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1 Summary 
Antibody phage display technology greatly facilitates the isolation of good-
quality monoclonal antibodies to virtually any target antigen. In this thesis, we 

describe the design, cloning and characterization of three mouse antibody 

phage display libraries, each containing over 1 billion antibody clones. 

Furthermore, we present the use of antibody phage technology in the contest of 
cystic fibrosis (CF) research, with the aim to assess whether monoclonal 

antibodies can be used to prevent aggregation of the cystic fibrosis 

transmembrane conductance regulator (CFTR) protein which, if mutated, can 
cause CF.  

Large combinatorial phage display libraries of human antibodies are routinely 

used for the isolation of antibodies for research and for clinical applications. 
However, preclinical studies in rodents would benefit from the availability of 

good-quality single-pot mouse antibody libraries, which were not available until 

now. In this thesis, we report on the construction of three mouse antibody 
phage display libraries sharing a similar library design, which featured the 

combinatorial mutagenesis of residues in the CDR3 loops of a given antibody 

scaffold. While all three libraries were found to express antibodies in bacterial 

supernatants, only one of them (termed “PHILOtop”) was shown to reliably yield 
good-quality antibodies towards all protein antigens used so far in selection 

experiments, including three tumor-associated antigens. This single-pot 

antibody library may thus represent a useful source of binding specificities, 

facilitating preclinical studies in immunocompetent syngeneic mouse models 
of pathology. 

The homozygous deletion of the phenylalanine at position 508 (ΔPhe508) in the 

first nucleotide binding domain (NBD1) of the CFTR is the most common CF-

causing genetic defect. It has been proposed that the propensity of NBD1 to 

aggregate may lead to a lower display of the CFTR chloride channel to the cell 
membrane and to the disease, thus opening an avenue for the pharmacological 

development of CFTR folding correctors. Here we show that a human 

monoclonal antibody fragment specific to the folded conformation of NBD1 

inhibits the aggregation of NBD1 in vitro. However, in contrast to previously 
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published observations, we proved experimentally that NBD1 of wild-type and 

ΔPhe508 version of CFTR displays comparable propensities to aggregate in vitro 

and that the corresponding full-length CFTR protein reaches the cell membrane 

with comparable efficiency in mammalian cell expression systems. Based on 

our results, the “folding defect” hypothesis seems unlikely to represent the 
causal mechanism for the pathogenesis of CF. A solid understanding of how the 

ΔPhe508 deletion leads to the disease represents an absolute requirement for 

the development of effective drugs against CF.  
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Riassunto 
La tecnologia dell’esposizione fagica (phage display) ha largamente facilitato 
l’isolamento di anticorpi monoclonali teoricamente contro qualsiasi antigene.  

In questa tesi si descrive la progettazione, il clonaggio e la caratterizzazione di 

una libreria sintetica di anticorpi murini contenenti piú di un milione di cloni. 

Inoltre, si presenta l’uso della tecnologia di phage display nel contesto della 
ricerca sulla fibrosi cistica, al fine di valutare se un anticorpo monoclonale puó 

essere usato per prevenire l’aggregazione della proteina CFTR (cystic fibrosis 

transmembrane conductance regulator), che nella sua forma mutata é causa 
della fibrosi cistica. 

Librerie sintetiche di anticorpi umani preparate secondo la tecnonologia del 

phage display sono abitualmente usate per l’isolamento di anticorpi a scopo di 
ricerca e per applicazioni cliniche. Tuttavia, gli studi preclinici in roditori 

trarrebero grande vantaggio dall’uso di anticorpi isolati da librerie di anticorpi 

murini single-pot di buona qualitá, che al momento non sono disponibili. In 
questa tesi viene descritta la costruzione di tre librerie di anticorpi murini 

basate su una progettazione simile, caratterizzata dallla mutagenesi 

combinatoriale dei residui aminoacidici nella sequenza CDR3 (complementary 

determining region 3) dell’anticorpo. Nonostatante si sia dimostrato che tutte e 
tre le librerie esprimono anticorpi nei supernatanti batterici, solo da una di 

queste (chiamata “PHILOtop”) é stato possible isolare anticorpi di buona qualitá 

contro tutti gli antigeni proteici utilizzati finora in selezioni, compresi tre 

antigeni associati alla neovasculatura tumorale. Questa libreria di anticorpi 
single-pot rappresenta un’utile fonte di ligandi specifici, facilitando cosí gli studi 

preclinici in modelli murini immunocompetenti di patologie umane. 

La delezione omozigota della fenilalanina in posizione 508 (ΔPhe508) all’interno 

del dominio NBD1 (nucleotide binding domain 1) della proteina CFTR é il difetto 

genetico piú comune alla base della fibrosi cistica. É stato proposto che la 
tendenza del dominio NBD1 ad aggregare sia alla base della scarsa presenza del 

canale CFTR nella membrana cellulare, e quindi alla base della patologia, 

aprendo cosí la strada allo sviluppo di correttori del ripiegamento della proteina 

CFTR. In questa tesi si dimostra che un anticorpo monoclonale umano specifico 
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per la forma correttamente ripiegata del dominio NBD1 é in grado di inibirne 

l’aggregazione in vitro. Tuttavia, in contrasto con dati precedentemente 
pubblicati, si é sperimentalmente dimostrato che la proteina NBD1 nella sua 

forma wild-type e nella sua forma mutata ΔPhe508 tendono ad aggregare in 

misura simile in vitro e che le corrispondenti proteine CFTR intere raggiungono 
la membrana cellulare con efficienza comparabile in sistemi di espressione 

cellule mammiferi. Sulla base dei nostri risultati, non sembra probabile che 

l’ipotesi del problema di ripiegamento della proteina rappresenti il meccanismo 

causale della patogenesi della fibrosi cistica. Una piú completa conoscenza di 
come la delezione ΔPhe508 induca la patologia é essenziale per un futuro 

sviluppo di farmcai efficaci per la cura della fibrosi cistica. 
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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, Griffiths et al. 1990) and Wells (Lowman, Bass 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 (Figure 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. 
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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. Being 
able to purify from this large phage repertoire a phage particle by virtue of the 

phenotype (e.g., the binding specificity) displayed on its surface, it is possible to 

isolate the genetic information coding for the binding protein, and to amplify 

the corresponding phage by bacterial infection. As an example, one can 
consider the selection of a binding specificity from repertoires of binders (Figure 

2-2). The antigen is immobilized to a solid surface (i.e. magnetic beads, 

nitrocellulose, a column matrix or more commonly used plastic surfaces). The 

library on phage is incubated with the antigen of interest; unbound phage are 
removed by washing whereas specifically binding phage are collected and 

amplified in E. coli. 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. The collected phage can 

be used for subsequent rounds of panning until a significant enrichment is 

achieved. 

 
 

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 and 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 and Pluckthun 1998; Kristensen and Winter 1998), the 

selection of catalytically active enzymes (Pedersen, Holder et al. 1998; Demartis, 
Huber et al. 1999; Heinis, Huber et al. 2001) or aggregation resistant domain 

antibodies selected on phage by heat denaturation (Jespers, Schon 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: the infection is initiated by the interaction of the N2 

domain of the pIII protein with the F-pilus projecting from an E. coli cell. 
Subsequently, the phage coat proteins are depolymerised allowing the 

translocation of the phage genome (a circular single-stranded DNA molecule) 

into the bacterial cytoplasm. The genome is converted in a double-stranded 

DNA and replicated involving both phage- and host-derived proteins, and 
eventually packaged into elongated (“filamentous”) viral particles of 

approximately 6 nm diameter and 900 nm length (Figure 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 successfully displayed on phage as fusions 

with the coat proteins pIII (Smith 1985; Parmley and Smith 1988) or pVIII 

(Greenwood, Willis 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, Willis 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 Figure 2-4. 
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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, Minenkova 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 (Hoogenboom, 

Griffiths 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, 



 

 15 

because the typically used helper phage (M13K07 or VCS-M13) have a slightly 

defective origin of replication. 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 1:5 and 1:10000 have been reported (Kristensen and Winter 
1998; Demartis, Huber et al. 1999). Furthermore, the proteolytic cleavage of 

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

wild type pIII (McCafferty, Griffiths et al. 1990). To overcome the problem of low 

display of the polypeptide-pIII fusion protein on the phage particle, keeping the 
advantages of a phagemid-based approach (i.e. better transformation efficiency 

and easy-to-handle dsDNA), a new helper phage named “Hyperphage” has been 

developed. Hyperphage does not have a functional pIII gene, therefore the 
phagemid encoded polypeptide-pIII fusion protein is the only source of pIII 

protein. This method was shown to greatly improve antibody display on phage 

and panning efficiency (Rondot, Koch et al. 2001). 
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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. 

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 and Milstein 1975).  

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

identical heavy chains that 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 (Figure 2-5). Variability of the antibodies, which 
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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 (Figure 2-5).  

 

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 (CL) and one variable domain (VL), whereas heavy chains are composed of three 
constant domains (CH1, CH2 and CH3) and one variable domain (VH). 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 and Sandlie 2003). 

Immunoglobulin light chains (which are of two types: k 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 
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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.  

Since 1986, when the first three-dimensional structure of an antigen-antibody 

complex was solved (Amit, Mariuzza 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, Greenberg et al. 1994). 

Antibody phage technology represents the most used and well-established 

technology for producing good-quality 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 

construction of large (> 109 antibodies) libraries of antibodies, from which 
monoclonal antibodies can be isolated by panning the phage library onto an 

immobilized antigen (Winter, Griffiths et al. 1994; Viti, Nilsson et al. 2000; 

Silacci, Brack et al. 2005). Usually antibodies with moderate affinities are 

recovered after two or three rounds of standard selection: it is common practice 
to improve the antibody affinity by constructing “affinity maturation” libraries 

using combinatorial mutagenesis of the antibody gene and by performing 

stringent selections (Salacinski, McLean et al. 1981; Schier, Marks et al. 1995; Pini, 

Viti et al. 1998; Brack, Silacci et al. 2006; Silacci, Brack et al. 2006; Villa, Trachsel 
et al. 2008). 

Antibody phage technology directly yields antibody fragments (typically in scFv 
or Fab format, see section 2.1.2.3). 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 (Zuberbuhler, Palumbo et al. 

2009). 
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Figure 2-6 Different antibody formats and antibody fragments. 

2.1.2.2 Therapeutic antibody 

In antibody-based therapies, the goal is to eliminate or neutralize the 

pathogenic infection or the disease target, for example, bacterial, viral, or tumor 

targets. Therapeutic antibodies can function by three principal modes of 
actions: by blocking the action of specific molecules, by targeting specific cells, 

or by functioning as signalling molecules. Therapeutic antibodies are mainly 

developed either from selections with phage-display libraries of human 

antibody fragments, or by immunization of mice transgenic for the human Ig 
locus. Today there are more than 200 antibodies in clinical trials and the US 

Food and Drug Administration as approved several antibodies against cancer, 

transplant rejection, rheumatoid arthritis and Crohn’s disease, and antiviral 
prophylaxis (Brekke and Sandlie 2003). 

2.1.2.3 Phage display of antibody fragments 

Phage antibody technology refers to the display and use of repertoires of 
antibody fragments on the surface of bacteriophage. 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, Chang 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 
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displayed on phage as single chain Fv fragments (Huston, Levinson 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) (Figure 2-6).  

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, Hardman et 

al. 1988; Huston, Levinson et al. 1988), whereby the linker length has to be 
adjusted for optimal spatial arrangement of the two V domains (Huston and 

Haber 1996). The most frequently used format VH-(Gly
4
Ser)

3
-VL has been used 

for the construction of various phage libraries (Clackson, Hoogenboom et al. 

1991; Marks, Hoogenboom et al. 1991; Hoogenboom and Winter 1992). 

2.1.2.4 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, 
Griffiths 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, Griffiths 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, 

where the oxidizing milieu allows them to be folded and assembled properly 

(Skerra and Pluckthun 1988; Carter, Kelley 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 (Figure 2-7). CDR3s are the positions in 
which diversity is usually concentrated.  
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Figure 2-7 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 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 characterization of the V-genes and their flanking 

regions, several sets of “universal” PCR primers have been described for the 

cloning of human (Marks, Hoogenboom et al. 1991; Tomlinson, Walter et al. 
1992), murine (Orlandi, Gussow et al. 1989; Clackson, Hoogenboom et al. 1991; 

Kettleborough, Saldanha et al. 1993; Orum, Andersen et al. 1993), rabbit (Ridder, 

Schmitz et al. 1995; Lang, Barbas et al. 1996), and chicken (Davies, Smith 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). 

2.1.2.4.1 Immune antibody phage display libraries 
Immune antibody phage display libraries (Burton, Barbas et al. 1991; Clackson, 
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Hoogenboom 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., 107 clones). For example, Chester et al. (Chester, Robson 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, Chester 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.   

2.1.2.4.2 Single-pot libraries  

Single-pot libraries are designed to isolate antibody fragments to virtually every 

possible antigen. They are cloned once, with the aim to reach a complexity > 108 

clones and, if possible, > 109-1010 clones, corresponding phage are stored frozen 
in aliquots (Neri, Pini 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 (5-10 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: there is a correlation between the size of the repertoire 

and the affinities of the isolated antibodies (Griffiths, Williams et al. 1994; 

Vaughan, Williams et al. 1996). Antibody fragments with a µM affinity were 

obtained from a single-pot library consisting of approximately 107 clones, 

whereas antibody fragments with nanomolar affinities have been isolated from 
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a library consisting of 109 independent clones (Hoogenboom 1997). It is 

technically possible to make phage display libraries of complexity > 109 using 

brute force electroporation, and > 1011 using combinatorial infection and cre-lox 
mediated recombination (Waterhouse, Griffiths et al. 1993; Griffiths, Williams 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 ≤ 1013 transforming units/ml), the efficiency of 

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

experiments (de Haard, Kazemier et al. 1998). Single-pot libraries can be 

classified as naïve or synthetic.  

2.1.2.4.2.1 Naïve repertoires  

Naïve libraries are constructed from the rearranged V genes from B cells of 

unimmunised animals or human donors, and are combinatorially assembled to 
create large arrays of antibodies.  

The murine naïve repertoire has been estimated to contain < 5 x 108 different B-
lymphocytes, while the human repertoire may be a hundred to a thousand 

times bigger (Winter, Griffiths 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, Hoogenboom 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 
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remains to be seen how well naïve libraries perform against self-antigens for 

which the immune system is tolerant.  

2.1.2.4.2.2 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 

and Winter 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 HCDR3 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, Lesk et al. 1992) and 70 different functional VL 

segments (Tomlinson, Cox et al. 1995; Tomlinson, Walter et al. 1996; Ignatovich, 

Tomlinson et al. 1997). One can choose to use only one type of scaffold, based on 
qualities of the scaffold (Pini, Viti et al. 1998), or keep one of the heavy or light 

chains constant and use different scaffolds of the other one (Nissim, 

Hoogenboom 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, 
Williams et al. 1994). 

Since not all of the different chain variants are equally well represented in the 
human functional repertoire, there might be a disadvantage using such a great 

variation of scaffolds. Indeed, there is evidence that only a few human germline 

V-genes dominate the functional repertoire (Kirkham, Mortari et al. 1992; 

Tomlinson, Cox 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, Hoogenboom 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 
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second step (Neri, Carnemolla 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, Williams et al. 1994), the EDA 
(Borsi, Castellani et al. 1998) and EDB domains of fibronectin (Carnemolla, Neri 

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

antigens such as BiP (Nissim, Hoogenboom et al. 1994). 

2.1.2.5 The ETH-2-Gold library 

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, Mortari et al. 1992; 
Griffiths, Williams et al. 1994). The use of the DP47 VH germline segment offers 

a number of advantages, ranging from a higher thermodynamic stability 

(Ewert, Huber et al. 2003) to the possibility of using protein A for antibody 
purification and detection (Hoogenboom and Winter 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; see also Figure 2-8), 

in accordance with their role as common antigen contacts and with the high 

variability of naturally occurring antibodies in these regions (Padlan 1994). 
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Figure 2-8 ETH2-Gold scFv antibody fragment structure. Residues subject to randomization are 
depicted in spacefill representation. The residues are numbered according to Tomlinson et al, 
1995. (PDB file are 1igm and 8FAB for DP47/DPL16 and DP47/DPK22, respectively). 

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

CDR3 in the heavy chain (Lavoie, Drohan 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.  

For the ETH-2 Gold library, the flexible polypeptide Gly
4
SerGly

4
SerGly

4
 (Huston, 

Levinson et al. 1988) was chosen as linker.  ETH2-Gold scFv antibody fragments 
were cloned into the phagemid vector pHEN1 (Hoogenboom, Griffiths et al. 

1991), which appends the short peptidic myc-tag at the C-terminal extremity of 

the recombinant antibody.  

The ETH-2 Gold library consists of 3 x 10
9 

different antibody clones, and it was 
shown to be highly functional (Silacci, Brack 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, Viti et al. 1998; 

Brack, Silacci et al. 2006; Silacci, Brack et al. 2006). 
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Figure 2-9 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 Murine antibody phage display libraries 

It is becoming increasingly clear that the development of antibody-based 
therapeutics may require the development and in vivo testing of such products 

in syngeneic preclinical settings (e.g., murine antibodies in mouse models of 

pathology). Certain conserved antigens are not immunogenic in rodents 

(Carnemolla, Leprini et al. 1992; Melkko and Neri 2003) and it would thus be 
useful to rely on good-quality mouse antibody phage display libraries, as mice 

are often the standard animal model for the in vivo testing of novel antibody-

based therapeutics. 

While several antibody libraries from immunized mice have been described so 

far (Clackson, Hoogenboom et al. 1991), there are only few reports of naïve 

single pot mouse antibody libraries (Gao, Huang et al. 1999; Okamoto, Mukai et 
al. 2004; Imai, Mukai et al. 2006), which have so far been used only for the 

isolation of few monoclonal antibodies.  

2.1.4 Other selection methodologies 

2.1.4.1 Yeast display 

Yeast display of antibody fragments is a very efficient and productive 
methodology for directed evolution of scFv fragments for improved affinity and 
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thermal stability and for the display of naïve scFv and immune Fab libraries. 

Yeast display allows the characterization of binding properties of a specific 
clone, such as the affinity and the epitope binding characteristics, 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 and 

Wittrup 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, 
Montijn et al. 1995). The display on the yeast surface of a recombinant protein 

takes advantage of the association of Aga1 and Aga2 (Schreuder, Mooren 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 1010-fold 
without any recognizable changes in either the percentage of antibody 

expression or the frequency of specific clones within the library (Feldhaus, 

Siegel 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 and Siegel 2004).  
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Figure 2-10 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 is a very valuable 

tool for affinity reagent discovery and optimization. Enrichment factors of 109 

can be achieved performing a screening with a non-immune library for specific 

binders, 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 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 and Wittrup 2000). As a final 
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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 
and Siegel 2004). 

Clone characterization is a time consuming and labor-intensive step in any 
antibody discovery process. Characterizations may include: dissociation 

constant (K
D
) determination, determination of off-rate (k

off
) and of on-rate (k

on
) 

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 (106 clones) 
generated from a single antigen-binding scFv clone (Boder, Midelfort 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 K
D 

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 k
on 

rate constant of an antigen-scFv interaction by using shorter 

incubation times with a specific concentration of antigen.  

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, Chester et al. 

2004). The previously described scFv antibody fragment MFE-23 (Chester, 
Robson 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, Chester et al. 2004). 

2.1.4.2 Ribosome display 

The screening methodologies mentioned so far have some restrictions: the 
libraries are limited in size, due to cell transformation efficiency, and the cloning 

of libraries in the size of 109 can consume a considerable amount of time and 

work. In order to circumvent these problems, selection techniques have been 

proposed which can take place fully in vitro. 

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

(Mattheakis, Bhatt 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 and Pluckthun 1997). This also 

causes virtually all the full length translated protein to remain attached to the 
ribosome (Payvar and Schimke 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 
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than 10 days, allowing very extensive off-rate selections (Jermutus, Honegger et 

al. 2001). One unexpected advantage of these ternary complexes is that proteins 
displayed on the ribosome appear to be less aggregation-prone (Matsuura and 

Pluckthun 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 2-11.  

 

Figure 2-11 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 
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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. 

A large synthetic antibody library, HUCAL-1, of 2x109 independent members 
(Knappik, Ge et al. 2000), was used directly as the starting material for ribosome 
display selections (Hanes, Schaffitzel 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, Ge 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. Here we report two studies 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, Honegger 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, Spinelli 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, Honegger 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 
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ribosome display using an antibody library generated from a single PrP binder 

with error-prone PCR and DNA-shuffling (Luginbuhl, Kanyo et al. 2006). 

2.1.4.3 Iterative colony filter screening 

In Iterative colony filter screening, bacterial clones are simultaneously isolated 

from a large synthetic repertoire of human antibody fragments and assayed for 
their ability to generate the binding specificities (Giovannoni, Viti 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, Figure 2-12), while a second 

nitrocellulose filter (membrane B, Figure 2-12) 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. 

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, Viti et al. 2001) and against EspA, a protein involved 
in the type three secretion system needle complex of E. coli (Kuhne, Hawes et al. 

2004). 
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Figure 2-12 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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2.2 Cystic fibrosis 

2.2.1 Disease 
Cystic fibrosis (CF) is the most common autosomal recessive disorder among 

the Caucasian population, with a frequency of about 1 in 2500 livebirths. CF is 

cause by mutations in a 230kb gene on chromosome 7 encoding a 1480 amino 
polypeptide, named cystic fibrosis transmembrane regulator (CFTR), which 

functions as chloride channel in epithelial membranes (Figure 2-13). Over 1500 

mutations in this gene have been described so far. CFTR mutations can be 

grouped into six classes: (I) CFTR is not synthesised; (II) defectively processed; 
(III) not regulated; (IV) shows abnormal conductance; (V) has partially defective 

production; (VI) has accelerated degradation (Figure 2-14B). The most common 

CF-causing mutation is a class II, caused by the homozygous deletion of 

phenylalanine at position 508 (ΔPhe508) in the first nucleotide binding domain 

(NBD1) of CFTR (Figure 2-13). ΔPhe508 accounts for ~70% of the CF patients 

worldwide, yet its frequency varies between ethnic groups, e.g. 82% of CF 
patients have homozygous ΔPhe508 in Denmark versus 32% in Turkey (Ratjen 

and Doring 2003). 

 

Figure 2-13 Schematic representation of the CFTR chloride channel. Indicated are the two 
transmembrane domains (TMD1 and TMD2), the regulatory domain (R), and the two nucleotide 
binding domains (NBD1 and NBD2). 

CF affects the entire body, leading to progressive disability and early death: the 

median age for survival is only approximately 37 years. CF commonly manifests 

with pancreatic insufficiency, elevated sweat chloride concentration and male 
infertility. The most striking CF phenotype is seen in airways where chronic 

pulmonary infections arise from bacterial pathogens (Kerem, Nissim-Rafinia et 

al. 1997). 
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The CFTR gene defect leads to an absent or malfunctioning CFTR protein, which 

results in abnormal chloride conductance on the apical membrane of the 
epithelial cell. In the lung this results in airway surface liquid depletion and, 

since airway surface liquid is essential to support ciliary stability and 

functioning, ciliary collapse and decreased mucociliary transport. The 

consequence of this is a vicious circle of mucus retention, infection and 
inflammation (Figure 2-14A). Though this broad concept is largely undisputed, 

controversies exist on multiple aspects of this cascade (Ratjen 2009). Lack of 

CFTR activity cause less chloride secretion and, since ion transport also creates 

an osmotic gradient, less water transport into the epithelial surface layer. This is 
not the only mechanism, since one of the CFTR physiologic roles is to inhibit 

sodium adsorption, and loss of CFTR therefore causes excessive sodium (and 

water) adsorption through the epithelial sodium channel. Which of the two 
mechanisms (reduced chloride secretion or sodium hyperadsorption) is more 

relevant in the development of CF lung disease is unclear, and it is likely that 

both events may contribute to the development of airway-surface-liquid 

depletion (Ratjen 2009). 
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Figure 2-14 (A) Cascade of pathophysiology in cystic fibrosis lung disease. (B) Classes of cystic 
fibrosis transmembrane regulator (CFTR) mutations. (Ratjen 2009). 

2.2.2 Mechanism of pathogenesis 

Some 20 years after the identification of CFTR mutations as cause of CF, two 
alternative theories have been proposed as mechanism of pathogenesis: the 

abnormal gating hypothesis (according to which mutations lead to abnormal 

channel function) and the folding defect hypothesis (according to which CFTR 
mutations would lead to reduced protein display on the cell membrane). 

2.2.2.1 Abnormal gating hypothesis 

The abnormal gating hypothesis mainly relies on experimental data in cell lines 
(Hwang, Wang et al. 1997) and in Xenopus oocytes (Treharne, Crawford et al. 

2007), indicating that the ΔPhe508 deletion in CFTR leads to impaired halide 

transport in model cellular systems. CFTR is a major epithelial ion channel in the 
apical membrane of the highly active salt absorptive duct of the human sweat 

glands (Reddy and Quinton 2006), and patients with CF typically have increased 

salt concentrations in sweat. 
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2.2.2.2 Folding defect hypothesis 

The ΔPhe508 deletion has been postulated to give rise to a temperature-

sensitive folding defect of the CFTR channel, evidenced by failure of the full-

length protein to mature (Denning, Anderson et al. 1992) and by retention in the 

endoplasmic reticulum and subsequent degradation (Kopito 1999). The 
observation that the folding defect of CFTRΔPhe508 could be corrected by 

growing cells at lower temperature (Denning, Anderson et al. 1992) suggests 

that molecules capable of stabilizing the folded conformation of CFTR may 
facilitate the development of drugs which act by increasing folding yields 

(“correctors”) and/or by increasing the specific ion channel activity 

(“potentiators”). 

The temperature dependent folding defect postulated by Denning and 

colleagues on the basis of studies of CFTR glycosylation in stably-transfected 

3T3 fibroblasts (Denning, Anderson et al. 1992) is not in complete agreement 
with experimental evidence of protein expression in vivo. First, a careful 

immunohistochemical analysis of CFTR expression in normal tissues and in CF 

samples revealed similar levels of protein expression in lung and intestine. 

However, different levels of CFTR expression were observed in the luminal 
surface of reabsorptive ducts of sweat glands (Kalin, Claass et al. 1999). Second, 

transient transfections of insect cells with CFTR and CFTRΔPhe508 revealed 

comparable glycosylation patterns and similar expression levels at 27°C. The 
proteins, when purified and reconstituted in vitro, demonstrated comparable 

activities (Li, Ramjeesingh et al. 1993). Moreover a study performed on 

immortalized epithelial cells obtained from healthy donors and CF patients 
revealed a comparable expression pattern both in terms of protein amount, 

glycosylation and membrane distribution (Sarkadi, Bauzon et al. 1992). 

The folding defect hypothesis is supported by the observation that the ΔPhe508 

form of recombinantly-expressed NBD1 exhibited a temperature-sensitive 

tendency to aggregate in in vitro refolding experiments, which was more severe 

compared to the wild-type (wt) protein. Folding yields were measured by 
diluting a concentrated solution of denatured recombinant NBD1 into a suitable 

refolding buffer, followed by overnight incubation, centrifugation to remove 

precipitated protein and fluorescence-based detection of the fraction of soluble 
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NBD1 (Qu and Thomas 1996; Thibodeau, Brautigam et al. 2005).  However the 

method did not feature a direct detection of the amount of precipitated protein: 
a decrease in fluorescence signal could in principle result both from protein 

precipitation and from the hypofluorescence associated with the denatured 

form of the protein. The ΔPhe508 form of the recombinant NBD1, containing 

residues 404-589, was reported to display a slightly reduced folding yield 

compared to the wt counterpart, both at 2 µM and 18 µM concentration. By 

contrast, the longer version (residues 389-655) of the NBD1 was reported to 

exhibit a dramatic difference in folding efficiency, with the wt protein being 
completely folded and soluble at 10°C, while the ΔPhe508 form exhibited only 

50% folding yield at the same temperature (Thibodeau, Brautigam et al. 2005). 

According to these experiments, the different in vitro refolding behaviour of the 
two versions of the NBD1 proteins would recapitulate the folding defects 

observed in cellular systems for the full length CFTR proteins (Denning, 

Anderson et al. 1992) and could represent the basis for the high-throughput 
screening of folding correctors. 

2.2.3 Therapeutic options 

Patients with CF receive a combination of physiotherapy, postural drainage and 
antibiotics, which help remove mucus from their lungs, improve their ability to 

breathe, and treat chronic lung infections. Therapeutic agents are also available 

to help clear their mucus. Nebulised hypertonic saline solution can improve the 
hydration of mucus and improve clearance. Genentech’s Pulmozyme (dornase 

alfa) is a recombinant human DNase, which hydrolyses the high amounts of 

DNA found in CF sputum and reduces mucus viscosity (Fuchs, Borowitz et al. 

1994). However only a subset of CF patients responds to Pulmozyme and there 
are no reliable markers to predict which patients will receive the benefit. Lung 

transplantation often becomes necessary for CF patients: a double lung 

transplantation is needed in CF cases because the remaining lung could 

contained bacteria that could infect the transplanted lung. There is a desperate 
need for better therapies, and several promising compounds and new drug 

classes are currently in development. 
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2.2.3.1 Mucoactive agents 

Hyperosmolar agents appear to be the most promising short-term prospect, 
designed to encourage the flux of water across the lung surface. Among these 

agents, Bronchitol (Pharmaxis) is currently being investigated in Phase III trials. 

Bronchitol is a powder composed of hollow microspheres that can penetrate 

the lower airways more efficiently than nebulised products; therefore 
Bronchitol reaches better the lung periphery that represents the area most 

affected by CFTR depletion. 

2.2.3.2 Salt modulators 

Several companies are addressing the problem of irregular salt transport by 

modulating the function of either chloride or sodium channels in the lung. 

Inspire Pharmaceuticals is now sponsoring two Phase III trials of denufosol 
tetrasodium inhalation solution. Denufosol acts by stimulating the purinergic 

P2Y2 receptor, which activates alternative chloride channels, compensating for 

defective CFTR in the airway. 

2.2.3.3 CFTR-assist therapies 

The monogenic nature of the genetic defects in CF makes this disease an 

attractive candidate for somatic gene therapy, but limited extent and duration 
of the corrections as well as concerns about the safety of currently available 

delivery systems have prevented gene therapy from being curative (Ziady and 

Davis 2006). Transgene expression should be conserved over the lifetime of the 

patient. Repeated administrations of both viral and non-viral vectors are 
hampered by host immunity and low transfection efficiency. Moreover, access 

of vectors to target cells from the airways is hindered by the thick mucus layer 

of CF lung. Gene therapy modalities have universally failed to restore clinically 
meaningful CFTR expression. 
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2.3 Aim of the thesis 

The mouse is often the standard and most used animal model for the in vivo 

testing of novel antibody-based therapeutics. In fact, the need of fully murine 
antibody-based products for significant preclinical studies in syngeneic settings 

is constantly growing. The aim of this thesis was to design, construct and 

characterize a single-pot large synthetic murine antibody phage display library. 
Such library will be used for the identification of mouse monoclonal antibodies 

specific to virtually any target antigen. 

Cystic fibrosis is the most common hereditary monogenic disease among 
Caucasians. More than 20 years after the identification of mutations of the 

CFTR protein as cause of CF, the mechanism that leads to the pathology is still 

unclear. This thesis aimed at studying the folding defect hypothesis by means 

of in vitro refolding experiments, including corrector agents such as a 
monoclonal antibody specific to NBD1, and by analysis of the CFTR full-length 

protein in mammalian cell expression systems. 
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3 Results 

3.1 Design, construction and characterization of a synthetic murine 
antibody phage display library 

At present, monoclonal antibodies represent the major class of specific binding 

molecules that can be isolated rapidly and with high affinity for virtually any 
target. The use of human antibody derivates greatly facilitates the clinical 

development of novel antibody-based biopharmaceuticals, but may hinder 

certain preclinical and toxicological investigations, as repeated dosing of fusion 

protein of human origin in rodents, that represent the most used animal model 
for preclinical studies, can be strongly immunogenic. The availability of good-

quality mouse monoclonal antibodies would allow the design of more 

significant and reliable preclinical experiments in mouse model of pathologies.  

One well established method for the generation of monoclonal antibodies is 

hybridoma technology. However, such approach is problematic when dealing 

with well-conserved antigens (resulting in low immunogenicity) or toxic 
antigens. Moreover, hybridoma technology, requiring immunization of the 

donor for each antigen of interest, represents a rather cumbersome technology. 

A more efficient way of generating monoclonal antibody is represented by 

phage display technology. To our knowledge, only the construction of non-
immune mouse scFv phage display libraries from spleen and bone marrow of 

un-immunized donors has been documented so far (Gao, Huang et al. 1999; 

Okamoto, Mukai et al. 2004; Imai, Mukai et al. 2006). The above-mentioned 
approach has two main limitations: the cloning of such libraries is rather 

inefficient (due to complicated PCR primers design) and there is no control on 

the library clone sequences. For these reasons, we decided to design a non-

immune mouse scFv phage display library introducing randomized CDRs into 
germline V-gene segments (Hoogenboom and Winter 1992).  

We here describe the design, cloning and characterization of three mouse 

antibody phage display libraries, all containing over 1 billion of clones and all 
sharing a similar library design. 
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3.1.1 Results 

In order to generate a large, stable and highly diverse library of functional 
antibody fragments with similar physical properties, we chose to clone a 

synthetic antibody library in a phagemid vector (Hoogenboom, Griffiths et al. 

1991; Silacci, Brack et al. 2005), restricting sequence diversity to the CDR3 of the 

VH and Vk domains, in which all other positions were kept constant (Pini, Viti et 
al. 1998). We chose to express antibody fragments in scFv format (Huston, 

Levinson et al. 1988), as this single polypeptide recombinant antibody format 

exhibits better expression yields and phage display properties compared to Fab 

fragments. The complete sequences of the scFv libraries can be found in Table 
3-1. 

 

Table 3-1 The amino acid sequences of the murine scFv of the MuLib1, MuLib2 and PHILOtop 
libraries are represented in the table. The scFv is composed of a heavy chain, a linker and a 
variable chain; the randomized CDR3 regions are underlined. 

 Heavy chain Linker Light chain 

MuLib1 EVQLVESGGGLVKPGGSLKL

SCAASGFTFSSYAMSWVRQ

SPEKRLEWVAEISSGGSYTYY

PDTVTGRFTISRDNAKNTLYL

EMSSLRSEDTAMYYCARXX

XX(X)(X)FDYWGQGTTLTVS

S 

GGGGSGGGG

SGGGGS 

DIVLTQSPASLSVSLGETATL

SCRSSESVGSYLAWYQQKA

EQVPRLLIHSASTRAGGVPV

RFSGTGSGTDFTLTISSLEPE

DAAVYYCQQXXXXPXTFGA

GTKLEIKR 

MuLib2 EVQLVESGGGLVKPGGSLKL

SCAASGFTFSSYAMSWVRQ

SPEKRLEWVAEISSGGSYTYY

PDTVTGRFTISRDNAKNTLYL

EMSSLRSEDTAMYYCARXX

XXX(X)(X)FDYWGQGTTLTV

SS 

GGGGSGGGG

SGGGGS 

DVLMTQTPLSLPVSLGDQA

SISCRSSQSIVHSNGNTYLE

WYLQKPGQSPKLLIYKVSNR

FSGVPDRFSGSGSGTDFTLK

ISRVEAEDLGVYYCFQXXXX

PXTFGGGTKLEIKR 

PHILOtop QVQLQQPGAELVKPGASVK

MSCKASGYTFTSYNMHWV

KQTPGRGLEWIGAIYPGNGY

TSYNQKFKGKATLTADKSSS

TAYMQLSSLTSEDSAVYYCA

RXXXX(X)(X)FDYWGQGTTV

TVSS 

GGGGSGGGG

SGGGGS 

QIVLSQSPAILSASPGEKVT

MTCRASSSVSYMHWFQQK

PGSSPKPWIYATSNLASGVP

VRFSGSGSGTSYSLTISRVEA

EDAATYYCQQXXXXPXTFG

GGTKLEIKRTVAA 
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3.1.1.1 Design, construction and characterization of MuLib1 murine antibody 

library 
The scFv antibody scaffold used for the MuLib1 library was based on the 

germline gene 98-3G for the VH (Williams, Martinez et al. 2001), and on the 

gene dv-36 (Schable, Thiebe et al. 1999) for the Vk. The 98-3G and dv-36 genes 

were chosen as scaffold for library construction due to their similarity to the VH 
and Vk domains DP47 and DPK22 previously used by our group for antibody 

library construction (Pini, Viti et al. 1998; Silacci, Brack et al. 2005). Sequence 

diversity was confined to the CDR3 loops, which are known to largely contribute 

to antigen recognition (Figure 3-6 and Figure 3-7), while the remaining parts of 
the antibody molecule were kept constant.  A completely randomized sequence 

of four, five or six amino acids residues (followed by the conserved Phe-Asp-Tyr 

sequence) was appended to the VH germline segment giving rise to the three 
sub-libraries H4K, H5K and H6K, respectively.  A partially randomized sequence 

of six amino acid residues was appended in the Vk, forming CDR3 loops which 

contained a proline residue in a conserved position (Figure 3-8). The flexible 

polypeptide Gly4SerGly4SerGly4 (Huston, Levinson 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 in the phagemid vector pHEN1 

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

at the C-terminal extremity of the recombinant antibody (Figure 3-7). 

For library construction, CDR3 regions were randomized by PCR using partially 

degenerate primers (Figure 3-7 and Table 3-13). The resulting VH and Vk 
segments were assembled by PCR, subcloned into the phagemid vector pHEN1 

and electroporated into freshly prepared electrocompetent E. coli TG1 cells.  

Three different sub-libraries (H4K, H5K and H6K) contained a total of 1.5 x 109 

individual clones (see Table 3-2). 
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MuLib1 MuLib2 PHILOtop 

Sub-library titer Sub-library Titer Sub-library titer 

H4K 3 x 108 H5K 8.6 x 108  H4K 5.6 x 108 

H5K 6 x 108 H6K 3 x 108 H5K 3.2 x 108 

H6K 6 x 108 H7K 1.5 x 109  H6K 6.2 x 108 

Total titer 1.5 x 109  Total titer 2.7 x 109 Total titer 1.5 x 109  

Table 3-2 Titers of the MuLib1, Mulib2 and PHILOtop libraries and respective sub-libraries. 

The quality and functionality of the MuLib1 library were assessed by PCR colony 
screening, dot blot, Western blot, DNA sequencing and test selection against 

standard antigens. PCR screening showed that 36/36 randomly picked 

individual clones from the library contained an insert of the correct size (Figure 

3-1A). A dot blot experiment based on myc tag detection revealed that >70% of 
the antibody clones in the library expressed soluble scFv fragments (Figure 3-1B).  

The efficiency of the display of svFv-pIII fusion proteins on the surface of 

filamentous phage was evaluated by Western blot, using an anti-pIII antibody 
as primary detection reagent. From the ratio of intensities of the bands 

corresponding to pIII or scFv-pIII fusions (Figure 3-1C), and considering 3-5 copies 

of pIII are present at the tip of the phage (Stengele, Bross et al. 1990), we 

estimated that at least every second phage particle would display the scFv-pIII 
fusion protein on its surface. 
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Figure 3-1 Characterization of the MuLib1 library. (A) PCR colony screening of 12 clones for each 
sub-library.  As negative (-) control the PCR reaction mix was prepared omitting the template. As 
positive control (+) a scFv from the ETH-2-Gold library was amplified. As internal control a BirA 
insert (1200bp) of a pHEN1 vector was amplified.  All the tested clones showed an insert with the 
correct size of approximately 1000bp. (B) Dot blot analysis of 92 induced supernatants of 
individual library clones for each of the three sub-libraries. The soluble scFv fragments were 
detected with the anti-myc-tag mAb 9E10. As positive control (+) a clone from the ETH-2-Gold 
library was expressed. As negative control (-) only 2xYT was blotted on the membrane. More 
than 70% of the clones express a detectable amount of soluble sc-Fv fragment. (C) Western blot 
analysis to evaluate the efficiency of the display of the scFV-pIII fusion protein on the surface if 
the phage particle.  Different amounts of purified phage of each sub-library were analyzed. The 
protein pII and the fusion protein scFv-pIII were detected with a monoclonal anti-pIII antibody. 
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Fifteen randomly picked clones were sequenced, revealing that all amino acid 

sequences in the CDR3 regions of both heavy and light variable chains were 
diverse (Table 3-3). 

MuLib1   
Clone VH CDR3 Vk CDR3 
MuLib1 H4K-1 P P L P S I A S P T 
MuLib1 H4K-2 T A T T P A N P P Q 
MuLib1 H4K-3 Q P T V N G R D P T 
MuLib1 H4K-4 M Y G K Q L C E P M 
MuLib1 H4K-5 C I V P P D R G P Q 
MuLib1 H5K-1 T H K T K I D A S P Q 
MuLib1 H5K-2 Q P F T Q S S S T P S 
MuLib1 H5K-3 S Y R L R T R V L P S 
MuLib1 H5K-4 T T T T P L D M Q P S 
MuLib1 H5K-5 K S K A Q D R S F P K 
MuLib1 H6K-1 P S S L P Q M Y H Y P R 
MuLib1 H6K-2 N N K S K R A W R Q P M 
MuLib1 H6K-3 Y P T R T P H S M L P M 
MuLib1 H6K-4 Q L L L L S G N F A P P 
MuLib1 H6K-5 P D S N C V N Q T Q P N 

Table 3-3 Randomized positions of randomly selected MuLib1 library antibody clones. The 
conserved proline residue of the Vk CDR3 is underlined. Single amino acid codes are used 
according to standard IUPAC nomenclature. 

The functionality of the MuLib1 antibody library was tested performing 
selections against a panel of antigens (Table 3-4) on immunotubes (see 3.1.3.5.1).  

MuLib1 Antigen 
Positive 
clones/ 
screened 
clones 

Rounds of 
panning 

α2-Macroglobilin 16/282 4 
Glutathione S-transferase 0/188 3 
Transferrin 0/282 4 
BCD Domain of Tenascin C 0/282 4 

Table 3-4 The MuLib1 was biopanned against different antigens. The ratio “positive antibody 
clones/screened antibody clones” and the number of rounds of biopanning performed for each 
antigen are shown. 

Only biopanning experiments against the large plasma protein α2-

Macroglobilin resulted in the generation of positive clones, which were found to 

be specific for the cognate antigen (data not shown) and to carry at least three 

different amino acid sequences diversity (Table 3-5). 
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Anti-α2Macroglobulin clones selected from MuLib1 
Clone VH CDR3 Vk CDR3 
MuLib1 2C8 T T Q S I A T Y Q P * 
MuLib1  3A7 G H A T N A  S I G T P F 
MuLib1  3D3  T T A S T  T T F R P * 
* Nucleotide missing in the VkCDR3 (frame shift) 

 

Table 3-5 Randomized positions of MuLib1 selected antibody clones. The conserved proline 
residue of the Vk CDR3 is underlined. Single amino acid codes are used according to standard 
IUPAC nomenclature. 

3.1.1.2 Design, construction and characterization of MuLib2 murine antibody 
library 

The scFv antibody scaffold used for the MuLib2 library was based on the 

germline gene 98-3G for the VH (Williams, Martinez et al. 2001) as for the 
MuLib1 library, but we chose the germline Vk gene V1C (Corbet, Milili et al. 1987; 

Ng, Lavigueur et al. 1989) for library construction. This gene frequently pairs 

with the 98-3G derived VH domains in murine antibody sequences, as judged by 

a BLAST research of the UniProt Knowledgebase (Swiss-Prot + TrEMBL) 
database. Sequence diversity was confined to the CDR3 loops (Figure 3-6 and 

Figure 3-7), while the remaining parts of the antibody molecule were kept 

constant.  A completely randomized sequence of five, six or seven amino acids 

residues (followed by the conserved Phe-Asp-Tyr sequence) was appended to 
the VH germline segment giving rise to the three sub-libraries H5K, H6K and 

H7K, respectively.  A partially randomized sequence of six amino acid residues 

was appended in the Vk, forming CDR3 loops, while keeping a conserved proline 
residue fixed (Figure 3-8). Library cloning was performed as described in the 

previous section for the MuLib1 library and yielded three sub-libraries (H5K, H6K 

and H7K), which contained a total of 2.7 x 109 individual clones (see Table 3-2). 

PCR screening confirmed that all 36/36 individual clones randomly picked from 

the library contained an insert of the correct size (Figure 3-2A) and dot blot 

analysis revealed that ~80% of the analyzed library clones expressed soluble 
scFv fragments (Figure 3-2B). The analysis of antibody display on the minor coat 

protein pIII revealed a display rather similar to the one observed for the MuLib1 

library (Figure 3-1C and Figure 3-2C ). 
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Figure 3-2 Characterization of the MuLib2 library. (A) PCR colony screening of 12 clones for each 
sub-library.  As negative (-) control the PCR reaction mix was prepared omitting the template. As 
positive control (+) a scFv from the ETH-2-Gold library was amplified. As internal control a BirA 
insert (1200bp) of a pHEN1 vector was amplified.  All the tested clones showed an insert with the 
correct size of approximately 1000bp. (B) Dot blot analysis of 92 induced supernatants of 
individual library clones for each of the three sub-libraries. The soluble scFv fragments were 
detected with the anti-myc-tag mAb 9E10. As positive control (+) a clone from the ETH-2-Gold 
library was expressed. As negative control (-) only 2xYT was blotted on the membrane. 
Approximately 80% of the clones express a detectable amount of soluble sc-Fv fragment. (C) 
Western blot analysis to evaluate the efficiency of the display of the scFV-pIII fusion protein on 
the surface if the phage particle.  Different amounts of purified phage of each sub-library were 
analyzed. The protein pIII and the fusion protein scFv-pIII were detected with a monoclonal anti-
pIII antibody. 
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Fifteen randomly picked clones were sequenced, revealing that all amino acid 

sequences in the CDR3 regions of both heavy and light variable chains were 
diverse (Table 3-6). 

MuLib2   
Clone VH CDR3 Vk CDR3 
MuLib2 H5K-1 L R T P R K I Q H P M 
MuLib2 H5K-2 P P T R T F Y K I P V 
MuLib2 H5K-3 T T S L R K Y E T P R 
MuLib2 H5K-4 K P T L K S S K R P N 
MuLib2 H5K-5 S E H V T  Y N M K P Q 
MuLib2 H6K-1 P T N A F T S T H E P K 
MuLib2 H6K-2 L V I K P N T N L P P A 
MuLib2 H6K-3 H D K R S T K R T Q P D 
MuLib2 H6K-4 P T T S T T  L Q W Q P T  
MuLib2 H6K-5 T L G A Q Q E G K T P S 
MuLib2 H7K-1 S Y M L M W M N N K G P Q 
MuLib2 H7K-2 M K R R C R Q K S K A P A 
MuLib2 H7K-3 C S A S Y D A N T R Q P L 
MuLib2 H7K-4 T M P L R P Q W A C Y P N 
MuLib2 H7K-5 T S A T N S S  Q F Q H P G 

 

Table 3-6 Randomized positions of randomly selected MuLib2 library antibody clones. The 
conserved proline residue of the Vk CDR3 is underlined. Single amino acid codes are used 
according to standard IUPAC nomenclature. 

The functionality of the MuLib2 antibody library was tested performing 

selections against a panel of antigens (Table 3-7) on immunotubes (see 3.1.3.5.1).  

MuLib2 Antigen 
Positive 
clones/ 
screened 
clones 

Rounds of 
panning 

α2-Macroglobilin 6/282 4 
Glutathione S-transferase 0/282 4 
Transferrin 0/188 3 
BCD Domain of Tenascin C 0/188 3 
7B89 Domain of 
Fibronectin 0/188 3 

 

Table 3-7 The MuLib2 was biopanned against different antigens. The ratio “positive antibody 
clones/screened antibody clones” and the number of rounds of biopanning performed for each 
antigen are shown in this table. 

Also for this library, however, functional and selective antibody binders could 

only be isolated when using α2-Macroglobilin as an antigen (Table 3-8). 
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Table 3-8 Randomized positions of MuLib2 selected antibody clones. The conserved proline 
residue of the Vk CDR3 is underlined. Single amino acid codes are used according to standard 
IUPAC nomenclature. 

 

3.1.1.3  Binding to Protein L and choice of an innovative scaffold 

Protein L from the bacterial species Peptostreptoccus magnus binds specifically 
to the kappa light chains of human and murine immunoglobulins, without 

interfering with the antigen-binding site (Nilson, Logdberg et al. 1993).  

Binding to Protein L was tested on randomly picked clones of both MuLib1 and 

MuLib2 libraries (see section 3.1.3.3) without observing any detectable signal 

(data not shown). The Protein L binding capacity of some scFv fragments 

selected against α2-Macroglobilin was also examined, this time resulting in a 

positive signal (Figure 3-3). 

 

Figure 3-3 Dot blot analysis of five clones selected from the MuLib1 against α2-Macroglobilin 
binding to Protein L.  The soluble svFv fragments, prepared as reported in section 3.1.3.5.2, were 
spotted on a NC membrane and detected with the Protein L-horseradish peroxidase. All the 
soluble scFv fragments display binding to Portein L. As negative control (-) only 2xYT was 
spotted. 

These results led us to the hypothesis that both the MuLib1 and MuLib2 

antibody clones were not able to correctly fold. Indeed, the fact that randomly 

picked unselected clone failed to bind Protein L while the few successfully 
selected clones displayed Protein L binding is in agreement with our hypothesis. 

Only the few antibody clones that were able to fold could in fact been selected 

and enriched via biopanning. Altogether these information led us to choose a 

scaffold with good Protein L binding for the next library construction attempt. 

Anti-!2Macroglobulin clones selected from MuLib2 

Clone VH CDR3 Vk CDR3 

MuLib2  2F1  S N L Q T  G G H S P Y 

MuLib2 3C2  Y TTH P L G  N T K P P Y 
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3.1.1.4 Design, construction and characterization of PHILOtop murine antibody 

library 
A third mouse antibody phage display library was designed by Roberto 

Sommavilla, and cloned and characterized in collaboration with him. The 

PHILOtop library design was based on the germline gene 186 for the VH 

(Bothwell, Paskind et al. 1981; Williams, Martinez et al. 2001; Chang and Mohan 
2005), and on the Vk germline gene kv4-72 (Kirschbaum, Roschenthaler et al. 

1999). The two germline genes, with only four aminoacids mutated within the 

VH, five amino acids mutated within the Vk and a Val-Ala-Val sequence 

appended at the C-terminal extremity of the Vk, are contained in rituximab, a 
chimeric monoclonal antibody approved for the therapy of lymphoma and 

certain inflammatory diseases (Molina 2008). A completely randomized 

sequence of four, five or six amino acid residues (followed by the conserved Phe-
Asp-Tyr sequence) was appended to the VH germline segment giving rise to the 

three sub-libraries H4K, H5K and H6K, respectively.  As for the previous libraries, 

five amino acid positions were randomized in the CDR3 loop of the Vk domain 

(Figure 3-8). The partially degenerate primers used for library construction can 
be found in Table 3-13 and Figure 3-7. Library cloning yielded three sub-libraries 

(H4K, H5K and H6K) corresponding to the different length of the CDR3 loops of 

the VH domain, which contained a total of 1.5 x 109 individual clones (see Table 

3-2). 

Some randomly picked unselected clones belonging to the PHILOtop H4K sub-

library were tested for their binding to Protein L. Soluble scFv fragments were 
expressed as described in section 3.1.3.5.2 and detected as reported in section 

3.1.3.3. Many of the randomly picked clones display a binding to Protein L (Figure 

3-4) and in most of the cases this was proportional to their expression level 

(data not shown). 
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Figure 3-4 Dot blot analysis of 76 induced supernatants of individual clones from the PHILOtop 
H4K sub-library. The soluble scFv fragments were detected with the Protein L-HRP conjugate. As 
negative control (-) only 2xYT was blotted on the membrane. Approximately 60% of the clones 
display binding to Protein L. 

PCR screening showed that all 36/36 randomly picked clones from the library, 
contained an insert of the correct size (Figure 3-5A). A dot blot experiment 

revealed that approximately 90% of the analyzed library clones expressed 

soluble scFv fragments (Figure 3-5B).  In line with the good antibody expression 

data observed in the bacterial supernatants, a Western blot analysis indicated 
that the band corresponding to pIII was approximately four times more intense 

than the scFv-pIII band (Figure 3-5C), compatible with a average expression of 

one antibody fragment per phage particle. 

!"
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Figure 3-5 Characterization of the PHILOtop library. (A) PCR colony screening of 12 clones for each 
sub-library. As negative (-) control the PCR reaction mix was prepared omitting the template. As 
positive control (+) a scFv from the ETH-2-Gold library was amplified. As internal control a BirA 
insert (1200bp) of a pHEN1 vector was amplified.  All the tested clones showed an insert with the 
correct size of approximately 1000bp. (B) Dot blot analysis of 92 induced supernatants of 
individual library clones for each of the three sub-libraries. The soluble scFv fragments were 
detected with the anti-myc-tag mAb 9E10. As positive control (+) a clone from the ETH-2-Gold 
library was expressed. As negative control (-) only 2xYT was blotted on the membrane. 
Approximately 90% of the clones express a detectable amount of soluble sc-Fv fragment. (C) 
Western blot analysis to evaluate the efficiency of the display of the scFV-pIII fusion protein on 
the surface if the phage particle.  Different amounts of purified phage of each sub-library were 
analyzed. The protein pIII and the fusion protein scFv-pIII were detected with a monoclonal anti-
pIII antibody. 

Fifteen randomly picked clones were sequenced, revealing that all amino acid 

sequences in the CDR3 regions of both heavy and light variable chains were 
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diverse (Table 3-9). However sequence analysis showed that 2/15 clones 

contained frameshift mutations. These results are in agreement with the 
soluble antibody expression frequency described in Figure 3-5B. 

PHILOtop   
Clone VH CDR3 Vk CDR3 
PHILOtop H4K-1 T H S G P M Q D P S 
PHILOtop H4K-2 A V V L Q R F N P R 
PHILOtop H4K-3 M K E L G R R Q P W 
PHILOtop H4K-4 P M P S S I T I P D 
PHILOtop H4K-5 Y D V G N S N T P P 
PHILOtop H5K-1 N T L R H H Y P P P A 
PHILOtop H5K-2 S T L L C H T G H P R 
PHILOtop H5K-3 Y L H F E S A V S P R 
PHILOtop H5K-4 S L L L Y E A E P P A 
PHILOtop H5K-5 M A I * N S H H P S 
PHILOtop H6K-1 T D V L M T W W L A P Q 
PHILOtop H6K-2 C G P V R M S N P E P S 
PHILOtop H6K-3 W R I K S L V L L T P N 
PHILOtop H6K-4 P H M Y C T T T S S P K 
PHILOtop H6K-5 Q R K D G I V A N E P * 
* Nucleotide missing in the CDR3 (frame shift) 

 

Table 3-9 Randomized positions of randomly selected PHILOtop library antibody clones. The 
conserved proline residue of the Vk CDR3 is underlined. Single amino acid codes are used 
according to standard IUPAC nomenclature. 

The functionality of the PHILOtop library was tested performing selection on 

immunotubes against a panel of antigens. With this library, it was possible to 

isolate specific antibody clones against all the tested antigens (Table 3-10), 
including splice isoforms of fibronectin and of tenascin-C as biomedically-

relevant tumor-associated antigens (Neri and Bicknell 2005; Schliemann, 

Palumbo et al. 2009).  
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PHILOtop Antigen 
Positive 
clones/ 
screened 
clones 

Rounds of 
panning 

α2-Macroglobilin 59/94 3 
Glutathione S-transferase 26/94 3 
Transferrin 30/94 2 
BCD Domain of Tenascin C 84/94 2 
7B89 Domain of 
Fibronectin 51/94 2 

Hemoglobin 31/94 2 
11A12 Domain of 
Fibronectin 1/94 2 

 

Table 3-10 The PHILOtop library was biopanned against several different antigens. The ratio 
“positive antibody clones/screened antibody clones” and the number of rounds of biopanning 
performed for each antigen are shown in this table. 

For the selections featuring fibronectin splice isoforms as target antigens, larger 

recombinant proteins containing the EDA or EDB domains were used in analogy 

to what previously described by our group (Carnemolla, Neri et al. 1996; Borsi, 

Castellani et al. 1998), yielding at least 1 and 10 different sequences which were 
also capable of specific recognition of the recombinant EDA and EDB domains, 

respectively (Table 3-11). Sequence analysis of individual selected clones revealed 

substantial aminoacid diversity in the CDR3 regions of selected clones, with 

certain consensus preferences for antibody clones specific to the EDB domain of 
fibronectin and to transferrin (Table 3-11). 
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Antigen Clone VH CDR3 Vk CDR3 
11A12 domain of 
Fibronectin H4 G M F P Q P T I Y P N 

A9 S T H R H R S T Q R P Y 
A12 A S H R N L T R T L P V 
C9 G L S R H I S Y K M P P 
C12 A S S R H R S A T T P F 
D9 W R P K R G A V M H P L 
D10 A V M H P L T T D Y P T 
E2 H R A Q H G Y S T A P I 
E11 G G H R A R E M A P L 
G2 G R P R R S T N T G P L 

7B89 domain of 
Fibronectin 

G7 G N L R K P A A R Y P T 
α2-
Macroglobulin C6, C9, F4, F6, G6 S D A G V T S K E P F 

A11 N R I R K P S H L L P L 
C1 R Q A Y R S N M A P P F 
C9 N S R Y L V R K A F P L 
D1 R N Q L G F P P G Y P F 

BCD domain of 
Tenascin-C 

G1 R R Q A R N G L L P L 
Emoglobin C11, D9 Q T S N L L F S F L P T 
 F11 Q P A Y K T G S I L P L 
 H3 Q F R K L L F T R V P S 
 H11 A S G F T P R G A P T 

A4, B2, F8, G10 H S R G T G S G L P R Glutathione S-
transferase C9 R T H L G K Q S S H P I 

A5 G S H L K R T R L I P Y 
B1 N Q R R T H S R W D P H 
C8 G T R H I S T R P P L 
D3 N Q R R T H S R W D P H 

Transferrin 

H10 Q K K R K K S Q T V P T 
 

Table 3-11 Randomized positions of PHILOtop selected antibody clones. The conserved proline 
residue of the Vk CDR3 is underlined. Single amino acid codes are used according to standard 
IUPAC nomenclature. 

3.1.2 Discussion 

Based on our previous experience with synthetic antibody libraries (Pini, Viti et 
al. 1998; Viti, Nilsson et al. 2000; Silacci, Brack et al. 2005), we here describe the 

design, construction and characterization of three mouse antibody phage 

display libraries, all containing over 1 billion antibody clones. While all three 
libraries largely fulfil the quality requisites as percentage of clones carrying the 

full-length insert, bacterial expression of the soluble scFv fragments and display 

of the scFv-pIII fusion protein on the phage particle, only the PHILOtop library 

was shown to reliably yield good-quality antibodies towards all protein antigens 
used so far in selection experiments.  
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The three libraries were equally promising from the design, the cloning and the 

performed quality controls. Only biopanning experiments revealed that MuLib1 
and MuLib2 were unable to yield antibody to the majority of the tested antigens 

(Table 3-12). Furthermore, an analysis a posteriori revealed that only the positive 

antibody clones raised from the MuLib1 and MuLib2 were able to bind to protein 

L, while unselected clones from the same libraries did not display such binding 
properties (data not shown). This suggests that the MuLib1 and MuLib2 library 

antibody clones do not fold properly, resulting in a very poor selection outcome. 

 

Table 3-12 The MuLib1, MuLib2 and PHILOtop libraries were biopanned against several different 
antigens. The ratio “positive antibody clones/screened antibody clones” and the number of 
rounds of biopanning performed for each antigen are shown in this table. 

To our knowledge, only constructions of non-immune scFv phage display 

libraries from spleen and bone marrow of unimmunized mice were described so 

far. However cloning of antibody genes from non-immune donors is an 
inefficient process. In fact, RT-PCR primers sets, PCR conditions and efficiency of 

subcloning for construction of a antibody gene library cannot encompass the 

whole antibody sequence diversity (Okamoto, Mukai et al. 2004). 

Monoclonal antibodies are routinely generated from mice or rats using 

hybridoma technology: this approach has clear limits when the antigen is highly 

conserved among species (resulting in low immunogenicity), or in case of highly 
toxic or deadly pathogenic antigens. Antibody phage technology represents a 

valid alternative to overcome such problems. Moreover phage display 

technology, not requiring immunization of the donor with antigen, avoids much 

laborious laboratory work, and the E. coli production gives the possibility of 
further genetic manipulation. 

MuLib1 MuLib2 PHILOtop Antigen 

Positive 
clones/ 
screened 
clones 

Rounds of 
panning 

Positive 
clones/ 
screened 
clones 

Rounds of 
panning 

Positive 
clones/ 
screened 
clones 

Rounds of 
panning 

!2-Macroglobilin 16/282 4 6/282 4 59/94 3 

Glutathione S-transferase 0/188 3 0/282 4 26/94 3 

Transferrin 0/282 4 0/188 3 30/94 2 

BCD Domain of Tenascin C 0/282 4 0/188 3 84/94 2 

7B89 Domain of 
Fibronectin 

n.p. 0/188 3 51/94 2 

Hemoglobin n.p. n.p. 31/94 2 

11A12 Domain of 
Fibronectin 

n.p. n.p. 1/94 2 
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Current preclinical therapy studies involving human antibodies and antibody 

derivative therapeutics in mouse models are limited by the mouse anti-human 
antibody (MAHA) response. To overcome this problem, such studies are 

restricted to use of immuno-deficient mouse strains or to short-time therapies: 

a mouse antibody phage display library would fulfil the increasing need of 

mouse monoclonal antibodies.  

The PHILOtop library design is compatible with affinity maturation strategies, 

based on library construction by combinatorial mutagenesis of residues in CDR1 
and/or CDR2 loops. Such strategies have extensively been used by our group in 

the past (Pini, Viti et al. 1998; Brack, Silacci et al. 2006; Silacci, Brack et al. 2006; 

Villa, Trachsel et al. 2008), yielding the L19, F16 and F8 antibodies, whose 

derivatives are currently being investigated in multiple clinical trials 
(Santimaria, Moscatelli et al. 2003; Sauer, Erba et al. 2009). 

We anticipate that the PHILOtop library may provide a useful complement to 
the many human antibody phage display libraries described so far. We mainly 

foresee applications for preclinical research activities, when fully murine 

antibodies are needed for the in vivo implementation of biomedical strategies 

in mouse models of pathology. In particular, the PHILOtop library has solved an 
old problem of our lab, namely the isolation of mouse monoclonal antibodies to 

extra-domains of fibronectin and of tenascin-C which can be used for the 

cloning and in vivo testing of fully murine immunocytokines for therapeutic 

applications in rodents (Carnemolla, Borsi et al. 2002; Halin, Rondini et al. 2002; 
Gafner, Trachsel et al. 2006; Schliemann and Neri 2007; Schliemann, Palumbo 

et al. 2009). 

3.1.3 Materials and Methods 

General procedures used for library selections and screening procedures were 

essentially as described by Viti et al. (Viti, Nilsson et al. 2000). 

Unless stated otherwise, chemicals were purchased from Sigma-Aldrich (Buchs, 

Switzerland). 
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3.1.3.1 Media buffers and bacterial strains 

Media:  

2xYT: 16 g/l bacto-tryptone, 10 g/l bacto-yeast extract, 5 g/l NaCl pH 7.4.  

2xYT agar plates Amp-Glu: 2xTY medium + 15 g/l agar. Autoclave, and add 
ampicillin 100 µg/l, glucose 1% w/v only when the medium temperature is 50°C. 

Buffers:  

- PBS (phosphate buffered saline): 100 mM NaCl, 20 mM NaH2PO4 
monohydrate, 

30mM Na2HPO4 
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) 

3.1.3.2 Library construction and cloning 
Synthetic genes (GenScript Corporation; NJ, USA) were used as templates for 

the PCR amplification of the heavy variable chain (VH) genes 98-3G (Williams, 

Martinez et al. 2001) and 186 (Bothwell, Paskind et al. 1981; Williams, Martinez et 

al. 2001; Chang and Mohan 2005), and for the amplification of the light variable 
chains (Vk) genes dv-36 (Schable, Thiebe et al. 1999), V1C (Corbet, Milili et al. 

1987; Ng, Lavigueur et al. 1989) and kv4-72 (Kirschbaum, Roschenthaler et al. 

1999). The amplified fragments were used for the construction in the scFv 
format of the MuLib1 library (98-3G/dv-36), the MuLib2 library (98-3G/V1C) and 

the PHILOtop library (186/kv4-72); the linker Gly4SerGly4SerGly4 was introduced 

between the heavy and the light variable chain amplified genes (see Figure 3-7).  

The resulting scFv segments were used for library construction as follows. 

Antibody residues are numbered according to (Chothia and Lesk 1987; 

Tomlinson, Cox et al. 1995), and are indicated in Figure 3-8. Sequence variability 

in the variable heavy chains component of the libraries was introduced by PCR 
using partially degenerated primers (Figure 3-7, Table 3-13), in a process that 

generate random mutations at position 95-99 of the VH CDR3 (Figure 3-6).  The 
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variable light chain components of the libraries were generated in a similar 

fashion, introducing random mutations at position 91, 92, 93, 94 and 96 in the 
Vk CDR3 (Figure 3-6, Figure 3-7 and Table 3-13).  

 

Figure 3-6 ScFv antibody fragment structure. The Vk backbone is represented in light grey and 
the VH backbone is represented in dark grey. Residues subject to random mutation (spacefill 
representation) are VkCDR3 positions 91, 92, 93, 94, and 96 (black numbers) and VHCDR3 
positions 95, 96, 97, 98, and 99 (white numbers). Using the program MacPyMOL, the structure 
of the scFv was modulated from protein data base file 1qok (RCSB PDB Protein Data Bank). 

VH/Vk combinations were assembled in scFv format by PCR assembly (Figure 
3-7), using gel purified VH and Vk segments as templates. The assembled VH/Vk 

fragments were doubly-digested with NcoI/NotI (New England Biolabs; MA, 

USA) and cloned (T4 DNA ligase, New England Biolabs; MA, USA) into NcoI/NotI-

digested pHEN1 phagemid vector (Hoogenboom, Griffiths et al. 1991). The 
resulting ligation product was electroporated into electrocompetent E. coli TG1 

cells according to Viti et al. (Viti, Nilsson et al. 2000). The libraries were 

electroporated each on three different days, thereby obtaining three different 

sub-libraries for each library, named MuLib1 H4K, H5K and H6K, Mulib2 H5K, 
H6K and H7K, and PHILOtop H4K, H5K and H6K. The libraries were stored as 

glycerol stocks, rescued and used for phage production according to standard 

protocols (Viti, Nilsson et al. 2000). 
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Table 3-13 The use of the primers for the construction of the MuLib1, MuLib2 and PHILOtop 
libraries is depicted in Figure 3-7. 

 

 

 

 

 

 

 

MuLib1 primers 

a LMB3long 5'-CAGGAAACAGCTATGACCATGATTAC-3' 

b1 98-3G_CDR304ba 5'-TCCCTGACCCCAGTAGTCAAAMNNMNNMNNMNNACGTGCACAGTAATACATGGCC-3' 

b2 98-3G_CDR305ba 5'-CCCTGACCCCAGTAGTCAAAMNNMNNMNNMNNMNNACGTGCACAGTAATACATGGCC-3' 

b3 98-3G_CDR306ba 5'-TCCCTGACCCCAGTAGTCAAAMNNMNNMNNMNNMNNMNNACGTGCACAGTAATACATGGCC-3' 

c 98-3G_CDR3fo 5'-TTTGACTACTGGGGTCAGGGA-3' 

d dv-36_CDR3ba 5'-GGTCCCAGCGCCGAACGTMNNCGGMNNMNNMNNMNNTTGTTGACAGTAGTAAACTGCAGC-3' 

e dv-36_FR4NotIba 5'-TTTTCCTTTTGCGGCCGCTCGTTTAATTTCAAGCTTGGTCCCAGCGCCGAACGT-3' 

 fdseqlong 5'-GACGTTAGTAAATGAATTTTCTGTATGAGG-3' 

MuLib2 primers 

a LMB3long 5'-CAGGAAACAGCTATGACCATGATTAC-3' 

b1 98-3G_CDR305ba 5'-TCCCTGACCCCAGTAGTCAAAMNNMNNMNNMNNMNNACGTGCACAGTAATACATGGCC-3' 

b2 98-3G_CDR306ba 5'-TCCCTGACCCCAGTAGTCAAAMNNMNNMNNMNNMNNMNNACGTGCACAGTAATACATGGCC-3' 

b3 98-3G_CDR307ba 5'-TCCCTGACCCCAGTAGTCAAAMNNMNNMNNMNNMNNMNNMNNACGTGCACAGTAATACATGGCC-3' 

c 98-3G_CDR3fo 5'-TTTGACTACTGGGGTCAGGGA-3' 

d V1C_CDR3ba 5'-GCTTGGTCCCACCGCCGAACGTMNNCGGMNNMNNMNNMNNTTGAAAGCAGTAATAAACTCCCAG-3' 

e V1C_FR4NotIba 5'-TTTTCCTTTTGCGGCCGCCCTTTTAATTTCAAGCTTGGTCCCACCGCCGAA-3' 

 fdseqlong 5'-GACGTTAGTAAATGAATTTTCTGTATGAGG-3' 

PHILOtop primers 

a LMB3long 5'-CAGGAAACAGCTATGACCATGATTAC-3' 

b1 186_CDR304ba 5'-GTCCCTTGGCCCCAGTAGTCAAAMNNMNNMNNMNNTCTTGCACAATAATAGACCGCA-3' 

b2 186_CDR305ba 5'-GTCCCTTGGCCCCAGTAGTCAAAMNNMNNMNNMNNMNNTCTTGCACAATAATAGACCGCA-3' 

b3 186_CDR306ba 5'-GTCCCTTGGCCCCAGTAGTCAAAMNNMNNMNNMNNMNNMNNTCTTGCACAATAATAGACCGCA-3' 

c 186_CDR3fo 5'-TTTGACTACTGGGGCCAAGGGAC-3' 

d kv4-72_CDR3ba 5'-CGAGCTTGGTCCCCCCTCCGAACGTMNNCGGMNNMNNMNNMNNCTGCTGGCAGTAATAAGTGGC-3' 

e kv4-72_FR4NotIba 5'-TTTTCCTTTTGCGGCCGCTGCAGCCACAGTCCGTTTGATCTCGAGCTTGGTCCCCCCTCC-3' 

 fdseqlong 5'-GACGTTAGTAAATGAATTTTCTGTATGAGG-3' 

M and N are defined according to the IUPAC  nomenclature (M=A/C, N=A/C/G/T) 
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Figure 3-7 Library cloning strategy. Mutations were introduced in the CDR3 regions by PCR using 
partially degenerate primers. The CDRs are indicated as numbered boxes. The VH and Vk 
segments were then assembled by PCR and cloned into the pHEN1 vector (Hoogenboom, 
Griffiths et al. 1991). Primers used in the amplification and assembly are indicated by the letters 
above the arrows and are listed in Table 3-13). 
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Figure 3-8 Design of the MuLib1, MuLib2 and PHILOtop antibody phage libraries. The sequence of 
relevant residues of the variable heavy and light chains, together with the position of the 
randomized residues. The names of the gene segments taken as templates for the scFv 
construction are indicated. 

3.1.3.3 Library characterization 

A total of 36 clones for each library were tested by PCR screening using the 

primers LMB3long and fdseqlong (see Table 3-13) and the REDTaq ReadyMix to 

verify the correct size of the insert. For all the libraries fifteen clones (five for 
each sub-library) were selected at random and sequenced (Big Dye Terminator 

v1.1 Cycle Sequencing kit; ABI PRISM 310 Genetic Analyzer; Applied Biosystems, 

Foster City, CA, USA) to check for the absence of frameshifts and pervasive 
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contamination. The percentage of clones expressing soluble antibody 

fragments (see section 3.1.3.5.2) was determined by dot blot analysis of bacterial 
supernatants (ELIFA system; Perbio, Lausanne, Switzerland) using anti-myc 

mouse mAb 9E10 (Marks, Hoogenboom et al. 1991) and anti-mouse horseradish 

peroxidase immunoglobulins (Sigma-Aldrich) as detecting reagents or Protein L-

horseradish peroxidase (Pierce; Rockford, IL, USA). Peroxidase activity was 
detected using the ECL plus Western blotting detection system (Amersham 

Biosciences). The display of the scFv-pIII fusion protein on the phage surface 

was evaluated by Western blot. Different amounts of purified phage were 

loaded on a SDS gel and then transferred to NC membrane (Protran BA 85; 
Schleicher & Schuell, Dassel Germany). As detecting reagents anti-pIII mouse 

mAb (MoBiTec; Göttingen, Germany) and anti-mouse horseradish peroxidase 

immunoglobulins (Sigma-Aldrich) were used. Peroxidase activity was detected 
using the ECL plus Western blotting detection system (Amersham Biosciences). 

3.1.3.4 Antigens 

Human α-2-Macroglobulin was purchased by BIODESIGN International (MILAN 

ANALYTICA AG, La Roche, Switzerland). Glutathione-s-transferase (GST) was 

expressed and purified from the GST Gene Fusion Vector pGEX-4-T2 (Amersham 

Biosciences) according to the manufacturer's instructions. Human apo-
transferrin as well as bovine Hemoglobin were purchased by Sigma-Aldrich. The 

recombinant EDA containing human fibronectin fragment (termed 11A12) (Borsi, 

Castellani et al. 1998); the recombinant EDB containing human fibronectin 
fragment  (termed 7B89) (Carnemolla, Neri et al. 1996); and the recombinant 

domain C of human tenascin-C (termed BCD) (Silacci, Brack et al. 2006) were 

expressed and purified as previously described. 

3.1.3.5 Library selections 

All selections were performed using recombinant or commercially available 

antigens with purity >90%. 

3.1.3.5.1 Library selections on immunotube 

Immunotubes (Nunc; Wiesbaden, Germany) were coated with antigen at a 

concentration of 50 µg/ml in PBS, over-night at room temperature. 

Immunotubes were then rinsed with PBS and blocked for 2 hours at room 
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temperature with 2% MPBS. After rinsing with PBS, >1012 phage particles in 2% 

MPBS were added to the immunotubes. The immunotubes were first incubated 
on a shaker for 30 minutes and then for 90 minutes standing upright at room 

temperature. Unbound phage were washed away by rinsing the immunotubes 

ten times with PBS 0.1% Tween 20 and ten times with PBS. The bound phage 

were eluted in 1 ml of 100 mM triethylamine and inverting the tube for 7 
minutes.  Triethylamine  was neutralized by adding 0.5 ml 1 M Tris-HCl pH 7.4. 

The eluted phage were used for the infection of exponentially growing E. coli 

TG1, for 40 min at 37°C.  Dilution series of bacteria were then plated on small 

2xTY-Amp-Glu 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. 

The rescued bacteria were used to inoculate 50 ml 2xTY containing 100µg/l 

ampicillin (Applichem; Darmstadt, Germany) and 0.1% w/v glucose (2xTY-Amp-

Glu; initial OD
600 

between 0.05 and 0.1) and the culture was grown at 37°C and 

200 rpm until OD
600 

0.4 – 0.5. Of this culture, 10 ml (4 – 5 x 108 bacteria/ml) were 

infected with 100 µl helper phage VCS-M13 (1 x 1012 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 containing 100µg/l ampicillin, 30µg/l kanamycin 

(Applichem; Darmstadt, Germany) and 0.1% w/v glucose (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 incubated 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 H
2
O 

and 10 ml PEG/NaCl was added. The mixture was again incubated 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 10% 
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 
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further round of panning were kept on ice; otherwise they were stored at -20°C. 

More details about selection protocols can be found in Viti et al (Viti, Nilsson et 
al. 2000).  

3.1.3.5.2 ELISA screening  
Bacterial supernatants containing scFv fragments were screened for binding to 

antigen by ELISA essentially as described (Viti, Nilsson et al. 2000). Individual 

colonies were inoculated in 180 µl 2xYT, 100 µg\ml ampicillin (Applichem; 

Darmstadt, Germany), 0.1 % glucose in 96-well plates (Nunclon Surface, Nunc). 

The plates were incubated for 3 hours at 37°C in a shaker incubator. The cells 

were then induced with isopropyl-thiogalactopyranoside (IPTG; Applichem) at a 

final concentration of 1 mM, and grown overnight at 30°C. The bacterial 
supernatants assayed were tested in ELISA experiment as described in (Marks, 

Hoogenboom et al. 1991) using the anti-myc tag 9E10 mAb and anti-mouse 

horseradish peroxidase immunoglobulins. 
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3.2 A monoclonal antibody prevents aggregation of the NBD1 domain of 

the cystic fibrosis transmembrane conductance regulator 
Cystic fibrosis (CF) is the most common autosomal recessive disease among 
Caucasians; mutations in the cystic fibrosis transmembrane regulator (CFTR) 

protein are known to be the cause of CF (Riordan, Rommens et al. 1989; 

Rommens, Iannuzzi et al. 1989). More than 1500 different CF-causing mutations 

have been identified so far; the most common one is the deletion of 
phenylalanine at position 508 (ΔPhe508), accounting for ~70% of the CF patient 

worldwide. At present there are two main hypotheses to explain the 

mechanisms of CF pathogenesis: the abnormal gating hypothesis and the 
folding defect hypothesis. 

In this thesis, we focused on the folding defect hypothesis, according to which 
the CFTR protein fails to mature (Denning, Anderson et al. 1992), it is retained in 

the endoplasmatic reticulum and it is subsequently degraded (Kopito 1999). 

Such defective CFTR membrane display was shown to be corrected by growing 

cells at lower temperature (Denning, Anderson et al. 1992). The folding defect 
hypothesis is also supported by the observation that the ΔPhe508 form of 

recombinantly-expressed NBD1 exhibits a temperature-sensitive tendency to 

aggregate in in vitro refolding experiments (Thibodeau, Brautigam et al. 2005).  

Altogether these data prompted us to address the CFTR folding defect by 

generating molecules capable of stabilizing the folded conformation of CFTR. 

In this thesis we investigated the in vitro models of the CFTR folding defect, 

using both a recombinantly-expressed form of the NBD1 domain and the full-

length CFTR protein. Moreover, we presented the generation of a human 
monoclonal antibody that, acting as a molecular correct, was able to rescue the 

folding defect of both the wild-type and the mutated forms of the NBD1 protein 

in vitro. 
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3.2.1 Results 

3.2.1.1 In vitro refolding experiments with recombinant NBD1wt and 
NBD1ΔPhe508 proteins 

We cloned and expressed in E. coli the wt and ΔPhe508 form of the NBD1 

domain containing residues 404-589 and 389-655, carrying a 6xHis-tag at the 

N-terminus of the protein. The putative amino acid sequence for all four 

proteins variants was identical to the one described in previous publications (Qu 
and Thomas 1996; Thibodeau, Brautigam et al. 2005). Figure 3-9 shows a 

portion of the mass-spectrometric characterization performed on the 

recombinant 389-655 versions of the NBD1 domain. A protein coverage of 78.7% 

for both proteins could be confirmed with tryptic peptides, including an 
unambiguous detection of N and C-terminal peptides and a detected mass 

difference of 147.07 Da for the tryptic peptides corresponding to residues 136 to 

148 of NBD1wt and to residues 136 to 147 of NBD1ΔPhe508. 

 

Figure 3-9 Mass spectra of tryptic peptides of wt and ΔPhe508 NDB1(389-655). The two spectra 
show comparable peak profiles. Only two peaks are different, with a mass difference 
corresponding to the mono isotopic mass of phenylalanine. MALDI-TOF/TOF analyses of these 
two peaks led to identification of the peptide ENIIFGVSYDEYR in the wt spectrum and the 
peptide ENIIGVSYDEYR in the ΔPhe508 spectrum. The sequences of the main peptide peaks are 
indicated. 

In order to shed light on the mechanism of incomplete folding yields (i.e. low 
fluorescence values could be due either to protein precipitation during the 

overnight incubation and/or lower fluorescence intensities for soluble protein 

in the unfolded conformation), we performed an SDS-PAGE analysis of protein 
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refolding, separating soluble and insoluble protein by centrifugation. The short 

version of recombinant NBD1, containing residues 404-589, displayed to be 
soluble when incubated at 4°C (Figure 3-10). Incubating the NBD1(404-589) 

protein samples at 22°C resulted in growing amounts of insoluble protein at 

increasing incubation time (Figure 3-10). These data demonstrate how 

increasing incubation time and temperature will result in increment of 
insoluble protein. However the wt and mutant versions of the NBD1(404-589) 

failed to display any differences in aggregation rate. 

 

Figure 3-10 SDS-PAGE analysis of NBD1 folding efficiency. NBD1(404-589)wt and NBD1(404-
589)ΔPhe508 proteins were refolded by dilution to roughly 20µM final concentration as 
described in the text (see section 3.2.3). Samples were incubated for increasing times at the 
indicated temperatures and, after centrifugation, pellets (P) and supernatants (S) were 
separated and analyzed. Input (I) corresponds to not centrifuged samples. Each time point 
includes 10’ centrifugation (i.e. 30’ stands for 20’ of incubation plus 10’ of centrifugation). The 
overnight (ON) incubation corresponds to 16 hours. NBD1(404-589)wt and NBD1(404-
589)ΔPhe508 proteins were soluble after overnight incubation at 4°C. Both proteins showed 
comparable amounts of pellet after the same incubation time at 22°C. 

Using the same experimental procedure, we then analyzed the folding behavior 

of the 389-655 versions of the NBD1 domain. Figure 3-11 shows a representative 

analysis of several refolding experiments performed at different times and 
temperatures. As for the shorter version of the protein, we could confirm that at 

increasing temperatures and incubation times NBD1(389-655) would yield 

increasing amounts of insoluble protein, as previously described in other works 
(Qu and Thomas 1996; Thibodeau, Brautigam et al. 2005). However, in our 
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hands, no significant difference could be detected between the NBD1(389-

655)wt and the corresponding NBD1(389-655)ΔPhe508 mutant, in clear contrast 

with the data reported by Thibodeau and coworkers.  

 

Figure 3-11 SDS-PAGE analysis of NBD1 folding efficiency. NBD1(389-655)wt and NBD1(389-
655)ΔPhe508 proteins were refolded by dilution to 8µM final concentration as described in the 
text (see section 3.2.3). Samples were incubated for increasing times at the indicated 
temperatures and, after centrifugation, pellets (P) and supernatants (S) were separated and 
analyzed. Input (I) corresponds to not centrifuged samples. Each time point includes 10’ 
centrifugation (i.e. 30’ stands for 20’ of incubation plus 10’ of centrifugation). The overnight 
(ON) incubation corresponds to 16 hours. NBD1(389-655)wt and NBD1(389-655)ΔPhe508 proteins 
were soluble after overnight incubation at 4°C. Both proteins showed comparable amounts of 
pellet after the same incubation time at 16°C and 37°C. 

Similarly, we did not observe differences in folding yield between the two forms 

of the NBD1(389-655) using fluorescence detection methodologies (Figure 3-12). 
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Figure 3-12 NBD1 folding efficiency as a function of folding temperature. NBD1(389-655)wt and 
NBD1(389-655)ΔPhe508 proteins were refolded by dilution to 1µM final concentration as 
described in the text (see section 3.2.3). Samples were incubated overnight at the indicated 
temperatures and after centrifugation fluorescence emission spectra of the supernatants were 
collected. The relative folding yield was determined as the fraction of tryptophan fluorescence 
emission intensity. Samples were excited at 282 nm and emission spectra were collected from 
300 nm to 400 nm. The peak value detected on samples incubated at 4°C was considered as 
corresponding to 100% of soluble protein.  

 

3.2.1.2 Refolding of NBD1 in presence of a human monoclonal antibody specific 

to NBD1 

Attempts to increase the recovery of soluble folded NBD1 proteins at higher 
temperatures failed (data not shown) in the presence of 1 mM ATP, 1 mM TNP-

ATP (an ATP-analogue) and 1 mM concentrations of drugs such as BayK-8644, 

Curcumin and Genistein, which are under consideration for CF therapy 
(Weinreich, Wood et al. 1997; Davis and Drumm 2004; Pedemonte, Lukacs et al. 

2005).  

In order to determine whether a binder, endowed with sufficient affinity and 
specificity for the NBD1 domain, could stabilize the folded conformation of this 

protein and reduce precipitation, we generated human monoclonal antibody 

fragments in scFv format from a large synthetic phage display library recently 

cloned in our group (Silacci, Brack et al. 2005). One of the resulting monoclonal 
antibodies (clone C2; Table 3-14) exhibited a comparable binding affinity to both 

NBD1wt and NBD1ΔPhe508 and was thus used as additive in refolding 

experiments.  



 

 74 

 

Amino acid sequence of scFv (C2) 
  

Heavy 
chain 

EVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWVSAISG
SGGSTYYADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKMRLGLFDY
WGQGTLVTVSS 

  
Linker GGGGSGGGGSGGGG 

  

Lght 
chain 

EIVLTQSPGTLSLSPGERATLSCRASQSVSSSYLAWYQQKPGQAPRLLIYGASSRA
TGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQRGDVPPTFGQGTKVEIKAAA
EQKLISEEDLNGAA- 

    
 

Table 3-14 The amino acid sequence of the human monoclonal antibody C2 selected against 
NBD1 is represented in the table. The scFv is composed of a heavy chain, a linker (indicated in 
italic) and a light chain; the light chain includes a myc tag that is underlined in the table. The 
randomized CDR3 regions in the synthetic antibody library used for antibody selection (Silacci, 
Brack et al. 2005) are displayed in bold. 

The scFv(C2) exhibited a substantial improvement in the recovery of soluble 

NBD1(389-655) domain, when analyzing the NBD1 refolding experiment by SDS-

PAGE (Figure 3-13), indicating that NBD1 binding molecules may indeed help 
stabilize the soluble, folded conformation of this protein. 
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Figure 3-13  SDS-PAGE analysis of NBD1 folding efficiency in the presence of scFv C2. NBD1(389-
655)wt and NBD1(389-655)ΔPhe508 proteins were refolded by dilution in folding buffer, with or 
without equimolar amounts of scFv C2, to 8µM final concentration as described in the text (see 
section 3.2.3). The NBD1-binding scFv C2 antibody fragment runs at approximately 27 kDa. 
Samples were incubated for increasing times at 25°C and, after centrifugation, pellets (P) and 
supernatants (S) were separated and analyzed. After 1 and 3 hours of incubation at 25°C, 
NBD1(389-655)wt and NBD1(389-655)ΔPhe508 proteins refolded in the presence of scFv C2 and 
remained soluble, while the corresponding samples incubated in folding buffer without scFv C2 
were found in the pellet. 

 

3.2.1.3 Cell transfection with vectors coding for CFTRwt and CFTR ΔPhe508 

Puzzled by the discrepancy between the results of our in vitro refolding 

experiments with the NBD1 domain and the previously published data, we 
decided to critically evaluate the levels of membrane expression of CFTR for the 

wt and ΔPhe508 version of the protein in a model cellular system. To this aim, 

we transfected CHO cells, LM fibroblasts and SP2/0 cells with vectors coding 
either for the wt or for the ΔPhe508 version of CFTR. The transfections of the 

different cell lines were performed in parallel, using identical amounts of 

plasmids and number of cells. After transfection cells were cultured at 37°C. The 
amount of CFTR protein displayed at the plasma membrane of both transiently 



 

 76 

and stably transfected cells was detected by FACS using the monoclonal 

antibody Ab2784 (Abcam), which recognizes an extracellular portion of the CFTR 
protein (Walker, Watson et al. 1995). The analysis of transiently transfected 

CHO-S cells shows a similar increase of FACS signal for both the wt and the 

ΔPhe508 version of the protein, compared to the untransfected controls (Figure 

3-14a). Similar results were obtained when analyzing transiently transfected LM 

fibroblasts (Figure 3-14b) and SP2/0 cells (Figure 3-14c), which also revealed 

comparable levels of wt and ΔPhe508 protein display on the cell membrane. 

 

Figure 3-14 FACS analysis of CHO-S cells (a), LM fibroblasts (b) and SP2/0 cells (c). The negative 
controls are shown on the left panels, the cells transfected with pcDNA3.1-CFTRwt vector in the 
central panels and with pcDNA3.1-CFTRΔPhe508 vector in the right panels. Each sample was 
incubated both with primary and secondary antibodies (see section 3.2.3). The percentage of cell 
population giving a fluorescence signal corresponding to detection of CFTR is indicated in each 
panel. 

 

3.2.2 Discussion 
Almost twenty years after the discovery that the ΔPhe508 deletion in CFTR is 

the most frequent cause of CF (Riordan, Rommens et al. 1989; Rommens, 

Iannuzzi et al. 1989), the mechanisms for the pathogenesis of the disease are 
still poorly understood.  
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The results of this thesis on one hand show for the first time that molecular 

correctors can be identified which rescue folding defects of NBD1 in vitro, but at 
the same time cast doubts about the validity of the “folding defect” hypothesis 

for the pathogenesis of CF. In this thesis, we report that in our hands the 

previously published differences in in vitro folding yields of wt and ΔPhe508 

NBD1 proteins could not be reproduced. In a variety of experimental conditions 

and using the previously described recombinant versions of the NBD1 (residues 

404-589 and 389-655) we observed a comparable temperature and time 

dependent profile of protein precipitation for both wt and ΔPhe508 forms. 

Some of the previously published reports on differential CFTR expression relied 

on expression studies with monoclonal cell lines (Egan, Pearson et al. 2004). It is 
well established that cells stably transfected with a given vector typically yield 

monoclonal cell lines which may differ in protein expression by several orders of 

magnitude (Newman and Mann 2007). Moreover, in our hands both transient 
and stable transfection experiments performed with vectors encoding the full 

length wt and ΔPhe508 forms of CFTR, led to comparable levels of channel 

display on the surface of CHO cells, LM fibroblasts and SP2/0 cells, as revealed 
by fluorescence-activated cell sorting (FACS) analysis.  

It has been proposed that the ΔPhe508 deletion in CFTR leads to impaired halide 

transport in model cellular systems both using stable transfections for CFTR 

expression (Hwang, Wang et al. 1997) and, importantly, cRNA injection in 

Xenopus oocytes (Treharne, Crawford et al. 2007). However, we strongly feel 
that differences in ion transport efficiency should be assessed in the context of 

the patterns of CFTR expression in different tissues and their pathophysiological 

implications (Kalin, Claass et al. 1999). 

One of the most attractive areas of modern CF research focuses on the 

characterization of the CF “interactome” (i.e. the set of proteins which may 

interact directly or indirectly with CFTR) (Ollero, Brouillard et al. 2006; Wang, 
Venable et al. 2006; Treharne, Crawford et al. 2007). It has recently been 

suggested that the ΔPhe508 deletion impairs CK2-mediated binding to NBD1 

and the phosphorylation of Ser511 within the domain (Treharne, Crawford et al. 
2007), with profound consequences on CFTR channel gating. Mutation of Ser511 
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within CFTR phenocopies the effect of the ΔPhe508 deletion. If these results are 

confirmed, it appears that pharmacological research activities should ideally be 
focused on the identification of selective channel potentiators. In turn, these 

activities will most likely rely on the identification of specific CFTR binding 

molecules. 

The finding that the folding defects of both wt and ΔPhe508 forms of NBD1 

could be corrected in the presence of a monoclonal antibody fragment specific 
to the native form of the protein gives hope that NBD1-binding molecules may 

help stabilize the soluble, folded conformation of this protein. Such a concept 

has previously been demonstrated for antibody and peptides molecules 

recognizing mutant, destabilized p53 transcription factor in the field of cancer 
research. (Issaeva, Friedler et al. 2003; Weisbart, Wakelin et al. 2004). From a 

chemical point of view, the “minimization” of protein-based binders (Braisted 

and Wells 1996) or the functional antibody replacement with small organic 
molecules (Melkko, Dumelin et al. 2007) both represent formidable challenges. 

Moreover the strategy of using small molecules that stabilize a mutant protein 

and consequently restore trafficking and activity, an approach called molecular 
chaperoning, has been successfully applied to the lysosomal enzyme acid b-

glucosidase (Lieberman, Wustman et al. 2007). Mutations in the GCase protein 

destabilize the native conformation of the enzyme leading to the Gaucher 
disease. The ability to stabilize the right protein conformation may be the 

hallmark of a molecule with therapeutic effect. 

In summary, we have generated a monoclonal antibody fragment which 
prevents the aggregation of the NBD1 domain of both wt and ΔPhe508 versions 

of CFTR. At the same time, we have provided evidence for comparable levels of 

expression of the full-length CFTR protein in mammalian cells. This observation 
weakens the “folding defect” hypothesis, which is still frequently invoked as the 

causal mechanism of CF (Wang, Venable et al. 2006). However, CFTR mutations 

do lead to abnormal protein expression only in certain tissues, most notably the 
sweat gland ducts. The reasons for these tissue-specific defects of protein 

production are not known at present. A better understanding of the molecular 

mechanisms for the pathogenesis of CF is urgently needed, in order to provide a 
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rational basis for the development of effective drugs for the pharmacological 

treatment of this disease. 

3.2.3 Materials and Methods 

3.2.3.1 Protein cloning, expression and purification 
Unless stated otherwise, chemicals were purchased from Fluka. 

The gene coding for the fragment 404-589 of CFTRwt was PCR amplified from a 
human cDNA library (Human MTC Panel I, Clontech) with primers Gly-404 (5’ – 

ATAGGACATATGGGATTTGGGGAATTATTTGAGAAAGC – 3’) and Ser-589 (5’ – 

ATAGGACTCGAGTTAGCTTTCAAATATTTCTTTTTCTGTTAAAAC – 3’) and cloned in 

pET28 vector (Novagen) using the restriction sites NdeI and XhoI. 

The gene coding for the fragment 389-655 of CFTR wt was PCR amplified from a 

human cDNA library (Human MTC Panel I, Clontech) with primers Thr-389 (5’ – 
GGGAATTCCATATGACTACAGAAGTAGTGATGGAGAATG – 3’) and Ala-655 (5’ – 

CCGCTCGAGTTATGCACTAAATTGGTCGAAAGAATC – 3’) and cloned in pET28 

vector using the restriction sites NdeI and XhoI. The genes coding for the 

fragment 404-589 of CFTRwt and 389-655 of CFTRwt were PCR mutated in order 
to delete the Phenylalanine residue at position 508: the deletion (ΔPhe508) was 

introduced with primers 508bw (5’ – GGTGTTTCCTATGATGAATATAGATAC – 3’) 

and 508mut (5’ – 
TCTATATTCATCATAGGAAACACCGATGATATTTTCTTTAATGGTGCCAG – 3’) and 

cloned in pET28 vector using the restriction sites NdeI and XhoI. BL21 (DE3) E. coli 

(Invitrogen) were transformed with pET28-NBD1(404-589)wt, pET28-NBD1(404-
589)ΔPhe508, pET28-NBD1(389-655)wt or pET28-NBD1(389-655)ΔPhe508. The 

corresponding proteins, which contain an initial GSSHHHHHHSSGLVPRGSHM 

sequence followed by amino acids 404-589 
(GFGELFEKAKQNNNNRKTSNGDDSLFFSNFSLLGTPVLKDINFKIERGQLLAVAGSTGAG

KTSLLMMIMGELEPSEGKIKHSGRISFCSQFSWIMPGTIKENIIFGVSYDEYRYRSVIKACQL

EEDISKFAEKDNIVLGEGGITLSGGQRARISLARAVYKDADLYLLDSPFGYLDVLTEKEIFES) 

or by amino acids 389-655 
(TTEVVMENVTAFWEEGFGELFEKAKQNNNNRKTSNGDDSLFFSNFSLLGTPVLKDINFKI

ERGQLLAVAGSTGAGKTSLLMMIMGELEPSEGKIKHSGRISFCSQFSWIMPGTIKENIIFGV

SYDEYRYRSVIKACQLEEDISKFAEKDNIVLGEGGITLSGGQRARISLARAVYKDADLYLLDS
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PFGYLDVLTEKEIFESCVCKLMANKTRILVTSKMEHLKKADKILILNEGSSYFYGTFSELQNL

QPDFSSKLMGCDSFDQFSA), were expressed as described below. 

After transformation of BL21 (DE3) cells, colonies harbouring NBD1 constructs 

were inoculated in 100 ml 2xYT medium (Q-BIOgene) containing 30 µg/ml 

kanamycin (Applichem) and 1% (w/v) glucose (Sigma-Aldrich) and grown 

overnight at 30°C in a rotary shaker at 200 rpm. A volume of 5 ml from the 

overnight pre-culture was then inoculated into 1000 ml 2xYT medium 

containing 30 µg/ml kanamycin and 0.1% (w/v) glucose and grown at 37°C in a 

rotary shaker at 200 rpm until the absorbance at 600 nm reached a value 

between 0.4 and 0.6. Protein expression was induced by the addition of 1 mM 

IPTG (Applichem). After 4 hours at 37°C in a rotary shaker (200 rpm), the 
bacterial cells were harvested by centrifugation and resuspended in 6 ml buffer 

W1 (20 mM Tris, 500 mM NaCl, 6 M Guanidine Hydrochloride, 5 mM Imidazole, 

pH 7.9). After cell lysis by sonication (Vibracell CV33, SONICS), the lysate was 
centrifuged for 20 min at 20’000 rpm. The cleared lysate was mixed with 4 ml 

of Ni2+-NTA slurry (Qiagen) to capture the 6xHis tagged proteins and the 

mixture was incubated at 4°C for 1 hour while shaking on a rotary shaker. The 

resin was washed first with 20 ml buffer W1, then with buffer W2 (20 mM Tris, 
500 mM NaCl, 6 M Guanidine Hydrochloride, 20 mM Imidazole, pH 7.9) until the 

absorbance at 280 nm of the eluate was lower than 0.1. The protein was eluted 

by the addition of 12 ml buffer E (20 mM Tris, 500 mM NaCl, 6 M Guanidine 
Hydrochloride, 400 mM Imidazole, pH 7.9). After elution, the protein was 

dialyzed overnight at 4°C against buffer D (20 mM Tris, 6 M Guanidine 

Hydrochloide, 1 mM DTT, pH 8.0). The protein stock was concentrated by 

centrifugation with Vivaspin tubes (10’000 MWCO PES, Vivascience) and stored 
at -20°C. SDS PAGE (Invitrogen) analysis was performed on samples after 

overnight ethanol precipitation, to avoid the presence of Guanidine 

Hydrochloride. 

The correctness of the cloning was confirmed by sequencing using an ABI PRISM 

3130 Genetic Analyzer (Applied Biosystem). Furthermore, the proteins were 

characterized by analyzing their tryptic digests by MALDI-TOF/TOF mass 
spectrometry. Both proteins were digested overnight with trypsin (Promega). 

Resulting peptides were measured on a 4700 Proteomic Analyzer (Applied 
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Biosystems) and the spectra were analyzed using the GPS Explorer and the Data 

Explorer software (Applied Biosystems). 

3.2.3.2 Refolding experiments 

Aliquots of purified NBD1wt or NBD1ΔPhe508 stocks were diluted 30-fold with 

buffer B (100 mM Tris, 400 mM L-arginine, 2 mM EDTA, 1 mM DTT, pH 8.0) to a 

final protein concentration of 1-20 mM. The refolding step was performed at 4°C 

using tips, tubes and solutions previously equilibrated at 4°C in order to avoid 

any unwanted protein precipitation. Samples were incubated at different 
temperatures, from 4°C to 37°C, and for different time gaps. After incubation, 

samples were centrifuged for 10 minutes at 13000 rpm and 4°C, to remove 

insoluble misfolded protein. 

3.2.3.3 Temperature dependence of NBD1 folding 

3.2.3.3.1 Tryptophan fluorescence measurements 
In order to study the temperature dependence of folding, NBD1(389-655)wt and 

NBD1(389-655)ΔPhe508 were refolded, incubated overnight and centrifuged as 

described above. After centrifugation, tryptophan fluorescence emission spectra 

of supernatants were collected. Samples were analyzed with the 

spectrofluorometer LS50b (Perkin Elmer), using 282 nm excitation light and 

monitoring emission between 300 nm and 400 nm. The peak value of protein 
refolded and incubated at 4°C was considered as corresponding to 100% of 

soluble protein. 

3.2.3.3.2 SDS-PAGE analysis 

In order to study the temperature dependence of folding, NBD1wt and 

NBD1ΔPhe508 were refolded, incubated and centrifuged as described above. 

After centrifugation, pellets and supernatants were separated, pellets were 

dissolved and supernatants were diluted to the same final volume by adding 

H2O and gel loading buffer (0.2 M Tris, 30% glycerol, 230 mM Sodium Dodecyl 

Sulfate, 1 mM Bromophenol Blue). 10 ml of pellet and supernatant samples were 
analyzed by SDS-PAGE (10% Bis-Tris Gel, Invitrogen). 
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3.2.3.4 Antibody selections 

Human monoclonal antibodies specific to NBD1ΔPhe508 were isolated by 

biopanning from the ETH2-Gold antibody phage display library, previously 

described by our group (Viti, Nilsson et al. 2000; Silacci, Brack et al. 2005). 

Biopanning experiments were performed on immunotubes coated with 
recombinant NBD1ΔPhe508 following standard procedures (Viti, Nilsson et al. 

2000), confirming antigen binding both by ELISA on microtiter plates and by 

antigen immobilization on a Biacore CM-5 biosensor chip (Biacore). The isolated 
clones were sequenced using an ABI PRISM 3130 Genetic Analyzer (Applied 

Biosystem). One of the NBD1-binding scFv fragments (“C2”) was tested for its 

folding stabilizing effect. Temperature dependent folding experiments were 

performed as described above, adding equimolar amounts of scFv C2 to the 
folding buffer just before addition of NBD1. Samples were incubated at different 

temperatures for increasing time intervals and prepared for SDS-PAGE analysis 

as described above. 

3.2.3.5 FACS analysis of transfected mammalian cells 

CHO-S cells (GIBCO, Invitrogen) were transfected (Gene Pulser, Bio-Rad) with 

pcDNA3.1 vector containing the coding sequence for either CFTRwt or 
CFTRΔPhe508 (vectors kindly provided by Prof. Galietta). After electroporation 

cells were grown at 37°C for 72 hours in CD CHO medium (GIBCO, Invitrogen) 

including HT Supplement (GIBCO, Invitrogen).  

LM fibroblasts (ATCC, CCL-1.2) were transfected with pcDNA3.1 vector containing 

the coding sequence for either CFTRwt or CFTRΔPhe508, with the transfection 

reagent Lipofectamine 2000 (Invitrogen). After transfection cells were grown at 

37°C for 48 hours in DMEM medium (GIBCO, Invitrogen) including Foetal Bovine 

Serum (FCS, GIBCO, Invitrogen) and Antibiotic-Antimycotic (GIBCO, Invitrogen).  

SP2/0 cells (ATCC, CRL-1581) were transfected (Nucleofector, Amaxa) with 

pcDNA3.1 vector containing the coding sequence for either CFTRwt or 
CFTRΔPhe508. After transfection cells were grown at 37°C for 48 hours in CD 

Hybridoma medium (GIBCO, Invitrogen) including L-Glutamine  (GIBCO, 

Invitrogen) and Antibiotic-Antimycotic (GIBCO, Invitrogen). 
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Cells were harvested and diluted in PBS containing 1% FCS (FPBS) to a 5 x 106 

cell/ml concentration: 200 µl of this cell solution were used for each single 

staining. Cells were spun at 292 g for 5 minutes, the supernatant was discarded 

and 100 µl of a 2 µl/ml solution of the primary antibody (mouse monoclonal 

[CF3] to CFTR, Ab2784, Abcam) was added to the cells. Cells were incubated for 

20 minutes at 4°C. After incubation cells were spun at 292 g for 5 minutes, the 

supernatant was discarded and 100 µl of a 50 µl/ml solution of the secondary 

antibody (R-Phycoerithrin-Conjugated Rat Anti-Mouse IgM Monoclonal 

Antibody, BD Pharmingen) was added to the cells. Cells were incubated for 20 

minutes at 4°C in the dark. After incubation cells were spun at 292 g for 5 
minutes, the supernatant was discarded and cells were washed by adding 

200µl of FPBS. Cells were immediately spun at 292 g for 5 minutes, the 

supernatant was discarded and cells were finally resuspended in 100µl of FPBS. 

Cell samples were stored at 4°C in the dark before analysis with a BD FACSCanto 

Flow Cytometer (BD Biosciences). 



 

 84 

 

 



 

 85 

4 References 
Amit, A. G., R. A. Mariuzza, et al. (1986). "Three-dimensional structure of an 

antigen-antibody complex at 2.8 A resolution." Science 233(4765): 747-53. 

Barre, S., A. S. Greenberg, et al. (1994). "Structural conservation of hypervariable 
regions in immunoglobulins evolution." Nat Struct Biol 1(12): 915-20. 

Better, M., C. P. Chang, et al. (1988). "Escherichia coli secretion of an active 
chimeric antibody fragment." Science 240(4855): 1041-3. 

Bird, R. E., K. D. Hardman, et al. (1988). "Single-chain antigen-binding proteins." 
Science 242(4877): 423-6. 

Boder, E. T., K. S. Midelfort, et al. (2000). "Directed evolution of antibody 
fragments with monovalent femtomolar antigen-binding affinity." Proc 
Natl Acad Sci U S A 97(20): 10701-5. 

Boder, E. T. and K. D. Wittrup (1997). "Yeast surface display for screening 
combinatorial polypeptide libraries." Nat Biotechnol 15(6): 553-7. 

Borsi, L., P. Castellani, et al. (1998). "Preparation of phage antibodies to the ED-A 
domain of human fibronectin." Exp Cell Res 240(2): 244-51. 

Bothmann, H. and A. Pluckthun (1998). "Selection for a periplasmic factor 
improving phage display and functional periplasmic expression." Nat 
Biotechnol 16(4): 376-80. 

Bothwell, A. L., M. Paskind, et al. (1981). "Heavy chain variable region contribution 
to the NPb family of antibodies: somatic mutation evident in a gamma 
2a variable region." Cell 24(3): 625-37. 

Brack, S. S., M. Silacci, et al. (2006). "Tumor-targeting properties of novel 
antibodies specific to the large isoform of tenascin-C." Clin Cancer Res 
12(10): 3200-8. 

Braisted, A. C. and J. A. Wells (1996). "Minimizing a binding domain from protein 
A." Proc Natl Acad Sci U S A 93(12): 5688-92. 

Brekke, O. H. and I. Sandlie (2003). "Therapeutic antibodies for human diseases 
at the dawn of the twenty-first century." Nat Rev Drug Discov 2(1): 52-62. 

Burton, D. R., C. F. Barbas, 3rd, et al. (1991). "A large array of human monoclonal 
antibodies to type 1 human immunodeficiency virus from combinatorial 
libraries of asymptomatic seropositive individuals." Proc Natl Acad Sci U S 
A 88(22): 10134-7. 



 

 86 

Cabilly, S. (1989). "Growth at sub-optimal temperatures allows the production of 
functional, antigen-binding Fab fragments in Escherichia coli." Gene 
85(2): 553-7. 

Carnemolla, B., L. Borsi, et al. (2002). "Enhancement of the antitumor properties 
of interleukin-2 by its targeted delivery to the tumor blood vessel 
extracellular matrix." Blood 99(5): 1659-65. 

Carnemolla, B., A. Leprini, et al. (1992). "The inclusion of the type III repeat ED-B 
in the fibronectin molecule generates conformational modifications that 
unmask a cryptic sequence." J Biol Chem 267(34): 24689-92. 

Carnemolla, B., D. Neri, et al. (1996). "Phage antibodies with pan-species 
recognition of the oncofoetal angiogenesis marker fibronectin ED-B 
domain." Int J Cancer 68(3): 397-405. 

Carter, P., R. F. Kelley, et al. (1992). "High level Escherichia coli expression and 
production of a bivalent humanized antibody fragment." Biotechnology 
(N Y) 10(2): 163-7. 

Chang, S. and C. Mohan (2005). "Identification of novel VH1/J558 
immunoglobulin germline genes of C57BL/6 (Igh b) allotype." Mol 
Immunol 42(11): 1293-301. 

Chester, K. A., L. Robson, et al. (1994). "Production and tumour-binding 
characterization of a chimeric anti-CEA Fab expressed in Escherichia coli." 
Int J Cancer 57(1): 67-72. 

Chothia, C. and A. M. Lesk (1987). "Canonical structures for the hypervariable 
regions of immunoglobulins." J Mol Biol 196(4): 901-17. 

Chothia, C., A. M. Lesk, et al. (1992). "Structural repertoire of the human VH 
segments." J Mol Biol 227(3): 799-817. 

Clackson, T., H. R. Hoogenboom, et al. (1991). "Making antibody fragments using 
phage display libraries." Nature 352(6336): 624-8. 

Corbet, S., M. Milili, et al. (1987). "Two V kappa germ-line genes related to the 
GAT idiotypic network (Ab1 and Ab3/Ab1') account for the major 
subfamilies of the mouse V kappa-1 variability subgroup." J Immunol 
138(3): 932-9. 

Davies, E. L., J. S. Smith, et al. (1995). "Selection of specific phage-display 
antibodies using libraries derived from chicken immunoglobulin genes." J 
Immunol Methods 186(1): 125-35. 



 

 87 

Davis, P. B. and M. L. Drumm (2004). "Some like it hot: curcumin and CFTR." 
Trends Mol Med 10(10): 473-5. 

de Haard, H. J., B. Kazemier, et al. (1998). "Selection of recombinant, library-
derived antibody fragments against p24 for human immunodeficiency 
virus type 1 diagnostics." Clin Diagn Lab Immunol 5(5): 636-44. 

Demartis, S., A. Huber, et al. (1999). "A strategy for the isolation of catalytic 
activities from repertoires of enzymes displayed on phage." J Mol Biol 
286(2): 617-33. 

Denning, G. M., M. P. Anderson, et al. (1992). "Processing of mutant cystic fibrosis 
transmembrane conductance regulator is temperature-sensitive." 
Nature 358(6389): 761-4. 

Egan, M. E., M. Pearson, et al. (2004). "Curcumin, a major constituent of 
turmeric, corrects cystic fibrosis defects." Science 304(5670): 600-2. 

Ewert, S., T. Huber, et al. (2003). "Biophysical properties of human antibody 
variable domains." J Mol Biol 325(3): 531-53. 

Feldhaus, M. J. and R. W. Siegel (2004). "Yeast display of antibody fragments: a 
discovery and characterization platform." J Immunol Methods 290(1-2): 
69-80. 

Feldhaus, M. J., R. W. Siegel, et al. (2003). "Flow-cytometric isolation of human 
antibodies from a nonimmune Saccharomyces cerevisiae surface display 
library." Nat Biotechnol 21(2): 163-70. 

Fuchs, H. J., D. S. Borowitz, et al. (1994). "Effect of aerosolized recombinant 
human DNase on exacerbations of respiratory symptoms and on 
pulmonary function in patients with cystic fibrosis. The Pulmozyme 
Study Group." N Engl J Med 331(10): 637-42. 

Gafner, V., E. Trachsel, et al. (2006). "An engineered antibody-interleukin-12 
fusion protein with enhanced tumor vascular targeting properties." Int J 
Cancer 119(9): 2205-12. 

Gao, X., Y. Huang, et al. (1999). "Construction of murine phage antibody library 
and selection of ricin-specific single-chain antibodies." IUBMB Life 48(5): 
513-7. 

Giovannoni, L., F. Viti, et al. (2001). "Isolation of anti-angiogenesis antibodies 
from a large combinatorial repertoire by colony filter screening." Nucleic 
Acids Res 29(5): E27. 



 

 88 

Graff, C. P., K. Chester, et al. (2004). "Directed evolution of an anti-
carcinoembryonic antigen scFv with a 4-day monovalent dissociation 
half-time at 37 degrees C." Protein Eng Des Sel 17(4): 293-304. 

Greenwood, J., A. E. Willis, et al. (1991). "Multiple display of foreign peptides on a 
filamentous bacteriophage. Peptides from Plasmodium falciparum 
circumsporozoite protein as antigens." J Mol Biol 220(4): 821-7. 

Griffiths, A. D., S. C. Williams, et al. (1994). "Isolation of high affinity human 
antibodies directly from large synthetic repertoires." Embo J 13(14): 3245-
60. 

Halin, C., S. Rondini, et al. (2002). "Enhancement of the antitumor activity of 
interleukin-12 by targeted delivery to neovasculature." Nat Biotechnol 
20(3): 264-9. 

Hanes, J. and A. Pluckthun (1997). "In vitro selection and evolution of functional 
proteins by using ribosome display." Proc Natl Acad Sci U S A 94(10): 
4937-42. 

Hanes, J., C. Schaffitzel, et al. (2000). "Picomolar affinity antibodies from a fully 
synthetic naive library selected and evolved by ribosome display." Nat 
Biotechnol 18(12): 1287-92. 

Heinis, C., A. Huber, et al. (2001). "Selection of catalytically active biotin ligase 
and trypsin mutants by phage display." Protein Eng 14(12): 1043-52. 

Hoogenboom, H. R. (1997). "Designing and optimizing library selection strategies 
for generating high-affinity antibodies." Trends Biotechnol 15(2): 62-70. 

Hoogenboom, H. R., A. D. Griffiths, et al. (1991). "Multi-subunit proteins on the 
surface of filamentous phage: methodologies for displaying antibody 
(Fab) heavy and light chains." Nucleic Acids Res 19(15): 4133-7. 

Hoogenboom, H. R. and G. Winter (1992). "By-passing immunisation. Human 
antibodies from synthetic repertoires of germline VH gene segments 
rearranged in vitro." J Mol Biol 227(2): 381-8. 

Huston, J. S. and E. Haber (1996). "An overview of the 1996 Keystone meeting. 
Exploring and exploiting antibody and Ig superfamily combining sites." 
Immunotechnology 2(4): 253-60. 

Huston, J. S., D. Levinson, et al. (1988). "Protein engineering of antibody binding 
sites: recovery of specific activity in an anti-digoxin single-chain Fv 
analogue produced in Escherichia coli." Proc Natl Acad Sci U S A 85(16): 
5879-83. 



 

 89 

Hwang, T. C., F. Wang, et al. (1997). "Genistein potentiates wild-type and delta 
F508-CFTR channel activity." Am J Physiol 273(3 Pt 1): C988-98. 

Iannolo, G., O. Minenkova, et al. (1995). "Modifying filamentous phage capsid: 
limits in the size of the major capsid protein." J Mol Biol 248(4): 835-44. 

Ignatovich, O., I. M. Tomlinson, et al. (1997). "The creation of diversity in the 
human immunoglobulin V(lambda) repertoire." J Mol Biol 268(1): 69-77. 

Imai, S., Y. Mukai, et al. (2006). "Quality enhancement of the non-immune phage 
scFv library to isolate effective antibodies." Biol Pharm Bull 29(7): 1325-30. 

Issaeva, N., A. Friedler, et al. (2003). "Rescue of mutants of the tumor suppressor 
p53 in cancer cells by a designed peptide." Proc Natl Acad Sci U S A 
100(23): 13303-7. 

Jermutus, L., A. Honegger, et al. (2001). "Tailoring in vitro evolution for protein 
affinity or stability." Proc Natl Acad Sci U S A 98(1): 75-80. 

Jespers, L., O. Schon, et al. (2004). "Aggregation-resistant domain antibodies 
selected on phage by heat denaturation." Nat Biotechnol 22(9): 1161-5. 

Kalin, N., A. Claass, et al. (1999). "DeltaF508 CFTR protein expression in tissues 
from patients with cystic fibrosis." J Clin Invest 103(10): 1379-89. 

Kerem, E., M. Nissim-Rafinia, et al. (1997). "A missense cystic fibrosis 
transmembrane conductance regulator mutation with variable 
phenotype." Pediatrics 100(3): E5. 

Kettleborough, C. A., J. Saldanha, et al. (1993). "Optimization of primers for 
cloning libraries of mouse immunoglobulin genes using the polymerase 
chain reaction." Eur J Immunol 23(1): 206-11. 

Kirkham, P. M., F. Mortari, et al. (1992). "Immunoglobulin VH clan and family 
identity predicts variable domain structure and may influence antigen 
binding." Embo J 11(2): 603-9. 

Kirschbaum, T., F. Roschenthaler, et al. (1999). "The central part of the mouse 
immunoglobulin kappa locus." Eur J Immunol 29(7): 2057-64. 

Knappik, A., L. Ge, et al. (2000). "Fully synthetic human combinatorial antibody 
libraries (HuCAL) based on modular consensus frameworks and CDRs 
randomized with trinucleotides." J Mol Biol 296(1): 57-86. 

Kohler, G. and C. Milstein (1975). "Continuous cultures of fused cells secreting 
antibody of predefined specificity." Nature 256(5517): 495-7. 



 

 90 

Kopito, R. R. (1999). "Biosynthesis and degradation of CFTR." Physiol Rev 79(1 
Suppl): S167-73. 

Kristensen, P. and G. Winter (1998). "Proteolytic selection for protein folding 
using filamentous bacteriophages." Fold Des 3(5): 321-8. 

Kuhne, S. A., W. S. Hawes, et al. (2004). "Isolation of recombinant antibodies 
against EspA and intimin of Escherichia coli O157:H7." J Clin Microbiol 
42(7): 2966-76. 

Lang, I. M., C. F. Barbas, 3rd, et al. (1996). "Recombinant rabbit Fab with binding 
activity to type-1 plasminogen activator inhibitor derived from a phage-
display library against human alpha-granules." Gene 172(2): 295-8. 

Lavoie, T. B., W. N. Drohan, et al. (1992). "Experimental analysis by site-directed 
mutagenesis of somatic mutation effects on affinity and fine specificity 
in antibodies specific for lysozyme." J Immunol 148(2): 503-13. 

Li, C., M. Ramjeesingh, et al. (1993). "The cystic fibrosis mutation (delta F508) 
does not influence the chloride channel activity of CFTR." Nat Genet 3(4): 
311-6. 

Lieberman, R. L., B. A. Wustman, et al. (2007). "Structure of acid beta-glucosidase 
with pharmacological chaperone provides insight into Gaucher disease." 
Nat Chem Biol 3(2): 101-7. 

Lowman, H. B., S. H. Bass, et al. (1991). "Selecting high-affinity binding proteins 
by monovalent phage display." Biochemistry 30(45): 10832-8. 

Lu, C. F., R. C. Montijn, et al. (1995). "Glycosyl phosphatidylinositol-dependent 
cross-linking of alpha-agglutinin and beta 1,6-glucan in the 
Saccharomyces cerevisiae cell wall." J Cell Biol 128(3): 333-40. 

Luginbuhl, B., Z. Kanyo, et al. (2006). "Directed evolution of an anti-prion protein 
scFv fragment to an affinity of 1 pM and its structural interpretation." J 
Mol Biol 363(1): 75-97. 

Marks, J. D., H. R. Hoogenboom, et al. (1991). "By-passing immunization. Human 
antibodies from V-gene libraries displayed on phage." J Mol Biol 222(3): 
581-97. 

Matsuura, T. and A. Pluckthun (2003). "Selection based on the folding properties 
of proteins with ribosome display." FEBS Lett 539(1-3): 24-8. 

Mattheakis, L. C., R. R. Bhatt, et al. (1994). "An in vitro polysome display system 
for identifying ligands from very large peptide libraries." Proc Natl Acad 
Sci U S A 91(19): 9022-6. 



 

 91 

McCafferty, J., A. D. Griffiths, et al. (1990). "Phage antibodies: filamentous phage 
displaying antibody variable domains." Nature 348(6301): 552-4. 

Melkko, S., C. E. Dumelin, et al. (2007). "Lead discovery by DNA-encoded chemical 
libraries." Drug Discov Today 12(11-12): 465-71. 

Melkko, S. and D. Neri (2003). "Calmodulin as an affinity purification tag." 
Methods Mol Biol 205: 69-77. 

Molina, A. (2008). "A decade of rituximab: improving survival outcomes in non-
Hodgkin's lymphoma." Annu Rev Med 59: 237-50. 

Neri, D. and R. Bicknell (2005). "Tumour vascular targeting." Nat Rev Cancer 5(6): 
436-46. 

Neri, D., B. Carnemolla, et al. (1997). "Targeting by affinity-matured recombinant 
antibody fragments of an angiogenesis associated fibronectin isoform." 
Nat Biotechnol 15(12): 1271-5. 

Neri, D., A. Pini, et al. (1998). "Antibodies from phage display libraries as 
immunochemical reagents." Methods Mol Biol 80: 475-500. 

Ng, K. H., A. Lavigueur, et al. (1989). "Characterization of allelic V kappa-1 region 
genes in inbred strains of mice." J Immunol 143(2): 638-48. 

Nilson, B. H., L. Logdberg, et al. (1993). "Purification of antibodies using protein L-
binding framework structures in the light chain variable domain." J 
Immunol Methods 164(1): 33-40. 

Nissim, A., H. R. Hoogenboom, et al. (1994). "Antibody fragments from a 'single 
pot' phage display library as immunochemical reagents." Embo J 13(3): 
692-8. 

Okamoto, T., Y. Mukai, et al. (2004). "Optimal construction of non-immune scFv 
phage display libraries from mouse bone marrow and spleen established 
to select specific scFvs efficiently binding to antigen." Biochem Biophys 
Res Commun 323(2): 583-91. 

Ollero, M., F. Brouillard, et al. (2006). "Cystic fibrosis enters the proteomics 
scene: new answers to old questions." Proteomics 6(14): 4084-99. 

Orlandi, R., D. H. Gussow, et al. (1989). "Cloning immunoglobulin variable 
domains for expression by the polymerase chain reaction." Proc Natl 
Acad Sci U S A 86(10): 3833-7. 



 

 92 

Orum, H., P. S. Andersen, et al. (1993). "Efficient method for constructing 
comprehensive murine Fab antibody libraries displayed on phage." 
Nucleic Acids Res 21(19): 4491-8. 

Padlan, E. A. (1994). "Anatomy of the antibody molecule." Mol Immunol 31(3): 
169-217. 

Parmley, S. F. and G. P. Smith (1988). "Antibody-selectable filamentous fd phage 
vectors: affinity purification of target genes." Gene 73(2): 305-18. 

Payvar, F. and R. T. Schimke (1979). "Improvements in immunoprecipitation of 
specific messenger RNA. Isolation of highly purified conalbumin mRNA in 
high yield." Eur J Biochem 101(1): 271-82. 

Pedemonte, N., G. L. Lukacs, et al. (2005). "Small-molecule correctors of defective 
DeltaF508-CFTR cellular processing identified by high-throughput 
screening." J Clin Invest 115(9): 2564-71. 

Pedersen, H., S. Holder, et al. (1998). "A method for directed evolution and 
functional cloning of enzymes." Proc Natl Acad Sci U S A 95(18): 10523-8. 

Pini, A., F. Viti, et al. (1998). "Design and use of a phage display library. Human 
antibodies with subnanomolar affinity against a marker of angiogenesis 
eluted from a two-dimensional gel." J Biol Chem 273(34): 21769-76. 

Qu, B. H. and P. J. Thomas (1996). "Alteration of the cystic fibrosis 
transmembrane conductance regulator folding pathway." J Biol Chem 
271(13): 7261-4. 

Ratjen, F. and G. Doring (2003). "Cystic fibrosis." Lancet 361(9358): 681-9. 

Ratjen, F. A. (2009). "Cystic fibrosis: pathogenesis and future treatment 
strategies." Respir Care 54(5): 595-605. 

Reddy, M. M. and P. M. Quinton (2006). "Cytosolic potassium controls CFTR 
deactivation in human sweat duct." Am J Physiol Cell Physiol 291(1): C122-
9. 

Ridder, R., R. Schmitz, et al. (1995). "Generation of rabbit monoclonal antibody 
fragments from a combinatorial phage display library and their 
production in the yeast Pichia pastoris." Biotechnology (N Y) 13(3): 255-60. 

Riordan, J. R., J. M. Rommens, et al. (1989). "Identification of the cystic fibrosis 
gene: cloning and characterization of complementary DNA." Science 
245(4922): 1066-73. 



 

 93 

Rommens, J. M., M. C. Iannuzzi, et al. (1989). "Identification of the cystic fibrosis 
gene: chromosome walking and jumping." Science 245(4922): 1059-65. 

Rondot, S., J. Koch, et al. (2001). "A helper phage to improve single-chain 
antibody presentation in phage display." Nat Biotechnol 19(1): 75-8. 

Salacinski, P. R., C. McLean, et al. (1981). "Iodination of proteins, glycoproteins, 
and peptides using a solid-phase oxidizing agent, 1,3,4,6-tetrachloro-3 
alpha,6 alpha-diphenyl glycoluril (Iodogen)." Anal Biochem 117(1): 136-46. 

Santimaria, M., G. Moscatelli, et al. (2003). "Immunoscintigraphic detection of 
the ED-B domain of fibronectin, a marker of angiogenesis, in patients 
with cancer." Clin Cancer Res 9(2): 571-9. 

Sarkadi, B., D. Bauzon, et al. (1992). "Biochemical characterization of the cystic 
fibrosis transmembrane conductance regulator in normal and cystic 
fibrosis epithelial cells." J Biol Chem 267(3): 2087-95. 

Sauer, S., P. A. Erba, et al. (2009). "Expression of the oncofetal ED-B-containing 
fibronectin isoform in hematologic tumors enables ED-B-targeted 131I-
L19SIP radioimmunotherapy in Hodgkin lymphoma patients." Blood 
113(10): 2265-74. 

Schable, K. F., R. Thiebe, et al. (1999). "Characteristics of the immunoglobulin 
Vkappa genes, pseudogenes, relics and orphons in the mouse genome." 
Eur J Immunol 29(7): 2082-6. 

Schier, R., J. D. Marks, et al. (1995). "In vitro and in vivo characterization of a 
human anti-c-erbB-2 single-chain Fv isolated from a filamentous phage 
antibody library." Immunotechnology 1(1): 73-81. 

Schliemann, C. and D. Neri (2007). "Antibody-based targeting of the tumor 
vasculature." Biochim Biophys Acta 1776(2): 175-92. 

Schliemann, C., A. Palumbo, et al. (2009). "Complete eradication of human B-cell 
lymphoma xenografts using rituximab in combination with the 
immunocytokine L19-IL2." Blood 113(10): 2275-83. 

Schreuder, M. P., A. T. Mooren, et al. (1996). "Immobilizing proteins on the 
surface of yeast cells." Trends Biotechnol 14(4): 115-20. 

Silacci, M., S. Brack, et al. (2005). "Design, construction, and characterization of a 
large synthetic human antibody phage display library." Proteomics 5(9): 
2340-50. 



 

 94 

Silacci, M., S. S. Brack, et al. (2006). "Human monoclonal antibodies to domain C 
of tenascin-C selectively target solid tumors in vivo." Protein Eng Des Sel 
19(10): 471-8. 

Skerra, A. and A. Pluckthun (1988). "Assembly of a functional immunoglobulin Fv 
fragment in Escherichia coli." Science 240(4855): 1038-41. 

Smith, G. P. (1985). "Filamentous fusion phage: novel expression vectors that 
display cloned antigens on the virion surface." Science 228(4705): 1315-7. 

Stemmer, W. P. (1994). "Rapid evolution of a protein in vitro by DNA shuffling." 
Nature 370(6488): 389-91. 

Stengele, I., P. Bross, et al. (1990). "Dissection of functional domains in phage fd 
adsorption protein. Discrimination between attachment and penetration 
sites." J Mol Biol 212(1): 143-9. 

Thibodeau, P. H., C. A. Brautigam, et al. (2005). "Side chain and backbone 
contributions of Phe508 to CFTR folding." Nat Struct Mol Biol 12(1): 10-6. 

Tomlinson, I. M., J. P. Cox, et al. (1995). "The structural repertoire of the human V 
kappa domain." Embo J 14(18): 4628-38. 

Tomlinson, I. M., G. Walter, et al. (1996). "The imprint of somatic hypermutation 
on the repertoire of human germline V genes." J Mol Biol 256(5): 813-17. 

Tomlinson, I. M., G. Walter, et al. (1992). "The repertoire of human germline VH 
sequences reveals about fifty groups of VH segments with different 
hypervariable loops." J Mol Biol 227(3): 776-98. 

Treharne, K. J., R. M. Crawford, et al. (2007). "Protein kinase CK2, cystic fibrosis 
transmembrane conductance regulator, and the deltaF508 mutation: 
F508 deletion disrupts a kinase-binding site." J Biol Chem 282(14): 10804-
13. 

VanAntwerp, J. J. and K. D. Wittrup (2000). "Fine affinity discrimination by yeast 
surface display and flow cytometry." Biotechnol Prog 16(1): 31-7. 

Vaughan, T. J., A. J. Williams, et al. (1996). "Human antibodies with sub-
nanomolar affinities isolated from a large non-immunized phage display 
library." Nat Biotechnol 14(3): 309-14. 

Verhaar, M. J., K. A. Chester, et al. (1995). "A single chain Fv derived from a 
filamentous phage library has distinct tumor targeting advantages over 
one derived from a hybridoma." Int J Cancer 61(4): 497-501. 



 

 95 

Villa, A., E. Trachsel, et al. (2008). "A high-affinity human monoclonal antibody 
specific to the alternatively spliced EDA domain of fibronectin efficiently 
targets tumor neo-vasculature in vivo." Int J Cancer 122(11): 2405-13. 

Viti, F., F. Nilsson, et al. (2000). "Design and use of phage display libraries for the 
selection of antibodies and enzymes." Methods Enzymol 326: 480-505. 

Walker, J., J. Watson, et al. (1995). "Production and characterisation of 
monoclonal and polyclonal antibodies to different regions of the cystic 
fibrosis transmembrane conductance regulator (CFTR): detection of 
immunologically related proteins." J Cell Sci 108 ( Pt 6): 2433-44. 

Wang, X., J. Venable, et al. (2006). "Hsp90 cochaperone Aha1 downregulation 
rescues misfolding of CFTR in cystic fibrosis." Cell 127(4): 803-15. 

Waterhouse, P., A. D. Griffiths, et al. (1993). "Combinatorial infection and in vivo 
recombination: a strategy for making large phage antibody repertoires." 
Nucleic Acids Res 21(9): 2265-6. 

Weinreich, F., P. G. Wood, et al. (1997). "Direct action of genistein on CFTR." 
Pflugers Arch 434(4): 484-91. 

Weisbart, R. H., R. Wakelin, et al. (2004). "Construction and expression of a 
bispecific single-chain antibody that penetrates mutant p53 colon cancer 
cells and binds p53." Int J Oncol 25(4): 1113-8. 

Williams, G. S., A. Martinez, et al. (2001). "Unequal VH gene rearrangement 
frequency within the large VH7183 gene family is not due to 
recombination signal sequence variation, and mapping of the genes 
shows a bias of rearrangement based on chromosomal location." J 
Immunol 167(1): 257-63. 

Winter, G., A. D. Griffiths, et al. (1994). "Making antibodies by phage display 
technology." Annu Rev Immunol 12: 433-55. 

Zahnd, C., S. Spinelli, et al. (2004). "Directed in vitro evolution and 
crystallographic analysis of a peptide-binding single chain antibody 
fragment (scFv) with low picomolar affinity." J Biol Chem 279(18): 18870-7. 

Ziady, A. G. and P. B. Davis (2006). "Current prospects for gene therapy of cystic 
fibrosis." Curr Opin Pharmacol 6(5): 515-21. 

Zuberbuhler, K., A. Palumbo, et al. (2009). "A general method for the selection of 
high-level scFv and IgG antibody expression by stably transfected 
mammalian cells." Protein Eng Des Sel 22(3): 169-74. 

 
 



 

 96 



 

 97 

5 Curriculum Vitae 
 

Valeria Lovato 
 

Education 

 

08/2005 – 07/2009 Ph.D. thesis in the group of Prof. Dr. Dario Neri, ETH Zürich 
with the title “Antibody phage display technology: library 
construction and application”. 

03/2004 – 02/2005 Master thesis in the group of Prof. Dr. Michael Hoch, 
Universität Bonn, with the title: “Molecular analysis of the 
excalibur gene in Drosophila Melanogaster”. 

09/1999 – 03/2005 Studies in Pharmaceutical Biotechnologies at Università 
degli Studi di Padova. Final grade 110/110. 

09/1994 – 07/1999 Scientific high school at “L.S.S. I. Nievo” in Padova. 

 

Relevant work experience 

 

Instructor of the “Third Experimental Course on Antibody Phage display 
technology”, taking place at the ETH Zürich in February 2008. 

 

Languages 

 

Italian    Native speaker 

English   Fluent 

German   Basic knowledge 

 



 

 98 

Publications and Patents 

 

V. Lovato, C. Roesli, J. Ahlskog, J. Scheuermann, and D. Neri A monoclonal 
antibody prevents aggregation of the NBD1 domain of the cystic fibrosis 
transmembrane conductance regulator Protein Eng. Des. Sel. 2007 
Dec;20(12):607-14. 

R. Sommavilla*, V. Lovato*, A. Villa, D. Sgier and D. Neri  Design and construction 
of a naïve mouse antibody phage display library Manuscript submitted. (*These 
authors contributed equally to the article). 

R. Sommavilla, V. Lovato, A. Villa US Patent Application, “Murine Antibody Display 
Libraries” (Patent Application Number: US 61/221,913). 



 

 99 

6 Acknowledgements 
 

Firstly, I wish to express my gratitude to Prof. Dr. Dario Neri for giving me the 

opportunity to perform my Ph.D. studies in his laboratory and for having being a 

careful and encouraging supervisor. 

I am grateful to Prof. Dr. Roger Schibli with whom I had the pleasure to 

collaborate in the contest of the CF project and who kindly accepted to be my 

co-examiner. 

I thank all the past and current members of the Neri lab who shared with me 

the daily ups and downs of research: in the past four years I truly enjoyed 
working in such a friendly and warm group. Among all these persons, Dr. Jörg 

Scheuermann, Prof. Yixin Zhang, Dr. Eveline Trachsel and Dr. Manuela Kaspar 

deserve a special mention for their scientific and personal support.  

I acknowledge Roberto Sommavilla, who shares with me the murine library 

project, and Dr. Alessandra Villa who also contributed to the library work. 

I am highly thankful to my friends Alessandro Palumbo and Dr. Beatrice Borgia 

who cheered me on every time I needed and with whom I had great time in and 

out the lab. 

Finally, a wholehearted thank-you goes to my dear family for their love and 

untiring support, and to Dario who day by day encouraged me with his 

enthusiasm and optimism. 

 

 


