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SUMMARY 

 
The antibody-based delivery of therapeutic agents to the tumor site is an emerging field of 

modern anti-cancer research, which aims at concentrating bioactive molecules onto 

neoplastic lesions while sparing normal tissues (Weiner, 2006; Carter, 2006; Schrama et al, 

2006). Although originally monoclonal antibodies specific to membrane antigens on cancer 

cells have been used for tumor targeting applications, alternative targets such as markers of 

angiogenesis (Neri and Bicknell, 2005), stromal antigens (Rybak et al, 2007; Schliemann and 

Neri, 2007; Hofheinz et al, 2003) and intracellular proteins released at sites of necrosis 

(Street et al, 2006) are increasingly being considered. In this context, we and others have 

shown that the antibody-based targeting of enzymes, which are up-regulated at the tumor 

site, represents an additional attractive avenue for pharmacodelivery applications (Ahlskog et 

al, 2009; Chrastina et al, 2003). 

 

Matrix metalloproteinases (MMPs), a group of more than 20 zinc-containing endopeptidases, 

are up-regulated in many diseases, but the use of MMP inhibitors for therapeutic purposes 

has often been disappointing, possibly for the limited specificity of the drugs used in clinical 

trials. In principle, individual MMPs could be specifically drugged by monoclonal antibodies, 

either by inhibition of their catalytic activity or by antibody-based pharmacodelivery strategies 

(Overall and Kleifeld, 2006).  

 

This thesis describes the isolation and affinity maturation of recombinant antibodies specific 

to the murine catalytic domains of MMP-1A, MMP-2 and MMP-3. Furthermore, we cloned, 

produced and characterized these high-affinity monoclonal antibodies in SIP (small immuno-

protein) mini-antibody format using biochemical and immunochemical methods. In addition, 

comparative biodistribution analysis of their tumor targeting properties at different time points 

(3 h, 24 h, 48 h) were performed in mice bearing subcutaneous F9 tumors using 

radioiodinated protein preparations. 

 

The new anti-MMP antibodies allowed a systematic comparative immunofluorescence 

analysis of the expression patterns of their cognate antigens in a variety of healthy, 

cancerous and arthritic murine tissues. While all three MMPs were strongly expressed in 

tumor and arthritis specimens, MMP-1A was completely undetectable in the normal tissues 

tested, whereas MMP-2 and MMP-3 exhibited a weak expression in certain normal tissues 

(e.g., liver). However, in biodistribution experiments, only antibodies specific to MMP-3 

selectively accumulated at the tumor site after intravenous injection, while being rapidly 
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cleared out from other organs. By contrast, antibodies specific to MMP-1A and MMP-2, 

showed no preferential accumulation at the tumor site.  

Antibodies specific to MMP-3 may serve as vehicles for the efficient and selective delivery of 

imaging agents or therapeutic molecules to sites of disease. 
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ZUSAMMENFASSUNG 
 
Die zielgerichtete Anreicherung von therapeutischen Stoffen in Tumoren mit Hilfe von 

Antikörpern ist ein wichtiges Feld der modernen Krebsforschung. Bioaktive Stoffe können so 

hauptsächlich zum Tumor gebracht werden, während gesundes Gewebe und Organe 

ausgespart werden (Weiner, 2006; Carter, 2006; Schrama et al, 2006). Obwohl für diese 

zielgerichtete Akkumulation von Therapeutika ursprünglich monoklonale Antikörper gegen 

auf Krebszellen befindliche Membranantigene verwendet wurden, werden nun vermehrt 

andere Proteine als Zielmoleküle in Erwägung gezogen, wie z.B. Angiogenesemarker (Neri 

and Bicknell, 2005), stromale Antigene (Rybak et al, 2007; Schliemann and Neri, 2007; 

Hofheinz et al, 2003) oder intrazelluläre Proteine, die an nekrotischen Stellen auch 

extrazellulär zugänglich werden (Street et al, 2006). In diesem Zusammenhang haben wir 

und andere Gruppen gezeigt, dass im Tumor überexpremierte Enzyme auch eine äusserst 

attraktive Möglichkeit für die zielgerichtete Krebstherapie darstellen können (Ahlskog et al, 

2009; Chrastina et al, 2003). 

 

Matrixmetalloproteinasen (MMPs) sind eine Gruppe von mehr als 20 zinkhaltigen 

Endopeptidasen, die bei verschiedensten Krankheiten überreguliert und überexprimiert sind. 

Trotzdem war der Gebrauch von kleinen organischen Molekülen als Inhibitoren solcher 

MMPs in klinischen Studien enttäuschend, vor allem wegen ihrer unzulänglichen Spezifität. 

Monoklonale Antikörper stellen eine Alternative dar, einerseits als spezifische Inhibitoren, 

andererseits aber auch als Antikörper-Konjugate, um therapeutische Stoffe zielgerichtet zu 

den von Krankheit befallenen Geweben oder Organen zu bringen (Overall and Kleifeld, 

2006). 

 

Diese Doktorarbeit beschreibt die Isolation und Affinitätsmaturierung von rekombinanten 

Antikörpern gegen die murinen katalytischen Domänen der Enzyme MMP-1A, MMP-2 und 

MMP-3. Des weiteren wurden diese hochaffinen monoklonalen Antikörper mit Hilfe 

biochemischer und immunochemischer Methoden ins Miniantikörperformat kloniert, 

produziert und charakterisiert. Wir führten zudem eine vergleichende Biodistributionsanalyse 

mit den radioaktiv markierten MMP-Antikörpern durch und verglichen ihre unterschiedliche 

Verteilung in Mäusen mit subkutanem F9 Tumor zu verschiedenen Zeitpunkten (3 Stunden, 

24 Stunden und 48 Stunden).   

 

 

Die hergestellten MMP-Antikörper erlaubten eine systematische und vergleichende 

Immunofluoreszenzanalyse, in der das Expressionsmusters des jeweiligen Antigens in einer 
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Vielzahl von gesunden, krebsbefallenen und arthritischen murinen Geweben untersucht 

wurde. Während alle drei Matrixmetalloproteinasen in Tumor- und Arthritisgeweben stark 

überexprimiert waren, konnte MMP-1A in gesunden Geweben nicht entdeckt werden. MMP-2 

und MMP-3 hingegen zeigten eine schwache Expression in gewissen gesunden Geweben 

(wie z.B. in der Leber). In der Biodistribution wiesen nur MMP-3-Antikörper eine selektive 

Anreicherung im Krebsgewebe auf, während sie aus den anderen gesunden Organen rasch 

ausgeschieden wurden. Im Gegensatz dazu zeigten MMP-1A- und MMP-2- Antikörper keine 

bevorzugte Anreicherung im subkutanen F9-Tumor.  

Die beschriebenen MMP-3-Antikörper können demzufolge in Zukunft als Vehikel für die 

effiziente und zielgerichtete Lieferung von Stoffen für bildgebende Verfahren oder von 

therapeutischen Molekülen zum Ort der Krankheit dienen. 
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1 INTRODUCTION 
 

1.1 Antibodies 
 

1.1.1 Monoclonal antibodies 

In pharmaceutical biotechnology, antibodies are indisputably the best-established class of 

binding molecules that can be rapidly isolated with high affinity and specificity to virtually any 

antigen of choice. Indeed, 35 years after the advent of hybridoma technology (Kohler and 

Milestein, 1975) antibodies are nowadays routinely used in biomedical research for analytical 

and separation purposes, are essential ingredients in many diagnostic procedures, and 

represent the fastest growing sector in the field of the therapeutic proteins. Engineered 

antibodies and fragments thereof generate more than 30% of all revenues in the 

biotechnology market and are expected to reach $ 26 billion by 2010 (Chames et al, 2009). 

Not only the high affinity and specificity, but also the variety of mechanism of actions (e.g., 

neutralization, interfering with cell signaling, antibody-dependent cellular toxicity and/or 

complement activation) and favorable pharmacokinetic profiles contribute to the great 

success of this class of drug. Table 1.1 gives an overview of monoclonal antibodies 

approved by FDA for therapy. 

 
Table 1.1: Monoclonal antibodies approved for therapeutic use (adapted from Chames et al, 2009) 

Generic name 
 

Trade name 
 

Antibody 
format 

Antigen 
 

Approved indication 
 

FDA 
approval 

MuromomAb Orthoclone Murine, IgG2a CD3 Allograft rejection in allogeneic 
renal transplantation 86/06/19 

AbciximAb Reopro Chimeric, 
IgG1(Fab) 

GPIIb / 
IIIa  Maintenance of coronary patency 94/12/22 

RituximAb MAbthera Chimeric, IgG1 CD20 CD20-positive B-cell non-
Hodgkin’s lymphoma 97/11/26 

DaclizumAb Zenapax Humanized, 
IgG1 

CD25 
(II2r) Allograft rejection 97/12/10 

BasiliximAb Simulect Chimeric, IgG1 CD25 
(II2r) Allograft rejection 98/05/12 

PalivizumAb Synagis Humanized, 
IgG1 Protein F Respiratory syncytial virus (RSV 

inhibitor) in children 98/06/19 

InfliximAb Remicade Chimeric, IgG1 TNFα Crohn’s disease and rheumatoid 
arthritis  98/08/24 

TrastuzumAb Herceptin Humanized, 
IgG1 

Her2 / 
Neu Metastatic breast cancer 98/90/25 

GemtuzumAb Mylotarg 
Humanized, 
IgG4; 
immunotoxin 

CD33 CD-33-positive acute myeloid 
leukemia 00/05/17 

AlemtuzumAb MAbcampath Humanized, 
IgG1 CD52 B-cell chronic lymphocytic 

leukemia 01/05/07 

IbritumomAb Zevalin 90Y 
Mouse, IgG1, 
radiolabeled 
 

CD20 B-cell non-Hodgkin`s lymphoma 02/02/19 
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AdalimumAb Trudexa Human, IgG1 TNFα Crohn’s disease and rheumatoid 
arthritis 02/12/31 

OmalizumAb Xolair Humanized, 
IgG1 IgE Treatment of asthma 03/06/20 

TositumomAb Bexxar Murine, IgG2a, 
radiolabeled 131I CD20 CD20-positive B-cell non-

Hodgkin’s lymphoma 03/06/27 

EfalizumAb Raptiva Humanized, 
IgG1 CD11a Moderate to severe plaque 

psoriasis 03/10/27 

CetuximAb Erbitux Chimeric, IgG1 EGFR Metastatic colorectal and head 
and neck carcinoma 04/02/12 

BevacizumAb Avastin Humanized, 
IgG1 VEGF-A Metastatic colorectal and non-

small cell lung carcinoma 04/02/26 

NatalizumAb Tysabri Humanized, 
IgG4 

Integrin-
α4 Multiple sclerosis 04/11/23 

RanibizumAb Lucentis Humanized, 
IgG1 (Fab) VEGF-A Wet-type age-related macular 

degeneration 06/06/30 

PanitumomAb Vectibis Human, IgG2 EGFR Metastatic colorectal carcinoma 06/0/27 

EculizumAb Soliris Humanized, 
IgG2/4 C5 Paroxysmal nocturnal 

haemoglinuria 07/03/16 

CertolizumAb 
pegol Cimiza 

Humanized, 
IgG1, PEGylated 
Fab 

TNFα Crohn’s disease 08/04/18 

 

1.1.2 Antibody formats 

Since 1975, when Kohler and Milestein developed the hybridoma technology to efficiently 

produce monoclonal antibodies (mAbs) (Kohler and Milestein, 1975), it has been widely 

believed that these molecules could be ideal reagents for imaging and therapy. However, the 

early excitement was rapidly replaced by disappointment when it became clear that these 

molecules were facing serious problems when used as therapeutics:  

1) The first antibodies were of murine origin and when injected into patients, they were 

recognized as foreign and were eliminated by the immune system [Figure 1.1]. 
2) The antibodies could not interact properly with the components of the immune system 

because of their murine nature and, therefore, the biological efficacy of these 

antibodies was severely restricted for some applications. 

 

In the early 90s, Winter and Milestein cloned the genes of IgG molecules and, as a result, the 

genes of any mAb of interest could be cloned in eukaryotic expression vectors (Winter and 

Milestein, 1991) and could be produced by various cell lines. This achievement could solve 

problems in the mAb production caused by the instability of many hybridoma cell lines 

(Chames and Baty, 2000).  
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Figure 1.1: Chimeric and humanized antibodies. Murine sequences are shown in red and human sequences in 

green. Light chains are depicted in light colors and heavy chains in dark colours. (Figure adapted from Chames 

et al, 2009)  
 
The binding activity of IgG molecules is generated by the variable domains of heavy and light 

chains. The fact that antibodies were highly conserved during evolution allowed the 

generation of chimeric antibodies by fusing murine variable domains (thus retaining the 

binding specificity) with human constant domains (Neuberger et al, 1985) [Figure 1.1].  
These chimeric antibodies are 70% human and their Fc portion is fully human. Therefore, 

they are less immunogenic in humans and are able to interact efficiently with components of 

the human immune system.   

An important accomplishment in the field of antibody engineering was the “antibody 

humanization”, obtained replacing the hypervariable loops of a fully human antibody with the 

hypervariable loops of the murine antibody. Humanization results in a further reduction of the 

murine components in mAbs. The technique is also referred to complementary-determining 

region grafting (Jones et al, 1986). These humanized antibodies are 80-90% human in 

sequence and are less immunogenic compared to the chimeric antibodies [Figure 1.1 and 
Table 1.1]. 
Besides creation of chimeric or humanized antibodies, antibody engineering has been used 

to produce various antibody fragments that retain the binding activity of the full length IgG 
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[Figure 1.2]. These new formats can be advantageous for certain applications (Hollinger and 

Hudson, 2005).  

 

 
Figure 1.2: Antibody fragments with therapeutical potential. A conventional antibody is shown in green (light 

for the light chain, dark for the heavy chain, blue triangle indicating the glycosylation site) and the derived 

fragments (shaded areas represent the binding sites).  The orange colour symbolizes a different specificity . HcAb 

from camelids and their fragments (sdAbs for single domain antibodies) are depicted in blue. The red molecule is 

depicting a cytokine or a toxin. bsAb, bispecific antibodies; bsFab, bispecific Fab fragment; HcAb, heavy chain 

only antibodies. (Figure adapted from Chames et al, 2009) 
 
Full IgGs are limited in tumor penetration due to their large size, and their long serum half-life 

is not suitable for certain applications as radioimmunotherapy or imaging, since it would lead 

to irradiation of healthy tissue and high background. Antibody fragments such as single chain 

variable fragment (scFv), have no effector function, and represent attractive alternatives for 

certain applications, as they are monovalent and are rapidly eliminated by renal clearance 

[Figure 1.2].  
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ScFv fragments 

The scFv fragments consist of the variable domains of the heavy and the light chain linked by 

a flexible peptide linker [Figure 1.2]. They were described very early as small fragments 

retaining the binding activity of the full IgG molecule in a monovalent fashion (Bird et al, 

1988). Due to its very short half life, the scFv format is not often used for in vivo therapeutic 

applications, although it has been extensively used as a binding moiety to be incorporated in 

more complex molecules. Recently, a scFv fragment binding to TNF-α (ESBA105) 

formulated as eye drops has entered phase I clinical trials for the topical administration in 

uveitis (Furrer et al, 2009). We anticipate a growing use of scFv fragments for locoregional 

applications, or for in vivo neutralization strategies where fast clearance is desired. 

 

Diabody fragments 

Diabodies are formed by reducing the length of the linker between heavy and light chain of a 

scFv, thus inducing the formation of non-covalent homodimers (Hollinger et al, 1993) [Figure 
1.2]. They are compact, medium-size (60 kDa) molecules and are a suitable choice for 

imaging applications. Besides increasing the molecular size, the dimerization provides 

bivalence, which leads to a higher avidity which is often desired and usually results in higher 

tumor retention. Thus, diabodies offer further advantages as rapid tissue penetration, high 

target retention and a rapid blood clearance.  

 

Single domain antibodies and heavy chain antibodies 

More recently, several groups have shown that high affinities could be obtained using a 

single variable antibody domain [Figure 1.2]. The group of Greg Winter reported the use of 

mouse variable domains as binding units (Ward et al, 1989), but this approach was not 

further investigated because the majority of these domains tended to aggregate 

spontaneously. Later it was found that camelides and sharks express a type of antibody 

without light chains [Figure 1.2], called heavy chain antibodies (HcAbs) (Hamer-Casterman 

et al, 1993). These antibodies have a single variable domain, which generates high affinities 

towards a large spectrum of antibodies. These small domains (13 kDa), termed single 

domain antibodies (sdAbs) or nanobodies, can easily be produced in bacteria or yeast. 

Nowadays, several studies have been demonstrated the possibility to develop human 

variable domains into stable sdAbs (Holliger and Hudson, 2005). These fragments exhibit 

several advantageous characteristics as high binding affinity and specificity, ease of 

production, and potentially, administration via alternative routes other than intravenous 

injection. Furthermore, sdAbs can be very efficiently engineered as targeting moiety of more 

complex molecular constructs. 
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Miniantibody or small immuno proteins (SIPs) 

The miniantibody format is created by fusing the scFv at the NH2-terminus of a human εCH4 

domain of the secretory isoform S2 of human IgE (Borsi et al, 2002). Other groups have used 

the CH3 domain of IgG for homodimerization purposes (Wu and Yazaki, 2000). This domain 

promotes the formation of homodimers that are further stabilized by disulfide bonds between 

the COOH-terminal cysteine residues, resulting in a 75 kDa bivalent miniantibody. This 

format is superior to IgG and to scFv in achieving high tumor-to-organ ratios (Borsi et al, 

2002) and for radioimmunotherapeutic applications (Berndorff et al, 2005) [Figure 1.2].  
The SIP format offers a good compromise between high tumor uptake and fast elimination 

from the blood and from organs (Hu et al, 1996; Wong et al, 2004). Furthermore, the bivalent 

nature of SIP-miniantibodies leads to improved functional affinity due to avidity effects 

compared with their monomeric scFv counterparts (Brack et al, 2006).  

 

Bispecific antibodies 

Bispecific antibodies are able to bind two different antigens simultaneously, e.g. for the 

cross-linking of two receptors on a cell. The first method to produce bispefic antibodies was 

already described in 1983 (Milstein and Cuello, 1983) [Figure 1.2]. The so-called hybrid-

hybridomas, or quadromas, comprises a fusion of two hybridoma cell lines. This procedure is 

complex, time-consuming and led often to inhomogenous protein preparations. As an 

alternative, the chemical or genetic coupling of Fab fragments was described in 1987 

(Glennie et al, 1987). Furthermore, the inclusion of a CH3 domain into antibody fragments 

has been used as a dimerization domain, and a modified form of a CH3 domain has been 

used to direct hetero-dimerization (Carter, 2001). Perhaps the most effective way to generate 

bispecific antibody fragments is the expression of bispecific single-chain Fv fragment as 

diabodies [Figure 1.3] and as BiTE bispecifics. The latter ones are bispecific scFv fragments 

fused by peptidic linker and were commercialized by the biotechnology company Micromet. 

Micromet investigates currently several bispecific BiTe antibodies in Phase I and Phase II 

clinical trials, mainly for the treatment of cancer (www.micromet.de). 

 

 
Figure 1.3: Bispecific diabodies. If a linker of a scFv fragment is about five amino acids long, the variable 

domains tend to dimerize. When equipped with variable domains exhibiting different specificities, such dimeric 

scFvs can make bispecific fragments called bispecific diabodies (adapted from Brekke and Sandlie, 2003). 
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Immunocytokines and immunotoxins 

Antibody fragments have also been used as the binding moiety in newly created molecules 

endowed with new effector functions. Various proteins have been fused to antibody 

fragments. For example, promising results have been obtained with immunocytokines 

consisting of a cytokine, e.g. IL-2, fused to the tumor targeting antibody fragment L19 (Borsi 

et al, 1998). These molecules have the potential to activate the immune system at the tumor 

site. Several antibody-cytokine fusions are currently tested in clinical trials (Schliemann et al, 

2009). 

 

1.1.3 Antibody alternatives 

1.1.3.1 Scaffolds  

More recently, antibody-based efforts have been complemented by the development of 

alternative protein frameworks, termed “scaffolds”. Candidate domains for suitable scaffolds 

should have a structurally rigid core which allows either amino acid substitutions or inserts in 

loops or side chain replacements on a contiguous patch of the surface. In order to isolate 

new molecules with different functions and novel binding properties to a desired target 

protein, the scaffold protein should be suited for diversification and selection. The common 

approach is to use random mutagenesis of suitable amino acids of the scaffold to generate a 

synthetic library followed by selections of variants with desired binding activity. The scaffold 

protein should fulfill preferably certain properties as high protein solubility, thermodynamic 

and chemical stability, single polypeptide chain format, high bacterial expression for cheap 

production, functionality in absence of disulfide bonds and human origin (Friedmann and 

Stahl, 2009; Skerra, 2007; Nutall and Walsh, 2008). 

 

Mutations introduced in the protein scaffold to produce diversity may compromise the three-

dimensional structure, stability and solubility of the protein scaffold, thus making the isolation 

of protein binders based on other folding frameworks than the immunoglobulin fold difficult. 

Nevertheless, more than 50 scaffolds have been described for the generation of new protein 

binders (reviewed in Skerra, 2007). The vast majority of the described scaffolds have been 

used for research purposes only (e.g., probing the specificity determinants of WW-domains 

to their ligands (Dalby et al, 2000), elucidating target recognition rules of SH3 domains 

(Panni et al, 2002; Hiipakka et al, 1999), or identifying signal transduction pathways with the 

staphylococcal nuclease as scaffold (Norman et al, 1999). However, a few scaffolds are 

being pursued by small – and medium sized biotechnology companies (reviewed in Hey et 

al, 2005) for the development of drug candidates, the most advanced ones yielding first 

clinical data [Figure 1.4]: 
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- Adnectins (tenth type III domain of human fibronectin) 

- Avimers (A-domains) 

- DARPins (designed ankyrin repeat proteins) 

- Kunitz type domains 

 

The Adnectin called CT-322 is a VEGF-R2 antagonist that has recently completed phase I 

clinical trials in patients with advanced solid tumors and non-hodgkin’s lymphoma (Adnexus 

homepage, now a Bristol Myers Squibb company). Notably, 31 out of 39 patients developed 

an immune response to the injected drug CT-322 (Beyond Antibodies Conference, 2009, 

San Diego). As the compound just entered phase II clinical trials, we will learn more in the 

near future about the suitability of Adnectins as therapeutic proteins. 

 

Avimers are based on human A-domains (Huang et al, 1999; North et al, 1999), first 

commercialized by Avidia (now Amgen). The first drug candidate is an IL-6 inhibitor for the 

treatment of inflammatory diseases. However, after entering phase 1 clinical trials in 2006 in 

patients with Crohn’s disease, no significant progress has been made with regards to the 

clinical development (Amgen homepage). Recent data in the public domain indicate that 

Amgen is further engineering Avimers for the neutralization of IL-6 mediated effects, before 

re-entering clinical trials in the near future (Beyond Antibodies Conference, 2009, San 

Diego). 

 

The Zurich-based company Molecular Partners commercializes the DARPin technology, 

which is based on ankyrin repeat proteins (Binz et al, 2004). In January 2010, the first 

DARPin (MP0112) neutralizing VEGF entered phase I clinical trials for intravitreal injection in 

patients with diabetic macular edema. As the DARPins were newly designed and are not 

found in nature in this format, their immunogenic potential should be investigated in detail. 

 

In December 2009, the first scaffold developed by Dyax Corp. called DX-88 was approved by 

FDA for the treatment of HAE (hereditary angioedema), a rare disorder with attacks of 

edema in the hands, face, feet, abdomen and/or throat. This condition is caused by a genetic 

deficiency of C1-esterase inhibitor. DX-88 is based on a Kunitz type domain and inhibits 

plasma kallikrein with an affinity of 40 pM, thereby preventing acute attacks of edema in 

these patients.  
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Figure 1.4: Cartoon illustrating examples of scaffolds. A Adnectins, B Avimers, C Kunitz type domains and D 

DARPins (Figure adapted from Friedman and Stahl, 2009; Silverman et al, 2005)  
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1.2 Generation of antibodies in vitro 
 

1.2.1 Selection methodologies 

The isolation of proteins with desired binding properties from large repertoires of mutants can 

be a challenging task. As antibody libraries are very large (typically, billions of different 

clones in one single pot library) individual members of the repertoire cannot be assayed one 

by one due to practical reasons and time limitations. Therefore, a number of ingenious 

techniques have been developed which mimick the natural process of evolution in the 

laboratory. A common property of all selection technologies is the linkage of the genetic 

information (genotype) with the encoded polypeptide (phenotype). This allows the 

amplification of the genetic information of the isolated protein mutants, leading to the survival 

genotypes which code for favorable polypeptides. By repeating the two steps of generating 

genetic diversity followed by selection for a desired protein activity, proteins can be evolved 

in vitro (Hoogenboom, 2005). The next sections introduce the most established selection 

methodologies.  

 

1.2.2 Phage display 

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 polypeptides displayed on 

phage. In 1985 Smith reported the use of non-lytic filamentous bacteriophage fd for the 

display of specific binding peptides on the phage coat (Smith, 1985). Furthermore, besides 

the demonstration of peptides on phage, the groups of Winter (McCafferty et al, 1990) and 

Wells (Lowman et al, 1991) demonstrated the display of functional folded proteins as 

antibody fragments or hormones on the phage surface [Figure 1.5]. 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 phenotype and 

genotype. 
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Phage coat
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Phage coat
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Protein pIII  
Figure 1.5: Phage displaying a binding protein (in this case a Fab fragment) as fusion protein with the pIII 
protein of the phage. 
 
It is possible to create repertoires of phage (phage display libraries) in which the proteins 

displayed on each phage represent a population of different molecules with different 

properties. If a phage particle is isolated due to its phenotype displayed on the surface (e.g. 

binding specificity), the genetic information coding for the protein is co-isolated. As an 

example, one can consider the selection of a binding specificity from a displayed scFv 

fragment library. The library on phage is panned against an antigen of interest; unbound 

phage are washed away, whereas specifically binding phage are enriched and amplified in 

bacteria. Several rounds of selection can be performed (typically 2-4 rounds) [Figure 1.6]. 
As a result, even very rare phenotypes present in large repertoires can be selected and 

amplified from a background of phage carrying undesired phenotypes. 

Phage particles are very stable and they are still infective when treated with acids, bases 

denaturants or proteases. Therefore, various elution protocols can be performed and have 

been used for other applications than for the isolation of binding proteins, e.g. for the 

selection of proteins with altered thermal stability (Bothmann and Pluckthun, 1998; 

Kristensen and Winter, 1998), the isolation of catalytically active enzymes (Pedersen et al, 

1998; Demartis et al, 1999; Heinis et al, 2001), or to select aggregation resistant domain 

antibodies on phage by heat denaturation (Jespers et al, 2004). 
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Figure 1.6: Selection of binders from a phage display library. A library of proteins displayed on the phage 

surface is used for performing the selections. Phage displaying a binding protein is captured on the immobilized 

antigen. Unbound phage can be discarded, whereas bound phage can be eluted and used for E. coli infection and 

can then be amplified. The eluted and amplified phage population can be used for further rounds of panning. 

 
Filamentous phage particles covered by thousands of copies of a small major coat protein 

(pVIII) are around 6 nm in diameter and 900 nm in length. Few copies of the minor coat 

proteins pIII and pVI are displayed at one extremity of the phage particle, wheras pVII and 

pIX are present at the other extremity. The minor coat protein pIII, the product of gene III, is 

displayed in 3 to 5 copies and is responsible for the adsorption of the phage to the bacterial 

pilus. Peptides and proteins have been displayed on phage as fusions with different minor 

and major coat proteins (Silacci, 2006; Greenwood et al, 1991; Gao et al, 1999; Gao et al, 

2001).  

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. 

Using phage vectors, most peptides and folded proteins can be displayed as pIII fusions, 

while only short peptides of 6 to 7 residues without cysteine give rise to functional phage 

when displayed as pVIII fusions (Iannolo, 1995). 

 

Phagemids are more popular vectors for phage display. They are plasmid vectors that 

contain only the gene III with appropriate cloning sites and a packacking signal as phage-

derived sequences. For the production of functional phage particles, phagemid containing 

bacteria need a superinfection with helper phage particles containing the complete phage 
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genome. Phagemid vectors encoding the polypeptide-pIII fusion are preferentially packaged 

into the phage particles, due to the fact that helper phage used for superinfection (such as 

M13K07 or VCS-M13) have a defective origin of replication, which also serves as packaging 

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

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

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

(polypeptide-pIII): pIII ranging between 1:5 and 1:10000 have been reported in literature 

(Kristensen and Winter, 1998; Silacci et al, 2005). Furthermore, it has been reported that 

phage particles obtained by using a phage vector, are polyvalent (i.e. 3-5 identical 

polypeptides displayed on one phage particle), whereas the use of phagemids typically yields 

monovalent phage binders. This property may be useful for the isolation of high-affinity 

binders from a library, by reducing avidity effects. 

Besides antibody fragments, mutants of globular proteins and enzymes have been 

successfully  displayed and selected on phage, as for example domain antibodies (Jespers 

et al, 2004), lipocalins (Skerra, 2000), A-domains (Silverman et al, 2005), fibronectin type III 

domains (Koide et al, 1998), Kunitz type domains (Ley et al, 1996), SH3 domains (Panni et 

al, 2002; Hiipakka et al, 1999; Grabulovski et al, 2007), biotin ligase and trypsin (Heinis et al, 

2001).  

 

Not every protein can be displayed on phage as fusion with pIII, because proteins that fold 

well in bacteria are often displayed poorly on filamentous phage. The inefficient display of 

proteins are caused by several reasons such as proteolytic cleavage of the pIII fusions or 

poor incorporation of the pIII fusion protein into the phage coat, e.g. via competition with the 

pIII from helper phage. In order to obtain a sufficient number of phage particles displaying the 

fusion protein, high titers of phage are needed, thus limiting the diversity of protein mutants 

that can be accessed for selection.  

An additional limitation of phage display is the need for transformation of bacterial cell by 

electroporation, which is laborious and time consuming. Typically, the size of phage display 

libraries are in the range of 109-1011 individual library members (Rauchenberger et al, 2003). 

 

1.2.2.1 ETH-2 Gold antibody library 

The ETH-2 Gold library is a synthetic human antibody phage library displaying antibody 

fragments in the scFv format. The scFv antibody format exhibits various advantageous 

properties as superior expression and stability compared to Fab fragments. The library has 

been cloned into a phagemid vector encoding scFv-pIII fusion proteins. 

The ETH-2 Gold library contains three billions individual antibody clones and was produced 

by appending short variable complementary determing region 3 (CDR3) onto three antibody 
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germline segments (DP47, DPK22 and DPL16) [Figure 1.7]. These germlines dominate the 

functional repertoire in human beings and represents 12%, 25% and 16% respectively of the 

antibody repertoire in humans (Kirkhman et al, 1992; Griffiths et al, 1994). The use of the 

DP47 VH germline segment offers various advantages as a higher thermostability (Ewert et 

al, 2003) and the possibility of using protein A for antibody purification and detection 

(Hoogenboom and Winter, 1992). Variability was confined to the Vκ  positions 91, 92, 93, 94 

and 96 and to the Vλ positions 91 to 96 for VL CDR3 and to four to six residues at positions 

95 to 100 in the VH CDR3 [Figure 1.7], in accordance with their role as common antigen 

contact regions and with the high variability of naturally occurring antibodies in these regions 

(Padlan, 1994). 

 

 
Figure 1.7: Design of the ETH-2 Gold antibody phage library. Structures of the scFvs: A The DPK22 (Vκ) 

backbone is represented in blue and the DP47 (VH) in green. Residues subject to random mutation (spacefill 

representation) are DPK22 CDR3 positions 91, 92, 93, 94 and 96 (light blue) and DP47 CDR3 positions 95, 96, 

97, 98, 99 and 100 (yellow) (1igm (Brookhaven database). 

B The DPL16 (Vλ) backbone is represented in red and the DP47 (VH) in green. Residues subject to random 

mutation (spacefill representation) are DPL16 CDR3 positions 91, 92, 93, 94 and 96 (orange) and DP47 CDR3 

positions 95, 96, 97, 98, 99, and 100 (yellow) (8FAB (Brookhaven Protein Data Bank)). (Figure adapted from 

Silacci et al, 2005) 

 

A 

B 
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1.2.2.2 In vitro affinity maturation by site-directed mutagenesis 

A problem often associated with phage display is the relatively low affinity of antibodies 

isolated after selections from single pot libraries. However, phage display offers a solution to 

improve the low affinities of the isolated binders by so-called in vitro affinity maturation. In 

vitro affinity maturation procedures rely on the directed mutagenesis of antibody sequences 

to generate secondary libraries, thus mimicking in vivo affinity maturation [see Figure 1.8] 
(Carnemolla et al, 1996; Borsi et al, 2002; Pini et al, 1998; Schmitz et al, 1999). 

 

 
Figure 1.8: Concept of the affinity maturation. (Figure adapted from Rothe et al, 2006) 

 
Antibodies are ideal candidates for targeted sequence diversification because of their high 

degree of sequence similarity and their conserved and well-studied protein fold. Many in vitro 

affinity maturation efforts using combinatorial libraries in combination with display 

technologies have targeted the complementary determing regions (CDRs) containing the  

antigen-binding site. Normally, amino acid residues are fully randomized with degenerate 

oligonucleotides. If applied to all positions in a given CDR, combinatorial mutagenesis would 

create more variants than can be displayed on phage. In addition, the indiscriminate mutation 

of too many residues creates many variants that no longer bind the antigen, thus reducing 

the functional library size. Therefore, some scientists restrict the number of mutations to only 

few residues per library (Thom et al, 2006). Furthermore, mutagenesis has also been 

focused on natural hotspots of hypermutation (Ho et al, 2005), or the residues to be targeted 

were chosen based on mutational or structural analyses as well as molecular modeling 

(Osbourn et al, 1996; Yelton et al, 1995; Chen et al, 1999). 

Further affinity improvements have been achieved by recombining mutations within the same 

or different CDRs of improved variants (Rajpal et al, 2005; Yelton et al, 1995; Chen et al, 

1999). 
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Figure 1.9: Schematic representation of an example for in vitro affinity maturation by mutation of CDR 
loops of an antibody from the ETH-2 Gold library. An antibody selected from the ETH-2 Gold library (primary 

library with  CDR3 of VH and VL in pink spacefill) is used as template for the construction of a secondary library 

with mutated residues in CDR1 of VH and VL (in green spacefill). The best performing clone from the secondary 

library is used as template for the the construction of a third library with mutations in CDR2 of VH and VL (in white 

spacefill). This procedure can be extended to more residues until the desired affinity is obtained (PDB entry: 

8FAB). 

 

In animals, the diversity introduced by somatic hypermutation in the maturation process is 

mainly located at the periphery of the antigen-binding site, i.e. in CDR1 and CDR2 loops. 

Therefore, CDR1 and CDR2 of heavy and light chain are ideal target regions for in vitro 

affinity maturation procedures and are very well applicable for libraries based on single 

scaffolds such as the ETH-2 Gold library. Its modular design allows simple affinity maturation 

of antibodies of interest by introducing diversity in CDR1 and CDR2 using standard primers 

identical for each clone (Pini et al, 1998) [Figure 1.9].  
 

1.2.3 Iterative colony filter screening 

Filter screening techniques could in principle represent an alternative to phage display. 

Clones (typically <106 ) are simultaneously assayed for their ability to generate the binding 

specificity of interest, thereby preventing the loss of binders that may occur during 

biopanning. Gherardi et al. (Gherardi et al, 1990) described a filter screening methodology 

for the identification  of  the clones secreting an antibody specific to a given antigen, out of 

several thousands hybridoma clones. This methodology was improved by Skerra et al. 

(Skerra et al, 1991; Dreher et al, 1991) who developed a two-membrane system for detection 

of antigen binding antibodies by antibody Fab fragments secreted by bacterial colonies. 

A

VH VL VH VL VH VL 

A A
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A modified version of this methodology was used for the isolation of antibodies from a large 

library with millions of different clones.  The naïve ETH-2 antibody library was used (Viti et al, 

2000), in form of a pool of antibody secreting bacteria, to isolate monoclonal antibodies 

specific for the extra-domain-B (EDB) of fibronectin (Giovannoni et al, 2001) [Figure 1.10]. 
 

 
Figure 1.10: Schematic representation of the iterative colony screening method. Bacteria expressing 

potentially different antibody fragments were spread on a Durapore filter membrane (A). On the filter placed on a 

solid medium repressing expression of the antibody fragments, colonies were visible after 8 hours incubation at 

37°C (three different colonies were depicted schematically). A second filter membrane (B) was coated with the 

antigen of interest (depicted as pyramids), placed on a solid medium able to induce the expression of scFvs, and 

in contact with membrane A. Antibody fragments were captured on membrane B, and could be determined by an 

enzymatic colourimetric reaction. The corresponding colonies could be identified on membrane A, could be 

regrown and the procedure was repeated until single positive colonies producing monoclonal antibodies were 

identified. (Figure adapted from Giovannoni et al, 2001) 

 

1.2.4 Yeast surface display 

Yeast cell surface display systems have been found to be effective for the display of scFv 

fragments and the development of antibodies with enhanced stability and affinity (Boder and 

Wittrup, 1997; Boder and Wittrup, 2000; Feldhaus et al, 2003). In the studies cited, functional 

scFv antibody fragments were successfully expressed on the yeast cell surface by fusion to 

the C-terminus of Aga2p. The Aga2p-scFv fusion protein was linked to Aga1p by two 

disulfide bonds [Figure 1.11]. Boder and Wittrup reported, that the scFv fragments of the 

antifluorescein antibody displayed on the cell surface was able to bind fluorescein-

conjugated dextran, demonstrating that the antibody-binding site is accessible to very large 

macromolecules (Boder and Wittrup, 1997). Yeast cell-surface display systems also offer 

many advantages for screening of large combinatorial scFv libraries, and together with 
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fluorescence activated cell sorting (FACS) allow the rapid isolation of rare clones with 

desired characteristics (Boder and Wittrup, 1997; Boder et al, 2000, Feldhaus et al, 2003). In 

addition, solid phase capturing methods, such as magnetic separation, are efficient tools to 

isolate target cells from large cell-surface libraries without using expensive equipment 

(Furakawa et al, 2003). Several successful cases of isolation of scFv with high affinity to a 

certain antigen have been reported (Boder and Wittrup, 2007; Boder and Wittrup, 2000; 

Feldhaus et al, 2003). 

 

 
Figure 1.11: Illustration of yeast surface display. An epitope from the hemaglutinin antigen HA is fused to the 

carboxyl terminus of the Aga2 protein subunit of α-agglutinin, followed by an antifluorescein scFv sequence, 

which in turn is fused to a c-myc epitope tag. The HA and c-myc epitope tags allow a quantification of the number 

of fusion proteins per cell and determination of the accessibility of the different domains of the fusion protein to the 

antibody detection. (Figure adapted from Cereghino and Cregg, 1999). 

 

1.2.5 Ribosome display 

In ribosome display (Mattheakis et al, 1994), the link between the antibody and encoding 

RNA is made by the ribosome, which is at the end of RNA translation made to stop without 

releasing the polypeptide. The ternary complex as a whole is then used for selections. 

(Hoogenboom, 2005) [Figure 1.12].  
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Figure 1.12: Stepwise progression of in vitro ribosome display and panning on immobilized antigen. The 

cDNA represents the gene repertoire, which has to be PCR-amplified to add a promoter for the RNase 

polymerase, usually the T7-promoter, a ribosome-binding site and translation initiation codon (AUG) to the 3’-end. 

Transcription and translation in a cell-free environment lead to the generation of ternary complexes containing the 

mRNA, the protein and the ribosome. These are then panned on immobilized antigen and sequence covered by 

RT-PCR. As the selection round proceed in repeated cycles, enriched binders can be cloned into an expression 

vector and then further characterized through functional binding analysis. (Figure adapted from Rothe et al, 

2006) 

 

 

This display method is carried out entirely in vitro, thereby eliminating the need of bacterial 

transformation. The other advantage of the method lies in the mutagenesis steps inherently 

associated with the library amplification (e.g. non-proof-reading polymerases) (Hoogenboom, 

2005). 
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Antibodies with nanomolar and picomolar affinities have been selected with this in vitro 

method following rapid affinity maturation cycles (Hannes et al, 2000; Binz et al, 2004; Irving 

et al, 2001). 

One disadvantage of this fully in vitro system is its sensitivity to RNase activity, which may 

lead to degredation of the mRNA, causing the ribosome complex causing to fall apart. 

Therefore, a ribonuclease-free environment is essential (Rothe et al, 2006). Furthermore, 

ribosome display implicitly depends on a large fraction of the ribosomes translating the 

protein to the end in order for it to fold properly. However, in vitro, such full-length translation 

rarely happens on all ribosomes. Therefore, a certain fraction of molecules displayed are not 

full-length. This in turn may limit the enrichment factor, as the incomplete synthesis products 

would be more likely not to fold, and, consequently bind non-specifically (Lipovsek et al, 

2004). 
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1.3 Tumor targeting 

 

1.3.1 The concept 

The cancer chemotherapy relies on the expectation that the anti-cancer drugs will 

preferentially kill rapidly proliferating tumor cells rather than normal cells (Chari, 1998). Large 

doses of drug are needed to kill a large portion of tumor cells in order to maintain complete 

remission. Toxicity towards proliferating non-malignant cells and severe systemic side effects 

are the result of such high drug doses.  

 

 
Figure 1.13: The concept of tumor targeting. Research in tumor targeting aims at achieving selective 

localisation of agents at the tumor site (typically administered by intravenous injection), for diagnostic or 

therapeutic applications. (Figure adapted from Nilsson et al, 2001) 
 

Therefore, the most important goal of modern anti-cancer research is the development of 

more selective medicaments which are able to discriminate between healthy and diseased 

tissue and therefore achieve better therapeutic ratios.  

One avenue to improve the selectivity of therapeutic molecules would be to target them on 

the tumor side while sparing normal tissue [Figure 1.13]. With the development of hybridoma 

technology for the production of murine antibodies of defined specificity the concept of 

therapeutic magic bullets, formulated by Ehrlich at the end of the last century gained again 

substantial interest. 

Besides antibodies, various molecules (e.g. peptides, scaffolds, etc.) could be used as 

vehicles when having a certain affinity to tumor cells or when localizing at the tumor site by 

another mechanism. Tumor targeting could therefore be defined as the area of scientific 

research that aims at achieving selective localization of active compounds at the tumor sites 

(Nilsson et al, 2001). 
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1.4 Matrix metalloproteinases (MMPs) 

 

1.4.1 The MMP family 

Matrix metalloproteinases (MMPs) are a group of more than 20 zinc-containing extracellular 

proteinases that are capable of degrading multiple components of the extracellular matrix 

(ECM). Historically, the MMPs were divided into 4 different classes termed collagenases, 

gelatinases, stromelysins and matrilysins on the basis of their specificity for components of 

the ECM. The common names of the MMPs reflect this classification [Table 1.2]. Nowadays, 

as the list of MMP substrates has grown, a sequential numbering system has been adapted, 

and the MMPs are now grouped according to their structure. Seven different structural 

classes of MMPs are distinguished: four structural MMP classes are secreted and three are 

membrane-type MMPs (MT-MMP) (Egeblad and Werb, 2002) [Figure 1.14 and Table 1.2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14: The domain composition and important structural features of the various subtypes of MMPs. 
(Figure adapted from Somerville et al, 2003) 
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Many of the extracellular signalling events in which MMPs are involved and that regulate cell 

behaviour occur near or at the cell membrane. The MT-MMPs are covalently linked to the 

cell-membrane, whereas the secreted MMPs were localized to the cell surface by binding to 

integrins (Werb, 1997) or to CD44 (Yu and Stamenkovic, 1999; Yu et al, 2002), or through 

interaction with cell-surface associated heparan sulphate proteoglycans, collagen type IV or 

the extracellular matrix metalloproteinase inducer (EMMPRIN) (Sternlicht and Werb, 2001). 

 

Table 1.2: Human and murine matrix metalloproteinases (adapted from Egeblad and Werb, 2002) 

Mouse gene Human gene Protein names (common) Structural Class 

Mcola MMP-1 Collagenase 1, interstitial collagenase, 
fibroblast collagenase, tissue collagenase Standard domain 

Mcolb Not present Collagenase-like B Standard domain 

Mmp2 MMP-2 Gelatinase A, 72-kDa gelatinase, 72-kDa type 
IV collagenase, neutrophil gelatinase Gelatin-binding 

Mmp3 MMP-3 Stromelysin 1, transin-1, proteoglycanase, 
procollagenase-activating protein Standard domain 

Mmp7 MMP-7 Matrilysin, matrin, PUMP1, small uterine 
metalloproteinase Minimal domain 

Mmp8 MMP-8 Collagenase 2, neutrophil collagenase, PMN 
collagenase, granulocyte collagenase Standard domain 

Mmp9 MMP-9 Gelatinse B, 92-kDa gelatinase, 92-kDa type 
IV collagenase, granulcyte collagenase Gelatin-binding 

Mmp10 MMP-10 Stromelysin 2, transin-2 Standard domain 

Mmp11 MMP-11 Stromelysin 3 Furin-activated 

Mmp12 MMP-12 Metalloelastase, macrophage elastase, 
macrophage metalloelastase Standard domain 

Mmp13 MMP-13 Collagenase 3 Standard domain 

Mmp14 MMP-14 MT1-MMP, MT-MMP1 Transmembrane (TypI) 

Mmp15 MMP-15 MT2-MMP, MT-MMP2 Transmembrane (TypI) 

Mmp16 MMP-16 MT3-MMP, MT-MMP3 Transmembrane (TypI) 

Mmp17 MMP-17 MT4-MMP, MT-MMP4 GPI-anchored 

Mmp19 MMP-19 RASI 1 Standard domain 

Mmp20 MMP-20 Enamelysin Simple hemopexin domain 

Mmp21 MMP-21 XMMP, Homologue of Xenopus XMMP Standard domain 
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 MMP-22 Simple hemopexin domain (chicken; no human 
homologue known) 

Mmp23 MMP-23A Cystein array MMP (CA-MMP), femalysin, 
MIRF; MMP-21/MMP-22   Type II membrane 

Not present MMP-23B CA-MMP Type II membrane 

Mmp24 MMP-24 MT5-MMP, MT-MMP5 Transmembrane (Typ I) 

Mmp25 MMP-25 MT6-MMP, leukolysin, MT-MMP6 GPI-anchored 

Not present MMP-26 Matrilysin 2, endometase Minimal domain 

Mmp27 MMP-27 CMMP Simple hemopexin domain 

Mmp28 MMP-28 Epilysin Furin-activated  

 

1.4.1.1 MMP-1 

Matrix metalloproteinase 1 (MMP-1) belongs to the structural class of the standard domain 

MMPs [Figure 1.14 and Table 1.2]. It comprises a signal peptide, a propeptide, a catalytic 

domain, a hinge region and a hemopexin-like domain. Figure 1.15 shows the structure of the 

catalytic domain of human MMP-1. Stable knockdown of MMP-1 expression in cancer cells 

implanted in mice confirmed the important role of MMP-1 in tumorigenesis and metastasis 

(Overall and Kleifeld, 2006). Furthermore, it was recently shown that upregulation of MMP-1 

in cancer patients is associated with a poor prognosis (Murray et al, 1996). In inflammatory 

diseases, the proinflammatory cytokine IL-17 induces MMP-1 production (Cortez et al, 2007). 

This finding is in keeping with earlier studies, which showed a correlation between MMP-1 

expression and the development of arthritis (Vincenti and Brinckerhoff, 2002). 

 

 

Figure 1.15: Ribbon diagram of the catalytic domain of human MMP-1. Using the program PyMOL, the 

structures were modulated from the protein data base file 1CQR of Brookhaven Protein Data Bank.  
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1.4.1.2 MMP-2 

Matrix metalloproteinase 2 (MMP-2) belongs historically to the subgroup of the gelatinases 

[Figure 1.14 and Table 1.2] and to the structural group of the gelatin-binding MMPs. It 

comprises additionally three fibronectin type II domains inserted into the catalytic domain 

(Nagase and Woessner, 1999; McCawley et al, 2004) [Figure 1.16]. MMP-2 has been 

proposed as a therapeutic drug target for over 20 years, because of its high expression in 

many human tumors and its association with highly invasive cells (Liotta et al, 1980; Stetler-

Stevenson et al, 1994). Levels of MMP-2 expression were correlated with tumor 

aggressiveness (Davies et al, 1993). In experimental models, MMP-2 knockout mice showed 

reduced angiogenesis induction, melanoma growth and lung carcinoma metastasis (Itoh et 

al, 1998). In arthritic joints, MMP-2 expression is highly increased compared to the low 

expression levels in normal joint tissue (Konttinen et al, 1999; Yoshihara et al, 2000).  

 

 

Figure 1.16: Ribbon diagram of the catalytic domain of murine MMP-2 (lacking the three fibronectin type 2 
domains). Using the program PyMOL, the structures were modulated from the protein data base file 1QIB of 

Brookhaven Protein Data Bank.  

 

1.4.1.3 MMP-3 

Matrix metalloproteinase 3 (MMP-3) belongs historically to the stromelysins and to the 

structural group of the standard domain MMPs. It comprises, as MMP-1, a signal peptide and 

a propeptide, a catalytic domain and a hemopexin-like domain, but exhibits different 

substrate specificity [Figure 1.14 and Figure 1.17] (Overall and Kleifeld, 2006; Cawley et al, 

2004). Its expression is associated with tumorigenesis in mouse models (Fingleton, 2003). 

However, contradictory in vivo data were published about the role of MMP-3 in cancer 

development. McCawley and coworkers described recently the protective role of MMP-3 in 

squamous cell carcinoma (McCawley et al, 2008), whereas several studies demonstrated 

that MMP-3 expression in tumors is associated with increased aggressiveness (Kerkela and 
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Saarialho-Kere, 2003; Shima et al, 1992; Kusukawa et al, 1995; Airolo et al, 1997). In 

inflammatory diseases, MMP-3 contributes directly to the degradation of articular cartilage 

matrix components during naturally occurring and experimentally induced arthritis (Mudgett 

et al. 1998; Hasty et al, 1990; Brinckerhoff, 1991; Martel-Pelletier et al, 1994).  

 

 

Figure 1.17: Ribbon diagram of the catalytic domain of the murine MMP-3. Using the program PyMOL, the 

structures were modulated from the protein data base file 966C of Brookhaven Protein Data Bank. 

 

1.4.2 Regulation of MMP activity 

The MMPs are synthesized as inactive zymogens (proMMPs). They are kept inactive by an 

interaction between a cysteine-thiol group in the propeptide domain and the zinc ion bound to 

the catalytic domain: activation requires proteolytic removal of the propeptide prodomain 

(Sternlicht and Werb, 2001) [Figure 1.18]. Most of the MMPs are activated outside the cell 

by other activated MMPs or serine proteases. However, MMP-11, MMP-28 and MT-MMPs 

can also be activated by intracellular furin-like serine proteases before they reach the cell 

surface (Sternlicht and Werb, 2001). 
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Figure 1.18: The 'cysteine-switch' mechanism regulating the MMP zymogen. The thiol group of a conserved 

cysteine (C) at the carboxyl terminus of the pro-domain acts as a fourth inactivating ligand for the catalytic zinc 

atom in the active site; this results in the exclusion of water and keeps the enzyme latent. Displacement of the 

pro-domain by conformational change or proteolysis disrupts this cysteine-zinc pairing and the thiol group is 

replaced by water. The enzyme can then cleave the peptide bonds of its substrates. (Figure adapted from 

Somerville et al, 2003) 

 

Furthermore, the MMP activity is tightly controlled by endogenous inhibitors. Alpha-

macroglobulin, an abundant plasma protein (Sottrup-Jensen and Birkedal-Hansen, 1989) is 

the main inhibitor of MMPs in tissue fluids. Alpha-macroglobulin binds to MMPs and this 

complex then binds to a scavenger receptor and is irreversibly cleared by endocytosis. 

Similarly, thrombospondin-2 forms a complex with MMP-2 and allows the scavenger-

receptor-mediated endocytosis and clearance (Yang et al, 2001). Whereas, thrombospondin-

1 binds to pro-MMP-2 and 9 and directly inhibits their activation (Bein and Simons, 2000). 

The best studied endogenous MMP-inhibitors are the tissue inhibitors of MMPs (TIMPs) -1, -

2, -3 and -4, which reversibly inhibit MMPs in an one to one stoichiometric fashion (reviewed 

in Edwards, 2001). MMP inhibitors containing a subdomain with a structural similarity to 

TIMPs also exist, e.g. the carboxyterminal fragment of the procollagen C-terminal  proteinase 

enhancer protein (Mott et al, 2000) or the NC1 domain of collagen type IV (Netzer et al, 

1998). 

 

1.4.3 MMPs and Tissue Inhibitors of MMPs (TIMPs) in human cancer 

Enzymes that degrade the ECM have long been viewed as essential for tumor progression.  

In the early view of MMP action in cancer, MMPs were prime candidates for these activities. 

Then MMP family members can virtually degrade all structures of the extracellular matrix and 
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were present in almost all tumor cell lines [Figure 1.19]. Several studies reported that 

changes in MMP levels can markedly affect the invasive behaviour of tumor cells and their 

ability to metastasize in experimental animal models (Coussens et al, 2002). 

Further evidence supporting the hypothesis that MMPs promote tumor progression came 

from studies of their endogenous tissue inhibitors (TIMPs). Several groups demonstrated that 

overexpression of TIMPs reduced experimental metastasis (DeClerck and Imren, 1994; 

Montgomery et al, 1993; Koop, 1994; Khokha et al, 1994). Other studies exploited transgenic 

technology to reveal TIMP/MMP function; for example, mouse 3T3 cells became more 

tumorigenic after antisense depletion of TIMP-1, and TIMP-1 overproduction slowed 

chemical carcinogenesis in skin (Buck et al, 1999). 

 

 

Figure 1.19: Early and current view of the role of MMPs in cancer. A Early view of MMP action in cancer. 

MMPs (represented as scissors) were classically viewed as enzymes responsible degrading basement 

membrane and extracellular matrix components, thereby facilitating tumor cell invasion and metastasis. B Current 

view of MMP action in cancer. MMPs are now known to contribute to multiple steps of tumor progression in 

addition to invasion, including tumor promotion, angiogenesis, and the establishment and growth of metastatic 

leasions in distant organ sites. Although creating gaps in matrix barriers remains a role of MMP activity, MMPs 

are also known to solubilise cell surface and matrix-bound factors that can then act in an autocrine or paracrine 

manner to influence cellular properties such as growth, death and migration. (Figure adapted from Coussens et 

al, 2003) 
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Additionally, clinical data strongly support a role for MMPs in the progression of human 

cancer (Egeblad and Werb, 2002). A negative association between MMPs and prognosis is 

shown in most reports. However, there are few studies known in which increased expression 

of specific MMPs reflects a favourable prognosis. In colon cancer for example, MMP-12 

expression by carcinoma cells is associated with an increased survival (Yang et al, 2001) 

and MMP-9 expression by infiltrating macrophage is associated with reduced metastasis 

(Takeha et al, 1997).  

In several clinical studies, high levels of TIMP-1 and TIMP-2 also correlate with poor 

prognosis. This might reflect the fact that the balance between expression of MMPs and 

TIMPs, although still favouring the MMPs, is at a higher overall level during the increased 

matrix remodelling that occurs in tumor progression. High TIMP levels are therefore 

associated with bad prognosis and tumor progression, but they do not cause it (Egeblad and 

Werb, 2002). 

However, it seems that in some experimental settings TIMPs may contribute to cancer 

progression. For example, TIMPs can upregulate vascular endothelial growth factor (VEGF) 

secretion and thereby influence tumor angiogenesis (Yoshiji et al, 1998). Furthermore, 

animal experiments show that TIMP-2, despite its name, is an important activator of MMP-2 

(Egeblad and Werb, 2002). 

In human tumors, cancer cells are not the only source of MMPs. Whereas some MMPs are 

synthesized by cancer cells (for example MMP-7), many other MMPs are predominantely 

produced by stromal cells (e.g. MMP-2 and MMP-9). Tumoral stromal cells might be 

stimulated by cancer cells to produce MMPs in a paracrine manner through secretion of 

interleukins, interferons, emmprin and growth factors (Sternlicht and Werb, 2001). MMPs 

secreted by stromal cells can still be recruited to the cancer-cell membrane. For example, in 

human breast tumors MMP-2 mRNA is expressed by stromal cells, whereas MMP-2 protein 

is found on both stromal and cancer cell membrane (Polette et al, 1994) [Figure 1.20].  
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Figure 1.20: Expression of MMPs and TIMPs in breast tumors. In addition to cancer cells, tumors consist of 

stromal cells (including fibroblasts, myofibroblasts, endothelial cells, pericytes, macrophage, neutrophiles and 

lymphocytes). Besides cancer cells different MMPs and TIMPs are produced by stromal cells. (Figure adapted 

from Egeblad and Werb, 2002) 

 

Unlike classical oncogenes, MMPs are not upregulated by gene amplification or activating 

mutations in cancer cells. However, certain polymorphisms in MMP promoters can affect 

gene transcription and influence cancer susceptibility. For example, a single nucleotide 

polymorphism in the MMP-1 promotor contains either one or two guanines. The presence of 

two guanines leads to an enhanced transcription, so MMP-1 protein expression is higher in 

tumors from patients who carry two guanines compared to patients with one guanine in the 

promoter region of the MMP-1 gene (Kanamori et al, 1999). Additionally, it was reported that 

two homozygotes are more likely to develop invasive tumors (Ye et al, 2001; Zhu et al, 

2001). Another promoter polymorphism that is also linked with cancer is the one in the 

promoter of the MMP-3 gene, which contains either five or six adenosines (A). The frequency 

of the 6A allele which has half of the transcriptional activity of the 5A allele (Ye et al, 2000) is 

lower in cancer patients than in the control population (Biondi et al, 2000). These increased 

levels of MMPs over a lifetime might foster increased susceptibility of tumorigenesis, these 

resembles the observations in transgenic mice overexpressing MMPs.  
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1.4.4 MMPs in inflammatory and vascular diseases 
 

1.4.4.1 Arthritis  

After the observation that rheumatoid synovial tissue is able to degrade tissue, arthritis was 

the first disease which was linked with MMPs (Harris and Krane, 1972). Studies over the past 

40 years have confirmed that MMPs and TIMPs play an important role in connective tissue 

destruction in rheumatoid arthritis and osteoarthritis (Martel-Pelletier et al, 2001, Celiker et al, 

2002; Mengshol et al, 2002; Burrage et al, 2006).  

 

 

Figure 1.21: Rheumatoid arthritis. Pathogenic MMPs and key substrates are indicated. (Figure adapted from 

Hu et al, 2007) 

 

Collagenases (MMP-1, MMP-8 and MMP-13) are responsible for the first cleavage of 

collagen II, an important structural component of cartilage. In addition, MMPs are one of the 

main factors which are responsible for the migration of inflammatory leucocytes. The 

treatment with MMP inhibitors led to a good outcome in different animal models of arthritis 

(DiMartino et al, 1997; Hu et al. 2007) [Figure 1.21].  

Single nucleotide polymorphisms (SNPs) in MMP-2 are known to be related to the 

development of rheumatoid arthritis, whereas SNPs in MMP-1, MMP-3, MMP-7, MMP-9 and 

MMP-13 are not correlated with arthritis development (Rodriguez-Lopez et al, 2006). 

However all these MMPs are upregulated in arthritis (Vartak and Gemeinhart, 2007). 



 46

1.4.4.2 Cardiovascular and vascular diseases 

MMPs play an important role in cardiovascular diseases as clearly demonstrated by several 

studies with genetically modified mice (transgenic or knock-out mice) (Janssens and Lijnen, 

2006; Newby et al, 2006). 

MMP-2 overexpression and activity has been shown to induce lower contractility in cardiac 

tissue (Wang et al, 2006). Increased MMP levels have been demonstrated to cause adverse 

left ventricular remodeling after myocardial infarction. During infarction MMP production is 

induced by inflammatory processes. In the myocardial interstitium various signaling pathways 

interact and lead to the induction and activation of several MMPs. Therefore, it has been 

proposed that pharmacological intervention at the level of these signaling molecules may 

provide potential therapeutic strategies for the adverse ventricular remodeling associated 

with the progression of heart failure (Janicki et al, 2004; Tsuruda et al, 2004; Ahmed et al, 

2006). 

Vascular remodeling plays a central role in (re-) stenosis, plaque rupture and aneurysm 

formation, and is dependent on the action of several MMPs. Restenosis can occur after 

interventions for treatment of artherothrombosis and is caused by proliferation and migration 

of vascular smooth muscle cells. Plaque rupture can cause the obstruction of the blood 

vessels, whereas loss of elasticity in the blood-vessel wall can lead to aneurysm formation. 

[Figure 1.22]. 

Selective disruption of MMP-3 results in larger arteriosclerotic lesions. Furthermore MMP-3 

has a disadvantageous role by enhancing the infiltration of macrophage in the lesions 

resulting in enhanced plaque instability (Silence et al, 2001). In addition, macrophage 

infiltration and collagen disposition are similarly promoted by MMP-9 (Luttun et al, 2004) and 

MMP-3, MMP-9 and MMP-12 have important roles in the degradation of elastic lamina and 

aneurysm formation. All together, these studies indicate paradoxical roles of different MMPs 

in different pathologic processes in vascular diseases (Hu et al, 2007).  
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Figure 1.22: Artheriosclerosis. Pathogenic MMPs and key substrates are indicated. (Figure adapted from Hu 

et al, 2007). 

 

Nevertheless, a number of broad-spectrum MMP inhibitors showed some positive effects in 

animal models, exhibiting that MMP inhibition might be therapeutically useful. Therefore, the 

development and use of more specific inhibitors is needed and might lead to effective 

therapies in the treatment of these vascular diseases (Hu et al, 2007). 

 

1.4.4.3 Oral diseases 

 

 

Figure 1.23: Periodonditis and caries. Pathogenic MMPs and key substrates are indicated. (Figure adapted 

from Hu et al, 2007) 

 

The best example of MMP as a drug target is its role in oral diseases. ECM and dentin 

degradation are important processes in the pathogenesis of periodontitis and in the formation 

of caries lesions [Figure 1.23]. Originally, bacterial proteases were thought to be 

responsible, but increasing evidence indicates that the presence and activity of collagenases, 

mainly MMP-8, cause substantial connective tissue destruction, which leads to periodontitis 
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(Sorsa et al, 2004) [Figure 1.23]. The general MMP inhibitor doxycycline was approved by 

the FDA for the treatment of periodontitis (Ingmann et al, 1996). It is the only case where 

inhibition of MMPs has yielded clinical acceptance. 

The list of pathologies given above where MMPs play a crucial role is by no means complete, 

but the listing is intended to exemplify the wide impact of various MMPs in several 

pathologies (Hu et al, 2007; Vartak and Gemeinhart, 2007). 

 

1.4.5 MMPs and potential pharmaceutical interventions 

Abnormal expression of MMPs contributes to a variety of pathologic conditions. In the tumor 

environment, for example, host and tumor derived MMPs are often upregulated, while being 

expressed at low levels in normal organs (Overall and Kleifeld, 2006; Pfaffen et al, 2010). 

The fact that MMPs are overexpressed under pathologic conditions could be important for 

different types of pharmaceutical intervention. 

 

1.4.5.1 Inhibition of MMPs 

As MMPs seemed to be attractive cancer targets drug development programmes were 

initiated 20 years ago by many companies to therapeutically block the extracellular matrix- 

degrading activities of MMPs in metastasis and angiogenesis. Initially, TIMP-1 and TIMP-2 

were considered as potential therapeutics for cancer, but technical difficulties avoided their 

development into useful drugs. Therefore, MMPs became an attractive target for small 

organic molecule inhibitors, and a lot of energy was invested into the investigation of 

substrate specificity and structure of these enzymes (Whittaker et al, 1999) [Figure 1.24]. 
Small molecules containing both hydroxamate and non-hydroxamate zinc-binding sites, as 

well as natural products (tetracyclines and their derivatives), were developed as MMP 

inhibitors (MMPIs) (Coussens et al, 2002) [Table 1.3]. 

However, the clinical development of MMPIs had to overcome different unforeseen 

problems: 

1) Early phase clinical trials (dose escalation studies designed to evaluate safety) 

showed that prolonged treatment with MMPIs caused musculoskeletal pain and 

inflammation, complications not seen in preclinical models. Fortunately, the side 

effects were reversible and patients could continue after a short drug holiday, but the 

unexpected complications limited MMPI dosages in subsequent trials. In an attempt 

to minimize these side effects Agouron and Bayer developed “deep-pocket” MMPIs 

(prinomastat and tanomastat), which were more selective inhibitors for MMP-2 and 
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MMP-9 than for the other MMPs; however prinomastat still produced similar side 

effects (Whittaker et al, 2002). 

 

 

Figure 1.24: Ribbon diagram of the complex of TIMP-1 and the catalytic domain of MMP-3. MMP-3 is shown 

in silver and TIMP-1 in red (Brookhaven Protein Data Bank Entry 1UEA). The catalytic and structural zinc ions are 

shown as purple spheres. (Figure adapted from Nagase and Woessner, 1999) 

 

2) Phase II clinical trials (designed to examine efficacy) turned out to be problematic as 

well. Because MMPIs are cytostatic (cells are growth arrested but viable) rather than 

cytotoxic (cells are killed), therefore common measures to determine drug efficacy as 

reduction of tumor size could not be used to monitor drug activity. The reduction of 

tumor markers in serum was used as a measure for efficacy (Nemunaitis et al, 1998), 

but this was highly criticized. 

3) Phase III clinical trials (large – scale studies that evaluate efficacy in comparison to 

standard treatment) were initiated in the mid-1990s. The first trials examined the 

efficacy of the MMPI alone versus that of cytotoxic drugs. In later clinical trials the 

effect of an MMPI, either in combination with or after treatment with cytotoxic drugs 

was compared with the effect of the cytotoxic drugs alone. In summary, the results of 

clinical phase III trials have been largely disappointing (Overall and Kleifeld, 2006). 

The failure of many MMPIs in late-stage cancer clinical trials could be explained by 

the fact that MMPs are also involved in the early stage of cancer. Another reason for 

the lack of efficacy of most MMPIs tested in cancer clinical trials could be their poor 

selectivity. Most MMPIs target several MMPs – even those that prevent tumor 

progression and can enhance tumor vascularization by decreasing the production of 

angiogenesis inhibitors that are generated by MMP proteolysis of larger molecules.  
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Table 1.3: Matrix metalloproteinases inhibitor drugs in clinical trials (Overall and Kleifeld, 2006) 

Inhibitor Company  Structure  Specificity 

Batimastat (BB-94) British Biotech Peptidomimetic Broad spectrum 

Ilomastat (GM-6001) Glycomed Peptidomimetic Broad spectrum 

Maristimat (BB-2516) British Biotech, 
Schering-Plough Peptidomimetic Broad spectrum 

Tanomastat (BAY-12-9566) Bayer Small molecule Higher specificity towards MMP-2, 
MMP-3 and MMP-9 

Prinomastat (AG-3340) Agouron, Pfizer Small molecule Broad spectrum 

Metastat (COL-3) Collagenex Low-dose tetracycline 
derivative 

Broad spectrum; higher specificity 
towards MMP-2 and MMP-9 

Neovastat (AE-941) AEterna Shark cartilage extract Broad spectrum 

BMS-275291 Bristol-Meyer 
Squibb, Celltech Small molecule Broad spectrum 

MMI-270B (CGS-270B) Novartis Small molecule Broad spectrum 

Trocade (Ro-32-3555) Roche Peptidomimetic MMP-1, MMP-8 and MMP-13 

MMI-166 Shionogi Small molecule Broad spectrum 

 

To overcome this problem, inhibitory antibodies could be developed that bind to a specific 

MMP while sparing all the other MMPs and related proteases (Overall and Lopez-Otin, 

2002). In contrast to inhibitory antibodies, small organic MMP inhibitors usually bind to the 

zinc-binding site (similar in all MMPs). It is therefore hardly possible to develop such a small 

organic inhibitor specific for one single member of the MMP family.    

Recently, it was reported on the blocking of matrix metalloproteinase-14 by DX-2400, a 

highly selective fully human inhibitory antibody discovered using phage display technology. 

This inhibitory α-MMP-14 antibody blocked proMMP-2 processing on tumor and endothelial 

cells and inhibited angiogenesis in vitro. Furthermore, it was shown that DX-2400 affected 

tumor growth of MDA-MB 231 and BT-474 tumors when used as single agent or in 

combination. In contrast, this antibody did not alter the growth of MCF-7 (MMP-14 negative 

tumors) derived tumors, showing MMP-14 dependency for DX-2400. This reagent combines 

potency, selectivity and robust in vivo activity and shows the potential of a selective MMP-14 

inhibitor for the treatment of solid tumors (Devy et al, 2009). 
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Until recently, few studies could provide the definitive evidence required to determine, if an 

MMP is a target for inhibition or if it is an anti-target for inhibition in cancer therapy.  

A target for inhibition is a molecule that contributes to disease initiation or progression. The 

normal state of cell and tissue is restored, when its activity is downmodulated. In cancer, 

drugs downmodulating the reactivity of this target should slow down disease progression or 

might specifically kill tumor cells.  

An anti-target for inhibition is a molecule with essential roles in normal cell and tissue 

function, and unacceptable side effects may result from its downmodulation. This results in 

shorter onset time of the disease, increased disease burden, poorer patient outcome or 

decreased survival time.  

According to a review of Overall and Kleifeld (Overall and Kleifeld, 2006) only 3 out of 23 

MMPs [Table 1.2] have been validated as targets (MMP-1, MMP-2 and MMP-7) for inhibitory 

tumor therapy, whereas other  MMPs have been clearly validated as anti-targets as MMP-3, 

MMP-8 or MMP-9. 

 

1.4.5.2 Imaging of MMPs  

Early detection of primary tumors and metastatic lesions remain a major task in the 

diagnosis. The recognition of the role of MMPs in both the growth and metastasis of tumors 

has guided the development not only of therapeutic strategies utilizing MMPIs, but also of  

catalyzed methods to detect and image tumors in vivo. These approaches include the use of 

radiolabeled MMP inhibitors as targeting agents or fluorogenic MMP-specific substrates 

combined with optical imaging modalities or contrast agents linked to MMPIs. 

 

The advantages using MMPs as a molecular target for an imaging agent are several-fold: 

1) These enzymes are secreted and activated in the extracellular environment, avoiding 

their need to transfer the probe to the intracellular compartments. 

2) They are active at physiological pH. 

3) Their activity is catalytic and thus providing an opportunity for signal amplification not 

found with targets that bind in a one to one fashion. 

 

Imaging of MMPs includes optical imaging (OIM), positron emissions tomography (PET), 

single photon emission computed tomography (SPECT), and magnetic resonance imaging 

(MRI). A number of new probes and techniques are under development for the molecular 
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imaging of MMPs that can be applied to give both temporal and spatial resolution to 

characterize not only the progression of the disease, but have also the potential to assess 

response to therapy (Scherer et al, 2008). 

 

Optical imaging (OIM):  

The main objective of OIM is to accumulate fluorophores at a targeted region that upon 

excitation emit photons. Several fluorescent agents have been developed so far that either 

target receptors, visualize the enzyme biodistribution or elucidate protein function and gene 

regulation (Weissleder and Ntziachristos, 2003).  

The in vivo optical detection and imaging of protease activity was first demonstrated less 

than a decade ago by Weissleder et al. (Weissleder et al, 1999). The optical contrast agents 

developed utilized near-infrared flourophores as optical sensors attached to a linear poly-

lysine-polyethyleneglycol copolymer. The location of the fluorophores on the polymer 

quenched the fluorescent signal. After proteolytic cleavage of the peptide linker, fluorescent 

signal was enhanced producing an optically detectable near infrared fluorescence (NIRF) 

signal associated with the tumor.  

 

MRI contrast agents:  

Magnetic resonance imaging (MRI) has become widely available in hospitals and clinical 

centers and is a common used technique for imaging cancer. Conventional contrast agents 

are mainly Gadolinium (Gd) -based and they often lack molecular targeting moieties and 

therefore do not provide functional imaging capabilities to assess biological properties of 

tumors (Scherer et al, 2008). 

Recently, Lepage et al. postulated that cleavage of MRI contrast agents by extracellular 

proteinases could be used to detect the expression of these enzymes in the 

microenvironment of tumors or metastatic leasons (Lepage et al, 2007). The authors 

presented a new contrast agent designed to display less solubility after cleavage by MMP-7. 

 

PET and SPECT:  

Positron emission tomography (PET) is a highly sensitive and quantitative molecular imaging 

modality. Radiolabeled tracer molecules are used in clinical and experimental medicine as 

imaging agents. The radioactive isotope has a short half-life and emits a positron by 

decaying. Whenever the positron interacts with a close-by electron, positron annihilation 

occurs and two 511 keV photons are emitted. As the emitted photons travel in a straight line 
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coincident to another one, a scintillation detector is used to localize the source of the 

annihilation (Scherer et al, 2008). 

Single photon emissions computed tomography (SPECT) utilizes radiolabeled tracers 

containing isotopes with gamma radiation. A simple gamma camera is capable to measure 

the biodistribution of biomolecules in small concentrations in vivo. SPECT offers also the 

possibility of 3D-reconstruction (Scherer et al, 2008). 

Since MMPIs recognizes the active site of MMPs and inhibit catalysis, they can serve as 

tools for the identification of the active site of MMPs and are therefore able to discriminate 

between active MMPs and ProMMPs and MMPs inhibited by TIMPs. 

Several attempts at radiolabeled MMPs revealed disappointing results in vivo. For example 

Zheng et al. tested a potent radiolabeled MMPI and observed high levels of unspecific 

binding in mouse models of breast cancer (Zheng et al, 2002), whereas in vitro the same 

inhibitor exhibited blocking effectiveness for several MMPs (Fei et al, 2003).   

In principle, radiolabeled monoclonal antibodies could be considered as an alternative to the 

MMPIs for in vivo tumor targeting applications.  As advantages they would offer specificity to 

an individual MMP and more suitable pharmacokinetic properties than the small organic 

molecules. 

 

1.4.5.3 Targeting of MMPs for pharmacodelivery applications 

The treatment of solid tumors with most chemotherapeutic drugs relies on the expectation 

that the drugs will preferentially kill rapidly dividing tumor cells, rather than normal cells. But, 

the lack of selectivity towards tumor cells leads to toxicities in normal tissues with enhanced 

proliferation rates, such as the bone marrow, gastrointestinal tract and hair follicles. One 

avenue to develop more efficacious and better tolerated anti-cancer drugs relies on the 

targeted delivery of therapeutic agents to the tumor environment, thus sparing normal 

tissues. Monoclonal antibodies are increasingly being used for the selective delivery of 

bioactive molecules (e.g. radionuclides, drugs, cytokines) to the site of disease, thus sparing 

normal organs (Carter, 2006). Although mainly antibodies specific to membrane antigens on 

cancer cells have been used so far for tumor targeting applications, there is a growing 

interest in the use of stromal antigens and of markers of angiogenesis as antibody targets 

(Neri and Bicknell, 2005), with the potential to offer broad tumor coverage and low 

expression in normal tissues. In the tumor environment, for example, host and tumor derived 

MMPs are often upregulated, while being expressed at low levels in normal organs (Overall 

and Kleifeld, 2006; Pfaffen et al, 2010). Such antigens, expressed in wide range of different 
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tumors and virtually absent in normal tissues could serve as potential targets for 

pharmacodelivery applications. 

 

1.4.5.4 MMP-specific prodrug design or MMP-activated drug delivery  

Besides the use of MMPs as target proteins either for inhibition or for pharmacodelivery 

applications, MMPs can also be utilized for the specific cleavage of a prodrug, which results 

in a release of the active drug at the site where MMPs are overexpressed. Drug activation 

would lead to increased local concentration of the active drug at the disease site compared 

to the surrounding tissue and other parts of the body where MMP activity is low. 

 

Prodrug
MMP

Peptide-modified, 
active drug

Prodrug
MMP

Peptide-modified, 
active drug

 

Figure 1.25: Scheme of MMP-activation of a peptide prodrug. To utilize MMP targeting, an active peptide is 

attached to a drug. When MMP is present, the MMP cleaves the peptide releasing an inactive peptide and a 

peptide-modified active drug. The peptide-fragment that is retained as part of the chemotherapeutic agent must 

be appropriate that the agent is active after MMP-cleavage. (Figure adapted from Vartak and Gemeinhart, 

2007) 

 

In the late 1990s, first attempts were made to exploit MMP activity for targeting purposes in 

respect of prodrug design. Some examples of approaches are listed below: 

 

MMP activated peptide prodrugs:  

In prodrug approach, therapeutic drugs were simply attached to a MMP substrate peptide. 

When the peptide is cleaved the drug becomes available. Several prodrugs have been 

designed in such a way for various anti-cancer agents (Glazier, 1997; Firestone and Telan, 

2005) [Figure 1.25]. For example MMP specific conjugates of doxorubicin were shown to 

preferentially release leucine-modified doxorubicin and doxorubicin in a targeted fashion in 

MMP-expressing xenografts. These conjugates also showed much higher therapeutic index 

compared to the given doxorubicin alone (Albright et al, 2005). 
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MMP activated carrier-peptide drug conjugate:  

The drawbacks of peptide prodrug conjugates are their fast clearance and their non-specific 

accumulation in non-target tissues. Therefore, carrier-peptide drug conjugates were 

developed which protect the drug from clearance, from non-specific activation and from 

increased accumulation in the diseased tissue [Figure 1.26]. 

 

Figure 1.26: Schematic depiction of MMP-activation of carrier peptide prodrugs. A A macromolecule is 

modified to bear one or more peptide-prodrugs on the macromolecule chain. B Macromolecular carriers may be 

randomly placed into higher ordered structures such as micelles. (Figure adapted from Vartak and Gemeinhart, 

2007) 

 

To allow biological acceptance, the carrier molecule can be of natural origin, such as 

albumin, the most abundant protein in circulation.  

A maleimide doxorubicin derivative incorporating a MMP-2 specific peptide sequence was 

synthesized. The conjugate binds rapidly and selectively to cysteines of albumine. When 

injected in A375 melanoma xenograft bearing mice, equivalent amounts of the conjugate and 

the doxorubicin did not show any difference in efficacy, but the maximal tolerated dose of the 

conjugate was higher than the one of doxorubicin alone (Kratz et al, 2001; Mansour et al, 

2003). 

 

MMP activated peptide and protein delivery:  

Besides the conjugation of small organic molecules to MMP-cleavable peptides, 

biomacromolecules can also be attached to carrier molecules for MMP activation. As an 

example Decay accelerating factor (DAF), an anti-complement protein, is highly effective in 

reducing the activity of the complement system in inflammatory diseases as arthritis, but 

A 

B 
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leads to severe systemic effect, when not administered as prodrug. DAF was in this 

approach fused to a human IgG in order to increase circulation half life, and was armed with 

a MMP sensitive polypeptide sequence to assure targeted delivery. Initial in vivo studies 

demonstrating distribution of prodrug and efficacy in reducing inflammation are warranted 

(Harris and Krane, 2003). 

In addition to these three prodrug approaches, MMPs have also been used for the targeted 

delivery of viral vectors for gene delivery applications and for improving the targeting ability of 

galactosylated liposomes to hepatocellular carcinoma (HCC) (reviewed in Vartak and 

Gemeinhart, 2007). 
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1.5 Aim of the thesis  
 
The aim of this thesis was the isolation of human monoclonal antibodies specifically binding 

to matrix metalloproteinases, particularly to murine MMP-1A, MMP-2 and MMP-3. A special 

interest of this work was the investigation of their in vivo tumor targeting properties. 

 

Matrix metalloproteinases (MMPs) are a group of more than 20 zinc-containing extracellular 

proteinases that are capable of degrading multiple components of the extracellular matrix. 

Abnormal expression of MMPs contributes to a variety of pathologic conditions. In the tumor 

environment, for example, host and tumor derived MMPs are often upregulated, while being 

expressed at low levels in normal organs. Several studies on the use of MMPs as targets for 

imaging purposes have been reported so far. These approaches include the use of 

radiolabeled MMP inhibitors as targeting agents, or the use of fluorogenic MMP-specific 

substrates combined with optical imaging modalities. Since attempts at using radiolabeled 

MMP inhibitors for in vivo tumor targeting applications have often proved unsuccessful either 

for a lack of specificity or for unsuitable pharmacokinetic properties, radiolabeled monoclonal 

antibodies could in principle be considered as an alternative (Overall, et al, 2006; Scherer et 

al, 2006). 
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Figure 1.27: Workflow of the antibody generation and their further analysis. First step: production of active 

catalytic domains of MMP-1A, MMP-2 and MMP-3. Second step: Isolation of high-affinity antibodies by phage 
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display and their in vitro characterization. Third step: Cloning and production of the isolated scFvs in the small 

immuno protein antibody format and their testing in vitro and in vivo. 

 

High affinity human monoclonal antibodies specific to the catalytic domains of MMP-1A, 

MMP-2 and MMP-3 were isolated by phage display technology. The performance of these 

novel reagents was tested in a comprehensive immunofluorescence analysis to assess the 

MMP expression patterns in healthy, cancerous and arthritic murine tissues.  

 

Furthermore, these antibodies were cloned in the SIP (small immuno protein) mini-antibody 

format, produced and characterized using biochemical and immunochemical methods. 

Biodistribution analyses were performed to examine their tumor targeting properties at 

different time points in mice bearing subcutaneous F9 tumors using radioiodinated protein 

preparations. 
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2 RESULTS 

 

2.1 Production and characterization of MMP-1A, MMP-2 and MMP-3 

 

2.1.1 Cloning, expression, purification and activity measurements of 
recombinant catalytic domains of MMP-1A, MMP-2 and MMP-3 

The catalytic domain of murine MMP-1A (residues 95-280) was cloned and expressed in 

E.coli and purified from inclusion bodies by refolding on Ni-NTA-resin. The recombinant 

protein ran at 22 kDa in SDS-PAGE analysis and revealed a potent catalytic activity on the 

OmniMMP substrate (Knight et al, 1992), with a kcat / KM value of 2 x 102 s-1M-1 [Figure 2.1]. 
Similarly, the catalytic domain of murine MMP-3 was cloned and expressed as soluble 

protein from the cytosolic fraction of E.coli, with a kcat / KM value of 1.44 x 104  s-1M-1 [Figure 
2.1]. By contrast, the two subunits of the catalytic domain of MMP-2 (residues 112-219 and 

393-445) were fused sequentially for bacterial expression of the corresponding polypeptide, 

which was purified to homogeneity and displayed a kcat / KM value of 7.4 x 103 s-1M-1 [Figure 
2.1]. 
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Figure 2.1: Cloning, purification and quality control of recombinant catalytic domains of MMP-1A, MMP-2 
and MMP-3. Left panel: Schematic representation of MMP-1A, MMP-2 and MMP-3. The three MMPs consist of 

a signal peptide (SP), a propeptide (P), a catalytic domain (C), a hinge region (H) and a hemopexin-like domain 

(HP). MMP-2 contains additionally three fibronectin type II domains (f) inserted into the catalytic domain. Cloning 
strategy. The catalytic domains of MMP-1A (residues 95-280), MMP-2 (residues 112-219 and 393-445) and 

MMP-3 (residues 100- 273) containing a 6 x His-Tag (6*H) were cloned with the restriction enzymes EcoRI and 

BglII into the pQE12 expression vector.  

Right panel: Measurement of the enzymatic activity. The catalytic activity of the three purified recombinant 

proteins was measured at different concentrations by a fluorescent quenching peptide (OmniMMP substrate) at 

8.3 µM final concentration by recording the change of fluorescence signal (λex 328 nm; λem 393 nm) over 10 min.  
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2.2 Generation and characterization of scFv antibody fragments 

specific to MMP-1A, MMP-2 and MMP-3 
 

2.2.1 Antibody phage display selections 

2.2.1.1 An overview 

The recombinant catalytic domains were used for the isolation of human monoclonal 

antibodies from the ETH-2-Gold phage antibody library (Silacci et al, 2005). Clones from this 

library feature diversity on CDR3 loops of VH and VL domains. They contain a single VH 

germline gene (DP47, which confers binding to Protein A; (Hoogenboom and Winter, 1992)), 

while the VL domain is based either on a Vκ DPK22 scaffold (Tomlinson et al, 1992) or on a 

Vλ DPL16 scaffold (Tomlinson et al, 1992) [Figure 2.2]. Monoclonal antibodies in scFv 

format were isolated from the library by biopanning on immobilized antigen (Silacci et al, 

2005) and showed specific binding in ELISA, plasmon surface resonance analysis (Villa et al, 

2008) and immunohistochemical staining in tumor tissues (data not shown). The isolated 

antibodies were affinity matured by combinatorial mutagenesis of residues in CDR1 loops of 

VH and VL domains according to a procedure recently developed in our group (Villa et al, 

2008; Silacci et al, 2006). This methodology yielded the human monoclonal antibody SP2, 

specific to MMP-2, and the antibodies SP3 and 9H, specific to murine MMP-3.  

The antibody clone 1A specific to MMP-1A was initially isolated from the ETH-2 Gold library 

and affinity matured by randomization of the CDR1 loops leading to 11D. This clone was 

affinity-matured by mutagenesis of CDR2 loops (Pini et al, 1998), leading to the isolation of 

the antibody clone 5E. A further mutagenesis of CDR1 loops, followed by phage selections 

under stringent conditions, led to the isolation of daughter clone SP1 [Figure 2.2]. The amino 

acid sequence of relevant portions of CDR loops, which had been subjected to combinatorial 

mutagenesis, are shown in Figure 2.2, for the antibodies specific to MMP-1A, MMP-2 and 

MMP-3. 
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 VH   VL   
 31-33a 52-56a 95-100a 31-32a 50-53a 91-96a 
5E R R P T A A G G R H S P S V T G W Y G K A G F P F A P F 

SP1 R Q H T A A G G R H S P S V T R Y Y G K A G F P F A P F  
SP2 R G A S G S G G S H G S S R N P R L G K N N  T L S R P S 
9H W M A S G S G G S I  S  S  F  H  N S G G A S S P R G A P T 
SP3 G Y A S G S G G S I  S  S  F  H  G R R G A S S  P R G A P T 

 
Figure 2.2: ScFv antibody fragment structures and sequences. The DP47 and DPK22 backbones (orange) 

and DP47 and DPL16 backbones (blue and green) of antibodies in the ETH-2-Gold library are depicted in blue, 

orange and green respectively. All randomized residues of the CDR loops are shown in spacefill representation. 

Certain CDR3 residues (pink, blue or red) were randomized in the parental library, while certain residues in CDR1 

loops (yellow or blue) and/or CDR2 loops (white) were combinatorially mutated for affinity maturation procedures. 

Using the program PyMOL, the structures of the scFvs were modulated from the protein data base file 1igm 

(DPK22), respectively 8FAB (DPL16) (Brookhaven Protein Data Bank). a Numbering according to Tomlinson et 

al. (Tomlinson et al, 1992) 

 

2.2.1.2 Affinity maturation libraries 

In antibody phage display selections, two to three rounds of panning were performed. After 

the second or the third round, monoclonal bacterial supernatants of selected antibody clones 

were produced in a 96 well microtiter plates and screened by ELISA and by plasmon surface 

DPL16 
DP47 DPK22 DP47 

DPL16 
DP47 
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measurements for binding to their cognate antigen. Several clones positive in ELISA were 

purified and further characterized in immunohistochemistry analysis, surface plasmon 

resonance and in specificity ELISA. 

Like most clones isolated from naïve synthetic antibody libraries, the clones 1A (specific to 

MMP-1A), 4G and 5H (specific to MMP-2) and 7G (specific to MMP-3) [Table 2.1] exhibited 

an affinity good enough for most in vitro applications like ELISA or immunohistochemistry. 

However, for in vivo applications as tumor targeting, higher affinity antibodies would be 

preferable. 

 
Table 2.1: Overview on the different affinity maturation libraries constructed. 

 
Antigen 

 
Parental 
antibody 

 
VL 

 
Affinity 
maturation 
library 
(CDR1) 
 

 
Best 
clones 

 
Affinity 
maturation 
library 
(CDR2) 

 
Best 
clone 

 
Affinity 
maturation 
library 
(CDR1) 

 
Best 
clone 

 
MMP-1A 
 

1A DPL16 3.0 x 107 11D 1.2 x 108 5E 7.5 x 107 SP1 

4G DPL16 2.0 x 108 
MMP-2 

5H DPL16 5.6 x 107 
SP2   

 
MMP-3 

 
7G 

 
DPK22 

 
1.2 x 108 

 
9H 
SP3 
 

    

 
We attempted to improve the affinity of all parental clones mentioned above in an approach 

similar to the one employed by Pini et al. for the generation of L19 (Pini et al, 1998), an 

antibody specific to the extra-domain B of fibronectin, which is currently evaluated in clinical 

trials.  

In brief, a subset of residues within the CDR1 and CDR2 of VH and of DPL16 or DPK22 was 

randomized, allowing all 20 amino acids at the chosen positions. From the resulting library, 

the clones with the highest affinity were selected by phage display. 

Table 2.1 gives an overview on the constructed affinity maturation libraries. The best clones 

in respect of their affinity assessed by surface plasmon resonance analysis are mentioned in 

Table 2.1. Clones underlined were not only characterized in vitro, but also in mouse models 

of cancer.  
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2.2.1.3 Generation of high affinity antibodies specific to MMP-1A 
 
The 1A affinity maturation library: randomization of CDR1 loops 

The residues 31, 32 and 33 of the CDR1 of the heavy chain and the residues 31, 31a and 32 

of the light chain were chosen for construction of the 1A affinity maturation library and were 

randomized by PCR using partially degenerated primers (Silacci et al, 2006; Villa et al, 2008) 

[Figure 2.3]. 
Insert and vector were ligated and electroporated into freshly prepared electrocompetent TG-

1 bacteria. The obtained library size was 3.0 x 107 [Table 2.1]. The library was characterized 

by PCR screening to asses the percentage of clones with the correct insert and by 

sequencing a number of randomly picked clones to check for randomization of the chosen 

CDR1 residues. 

 

 
 
Figure 2.3: Design of the 1A affinity maturation library. DP47 and DPL16 backbones of antibodies in the 1A 

affinity maturation library are depicted in blue. All residues of the CDR1 loops randomized in this affinity 

maturation library are shown in spacefill representation. The CDR3 residues combinatorially mutated in the 

parental library are shown in pink. Using the program PyMOL, the structure of the scFv was modulated from the 

PDB file 8FAB (Brookhaven Protein Data Bank). Numbering according to Tomlinson et al. (Tomlinson et al, 

1992) 

 
The 1A affinity maturation library was subjected to two rounds of phage panning using the 

antigen immobilized on an immunotube [Table 2.2]. The phage selections were perfomed 

under stringent conditions meaning increased number of washing steps before eluting the 

bound phage. This led to the isolation of daughter clone 11D [Figure 2.6 and Table 2.2] 
revealing a dissociation constant KD of 250 nM. 

A further round of mutagenesis was performed to further improve the affinity of clone 11D.  

 

DPL16 
DP47 
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Table 2.2: Selections performed with the affinity maturation library 1A. 

 Unbiotinylated catalytic domain of MMP-1A (Maxisorb) 

Round of panning 1st  2nd  

Mode of selection washing: 20 x PBS, 20 x 
PBS-Tween 

washing: 20 x PBS, 20 x PBS-
Tween 

Titers 3.0 x 105 1.0 x 107 

Number of positives in ELISA 9 / 94 100 / 188 

Isolated clone  11D (KD = 250nM) 
 
 
The 11D affinity maturation library: randomization of the CDR2 loops  

The clone 11D was used as template for the construction of the second affinity maturation 

library. Mutagenesis of CDR2 loops of heavy and light chain was applied as previously 

reported (Pini et al, 1998). The residues of the CDR2 loops randomized are depicted in 

Figure 2.4. The resulting library exhibited a size of 1.2 x 108. Quality controls were 

performed as described above.  

The library was submitted to phage display selections under various, more stringent 

conditions: 

1) The antigen was either immobilized on an immunotube or biotinylated and captured 

on streptavidin coated wells to perform the selections [Table 2.3]. 
2) In addition to the increased number of washing steps before eluting the bound phage, 

the soluble antigen was added as competitor in molar excess to favor clones with a 

slow koff rate. 

3) To select only the good binding clones a stepwise elution of the bound phage was 

performed either at pH 10 or pH 14. 

 

 
Figure 2.4 Design of the 11D affinity maturation library. DP47 and DPL16 backbones of antibodies in the 11D 

affinity maturation library are shown in blue. All residues of the CDR2 loops randomized in this affinity maturation 

library are shown in spacefill representation (white). The CDR1 loops randomized in the 1A affinity maturation 

DPL16 

DP47 
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library are shown in green, whereas the CDR3 residues combinatorially mutated in the parental library are 

depicted in pink. Using the program PyMOL, the structure of the scFv was modulated from the PDB file 8FAB 

(Brookhaven Protein Data Bank). Numbering according to Tomlinson et al. (Tomlinson et al, 1992) 

 
 
The selection using the antigen as competitor before elution of the phage yielded to the 

isolation of the antibody clone 5E [Figure 2.6]. ScFv(5E) exhibited a KD of 20 nM meaning a 

12.5 fold enhancement of the affinity compared to clone scFv(11D). Clone 5E was 

reformatted into SIP format and was submitted to in vivo targeting experiments (see chapter 

2.3.2 Quantitative biodistribution studies).  

Selections with the antigen coated on immunotube did not lead to clones with better binding 

properties compared to the parental clone 11D. 

 
Table 2.3: Selections under various conditions performed with the affinity maturation library 11D. 

 Unbiotinylated catalytic domain 
of MMP-1A (Maxisorb) 

Biotinylated catalytic domain of MMP-1A 
 

Round of panning 1st  2nd  1st  

Mode of selection 
washing: 20 x 
PBS, 20 x PBS-
Tween 

washing: 20 x 
PBS, 20 x PBS-
Tween 

washing: 20 x 
PBS, 20 x PBS-
Tween 

competition with 
the soluble 
MMP-1A 

stepwise elution 
at different pHs  

Titers 4.0 x 105 1.0 x 107 1.6 x 107 1.2 x 107            
 

pH 10: 2 x 106 

pH 14: 1.6 x 107 

Number of 
positives in ELISA 23 / 94 25 / 94 7 / 94 11 / 94          4 / 94 

Isolated clone    5E  (KD = 20nM)    
 
 
The 5E affinity maturation library: randomization of the CDR1 loops 

To further improve the affinity of clone 5E a third affinity maturation library was constructed. 

Within this library certain residues of the CDR1 loops of heavy and light chain were 

combinatorially mutated (Pini et al, 1998). The randomized residues are depicted in Figure 

2.5.  
The affinity maturation library 5E exhibited a size of 7.5 x 107 [Table 2.1]. As quality controls 

PCR screening and sequencing of several randomly picked clones were performed. 
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Figure 2.5: Design of the 5E affinity maturation library. DP47 and DPL16 backbones of antibodies in the 5E 

affinity maturation library are shown in blue. All residues of the CDR1 loops randomized in this affinity maturation 

library are shown in spacefill representation (yellow). The CDR2 loops randomized in the 11D affinity maturation 

library are shown in white, whereas the CDR3 residues of the parental library are depicted in pink. Using the 

program PyMOL, the structure of the scFv was modulated from the PDB file 8FAB (Brookhaven Protein Data 

Bank). Numbering according to Tomlinson et al. (Tomlinson et al, 1992) 

  
Phage display selections were performed with the constructed 5E affinity maturation library 

[Table 2.4].  As before the antigen was biotinylated prior to the selections and immobilized 

on strepavidin coated wells.  

Next to the use of soluble antigen as competitor, the clone 5E with an affinity in the 

nanomolar range was applied as competing agent before elution of the bound phage in order 

to favor clones with good binding properties. 

 
Table 2.4: Selections under various conditions performed with the affinity maturation library 5E. 

 Biotinylated catalytic domain of MMP-1A 

Round of panning 1st  

Mode of selection washing: PBS 20x, 
PBS-Tween 20x 

addition of soluble 
MMP-1A as competitor 

addition of soluble 
5E as competitor 

Titers 3.0 x 106 2.0 x 106 1.0 x 106 

Number of positives in ELISA 97 / 188 21 / 94 48 / 94 

Isolated clone  SP1 (KD = 6nM)  
 
 

DPL16 

DP47 
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The selections using the soluble MMP-1A in molar excess as competitor yielded to the 

isolation of the antibody clone SP1 [Figure 2.6] exhibiting the best binding properties 

compared to the other clones selected. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 VH   VL   
 31-33a 52-56a 95-100a 31-32a 50-53a 91-96a 
1A S Y A S G S G G S H S P S V T S Y Y G K N N F P F A P F 
11D R R P S G S G G S H S P S V T G W Y G K N N  F P F A P F 
5E R R P T A A G G R H S P S V T G W Y G K A G F P F A P F 
SP1 R Q H T A A G G R H S P S V T R Y Y G K A G F P F A P F  

 
Figure 2.6 Structures and sequences of the scFv antibody fragments specific to MMP-1A. The DP47 and 

DPL16 backbones of antibodies in the ETH-2-Gold library are depicted in blue. All randomized residues of the 

CDR loops are shown in spacefill representation. A Structure of the parental scFv(1A). Certain CDR3 residues 

(pink) were randomized in the ETH-2 Gold library. B Structure of the affinity matured scFv(11D). The 

randomizid CDR3 residues are shown in pink, while certain residues in the CDR1 loops (yellow), mutated in the 

affinity maturation procedure are depicted in green. C Structure of the affinity matured scFv(5E). Residues 

mutated in the ETH-2 Gold library are depicted in pink, whereas residues randomized during further affinity 

maturation procedures are shown in green (CDR1) and in white (CDR2). D Structure of the affinity matured 
scFv(SP1). Certain residues of the CDR3 loops mutated in the parental library are depicted in pink, whereas 

residues randomized during further affinity maturation procedures are shown in yellow (CDR1) and in white 

(CDR2). Using the program PyMOL, the structures of the scFvs were modulated from the protein data base file 

8FAB (DPL16) (Brookhaven Protein Data Bank). a Numbering according to Tomlinson et al. (Tomlinson et al, 

1992). 

A B 

C D 
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2.2.1.4 Generation of high-affinity antibodies specific to MMP-2 
 
The 4G and the 5H affinity maturation library: randomization of the CDR1 loops 

The parental clones 4G and 5H were used as template for the construction of these two 

affinity maturation libraries. Residues 31, 32 and 33 of the DP47 heavy chain and residues 

31, 31a and 32 of the DPL16 light chain were chosen for combinatorial mutagenesis [Figure 

2.7].  
The size of the 4G affinity maturation library was 2.0 x 108 and of the 5H affinity maturation 

library 5.6 x 107 [Table 2.1]. As quality controls PCR screening and sequencing of several 

randomly picked clones were performed. 

 

 
 
Figure 2.7: Design of the 4G and the 5H affinity maturation library. DP47 and DPL16 backbones of 

antibodies in the 4G affinity maturation library and in the 5H affinity maturation library respecitvely are depicted in 

green. All residues of the CDR1 loops randomized in this affinity maturation library are shown in spacefill 

representation (blue). The CDR3 residues randomized in the parental library are shown in pink. Using the 

program PyMOL, the structure of the scFv was modulated from the PDB file 8FAB (Brookhaven Protein Data 

Bank). Numbering according to Tomlinson et al. (Tomlinson et al, 1992) 

 
Table 2.5: Selections performed with the affinity maturation libraries 4G and 5H. 

 Biotinylated catalytic domain of MMP-2 

Round of panning 1st  

Library 4G 5H 

Mode of selection washing: 20x with PBS, 20x 
with PBS-Tween 

washing: 20x with PBS, 20x 
with PBS-Tween 

Titers 3.0 x 106 2.0 x 106 

Number of positives in ELISA 69 / 94 9 / 94 

Isolated clone SP2 (KD = 24 nM)  

DPL16 

DP47 
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Prior to selections with the two affinity maturation libraries the catalytic domain of MMP-2 

was biotinylated. Selections with the 4G affinity maturation library led to the isolation of the 

scFv(SP2) exhibiting an affinity of 24 nM as assessed by BIAcore measurements [Figure 
2.8]. A fifty fold affinity improvement was achieved since the affinities of the parental clones 

4G and 5H were in the micromolar range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 VH   VL   
 31-33a 52-56a 95-100a 31-32a 50-53a 91-96a 
5H S Y A S G S G G S M L P L A V S Y Y G K N N H S R L Q P 
4G S Y A S G S G G S H G S S R N S Y Y G K N N T L S R P S 
SP2 R G A S G S G G S H G S S R N P R L G K N N  T L S R P S 
 
Figure 2.8: Structures and sequences of the scFv antibody fragments specific to MMP-2. The DP47 and 

DPL16 backbones of antibodies in the ETH-2-Gold library are depicted in green. All randomized residues of the 

CDR loops are shown in spacefill representation. A Structure of the parental scFv(4G) and scFv(5G). Certain 

CDR3 residues (red) were randomized in the ETH-2 Gold library. B Structure of the affinity matured 
scFv(SP2). The randomized CDR3 residues of the parental library are shown in red, while certain residues of the 

CDR1 loops mutated in the affinity maturation procedure are depicted in blue. Using the program PyMOL, the 

structures of the scFvs were modulated from the protein data base file 8FAB (DPL16) (Brookhaven Protein Data 

Bank). a Numbering according to Tomlinson et al. (Tomlinson et al, 1992) 

 
 

2.2.1.5 Generation of high-affinity antibodies specific to MMP-3 
 
Generation of the 7G affinity maturation library: randomization of the CDR1 loop 

The sequence of the parental clone 7G originally isolated from the ETH-2 Gold library was 

used as template for the construction of this affinity maturation library. As before 

mutagenesis of certain residues of the CDR1 loops of heavy and light chain was applied 

[Figure 2.9]. After ligation of vector and insert and electroporation into freshly prepared 

electrocompetent TG-1 bacteria, the 7G library exhibited a size of 1.2 x 108. Quality controls 

to evaluate the performance of the library were done as described above.  

 

A B 
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Figure 2.9: Design of the 7G affinity maturation library. DP47 and DPK22 backbones of antibodies in the 7G 

affinity maturation library are depicted in orange. All residues of the CDR1 loops randomized in this affinity 

maturation library are shown in spacefill representation (yellow). The CDR3 residues randomized in the parental 

library are shown in blue. Using the program PyMOL, the structure of the scFv was modulated from the PDB file 

1igm (Brookhaven Protein Data Bank). Numbering according to Tomlinson et al. (Tomlinson et al, 1992) 

 
The affinity maturation library 7G was submitted to phage display selections under various, 

stringent conditions: 

1) Immobilization of the catalytic domain of MMP-3 was either achieved by coating on an 

immunotube or by biotinylation prior to selections and capturing on streptavidin 

coated wells [Table 2.5]. 
2) In addition to the increased number of washing steps, soluble MMP-3 was added as 

competitor in molar excess before eluting the bound phage to favor clones with a 

slow koff rate. 

3) To select only clones with good binding properties a stepwise elution of the bound 

phage first at pH 10 followed by triethylamine 100mM at pH 14. 

 

 
Table 2.5: Selections performed under various conditions with the affinity maturation library 7G. 

 Unbiotinylated catalytic domain of 
MMP-3 (Maxisorb) 

Biotinylated catalytic domain of MMP-3 
 

Round of 
panning 1st  2nd  1st  

Mode of selection 
washing: 20x 
PBS, 20x PBS-
Tween 

washing: 20x 
PBS, 20x PBS-
Tween 

washing: 20x 
PBS, 20x PBS-
Tween 

competition with the 
soluble catalytic 
domain of MMP-3 

stepwise elution 
at different pHs  

Titers 2.0 x 105 9.0 x 105 2 x 106 
1st round    2nd round 
1 x 107            
 

pH10: 2 x 106 

pH14: 4 x 107 

Number of 
positives  108 / 188 1 / 94 4 / 94         13 / 188 1 / 94 

Isolated clones    9H (KD = 10 nM) (1st)  
SP3 (KD = 8 nM) (2nd)  

 

DPK22 
DP47 
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Again, the selection using the soluble MMP-3 as competing agent led to the isolation of the 

antibody clones 9H and SP3 [Figure 2.10]. Both scFvs exhibited dissociation constants KD in 

the nanomolar range which means a hundred fold affinity improvement compared to the 

micromolar affinity of the parental clone 7G. 

Selections with the antigen coated on immunotube did not yield to clones with better binding 

properties compared to the parental clone 7G. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 VH   VL   

 31-33a 52-56a 95-100a 31-32a 50-53a 91-96a 

7G S Y A S G S G G S I  S  S  F  H  S S Y G A S S P R G A P T 
9H W M A S G S G G S I  S  S  F  H  N S G G A S S P R G A P T 
SP3 G Y A S G S G G S I  S  S  F  H  G R R G A S S  P R G A P T 

 
Figure 2.10: Structures and sequences of the scFv antibodies specific to MMP-3. The DP47 and DPK22 

backbones of antibodies in the ETH-2-Gold library are depicted in orange. All randomized residues of the CDR 

loops are shown in spacefill representation. A Structure of the parental scFv(7G). Certain CDR3 residues (red) 

were randomized in the ETH-2 Gold library. B Structure of the affinity matured scFv(9H) and scFv(SP3). The 

mutated CDR3 residues of the parental library are shown in blue, while certain residues of the CDR1 loops 

mutated in the affinity maturation procedure are depicted in yellow. Using the program PyMOL, the structures of 

the scFvs were modulated from the protein data base file 1igm (Brookhaven Protein Data Bank). a Numbering 

according to Tomlinson et al. (Tomlinson et al, 1992). 

 
 
 
 
 
 
 

A B 
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2.2.2 In vitro characterization of three scFv antibody fragments specific 
to MMP-1A, MMP-2 and MMP-3 

 

2.2.2.1 Affinity measurements and specificity of scFv(SP1), scFv(SP2) and scFv(SP3) 
 

 

 
Figure 2.11: BIAcore sensograms of the purified monomeric anti-MMP antibody preparations injected at 
different concentrations. SP1 (specific to MMP-1A) revealed a dissociation constant (KD) of 6 nM [kon = 1.6 x 

106 M-1s-1 and koff = 9.7 x 10-3 s-1], SP2 (specific to MMP-2) had a KD of 24 nM [kon = 3.6 x 104  M-1s-1 and koff = 8.6 

x 10-4 s-1] and SP3 (specific to MMP-3) revealed a KD of 8 nM [kon = 3.6 x 104 M-1s-1 and koff  = 2.9 x 10-4 s-1]. Kinetic 

constants were calculated with the BIAevaluation 4.1 software. 

 

The monomeric fractions of the SP1, SP2 and SP3 antibodies in scFv format were isolated 

by size-exclusion chromatography and analyzed by real-time interaction analysis on a 

BIAcore instrument, using an antigen-coated microsensor chip. Figure 2.11 illustrates 

sensograms of the three antibodies, revealing a KD dissociation constant of 6 nM [kon = 1.6 x 

106 M-1s-1 and koff = 9.7 x 10-3 s-1] for SP1 (specific to MMP-1A), 24 nM [kon = 3.6 x 104 M-1s-1 
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and koff = 8.6 x 10-4 s-1] for SP2 (specific to MMP-2), and 8 nM [kon = 3.6 x 104 M-1s-1and koff = 

2.9 x 10-4 s-1] for SP3 (specific to MMP-3).  

 

 
Figure 2.12: Specificity of the  MMP-binding antibodies. A ELISA signals against catalytic domains of murine 

MMP-1A, MMP-2 and MMP-3 for the antibodies SP1, SP2 and SP3. No antigen, wells only blocked with PBS, 

milk. B Immunofluorescence analysis on cryosections of human renal cell carcinoma was performed to test the 

crossreactivity of SP1, SP2 and SP3 with the human catalytic domain of MMP-1, MMP-2 and MMP-3. MMPs were 

stained in green, whereas cell nuclei were stained in blue using DAPI.  Scale bar = 100 µm. 

 

Importantly, the three antibodies SP1, SP2 and SP3 bound the corresponding MMP antigen 

in a highly specific manner and did not cross-react with any of the other two structurally 

related catalytic domains [Figure 2.12 A]. The ability of the antibodies SP1, SP2 and SP3 to 

recognize the human catalytic domain of MMP-1, MMP-2 or MMP-3 was tested by 

immunofluorescence analysis on cryosections of human renal cell carcinoma. Figure 2.12 B 

shows that only with SP2 a strong green staining could be observed, whereas the antibodies 

SP1 and SP3 did not cross-react with the human MMP-1, respectively with the human MMP-
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3. The homology between the human and murine MMP catalytic domain is 61% for human 

MMP-1, 98% for human MMP-2, and 82% for human MMP-3.  

 

2.2.2.2 Immunofluorescence with  SP1, SP2  and SP3 on cancer and arthritis sections 

The recombinant antibodies SP1, SP2 and SP3 were extensively characterized by 

immunofluorescence on cryosections of murine and human (xenograft) tumors, murine 

arthritis specimens and healthy tissues. In all tumors studied (human glioblastoma U87, 

human kidney clear cell carcinoma Caki-1, human ovarian carcinoma SKOV-3, human lung 

carcinoma H460, murine melanoma B16 and human renal cell carcinoma 786-O), a 

moderate to very strong staining could be observed with all three antibodies. Some 

differences in staining patterns could be observed for the three antibodies. SP1 (specific to 

MMP-1A) showed the strongest staining on murine melanoma B16 and on human renal cell 

carcinoma 786-O, whereas SP2 (specific to MMP-2) stained strongest human kidney clear 

cell carcinoma Caki-1. Clone SP3 (specific to MMP-3) exhibited the strongest staining on 

human ovarian carcinoma SKOV-3 [Figure 2.13 and 2.14]. The antibodies also showed a 

moderate (SP1) to a very strong (SP2 and SP3) staining in inflamed joint specimens of mice 

with collagen-induced arthritis [Figure 2.13 and 2.14].  
No MMP-1A expression was detectable in the normal organs tested, while MMP-2 was found 

expressed in brain and liver and a strong MMP-3 staining was detected in mouse liver 

[Figure 2.13 and 2.14]. 
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Figure 2.13: Immunofluorescence analysis performed on cryosections of murine and human (xenograft) 
tumors (U87 glioblastoma, B16 melanoma, Caki-1 renal clear cell carcinoma, SKOV-3 ovarian cancer, 786-
O renal cell carcinoma, H460 lung carcinoma), murine arthritis tissue and healthy tissues (liver, spleen, 
kidney, brain, lung). MMP-1A, MMP-2 and MMP-3 were stained in green, whereas cell nuclei were stained in 

blue using DAPI.  Scale bar = 100 µm. 
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Figure 2.14: Immunohistochemical analysis performed on cryosections of murine and human (xenograft) 
tumors (U87 glioblastoma, B16 melanoma, Caki-1 renal clear cell carcinoma, SKOV-3 ovarian cancer, 786-
O renal cell carcinoma, H460 lung carcinoma), murine arthritis tissue and healthy tissues (liver, spleen, 
kidney, brain, lung). MMP-1A, MMP-2 and MMP-3 were stained in red, whereas cell nuclei were stained in blue 

using hematoxyline. Scale bar = 100µm. 

 
 



 78

2.2.2.3 Confocal laser scanning microscopy studies with the scFv fragments SP1, 
SP2 and SP3 

To examine if tumor cells, besides stromal cells, are able to express MMP-1A, MMP-2 and 

MMP-3, a confocal laser scanning microscopic analysis was performed using the antibodies 

SP1, SP2 and SP3.  

Figure 2.15 shows a two color fluorescence microscopic analysis of F9 cells, revealing 

expression of MMP-1A, MMP-2 and MMP-3 by the murine teratocarcinoma cells. SP1 and 

SP3 (specific to MMP-1A, MMP-3 respectively) showed a clear cytoplasmatic staining, 

whereas SP2 (specific to MMP-2) preferentially stained nuclear structures. 

 

 
Figure 2.15 Immunofluorescence analysis and confocal laser scanning microscopy were performed on 
murine F9 teratocarcinoma cells. MMP-1A, MMP-2 and MMP-3 were stained in red, whereas cell nuclei were 

stained in blue using DAPI. Scale bar = 25 µm. 
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2.3 Generation and characterization of antibodies in the small 

immuno protein format (SIP) 

 

2.3.1 Production and in vitro characterization of SIP antibodies specific 
to MMP-1A, MMP-2 and MMP-3 

The human monoclonal antibody fragments scFv(SP1) and scFv(5E) specific to MMP-1A, 

scFv(SP2) specific to MMP-2 and scFv(SP3) and scFv(9H) specific to MMP-3 were cloned in 

SIP format by genetically fusing the scFv moiety at the N-terminal extremity of a human 

εCH4 domain of the secretory isoform S2 of human IgE (Borsi et al, 2002) [Figure 2.16a]. 
This domain promotes the formation of homodimers that are further stabilized by disulfide 

bonds between the COOH-terminal cysteine residues, resulting in a 75 kDa bivalent mini-

antibody [Figure 2.16a]. This format has previously been shown to offer a good 

pharmacokinetic compromise between the rapidly cleared scFv antibody fragments and the 

antibodies in full IgG format, which display long circulatory half-lives in vivo. Tumor-targeting 

SIPs typically result in high tumor-to-organ ratios at 24 hours and at later time points after 

injection (Borsi et al, 2002).  

SIP(SP1), SIP(5E), SIP(SP2), SIP(SP3) and SIP(5E) were expressed in Chinese Hamster 

Ovary Cells (CHO-S) from a pcDNA3.1 based expression vector and purified by Protein A 

affinity chromatography from cell culture supernatant. All five recombinant antibodies 

quantitatively formed cysteine-linked covalent homodimers, as shown by SDS-PAGE 

analysis in reducing and non-reducing conditions [Figure 2.16b and Figure 2.17a] and by 

size-exclusion chromatography [Figure 2.16c and Figure 2.17b]. The purified SIP(SP1), 

SIP(5E), SIP(SP2), SIP(9H) and SIP(SP3) antibodies were also analyzed by real-time 

interaction analysis on a BIAcore instrument on a low-density microsensor chip, confirming 

their high affinity to the cognate antigens [Figure 2.16d and Figure 2.17c]. The apparent KD 

values were 1.8 nM for SIP(SP1), 5.0 nM for SIP(5E), 2.4 nM for SIP(SP2) and 1.9 nM for 

SIP(SP3) and 2.5 nM for SIP(9H). 
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Figure 2.16: Antibodies in SIP format against the catalytic domain of murine MMP-1A, MMP-2 and MMP-3. 
a Schematic illustration of the scFv format consisting of a heavy chain (VH) and a light chain (VL) linked by a 

peptide linker and schematic illustration of the SIP format consisting of a disulfide linked homodimer. b SDS-

PAGE analysis of affinity-purified anti-MMP-antibodies SIP(SP1), SIP(SP2) and SIP(SP3). M, molecular weight 

marker; R, SIP-antibodies under reducing conditions; NR, SIP-antibodies under non-reducing conditions. c Size 

exclusion chromatogram of SIP(SP1), SIP(SP2) and SIP(SP3) on a Superdex 200 HR10/300 column. The major 

peak eluting at ~15ml (for SIP(SP1) and at ~16ml (for SIP(SP2) and SIP(SP3)) corresponds to the molecular 

weight of the covalent homodimer. d BIAcore sensograms of the antibodies SIP(SP1), SIP(SP2) and SIP(SP3). 

Kinetic constants were calculated with the BIA evaluation 4.1 software  
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Figure 2.17: Antibodies in SIP format against the catalytic domain of murine MMP-1A and MMP-3. a SDS-

PAGE analysis of affinity-purified antibodies SIP(5E) specific to the catalytic domain of MMP-1A and SIP(9H) 

specific to the catalytic domain of MMP-3. M, molecular weight marker; R, SIP-antibodies under reducing 

conditions; NR, SIP-antibodies under non-reducing conditions. b Size exclusion chromatogram of SIP(5E) and 

SIP(9H) on a Superdex 200 HR10/300 column. The major peak eluting at ~15ml (for SIP(5E)) and at ~16ml (for 

SIP(9H)) corresponds to the molecular weight of the covalent homodimer. c BIAcore sensograms of the 

antibodies SIP(5E) and SIP(9H). SIP(5E) reveals an apparent dissociation constant KD of 5 nM, whereas SIP(9H) 

exhibits a KD of 2.5nM. Kinetic constants were calculated with the BIA evaluation 4.1 software  

 

 

The SIP(SP1) and the SIP(5E) ran as a double band in SDS-PAGE under reducing and non-

reducing conditions due to an N-glycosylation of an asparagine in the scaffold region of the 

antibody as assessed by deglycosylation with PNGase [Figure 2.18]. 
 
 

 
Figure 2.18: Deglycosylation of antibodies SIP(5E) and SIP(SP1) specific to MMP-1A. a SDS-PAGE analysis 

of SIP(5E) specific to the catalytic domain of MMP-1A before and after deglycosylation by PNGase. b SDS-PAGE 

analysis of SIP(SP1) specific to the catalytic domain of MMP-1A before and after deglycosylation by PNGase. 

+ctrl, an unglycosylated SIP antibody fragment; m, molecular weight marker; R, SIP-antibodies under reducing 

conditions; NR, SIP-antibodies under non-reducing conditions; dg, deglycosylated SIP-antibodies. 
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2.3.2 Quantitative biodistribution studies 

2.3.2.1 Biodistribution studies with SIP(5E) specific to MMP-1A and SIP(9H) specific 
to MMP-3  

Figure 2.18a depicts biodistribution results in tumor and normal organs for the syngeneic F9 

tumor model, 24 hours after intravenous injection of 125I-labeled antibodies. As negative 

control the SIP(HyHEL-10) antibody, an antibody specific to the hen egg lysozyme was used. 

This negative control antibody was cleared very rapidly from the blood stream and from the 

normal organs and did not show any selective accumulation at the site of tumor [Fig. 2.19a].  
By contrast, particularly SIP(9H), specific to MMP-3 preferentially accumulated at the tumor 

site with 5.0 % ID/g after 24 hours, but was rapidly cleared out from other organs (tumor to 

organ ratios up to 16 to 1) [Fig. 2.19b]. The accumulation of SIP(5E) in the tumor was lower 

compared to SIP(9H) and persistent levels of radioactivity were observed in the kidney. 

Microautoradiographic and immunofluorescence studies [Fig. 2.19b and 2.19c] confirmed 

the localization of the two antibodies SIP(5E) and SIP(9H) at the tumor site, while the 

negative control antibody SIP(HyHEL-10) antibody did not exhibit any detectable staining. 

 

 
Figure 2.19: Biodistribution in F9 tumor-bearing mice at 24 hours after i.v. injection. a Biodistribution of 125I-

labeled SIP(5E) specific to MMP-1A, SIP(9H) specific to MMP-3 and of one negative control antibody SIP(HyHEL-
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10). Each time point corresponds to an average of 3 to 4 animals. Results are expressed as %ID/g tissue. b and 
c Microscopic analysis of antibody localization on tumor lesions. The panels present microautoradiograms of 

20µm-thick sections, counterstained with hematoxilin. Sections from the same specimens were also processed by 

immunofluorescence analysis, CD31 as blood vessel marker (red) and for the in vivo localized monoclonal 

antibody (green). Scale bars = 50μm 

  
 

2.3.2.2 Biodistribution studies of SIP(SP1), SIP(SP2) and SIP(SP3) in F9 tumor-
bearing mice 

The in vivo targeting performance of radioiodinated SIP(SP1), SIP(SP2) and SIP(SP3) 

antibody preparations was evaluated by biodistribution studies in mice bearing F9 

teratocarcinoma. 125I-labeled SIP(L19), a clinical-stage recombinant antibody of proven tumor 

targeting performance (Neri and Bicknell, 2005; Borsi et al, 2002), was used as positive 

control. SIP(HyHEL-10) was used as negative control.  All three anti-MMP antibodies, as well 

as L19, strongly stained F9 tumor sections as revealed by immunofluorescence analysis, 

while HyHEL-10 did not exhibit any detectable staining, as expected [Figure 2.20a]. A 

confocal laser microscopy analysis revealed that MMP-1A and MMP-3 were strongly 

expressed in the cytoplasm and on the membrane of the F9 tumor cells, while MMP-2 was 

predominantly found in intracellular structures [Figure 2.21]. The antibodies were injected 

intravenously. At different time points (3 hours, 24 hours, 48 hours), animals were sacrificed, 

organs were excised, weighed and radioactivity was counted. Biodistribution results were 

expressed as percent injected dose per gram of tissue or body fluid [Table 2.6 and Fig. 
2.20b]. 
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Figure 2.20: Biodistribution in F9-bearing mice at 24 and 48 hours after i.v. injection and 
immunofluorescence analysis. a Immunofluorescence analysis was performed on cryosections of murine F9 

teratocarcinoma. MMP-1A, MMP-2, MMP-3 and extradomain B of fibronectin were stained in green, whereas cell 

nuclei were stained in blue using DAPI. Scale bar = 100 µm b Biodistribution of 125I-labeled SIP(SP1), SIP(SP2), 
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SIP(SP3) and of two control antibodies SIP(L19) and SIP(HyHEL-10). Each time point corresponds to an average 

of 3 to 6 animals. Results are expressed as %ID/g tissue. 

 

Table 2.6: Biodistribution experiment with radioiodinated antibodies. The results are expressed as %ID/g 

± S.E. 

3 hours 
 SIP(SP1) SIP(SP2) SIP(SP3) SIP(HyHEL-10) SIP(L19) 
Tumor 4.15 ± 0.60 2.19 ± 0.11 14.42 ± 0.74 5.54 ± 0.60 20.21 ± 1.21 
Liver  4.72 ± 0.90 3.72 ± 0.21 12.72 ± 0.33 2.70 ± 0.29 4.81 ± 0.27 
Lung 3.55 ± 0.35 1.68 ± 0.18 11.91 ± 0.41 3.93 ± 0.51 8.96 ± 0.85 
Spleen 3.23 ± 0.48 2.22 ± 0.17 9.51 ± 0.69 2.42 ± 0.28 4.94 ± 0.43 
Heart 2.49 ± 0.40 1.03 ± 0.04 10.11 ± 0.30 2.28 ± 0.22 6.32 ± 0.60 
Kidney 7.39 ± 1.91 6.75 ± 0.30 19.31 ± 0.31 4.72 ± 0.52   10.73 ± 0.85 
Blood 7.76 ± 1.25 2.78 ± 0.23 33.36 ± 1.39 7.89 ± 0.80 19.64 ± 1.38 
Intestine 1.69 ± 0.32 0.98 ± 0.06 6.34 ± 1.09 2.02 ± 0.26 6.41 ± 1.61 

 
24 hours 
 SIP(SP1) SIP(SP2) SIP(SP3) SIP(HyHEL-10) SIP(L19) 
Tumor 1.34  ± 0.18 0.36 ± 0.06 5.28 ± 0.72 0.91 ± 0.36 16.44 ± 1.49 
Liver  0.62  ± 0.05 0.27 ± 0.01 0.82 ± 0.05 0.20 ± 0.03 1.24 ± 0.10 
Lung 0.33  ± 0.03 0.18 ± 0.03 2.59 ± 0.10 0.27 ± 0.11 3.00 ± 0.36 
Spleen 0.40  ±  0.01 0.21 ± 0.04 0.73 ± 0.11 0.19 ± 0.06 1.12 ± 0.11 
Heart 0.20  ± 0.01 0.08 ± 0.01 0.90 ± 0.03 0.10 ± 0.03 1.13 ± 0.10 
Kidney 1.49  ± 0.09 1.00 ± 0.08 1.86 ± 0.14 0.36 ± 0.10 2.12 ± 0.24 
Blood 0.53 ± 0.04 0.24 ± 0.05 2.17 ± 0.08 0.30 ± 0.10 3.89 ± 0.37 
Intestine 0.15 ± 0.02 0.07 ± 0.02 0.50 ± 0.03 0.10 ± 0.03 1.35 ± 0.27 

 
48 hours 
 SIP(SP1) SIP(SP2) SIP(SP3) SIP(HyHEL-10) SIP(L19) 
Tumor 0.51 ±  0.16 0.09  ± 0.01 2.71 ± 0.85 0.28 ± 0.10 9.73 ± 0.48 
Liver  0.35 ± 0.02 0.11  ± 0.01 0.24 ± 0.03 0.10 ± 0.03 0.53 ± 0.03 
Lung 0.17 ± 0.03 0.06  ± 0.02 0.73 ± 0.07 0.16 ± 0.09 0.83 ± 0.07 
Spleen 0.23 ± 0.01 0.07  ± 0.01 0.29 ± 0.01 0.08 ± 0.02 0.43 ± 0.05 
Heart 0.06 ± 0.01 0.03  ± 0.01 0.19 ± 0.01 0.03 ± 0.01 0.36 ± 0.04 
Kidney 0.75 ± 0.06 0.43  ± 0.04 0.66 ± 0.06 0.15 ± 0.04 0.80 ± 0.03 
Blood 0.12 ± 0.02 0.03  ± 0.01 0.49 ± 0.07 0.07 ± 0.02 1.33 ± 0.07 
Intestine 0.05 ± 0.004 0.01  ± 0.004 0.11 ± 0.02 0.02 ± 0.01 0.78 ± 0.09 

 

The negative control antibody SIP(HyHEL-10) and the antibodies SIP(SP1) and SIP(SP2) 

specific to MMP-1A and MMP-2 respectively, were cleared very rapidly from the blood 

stream and from most normal organs and did not show a selective accumulation at the site of 

tumor [Table 2.6 and Fig. 2.20b]. By contrast, both SIP(SP3), specific to MMP-3, and 

SIP(L19) preferentially localized to the tumor [Table 2.6 and Fig. 2.20b].  
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Figure 2.21: Confocal laser scanning analysis performed on cryosections of murine F9 teratocarcinoma. 
MMP-1A, MMP-2, MMP-3 and extradomain B of fibronectin were stained in green, the cytoskeleton was stained in 

red and cell nuclei were stained in blue using DAPI.  Scale bar = 20 µm 
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A more rapid blood clearance profile was observed for SIP(SP1) and SIP(SP2), both carrying 

a VL domain consisting of the DPL16 germline gene (Pfaffen et al, 2010), compared to 

SIP(L19) and SIP(SP3), which carried a VL domain based on the DPK22 germline segment 

(Pfaffen et al, 2010; Borsi et al, 2002). All four antibodies contain a VH domain based on the 

DP47 germline gene (Villa et al, 2008) and are identical in other portions of the SIP molecule. 

A comparative analysis of biodistribution studies performed with three SIP antibodies based 

on DPK22 VL domains and five SIP antibodies based on DPL16 light chains revealed a 

general trend to faster blood clearance for DPL16-based antibodies [Figure 2.22].  
 

 
Figure 2.22: Blood clearance comparison of SIP antibodies containing either a DPL16 (F16, SP1, SP2, P12 
and G11) or a DPK22 light chain (SP3, L19, F8). For all antibodies, %ID/g values at time 0 were set equal to 

40%, corresponding to a blood volume of 2.5 ml. The data points were calculated as average of the individual 

%ID/g values for the SIP antibodies in the two groups. The corresponding biodistribution data  for the individual 

SIPs can be found in the following articles: Borsi et al, 2002; Schliemann et al, 2009; El-emir et al, 2007; 

Brack et al, 2006; Silacci et al, 2006; Villa et al, 2008. 
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Thirty minutes after intravenous injection, a more rapid excretion of the SIP(SP2) antibody 

can be detected, compared to SIP(SP3) and SIP(L19) [Figure 2.23 a]. While clearance via 

the hepatobiliary route predominates, antibody dehalogenation in the liver leads to the 

excretion of free radioiodine through the kidneys, as revealed by a gel-filtration analysis of 

urine [Figure 2.23 b]. We hypothesized that the longer retention of SIP(SP3) and SIP(L19) in 

the blood could be due to a non-covalent association with plasma components. 

 

 
Figure 2.23: Biodistribution (a) and urine analysis (b) of 125I-labeled SIP(SP2), SIP(SP3) and SIP(L19) 30 
minutes after intravenous injection. Each value corresponds to an average of two animals. a Organ data 

are expressed in  %ID/g tissue, b while radioactivity in urine fractions was measured in counts per minute (cpm). 

 

Figure 2.24 reveals that indeed SIP(SP3), but not SIP(SP1) and SIP(SP2), forms a complex 

with plasma proteins, as shown by real-time interaction analysis on a BIAcore 3000 

instrument. 
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Figure 2.24: BIAcore sensograms of the murine blood plasma, run onto biosensor chips coated with 
SIP(SP1), SIP(SP2) and SIP(SP3). As positive control for SIP immunodetection on BIAcore, rabbit anti-human 

IgE was used. As negative control, saline solution was flushed over the SIP-coated chip. 
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3 DISCUSSION 
 
This thesis describes the cloning and expression of the catalytic domains of murine MMP-1A, 

MMP-2 and MMP-3, and their use for the isolation and affinity maturation of human 

recombinant antibodies. Five monoclonal antibodies (SP1, SP2, SP3, 5E and 9H) with 

affinities in the low nanomolar range were isolated, which were found to be specific to their 

cognate antigen (MMP-1A, MMP-2 and MMP-3, respectively). These antibodies were used 

for a comparative immunofluorescence and immunohistochemical analysis of mouse tissues 

in health and disease [Figure 2.12 and Figure 2.13]. 
 

While several reports on MMP expression in individual organs (healthy and diseased) can be 

found in the literature (Kuivanen, et al, 2009; Jeffery et al, 2009; Köhrmann et al, 2009; Naka 

et al, 2008; Kinoshita et al, 2008), to our knowledge no comparative 

immunohistofluorescence analysis in normal tissues, tumors and arthritic specimens had 

been reported until now for murine MMP-1A, MMP-2 and MMP-3. Our study revealed that 

the high-affinity antibodies SP1, SP2 and SP3 exhibit an intense staining of various cancer 

and arthritis specimens, while display either no staining (MMP-1A) or moderate staining of 

few normal mouse organs (MMP-2 and MMP-3). In our experience, it is often important to 

use high-affinity monoclonal antibodies, in order to better assess the relative levels of the 

antigen of interest in immunofluorescence analysis (Carnemolla et al, 1996; Castellani et al, 

2002; Pedretti et al, 2009). 

  

Immunocytochemical analysis of murine F9 teratocarcinoma cells by confocal laser scanning 

microscopy revealed a cytoplasmatic staining for SP1 specific to MMP-1A and SP3 specific 

to MMP-3 [Figure 2.14]. By contrast a nuclear localization was observed for MMP-2 in 

keeping with previous reports (Si-Tayeb et al, 2006). In vivo, the MMPs are produced not 

only by tumor cells, but also by stromal cells (Basset et al, 1990). 

 

Furthermore, this thesis reports the first biodistribution analysis of the tumor targeting 

performance of radiolabeled high-affinity monoclonal antibodies, specific to three different 

murine MMPs. While all antibodies strongly stain a variety of tumor sections (Pfaffen et al, 

2010), including F9 tumors [Figure 2.20 and Figure 2.21], only the SIP(SP3) and the 

SIP(9H) antibody, specific to murine MMP-3, exhibited a preferential localization at the tumor 

site.  

 

The comparative biodistribution analysis of the SP1, SP2, SP3 and L19 antibodies in SIP 

format was performed in mice bearing murine tumors and was facilitated by the fact that the 
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EDB has identical sequence in mouse and man (Neri and Bicknell, 2005), thus allowing a 

characterization of tumor targeting properties in a syngeneic setting. To our knowledge, only 

one biodistribution study with a monoclonal antibody specific to human membrane-type 

MMP-1 in a mouse and a rat xenograft cancer model had previously been reported in the 

literature (Temma et al, 2009), which however exhibited no preferential antibody localization 

to the tumor, in line with our results. 

 

As mentioned above, the immunohistochemical analysis of the patterns of murine MMP-1A, 

MMP-2 and MMP-3 expression has shown that these antigens are undetectable in most 

normal mouse tissues (exception made for liver for MMP-2 and MMP-3, and lung, brain and 

kidney for MMP-2), but are strongly expressed in the majority of tumors tested, making them 

suitable candidates for biomolecular anti-cancer pharmacodelivery strategies. In order to 

qualify for antibody-based tumor targeting applications, an antigen needs to be accessible in 

vivo and also needs to mediate an “immobilization” of the antibody on the neo-plastic lesion. 

The biodistribution results presented in this thesis indicate that MMP-3 is sufficiently 

abundant and accessible in F9 tumors to permit a preferential antibody localization at the 

neoplastic site. This protease is probably anchored to extracellular matrix components via 

e.g. the NC1 domain of type IV collagen or the laminin-binding domain of agrin, which are 

structurally similar to tissue inhibitors of metalloproteinases (reviewed in Overall and Lopez-

Otin, 2002). MMP-1A and MMP-3 showed a similar cellular localization in F9 tumor cells, but 

only MMP-3 could be efficiently targeted in vivo. By contrast, in this tumor model, the majority 

of MMP-2 was intracellular and thus not accessible to antibodies in vivo [Figure 2.21]. 
 

Antibodies were used in SIP format for biodistribution studies. Miniantibody formats have 

been extensively studied by our group and by other laboratories and appear to provide an 

ideal compromise between the fast-clearing scFv fragments and the long-lived IgGs (Borsi et 

al, 2002). Unlike scFv and Fab fragments, antibodies in SIP format are mainly cleared via the 

hepatobiliary route (Villa, et al, 2008; Borsi et al, 2002), which spares the kidneys for 

radioimmunotherapy applications. Indeed, 131I-labeled SIP(L19) and SIP(F16) are currently 

being investigated in Phase II radioimmunotherapy trials, with a special focus on 

hematological malignancies (Neri and Bicknell, 2005). Furthermore, these two SIPs labeled 

with 124I are being studied in immuno-PET clinical trials. 

 

In line with previous observations made in biodistribution studies with antibodies in IgG, Fab 

and scFv formats, the results of Table 2.6 show differences in blood clearance properties 

among different SIPs, with the L19 and SP3 antibodies being the longest-lived recombinant 

antibodies in circulation. The reasons for these differences are not obvious, since the 
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cognate antigens are present at negligibly low concentrations (ng/ml levels or lower) in blood 

and since all antibodies have a VH domain based on the same (DP47) germline V segment 

(Pfaffen et al, 2010). Interestingly, both SIP(SP3) and SIP(L19) carry a Vκ domain based on 

the DPK22 germline V segment, while SIP(SP1) and SIP(SP2) have a Vλ domain, based on 

the DPL16 germline segment. Biodistribution studies revealed that DPL16-based antibodies 

in SIP format clear more rapidly from the blood compared to antibodies containing DPK22 

light chains [Figure 2.22]. A previously unsuspected non-covalent binding interaction of 

SIP(SP3) with serum, clearly revealed by BIAcore analysis [Figure 2.24], may account for 

the longer residence time of this antibody in the bloodstream [Fig. 2.20b and Table 2.6]. 
Both L19 and SP3 exhibited a long residence time on the tumor in vivo, a favorable property 

for the use of these antibodies as building blocks for the development of targeted anti-cancer 

biopharmaceuticals. 
 

The selective tumor localization properties of SIP(SP3) suggest that anti-MMP-3 antibodies 

may be useful for the immuno-PET visualization of this antigen in patients with cancer, but 

also in other pathologies where MMP-3 is strongly over-expressed (e.g., rheumatoid 

arthritis). In addition to nuclear medicine applications, it would be conceivable to use anti-

MMP-3 antibodies as building blocks for pharmacodelivery applications, in full analogy to 

antibodies specific to splice isoforms of fibronectin and tenascin-C (Neri and Bicknell, 2005; 

Borsi et al, 2002; Villa et al, 2008) which have been fused to cytokines, photosensitizers, pro-

coagulant factors, enzymes and drugs. Some of these derivatives (most notably, L19-IL2, 

L19-TNF, F16-IL2, F8-IL10) are currently being investigated in clinical trials. However, since 

the catalytic domain of MMP-3 displays only an 82% homology between mouse and man, 

human-specific monoclonal antibodies will be needed for clinical applications. 
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4 MATERIAL AND METHODS 
 

4.1 Cell lines 

 
Cell culture media and supplements were purchased from Invitrogen (Basel, Switzerland). 

The human glioblastoma cell line U87 (HTB-14, ATCC) was cultured in MEM medium, 

supplemented with 10% fetal calf serum (FCS) and antibiotic–antimycotic at 37°C and 5% 

CO2. The murine melanoma cell line B16 (CRL-6322, ATCC) was cultured in DMEM 

containing 10% FCS and incubated at 37°C and 5% CO2. The  human kidney clear cell 

carcinoma cell line Caki-1 (HTB-46, ATCC), the human ovarian cancer cell line SKOV-3 

(HTB-77, ATCC) and the human renal cell carcinoma cell line 786-O (CRL-1932, ATCC) 

were cultured in RPMI 1640 supplemented with as described above. The human lung cancer 

cell line H460 (HTB-177, ATCC) was cultured in RPMI medium containing 2 mM glutamine, 

10% FCS and antibiotic-antimycotic at 37°C and 5% CO2. The murine teratocarcinoma cell 

line F9 (CRL-1720, ATCC) was cultured in cell culture vessels coated with 0.1% gelatine 

solution in DMEM containing 10% FCS and antibiotic-antimycotic at 37°C and 5% CO2. 
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4.2 Production and characterization of the catalytic domain of 

MMP-1A, MMP-2 and MMP-3 

 

4.2.1 Cloning and expression of the murine MMP-1A catalytic domain 

The murine MMP-1A catalytic domain (residues 95-280) was isolated from a murine cDNA 

library (7 day embryo) (Clontech) and cloned into the pQE12 vector (Qiagen) using the 

restriction sites EcoRI and BglII and the primers 5’- CCG GAA TTC ATT AAA GAG GAG 

AAA TTA ACT ATG GCC CCA TAT GCC ATT ACT CAC -3’ and 5’- ACT AGA TCT CTA 

TCA GTG ATG GTG ATG GTG ATG GCC ACC TGG ATG TGG TGT TGT TGC ACC-

3’(Eurofins MWG Operon). The protein containing a C-terminal 6 x His-tag was purified with 

a Ni-NTA agarose (Qiagen) by refolding on the column and dialysis against 50 mM Tris-Cl, 

200 mM NaCl, pH 7.4, and stored frozen at -20°C. 

 

4.2.2 Cloning and expression of the murine MMP-2 catalytic domain 

The murine MMP-2 catalytic domain lacking three fibronectin type II domains (residues 112-

219 and 393-445) was isolated from the full length cDNA clone RAVp968H04129D6 

(imaGenes) and was cloned into the pQE12 vector (Qiagen) using the restriction sites EcoRI 

and BglII. PCR assembly of the two subunits of the catalytic domain was achieved using 

primers 5’-CCG GAA TTC ATT AAA GAG GAG AAA TTA ACT ATG AAC TAC AAC TTC 

TTC CCC CGC AAG CCC-3’ and 5’-GCT ATA TCC TTG TTG TCC TTC TCC CAG GGT 

CCA CAG-3’ for residues 112-219, and primers 5’- GGA GAA GGA CAA CAA GAA TAT 

AGC CTATTC CTC GTG GCA-3’ and 5’- ACT AGA TCT CTA TCA GTG ATG GTG ATG 

GTG ATG GCC ACC ATA GAG CTC CTG GAT CCC CTT GAT GTC- 3’ for residues 393-

445 (Eurofins MWG Operon). The protein containing a C-terminal 6 x His-tag was purified 

with Ni-NTA agarose (Qiagen), dialysis against 50 mM Tris-Cl, 200 mM NaCl, pH 7.4, and 

stored frozen at -20°C. 

 

4.2.3 Cloning and expression of the murine MMP-3 catalytic domain 

The murine MMP-3 catalytic domain (residues 100-273) was isolated from a murine cDNA 

library (eye) (Clontech) and cloned into the pQE12 vector (Qiagen) using the restriction sites 

EcoRI and BglII and the primers 5’-CCG GAA TTC ATT AAA GAG GAG AAA TTA ACT ATG 

TTC AGT ACC TTC CCA GGT TCG-3’ and 5’- ACT AGA TCT CTA TCA GTG ATG GTG 

ATG GTG ATG GCC ACC GAG GAC ATC AGG GGA TGC TGT-3’ (Eurofins MWG Operon). 
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The protein containing a C-terminal 6 x His-tag was purified with Ni-NTA agarose (Qiagen), 

dialyzed against 50 mM Tris-Cl, 200 mM NaCl, pH 7.4, and stored frozen at -20°C 

(Scheuermann et al, 2008). 

 

4.2.4 Activity assay for the catalytic domains of MMP-1A MMP-2 and 
MMP-3 

Forty eight µl of MMP-1A (final concentrations: 0-3000 nM) or MMP-3 (final concentrations: 

0-300 nM) in 39 mM Tris-Cl, 156 mM NaCl, 5.6% DMSO, 0.056% Brij-35, 56 mM 2-(N–

morpholino) ethanesulfonate, 1.1 mM CaCl2, 22 µM ZnCl2 at pH 6 were incubated with 10 µl 

of the fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (final concentrations: 1-

166 µM) (OmniMMP, Biomol). The change of fluorescence signal (λex 328 nm; λem 393 nm) 

was recorded over 10 min using a SpectraMax Gemini microplate reader (Molecular 

Devices). The rate of fluorescence signal increase over the time (initial reaction velocity) was 

plotted versus different substrate concentrations and the KM and kcat values were obtained by 

fitting the equation v = Vmax x S / (KM + S) and kcat = Vmax / E (v = initial velocity, S = initial 

substrate concentration, Vmax = maximum rate, KM = Michaelis constant, kcat = turnover 

number, E = enzyme concentration) using Kaleidagraph software (Synergy software) (Netzel-

Arnett et al, 1991). 

Forty eight µl of MMP-2 (0-780 nM) in 39 mM Tris-Cl, 156 mM NaCl, 5.6% DMSO, 0.056% 

Brij-35, 56 mM 3-(N-morpholino) propanesulfonic acid, 1.1 mM CaCl2, 22 µM ZnCl2 at pH 7 

were incubated with 10 µl of the fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-

NH2 (final concentrations: 1-33 µM) (OmniMMP, Biomol). The change of fluorescence signal 

(λex 328 nm; λem 393 nm) was recorded over 10 min using a SpectraMax Gemini microplate 

reader (Molecular Devices). KM and kcat were determined as described above. 
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4.3 Generation and characterization of scFv fragments 

 

4.3.1 Selection of antibodies from the ETH-2-Gold library by phage 
display 

The recombinant catalytic domains were immobilized on an Immunotube (NUNC) at a final 

concentration of 50 µg/ml in phosphate buffered saline (PBS). The selections were 

performed according to standard antibody phage display protocols (Viti et al, 2000). 

Bacterial supernatants, containing recombinant antibody fragments, were screened by ELISA 

as described previously (Viti et al, 2000). Supernatants of clones positive in ELISA were 

further analyzed by surface plasmon resonance (SPR) real-time interaction analysis on a 

high density coated antigen-chip, using a BIAcore3000 instrument (BIAcore AB). 

 

4.3.2 Sequencing of scFv antibody genes 

Antibodies were sequenced using Big Dye® Terminator v3.1 Cycle Sequencing kit (Applied 

Biosystems) on an ABI PRISM 3130 Genetic analyzer. Termination reactions were 

performed using primers Limb3long 5’- CAG GAA ACA GCT ATG ACC ATG ATT AC - 3’ 

(annealing 110 bp upstream the scFv gene) and fdseqlong 5’- GAC GTT AGT AAA TGA ATT 

TTC TGT ATG AGG - 3’ (annealing 100 bp downstream the scFv gene) (Eurofins MWG 

Operon). 

 

4.3.3 Characterization of antibody scFv fragments 

ScFv antibody fragments were expressed in E.coli and purified from culture supernatant by 

affinity chromatography using Protein A Sepharose Fast Flow Resin (GE Healthcare), as 

described previously (Silacci et  al, 2005). 

Purified antibodies were analysed by SDS-PAGE and size exclusion chromatography on 

Superdex 75 HR10/30 columns (Amersham Biosciences), the peak of the monomeric 

fraction was collected and used for affinity measurement by BIAcore on a low density coated 

antigen chip as described (Silacci et al, 2006). 

 

4.3.4 Construction of affinity maturation libraries 

Affinity maturation libraries were constructed by introducing sequence variability either in the 

CDR1 loop of heavy (VH) and light chain (VL) or in the CDR2 loop of VH and VL. Antibody 
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residues are numbered according to Tomlinson and co-workers (Tomlinson et al, 1992). 

Mutations at positions 31, 31a, 32 (CDR1 of VL) and 31, 32, 33 (CDR1 of VH) or 50, 51, 52 

(CDR2 of VL) and 52, 52a, 53 and 56 were introduced by PCR using partially degenerated 

primers (Eurofins MWG Operon) as described previously (Villa et al, 2008; Silacci et al, 

2006).  

Phage display selections were done as described before. Briefly, one single round of 

panning was performed with the recombinant antigen biotinylated with Sulfo-NHS-LC-Biotin 

(final concentration: 10-7 M) (Pierce) eluting bound phage with 100 mM Triethylamine, as 

described in Silacci et al. (Silacci et al, 2005). Induced supernatants of individual clones were 

screened by ELISA and by surface plasmon resonance analysis on a high-density coated 

antigen chip. 

 

4.3.5 Immunofluorescence on frozen tissue sections 

Healthy tissues (excised from Sv129 mice), tumor tissues and arthritic tissues (excised from 

bovine collagen type II induced mice (Trachsel et al, 2007) were embedded in freezing 

medium (Microm) and stored at -80°C until sectioned. Tissue sections (10 µm) were fixed for 

10 min with ice-cold acetone, rehydrated with PBS and blocked with 20% FCS in PBS. 

Purified scFv antibodies (final concentration: 10-20 µg/ml) containing a myc-tag were added 

onto the sections. As secondary antibody a rat anti-myc antibody (Genetex) was applied, 

detected with donkey anti-rat IgG Alexa Fluor 488 antibody (Invitrogen). Nuclei were 

counterstained with DAPI (Invitrogen). All commercial binding reagents were diluted 

according to the manufacturer’s recommendation. Rinsing with PBS was performed in 

between all incubation steps. Slides were mounted with Fluorescent mounting medium 

(Dako) and analyzed with a Zeiss AxioVision 4.7 image analysis software (Carl Zeiss AG). 

 

4.3.6 Immunocytochemistry /confocal laser scanning microscopy with 
murine F9 teratocarcinoma cells 

Confocal laser scanning microscopy was performed as previously described by our group 

(Rösli et al, 2009). Briefly, the F9 teratocarcinoma cells were grown on 4.2 cm2 Falcon cell 

culture inserts (BD Biosciences). The adherent cells were fixed for 10 min with ice-cold 

methanol, permeabelized with 0.2% Triton-X100 in PBS and rehydrated in PBS. Purified 

scFv antibodies (final concentration: 20-30 µg/ml) containing a myc-tag were added onto the 

cells. As secondary antibody a rat anti-myc antibody (Genetex) was applied, detected with a 

donkey anti-rat IgG Alexa Fluor 594 antibody (Invitrogen). Nuclei were counterstained with 

DAPI (Invitrogen). Rinsing with PBS was performed in between all incubation steps. Slides 
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were mounted with Fluorescent mounting medium (Dako) and analyzed with a LSM 510 

META from Zeiss (Carl Zeiss AG). 

 

4.3.7 Immunohistochemistry on frozen tissue sections 

Healthy tissues (excised from Sv129 mice), tumor tissues and arthritic tissues (excised from 

bovine collagen type II induced mice (Trachsel et al, 2007) were embedded in freezing 

medium (Microm) and stored at -80°C until sectioned. Tissue sections (10 µm) were fixed for 

10 min with ice-cold acetone, rehydrated with TBS (50 mM Tris, 100 mM NaCl, 0.01% 

Aprotinin) and blocked with 20% FCS in TBS (Invitrogen). Purified scFv antibodies (final 

concentration: 10-20 µg/ml) containing a myc-tag were added onto the sections, together 

with a monoclonal anti-myc antibody 9E10 (AbD Serotec) biotinylated with Sulfo-NHS-LC-

Biotin (Pierce) (final concentration: 5 µg/ml).  Bound antibodies were detected with a 

streptavidin-alkaline phosphatase complex (Biospa). All commercial binding reagents were 

diluted according to the manufacturer’s recommendation. Rinsing with TBS was performed in 

between all incubation steps.  Fast Red (Sigma) was used as phosphatase substrate, and 

sections were counterstained with Gill’s hematoxylin No2 (Sigma). Slides were mounted with 

Glycergel mounting medium (Dako) and analyzed with a Zeiss AxioVision 4.7 image analysis 

software (Carl Zeiss AG). 
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4.4 GENERATION AND CHARACTERIZATION OF SIP ANTIBODIES  

 

4.4.1 Cloning, expression, and purification of antibodies in the SIP 
format 

ScFvs were converted into the SIP format by cloning VH and VL into pcDNA3.1 (Invitrogen) 

using the same strategy as described in (Villa et al, 2008; Zuberbühler et al, 2009). The 

plasmids were transfected into CHO-S cells (Invitrogen) using Cell Line Nucleofector Kit V 

(Lonza), following the manufacturer’s protocol. Transfectants were grown in RPMI 

supplemented with 10% FCS and selected by addition of 0.5 mg/ml Geneticin (G418) (Merck 

Chemicals Ltd). Monoclonal cultures were obtained by fluorescent-activated cell sorting or by 

limited dilution, as described (Zuberbühler et al, 2009). After 10 to 14 days of selection, cells 

were brought into suspension, and cultured in PowerCHO-2 CD (Lonza). SIP antibodies 

were purified from culture medium by affinity chromatography using Protein A Sepharose 

Fast Flow resin (GE Healthcare), as described in (Zuberbühler et al, 2009). 

 

4.4.2 Characterization of the SIP antibodies 

Purified SIP antibodies were analyzed by SDS-PAGE, size exclusion chromatography on 

Superdex 200 HR10/300 columns (Amersham Biosciences) and by surface plasmon 

resonance (SPR) measurements on a low density coated antigen chip as described in (Villa 

et al, 2008) to determine the apparent KD.  

 

4.4.3 Immunofluorescence analysis of frozen tissue sections 

F9 teratocarcinoma tissues were embedded in freezing medium (Microm) and stored at -

80°C until sectioned. Tissue sections (10 µm) were fixed for 10 min with ice-cold acetone, 

rehydrated with PBS and blocked with 20% FCS in PBS. Biotinylated SIP(L19) (2 µg/ml) 

(specific to the alternatively-spliced EDB domain of fibronectin, used as positive control 

antibody of proven tumor targeting properties (Borsi et al, 2002)), purified SIP(HyHEL-10) (2 

µg/ml) (specific to hen egg lysozyme, used as negative control antibody) or the purified 

antibodies scFv(SP1), scFv(SP2) and scFv(SP3) (10 - 20 µg/ml) containing a myc-tag were 

added onto the sections. As secondary reagents for the scFvs a rat anti-myc antibody 

(Genetex) and for the SIP(HyHEL-10) a rabbit anti-human IgE (Dako) were applied. The 

detection was achieved by Streptavidin Alexa Fluor 488 for SIP(L19), goat anti-rabbit IgG 

Alexa Fluor 488 (Invitrogen) for SIP(HyHEL-10) or donkey anti-rat IgG Alexa Fluor 488 
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antibody (Invitrogen) for the scFvs, respectively. Nuclei were counterstained with DAPI 

(Invitrogen). All commercial binding reagents were diluted according to the manufacturer’s 

recommendation. Rinsing with PBS was performed in between all incubation steps. Slides 

were mounted with Fluorescent mounting medium (Dako) and analyzed with a Zeiss 

AxioVision 4.7 image analysis software (Carl Zeiss AG). 

For laser scanning microscopy analysis all steps were performed as described above. In 

addition, the cytoskeleton was counterstained with Phalloidin Alexa 647 (Invitrogen). Slides 

were analyzed with a LSM 510 META from Zeiss (Carl Zeiss AG).  

 

4.4.4 Radioiodination of SIP antibodies  

Antibody radioiodination was performed as previously described (Villa et al, 2008). Briefly, 

300 μg of protein was combined with 200 μCi of 125I (Perkin Elmer) and with filtered 

chloramine T (Sigma) aqueous solution (5 mg/ml; 0.25 μg of chloramine T per μg of protein 

was used) for 1 min 45 sec followed by separation from unincorporated iodine using a PD-10 

disposable gel filtration column (GE Healthcare). Antibody immunoreactivity after labeling 

was evaluated by affinity chromatography as previously described (Borsi et al, 2002). Binding 

reactivity, defined as the ratio between the counts of the eluted antibody and the sum of the 

counts (flowthrough, wash and eluate), was 79% for the SIP(L19), 62% for the SIP(SP1), 

67% for the SIP(SP2), 84% for the SIP(SP3) and 73% for the SIP(HyHEL-10). 
 

4.4.5 Biodistribution of tumor bearing mice with the radiolabeled SIP 
antibodies 

F9 murine teratocarcinoma cells (2 x 107) were implanted s.c. into the left flank of 10- to 12-

week-old 129/SvEv mice (Taconic) and tumors were allowed to grow for 8 days. The 125I-

labeled antibody fragment (15 - 20 µg; 3 - 6 µCi) in 100µl saline solution, radiolabeled on the 

same day, was injected intravenously. Mice were sacrificed 3 hours, 24 hours and 48 hours 

after injection. Organs were weighed and radioactivity was counted. Three to six animals 

were used for each time point and each construct. Radioactivity content of representative 

organs are expressed as the percentage of the injected dose per gram of tissue (%ID/g ± 

S.E.). 

 

4.4.6 Microautoradiography 

Twenty-four hours after the i.v. injection of radiolabeled antibodies, mice were sacrificed and 

F9 tumors were embedded and frozen in OTC medium (Thermo Fisher Scientific). Twenty-
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micrometer sections were cut, fixed with ice-cold acetone and coated with NBT KODAK 

autoradiography emulsion (Kodak). After drying, the slides were stored at 4°C in the dark for 

approximately 4 weeks. The autoradiography emulsions were developed (KODAK developer 

D-19) for 4 min and fixed (KODAK Eastman Fixer) for 5 min. Finally, slides were rinsed with 

deionized water and counterstained with hematoxilin (Sigma). 

 

4.4.7 Immunofluorescence analysis of in vivo injected antibodies 

To investigate the in vivo distribution and penetration of the antibodies within the F9 tumors, 

immunofluorescence staining was performed 24 hours after i.v. injection. Fixed sections 

(20µm) were incubated with rat anti-mouse CD31 antibody to stain the blood vessels and 

with rabbit-anti-human IgE antibody for detection of the SIP-antibodies. As secondary 

antibodies a goat-anti-rat Alexa Fluor-594 (Invitrogen) and donkey anti-rabbit Alexa Fluor 488 

(Invitrogen) were used. Nuclei were counterstained with DAPI. All commercial binding 

reagents were diluted according to the manufacturer’s recommendation. Rinsing with PBS 

was performed in between all incubation steps. Slides were mounted with Fluorescent 

mounting medium (Dako) and analyzed with a Zeiss AxioVision 4.7 image analysis software 

(Carl Zeiss AG). 

 

4.4.8 Deglycosylation 

To deglycosylate purified SIP(SP1), 15 µg protein samples were incubated with 500 units of 

PNGase F (New England Biolabs) for 3 h at 37°C. The resulting product was used directly for 

SDS-PAGE analysis. 
 

 

4.4.9 Murine blood plasma analysis by surface plasmon resonance 
measurements 

Murine blood plasma was analyzed by SPR on a BIAcore 3000 instrument (GE Healthcare), 

using high density coated SIP antibody chip as described in (Villa et al, 2008). A rabbit anti-

human IgE antibody (Dako) (final concentration: 83 µg/ml) and buffered saline solution were 

used as positive control and as negative control, respectively. 
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4.4.10 Biodistribution of healthy mice with radiolabeled SIP 
antibodies 

 
125I-labeled antibody fragments (30 - 40 µg; 3 - 6 µCi) in 200 µl saline solution, radiolabeled 

immediately prior to use, was injected intravenously. Mice were sacrificed 30 min after 

injection. Urine was collected and was applied to a disposable gel filtration column (GE 

Healthcare). Fractions of 500 µl were collected and radioactivity was measured. Organs were 

excised, weighed and radioactivity was counted. Two animals were used for each construct. 

Radioactivity content of urine fractions is expressed as counts per minute (cpm). 

Radioactivity content of representative organs is expressed as the percentage of the injected 

dose per gram of tissue (%ID/g). 
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5 SUPPLEMENTARY MATERIAL 
 

5.1 scFv(SP1) 

5.1.1 Nucleotide sequence 

GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA

CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCCGTCAACATATGAGCTGGGTCCGCCA

GGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTACTGCGGCGGGTGGTAGGAC

ATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACA

CGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGC

GAAACATTCGCCTAGTGTTACGTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTC

TCGAGT 

 

GGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGA 

 

TCGTCTGAGCTGACTCAGGACCCTGCTGTGTCTGTGGCCTTGGGACAGACAGTCAGGA

TCACATGCCAAGGAGACAGCCTCAGACGGTATTATGCAAGCTGGTACCAGCAGAAGCC

AGGACAGGCCCCTGTACTTGTCATCTATGGGAAAGCTGGGCGGCCCTCAGGGATCCCA

GACCGATTCTCTGGCTCCAGCTCAGGAAACACAGCTTCCTTGACCATCACTGGGGCTCA

GGCGGAAGATGAGGCTGACTATTACTGTAACTCCTCTTTTCCCTTTGCGCCTTTTGTGGT

ATTCGGCGGAGGGACCAAGCTGACCGTCCTAGGCGCGGCCGCAGAACAAAAACTCATC

TCAGAAGAGGATCTGAATGGGGCCGCATAG 

 

5.1.2 Amino acid sequence 

EVQLLESGGGLVQPGGSLRLSCAASGFTFSRQHMSWVRQAPGKGLEWVSAITAAGGRTY

YADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKHSPSVTFDYWGQGTLVTVSS 

 

GGGGSGGGGSGGGG 

 

SSELTQDPAVSVALGQTVRITCQGDSLRRYYASWYQQKPGQAPVLVIYGKAGRPSGIPDRF

SGSSSGNTASLTITGAQAEDEADYYCNSSFPFAPFVVFGGGTKLTVLGAAAEQKLISEEDLN

GAA- 
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5.2 scFv(5E) 

5.2.1 Nucleotide sequence 

GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA

CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCAGGCGTCCTATGAGCTGGGTCCGCC

AGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTACTGCGGCGGGTGGTAGGA

CATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAAC

ACGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTG

CGAAACATTCGCCTAGTGTTACGTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGT

CTCGAGT 

 

GGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGA 

 

TCGTCTGAGCTGACTCAGGACCCTGCTGTGTCTGTGGCCTTGGGACAGACAGTCAGGA

TCACATGCCAAGGAGACAGCCTCAGAGGTTGGTATGCAAGCTGGTACCAGCAGAAGCC

AGGACAGGCCCCTGTACTTGTCATCTATGGGAAAGCTGGGCGGCCCTCAGGGATCCCA

GACCGATTCTCTGGCTCCAGCTCAGGAAACACAGCTTCCTTGACCATCACTGGGGCTCA

GGCGGAAGATGAGGCTGACTATTACTGTAACTCCTCTTTTCCCTTTGCGCCTTTTGTGGT

ATTCGGCGGAGGGACCAAGCTGACCGTCCTAGGCGCGGCCGCAGAACAAAAACTCATC

TCAGAAGAGGATCTGAATGGGGCCGCATAG 
 

5.2.2 Amino acid sequence 

EVQLLESGGGLVQPGGSLRLSCAASGFTFSRRPMSWVRQAPGKGLEWVSAITAAGGRTY

YADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKHSPSVTFDYWGQGTLVTVSS 

 

GGGGSGGGGSGGGG 

 

SSELTQDPAVSVALGQTVRITCQGDSLRGWYASWYQQKPGQAPVLVIYGKAGRPSGIPDR

FSGSSSGNTASLTITGAQAEDEADYYCNSSFPFAPFVVFGGGTKLTVLGAAAEQKLISEEDL

NGAA- 
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5.3 scFv(SP2) 

5.3.1 Nucleotide sequence 

GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA

CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCAGGGGGGCTATGAGCTGGGTCCGCC

AGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCAC

ATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACA

CGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAGGACACGGCCGTATATTACTGTGC

GAAACATGGGAGTTCGCGGAATTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTC

TCGAGT 

 

GGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGA 

 

TCGTCTGAGCTGACTCAGGACCCTGCTGTGTCTGTGGCCTTGGGACAGACAGTCAGGA

TCACATGCCAAGGAGACAGCCTCAGACCGAGGCTTGCAAGCTGGTACCAGCAGAAGCC

AGGACAGGCCCCTGTACTTGTCATCTATGGTAAAAACAACCGGCCCTCAGGGATCCCA

GACCGATTCTCTGGCTCCAGCTCAGGAAACACAGCTTCCTTGACCATCACTGGGGCTCA

GGCGGAAGATGAGGCTGACTATTACTGTAACTCCTCTACGCTTAGTCGGCCCTCTGTG

GTATTCGGCGGAGGGACCAAGCTGACCGTCCTAGGCGCGGCCGCAGAACAAAAACTCA

TCTCAGAAGAGGATCTGAATGGGGCCGCATAG 
 
 

5.3.2 Amino acid sequence 

EVQLLESGGGLVQPGGSLRLSCAASGFTFSRGAMSWVRQAPGKGLEWVSAISGSGGSTY

YADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKHGSSRNFDYWGQGTLVTVSS 

 

GGGGSGGGGSGGGG 

 

SSELTQDPAVSVALGQTVRITCQGDSLRPRLASWYQQKPGQAPVLVIYGKNNRPSGIPDRF

SGSSSGNTASLTITGAQAEDEADYYCNSSTLSRPSVVFGGGTKLTVLGAAA 

EQKLISEEDLNGAA- 
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5.4 scFv(SP3) 

5.4.1 Nucleotide sequence 

GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA

CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCGGCTATGCCATGAGCTGGGTCCGCC

AGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCAC

ATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACA

CGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAAGACACGGCCGTATATTACTGTGC

GAAAATTTCTTCTTTTCATTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGA

GT 

 

GGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGA 

 

GAAATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCAC

CCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCGGGCGGCGGTTAGCCTGGTACCAGCA

GAAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGC

ATCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCA

GACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGCCGAGGGGTGCTCCGAC
GACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAGCGGCCGCAGAACAAAAACTCATC

TCAGAAGAGGATCTGAATGGGGCCGCATAG 

 

5.4.2 Amino acid sequence 

EVQLLESGGGLVQPGGSLRLSCAASGFTFSGYAMSWVRQAPGKGLEWVSAISGSGGSTY

YADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKISSFHFDYWGQGTLVTVSS 

 

GGGGSGGGGSGGGG 

 

EIVLTQSPGTLSLSPGERATLSCRASQSVSGRRLAWYQQKPGQAPRLLIYGASSRATGIPDR

FSGSGSGTDFTLTISRLEPEDFAVYYCQQPRGAPTTFGQGTKVEIKAAAEQKLISEEDLNGA

A- 
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5.5 scFv(9H) 

5.5.1 Nucleotide sequence 

GAGGTGCAGCTGTTGGAGTCTGGGGGAGGCTTGGTACAGCCTGGGGGGTCCCTGAGA

CTCTCCTGTGCAGCCTCTGGATTCACCTTTAGCTGGATGGCGATGAGCTGGGTCCGCC

AGGCTCCAGGGAAGGGGCTGGAGTGGGTCTCAGCTATTAGTGGTAGTGGTGGTAGCAC

ATACTACGCAGACTCCGTGAAGGGCCGGTTCACCATCTCCAGAGACAATTCCAAGAACA

CGCTGTATCTGCAAATGAACAGCCTGAGAGCCGAAGACACGGCCGTATATTACTGTGC

GAAAATTTCTTCTTTTCATTTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCGA

GT 

 

GGTGGAGGCGGTTCAGGCGGAGGTGGCTCTGGCGGTGGCGGA 

 

GAAATTGTGTTGACGCAGTCTCCAGGCACCCTGTCTTTGTCTCCAGGGGAAAGAGCCAC

CCTCTCCTGCAGGGCCAGTCAGAGTGTTAGCAATTCTGGGTTAGCCTGGTACCAGCAG

AAACCTGGCCAGGCTCCCAGGCTCCTCATCTATGGTGCATCCAGCAGGGCCACTGGCA

TCCCAGACAGGTTCAGTGGCAGTGGGTCTGGGACAGACTTCACTCTCACCATCAGCAG

ACTGGAGCCTGAAGATTTTGCAGTGTATTACTGTCAGCAGCCGAGGGGTGCTCCGACG
ACGTTCGGCCAAGGGACCAAGGTGGAAATCAAAGCGGCCGCAGAACAAAAACTCATCT

CAGAAGAGGATCTGAATGGGGCCGCATAG 
 

5.5.2 Amino acid sequence 

EVQLLESGGGLVQPGGSLRLSCAASGFTFSWMAMSWVRQAPGKGLEWVSAISGSGGSTY

YADSVKGRFTISRDNSKNTLYLQMNSLRAEDTAVYYCAKISSFHFDYWGQGTLVTV 

 

SSGGGGSGGGGSGGGG 

 

EIVLTQSPGTLSLSPGERATLSCRASQSVSNSGLAWYQQKPGQAPRLLIYGASSRATGIPDR

FSGSGSGTDFTLTISRLEPEDFAVYYCQQPRGAPTTFGQGTKVEIKAAAEQKLISEEDLNGA

A- 

 

CDR1 
CDR2 
CDR3 
MYC-TAG 

LINKER 
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7 ABBREVIATIONS 
 
%ID/g    percent injected dose per gram 

°C    Celsius 

µg    microgram 

5E    antibody specific to MMP-1A 

786-O    human renal cell carcinoma cell line 

9H    antibody specific to MMP-3 

A adenosine 

A375 human melanoma cell line 

B16    murine melanoma cell line 

BiTE bispecific single chain variable fragment fused by a peptide 

linker 

Brij    polyalkylglycolether 

C    catalytic domain 

Caki-1    human kidney clear cell carcinoma cell line  

CD31    cluster of differentiation molecule, PECAM-1 

cDNA complementary DNA 

CDR    complementary determing region 

CHO     chinese hamster ovary cell line 

cpm    counts per minute 

ctrl    control 

dAb    domain antibody 

DAF decay accelerating factor 

DAPI    4′,6-Diamidin-2-phenylindol 
DARPin designed ankyrin repeat proteins 

dg    deglycosylated 

DMEM    Dulbecco's modified Eagle medium 

DMSO    dimethyl sulfoxid 

DNA desoxyribonucleic acid 

E    initial enzyme concentration 

E. coli Escherichia coli 

ECM extracellular matrix 

EDB extra-domain B of fibronectin 

ELISA    enzyme-linked immunosorbent assay 

EMMPRIN extracellular matrix metalloproteinase inducer 



 122

EMT epithelial mesenchymal transmission 

F9    murine teratocarcinoma cell line 

Fab fragment antigen binding 

FACS fluorescent activated cell sorting 

FCS    fetal calf serum 

FDA food and drug administration 

G guanine 

Gd Gadolinium 

GPI glycosyl phosphatidyl inositol  

H    hinge region 

h    hours 

H460    human lung carcinoma cell line 

HAE hereditary angioedema 

HcAb    heavy chain antibody 

HCC hepatocellular carcinoma 

HP    hemopexin-like domain 

HyHel-10   antibody specific to hen egg lysozyme 

i.v.    intravenous 

IgG    Immunoglobuline G 

IL interleukine  

kcat turnover number 

KD    dissociation constant 

kDa kilo dalton 

keV kilo electron volt 

KM Michaelis-Menten constant 

kon    kinetic association constant 

koff    kinetic dissociation constant 

L19 antibody specific to the extra-domain B of fibronectin, currently 

in clinical trials 

M    molar 

M    molecular weight marker 

mAb    monoclonal antibody 

MEM    minimum essential medium Eagle 

min     minutes 

ml    milliliter 

MMP    matrix metalloproteinase 

MMP-1 matrix metalloproteinase 1 
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MMP-1A matrix metalloproteinase 1A 

MMP-2 matrix metalloproteinase 2 

MMP-3 matrix metalloproteinase 3 

MMPI matrix metalloproteinase inhibitor 

MRI magnetic resonance imaging 

mRNA messanger ribonucleic acid 

MT- MMP membrane type matrix metalloproteinase 

ng    nanogram 

Ni-NTA   Nickel Nitrilo-triacetic Acid 

nM    nanomolar 

nm nanometer 

NR    non-reducing conditions 

NTA Nickel Nitrilo-triacetic Acid 

OIM optical imaging 

P    propeptide 

PBS    phosphate buffered saline 

pcDNA3.1   mammalian expression vector 

PCR polymerase chain reaction 

PET positron emission tomography 

pHEN-1   phagemid vector 

pQE12    bacterial expression vector 

proMMP inactive zymogen 

R    reducing conditions 

RCC    renal cell carcinoma cell line 

RNA ribonucleic acid 

rpm    rounds per minute 

RPMI    Roswell Park Memorial Institute medium 

RT    room temperature 

RT-PCR reverse transcriptase polymerase chain reaction 

S    initial substrate concentration 

s second 

scFv    single chain variable fragment (antibody fragment) 

sdAb    single domain antibody 

SDS-PAGE   sodium dodecylsulfate polyacrylamide gel electrophoresis 

S.E.    standard error 

SIP    small immuno protein 

SKOV-3   human ovarian carcinoma cell line  
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SNP single nucleotide polymorphism 

SP    signal peptide 

SP1    antibody specific to MMP-1A 

SP2    antibody specific to MMP-2 

SP3    antibody specific to MMP-3 

SPECT single photon emission computed tomography 

SPR    surface plasmon resonance 

TBS    Tris buffered saline 

TEA    triethylamine 

TG-1    termite group 1 bacteria 

TIMP tissue inhibitor of matrix metalloproteinases 

Tris-Cl    Tris(hydroxymethyl)-aminomethan 

U87     human glioblastoma multiforma cell line 

v    initial velocity 

VEGF vascular endothelial growth factor 

VEGF-R2 vascular endothelial growth factor receptor 2 

VH    variable heavy chain 

VL    variable light chain 
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