYL  S S Y MRGRPP 

F8 L F T STHLYL  M P F MRGRPP 

B7 H F D  STHLYL  L A F MRGRPP 

D5 V M K  STHLYL  N A F MRGRPP 

Linkers 

scFv (20aa; monomer) GGGGSGGGGSGGGGSGGGGS  

scFv (5aa; dimer) GSSGG 
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3.1.2 Antibody characterization by gel filtration and affinity measurements 

 
Most recombinant antibody fragments in scFv format isolated from the ETH2 and 

ETH2-GOLD library are predominantly expressed in monomeric state and can be 

purified to homogeneity by affinity chromatography on Protein A resin (Silacci et al. 

2005; Ettorre et al. 2006; Silacci et al. 2006). Monomeric preparations of scFv(F8), 

scFv(B7) and scFv(D5) were further purified by size-exclusion chromatography (Fig 

3.5 a, b, c) and used for BIAcore analysis, revealing dissociation constants towards 

the antigen of  3.1, 16 and 17 nM, respectively (Fig. 3.5 d, e, f). The highest-affinity 

antibody clone scFv(F8) exhibited a kinetic association constant of 4.65 x 105 M-1s-1 

and a kinetic dissociation constant of 1.4 x 10-3 s-1.  

 

 
 
Figure 3.5: a, b, c) Size exclusion chromatography of scFv(F8), scFv(B7) and scFv(D5) on a 

superdex 75 column. The main peak corresponds to the monomer, peaks with lower retention volume 

correspond to multimers; d, e, f) BIAcore binding plots of purified monomeric fractions of scFv(F8), 

scFv(B7) and scFv(D5) to 11-A-12 coated chip. 

 

As expected, expression of the three scFv fragments with a 5-aminoacid linker led to 

the formation of stable non-covalent homodimeric structures (Holliger et al. 1993; 

Kortt et al. 2001), which exhibited an improved binding avidity on BIAcore 

microsensor chips coated with FN11-A-12 (Fig. 3.6). 
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Figure 3.6: a, b, c) BIAcore binding plots of purified homodimeric 5aa-linker scFv(F8), scFv(B7) and 

scFv(D5) to 11-A-12 coated chip. 

 

Furthermore, the high-affinity anti-EDA antibody F8 was cloned and expressed in 

Small Immuno-Protein format, also named SIP (a scFv fused in frame with the 

constant domain CH4 of human IgE resulting in a non-covalent homodimer of 80 

kDa) (Borsi et al. 2002) (Bestagno et al. 2003): a recombinant antibody format which 

has displayed superior tumor targeting properties compared to scFv and IgG format 

for radioimmunotherapeutic applications (Borsi et al. 2002) (Tijink et al. 2006) 

(Berndorff et al. 2005) (Sundaresan et al. 2003) 
 

3.1.3 Biodistribution and microscopic analyses 

 
Using immunohistochemical techniques, the F8, B7, and D5 antibodies were shown 

to selectively stain neo-vascular structures on a variety of freshly-frozen tumor 

sections, including F9 murine teratocarcinomas (Berstine et al. 1973), U87 human 

glioma xenografts (Tweardy et al. 1987), and human Ramos lymphoma xenografts 

(Klein et al. 1975) (Fig. 3.7). By contrast, anti-EDA antibodies did not exhibit any 

detectable staining in brain, kidney, liver, skeletal muscle, and skin (Fig. 3.7 s - w). 

The staining patterns exhibited by the anti-EDA antibodies were reminiscent of the 

ones observed for the anti-EDB antibody L19 (Fig. 3.7 d, j, p) and were not detected 

when using a scFv of irrelevant specificity in the mouse (Fig. 3.7 e, k, q). 
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Figure 3.7: Left panel: Immunohistochemical analysis performed on F9 murine teratocarcinoma (a - f), 

U87 human glioblastoma xenografts (g - l) and Ramos lymphoma xenografts (m - r) using scFv(F8) (a, 

g, m), scFv(B7) (b, h, n), scFv(D5) (c, i, o), anti-EDB L19 antibody (d, j, p) and the irrelevant scFv(9A) 

anti-Cy5 dye (e, k, q). In negative controls (f, l, r) the primary antibody was omitted. Right panel: 

immunohistochemistry with anti-EDA antibody (scFv(D5) was used) on a set of human healthy organs 

(s - w). Scale bar = 100 µm. 
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To further characterize the structures recognized by the anti-EDA antibodies, we 

performed a two-color immunofluorescence experiment using F8 and an anti-CD31 

antibody as pan-endothelial cell marker (Fig. 3.8). While F8 stained almost 

exclusively vascular structures in F9 murine teratocarcinoma (Fig. 3.8 a, b, c), both a 

vascular and a stromal staining was observed in Ramos lymphoma (Fig. 3.8 d, e, f ).  
 

 
 

Figure 3.8: Immunofluorescence analysis performed on F9 murine teratocarcinoma (a - c), and 

Ramos lymphoma xenograft (d - f). Green staining in panels a and d represent expression of EDA 

(scFv(F8) antibody was used), red staining in panels b and e represent endothelial cells (staining 

performed with anti-CD31 antibody). Panels c and f represent overlay of red and green fluorescence. 

Scale bar = 50 µm. 

 

In order to confirm that anti-EDA antibodies could selectively target tumors in vivo, 

purified homodimeric preparations of the F8, B7 and D5 in scFv format with a 5-

aminoacid linker were radiolabeled with 125I and injected intravenously in 129SvEv 

immunocompetent mice bearing subcutaneously-grafted F9 teratocarcinomas. Figure 

3.9 shows that all three antibodies displayed a preferential accumulation in the tumor 

24 hours after injection, with comparable levels in the neoplastic masses (approx. 

10% ID/gram) (Fig. 3.9 a, b, c) . Biodistribution studies performed in the same model 

with F8 antibody in SIP format exhibited a higher tumor uptake (approx. 18% ID/g at 

24 hours), albeit at the expense of somewhat higher normal organ levels (2-4 % 
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ID/gram), while a negative control SIP fragment with no reactivity to EDA or to mouse 

antigens exhibited low tumor:blood and tumor:organ ratios (Fig. 3.9 d). 

A microautoradiographic analysis of tumor sections, obtained 24 hours post injection, 

confirmed that the SIP(F8) antibody had preferentially accumulated around tumor 

neo-vascular structures (Fig. 3.9 e, f). 

 

 

 
 
Figure 3.9: Biodistribution studies of radioiodinated anti-EDA antibodies 24 hours after i.v. injection 

into 129SvEv mice using homodimeric scFv(F8) (a), scFv(B7) (b), scFv(D5) (c), SIP(F8) and an 

antibody with no reactivity towards EDA or any other mouse antigen (d). Microautoradiography of F9 

tumor 24 hours after the i.v. injection of 125I-SIP(F8) (e, f). Scale bar = 100 µm. 
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3.2 Philo1 and Philo2 synthetic human antibody libraries 

 

3.2.1 Rationale 

 
The ETH2-Gold human antibody library, previously constructed in our laboratory 

(Silacci et al. 2005), consists of antibody fragments in single chain Fv format (“scFv”). 

Within the scFv structure, the VH domains in the library were constructed using the 

DP47 VH germline gene segment (Tomlinson et al. 1992) onto which short diverse 

CDR3 loops were appended by PCR reaction with partially degenerate primers. 

Similarly, the VL domains in the library consisted either of a DPK22 germline V kappa 

segment (Cox et al. 1994) or of a DPL16 germline V lambda segment (Griffiths et al. 

1994) onto which diverse CDR3 loops were engineered by means of partially 

degenerate oligonucleotide primers. The DP47 germline VH segment is the most 

frequently used VH segment in humans (Griffiths et al. 1994). Similarly, DPK 22 and 

DPL 16 are often found in human antibodies (Griffiths et al. 1994). The DP47 VH 

segment confers binding to protein A to the individual recombinant antibodies present 

in the ETH2-Gold library (Hoogenboom et al. 1991). Furthermore, this VH segment is 

associated with a particularly good thermal stability (Ewert et al. 2003). 

 

The CDR3 loops of the VH and VL domains within the ETH2-Gold library were 

intentionally designed to be rather short. For example, the CDR3 loops of the VH 

domains contained either 4, 5 or 6 positions, which were combinatorially randomized. 

This strategy was chosen in order to ensure the use of oligonucleotides for CDR 

randomization, which were as short as possible and thus of the highest possible 

quality, but also to limit the combinatorial diversity at the level of CDR3 loops which 

could potentially generate antigenic determinants in vivo. Indeed the ETH2-Gold 

library has proven over the years to be a rich source of antigen binding specificities 

yielding good quality human monoclonal antibodies against a variety of different 

targets. In addition, several human monoclonal antibodies could be generated 

against the individual targets used as antigens for the selections yielding excellent 

paratope diversity. However, paratope diversity (i.e., different antibody sequences 

binding to the same antigen), is not per se a guarantee for epitope diversity. In other 

words, it can happen that human monoclonal antibodies generated from the same 
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library are biased to recognize certain structural features within the target antigen of 

interest.  

 

Moreover, it is worth analyzing the role of CDR2 loops in library construction and 

performance. As mentioned before, the ETH2-Gold library is essentially based on 

two antibody scaffolds (one with a Vκ, one with a Vλ) onto which combinatorial 

mutagenesis at the level of CDR3 loops of both heavy and light chain had been 

performed. This modular design, after isolation of human monoclonal antibodies from 

the library, allows facile affinity maturation strategies, for example by combinatorial 

mutagenesis of CDR1 loops in the heavy and light chain or by simultaneous 

mutagenesis of CDR1 and CDR2 domains either in the heavy chain or in the light 

chain, thus yielding affinity maturation libraries which are likely to contain superior 

antigen binders (see introduction, Fig. 2.10) (Pini et al. 1998; Brack et al. 2006; 

Silacci et al. 2006; Villa et al. 2008). 

In this thesis we have already shown that the combinatorial mutagenesis of CDR1 

loops in the heavy and light chain of recombinant antibodies isolated from the ETH2-

Gold library is a particularly efficient strategy for the isolation of good quality high 

affinity human monoclonal antibodies. One of the reasons behind the success of this 

affinity maturation strategy can be found in the relatively short nature of the CDR1 

loops of DP47, DPK22 and also DPL16. This leads to a more restricted and easier 

choice of residues to be randomized. Combinatorial mutagenesis of the CDR2 loop in 

the heavy chain is more difficult. In fact, positions between residue 50 and residue 58 

have been found to contact antigen in three-dimensional structured determinations of 

antibody antigen complexes. A long CDR loop may force the use of long partially 

degenerate oligonucleotides, which may be used for the simultaneous randomisation 

of several positions within the same loop. Thus, when using the ETH2-Gold library for 

the isolation of human monoclonal antibodies to antigens of interest, we can say that 

CDR3 loops compatible with antigen binding are isolated directly from the library in 

which these positions are combinatorially mutated. CDR1 loops in the heavy and light 

chains are conveniently mutagenized in affinity maturation libraries but certain 

positions of CDR2 loops in the heavy and light chain may bias the selection of the 

antibodies against the antigen of interest from the very beginning and thus influence 

the epitope which is recognized by the antibodies in the library. Indeed, the 

contribution of the VH domain for antigen recognition is thought to be more important 
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compared to the role played by the VL domain in many cases, as revealed by the fact 

that more combinatorial diversities generated in vivo through VDJ recombination as 

compared to the VJ recombination used for light chains, and also by the observation 

that functional antibodies exist which consist only of VH domains. (Ward et al. 1989; 

Hamers-Casterman et al. 1993). 

Within the CDR2 loops of VH domains in antibodies consisting of DP47 germ line 

segment (Tomlinson et al. 1992), position 52 is often found in contact with the 

antigen. Amino acids in this position also occupy a central position within the antigen 

binding side whereas other positions in the loop, for example residue 54 or 56, are 

more peripheral. 

 

For this reasons, we decided to clone two new antibody libraries called Philo1 and 

Philo2, which capitalize on the experience gained with the ETH2-Gold library but 

which included from the very beginning certain judiciously chosen amino acid 

residues at the level of the 52 position of the VH domain, thus biasing epitope 

recognition towards certain structural features, which may not be compatible with 

antibody selections from the ETH2-Gold library. We have chosen to use two charged 

amino acids (K or D in Philo1) or two aminoacids capable of hydrogen bond 

formation (N or Y in Philo2).  

In this section we report the design, construction and characterization of Philo1 and 

Philo2 human antibody libraries, containing billions of antibody clones, with distinctive 

chemical features at position 52 which were still compatible with the highly efficient 

expression of stable single chain heavy fragments capable of protein A binding and 

capable of antigen recognition.  

 

3.2.2 Design and construction of Philo1 and Philo2 human antibody libraries 

 
In analogy with the ETH2-Gold library, Philo1 and Philo2 are highly diverse libraries 

of functional antibody fragments of functional antibody fragments with similar physical 

properties. The scFv antibody scaffolds were based on the germline VH segment 

DP47 coupled either to the Vκ segment DPK22 (Fig 3.10 a) or to the Vλ segment 

DPL16 (Fig. 3.10 b).  
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Fig 3.10: Design of Philo1 and Philo2 antibody library. (A) ScFv antibody fragment structures. Left 

panel: the DPK22 (Vk) backbone is represented in green and the DP47 (VH) in blue. Right panel: 

DPL16 (Vλ) backbone is depicted in dark red and DP47 (VH) in blue. Residue subject to random 

mutation are DP47 CDR3 position 95, 96, 97, 98, 99 and 100 (light blue specefill representation), 

DPK22 CDR3 position 91, 92, 93, 94 and 96 (green spacefill representation) and DPL16 CDR3 

position 92, 93, 94, 95, 95a and 95b (dark red spacefill representation). Using the program PyMol the 

structure of the scFvs were modulated from the protein data base (Brookhaven Protein Data Bank) 

files 1igm and 8FAB for DP47-DPK22 and DP47-DPL16, respectively. The residue numbers are 

according to Tomlinson et al. and Williams et al. (Tomlinson et al. 1996; Williams et al. 1996). 

 

The point mutation at residue S52 of VH germline DP47 was introduced by PCR, 

using an ETH2-Gold clone as template and the primers: S52Dfo, S52Kfo, S52Nfo, 

S52Yfo (Table 3.3). The newly generated D-DP47 and K-DP47 were used as 

template for the heavy chain of the Philo1 library, N-DP47 and Y-DP47 were used for 

the Philo2 library (Fig. 3.11). Combinatorial mutagenesis was limited to CDR3 loops 

which are known to largely contribute to antigen recognition and binding. A 

completely randomized sequence of four to seven residues (instead of a maximum of 

six in the ETH2-Gold) was appended to the germline segment DP47, thus forming a 

short the CDR3 loop, whereas a partially randomized sequence of six amino acid 

residues was appended in the VL forming a CDR3 loop containing at least one 

proline (Fig. 3.11).  
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Fig 3.11: Sequences of relevant residues of the variable heavy and light chains and human antibody 

germline segments from which they derived. 

 

The flexible polypeptide linker Gly4Ser Gly4Ser Gly4 (Huston et al. 1988) was used to 

link the variable heavy chain to the variable light chain in the scFv fragments. The 

resulting scFv antibody fragments were cloned into pHEN1 vector (Hoogenboom et 

al. 1991), which append a short peptidic myc-tag at C-terminus of recombinant 

antibodies. 
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For library construction, CDR3 regions were randomized by PCR using partially 

degenerated primers (Fig. 3.12 and Table 3.3). After this amplification step, the 

resulting VH-VL segments were assembled by PCR. A total of 90 µg of NotI-NcoI 

double digested insert was ligated into double digested phagemid vector pHEN1 and 

electroporated into freshly prepared electrocompetent E.coli TG1. Eight different sub-

libraries containing a total of more than 3 x 109 individual clones were obtained 

(Table 3.4). 

 
 
Fig 3.12: Libraries cloning strategy. Mutations were introduced in the CDR3 regions by PCR using 

partially degenerate primers. Genes are indicated as rectangles and CDRs as numbered boxes. The 

VH and VL segment were then assembled by PCR and cloned into the pHen1 vector (Hoogenboom et 

al. 1991). Primers used in the amplification and assembly are listed in Table 3.3. 
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M and N are defined according to the IUPAC nomenclature (M= A/C, N=A/C/G/T). 

 

Table 3.3 Synthetic antibody library primers  

(a)   LMB3long  CAG GAA ACA GCT ATG ACC ATG ATT AC 

(b1) DP47CDR301 f o  
GT TCC CTG GCC CCA GTA GTC AAA MNN 
MNN MNN MNN TTT CGC ACA GTA ATA TAC 
GGC C 

(b2) DP47CDR302 f o  
GT TCC CTG GCC CCA GTA GTC AAA MNN 
MNN MNN MNN MNN TTT CGC ACA GTA ATA 
TAC GGC C  

(b3) DP47CDR303 f o  
GT TCC CTG GCC CCA GTA GTC AAA MNN 
MNN MNN MNN MNN MNN TTT CGC ACA GTA 
ATA TAC GGC 

(b4) DP47CDR304 f o  
GT TCC CTG GCC CCA GTA GTC AAA MNN 
MNN MNN MNN MNN MNN MNN TTT CGC ACA 
GTA ATA TAC GG C  

(c)   DP47CDR3ba  TTT GAC TAC TGG GGC CAG GGA ACC CTG 
G T C  

(d1) DPK22CDR301f o  
CAC CTT GGT CCC TTG GCC GAA CGT MNN 
CGG MNN MNN ACC MNN CTG CTG ACA GTA 
ATA CAC TGC 

(d2) DPK22CDR302f o  
CAC CTT GGT CCC TTG GCC GAA CGT MNN 
CGG MNN ACC MNN MNN CTG CTG ACA GTA 
ATA CAC TGC 

(e1) DPL16CDR301ba  
CTT GGT CCC TCC GCC GAA TAC CAC MNN 
MNN MNN MNN MNN GGG AGA GGA GTT ACA 
GTA ATA GT C  

(e2) DPL16CDR302ba  
CTT GGT CCC TCC GCC GAA TAC CAC MNN 
MNN MNN MNN GGG MNN AGA GGA GTT ACA 
GTA ATA GT C  

(e3) DPL16CDR303ba  
CTT GGT CCC TCC GCC GAA TAC CAC MNN 
MNN MNN GGG MNN MNN AGA GGA GTT ACA 
GTA ATA GT C  

(e4) DPL16CDR304ba  
CTT GGT CCC TCC GCC GAA TAC CAC MNN 
GGG MNN MNN MNN MNN AGA GGA GTT ACA 
GTA ATA GT C  

(e5) DPL16CDR305ba  
CTT GGT CCC TCC GCC GAA TAC CAC GGG 
MNN MNN MNN MNN MNN AGA GGA GTT ACA 
GTA ATA GT C  

(f)   DPK22FR4NotIf o  TCA TTC TCG ACT TGC GGC CGC TTT GAT 
TTC CAC CTT GGT CCC TTG GCC GAA CG 

(g)   DPL16FR4NotIf o  
GAG TCA TTC TCG ACT TGC GGC CGC GCC 
TAG GAC GGT CAG CTT GGT CCC TCC GCC 
GAA  

fdseqlon g  GAC GTT AGT AAA TGA ATT TTC TGT ATG 
AGG  

S52Df o  GC GTA GTA TGT GCT ACC ACC ACT ACC GTC 
AAT AGC TGA GAC CCA CTC CAG  

S52Kfo  GC GTA GTA TGT GCT ACC ACC ACT ACC CTT 
AAT AGC TGA GAC CCA CTC CAG  

S52Nf o  GC GTA GTA TGT GCT ACC ACC ACT ACC GTT 
AAT AGC TGA GAC CCA CTC CAG  
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3.2.3 Characterization of Philo1 and Philo2 antibody libraries 

 
The quality and functionality of the sub-libraries were assessed by PCR colony 

screening, dot blot, DNA sequencing, and test selections against standard antigens. 

PCR colony screening showed that 100% of the tested individual clones that were 

randomly picked from each different sublibrary contained an insert of the correct size 

of approximately 1000bp (Fig. 3.13). A dot blot experiment revealed that more than 

80% of the analyzed library clones expressed soluble scFv fragments (Fig. 3.14).  

 

Table 3.4: Titers of Philo1 and Philo2 librarie s  

Sub-library name Number of individual antibody clones 

Philo1-D lambda 2,5 x 10
8
 

Philo1-D kappa 5.5 x 10
8
 

Philo1-K lambda 4.5 x10
8
 

Philo1-K kappa 2.25 x 10
8
 

Philo1 library 1.5 x 10
9
 

Philo2-N lambda 8 x 10
8
 

Philo2-N kappa 3 x 10
8
 

Philo2-Y lambda 2.75 x 10
8
 

Philo2-Y kappa 2.25 x 10
8
 

Philo2 library 1.6 x 10
9
 

Philo1 and Philo2 total 3.1 x 10
9
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Fig 3.13: PCR colony screening of 12 clones of each sub-library. For comparison a BirA insert 

(1200bp) of a pHEN1 vector was amplified. All tested clones showed an insert with the correct size 
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Fig 3.14: Dot blot of induced supernatant (92 randomly picked clones / sub-library). The soluble scFv 

fragment were detected with the anti-myc-tag mAb 9E10. More than 80% of the clones express a 

detectable amount of soluble scFv fragment. 
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More than 20 randomly picked clones were sequenced, revealing that all amino acid 

sequences in the CDR3 region of both heavy and light variable chains were diverse.  

Furthermore, the mutation in position 52 was verified (Table 3.5). 

 

 

Table 3.5: CDR3 sequences of randomly selected library antibody clones 

VH VL 
Clone Res. 52 VH 

95 - 100 91 - 96 

Philo 1 library 

DPL-16_1 D A K C C L W G - - F D S S F N T R S P V V 

DPL-16_2 D A K R L R I E L - F D S S G G P M L R V V 

DPL-16_3 D A K P N R L - - - F D S S T P P L W R V V 

DPK-22_1 D A K S E E R R V - F D Q Q M R G R P H T F 

DPK-22_2 D A K Q S Y Q R L T F D Q Q S R G K P T T F 

DPK-22_3 D A K H D L R A S - F D Q Q V G T S P Q T F 

DPL-16_1 K A K L L N G N L - F D S S P E M L R R V V 

DPL-16_2 K A K T K A D K W I F D S S Y M G V V P V V 

DPL-16_3 K A K S P C P G - - F D S S A P G G I E V V 

DPK-22_1 K A K R G Y N G N M F D Q Q A G S A P L T F 

DPK-22_2 K A K L P S G L - - F D Q Q W G T V P Y T F 

DPK-22_3 K A K P P A P G - - F D Q Q K Q G T P V T F 

Philo 2 library 

DPL-16_1 N A K Y M T V I D M F D S S Q P P P K H V V 

DPL-16_2 N A K P S A R - - - F D S S T E P R G F V V 

DPL-16_3 N A K L V P R K F - FD S S G G P V T G V V 

DPK-22_1 N A K P A L P G F - F D Q Q Q P G G P W T F 

DPK-22_2 N A K A P A F V - - F D Q Q Q G Y R P M T F 

DPK-22_3 N A K L S A R R G F D Q Q R R G R P Y T F 

DPL-16_1 Y A K E S T F L - - F D S S P T L W Y Y V V 

DPL-16_2 Y A K L S E T R - - F D S S P R P Q E M V V 

DPK-22_1 Y A K G G P R - - - F D Q Q M G D I P T T F 

DPK-22_2 Y A K Y N R S R P - F D Q Q W F G S P V T F 

DPK-22_3 Y A K A C S P - - - F D Q Q A M G N P Q T F 
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Positions that are mutated are underlined. Single amino acid code is used according to IUPAC 

nomenclature. Q refears to the Amber stop codon, translated as Gln in TG-1 Numbering is according 

to (Tomlinson et al. 1992; Tomlinson et al. 1995; Williams et al. 1996). 

 

3.2.4 Binders isolated from Philo1 and Philo2 libraries 

 

The functionality of Philo1 and Philo2 libraries was first tested in selection 

experiments using glutathione-S-transferase (GST) and a recombinant tumor 

associated vascular antigen coming from the alternatively spliced region of murine 

tenascin C (the triple domain B-C-D called mmBCD, (Chiquet-Ehrismann et al. 

2003)) as model antigens. After two rounds of selections, about 10 GST-specific 

clones and more than 30 mmBCD-specific clones could be isolated with the new 

Philo1 and Philo2 libraries (see Table 3.6). 

Furthermore, Philo1+2 library (a 1:1 combination of Philo1 and Philo2) was also used 

to raise monoclonal antibodies against extracellular domains of human nephrin and 

filtrin, two protein of the kidney filtration barrier (recombinant domains 2-3 and 3-4 

were used for nephrin and filtrin, respectively (Kestila et al. 1998; Ihalmo et al. 2003). 

Several binders specific to filtrin and to nephrin were isolate from Philo library after 

two rounds of panning. All selections were performed on immunotube and, as 

positive control, selections with ETH2-Gold library were performed in parallel on the 

same batch of antigen. 

In terms of number of ELISA positive clones obtained after two rounds of panning, 

Philo1, Philo2 and ETH2-Gold libraries behaved similarly in selecting antibodies 

against the tumor associated antigen mmBCD and nephrin. Using GST and filtrin as 

antigens, fewer positive clones were counted with the new libraries compared to 

ETH2-Gold. 

Sequence analysis of selected clones revealed a great diversity in the CDR3 regions. 

The residue in position 52 of the heavy chain is quite conserved in Philo library 

clones against the same antigen (data not shown). 
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Table 3.6: titers and number of positive clones of Philo library test selections 

Antigen Library Titer 1
st
 ROP Titer 2

nd
 ROP 

Positive clones/ 
screened clones. 

Philo1 6,5 x 10
4
 1,7 x 10

5
 12 / 92 

Philo2 6,4 x 10
4
 4,0 x 10

4
 8 / 92 GST 

ETH2-Gold 1,1 x 10
5
 5,0 x 10

4
 31 / 92 

Philo1 6,7 x 10
4
 3,7 x 10

6
 37 / 92 

Philo2 2,0 x 10
4
 2,7 x 10

4
 23 / 92 mm-BCD 

ETH2-Gold 1,2 x 10
5
 7,1 x 10

6
 33 / 92 

Philo 1+2 1,3 x 10
5
 7,5 x 10

5
 8 / 92 

 Nephrin 
ETH2-Gold 4,1 x 10

5
 3,6 x 10

6
 10 / 92 

Philo 1+2 2,4 x 10
4
 1,4 x 10

4
 6 / 32 

Filtrin 
ETH2-Gold 6,2 x 10

4
 4,8 x 10

4
 35 / 92 
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4 Discussion 
 

In this thesis, we have described the isolation and characterization of three high-

affinity human antibodies specific to the alternatively-spliced oncofetal EDA domain 

of fibronectin. One of these antibodies (scFv(F8)), displayed a dissociation constant 

for the antigen of 3.1 nM and exhibited an impressive tumor targeting selectivity in 

biodistribution experiments performed in the homodimeric scFv format and in the 

homodimeric SIP format. 

The performance of the F8 antibody both in vitro (e.g., by immunohistochemical 

analysis) and in vivo (e.g., in biodistribution studies) mirrored the one of L19: a 

human monoclonal antibody specific to the EDB domain of fibronectin (Borsi et al. 

2002) (Berndorff et al. 2005) (Tarli et al. 1999). Our laboratory has previously 

compared the tumor targeting performance of scFv antibody fragments directed 

against the same epitope of a vascular tumor antigen, but differing in terms of binding 

affinity, by means of quantitative biodistribution analysis. The high-affinity L19 

antibody was found to target tumors significantly more efficiently than the parental E1 

antibody, both in monomeric and in dimeric scFv format (Viti et al. 1999). The E1 

antibody had an affinity to the EDB domain of fibronectin in the 10-7 M range. 

Similarly, the high-affinity G11 antibody (specific to the extra-domain C of tenascin-

C), targeted tumors more efficiently compared to the parental E10 antibody, which 

had an affinity to the antigen in the 10-7 M range (Silacci et al. 2006). The 

biodistribution results obtained with F8, B7, and D5 reveal comparable tumor 

targeting efficiency data, in spite of the differences in dissociation constants, ranging 

between 3.1 and 17 nM. These data are reminiscent of the findings of the groups of 

L. Weiner., G. Adams, and J.D. Marks, who have reported comparable tumor 

targeting efficiencies for two scFv fragments specific to HER2-neu, when used in 

homodimeric format (Adams et al. 1998). The scFv(C6G98A) and scFv(C6ML3-9) 

antibodies had dissociation constants for the antigen of 3.2 x 10-7 M and 1 x 10-9 M, 

respectively, and exhibited differences in tumor targeting efficiency (in favor of the 

higher affinity antibody) only when used in monomeric scFv format (Adams et al. 

1998). Similarly, Muyldermans and colleagues have reported comparable tumor-

targeting performance data for two camel-derived antibody domains, specific to hen-

egg lysozyme, in mouse tumor models over-expressing this chicken antigen (Cortez-
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Retamozo et al. 2002). It may be interesting to investigate whether these apparent 

discrepancies may result from different levels of antigen expression in the different 

tumors. Improved tumor targeting efficiency data may be observed for intermediate-

affinity antibodies, whenever bivalent antibody preparations are used for cancer 

lesions featuring abundant antigen expression. 

 

For therapeutic applications, several L19 antibody derivatives have been produced 

and tested in pre-clinical models of cancer both for their biodistribution and for 

therapeutic activity (see Introduction, section 2.3.1). Furthermore, the L19 antibody 

fused to IL-2 or TNF, as well as a SIP version of the L19 antibody labeled with 131I, 

are currently tested in clinical trials (Philogen SpA and Bayer-Schering Pharma). 

Future comparative studies, both in vitro and in vivo, will be necessary in order to 

assess for which tumor types F8 or L19 may be the preferred targeting agent to be 

used for therapeutic strategies, based on antigen expression data and biodistribution 

analyses. In the animal models analyzed so far, the two antibodies have exhibited 

comparable biodistribution data both in scFv and in SIP format, while certain 

differences have been observed at the immunohistochemical level both on tumor and 

on chronic inflammation specimens. For example, a comparative analysis of 110 lung 

specimens, performed at identical antibody concentrations, has revealed that F8 

frequently stains tumors more strongly, yet at the expense of some staining of the 

normal lung portion adjacent to the neoplastic area (M. Pedretti and D. Neri, 

unpublished results). While more comparative immunohistochemical studies will be 

required in order to properly assess the differences in EDA and EDB expression, a 

more direct information about the tumor targeting potential of the L19 and F8 

antibody will be provided by the fact that 131I-labeled SIP(F8) is scheduled to begin 

immunoscintigraphy and radioimmunotherapy clinical trials in the future, while 131I-

labeled SIP(L19) has already been studied in over 40 patients with cancer. 

In light of the results presented in this thesis, we believe that the F8 antibody 

represents a building block of proven tumor targeting ability, which may be suitable 

for the development of improved anti-cancer biopharmaceuticals, capable of 

selective accumulation at the tumor neo-vascular site. Of note, preclinical and clinical 
investigations are facilitated by the fact that F8 recognizes the human and mouse 
antigen with comparable affinity. 
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In this thesis, we have also described the design, construction and characterization 

of two new synthetic human antibody libraries (named Philo1 and Philo2), containing 

more than three billion antibody clones. The Neri group at ETH Zurich has previously 

designed, constructed, and characterized a good quality human antibody library 

called ETH2-Gold library (Silacci et al. 2005), which has beed used for isolation of 

antibodies against more than 100 different antigens. In order to expand the structural 

features that can be recognized using monoclonal antibodies, we cloned Philo1 and 

Philo2 antibody libraries, which capitalize on the experience gained with the ETH2-

Gold library but involve modification also in another region of the binding site: 

position 52 of the VH CDR2 loop. The mutation of this residue into either charged or 

polar amino acids is likely to play an important role in the epitope recognition.  

 

As shown in this thesis, Philo1 and Philo2 libraries feature a very high proportion of 

functional clones, which is necessary for the isolation of good quality binders. Test 

selection experiments on different types of antigens (such as an enzyme, a 

fibronecin-typeIII triple domain, and two kidney filtration barrier proteins) were 

successfully performed, leading to the identification of strong binders after two 

rounds of panning. As a next step, we will perform selection experiments using both 

the ETH2-Gold library and Philo libraries on different kind of antigens, with a special 

emphasis on functional proteins. A comparative analysis of the frequency of antibody 

clones capable of inhibiting protein function will shed light on the ability of the three 

libraries to recognize different epitopes on target antigens of choice. 
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5 Material and methods 
 

5.1 Media, buffers, bacterial strains 

Media:  

2xTY: 16g/l bacto-tryptone, 10g/l bacto-yeast extract, 5g/l NaCl pH 7.4.  

2xTY agar plates Amp-Glu: 2xTY medium + 15 g/l agar. Autoclave, and add 

ampicillin 100 µg/l, glucose1% w/v only when the medium temperature is 50°C. 

Buffers:  

- PBS (phosphate buffered saline): 100 mM NaCl, 20 mM NaH
2
PO

4 
monohydrate, 

30mM Na
2
HPO

4 
dodecahydrate, pH 7.4.  

- X% MPBS : PBS plus X% (w/v) dried skimmed milk  

-TBS (Tris buffered saline): 50mM Tris Base, 100mM NaCl, pH 7.4  

Bacterial strains:  

- TG1 (K12, D(lac-pro), supE, thi, hsdD5/F’traD36, proA
+
B

+
, laqI

q
, lacZDM15)  

Helper phage:  

VCSM13 (Strategene) 

5.2 Cell lines and tumor models 

The tumor cell lines used were F9 murine teratocarcinoma (CRL-1720, ATCC), U87 

human glioblastoma cell (HBT-14. ATCC) and human B cell Ramos lymphoma (CRL-

1596, ATCC). F9 tumor-bearing mice were obtained by injecting s.c. 106 F9 murine 

teratocarcinoma cells in 10- to 12-week-old female 129SvEv mice. U87 human 

glioblastoma xenograft tumor were obtained by injecting 3 x 106 U87 cells into 6 to 8-

week-old female Balb-C nu/nu mice. For Ramos lymphoma xenograft tumor 107 cells 

were injected into 6 to 8-week-old female CB17/lcr SCID mice (all mice were 

purchased from Charles Rivers Laboratories). 

 

5.3 Construction of EDA1 affinity maturation library 

The EDA1 clone was originally isolated from the synthetic human antibody library 

ETH-2 ((Viti et al. 2000; Giovannoni et al. 2001)). The affinity maturation library was 

cloned by introducing sequence variability in the CDR1 of both heavy and light chain. 
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Antibody residues are numbered according to Tomlinson et al. (Tomlinson et al. 

1992) and Cox et al. (Cox et al. 1994). Mutation at position 31, 32, 33 of the VH 

CDR1 and 31, 31a, 32 of the VL CDR1 were introduced by PCR using partially 

degenerate primers b and d (Table 1) (all oligonucleotides used in this work were 

purchased from Operon Biotechnologies, Cologne, Germany). 

First, three fragments were obtained by PCR on the parental clone plasmid as 

template, using primer pairs a/b, c/d, e/f (Table 1). After gel-purification, these three 

segments were assembled by PCR and further amplified using primers a / f . The 

VH-VL combinations were doubly digested with NcoI/NotI and cloned into the 

NcoI/NotI-digested expression vector pHEN1. The resulting ligation mixture was 

purified and electroporated into fresh electrocompetent TG-1 cells. Electrocompetent 

TG-1 cells were prepared by washing the cells twice with 1mM HEPES / 5% glycerol 

and twice with 10% glycerol in water. Finally, cells were resuspended in 10% glycerol 

to a density of approximately 2 x 1011 cells. Electroporated cells were spread on 2TY-

agar plates (2xTY:16g/l bacto-tryptone, 10g/l bacto-yeast extract, 5g/l NaCl pH 7.4 - 

15g/l agar – 100 µg/ml ampicillin, 1% glucose) and incubated at 30°C overnight. On 

the next day, cells were rescued with 2TY-10% glycerol from the plates, snap-frozen 

in liquid nitrogen and stored at -80°C. 

 

5.4 Dot blot of scFv supernatant 

Individual colonies from the plated library were inoculated in 160 µl 2xTY-100 µg/ml 

ampicillin-0.1% glucose in 96-well plates (Nunclon
TM 

Surface, Nunc). The plates were 

incubated 3 hrs at 37 °C in a shaker incubator. Expression was induced by addition 

of 1mM IPTG and cultures were grown overnight at 30°C. ScFv-containing 

supernatants were blotted onto Protran B85 0.45 µm nitrocellulose membrane 

(Schleicher & Schuell) using the ELIFA system (Pierce) which allowed blotting by 

vacuum in a 96 well format, leading to spots of uniform and reproducible size. ScFv 

was detected with monoclonal anti-myc tag murine antibody 9E10 (Chan et al. 1987), 

followed by anti-mouse IgG horseradish peroxidase conjugate (Sigma). Peroxidase 

activity was detected using the ECL plus Western blotting detection system 

(Amersham Biosciences) on Kodak BioMax Light films. 
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5.5 Isolation of antibody fragments by colony filter screening 

Iterative colony filter screening procedures were performed essentially as described 

by Giovannoni et al. (Giovannoni et al. 2001). Glycerol stocks of the antibody libraries 

were inoculated in 2xTY containing 100 µg/ml ampicillin and 1% glucose at an optical 

density at 260nm of 0.1 and grown on a shaker at 37°C for about two hours. Once in 

exponential phase, 108 cells were spread on a 20 cm diameter PVDF filter 

membrane Durapore (type GVWP; Millipore, Bedford, MA) placed on a 2xTY-agar 

plate. After 8 hours at 37°C cells were already visible on the filter. The capture 

membrane (20 cm diameter, PVDF, Immobilon-P; Millipore) was pre-wet for 15 sec in 

MeOH, washed with MilliQ water followed by PBS (phosphate buffered saline: 100 

mM NaCl, 20 mM NaH
2
PO

4
, 30mM Na

2
HPO

4
, pH 7.4) and incubated in PBS 

containing 150 µg/ml of human fibronectin 11-A-12 triple domain (FN 11-A-12 (Borsi 

et al. 1998)) for 6 hour at 37°C to achieve the coating with the recombinant antigen. 

The capture membrane was then blocked in 5% (w/v) milk/PBS (using dried skimmed 

milk) for 2 h at 37°C, washed four times with PBST (PBS 0.2% (v/v) Tween-20) and 

soaked in 2xTY medium 100 µg/ml ampicillin and 1mM IPTG (isopropyl-β-D-

thiogalactopyranoside). The FN 11-A-12 coated membrane was then placed onto a 

fresh 2TY-agar-1mM IPTG plate and covered with the Durapore membrane carrying 

the bacterial cells on top. This “sandwich” plate was incubated at room temperature 

for 16 h. After incubation, the capture membrane was washed four times with PBST 

and then blocked with 5% milk/PBS for 6 h at 37°C. To detect bound scFv the filter 

was incubated with 9E10 anti-myc tag murine antibody in 5% milk/PBS-0,2% Tween-

20 (MBST) for 1 h at 37°C, washed 4 times with PBST and incubated with anti-

mouse IgG - horseradish peroxidase in MBST. The filter was then washed four times 

with PBST, twice with PBS and peroxidase activity was detected with the same 

procedure described for the Dot Blot using a light-sensitive film (see above). 

Alignment marks allowed us to go back from spots on the developed film to the 

clones on the first membrane producing anti-EDA antibody. After two rounds of 

screening, individual colonies could be picked and characterized by soluble ELISA 

procedures as described by Silacci et al. (Silacci et al. 2005). 
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5.6 ELISA-screening 

Bacterial supernatants containing scFv fragments were screened for binding to 

antigen by ELISA essentially as described (Viti et al. 2000). Individual colonies were 

inoculated in 180 µl 2xTY/ 100 µg/ml ampicillin/ 0.1% glucose in 96-well plates 

(NunclonTM Surface, Nunc). The plates were incubated 3 hrs at 37°C in a shaker 

incubator. Expression was induced by addition of 1mM IPTG and cultures were 

grown overnight at 30°C. 10-7 M antigen was immobilized on MaxiSorp microtiter 

plates (NUNC). Bound scFv antibodies were detected by means of the myc tag with 

monoclonal mouse antibody 9E10 , followed by anti-mouse IgG horseradish 

peroxidase immunoglobulin conjugate (Sigma). The assay was developed with BM-

Blue POD soluble substrate (Roche). The colorimetric reaction was stopped by the 

addition of 333 mM H2SO4 and the absorbance was measured at wavelengths 450 

nm and 650 nm using a microtiter plate reader.  

 

5.7 BIAcore-screening 

The supernatants of clones which were positive in ELISA were additionally screened 

by surface plasmon resonance (SPR) real-time interaction analysis using a 

BIAcore3000 instrument (BIAcore AB). The bacterial supernatants were filtered 

(using 0.22 µm filters, Schleicher & Schuell) and their binding properties analyzed on 

a high-density coated antigen chip. Antigen coated chips were prepared by coupling 

antigen covalently to a CM5 sensor chip (BIAcore AB). 

 

5.8 Sequencing of scFv antibody genes 

Antibodies were sequenced using Big Dye® Terminator v1.1 Cycle Sequencing kit 

(Applied Biosystems) on an ABI PRISM 3130 Genetic analyzer. Termination 

reactions were performed either on miniprep DNA or on PCR products using primers 

a (annealing 110 bp upstream the scFv gene, Table 3.2) and f (annealing 100 bp 

downstream the scFv gene, Table 3.2). 

 

5.9 Expression and purification of scFv antibody fragment on Protein A resin 

Recombinant antibody fragments in scFv format were expressed in E.coli TG-1 and 

purified from culture supernatant by affinity chromatography using protein A 
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Sepharose (Amersham Biosciences), essentially as described by Silacci et al. 

(Silacci et al. 2005). Purified antibody fragments were analyzed by size exclusion 

chromatography on a Superdex 75 HR 10/30 column (Amersham Biosciences) and 

fractions containing the pure protein of the correct weight were collected. The protein 

concentration was then estimated from the optical density at 280nm and SDS-PAGE 

analysis. 

 

5.10 Affinity measurements by surface plasmon resonance (BIAcore) 

One ml of purified scFv at a concentration of 0,1 mg/ml was loaded on the size 

exclusion chromatography column (Superdex 75, ÄKTA FPLC System, Amersham 

Biosciences) and the monomeric form (or the dimeric form) was eluted. Serial two-

fold dilutions of the antibody fractions were then analyzed by surface plasmon 

resonance (BIAcore 3000 system) using a low-density coated chip. Antigen coated 

chips were prepared by coupling antigen covalently to a CM5 sensor chip (BIAcore). 

20 µl of monomeric antibody were injected using the kinject command at a flow of 20 

µl/min. The binding curves were analysed with the BIAevaluation 3.2 software. 

 

5.11 Immunohystochemistry on frozen tissue sections 

Immunohistochemistry with scFv fragments was performed essentially as described 

by Brack et al. (Brack et al. 2006). Ten µm sections were treated with ice-cold 

acetone, rehydrated in TBS (50mM Tris, 100mM NaCl, pH 7.4), blocked with fetal 

bovine serum (Invitrogen) and then incubated with 10 µg/ml of purified scFv (myc-

tagged) together with the biotinylated 9E10 anti-myc antibody (5µg/ml). As negative 

control, anti-Cy5 dye scFv(9A) antibody fragment was used. Bound antibody was 

detected using streptavidin:biotinylated alkaline phosphatase complex (Biospa, 

Milano, Italy) and subsequent staining reaction with Fast-Red TR (Sigma) (in the 

presence of 1 mM levamisole to inhibit endogenous alkaline phosphatase activity). 

Hematoxylin solution (Sigma) was used for counterstaining. 

 

5.12 Immunofluorescence 

Ten µm sections of F9-teratocarcinoma and RAMOS lymphoma xenograft were cut, 

fixed with ice-cold acetone and double fluorescence staining for EDA and CD31 was 
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performed. F8-myc and rat anti-mouse CD31 (BD Pharmingen) were used as primary 

antibodies. As secondary detection antibodies we used biotinylated-9E10 anti-myc 

antibody (5 µg/ml) followed by Streptavidin-Alexa 488 (Molecular Probes) for EDA 

and Alexa Fluor 596 goat anti-rat IgG (Molecular Probes) for CD31. Slides were 

mounted with Glycergel mounting medium (Dako) and analyzed with a Zeiss 

AxioScop 2MOT +. 

 

5.13 Cloning and expression of scFv [5aa linker]  

For cloning the antibody fragments in a homodimeric format, a 5 amino acid linker 

between VH and VL was introduced by PCR. VH and VL were amplified from scFv 

plasmid DNA using primer pairs a (Table 3.1) / DP47link5DPKfo (5’-

TTCACCGCCACTGGACCCACTCGAGACGGTGACCAGGGTTCC-3’) and 

DPK22link5DP47ba (5’-CGAGTGGGTCCAGTGGCGGTGAAATTGTGTTGACGCAG 

TCTCCA-3’) / f (Table 3.1) respectively, appending the new linker downstream the 

VH and upstream the VL. These two PCR products were purified from an agarose 

gel and then PCR assembled in the presence of the primer pair a / f (Table 1). The 

obtained insert was then doubly digested NcoI/NotI and ligated into NcoI/NotI-

digested pHEN1 expression vector. ScFv fragments with 5 aa linker, forming stable 

non-covalent homodimers, were expressed and purified with the same procedure 

used for scFv fragments, followed by a final purification step on Superdex 75 size 

exclusion chromatography column (Amersham Biosciences). 

 

5.14 Cloning and expression of the SIP(F8) 

The SIP format of scFv(F8) was cloned as described before (Borsi et al. 2002; Silacci 

et al. 2006). The construct was used for the electroporation (Amaxa kit) of CHO-S 

cells. The cells were grown in suspension medium (CD CHO - Gibco) and selected 

using 0.5 mg/ml G418 sulphate (Calbiochem) for two weeks. Monoclonal cultures 

were obtained by limited dilution. F8-SIP was purified from supernatant of 

suspension culture of monoclonal line by affinity chromatography using proteinA-

Sepharose resin. The purified protein was analyzed by SDS–PAGE, size exclusion 

chromatography using a Superdex 200 HR 10/30 column 
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5.15 Biodistribution studies 

The in vivo targeting performance of anti-EDA antibodies was evaluated by 

quantitative biodistribution analysis as previously described (Tarli et al. 1999). Briefly, 

purified antibody preparations were radiolabeled with 125I using the Iodogen method 

(Fraker et al. 1978; Salacinski et al. 1981) and injected into the tail vein of 

immunocompetent 129SvEv mice bearing s.c. implanted F9 murine teratocarcinoma 

(about 8 µg per mouse). Mice were sacrificed 24 hours after injection. Organs were 

weighed and radioactivity was counted with a PackardCobra gamma counter. 

Radioactivity content of representative organs was expressed as the percentage of 

the injected dose per gram of tissue (%ID/g). 

 

5.16 Microautoradiography 

Twenty-four hours after the i.v. injection of radiolabeled SIP(F8), mice were sacrificed 

and tumors were embedded and frozen in OCT medium (MICROM). Ten µm sections 

were cut and fixed ice-cold aceton. Sections were then coated with NBT KODAK 

autoradiography emulsion, dried and stored at 4°C in the dark for approximately 

three weeks. The autoradiography emulsions were developed (KODAK Developer D-

19) for 4 minutes and fixed (KODAK EASTMAN Fixer) for 5 minutes. Finally, slides 

were rinsed with deionized water and counterstained with hematoxilin (Sigma). 

 

5.17 Construction of Philo1 and Philo2 phage display libraries 

As first, the point mutations at residue S52 of VH germline DP47 (Tomlinson et al., 

1992) were introduced by PCR, using an ETH2-Gold clone as template and the 

primers: S52Dfo, S52Kfo, S52Nfo, S52Yfo (see Table 3.3). The newly generated D-

DP47 and K-DP47 were used as template for the heavy chain of the Philo1 library, N-

DP47 and Y-DP47 were used for the Philo2 library (Fig 3.11). Germline segments 

DPK22 and DPL16 (Cox, 1994; Marks 1991) were amplified from 2 ETH2-Gold 

clones. The linker (Gly4Ser Gly4Ser Gly4) was kept constant between DP47/DPK22 

and DP47/DPL16 as in the ETH2-Gold library. In our Antibody libraries, residues are 

numbered according to Tomlinson et al. [(Tomlinson et al. 1995)] and are indicated in 

Figure 3.10. Sequence variability in the VH component of the library was introduced 

by PCR using partially degenerate primers (Figure 3.12 and Table 3.3), in a process 

that generates random mutations at positions 95-98 of the VH CDR3. The VL 
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components of the library were generated in a similar fashion, introducing random 

mutations at positions 91, 93, 94, and 96 in DPK22 CDR3 and at positions 92, 93, 

94, 95 and 97 in DPL16 CDR3 (Figure 3.10 and 3.11 and Table 3.3). VH-VL 

combinations were assembled in scFv format by PCR assembly (Figure 3.12 and 

Table 3.3), using gel-purified VH and VL segments as templates. The assembled VH-

VL fragments were doubly-digested with NcoI/NotI and cloned into NcoI/NotI-

digested pHEN1 phagemid vector (Hoogenboom et al., 1991; Fig. 3.12). The 

resulting ligation product was electroporated into electrocompetent E.coli TG1 cells 

according to (Viti et al., 2000). The library was electroporated on eight different days, 

thereby obtaining eight different sublibraries (four for the DPK22 portion and four for 

the DPL16 portion). Sub-liobrariy sizes are reported in Table 3.4. The library was 

stored as glycerol stocks, rescued and used for phage production according to 

standard protocols (Viti et al., 2000).  

 

5.18 PCR screening  

Randomly chosen clones were tested by PCR colony screening using the primers 

LMB3 long and fdseq long (a and f, Table 3.1) to verify the correct insert size. Cycling 

parameters: 94°C-10min, (94°C-1min, 50°C-1min, 72°C-90sec)30, 72°C-10min with 

RedTaq ReadyMix, SIGMA. 

 

5.19 Selection of antibody fragments from Philo1 and Philo2 libraries 

Immunotubes (Nunc; Wiesbaden, Germany) were coated with antigen at a 

concentration of 10-6 M in PBS, overnight at room temperature. Immunotubes were 

then rinsed with PBS and blocked for 2 hrs at room temperature with 2% (w/v) 

skimmed milk in PBS (MPBS). After rinsing with PBS, > 10
12 

phage particles in 2% 

MPBS were added to the immunotubes. The immunotubes were first incubated on a 

shaker for 30 min and then for 1.5 hrs standing upright at RT. Unbound phage was 

washed away by rinsing the immunotubes 10 times with PBS 0.1% Tween 20 (PBST) 

and 10 times with PBS (from 2nd round of panning on: 20 times PBST and 20 times 

PBS). The bound phage was eluted in 1 ml of 100 mM triethylamine and inverting the 

tube for 5 min. Triethylamine was neutralized by adding 0.5 ml 1 M Tris-HCl pH 7.4. 

The eluted phage was used for the infection of exponentially growing E. coli TG1. 
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Dilution series of bacteria were then plated on small 2xTY-Amp-Glu agar plates and 

incubated at 30°C overnight to determine the titer of the eluted phage. The remaining 

phage-infected bacteria were centrifuged for 10 min at 3300 g and 4°C, the pellet 

resuspended in 0.5 ml 2xTY and spread on a large 2xTY-Amp-Glu agar plate and 

incubated at 30°C overnight. The following day the bacteria were rescued from the 

large plate using 5 ml 2xTY, 10% glycerol and a sterile glass loop. The rescued 

bacteria were stored at -80°C. 

Approximately 80 µl of the rescued bacteria were used to inoculate 50 ml 2xTY-Amp-

Glu (initial OD600 between 0.05 and 0.1) and the culture was grown at 37°C and 200 

rpm until OD600 0.4 – 0.5. Of this culture, 10 ml (4 – 5x10
8 

bacteria/ml) were infected 

with 100 µl helper phage VCS-M13 (1x10
12 

phage) at 37°C for 40 min. The bacteria 

were then centrifuged for 10 min at 3300 g and 4°C, the pellet resuspended in 100 ml 

2xTY-Amp-Kana-Glu and the culture incubated at 30°C overnight. 

The overnight culture was centrifuged for 30 min at 3300 g and 4°C. The supernatant 

was transferred to new bottles and 10 ml 20% PEG/2.5 M NaCl was added for each 

40 ml of supernatant. The mixture was placed on ice for 40 min and then centrifuged 

for 30 min at 3300 g and 4°C. The pellet was resuspended in 40 ml sterile H2O and 

10 ml PEG/NaCl was added. The mixture was again placed on ice for 40 min and 

then centrifuged for 30 min at 3300 g and 4°C. The pellet containing the precipitated 

phage was resuspended in 2 ml sterile PBS containing 15% glycerol. In order to 

remove cell debris, the solution was then centrifuged for 3 min at 15000 g and the 

pellet was discarded. Phage used on the same day for a further round of panning 

were kept on ice; otherwise they were stored at -20°C. 
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