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ABSTRACT
The extracellular matrix (ECM) is the master mediator of cellular and tissue function in the
body. Dysregulations of the ECM are found in a wide number of diseases like malignant
tumours and fibrotic diseases. In the tumour microenvironment, the ECM is highly
remodelled promoting tumour invasion and drug resistance, while fibrosis is characterised
by an over-deposition of ECM proteins like collagen and fibronectin with the consequent
organ failure. Direct targeting of the ECM might open access to the development of new
tracers for the targeted drug-delivery of cancer therapeutics and for the diagnosis of fibrosis
at an early stage. In vivo non-invasive imaging techniques (in particular nuclear imaging)
using specific ECM-targeting probes are useful tools for the quantitative characterisation of
the ECM and for diagnostic technique in cancer and fibrosis. However, the development of
diagnostic tools and of therapeutics encounters some challenges because of the multifunctionality and the complexity of the ECM.
In the first part of the thesis, the fibronectin-binding peptide FnBPA5 was evaluated for the
targeting of ECM glycoprotein fibronectin (Fn) in cancer and fibrosis. Fn is a preferred
bacterial adhesion target due to its high abundance in wounds and bacteria like
Staphylococcus aureus express Fn-binding proteins on their cell wall and use them to
colonise and penetrate into the host tissue. In an initial proof-of-concept study, it was
demonstrated that the S. aureus-derived peptide FnBPA5 might be suitable for the targeting
of Fn in tumours for in vivo imaging. For the experiments, FnBPA5 was labelled with a
fluorescence moiety (Alexa 488, Cy5) for fluorescence staining and radiolabelled with

111

In

for Single Photon Emission Computed tomography (SPECT), respectively. In vitro, FnBPA5Alexa 488 showed Kd values of 75 ± 8 and 28 ± 6 nM for the binding to soluble Fn and fibrillar
Fn, respectively. Additionally, the Fn-specific binding of FnBPA5-Alexa 488 was
demonstrated in fibroblast-derived matrix and it could be showed that the binding
behaviour was not altered by the labelling with Indium. Biodistribution and SPECT analysis
performed in a murine prostate carcinoma model revealed that

111

In-FnBPA5 accumulated

mainly in the tumour, the kidneys and the liver with a maximum uptake at 1 hour post
injection (p.i.) (4.74 ± 0.77 %IA/g, 140.58 ± 18.10 %IA/g, 7.52 ± 1.50 %IA/g, respectively). The
uptake was Fn-specific in all tissues examined except for the kidneys. Our pharmacokinetic

ABSTRACT
data showed significantly slower

111

In-FnBPA5 clearance from the tumour compared to the

other organs. The binding mechanisms, which are crucial for the differentiation between
normal and pathological ECM, are still not understood. However, according to our results,
the elevated Fn deposition and the differences in the mechanical strain state of Fn fibres are
two possible hypotheses to explain the binding. The prolonged retention in the tumour
indicates the potential of 111In-FnBPA5 for the selective targeting of Fn in tumours.
111

In-FnBPA5 was examined to image pulmonary fibrosis, which is highly related to ECM

malfunction. Idiopathic pulmonary fibrosis (IPF) is the most common form of interstitial lung
diseases (ILDs). It is characterised by a progressive, irreversible interstitial fibrosis of
unknown origin. This causes premature death as a result of respiratory failure. Currently,
there are neither effective anti-fibrotic treatments, that arrest or revise the disease
progression, nor imaging tools for an early diagnosis. This is due to a lack of knowledge of
the molecular processes underlying the pathology, as well as of disease-specific markers. In
vitro and in vivo preliminary studies were performed to evaluate the utilisation of
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In-

FnBPA5 as a tracer to target Fn in pulmonary fibrosis by SPECT. In vitro data from
experiments with normal dermal fibroblasts and cells obtained from patients suffering from
systemic sclerosis (autoimmune diseases characterised by systemic fibrosis) showed a Fnspecific binding for both FnBPA5-Cy5 and

111

In-FnBPA5 with a Kd value for

111

In-FnBPA5 of

29.47 ± 2.3 nM and 21.92 ± 1.3 nM, respectively. The treatment of the cells with the
transforming growth factor-β1 (TGF-β1) resulted in a significantly greater binding of FnBPA5Cy5 to the cellular matrix in both cell lines (p < 0.001). However, the effect of TGF-β1 on the
binding behaviour of FnBPA5 is still not known. The potential of

111

In-FnBPA5 for in vivo

diagnosis of lung fibrosis was analysed by SPECT using a bleomycin-induced lung fibrosis
mouse model. As the model has not yet been validated, SPECT images were combined with
histological analysis to prove the induction of fibrosis in the lung. SPECT analysis revealed
tracers in the lung of two out of five mice treated with bleomycin. Histological analysis
showed both inflamed and fibrotic lesions throughout the lung for these two mice, whereas
the lung of the other three mice only showed inflammations. This preliminary in vivo
experiment proved the potential of
without an uptake in inflamed foci.

111

In-FnBPA5 to selectively detect fibrotic regions,

ABSTRACT
The ECM acts as a storage unit of soluble growth factors like TGF-β, vascular endothelial
growth factors (VEGFs) and fibroblast growth factors (FGFs). FGFs are important proteins
involved in embryogenesis, wound healing and angiogenesis, for instance. In particular, both
FGF-2 and VEGF are recognised as a promising therapeutic agent due to its angiogenic and
proliferative properties, for example for cardiovascular disorders. However, the utilisation of
recombinant FGF-2 still has several limitations, e.g. poor in vivo stability or rapid clearance.
Investigations on the in vivo behaviour of FGF-2 can help to define pathways for
angiogenesis, which will permit both the development of implanted biomaterial scaffolds for
local tissue regeneration and the development of alternative target molecules for tumour
diagnosis and therapy.
In the second part of this thesis, it was focused on the development of an 111In-radiolabelled
FGF-2 for non-invasive imaging in small animals with SPECT. The chelator DTPA was linked
for the subsequent radiolabelling of FGF-2 at two of its four cysteine residues. After, the
tracer was characterised in vitro and in vivo. Both natIn-FGF-2 and FGF-2 had the same affinity
to the low-molecular-weight heparin enoxaparin (Kd: 0.6 ± 0.07 µM resp. 0.33 ± 0.03 µM).
The affinity of

111

In-FGF-2 to heparan sulfate proteoglycans (HPSGs), expressed by the

fibroblast resulted in a Kd of 103.8 ± 8 nM. Moreover, FGF-2 and natIn-FGF-2 showed similar
proliferative effects on fibroblasts (EC50 = 12 ± 2.3 pM resp. 24.8 ± 6.2 pM). These in vitro
results demonstrated that the binding properties and the biological activity of FGF-2 were
not affected by the labelling reaction. First in vivo proof-of-concept biodistribution
experiments and SPECT analysis were performed in healthy nude mice. A predominant
accumulation of 111In-FGF-2 was observed in the liver and the kidneys, with minor uptake in
the retina, in the salivary glands, and in the pituitary glands. These outcomes were
confirmed by SPECT imaging. According to these results,

111

In-FGF-2 is a valid tracer, which

allows performing non-invasive imaging for molecular research or for preclinical validation of
FGF-2 containing formulation in animals.

ZUSAMMENFASSUNG
Die extrazelluläre Matrix (EZM) hat einen grossen Einfluss auf die Funktion der Zell - und
Gewebesysteme im Körper. Fehlregulierungen der EZM können in zahlreichen Krankheiten
wie bösartigen Tumoren oder Fibrosen gefunden werden. Zum Beispiel ist die EZM in
Tumoren stark verändert und fördert sowohl die Invasion von Tumorzellen als auch die
Resistenz gegen Medikamente. Die EZM spielt bei fibrotischen Erkrankungen eine wichtige
Rolle. Bei diesem Krankheitsbild kommt es zu einer Überproduktion von EZM Proteinen wie
Kollagen oder Fibronektin, was im weiteren Verlauf zu einem Organversagen führt.
Substanzen, die zielgerichtet an EZM Moleküle binden, würden eine quantitative
Charakterisierung der EZM durch nicht-invasive in vivo Bildgebungstechniken (vor allem
nukleare Bildgebungstechniken) erlauben, was die Charakterisierung der Erkrankung
verbessern würde. Des Weiteren könnte das Targeting der EZM zur Entwicklung neuer
Möglichkeiten für zielgerichtete Therapien von Erkrankungen wie Krebs oder Fibrose führen.
Die Entwicklung von Tracern zur nicht-invasiven Bildgebung und zur Therapie ist auf Grund
der Komplexität der EZM mit grossen Herausforderungen verbunden.
Im ersten Teil der Dissertation wurde das Potential des Fibronekinbindungspeptids FnBPA5
für ein gezieltes Targeting von Fibronektin (Fn) in Krebs und Fibrose untersucht. Fn ist auf
Grund der hohen Menge in Wunden eine bevorzugte Adhäsionsstelle für Bakterien im
Gewebe. Bakterien wie z.B. Staphylococcus aureus (S. aureus) exprimieren auf ihrer Zellwand
Proteine, die an Fn binden um in das Wirtsgewebe einzudringen. Im Rahmen der
Experimente koppelten wir das Peptid FnBPA5 (abgeleitet von dem nativen Protein aus S.
aureus) mit einem Fluoreszenzfarbstoff (Alexa 488, Cy5) für Fluoreszenzmikroskopie oder
markierten es mit

111

In, um eine Bildgebung mittels Einzelphotonen-Emissions-

Computertomographie (SPECT) durchführen zu können. In vitro Experimente ergaben
Dissoziationskonstanten in der Höhe von 75 ± 8 nM und 28 ± 6 nM für die Bindung von
FnBPA5-Alexa 488 mit löslichem und unlöslichem Fn. Darüber hinaus konnte in einer aus
Fibroblasten abgeleiteten Matrix eine Fn-spezifische Bindung von FnBPA5-Alexa 488
nachgewiesen werden. Wir konnten anschliessend zeigen, dass eine Markierung mit Indium
das Bindungsverhalten nicht änderte. Bioverteilungsstudien und SPECT-Analysen in Mäusen
mit implantierten, humanen Prostatakarzinomen zeigten, dass

111

In-FnBPA5 bevorzugt von

ZUSAMMENFASSUNG
Tumoren, den Nieren und der Leber mit einer maximalen Aufnahme nach einer Stunde p.i.
(4.74 ± 0.77 %IA/g, 140.58 ± 18.10 %IA/g und 7.52 ± 1.50 %IA/g) aufgenommen wurde. Die
Aufnahme war in allen untersuchten Geweben ausser den Nieren Fn-spezifisch. Unsere
pharmakokinetischen Daten zeigten ein signifikant langsameres Ausscheiden von

111

In-

FnBPA5 aus dem Tumor im Vergleich zu den anderen Organen. Die grundlegenden
Bindungsmechanismen zwischen normaler und pathologischer EZM sind allerdings bis jetzt
nicht gänzlich aufgeklärt. Basierend auf unseren Ergebnissen vermuten wir, dass eine
erhöhte Produktion und Ablagerung von Fn in der pathologischen EZM und Unterschiede in
der dreidimensionalen Anordnung der Fn Fasern, die Ursachen für die erhöhte Peptid
Anreicherung sind. Die verlangsamte Auswaschung von
eine Möglichkeit auf,

111

111

In-FnBPA5 aus dem Tumor zeigt

In-FnBPA5 als Tracer zur Entdeckung von Fn in Tumoren zu

verwenden.
Im Rahmen der Bildgebung von Lungenfibrose, die eng mit einer Fehlfunktion der EZM
verknüpft ist, untersuchten wir

111

In-FnBPA5. Idiopathische pulmonale Fibrose (IPF) ist die

häufigste Form von interstitiellen Lungenerkrankungen (englisch: ILDs) und ist durch eine
fortschreitende, irreversible interstitielle Fibrose unbekannten Ursprungs gekennzeichnet.
Diese führt zu einem vorzeitigen Tod durch Lungenversagen. Momentan existieren weder
antifibrotische Therapien für eine wirkungsvolle Behandlung der Krankheit, noch
Bildgebungsverfahren, die eine frühe Diagnose erlauben. Der Grund dafür sind fehlendes
Wissen

über

die

molekularen

und

pathologischen

krankheitsspezifischer Biomarker. Um das Potential von

Prozesse
111

und

das

Fehlen

In-FnBPA5 als Tracer für die

Detektion von Fn in Lungenfibrose abschätzen zu können, wurden sowohl in vitro als auch in
vivo Studien durchgeführt. Die Ergebnisse aus den in vitro Studien zeigten, dass normale,
dermale Fibroblasten und Zellen von Patienten mit einer Sklerodermie (eine durch eine
Bindegewebsverhärtung

der

Haut

und

der

inneren

Organe

charakterisierte

Autoimmunerkrankung) eine Fn-spezifische Bindung sowohl mit FnBPA5-Cy5 als auch mit
111

In-FnBPA5 eingehen. Die ermittelte Dissoziationskonstante (Kd) für FnBPA5-Cy5 betrug

29.47 ± 2.3 nM und der Kd Wert für 111In-FnBPA5 betrug 21.92 ± 1.3 nM. Die Behandlung der
Zellen mit dem transformierenden Wachstumsfaktor-β1 (TGF-β1) führte zu einer signifikant
höheren Bindung von FnBPA5-Cy5 mit der EZM in beiden Zelllinien (p < 0.001). Das Potential
von

111

In-FnBPA5 zur Erkennung von Lungenfibrose in vivo wurde mittels SPECT analysiert.

ZUSAMMENFASSUNG
Dazu wurden Mausmodelle mit einer durch Bleomycin indizierten Lungenfibrose verwendet.
Weil das Model noch nicht validiert war, wurden SPECT Bilder mit einer histologischen
Analyse kombiniert, um die Induktion der Lungenfibrose sicherzustellen. Die SPECT Analyse
lieferte Nachweise von Fibrose in der Lunge bei 40% der Mäuse, die mit Bleomycin
behandelt wurden. Die histologische Analyse zeigte sowohl entzündetes wie auch
fibrotisches Gewebe in den Lungen dieser Mäuse. Im Gegensatz dazu war in den Lungen der
restlichen drei Mäuse nur entzündetes Gewebe zu finden. Diese ersten in vivo Experimente
bestätigten das Potential von

111

In-FnBPA5 selektiv und spezifisch, ohne eine Aufnahme in

entzündlichen Stellen, an fibrotische Regionen zu binden.
Die EZM dient löslichen Wachstumsfaktoren wie TGF-β, vaskulären endothelialen
Wachstumsfaktoren (VEGFs) oder Fibroblasten-Wachstumsfaktoren (FGFs) als Speicher.
FGFs sind wichtige Proteine, die unter anderem eine entscheidende Rolle bei der
Embryogenese, der Wundheilung oder der Angiogenese spielen. FGF-2 und VEGF sind durch
ihre angiogenetischen und proliferativen Eigenschaften vielversprechende Kandidaten für
therapeutische Anwendungen wie zum Beispiel zur Behandlung von kardiovaskulären
Erkrankungen. Allerdings weist die therapeutische Verwendung von rekombinant
hergestelltem FGF-2 einige Beschränkungen auf (beispielsweise geringe in vivo Stabilität und
schnelle Clearance). Untersuchungen des in vivo Verhaltens von FGF kann helfen, Signalwege
für die Angiogenese zu definieren. Dies könnte sowohl die Entwicklung von Implantaten aus
Biomaterial für eine lokale Geweberegeneration als auch zu einer Entdeckung von
alternativen Zielmolekülen für Diagnose und Therapie von Tumoren ermöglichen.
Der zweite Teil der Dissertation beschreibt die Entwicklung von

111

In-FGF-2 zur nicht-

invasiven SPECT Bildgebung. Wir haben den Chelator Diethylentriaminpentaessigsäure
(DTPA) an zwei der vier Cysteinen von FGF-2 gekoppelt und anschliessend wurde das Protein
in radioaktiver Form in vitro und in vivo charakterisiert.

nat

In-FGF-2 und FGF-2 zeigten eine

ähnliche Affinität zum niedermolekularen Heparin Enoxaparin (Kd: 0.6 ± 0.07 µM und 0.33 ±
0.03 µM). Die Affinität von

111

In-FGF-2 zu Heparansulfat Proteoglykanen (HPSGs), welches

von Fibroblasten exprimiert wurde, lag bei einem Kd im nanomolaren Bereich (103.8 ± 8 nM).
Des Weiteren zeigten FGF-2 und

nat

In-FGF-2 eine vergleichbare proliferative Wirkung auf

Fibroblasten (EC50 = 12 ± 2.3 pM bzw. 24.8 ± 6.2 pM). Diese in vitro Resultate zeigen, dass die
Bindungseigenschaften und die Bioaktivität von FGF-2 durch die radioaktive Markierung

ZUSAMMENFASSUNG
nicht beeinflusst wurden. Erste in vivo Studien (Bioverteilung und SPECT Bildgebung) wurden
in gesunden Nacktmäusen durchgeführt. Dabei wurde eine Aufnahme von

111

In-FGF-2

vorwiegend in der Leber und in den Nieren beobachtet, begleitet von einer deutlich
geringeren Aufnahme in der Retina, den Speicheldrüsen und der Hypophyse. SPECT Analysen
bestätigten diese Ergebnisse. Unsere Resultate zeigen, dass

111

In-FGF-2 als Tracer zur

Durchführung von nicht-invasiven Bildgebungstechniken für molekulare Forschung oder zur
präklinischen Validierung von FGF-2-Formulierungen in Tieren verwendet werden kann.
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CHAPTER 1
General Introduction

CHAPTER1: General Introduction

1.1

The Extracellular Matrix

1.1.1 Function and Composition
The extracellular matrix (ECM) is an extensive network of a large variety of macromolecules,
consisting of collagen, non-collagenous glycoproteins (elastin, fibronectin, laminin) and
proteoglycans with glycosaminoglycan (GAG) side chains.1 This non-cellular matrix includes
the basement membrane and the interstitial matrix. The basement membrane (or basal
lamina) supports and connects the epithelial cells of the epithelium, mesothelium and
endothelium to the underlying connective tissue, while the interstitial matrix represents the
intracellular space in a tissue. ECM components are produced and secreted by the cells
present in the tissues (e.g. endothelial cells and fibroblasts). The protein fibres surround the
cells, holding and supporting them. The ECM defines the characteristic shape and the
dimension of an organ and protects the cells from external, deforming pressures. The shape
and the size of all these components greatly vary from tissue to tissue, generating a huge
possibility of different scaffolds. Indeed, the composition of the ECM is tissue specific,
heterogeneous and highly dynamic. It changes depend on the developmental, age and
physiological stage of the organ.

© 2012 Lu et al.
Figure 1. Schematic representation of ECM functions from Lu et al. (2012), CC BY-NC-SA 3.0.
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CHAPTER 1: General Introduction
The complexity and the dynamics of the molecular composition of the ECM indicate the
incorrectness of the perception of the ECM as a space-filler providing just mechanical
support. The ECM provides additional biochemical and biomechanical functions, modulates
cell adhesion, cell-to-cell communication and tissue differentiation (Figure 1 and Table 1).1,2
2,3

Table 1. Overview of the ECM properties, from .
Physical Properties

Biochemical Properties

Biomechanical Properties

Scaffolding, support, tissue
integrity and elasticity

Control of the spatial distribution of surface
molecules

Regulation of cell behaviour by
providing of mechanical forces

Barrier and adhesive
substrate to direct cell
migration

Modulation of signal molecules (e.g.
growth factors)

Link between ECM and cells’
cytoskeleton

Modulation of intracellular and
extracellular signalling

The ECM works as
mechanosensor

Activate intracellular signalling through the
interaction with cell-surface receptors

The majority of the ECM components has been characterised, however, the understanding is
still incomplete and new molecules are becoming continuously identified.1 Collagen, laminin
elastin and fibronectin are the most abundant amongst the fibrous proteins. These protein
filaments have both adhesive and structural functions. Collagen is the most abundant
protein in animals representing the 25% of the total protein mass of an organism. It gives
structural support and it is the major component of skin and bones. According to the
structure, several types of collagen have been identified. The most common are collagen
type I, II, III, IV, V and XI, where the collagen IV forms the basement membrane. The
precursor procollagen is secreted from the cells into the matrix where it is cross-linked by
the action of specific enzymes (lysyl oxidase or LOX family) forming strong collagen fibres
which provide the tissues with the rigidity to resist tensile force. Elastin fibres are
glycoproteins important for the elasticity of the tissues, for example in blood vessels, lung
and skin. It is the dominant ECM component in the arteries, where it provides elastic recoil
and resilience to connective tissues. Cells secrete the precursor tropoelastin, which crosslinks to one another and forms elastin fibres. Elastin not only provides physical function, it
plays a role also in the regulation of cell adhesion, migration, survival and differentiation.
Furthermore, tropoelastin is also a signal molecule and it works complementary to collagen.
The glycoprotein fibronectin (Fn) is secreted by the stromal cells as a soluble inactive dimer,
4
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which is implemented into the ECM by the formation of Fn fibres by self-assembling. Fn has
a modular structure having specific binding sites for the cell-receptor integrins and for
different ECM components (e.g. collagen). Fn connects the cytoskeleton of the cells to the
ECM and modulates their migration and behaviour within the matrix. There is a continuous
interplay between the cells and the ECM triggered by the action of Fn. Namely, cells and
ECM each other organise their orientation and their behaviour. The role of Fn in modulating
cell migration is highlighted in processes like wound healing, where it facilitates the
migration of immune cells to the inflamed area. Additionally to Fn, the ECM proteins
tenascin and thrombospondin exert similar properties and guide cell migration, too.
Glycosaminoglycans (GAGs) are long, sulphated, unbranched polysaccharides. They consist
of repeating disaccharides, of which one is an amino sugar (N-acetylglucosamine or Nacetylgalactosamine). These negatively charged chains attract sodium ions (Na+). Therefore,
GAGs are hydrophilic and osmotically active. They fill the matrix forming large hydrate gels,
keeping the cells hydrated, creating a swelling pressure that supports the ECM against
compressive forces and facilitates the circulation of nutrients. GAGs are abundant in the
cartilage and connective tissues, for instance. Depending on their composition and structure
there are different types of GAGs, the most common are heparan sulfate, hyaluronic acid
and chondroitin sulfate. Except for the hyaluronic acid, GAGs often bound to ECM proteins
and form proteoglycans (PGs). Proteoglycans exert additionally specific functions in the ECM,
compared to the GAGs. According to the position of the core protein and to the type of
GAGs, PGs are divided into three main families: the small-leucine-rich proteoglycans (SLRPs),
the modular proteoglycans and the cell-surface proteoglycans.4 PGs regulate chemical
signalling between the cells controlling the action of growth factors. For instance, they can
avoid the interaction between signalling molecules and their receptor through their
immobilisation, or prolong their action protecting them from the enzymatic degradation.
Modular PGs interact with ECM fibres and other ECM components. They form large
polymeric complexes that regulate cell adhesion, migration and behaviour. Moreover, they
influence the migration and the activity of the secreted proteins according to their size and
charge (e.g. glomerular filtration). SLRPs can directly bind and activate cell surface receptors
like the epithelial growth factor receptor, the insulin-like growth factor-1 receptor, the Tolllike receptors or the transforming growth factor-β receptor.5 Finally, PGs can act themselves
as receptors. In fact, the cell surface PGs are co-receptors that facilitate the interaction of
5
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specific cell receptors with their ligands. Examples are the cell surface heparan sulfate
proteoglycans (HSPGs). HSPGs are actively involved in the activation of fibroblast growth
factor receptors (FGFRs) by the binding with fibroblast growth factor-2 (FGF-2) during
angiogenesis in tissue regeneration, or in the prolongation of the action of chemokines for
the extravasation of white blood cells into the tissue, during inflammation.4,6
There is a constant interplay between the ECM and the cells. This means that the
functionality of the ECM is directly influenced by the reciprocal cell-ECM interaction. There is
a so-called feedback regulatory mechanism between the cells and the ECM.7 Moreover, the
ECM bioactivity varies according to the type of tissue and it is determined by the
composition and organisation of all the components. Differences in both the amount and
organisation of matrix macromolecules give rise to a diversity of forms, with each form
adapted to the functional requirements of a particular organ. Two extreme examples are the
connective and the epithelial tissues. The connective tissue is mainly formed by extracellular
matrix components. Here, the cells are relatively sporadic and sparsely distributed. Here, the
main component of the ECM is the collagen, which exerts the supporting function within the
tissue. In contrast, the epithelial tissue is a rare example in which the cells are abundant and
tightly linked together in sheets forming the epithelia. The ECM is limited to the basal
lamina, a thin layer (40 – 120 nm) of collagen IV, heparan sulfate proteoglycan (perlecan)
and the glycoproteins laminin and nidogen. The mechanical stress is completely supported
by the strong cell-cell adhesion mechanisms.1 The ECM composition is not only tissuespecific, but it varies as a function of differentiated states of tissues and as a function of age.
It changes during development, organ maturity, ageing and pathologies (e.g. in tumours and
fibrosis).8 For example, elastin fibres are assembled only during tissue formation and
development and stop during maturation. Therefore, old tendons contain less elastin than
young ones and with ageing the stiffness of the arterial wall increases.9–12
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1.1.2 The ECM in Pathological Tissues
The extracellular matrix is one of the master mediators of cellular and tissue functions in the
body and its formation is the basis for processes such as growth, wound healing and several
pathologies.7,13 The tight regulation of the ECM is crucial for the correct organs’
development, as well as for their healing and homoeostasis. It is known now that the
composition of the ECM and of the metabolism of the extracellular space, is very
sophisticated. It includes the interplay of a huge number of proteins, peptides and
polysaccharides. Therefore, it is not surprising that the incidence of mistakes is not unlikely
to occur and that one small mismatch in one regulation step can have multiplied
consequences on an organ or even in all the body. The extracellular space is a very dynamic
system with a constant balance between the synthesis of new compounds and the
degradation of old components. The disruption of control mechanisms is correlated to
deregulation of the matrix and to abnormal cell behaviour and might cause the failure of
organ’s homoeostasis and function. ECM alterations directly cause or are caused by a wide
number of diseases like vasculature diseases, pulmonary diseases, chronic inflammatory
diseases (e.g. IBD, ulcerative colitis and Crohn’s disease), chronic kidney diseases,
rheumatoid arthritis, osteoarthritis, neurodegenerative diseases, etc.7,13 In this thesis, the
focus has been set on the investigation of the role of the ECM in malignant tumours and
fibrotic diseases.2,7
The Tumour Stroma
The neoplastic transformation of normal cells leads to the acquisition of a set of distinct
behavioural features promoting cancer cells, which become immortal and resistant to
control mechanisms. These hallmarks have underlaid the rational development of current
anti-neoplastic therapeutics and they are still the basis of modern cancer biology
(Figure 2).14,15 The tumour microenvironment (or tumour stroma) drives the development of
such cell features and contributes, together with genetic mutations, to the proliferation,
survival and migration of neoplastic cells.16
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Figure 2. The six hallmark of cancer described by D. Hanahan and R. A. Weinberg. Reprinted with permission.
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The tumour microenvironment includes all non-tumour cell types (stroma cells) along with
the extracellular space, which interacts with both tumour and the stroma cells, e.g.
endothelial cells, fibroblasts and immune cells (Figure 3).17,18 This interplay between cells
and ECM determines the development, the progression and the malignancy of the
tumour.18–20
Stroma cells can independently stimulate the abnormal production of the ECM through
intra - and intercellular signalling.21–23 Studies have shown that the phenotype of cancer cells
could be directly positively influenced by the stroma environment. Reciprocally, the same
cells can manipulate the tumour stroma for their survival. This interaction is for example
mediated by the glycoproteins fibronectin, which connects ECM components to the
cytoskeleton of the cells through the adhesion molecules integrins.2,24
Compared to normal tissues, in the tumour-derived ECM, the balance between the synthesis
and the secretion of ECM-molecules is disrupted. There is an overproduction and deposition
of ECM proteins, which, in combination with other factors, results in a stiffer stroma.
Meanwhile, the matrix metabolism and the remodelling rate are larger in a tumour than in
normal tissue, too.7 Furthermore, the tumour matrix works as a chemoattractant for
immune cells, forming a tumour-associated inflammation. Therefore, for many aspects, the

8

CHAPTER1: General Introduction
tumour microenvironment exerts the same characteristics as a chronic inflammation does.
In fact, cancer has already been described as an “overhealing wound”.25

Figure 3. Schematic representation of the tumour microenvironment. Reprinted with permission.
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The tumour microenvironment and the ECM are important targets for cancer imaging and
therapy, because of different aspects. One aspect is the correlation between the high ECM
remodelling rate and tumour invasion and metastasis. Moreover, there is evidence that the
altered ECM is essential for the formation of pre-metastatic and metastatic niches, which are
the starting point for cell expansion, invasion and colonisation.16,18,19,26 Current cancer
researchers see the ECM not only as a therapeutic target for cancer but also as a chance to
understand the molecular processes underlying tumour malignancy. The ECM is recognised
as a hallmark for the prediction of tumour progression and the selective targeting of ECM
components might be a strategy to overcome tumour-associated therapy resistance and to
increase the efficacy of anti-cancer therapies.18,20,27–30 A combined therapy with a standard
chemotherapeutic and the selective targeting of the ECM has an extremely large potential to
9
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destroy the tumour cells and to normalise the cell environment. Additionally, ECM markers
could be utilised for the selective delivery of drugs.
The ECM contains new possible markers for the targeting of cancer, e.g. tumour-associated
Fn isoforms. These tumour-derived isoforms are not, or just in a low amount, produced in
healthy tissues and allow the development of ligands for cancer imaging and/or therapy.2,31
The high metabolic rate of the extracellular proteins is mainly driven by the altered and
uncontrolled action of specialised remodelling enzymes, e.g. lysyl oxidases (LOXs) and matrix
metalloproteases (MMPs). The LOX enzymes are involved in the cross-linking of collagen
fibres and their overexpression causes ECM stiffening and increases the invasiveness of
several cancer cell types. LOX enzymes have been validated as a marker for metastasis and
bad prognosis and are described to be a potential therapeutic agent in colon rectal
cancer.7,32–36 The antibody Simtuzumab is an inhibitor of lysyl oxidase-like 2 (LOXL2) and it is
currently in clinical evaluation for the treatment of different forms of fibrosis and cancer
(ClinicalTrials.gov, National Institutes of Health USA).30,37
Under normal conditions, MMPs promote ECM degradation during inflammation, tissue
regeneration, wound healing and angiogenesis. In tumours, the level of MMPs is increased
and they promote the destruction of the healthy ECM and its replacement by the tumourderived matrix.38,39 Their activity generates active peptides and increases the release of
growth factors and chemokines in the matrix. For instance, MMPs are involved in the release
of different proangiogenic growth factors like the fibroblast growth factor-2 (FGF-2) in the
tumour. In this way, cellular migration within the matrix is facilitated and the tumour can
start the processes of angiogenesis and invasion. MMPs inhibitors are believed to be a
suitable target for cancer therapy. However, at the moment, the utilisation of MMPs as a
target is limited to imaging purposes, since current MMP inhibitors failed in the clinic due to
poor specificity and tolerability.40
The Transforming Growth Factor-β family (TGF-β) are essential mediators of the ECM gene
expression and are likely to promote fibrosis and tumour invasion.41 They are involved in
multiple extra - and intracellular processes, including the stimulation of fibroblasts to
synthesise and deposit both collagen and fibronectin. Furthermore, TGF-β suppresses the
immune response in the tumour microenvironment, favouring the progression of
10
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malignancies. Molecules, which interact and inhibit the TGF-β pathways, are believed to be
potent therapeutic agents against the invasion of tumours and metastasis. Moreover, the
blocking of TGF-β might improve the penetration of chemotherapeutic agents by
suppressing drug resistance mechanisms. Currently, there is a large number of TGF-β
inhibitory drugs in clinic evaluation and eve more in preclinical research. Examples of such
therapeutics are listed in Table 2.41
Integrin receptors are not considered as a direct constituent of the ECM since they are
localised in tumour cells and tumour vasculature. However, they play a fundamental role in
ECM-cell interactions, in particular in malignant tumours.7,42,43 A brief description of integrinbased tumour targeting is, therefore, appropriate in this chapter. Integrins are heterodimeric
transmembrane glycoproteins and 24 different subtypes have been identified so far.44 Some
of them bind to ECM components through the arginine-glycine-aspartic acid sequence (RGDmotif) and enable the constant communication between the cells and their environment.
Altered ECM assembly leads to altered ECM-cell interactions and vice versa, therefore,
specific integrin subtypes are overexpressed in cancer cells and in the tumour stroma. For
example, integrin ανβ3, ανβ5 and α5β1 are overexpressed in tumour cells and in the tumour
vasculature promoting angiogenesis. Moreover, ανβ6 and α6β4 are highly expressed on
tumour cells and promote their proliferation and migration, as well as tumour invasion and
metastasis.44 The inhibition of the integrin pathways by utilising RGD-based ligands might
target both tumour cells and the tumour microenvironment leading to a blockage of the
tumour growth, progression and angiogenesis. Integrins are suitable targets for a selective
delivery of therapeutics into the tumour environment.45 Therefore, RGD-based ligands have
been strongly believed to be the solution in cancer therapy. The number of products
targeting specific integrin subtypes in (pre-) clinical evaluation is huge. They include different
antibodies, RGD-peptides and non-peptide RGD mimetics, mostly targeting integrins α5β1,
ανβ3 and ανβ5 3. A few examples integrin ligands in clinical phases are listed in Table 2 for
illustrative purposes.44–47
Addressing overexpressed tumour-associated ECM proteins is an additional strategy to
selectively deliver cancer therapeutics into the tumour microenvironment. Among other
important ECM proteins like tenascin-C and proteoglycans, fibronectin expression is
dramatically increased during wound healing, fibrosis and cancer.29,48 The synthesis of
11
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specific Fn-isoforms is a consequence of mRNA alternative splicing, and of posttranslational
modifications. There is evidence that during pathological conditions like cancer, the
synthesis of new tumour-associated Fn-isoforms takes place: these are the extra domains A,
B and the IIICS (connecting segment) domain. The most significant Fn-isoforms for cancer
therapy are the EDA and EDB sequences, which are incorporated in the domain III of the
fibrillar Fn (Figure 4).

Figure 4. Schematic representation of the multimodular structure of a fibronectin monomer with its binding
sites. The tumour-associated Fn isoforms contain the extra-domain A and B, which are localised within the Fn
49
domain III. Adapted from Chabria et al. (2012), CC BY-NC-ND 3.0.

These isoforms are validated markers for the vasculature of tumour stroma and allow the
development of ligands for the targeted delivery of therapeutics or imaging agents.31,50 The
most important molecules targeting EDA and EDB in clinical trials are the L19, BC-1 and F8
antibody derivatives, respectively.16 These antibody fragments have been conjugated with
anti-tumour agents (e.g. IL-2, IL-12, TNF-α, IL-15, GM-CSF, photosensitiser), the radioisotope
Iodine-131 (131I-L19-SIP) or chemotherapeutics (doxorubicin), and clinically administered as
monotherapies or combined with standard chemotherapeutics (Table 2).
The ECM and Fibrosis
Fibrotic diseases include different pathologies having distinguished aetiology and molecular
mechanisms with the common endpoint of an increased ECM deposition followed by tissue
stiffening and organ failure.51 Fibrosis includes systemic diseases, as well as organ-specific
disorders. Pulmonary fibrosis, systemic sclerosis, liver cirrhosis and cardiovascular diseases
represent a selection of fibrotic diseases. Tissue fibrosis is the result of an injury or
inflammation, followed by an accumulation of myofibroblasts and a consequential increase
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in ECM synthesis, secretion and deposition.7 This results in the formation of a highly stiff
fibrotic region in addition to a progressive organ dysfunction. Thereby, the functionality of
the tissue is compromised since a modified environment alters the cell behaviour.7,30 The
enrichment of myofibroblasts follows different activating mechanisms.51 The fibroblasts
localised in the stroma could be activated to cells with a myofibroblast phenotype by the
activation of specific signalling pathways. Specifically activated chemokines might recruit
mobile fibrocytes from the bone marrow into the damaged tissue. Additionally, epithelial
and endothelial cells can differentiate into cells with myofibroblast phenotype by the
transforming growth factor-β (TGF-β). These processes are known as epithelialmesenchymal transition (EMT) and endothelial-mesenchymal transition (EndoMT),
respectively.51 The myofibroblasts activated are the main trigger for an increased production
of fibrillar proteins like collagen type I and III. Additionally, they show a reduced expression
level of the ECM-degrading enzymes. The mechanisms that drive to the activation of
myofibroblasts are organ - and diseases specific. For instance, in the case of systemic
sclerosis, the autoantibodies in the blood together with growth factors and cytokines in the
connective tissues (e.g. TGF-β and Interleukine-6) are supposed to drive the activation of
myofibroblast-like cells, which causes the abnormal deposition of matrix components in the
connective tissue of the organs.7,52–55 The identification of disease-specific targets is,
therefore, very complicated. Moreover, fibrosis, as well as cancer, is underlined by a
complex interplay of different connecting pathways that have to be targeted for a successful
therapy.
Currently, there is no treatment option that completely stops or revises fibrosis progression,
despite several drugs on the market already targeting and influencing the ECM. An example
are glucocorticoids that exert anti-inflammatory and anti-fibrotic effects. Amongst others,
glucocorticoids decrease the synthesis of collagen type I and the activation of TGF-β and are
implemented in fibrotic diseases.13 Similar mechanisms have been described for some
nonsteroidal anti-inflammatory drugs and antibiotic families like tetracycline.56,57 In contrast,
there are medications, which show unspecific pro-fibrotic side effects, because they
unspecifically interact with the ECM. The induction of pulmonary and liver fibrosis by the
cytostatic/antibiotic drug bleomycin or by the immunosuppressive drug methotrexate are
widely described, for instance.13 Recapitulatory, even though there are several drugs on the
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market that already target different components and pathways in the ECM, these
interactions are rather unspecific. The number of compounds that directly target the ECM is
limited (e.g. the LOXL2 inhibitor Simtuzumab).13,30,37 Myofibroblasts are the main source of
fibrosis and are recognised as a hallmark to distinguish fibrosis from controlled repair
mechanisms.51,58 TGF-β are the essential mediator of myofibroblast activation and are likely
to promote fibrosis and tumour invasion.41 Products that selectively target the TGF-β family
are more selective against fibrosis than anti-inflammatory or immunomodulatory
drugs.13,51,58 Molecules that interact with the TGF-β-pathways are believed to be potent
therapeutic agents against tumour invasion and metastasis, as well as against fibrosis.
Pirfenidone and Nintedanib are the only anti-fibrotic drugs approved in 2015 and 2016 in
Switzerland for the therapy of idiopathic pulmonary fibrosis (IPF), respectively
(compendium.ch®). The anti-inflammatory and anti-fibrotic effects of Pirfenidone seem to
correlate with the downregulation of TGF-β. However, the active mechanism has not yet
been completely understood (compendium.ch®). Nintedanib is a tyrosine kinase inhibitor
that targets different receptors such as the vascular endothelial growth factor receptors
(VEGFR 1-3) and the fibroblast growth factor receptors 1-3(compendium.ch®). Moreover,
the small molecule Penicillamine is a chelator that it has been used against rheumatoid
arthritis, as an antidote in copper poisoning and for the treatment of systemic sclerosis.51
The approval of Pirfenidone and Nintedanib represents a turning point in the therapeutic
management of IPF, bringing a global change in the internationals guidelines. However, IPF
remains an incurable disease and diagnostic limitations render further therapeutic
improvement challenges.59
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Table 2. Selection of biologicals in clinical trials, for tumour and fibrosis therapy, from U.S. National Institutes of
46,48,50,51,58,60
Health and
.

Selection of Biologicals in Clinical Trials for the Therapy of Cancer and Fibrosis
Name

Class

Target

Status

Simtuzumab

humanised
antibody

LOXL2 inhibitor

Phase II

Trabedersen
(AP12009)

antisense
oligonucleotide

TGF-beta2

Phase
I/II/III

tumour vaccine

TGF-beta2

Phase
II/III

NSCLC

RovaRx

Peptide

TGF-beta 1
receptor

Phase I/II

skin fibrosis,

Digna Biotech

humanised
antibody

TGF-beta
1,2 and 3

Phase I/II

metastatic breast cancer,
diffuse systemic sclerosis,
glomerulosclerosis, NSCLC,
brain tumours

Cambridge/Antibody
TechnologyGenzyme
/Sanofi

human
antibody

TGF-beta1

Phase I/II

diffuse systemic sclerosis

Cambridge/Antibody
Technology
Genzyme/Sanofi

LY2382770

humanised
antibody

TGF-beta1

Phase II

diabetic glomerulosclerosis

Eli Lilly

Etaracizumab

humanised
antibody

ανβ3

Phase I/II

Cilengitide
(EMD 121974)

cyclic RGD
peptide

ανβ3, ανβ5

Phase
I/II/III

Intetumumab
(CNTO 95)

humanised
antibody

αν integrins

Phase I/II

chimeric
antibody

α5β1

Phase I/II

non-RGDbased peptide

α5β1,
Fn-binding
integrins

Phase I/II

renal cell cancer, malignant
glioma (with Carboplatin)

Attenuon

I-81C6

radiolabelled
murine
antibody

Tenascin-C

Phase I/II

primary or metastatic brain
tumours

Duke University

F16-IL2
(+ paclitaxel)

human fusion
protein

Tenascin-C

Phase I/II

solid tumours, metastatic
melanoma, NSCLC, breast
cancer, merkel-cell
carcinoma

Philogen S.p.A

F16-IL2
(+ doxorubicin)

human fusion
protein
human fusion
protein
human fusion
protein
radiolabelled
human
antibody

Tenascin-C

Phase I/II

solid tumour, breast cancer

Philogen S.p.A

EDB

Phase I/II

malignant melanoma, solid
tumour

Philogen S.p.A

EDB

Phase II

solid tumours

Philogen S.p.A

EDB

Phase I/II

brain metastases from solid
tumours, NSCLC, cancer

Philogen S.p.A

LOXL2 inhibitor

Phase II

IPF, advanced liver fibrosis,
myelofibrosis, colorectal
and pancreatic cancer

Gilead Sciences

Belagenpumatu
cel_L
Disitertide
(P144)
Fresolimumab

CAT-192

Volociximab
(M200)
ATN-161
131

L19-IL2
L19-TNF
(+ doxorubicin)
131

I-L19-SIP

Simtuzumab

humanised
antibody

Disease
IPF, advanced liver fibrosis,
myelofibrosis, colorectal
and pancreatic cancer
pancreatic and colorectal
neoplasm, melanoma,
glioblastoma, anaplastic
astrocytoma

Renal, colorectal and
prostate cancer, metastatic
melanoma, solid tumours,
lymphoma
glioblastoma, lung, breast
and prostate cancer,
melanoma, leukaemia,
brain tumours and HNSCC
melanoma, prostate
cancer, solid tumours
metastatic melanoma, NSC
lung and pancreatic cancer,
renal cell carcinoma

Company
Gilead Sciences

Antisense Pharma

MedImmune LLC

EMD Serono

Cenocor Inc.
PDL BioPharma

15

CHAPTER 1: General Introduction

1.2

Non-Invasive Imaging of the ECM

Nowadays, there is a wide range of non-invasive imaging techniques, e.g. Computed
Tomography (CT), Magnetic Resonance Imaging (MRI), Ultrasound Imaging (US), Optical
Imaging (OI), Single Photon Emission Computed Tomography (SPECT) and Positron Emission
Tomography (PET). Each of these techniques exerts distinct characteristics but all of them
have been widely used in the clinic, as well as in preclinical research because they permit
non-invasive whole body analysis and can be used for different research purposes.61
CT, MRI and ultrasound are the most commonly used imaging techniques in the clinic for
patient screening, therapeutic and surgical management. For example, they are routinely
used, along mammography, for the diagnosis, for patient stratification and therapy decision,
and for the monitoring of therapy response of breast cancer.62 CT scans permit to obtain
three-dimensional body cross-section images and the usage of contrast agents yields
anatomical images with high resolution and a decent soft to hard tissue contrast.62 In
particular, high-resolution CT (HRCT) has been the gold-standard for the diagnosis of
idiopathic pulmonary fibrosis.59,63 MRI is an additionally appreciated imaging method, which
provides anatomical images with high resolution and, in contrast to CT, the patient is not
exposed to ionising radiations. However, MRI comes along with much higher costs. Magnetic
resonance and ultrasound elastography are suitable means to gain information on the
mechanical and anatomical properties of a tissue since the elastic property of the organ
provides the image contrast.19 Both these methods are commonly used in the clinic for the
detection of fibrosis (e.g. in the liver) and for the diagnosis of breast cancer. In particular, a
quantitative three-dimensional map of tissue stiffness within an organ could be obtained by
MR elastography.64 However, current non-invasive techniques like CT and ultrasound are
associated with low sensitivity and low disease-specificity (Table 3).61,65–67
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Table 3. Relevant characteristics of non-invasive imaging techniques used to visualise ECM components.

Imaging
modality
PET

SPECT

MRI

CT

Fluorescence
Imaging
Ultrasound

Spatial
resolution
[mm]
1-4: animals
6-10: clinical

Acquisitio
n Time
minutes

Molecular
sensitivity
[M]
-11
-12
10 –10

Gamma rays

0.5-5: animals
7–15: clinical

minutes

10 –10

-11

> 300

Functional and
metabolic
mechanisms,
semiquantitative,
molecular

Radio frequency
waves

0.0250.1: animal
0.2: clinical

minutes
to hours

10 10

-3

-5

> 300

Anatomical
and functional

X-rays

0.030.4: animal
0.3-1: clinical

minutes

10 –10

-3

-5

> 300

Anatomical

Visible to nearinfrared light

2–10: animal

seconds
to minutes

10 –10

-9

-11

1-200

Functional,
molecular

Ultrahigh
frequency
sound waves

0.050.5: animal
0.1-1: clinical

seconds
to minutes

1-20

Anatomical

Energy used for
detection
Annihilation
photons

-10

--

Tissue
penetrati
on [mm]
> 300

65–67

Information
Functional and
metabolic
mechanisms,
quantification,
molecular

1.2.1 Non-Invasive Imaging in Cancer and Fibrosis
Dysregulations in the ECM remodelling processes are often the basis for the development
and the progression of cancer and fibrosis, as described in the previous sections. The cellECM interaction is crucial for the ECM homoeostasis, thus, cells can remodel and optimise
their surrounding environment. Reciprocally, a damaged ECM can alter the normal
phenotype of the resident cells. Therefore, we need to investigate more deeply the
composition and the organisation of the ECM, as well as the role of the cell-ECM
communication under pathological conditions. The major challenge in ECM biology is, on the
one hand, the full understanding and the characterisation of the matrix’s composition and
organisation, and on the other hand, the elucidation of the correlation between ECM
disruptions and diseases. In particular, a complete ECM characterisation is necessary for the
comprehension of the dynamics of tumour invasion and fibrosis formation, along with the
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identification of disease-specific biomarkers for in vivo pathology and targeted therapy.13
The dynamicity is characteristic for the ECM resulting in a need for non-invasive methods for
the analysis and the quantification on a temporal scale to understand and quantify the
dynamics of the ECM.7
In vivo imaging using probes that target specific components of the ECM structure and
metabolism is considered to be crucial for the understanding of the aetiology and the
pathogenesis of cancer and fibrosis. Additionally, such imaging methods allow the
identification of hallmarks for a selective targeting of therapeutic agents.19 Furthermore,
targeted non-invasive imaging might be a powerful tool for the early detection of cancer and
fibrosis and could be implemented for the routinely screenings of the patients and for
therapy monitoring.
MRI, PET, SPECT, as well as optical imaging are imaging technologies that have been
developed in particular for the visualisation and the quantification of the ECM remodelling
processes. Therefore, several highly selective and specific compounds against ECM
components are under development and already in the (pre-) clinical evaluation.
Cancer
In particular, the higher presence of remodelling enzymes is a target for the imaging of the
tumour microenvironment, in which substrate analogues are conjugated to a contrast agent
or to a fluorophore for MRI or optical imaging, respectively. The specificity of the signal has
been dramatically improved by the development of so-called “smart contrast agents”, in
which the signal is enhanced in the case of enzymatic degradation.68
Dynamic imaging of the ECM is of clinical significance because ECM components can affect
cancer therapies. For instance, metalloproteases (MMPs) play different roles in cancer
depending on the type of MMPs and on the stage of cancer progression. The therapy with
MMP inhibitors, which has been failed so far, will require compounds specific for one MMP
subtype and the time of the treatment is crucial. By imaging, the role of MMPs could be
elucidated improving the utilisation of MMP inhibitors for chemotherapy, since they are still
believed to be a suitable target for cancer therapy.40 The in vivo imaging of MMPs by the
implementation of cleavable tracers might help to understand the exact expression of MMPs
18
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in tumours and their activity profile during tumour progression.19 For instance, the
radioactive PEG-peptide-18F-TMR probe permits the visualisation of MMP-2 activity by PET.
Hereby, the hydrophobic
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F-TMR is cleaved by MMP-2 and accumulates at a site of

enzymatic activity once the PEGylated substrate binds to the enzyme.69 In a similar way, it is
possible to track MMP-14 activity by SPECT using a radiolabelled peptide, which internalises
into the cells once cleaved by MMP-14. However, this imaging probe has not yet been
studied in vivo.19 Different cleavable peptides targeting specific MMP subtypes were
developed for the in vivo imaging by near-infrared fluorescence (NIRF), too. In this case, the
fluorescent signal is quenched until the targeting enzyme cleaves the probe. For instance,
Bremer et al. were able to visualise the MMP-2 enzyme activity in a fibrosarcoma mouse
model by NIRF imaging in vivo.70
Fluorescence-labelled peptides might be additionally radiolabelled to perform PET in order
to quantify the enzymatic activity. Huang et al. combined the fluorescence imaging with PET
to quantitatively analyse the tumour MMP activity in vivo. A double-labelled imaging probe
(64Cu/Cy5.5) was developed to achieve a more accurate in vivo monitoring of MMPs’
enzymatic activity in mouse tumour xenografts. The fluorescent signal of the targeting
molecule is quenched until the cleavage by the specific MMP subtype. In this way, the
released fluorescence signal is specific for an MMP subtype. Additionally, the detected PET
signal enables the quantification and so the correction of the fluorescence signal, because of
the higher tissue penetration of the gamma-rays and the high image resolution and
sensitivity.68 Amongst other examples, an MMP substrate conjugated with fluorophore Cy5
and gadolinium has been developed for the preclinical utilisation of NIRF/MRI hybrid
imaging,

too.

This enables

the

combination

of

functional

and

morphological

information.19,71,72
The enzyme hyaluronidase (Hyal) cleaves the glycosaminoglycan hyaluronic acid (HA) which
is highly expressed in tumours and promotes tissue stiffness. Preclinical studies and clinical
investigations suggest a positive effect of exogenous administered Hyals on the response to
a chemotherapy in different cancer types (ClinicalTrials.gov).73 The activity level of
hyaluronidase within the tumour microenvironment could be monitored using imaging
probes for MRI or optical imaging targeting the hyaluronic acid.19 Transglutaminase catalyses
the cross-linking of ECM proteins and influences the organisation of fibres in the tissues.
19

CHAPTER 1: General Introduction
Transglutaminase is overexpressed, for example, in breast cancer and affects ECM stiffening,
as well as tumour invasion, metastasis, cell survival and chemoresistance.19,74–76 The
increased activity of transglutaminase in the altered ECM could be visualised by the
conjugation of the substrate analogues with MRI contrast agent or fluorescent probes for
optical imaging.77,78
Integrin ανβ3 is highly expressed on endothelial cells in newly formed vasculatures and it is a
favoured target for the visualisation of angiogenesis. Integrin ανβ3 interacts with the ECM by
the binding to the RGD sequence in vitronectin, Fn and thrombospondin. Therefore,
different RGD-peptides, as well as monoclonal antibodies were developed for imaging with
MRI, SPECT, PET, optical imaging, and ultrasound.19,43 In particular, radiolabelled RGD-based
peptides have been evaluated in the clinical studies for the utilisation with SPECT and PET
during the last decade.

18

F and

68

Ga have been chosen for PET imaging (e.g.

18

F-Galacto-

RGDA, 18F-Fluciclatide, 68Ga-NOTA-RGD) while 99mTc is widely used for SPECT imaging in the
clinic (e.g. 99mTc-αP2, 99mTc-NC100692, 99mTc-3PRGD2).43
Fibrosis
For the detection of fibrosis, the available non-invasive diagnostic imaging tools comprise
ultrasound technologies (ultrasonography, transient elastography, and ultrasound Doppler
technology), magnetic resonance imaging (MRI) and high-resolution computed tomography
(HRCT) depending on the type of the lesion. These methods are routinely used in the clinic
and permit the visualisation of tissue stiffness and anatomical changes with high resolution.
However, they are not sufficiently sensitive and, thus, they don’t enable the morphological
visualisation of advanced fibrotic lesions. For example, pathological examination of a lung
biopsy is still recommended for the diagnosis of idiopathic pulmonary fibrosis together with
HRCT resp. MRI lung images and the symptomatic history of the patient to confirm the
prognosis and to take therapeutic decisions (Figure 5). Nevertheless, a biopsy implicates
considerable operative risks for the patient and sampling variations. Therefore, it is not the
ideal method for routinely analysis.63,66,79–81 Fibrotic diseases, e.g. IPF, are characterised by a
progressive, irreversible and individual pathological course. Anti-fibrotic therapies could
slow its progression but the revise of the fibrosis is not possible. Early diagnosis and patient
stratification are essential to maximise the efficiency of the therapy to avoid life-threatening
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or even fatal consequences.63 Therefore, non-invasive techniques, which exert sufficient
sensitivity and specificity to visualise fibrosis at an early stage before morphological changes
occur, are urgently required.

Figure 5. (Left) Typical MRI image of an interstitial pneumonia with basal and subpleural honeycombing
morphological structure (black arrow) in a patient with IPF. (Right) For diagnosis, these morphologic findings
have to be combined with the histological analysis of lung biopsy and the history of the patient. Reprinted with
82
permission from P. Spagnolo et al. (2015).

Nuclear imaging allows a high resolution and sensitivity, an advantage compared to the
other methods. Moreover, metabolic and functional information can be acquired and
multimodal imaging systems are possible by combining MRI or CT with PET and SPECT.66
PET tracers such as 18F-FDG and 68Ga-DOTANOC are under preclinical and clinical evaluation
for the monitoring of pulmonary fibrosis formation at an early stage and for patient
stratification.83–85

18

F-FDG is a molecule which tracks the glucose uptake and it is

implemented as a diagnostic tracer in different pathologies, e.g. the formation of metabolic
active metastases of different aetiologies.24,85

68

Ga-DOTANOC specifically targets the

somatostatin receptor, which is expressed in murine and human fibroblasts (in vitro) and in
bleomycin-induced lung fibrosis mouse models (in vivo).84 Therefore, an increased
Octreotide uptake related to pulmonary fibrosis was reported.86,87 However, both

18
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F-FDG

and 68Ga-DOTANOC are not IPF disease-specific and their inflammation-related accumulation
cannot be excluded. Therefore, their specificity for the detection of fibrotic alteration has
still to be proved.
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The utilisation of the integrin ανβ6 as a target for the stratification of lung fibrosis by SPECT
showed potentiality in animals (111In-labelled A20FMDV2).88 A recent study described the
development of an imaging probe targeting specific remodelling enzymes for the
visualisation of macrophage infiltration in pulmonary fibrosis by NIRF and PET/CT. The
probes were analysed in a bleomycin-lung fibrosis mouse model, as well as in humans
suggesting the potential of the tracers to select patients having IPF from patients with
unclassified fibrosis.89

1.2.2 Non-Invasive Imaging of Collagen and Fibronectin
Collagen is the major component of the ECM and its overexpression and secretion correlates
with tissue stiffness in tumours and the formation of fibrosis, while increased collagen
degradation correlates with angiogenesis and cancer progression. Moreover, tumourderived collagen promotes chemoresistance.19,79 Techniques like ultrasounds, fluorescent
light and MRI have been implemented to analyse collagen distribution and tissue stiffness. In
particular, MRI together with an MR elastography is used in the clinic for rigidity mapping in
tumours.19
Endogenous collagen can be imaged by second harmonic generation (SHG) microscopy, both
in vitro and in vivo. For example, SHG microscopy permits the visualisation of collagen
dynamic changes during tumour progression and chemotherapy. This method is appreciated
since it allows to analyse the tissue without manipulating it, because labelling and tissue
fixation is not necessary.19 The combination of SHG microscopy with a second imaging tool is
feasible. For instance, the interactions between tumour cells and the microenvironment can
be analysed combining SHG with multiphoton microscopy, in which the tumour cells are
fluorescently labelled and the distribution of collagen within the tumour according to the
tumour hypoxia can be visualised.19,90 Furthermore, different types of native collagen fibres
can be specifically imaged in vivo using conjugated antibodies, e.g. NIRF can be performed
using a specific antibody against collagen IV labelled with an NIRF-dye.91
NIRF imaging has also been utilised for the visualisation of degraded collagen by conjugated
collagen mimetic peptides (CMPs), which bind to collagen fragments forming a triple
helix.19,79,92 Furthermore, different radiotracers have been in preclinical evaluation for the
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visualisation and the quantification of collagen in correlation with fibrotic lesions. Such
tracers have the acyclic collagen-binding peptide collagelin as a basic ligand, e.g.
streptavidin-collagelin93,

[68Ga]-Ga-NO2A-Col

and

[68Ga]-Ga-NODAGA-Col.

99m

Tc-

However,

collagelin-derived PET tracers were tested in animal fibrotic tissue in vitro only.80 EP-3533, a
type I collagen-binding peptide, has shown to target pulmonary and liver fibrosis for in vivo
MRI imaging.94–96 Similarly, the bacterial-derived collagen-binding peptide CN35 has been
utilised for collagen imaging in different diseases. The fluorescently labelled CN35 has been
tested in cell-derived matrix, as well as in different tissues in vitro and ex vivo.97–99
For fibronectin, selective in vivo non-invasive imaging techniques have so far been
exclusively based on the upregulation of Fn EDB+ isoforms in tumours. Using labelled
antibodies or peptides, which target the Fn EDB domain, enables the in vivo real-time
evaluation of tumour Fn by PET, SPECT, NIRF and MRI, for instance.19,50 The detection of
cancer by MRI has been possible by the conjugation of anti-EDB peptides to
superparamagnetic iron oxide nanoparticles (SPIONs).100,101 The utilisation of the L19
antibody derivative for the imaging of tumours was demonstrated in the clinic. Therefore,
131

I-labelled dimeric L19 scFv was administered in humans for scintigraphy and

124

I-L19-SIP

was implemented for PET to assess the therapy with 131I-L19-SIP in brain metastasis and solid
tumours.102,103 Moreover, the potential of the fluorescent Fn EDB-binding peptide ZD2-Cy5
to target prostate carcinoma was tested in vitro and in vivo using animal xenografts.104
Plasma clots are typically found in wounds and in other pathologies like tumours, in which
blood vessels are injured and leaky. CLT1 and CLT2 are cyclic peptides, which target the
fibronectin-fibrin complex and specifically accumulate in the extravascular space of
tumours.105 These peptides, conjugated to a contrast agent for MRI imaging, have shown to
be suitable for the imaging of colon carcinoma, breast cancer and prostate cancer in animals
models.106–108
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1.3

Aim of the Thesis

This thesis comprises two different projects considering distinct aspects of the extracellular
matrix: first, the fibrous protein fibronectin (Fn) and second, the signalling molecule
fibroblast growth factor-2 (FGF-2).
The main objective of the first part of the thesis (Chapter 2 and 3) was the evaluation of a
bacterial-derived peptide to target the glycoprotein fibronectin for imaging and/or therapy
of tumour malignancy and fibrosis. The sub-project presented in Chapter 2 aimed to achieve
a validation of a naturally evolved radiolabelled bacterial Fn-binding peptide for the
targeting of fibronectin in cancer. Initially, the bacterial peptide needs to be adequately
modified to permit its labelling with different signalling molecules. The binding specificity
needs to be proved in vitro and in vivo and an engineered scrambled derivative of the
peptide should serve as an internal negative control. The pharmacokinetics of the peptide
should be analysed by means of post-mortem biodistribution studies and the obtained
results will be compared with in vivo SPECT imaging and ex vivo immunofluorescence
staining. The second project of the first part of the thesis (Chapter 3), aimed to prove the
possibility of an extension of the use of bacterial peptides for an early diagnosis of
pulmonary fibrosis by in vivo non-invasive imaging. After the in vitro characterisation of the
labelled peptide, preliminary in vivo experiments need to be performed, in which SPECT
images will be compared to the histological analysis of the lungs.
The ECM acts as a storage unit for soluble growth factors like vascular endothelial growth
factors (VEGFs) and fibroblast growth factors (FGFs). FGF-2 is an important proangiogenic
protein involved during tissue regeneration and angiogenesis. Moreover, recombinant
FGF-2 is already administered in the clinic for the treatment of different disorders. The third
project of the thesis (Chapter 4) aimed at radiolabelling of FGF-2 with Indium-111, which
might be useful to perform non-invasive animal imaging for molecular research, for the
preclinical validation of new FGF-2 containing formulations or implants. The radiotracer
developed will have to be characterised in vitro according to its binding behaviour and
proliferative effects. In vivo proof-of-concept biodistribution experiments will be performed
in healthy nude mice and compared with SPECT images and with available data previously
published.
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CHAPTER 2: Introduction

2.1 Introduction
Despite more than three decades of remarkable advances towards the understanding of
cancer, still millions of people die per year due to major shortcomings in technologies for
early diagnosis and treatment of the disease.109 Most anti-cancer therapeutics used today
have been designed to directly target cancer and/or stroma cells.14–16 While partially
successful, the therapeutic efficacy can be hampered significantly due to low selectivity, low
tissue penetration, low drug uptake and due to the development of drug resistance.20,110,111
The introduction of targeted therapy in the late 1990s greatly improved the therapy
outcome for some types of cancer. The research in the field of antibodies, peptides or small
molecules targeting growth factors or receptors such as tyrosine kinases on the cancer cell
membrane is still ongoing.112–114 However, most of these targeted therapy approaches share
similar disadvantages as conventional chemotherapeutics, such as the development of
resistances due to negative cell selection during therapy.110
Tumours are not just an assembly of proliferating cancer cells, but resemble highly complex
organ-like tissues held together by the extracellular matrix (ECM).48,74,115–117 The significance
of the tumour microenvironment in guiding cancer progression has been finally recognised,
but still only a few approaches have been started to directly target tumour matrix, thus,
overcoming the problem of negative cell selection for selective receptor-targeted
approaches.13,20,118–123 During tumour growth, major transformations occur in the
composition and in the density, as well as, in the posttranslational modification and
crosslinking of stromal ECM.20,74,110,111,116 These changes are promising targets to either
improve the early diagnosis, to perform a stratification of cancer treatment, or to exploit
ECM components for specific therapeutic approaches.13,20 Despite the major progress that
has been made to document alterations in the ECM of tumour stroma, only a few methods
have been developed to target tumour matrix rather than cell-bound proteins or
receptors.74,91,116,117,121–125 This includes antibody derivatives targeting the large isoform of
glycoprotein tenascin-C, as well as, collagen IV within solid tumours and the cellular splice
variant of the extracellular matrix protein fibronectin (Fn).31,91,125 Splice variants of
fibronectin, in particular the isoforms that contain the extra domains A (EDA) and B (EDB),
are overexpressed in cancer, wound healing and inflammation. They serve as biomarkers for
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metastasis and bad prognosis in many cancer types.2,48,122,126–134 Antibody fragments against
EDA and EDB showed good potential, especially the antibody L19, which targets the Fn-EDB
domain, is currently used in several phase I/II clinical trials for the therapy of advanced solid
tumours or advanced extremity melanoma.135–137
Antibody-based diagnostic and therapeutic applications suffer from high production costs
and can evoke unwanted immune reactions.2,38,138,139 Small peptides can serve as attractive
alternatives due to their small size and low structural complexity.140 However, only if their
reduced specificity compared to antibodies can be overcome. They can be synthesised and
show much lower immunogenicity than antibodies. One further major advantage using
peptides as targeting molecules is their superior tissue penetration properties compared to
antibodies, which often show an inhomogeneous spatial distribution within the tumour due
to physical shielding by matrix residues.111,138,141
Receptor-binding peptides have revolutionised the nuclear medicine since the 1990s. The
111

In-radiolabelled octreotide (OctreoScanTM), a somatostatin analogue, was the first

radiolabelled peptide approved for the diagnosis of neuroendocrine tumours by noninvasive imaging.142,143 Currently, several radiopeptides are in development and some are
routinely used in the clinics for both diagnostic imaging techniques, such as Single Photon
Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET).144–147
Yet, only a few ECM-binding peptides for tumour imaging or therapy exist until now, for
SPECT, PET and magnetic resonance imaging (MRI), respectively.108,142,143,148 For example, the
CLT-1 and CLT-2 peptides, as well as, the CREKA peptide, have been selected via phage
display targeting an unknown epitope on the fibronectin/fibrin complexes formed by clotted
plasma. However, for those peptides no binding affinities have been published so far.105,149
Inspired by nature, to target Fn in cancer stroma in vivo, we took advantage of the strategy
of several highly pathogenic bacteria such as Staphylococcus aureus and Streptococcus
pyogenes. These pathogens evolved small peptide sequences that bind fibronectin with high
affinity and use them to adhere and colonise host tissue.150 The so-called bacterial adhesins,
are part of the proteins protruding from the bacterial cell wall specifically interacting with
the N-terminal FnI1-5 domains of Fn.151 Adhesins are unstructured in solution, but upon
binding they form an antiparallel beta sheet to each fibronectin type I (FnI) module
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(Figure 6 A-C).152 The binding to not one but multiple FnI modules then leads to a so-called
tandem beta-zipper, which greatly increases the binding affinity from the mM to the nM
range.153,154 This multivalent bacterial attachment to Fn is well understood and known to be
a key step in wound infection and invasion.49,150,152
In this study we used the Fn-Binding Peptide A5 (FnBPA5) from Staphylococcus aureus as a
representative model peptide to the in vivo targeting of fibronectin in tumour stroma. 154 A
murine prostate carcinoma tumour model (PC-3 xenografts) was chosen for the in vivo
experiments. This type of carcinoma exhibits an extended tumour microenvironment and
the interactions between cells and extracellular components play a crucial role in the growth
and the functionality of this organ. Therefore, this tumour represents an adequate model for
the validation of FnBPA5 as fibronectin targeting molecule.155 We tested the in vitro binding
affinity and specificity of labelled FnBPA5 to Fn. In vivo, we explored the distribution

111

In-

radiolabelled FnBPA5 within the different organs using SPECT together with the assessment
of the biodistribution. The data reveals a Fn-specific uptake of

111

In-FnBPA5 in vivo with an

enhanced retention time in the tumour tissue compared to other analysed organs, holding a
great potential as diagnostic or therapeutic targeting molecule.
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2.2 Results

2.2.1 Design and Labelling of the Fn-Binding Peptide A5 (FnBPA5)
FnBPA5 is a fragment of the Fibronectin-Binding Protein A (FnBPA) expressed on the cell wall
of the bacterium Staphylococcus aureus. The FnBPA5 peptide is composed of 34 amino acids
and it specifically binds to four FnI modules at the N-terminus. (Figure 6).154 FnBPA5 is well
characterised and described in different publications. In particular, the amino acids involved
in the binding to Fn are well understood, permitting different engineering approaches of the
peptide for specific purposes.49,154 As part of this work, the peptide FnBPA5 was modified by
adding a cysteine group at the N-terminal. This allows the addition of a signalling molecule
or of a chelator for the subsequent labelling with radioactive isotopes. In Figure 6 D, the
peptide bound to the fluorophore or rather to the chelator maleimide 1-(1,3-carboxypropyl)1,4,7-triazacyclononane-4,7-diacetic acid (maleimide NODAGA), is represented. In order to
perform in vivo SPECT/CT images, the peptide was radiolabelled with

111

In, while FnBPA5

was labelled with the fluorophore Alexa 488 for in vitro experiments. As a negative control, a
scrambled derivative of FnBPA5 was designed. The scrambled derivative was composed of
the same amino acids as the original peptide, but the sequence recognising the four modules
of fibronectin was changed.

2.2.2 In Vitro Binding of FnBPA5-Alexa 488 to Fibronectin
Fn exists in a soluble conformation, which circulates in blood and body fluids, as well as, in
the fibrillar form upon incorporation into the extracellular matrix. Soluble plasma Fn has a
compact quaternary structure in solution masking most of its binding sites to prevent
unwanted interactions in the bloodstream. Whereas, in the tissue, plasma Fn is built into the
ECM in the form of Fn fibres. During this process, the initial compact structure of Fn
undergoes major changes to permit the binding of other proteins and/or cells.156–159
Therefore, the affinity of FnBPA5 derivative to soluble and fibrillar Fn was quantitatively
assessed by measuring the dissociation constant (Figure 7 A and B).
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Figure 6. Binding of the FnBPA5 peptide (purple) to extracellular matrix protein fibronectin on different length
scales. (A) Schematic representation of the modular structure of Fn consisting of three different types of
modules with FnBPA5 binding to the FnI2-FnI5 domains close to the N-terminus of the Fn monomer. (B) The
structure of FnBPA5 bound to FnI2-FnI5. The peptide binds to each FnI module via the addition of an antiparallel
beta-sheet. (C) Interaction of FnBPA5 (purple) with FnI2-5 (grey) with atoms represented as spheres. (D)
Schematic representation of FnBPA5 sequences used in this study. The attachment of a fluorophore or
radiolabelling was achieved using maleimide-thiol chemistry at the N-terminal cysteine. Alexa-dyes were used
111 3+
as fluorophores. The maleimide NODAGA complexing the radiometal In was used for the radiolabelling of
the peptide. Glycine linker was used to prevent potential steric hindrance and self-binding of the attached
label. The scrambled sequence of FnBPA5 (brown) was designed as a negative control for studying the
sequence-specific binding of FnPBA5 to Fn.

The affinity of FnBPA5-Alexa 488 to soluble plasma Fn was measured by fluorescent
anisotropy titrations.160,161 A constant concentration of Alexa 488-labelled peptide (100 nM)
was mixed with increasing concentrations of unlabelled Fn ranging from 0 to 1400 nM. The
anisotropy of each sample plotted against the corresponding Fn concentration yields a
dissociation constant (Kd) of 75 ± 8 nM for FnBPA5-Alexa 488, as extrapolated from the
obtained saturation binding curve. In contrast, the scrambled control did not show any
binding (Figure 7 A).
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Manually pulled Fn fibres were used as a model system for fibrillar Fn as described
previously.49,162 The Fn fibres had been pulled from a Fn solution containing 5% of Cy-5
labelled Fn. These prestained fibres were then deposited onto a stretchable silicone
membrane. With this, the Fn fibres were relaxed to half of their original length
(corresponding to 7% molecular strain). Afterwards, the fibres were incubated with different
concentrations of FnBPA5-Alexa 488 and the fluorescence intensity of Fn-Cy5 and FnBPA5Alexa 488 was detected by confocal microscopy. The binding curve was derived from a pixelby-pixel analysis of the peptide fluorescence intensity normalised to the Fn-Cy5 intensity for
different peptide concentrations (Figure 7 B). Fitting the values measured revealed a binding
curve with a Kd of 28 ± 6 nM.

Figure 7. In vitro binding studies of FnBPA5-Alexa 488 and scrambled-Alexa 488 to soluble and fibrillar Fn. (A)
Binding analysis of FnBPA5-Alexa488 and scrambled FnBPA5-Alex488 to soluble plasma Fn using anisotropy
measurements. The results showed a Kd of 75 ± 8 nM for FnBPA5-Alexa 488 and no specific binding of the
scrambled derivative. (B) Measurement of the affinity of FnBPA5-Alexa 488 to manually pulled relaxed Fn fibres
showed a Kd of 28 ± 6 nM. (C) Cell-derived extracellular matrix stained for fibronectin, FnBPA5-Alexa488
scrambled FnBPA5-Alexa488, actin and cell nuclei, respectively. Representative images show a specific binding
of FnBPA5-Alexa 488 to Fn fibres the ECM.
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To ensure that tight binding can still be observed in the native extracellular matrix, Fn-rich
ECM assembled by human dermal fibroblasts was incubated for 1 hour with FnBPA5-Alexa
488 resp. scrambled-Alexa 488 prior to cell fixation. The qualitative analysis by confocal
microscopy revealed a specific binding only for FnBPA5-Alexa 488 but not for the scrambled
derivative (Figure 7 C).
To assess whether the presence of the chelator (NODAGA) impairs FnBPA5 binding to
manually pulled Fn fibres, a displacement assay was performed using the labelled
FnBPA5 against FnBPA5-Alexa488 (Figure 8). The IC50 value for

nat

In-

nat

In-FnBPA5 of 49 ± 8 nM

suggests that the labelling process did not affect binding properties of FnBPA5, therefore
permitting the translation of the in vitro results to in vivo studies.

nat

Figure 8. IC50 measurement of In-FnBPA5. Relaxed Fn fibres were incubated with FnBPA5-Alexa 488 together
nat
with different concentrations of the displacer In-FnBPA5. The mean values (nM) ± SD of three independent
nat
experiments are represented. For In-FnBPA5 an IC50 value of 49 ± 8 nM was obtained.

2.2.3 Mechanosensitivity of FnBPA5-Alexa 488
Chabria et al. postulated in a previous work the hypothesis that bacterial adhesins, and so
FnBPA5, bind to Fn fibres with different affinities, depending on to the three-dimensional
conformation of the Fn fibres.49,154 The strain-sensitive behaviour of the fluorescently
labelled FnBPA5-Alexa 488 to manually pulled Fn fibres was therefore analysed. Firstly, the
specificity of the binding was proven using the scrambled derivative as a negative control.
Scrambled FnBPA5-Alexa 488 showed a much lower binding to Fn fibres if compared to
FnBPA5-Alexa 488 with the original sequence (Figure 9 A). A pixel-by-pixel analysis of the
intensity of FnBPA5-488 resp. scrambled FnBPA5-Alexa488 normalised to Fn-Cy5 signal
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intensity, confirmed the specificity of the binding of FnBPA5-Alexa 488 to the relaxed Fn
fibres (Figure 9 B). In a second step, the strain sensitivity of the binding of FnBPA5-Alexa 488
was analysed (Figure 9 C). Therefore, Fn-Cy5 fibres were manually deposited onto silicone
sheets as described in the previous section (Chapter 2.2.2). The silicon membranes were
stretched and relaxed in order to bring Fn fibres to the desired mechanical strain state and
the peptide signal was subsequently detected by confocal microscopy. The pixel-by-pixel
quantification of the fluorescence signals revealed a significant reduction of the FnBPA5Alexa488/Fn-Cy5 signal in the samples having stretched Fn fibres compared to samples
having relaxed fibres.

Figure 9. (A) Binding of FnBPA5-Alexa 488 resp. scrambled FnBPA5-Alexa 488 to manually pulled Fn fibres. Fn
(left) and peptide signal (right) show a specific binding to Fn only for FnBPA5-Alexa488. (B) The quantification
of the experiment (mean ± SD) shown in (A) demonstrated the specificity of the binding for FnBPA5-Alexa 488
with more than 30 fibres from three independent experiments analysed. (C) The influence of the Fn fibres
conformation by the manual stretch and relaxation of the silicon sheet was analysed. FnBPA5-Alexa 488
showed a significantly reduced binding to stretched Fn fibres than to the relaxed state.

The mechanosensitive behaviour of labelled FnBPA5 in cell culture was evaluated by means
of fluorescence resonance energy transfer (FRET)-based cell matrix experiments a using the
validated double stained Fn-FRET probe.163,164 The isolated plasma Fn was stained with two
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different fluorophores at distinct positions: an acceptor fluorophore at the cryptic cysteines
on the FnIII7 and FnIII15 modules (Alexa 546) and a donor fluorophore at the lysine residues
(Alexa 488). The Fn-FRET probe was added to the culture medium and it was incorporated
into the matrix by the fibroblasts in culture. Calculating the acceptor/donor FRET ratio,
which is proportional to the distance between the fluorophores, it is possible to visualise
how the cells stretch Fn fibres (Figure 10 A). The mechanical state of Fn fibres within the
fibroblasts’ matrix was compared with the binding behaviour of FnBPA5-Cy5 (Figure 10 B
and D). FRET analysis showed that FnBPA-Cy5 preferentially binds to Fn fibres having relaxed
conformation in cell culture.

Figure 10. FRET analysis for the binding of FnBPA5-Cy5 to Fn-rich cellular matrix. The Fn-FRET probe was added
to the cell medium and the cells incorporated it into the matrix. (A) Confocal imaging allows a colorimetric
visualisation of the 3D-dimensional conformation of the fibres. Red colors represent more relaxed Fn. (B)
Colour ratiometric image of FnBPA5-Alexa488 signal normalised to the directly excited Fn-546 fluorescence
signal. The violet area represents a high FnBPA5-Cy5/Fn-546 signal. (C) Merged fluorescence image of FnBPA5Cy5 (red), Fn-546 (green) and DAPI (blue). (D) Quantitative analysis of the average FnBPA5-Cy5/Fn-546 binding
ratios for given FRET ratios for all images (n > 10) of an experiment. The number of pixels used for averaging is
given in the color code (# pixels x 10).
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2.2.4 In Vitro Plasma Stability
Peptides usually show low stability to different catalytic enzymes found in tissue and blood
resulting in a short biological half-life, which could limit theirs in vivo application.165,166 The
metabolic stability of

111

In-FnBPA5 in human blood plasma was analysed in vitro. The

111

In-

radiolabelled FnBPA5 was incubated in human blood plasma resp. in water (control) at
37 °C. At time points (0, 1, 24, 48 and 72 hours), the unbound peptide fraction was
separated from plasma proteins and analysed by reversed-phase high-pressure liquid
chromatography (RP-HPLC). Approximately 80% of
hours (Figure 11), thus, proving that

111

111

In-FnBPA5 was still intact after 72

In-FnBPA5 has sufficient plasma stability to be used

for in vivo applications. In contrast, only 50% of the scrambled derivative was intact after 20
hours incubation in plasma.

111

111

Figure 11. In vitro plasma stability of In-FnBPA5 resp. In-scrambled FnBPA5 in human blood plasma. As a
111
control the radiolabelled peptides were incubated in deionized water. In-FnBPA5 showed high plasma
stability up to 72 hours.

2.2.5

111

In-FnBPA5 Fibronectin-Related Uptake in Murine Prostate Tumour Model

The distribution of

111

In-FnBPA5 was analysed by means of SPECT/CT (Single Photon

Emission Computed Tomography combined with an X-ray Tomography) followed by a postmortem biodistribution study. PC-3-bearing mice, a subcutaneous model for human prostate
carcinoma, were injected with approximately 15 MBq

111

In-FnBPA5 resp.

111

In-scrambled

FnBPA5 (2.4 nmol, 100µL PBS), and scanned 96 hours post injection (p.i.). 111In-FnBPA5 and
the negative scrambled control mainly accumulated in the kidneys, indicating a Fnindependent uptake in this organ (Figure 12 A and B). To visualise additional binding of the
tracers throughout the body, the kidneys were subsequently removed from the sacrificed
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mice and the scan was repeated (Figure 12 C and D). For
visible after kidney dissection, whereas

111

111

In-scraFnBPA5 no uptake was

In-FnBPA5 showed an accumulation in different

organs, with a predominant uptake in tumour and liver.

Figure 12. SPECT/CT images of PC-3 xenografts. The scans were performed 96 hours p.i. The mice were injected
111
111
with approximately 15 MBq In-FnBPA5 (A and C) resp. In-scrambled FnBPA5 (B and D). (A and B) Both
peptides predominantly accumulated in the kidneys. This indicates a Fn-independent clearance via the kidneys.
111
(C and D) After kidney removal, only In-FnBPA5 showed an uptake in different regions, in particular, in the
tumours and in the liver.

For the biodistribution study, groups of four PC-3-bearing mice were intravenously injected
with approximately 150 kBq 111In-FnBPA5 respectively 111In-scrambled FnBPA5 together with
the corresponding cold labelled peptide to reach the final peptide amount of 2.4 nmol. The
retained activity was analysed at different time points (Figure 13 and Table 4 and 5).
FnBPA5 and

111

111

In-

In-scrambled FnBPA5 showed an equal accumulation in the kidneys,

confirming our findings from SPECT/CT imaging, with a maximum at 1 hour p.i. (140.58 ±
18.10 %IA/g resp. 163.70 ± 18.90 %IA/g). Interestingly,

111

In-FnBPA5 showed an

accumulation in all other examined organs, in contrast to the scrambled derivative.

111

In-

FnBPA5 uptake was significantly higher in particular in the tumour, the liver and the spleen.
The tumour uptake was significantly higher for all time points with a maximum at 1 h p.i.
(4.74 ± 0.77 %IA/g). Moreover, the retention of

111

In-FnBPA5 in the tumour was longer

compared to the other organs. In fact, the tumour-to-blood ratio increased from 3.05 ± 1.66
at 1 h p.i. to 34.03 ± 18.36 at 96 h p.i. (Table 6).
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111

111

111

Figure 13. Biodistribution of
In-FnBPA5 (A) and
In-scrambled FnBPA5 (B).
In-FnBPA5 showed a
significantly higher uptake in all the analysed organs except for the kidneys and the pancreas, confirming the
111
Fn-dependent accumulation of In-FnBPA5.
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Table 4. Biodistribution data of

111

In-FnBPA5 in PC-3 grafted mice
111

In-FnBPA5, mean IA%/g ± SD (n = 4)

Dissection time

1 h p.i.

4 h p.i.

24 h p.i.

96 h p.i.

Blood

1.81 ± 0.62

0.48 ± 0.08

0.15 ± 0.008

0.06 ± 0.027

Heart

1.76 ± 0.51

0.91 ± 0.06

0.31 ± 0.025

0.14 ± 0.017

Lung

2.88 ± 0.64

1.98 ± 0.12

1.05 ± 0.11

0.32 ± 0.038

Spleen

7.01 ± 1.23

3.35 ± 0.33

1.38 ± 0.068

0.73 ± 0.417

Kidneys

140.58 ± 18.10

130.66 ± 10.32

92.36 ± 14.25

39.69 ± 4.79

Pancreas

2.58 ± 1.27

2.31 ± 1.18

0.78 ± 0.47

0.18 ± 0.046

Stomach

3.07 ± 0.39

2.46 ± 0.36

0.51 ± 0.15

0.31 ± 0.052

Intestines

2.27 ± 0.33

1.77 ± 0.12

0.57 ± 0.039

0.13 ± 0.02

Liver

7.52 ± 1.50

3.85 ± 0.16

1.64 ± 0.26

0.89 ± 0.12

Muscle

0.57 ± 0.07

0.50 ± 0.17

0.24 ± 0.034

0.095 ± 0.02

Bone

1.85 ± 0.21

1.32 ± 0.26

0.86 ± 0.117

0.50 ± 0.09

Tumour

4.74 ± 0.77

4.51 ± 0.15

3.59 ± 0.53

1.87 ± 0.773

To confirm the Fn-specific binding of

111

In-FnBPA5, in vivo blocking experiments were

performed, in which a 10-fold excess of unlabelled FnBPA5 (24 nmol, 100µL PBS pH 7.4) was
pre-injected directly before

111

In-FnBPA5 to block the binding sites (Figure 14). The pre-

injection of unlabelled FnBPA5 caused the significant reduction (p < 0.05) of

111

In-FnBPA5

accumulation in all examined organs with the exception of the kidneys and the pancreas
(Table 7). In contrast, no significant differences were shown for
shown). In particular, we observed a significant decrease of

111

111

In-scraFnBPA5 (data not

In-FnBPA5 accumulation in

the liver (-58%) and in the tumour (-36%) compared to the control group, which received
111

In-FnBPA5 only (Figure 14 B).
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Figure 14. (A)The pre-injection of a 10-fold higher amount of unlabelled FnBPA5 caused the significant
111
reduction of In-FnBPA5 uptake in all the examined organs (p < 0.05) except for kidneys and pancreas. (B)
111
Details of the experiment illustrated in (A). Significant decrease of In-FnBPA5 accumulation in liver and in
tumour. The effect was higher in the liver (-58%) than in the tumour (-36%).
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Table 5. Biodistribution data of

111

In-scrambled FnBPA5 in PC-3 grafted mice

111

In-scrambled FnBPA5, mean IA%/g ± SD (n = 4)

Dissection time

1 h p.i.

4 h p.i.

24 h p.i.

96 h p.i.

Blood

0.26 ± 0.064

0.07 ± 0.008

0.04 ± 0.005

0.02 ± 0.005

Heart

0.12 ± 0.03

0.06 ± 0.006

0.04 ± 0.005

0.04 ± 0.005

Lung

0.19 ± 0.03

0.08 ± 0.005

0.05 ± 0.006

0.04 ± 0.014

Spleen

0.21 ± 0.039

0.13 ± 0.036

0.14 ± 0.048

0.10 ± 0.029

Kidneys

163.70 ± 18.90

151.43 ± 9.056

104.62 ± 9.412

23.63 ± 9.883

Pancreas

0.78 ± 0.295

0.64 ± 0.549

0.21 ± 0.162

0.06 ± 0.016

Stomach

0.12 ± 0.013

0.06 ± 0.006

0.04 ± 0.017

0.04 ± 0.029

Intestines

0.09 ± 0.01

0.04 ± 0.012

0.03 ± 0.00

0.02 ± 0.010

Liver

0.10 ± 0.02

0.08 ± 0.026

0.07 ± 0.010

0.05 ± 0.005

Muscle

0.09 ± 0.025

0.04 ± 0.019

0.08 ± 0.026

0.04 ± 0.013

Bone

0.15 ± 0.035

0.10 ± 0.01

0.09 ± 0.021

0.13 ± 0.036

Tumour

0.27 ± 0.08

0.14 ± 0.02

0.09 ± 0.01

0.16 ± 0.08

111

Table 6. Calculated tumour-to-background ratio for the distribution of In-FnBPA5. The higher retention time
111
of In-FnBPA5 in the tumour is reflected by the increasing tumour-blood ratio and tumour-to-liver ratios with
increasing time.
111

In-FnBPA5, mean IA%/g ± SD (n = 4)

Dissection time

1 h p.i.

4 h p.i.

24 h p.i.

96 h p.i.

Tumour-to-blood ratio

3.05 ± 1.65

9.68 ± 1.83

23.93 ± 2.52

34.03 ± 18.36

Tumour-to-liver ratio

0.66 ± 0.22

1.18 ± 0.08

2.21 ± 0.25

2.11 ± 0.82

Tumour-to-kidney ratio

0.03 ± 0.00

0.03 ± 0.00

0.04 ± 0.00

0.05 ± 0.02
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Table 7. Blocking experiment. A 10-fold higher amount of unlabelled FnBPA5 (24 nmol) was pre-injected
111
*
directly before In-FnBPA5. The analysis was performed 4 hours p.i. Significance p < 0.05.
111

In-labelled FnBPA5, mean IA%/g ± SD (n = 4), blocking experiment

Dissection time

4 h p.i.

4h p.i. blocking

Blood

0.48 ± 0.08

0.29 ± 0.074*

Heart

0.91 ± 0.06

0.37 ± 0.080*

Lung

1.98 ± 0.12

0.95 ± 0.317*

Spleen

3.35 ± 0.33

1.33 ± 0.402*

Kidneys

130.66 ± 10.32

175.80 ± 32.48

Pancreas

2.31 ± 1.18

0.96 ± 0.384

Stomach

2.46 ± 0.36

1.13 ± 0.14*

Intestines

1.77 ± 0.12

0.53 ± 0.137*

Liver

3.85 ± 0.16

1.61 ± 0.56*

Muscle

0.50 ± 0.17

0.20 ± 0.12*

Bone

1.32 ± 0.26

0.73 ± 0.31*

Tumour

4.51 ± 0.15

2.91 ± 0.70*

2.2.6 In Vitro Tissue Staining
The binding behaviour of the bacterial peptide FnBPA5 to kidney and tumour tissues was
analysed in detail by the means of in vitro immunofluorescence staining (Figure 15).The
experiment was performed with tumour and kidney cryosections obtained from PC-3
xenografts. First, the tissues were stained with a primary antibody specific for Fn and with
the corresponding secondary antibody (Alexa 633) to visualise its distribution within the
organs. Subsequently, the sections were stained with FnBPA5-Alexa 488 to analyse the
correlation between peptide binding and the expression of Fn. Figure 15 A shows an equal
expression of Fn in both tissues. The high-resolution images of four representative regions of
interest (ROI) show a very low binding of FnBPA5-Alexa 488 in the kidney compared to the
tumour, confirming the Fn-independent uptake of the tracer in the kidneys observed in the
biodistribution study for 111In-FnBPA5 (Figure 15 B). In the ROIs, the fluorescence intensities
were pixel-by-pixel quantified by confocal microscopy and for each pixel the FnBPA5-Alexa
488 signal intensity was plotted against the Fn-633 signal (Figure 15 C). The scatter plot
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revealed a heterogeneous binding pattern in the tumour. In fact, the binding of the peptide
was not proportional to the Fn signal intensity.

Figure 15. The binding behaviour of FnBPA5-Alexa 488 was investigated in cryosections obtained from a PC-3
xenografts. Tumour and the kidney tissue sections were stained with a primary antibody specific for Fn, the
corresponding secondary antibody-Alexa 633 and with FnBPA5-Alexa 488. DAPI staining was used to visualise
the nuclei. (A) Stitching together individual images leads to the mosaic image of the whole tissue section. (B)
Four representative regions of interest (ROI) show the clear presence of Fn in both organs, while only a little
attachment of FnBPA5-Alexa 488 was found in the kidney. Section of the subcutaneous PC-3 tumour showed
higher binding of the peptide. (C) The data were confirmed by the pixel-by-pixel quantification. The scatter plot
(FnBPA5-Alexa 488 vs. Fn-633) showed a heterogeneous binding pattern for the peptide.
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2.3 Discussion
In this proof-of-concept study, we presented FnBPA5 as an example of a naturally evolved
bacterial peptide-based approach for the specific targeting of Fn. Therefore, this peptide has
been evolutionary optimised to bind with high-affinity to Fn within wound sites.152 This
results in a similarly high binding affinity and several advantages, such as higher stability,
lower cost and more homogeneous tissue penetration, compared to antibody systems that
are currently in clinical trials.110,111,125,138,167,168
FnBPA5 was modified by the addition of a glycine linker with a cysteine at the N-terminus
(Figure 6). This permitted the labelling of the peptide with a fluorophore like Alexa 488 or
Cy5 by maleimide-thiol chemistry, for the in vitro experiments. The chelator NODAGA could
be attached and FnBPA5 was radiolabelled with 111In for SPECT and biodistribution analysis.
A scrambled derivative of FnBPA5 was engineered as a negative control for the specificity of
the binding to fibronectin. By the design of the scrambled derivative, the molecular weight
and the total charge were not altered. As FnBPA5 exerts a secondary structure only once
bound to Fn, differences in pharmacokinetics parameters between the two peptides would
not be expected.152,153
The in vitro binding studies showed a sequence-specific interaction of FnBPA5-Alexa 488
with soluble, fibrillar Fn and fibroblast derived matrix, with dissociation constants for soluble
and fibrillar Fn in the nanomolar range (Figure 7 ), which are in line with the reported value
for FnBPA5 binding to N-terminal Fn fragments in solution (Kd = 44.2 nM).152,153 Moreover,
these binding properties were not affected by the labelling with Indium (Figure 8) and are
comparable to current clinically tested antibody systems, such as anti-EDB Fn antibody
fragment L19 and other Fn-binding peptides derived from collagen.169–171
Since no data were available regarding the stability of this bacterial peptide when exposed
to blood, our finding that approximately 80% of 111In-FnBPA5 was still intact after 72 hours in
vitro exposure to human blood plasma opens the doors to explore the utilisation of this
peptide for in vivo applications (Figure 11). Moreover, the stability of 111In-FnBPA5 in human
blood plasma resulted superior to the phage display isolated peptide DUP-1, which
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specifically binds to prostate cancer cells and showed in vitro low stability in blood plasma
with an half-life of approximately 2 minutes.165,172
Post-mortem experiments and SPECT images revealed that

111

In-FnBPA5 specifically

accumulated mainly in the tumour and liver (Figure 12 and 13). The Fn-independent kidney
accumulation of

111

In-scrambled FnBPA5 and

111

In-FnBPA5 correlated well with previous

reports relating kidney uptake of small peptides to different mechanisms ensuring the reuptake of valuable nutrients.173–175 After 24 hours post injection, 3.6% of the initially injected
activity of 111In-FnBPA5 was detected per gram of tumour (Table 4), which is comparable to
tumour uptake values of L19 antibody fragments targeting Fn-EDB.176 Most interesting for
potential clinical applications, the clearance of

111

In-FnBPA5 from the tumour was

significantly slower than for other tissues (Figure 13). Our pharmacokinetic data show that
the tumour-to-blood and the tumour-to-liver ratio progressively shifted towards higher
values at later time points (Table 6). These findings suggest that there are fundamental
differences in extracellular matrix composition and homoeostasis between the tumour and
the healthy organs. Several possible mechanisms reported in literature could be responsible
for the accumulation and prolonged retention time of

111

In-FnBPA5 in tumours. The role of

blood vessels on the kinetic of a chemotherapeutic agent is still unclear and controversially
discussed. Increased tissue perfusion due to leaky vasculature may lead to favourable
kinetics and, therefore, higher accumulation of

111

In-FnBPA5 in the tumour.177,178

Alternatively, another recent study reported that a normalisation of tumour vessels using
chloroquine improved delivery of chemotherapeutic compounds and led to a reduction of
hypoxia, cancer cell invasion and metastasis.179
The prolonged retention of

111

In-FnBPA5 in the tumour could also be correlated with

elevated Fn levels in the tumour microenvironment.130,132,133 Indeed, our blocking
experiments performed in vivo support this last hypothesis of an enhanced availability of
binding sites, as the blocking effect was less pronounced for the tumour compared to the
liver (Figure 14 B and Table 7). However, the question how 111In-FnBPA5 reaches the tumour
and other organs, in the first place still remains unanswered. Indications from the literature
show a possible role of plasma Fn as a carrier for small peptides. Pilch et al. observed that
peptides selected to bind clotted plasma accumulated in the tumour stroma once
intravenously injected, but did not do so in mice lacking plasma fibronectin.105 The small
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Fn-binding peptide presented here might hijack plasma fibronectin as transport vehicle
within the blood stream, which is also supported by our finding that FnBPA5-Alexa 488 can
bind to soluble plasma Fn in vitro (Figure 7). Differences in the mechanical strain state of Fn
fibres have previously been shown in vitro to change the binding behaviour of bacteriaderived peptides.49,154 Our fluorescence-labelled FnBPA5 exerted these properties in
manually pulled Fn fibres, as well as in cell culture (Figure 9 and Figure 10).
In vitro experiments performed with tumour and kidneys cryosections showed that the
binding behaviour of FnBPA5-Alexa 488 differs from the primary polyclonal antibody against
Fn (Figure 15). The FnBPA5-Alex 488 intensity was significantly higher in the tumour than in
the kidney, despite equal Fn signal in these organs Differences in collagen content,
crosslinking and turnover between cancerous and healthy tissue, all have the potential to
impact the mechanical strain of Fn fibres and, thus, the Fn’s conformation and functional
display.34,180 This could play a key role in the distribution of bacterial peptide in vitro and
in vivo.
Bacterial Fn-binding peptides can be custom-built and adapted to case-specific
requirements, due to the flexibility in design.154 In our specific case, the addition of a glycine
spacer with an N-terminal cysteine rendered the peptide FnBPA5 tuneable to be linked to an
additional signalling molecule, without changing its optimised binding properties to
fibronectin. Additionally, the conjugation of functional compounds, such as cytotoxic drugs
or immune-active agents, as well as the use of FnBPA5 as targeting molecule in combination
with nano-carriers currently used in molecular-targeted cancer therapy, is possible.181
Furthermore, cleavable linkers (e.g. pH sensitive or enzyme cleavable linkers) can be
designed for the site-specific release of active compounds, minimising their toxicity.181,182
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2.4 Conclusion
To conclude, the results presented in this study provide some evidence that FnBPA5 has the
potential to be valuable to target fibronectin in cancerous tissue. Fn-binding bacterial
peptides like FnBPA5 are, thus, an attractive and innovative approach for applications – e.g.
as non-invasive in vivo imaging probes - for a targeted delivery of therapeutics and as
radiotracer for the targeted radionuclide therapy in cancer, respectively. Doing so, bacterial
peptide-platform can be implemented, for instance, in biomolecular and preclinical research.
Therefore, with this new tool at hand, the role of Fn in early tumour formation or metastasis
and its function in the establishment of the pre-metastatic niche could potentially be
explored.128,183–185 Moreover, the utilisation of these peptides is not limited to cancer as
other diseases undergo a neoplastic process with increased secretion of fibronectin. As an
example, tissue fibrosis could potentially also be addressed with this approach.7
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2.5 Experimental Section

2.5.1 Fibronectin Isolation and Labelling
Fibronectin (Fn) was isolated from human plasma (Zürcher Blutspendedienst SRK
Switzerland) using gelatin sepharose chromatography, as previously described.186 Plasma
was thawed and passed through a PD-10 column (GE Healthcare, Germany) to remove
aggregates. Effluent was collected and run through a gelatin sepharose column. After
washing the column, Fn was eluted from the gelatin column with a 6 M urea solution.
Unlabelled Fn was then re-buffered to PBS before usage. For the labelling, Fn was denatured
in a 4 M guanidinium hydrochloride (GdnHCl) solution to open up cryptic cysteines at FnIII7
and FnIII15. Fn was incubated with an excess of Cy5 maleimide dye (GE Healthcare, Germany)
and separated from the dye using a PD-10 column.

2.5.2 Labelling of FnBPA5 and Derivatives
The Fibronectin-Binding Peptide (FnBPA5) and its scrambled derivative (scrambled FnBPA5)
were commercially synthesised by Peptide Specialty Laboratories GmbH (Germany) or
piCHEM GmbH (Austria). A spacer of three glycines and a cysteine residue at the N-terminus
of the original peptide sequence from S. aureus were introduced. The cysteine was
introduced for further modifications with fluorescent dye Alexa 488 or with 1-(1,3caroxypropyl)-1,4,7-triazacyclononane-4,7-diacetic acid (NODAGA), for further radiolabelling
with

111

In via maleimide conjugation. Lyophilized peptides were dissolved in TraceSELECT®

Water (Sigma-Aldrich, Switzerland) with 10% DMF, and stored at -20 °C for further usage.

2.5.3 In Vitro Affinity Measurements by Single Fn Fibre Assay
Fn fibres were manually pulled from a concentrated droplet of Fn in PBS (95% unlabelled and
5% Cy5-labelled protein) using a sharp pipette tip and thus deposited onto a flexible silicone
sheet, as previously described.162 Fibres were rehydrated in PBS and relaxed to half of their
original length (corresponding to 7% strain). After a blocking step with bovine serum
albumin (BSA) to avoid unspecific attachment of binding ligands to fibres or silicone sheet,
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the fibres were incubated with varying concentrations of FnBPA5-Alexa488 or scrambled
FnBPA5-Alexa488 for 1 hour and imaged by means of confocal microscopy.

2.5.4 Cell Culturing and Immunofluorescence Staining
Normal human dermal fibroblasts (PromoCell, Vitaris AG, Switzerland) were cultured in
alpha minimum essential medium (α-MEM) with 10% foetal bovine serum (BioWest, France).
The Fn-rich ECM was assembled by fibroblasts using an 8-well chambered coverglass
(NuncTM Lab-TekTM Chambered Coverglass, Thermo Fisher Scientific, Switzerland). The
chambers were air plasma treated for 30 seconds and subsequently the surface was
incubated with a 20 μg/ml unlabelled Fn solution in PBS for 1 hour at room temperature.
Before cell seeding, the chambers were UV-sterilised for 20 minutes. Cells were seeded at a
density of 50 x 103 cells per cm2 and allowed to attach to the surface. The new medium
containing 50 μg/ml unlabelled Fn was added and the cells were cultured for 48 hours.
Fibronectin was stained using a rabbit polyclonal anti-fibronectin antibody (1:100 diluted,
ab23750, Abcam, Switzerland) and 5 μg/ml FnBPA5-Alexa488 for 1 hour, respectively. As
control, the cells were incubated with the scrambled FnBPA5-Alexa488 peptide. After
fixation with a 4% paraformaldehyde solution, the cells were permeabilised for 10 minutes
with PBS containing 0.01% Triton X-100. After, blocking occurred in 4% BSA (Sigma-Aldrich,
Switzerland) and 4% donkey serum (Abcam, Switzerland) for 1 hour at room temperature.
The samples were then incubated for 1 hour with a donkey anti-rabbit Alexa 546 and
Phalloidin-633 (InvitrogenTM, Thermo Fisher Scientific, Switzerland). Before imaging cell
nuclei were stained using DAPI (InvitrogenTM).

2.5.5 Confocal Microscopy
Manually pulled Fn fibre samples were imaged with an Olympus FV1000 confocal
microscope (Olympus AG, Switzerland) using a 40x water immersion objective with a
numerical aperture of 0.9. FnBPA5-Alexa 488 and Fn-Cy5 channels were imaged with a
512x512 pixel resolution and photomultiplier tube voltage. The laser powers were kept
constant within an experiment. Fibroblast ECM samples were acquired with an oil immersion
1.45 NA 60x objective with a pixel resolution of 1024x1024.
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2.5.6 Image Analysis
The images were analysed using Fiji-ImageJ software and Matlab (MathWorks, Switzerland).
The pixel-wise ratio of FnBPA5-Alexa488 and Fn-Cy5 signal intensity was calculated for each
Fn fibre, if intensities were above a cut-off threshold and below saturation. A mean of 10
fibres was imaged per experiment and each concentration was done in triplicate. Binding
ratio of 10 μM FnBPA5-Alexa488 concentrations was set to 1 and all other points were
normalised to this reference fitted and plotted using Origin 7 (OriginLab Corporation, USA).
Statistical analysis was performed using two-tailed student t-test (Microsoft Excel). All
analyses were considered as type 3 (two sample unequal variance) and statistical
significance was assumed for p-values smaller than 0.05.

2.5.7 Fluorescence Polarisation Experiments
The binding affinity of Fn to FnBPA5 was determined in three independent measurements by
anisotropy titrations in a Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies, USA) equipped with automated polarisers. FnBPA5 and its scrambled
derivative were synthesised with an N-terminal Alexa 488 dye. The anisotropy of 100 nM
Alexa 488 labelled peptide was measured in PBS at Fn concentrations ranging from
0 to 1.4 μM. Excitation and emission were at λex 480nm and λem 520nm, respectively, with
both slit 10 nm, 20 °C, 5 seconds signal acquisition and g = 1.4. The dissociation constant (Kd)
values were determined by fitting the data to a one-site-binding model using Origin 7
(OriginLab Corporation, USA).

2.5.8 Fn Double (FRET-Fn) and Single Labelling
Fibronectin labelling was performed using previously established protocols.49,162,163
Fibronectin was denatured in a 4 M guanidinium hydrochloride (GdnHCl) solution to open up
buried cysteines from FnIII7 and FnIII15 modules. The denatured fibronectin was incubated
with a 30-fold molar excess of Alexa Fluor 546 C5 maleimide (InvitrogenTM, Thermo Fisher
Scientific, Switzerland), for 1 hour at room temperature. The labelled Fn was then separated
from free dye by passing it through a size-exclusion PD-10 column (GE Healthcare, Germany)
into a 0.1 M NaHCO3 solution in PBS. For the second labelling step, Fn was incubated for 1
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hour with a 70-fold molar excess of Alexa Fluor 488 carboxylic acid succinimidyl ester
(InvitrogenTM, Thermo Fisher Scientific, Switzerland) to label free amines. Fn was then
separated from the dye using a PD-10 column and analysed for concentration and donor to
acceptor labelling ratio by measuring the absorption at 280, 488 and 546 nm. Labelled and
unlabelled Fn were stored at -20°C until needed and spun down at 12000 rpm for 10 min
after thawing to remove aggregates.
The single labelling of Fn involved only the first labelling step and Cy5-maleimide was used
as fluorophore (GE Healthcare, Germany).

2.5.9 Chemical Denaturation Curve of FRET-Fn
For the chemical of chemical denaturation curve of double-labelled Fn, different
denaturation mixtures with increasing concentration of denaturant guanidinium
hydrochloride (GdnHCl) was used to extend Fn in solution. An 8-well NuncTM Lab-TekTM
Chambered Coverglass (Thermo Fisher Scientific, Switzerland) slide was covered with 2% BSA
(Sigma-Aldrich, Switzerland) for 1 hour, rinsed with deionised water and air-dried. After, the
denaturation mixtures were added to the individual wells. The corresponding denaturation
curve was measured using an Olympus FV 1000 confocal microscope with a PMT voltage of
550 V for both PMTs.

2.5.10 Radiolabelling of FnBPA5 and Scrambled FnBPA5
FnBPA5 and scrambled FnBPA5 conjugated with a maleimide NODAGA were purchased from
Peptide Specialty Laboratories GmbH (Germany). The compounds were dissolved in
TraceSELECT® Water (Sigma-Aldrich, Switzerland) to a final concentration of 0.25 mM. For
the labelling, 14 nmol of each peptide were radiolabelled in 0.5 M ammonium acetate pH
5.5 by adding 80 MBq 111InCl3 (Mallinckrodt, Switzerland) followed by a 30 minute incubation
step at 50 °C. Quality control was performed by reversed-phase HPLC (Varian Prostar HPLC
System, SpectraLab Scientific Inc., Canada) using a Dr. Maisch Reprospher 300 C18-TN
column (4.6 cm x 150 mm; 5 µm). The column was eluted using acetonitrile containing 0.1%
TFA and Milli-Q water (Merck Millipore, Switzerland) containing 0.1% TFA and a linear
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gradient starting with 15% up to 95% acetonitrile over 15 minutes with a flow rate of 1
mL/min.

2.5.11 In Vitro Plasma Stability
To assess in vitro plasma stability 12 MBq

111

In-FnBPA5 resp.

111

In-scrambled FnBPA5 were

incubated with filtered human blood plasma at 37 °C. At different time points (0, 0.25, 0.5, 1,
2, 48 and 72 hours) plasma samples were taken out and precipitated by the addition of a
solution containing 50% ethanol, 50% acetonitrile and 0.1% TFA. After, the sampled were
filtrated using a Thomson Single StEP Filter vial 0.45 μm PVDF (Thomson Instrument
Company, USA) and the supernatant was analysed by RP-HPLC (Varian Prostar HPLC System,
SpectraLab Scientific Inc, Canada.) on a D-Bio Discovery Wide Pore C18 column (25 cm x 4.6
mm; 5μm). The column was eluted using acetonitrile containing 0.1% TFA and Milli-Q water
(Merck Millipore, Switzerland) containing 0.1% TFA and a linear gradient starting with 5% up
to 95% acetonitrile over 30 minutes with a flow rate of 1 mL/min.

2.5.12 Tumour Model
PC-3 cells (human prostate carcinoma cell line, ACC-465, DSMZ) were cultured in Roswell
Park Memorial Institute 1640 medium (Amimed, Bioconcept, Switzerland). Cells were
cultured as monolayers at 37 °C in a humidified atmosphere containing 5% CO2.
All animal experiments were approved by the cantonal committee for animal experiments
and permitted by the responsible cantonal authorities. All in vivo experiments were
conducted in accordance with the Swiss laws of animal protection. The four – five-weeks-old
female CD1 nude mice were purchased from Charles River (Germany). After five - seven days
acclimatisation period, the tumour cells were subcutaneously inoculated in both shoulders
(3*106 – 1*107 cells in 100 - 150 µL PBS per side). Experiments were performed three - four
weeks after inoculation.
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2.5.13 SPECT/CT Imaging and Biodistribution Studies
SPECT/CT experiments were performed using a four-head multiplexing multi-pinhole camera
(NanoSPECT/CTplus, Bioscan Inc., USA). 33 days from the inoculation of the tumour cells, the
mice were intravenously injected with 15 MBq

111

In-FnBPA5 resp.

111

In-scrambled FnBPA5

(approximately 2.4 nmol, 100 µL PBS) into the tail vein. The specific activity of both peptides
was 6.2 MBq/ nmol. CT scans were performed with a tube voltage of 45 kV and a tube
current of 145 µA. SPECT scans at 96 hours post-injection were obtained post-mortem with
an acquisition time of 20-90 sec. per view resulting in a total scanning time of 20-45 min per
mouse. SPECT images after kidney removal were obtained with an acquisition time of
approximately 20 seconds (111In-FnBPA5) and 200 seconds (111In-scrablmed FnBPA5)
resulting in a total scanning time of 2.5 h for

111

In-scrambled FnBPA5. SPECT images were

reconstructed using HiSPECT software (Scivis GmbH, Germany). The images were processed
with InVivoScope® software (Bioscan Inc., USA).
For the biodistribution experiments, PC-3 tumour grafted mice were injected into the tail
vein with 150 kBq

111

In-FnBPA5 and

111

In-scrambled FnBPA5 (0.24 nmol, 100 µL PBS),

respectively. For each peptide, groups of four mice were sacrificed at 1, 4, 24 and 96 hours
post-injection. The blocking experiment (n = 4) was performed by injection of an excess of
unlabelled peptide (100 µg, 2.4 nmol in 100 µL PBS) directly before the administration of the
corresponding radiolabelled peptide. The organs were collected, weighed and counted for
activity with a γ counter, 4 hours p.i. The results were expressed as a percentage of injected
activity per gram of tissue (%IA/g tissue). Statistical analysis was performed using two-tailed
student t-test (Microsoft Excel). All analyses were considered as type 3 (two sample unequal
variance) and statistical significance was assumed for p-values smaller than 0.05.

2.5.14 Preparation of Ex Vivo Tissue Sections
The five weeks-old female CD1 nude mice were purchased from Charles River (Germany).
After five days acclimatisation period, the PC-3 tumour cells (human prostate cancer cell
line, ACC-465, DSMZ,) were subcutaneously inoculated in both shoulders of the mice
(5*106 cells in 100 µL PBS per side). After four weeks inoculation, the mice were euthanised.
Tumour and kidneys were immediately removed and embedded in TissueTek® O.C.T.
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Compound (Sakura Finetek USA Inc., USA) and frozen at -80 °C. Cryosections were cut into
5 μm sections with a cryomicrotome (Microm Cryo-Star HM 560 M, Bright Instrument, UK),
mounted on slides and stored at -80 °C.
2.5.15 In Vitro Tissue Staining
Non-fixed ex vivo tissue sections were thawed, washed with PBS, blocked for 30 min with 4%
BSA in PBS and incubated for 60 minutes with 5 μg/ml FnBPA5-Alexa488. After a washing
step, the tissues were fixed in 4% paraformaldehyde in PBS for 10 minutes. Samples were
blocked in PBS with 5% goat serum (Abcam, Switzerland) for 60 minutes and incubated with
the polyclonal rabbit anti-fibronectin antibody, the polyclonal rabbit anti-collagen I antibody
and the rat anti CD-31 antibody (Abcam, Switzerland) overnight at 4 °C, respectively. After,
the primary antibody solution was removed and the samples were washed before the
incubation with the secondary goat anti-rabbit Alexa 633 or the goat anti-rat Alexa 546
(InvitrogenTM, Thermo Fisher Scientific, Switzerland) antibody solution, for 45 minutes.
Finally, the stained tissues were mounted using Prolong Antifade Gold with or without DAPI
(InvitrogenTM, Thermo Fisher Scientific, Switzerland).

2.5.16 FRET Imaging of Fibroblast Fn Matrices and Ex Vivo Tissue Sections
FRET images were acquired as described previously.163 Briefly, images were taken from fixed
matrices using a 50/50 beam splitter. Samples were excited with a 488 nm laser and the
acceptor (Alexa 546) and the donor (Alexa 488) signals were detected in two PMTs using a
12 nm detection bandwidth for the donor (514 - 526 nm) and acceptor (566 - 578 nm). The
PMT voltage for FRET imaging was kept constant at 550 V for donor and acceptor PMT. Laser
transmissivity was adjusted in order to achieve high detection sensitivity while minimising
photobleaching of samples.
Overview mosaic images in Figure 15 were acquired using a Nikon TE2000-E epifluorescence
microscope equipped with a 10x air objective. Whole tissue sections were visualised by
stitching together individual fields of view using the grid/collection stitching plugin in Fiji.187
The images were analysed using Fiji and MatLab (MathWorks, Switzerland). For ratiometric
analysis of cell-derived matrices dark current values were subtracted from images and non54
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realistic extremes and the background was excluded from analysis. The ratios of individual
channels were then calculated and displayed alongside with a colour code for colorimetric
illustration of the ratio range of interest. FRET acceptor channel was corrected for donor
bleed through which was measured to be approximately 20% of the acceptor intensity.
Further analysis such as scatter plots, histograms and the FRET-Fn-FnBPA5/Fn ratio
quantification were carried out in MatLab (MathWorks, Switzerland). Before calculating the
FRET and FnBPA5/Fn ratio, all images were smoothed using a 2x2 pixel averaging filter. A
lower threshold was set to 100 relative intensity units and all saturated pixels and pixels
below the lower threshold were excluded from the analysis.
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CHAPTER 3: Introduction

3.1

Introduction

Pulmonary fibrosis is characterised by the excessive formation of connective tissue in the
lung. Its pathogenesis involves the damage of the airway epithelium, which can be irritated
e.g. by viral or bacterial infections, by environmental agents, by the exposure to ionising
radiation or by the effect of certain medications.188 The injury is followed by an inflammation
and a repair phase, which includes the remodelling of the tissue. During the repair phase, a
dysregulation in immune and repair responses may occur. There is a continuous
accumulation of pro-inflammatory and angiogenic molecules like growth factors,
chemokines and cytokines, which leads to the development of uncontrolled repairing and
remodelling mechanisms (Figure 16).188

Figure 16. Representation of the three phases of wound healing. During wound healing the normal tissue
architecture is restored by self-limiting processes with the apoptosis of pro-inflammatory components (repair
phase). During fibrosis there is an over-healing process (phase II) with an aberrant recruitment of proinflammatory molecules and fibrocytes along with an altered activation of fibroblasts. Adapted by permission
189
from Macmillan Publishers LTD: Mucosal Immunology, copyright (2009).
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Proliferating stroma cell-like fibroblasts are activated to cells having myofibroblastphenotype, expressing α-smooth muscle actin. This process is known as epithelialmesenchymal transition (EMT).51,188 Myofibroblasts are contractile cells overexpressing and
secreting an aberrant amount of ECM proteins (e.g. collagen type I, fibronectin and laminin).
These cells are, therefore, recognised as a hallmark of fibrotic tissue.51,58,188 The
Transforming Growth Factor-β (TGF-β) is a pleiotropic protein and an essential mediator of
myofibroblast activation. TGF-β is likely to promote fibrosis promoting different pro-fibrotic
processes (e.g. EMT) inducing the transcription of determined genes by the activation of
complex intracellular signalling cascades.41,188 The increased secretion and deposition of
ECM proteins result in an alteration of the ECM composition and organisation (fibrotic
lesion) characterised by an increased tissue stiffness, which leads to organ dysfunction.188,189
The fibrosis of the lung is usually a consequence of different pathologies, which include
cystic lung disease, systemic sclerosis, radiation and chemotherapy induced fibrosis, allergic
asthma and smoking-associated COPD (chronic obstructive pulmonary disease). Fibrosis
comes along with a progressive decline of the lung function with cough, respiratory failure
and decreased exercise tolerance as a consequence.188
Interstitial lung disease (ILD) is a general definition, which implicates all pulmonary diseases
affecting the tissue around the air sacs of the lungs (the alveoli).63 The most common
amongst the ILDs is the idiopathic pulmonary fibrosis (IPF), which is defined as a progressive,
irreversible and fatal cicatrisation of the lung with unknown origin.63 IPF is characterised by a
progressive patchy interstitial fibrosis surrounded by normal tissue and it causes premature
death of the patient as a result of respiratory failure.63 The pathogenesis of the disease is still
controversially discussed, but the low efficacy of corticoids and anti-inflammatory drugs for
the management of the diseases suggests that the outset of the disease pathology is mainly
driven by an aberrant wound healing response (remodelling phase) rather than by an
inflammation.63,89 The progression of the disease is highly variable and the prognosis is poor
with a median survival of 2-5 years after diagnosis.63 Currently, there is no therapy that
effectively arrests the progression of IPF despite newly approved anti-fibrotic drugs specific
for IPF (Pirfenidone and Nintedanib, compendium.ch®). The approval of these active
principles represented a turning point in the therapeutic management of IPF, bringing a
global change in the international guidelines.59,82,190–192 However, IPF remains still an
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incurable disease and diagnostic limitations renders further therapeutic improvement
challenging.82,190,191 The bottleneck in the development of an efficient therapeutic method is
the late diagnosis. The detection of pulmonary fibrosis at early stage is limited, since the
molecular basis of the pathology is still poorly understood and there is a lack of specific
biomarkers. The available laboratory tests indicating abnormal inflammatory response are
not IPF-specific.63 Nowadays, there is no valid non-invasive imaging tool for the diagnosis of
early fibrosis, for the monitoring of disease progression and for the follow-up of therapies.
Moreover, the patients are often asymptomatic for several years and thus, IPF is generally
diagnosed at late time point when the disease is already quite advanced.63 The diagnosis of
IPF occurs when patients feel the first symptoms like breathlessness. The available HRCT
(high-resolution computational tomography) or MR (magnetic resonance) imaging methods
permit the morphological visualisation of advanced fibrotic lesions. Nevertheless, the
combination with a histological analysis of the lung biopsy is mostly recommended to
confirm the outcome and to take therapeutic decisions, which implicates considerable
operative risks for the patient.63,66,79–81
IPF is a progressive, irreversible disease with a highly individual course. Therefore, the early
diagnosis and patient stratification are essential to maximise the efficiency of the therapy to
avoid life-threatening or even fatal consequences.63 The potentiality of non-invasive nuclear
imaging tools for the in vivo pathobiology analysis of fibrosis is described in recent
publications.14–17 The unique advantages of PET and SPECT technologies are the higher
sensitivity and specificity compared to HRCT or MRI, respectively. Moreover, nuclear imaging
permits the visualisation of the molecular activity of the fibrotic disease and the combination
with CT or MRI for the visualisation of the anatomic features of the organ is possible.
Therefore, the implementation of radiotracer for SPECT and PET would allow to reveal the
biological processes at the basis of fibrotic disease.66
There are similarities between wounds, fibrosis and cancer regarding the ECM composition
and homeostasis. In particular, fibrotic regions are characterised by a fibronectin - and
collagen-rich ECM, similar as observed during wound healing or in malignant tumours.25,189
In Chapter 2, we have already described the glycoprotein Fn as a possible target for the
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imaging or the selective delivery of therapeutic compounds in cancer by using the
Fn-Binding Peptide A5 (FnBPA5).
In this chapter, we performed preliminary experiments for a proof-of-principle to extend the
utilisation of FnBPA5 for the targeting of Fn in fibrotic lung diseases. The peptide was
fluorescently labelled with Cy5 for in vitro experiments, while

111

In-labelled-FnBPA5 was

utilised for in vivo SPECT/CT imaging. The binding properties to the cellular matrix were
analysed using normal human dermal fibroblasts and dermal fibroblasts isolated from
systemic sclerosis patients (autoimmune diseases with the systemic development of
fibrosis).53,193 Finally, the radiotracer
induced lung fibrosis mouse model.
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In-FnBPA5 was evaluated in vivo in a bleomycin-
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3.2

Results

3.2.1 In Vitro Binding of 111In-FnBPA5 and FnBPA5-Cy5 to Fn-Rich Matrix
Systemic sclerosis (SSc) is an autoimmune disease characterised by a generalised fibrosis in
the organs, in particular in the skin. Fibroblasts obtained from the dermis of systemic
sclerosis patients differ from normal dermal fibroblasts by an increased production and
secretion of ECM components, amongst others collagen and fibronectin.193 The specific
binding of both

111

In-FnBPA5 and FnBPA5-Cy5 to Fn was therefore analysed in vitro using

these cells.
The binding of

111

In-FnBPA5 to cell-bound fibronectin was analysed by a saturation binding

assay using dermal fibroblasts obtained from healthy donors (normal cells) and from
patients suffering from systemic sclerosis (SSc cells).

111

In-FnBPA5 showed a Kd value of

29.47 ± 2.3 nM resp. 21.92 ± 1.3 nM for the binding to the fibroblasts with a Bmax value of
14.47 ± 0.37 pmol resp. 12.78 ± 0.15 pmol, which corresponds to the number of binding sites
(Figure 17). The binding of the

111

In-labelled scrambled derivative was marginal confirming

the specificity of the binding for 111In-FnBPA5. Therefore, scrambled FnBPA5 was designed as
a negative control for the Fn-specificity of FnBPA5, as described previously (chapter 2.2.1).

111

111

Figure 17. The binding of In-FnBPA5 and In-scrambled FnBPA5 was analysed by saturation binding assay
(mean ± SD, n = 3). (A) The binding to dermal fibroblasts obtained from healthy donors was analysed
2
(R = 0.99 resp. 0.96). A Kd value of 29.47 ± 2.3 nM and a Bmax value of 14.47 ± 0.37 pmol was obtained for
111
In-FnBPA5A. (B) The binding of the tracer to fibroblasts obtained from systemic sclerosis patients showed a
111
2
Kd value of 21.92 ± 1.3 nM and a Bmax value of 12.78 ± 0.15 pmol for In-FnBPA5 (R = 0.99).
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The binding of FnBPA5-Cy5 to Fn-rich cellular ECM was analysed by fluorescence staining
(Figure 18). Human dermal fibroblasts were incubated with FnBPA5-Cy5 and with a primary
antibody specific for fibronectin. The images were obtained by confocal microscopy and the
ratio between the peptide and fibronectin signal intensities were plotted in Figure 18 A and
C. The signal intensities were then quantified pixel-by-pixel and the FnBPA5-Cy5 signal was
plotted versus the Fn-488 signal (Figure 18 B and D). The quantification of the images
revealed that FnBPA5-Cy5 intensity was proportional to the Fn-488 intensity. The
distribution of the signal resulted more heterogeneously for the SSc cells compared to the
normal cells, with a trend to higher FnBPA5/Fn ratios. However, looking at the FnBPA5Cy5/Fn-488 ratio in Figure 18 E, the difference to the normal cells was not significant.

Figure 18. (A and C) Dermal fibroblasts obtained from healthy donor resp. from SSc patients were cultured in
fibronectin reach medium. All the cell samples were stained with FnBPA5-Cy5 and the fibronectin fibres were
stained with a specific antibody. The peptide-to-Fn signal ratio was calculated and plotted. (B and D) The
pictures were quantified pixel-by-pixel by confocal microscopy according to the fluorescence intensity. (E) The
quantified FnBPA5-Cy5/Fn-488 ratio of both cell lines were plotted (mean ± SD, n = 10). The difference
between the cells was not statistically significant.

The property of TGF-β to activate fibroblasts to synthesise and secrete matrix components
like collagen and Fn, is widely described. In particular, TGF-β has been validated as the main
promoter of the transformation of the fibroblasts into activated cells with myofibroblast
phenotype.193–196 Furthermore, recent publications describe the central role of TGF-β for
vasculature and connective tissue changes in patients suffering from systemic
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sclerosis.196–198 The influence of TGF-β on the binding of FnBPA5-Cy5 was therefore, analysed
to further estimate and compare the binding of the peptide to normal and altered cellular
matrix. Normal and SSc cells were stimulated with 40 pM TGF-β1 for five days. Afterwards,
they were stained with both FnBPA5-Cy5 and the primary antibody specific for fibronectin.
Figure 19 A and C show the FnBPA5-Cy5/Fn-488 signal ratio , while the pixel-by-pixel
quantification of FnBPA5-Cy5 and Fn-488 signal intensities is shown in Figure 19
B and D.

Figure 19: (A and C) The binding of FnBPA5-Cy5 was analysed for cells obtained from healthy donors and SSc
patients, after a five-day stimulation with 40 pM TGF-β1. (B and D) The pictures were quantified pixel-by-pixel
by confocal microscopy according to the fluorescence intensity. (E and F) The averages and the standard
deviations of the FnBPA5-Cy5/Fn signal ratio (n = 10) obtained from both experiments (without and with the
addition of TGF- β1) were calculated and plotted in the diagram. Violet (healthy control, from Figure 18), red
(healthy control with TGF-β1, 0.54 ± 0.05), blue (SSc cells, from Figure 18) and green (SSc cells with TGF- β1,
0.41 ±0.10).

Comparing the data in Figure 19 with the outcome of the previous experiment presented in
Figure 18, it is visible that the addition of TGF-β1 caused a significant (p ≤ 0.0001) increase in
the FnBPA5-Cy5/Fn signal ratio in both cell lines (Figure 19 E and F). More precisely, the
average ratio increased for the normal cells from 0.23 ± 0.04 to 0.54 ± 0.05, while an average
ratio value of 0.25 ±0.03 and 0.41 ±0.10 was obtained for SSc cells, respectively (Figure 18 E
and Figure 19 E-F). Additionally, the quantification of the peptide and the Fn-488 signal
intensities for each pixel allowed us to observe a heterogeneous binding pattern of FnBPA5Cy5. The correlation between the high FnBPA5-Cy5 signal and the high Fn-488 signal
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intensity was less marked for the TGF-β1 stimulated cells compared to the untreated cells
(Figure 18, Figure 19 B and D). Therefore, a high FnBPA5-Cy5-signal did not always correlate
with a high Fn-488 signal.
In Figure 20, the control fluorescence staining of the normal dermal fibroblast for the
previously described experiments is shown. The cells cultured with 5 µg/mL Fn-488 were
incubated with scrambled FnBPA5-Cy5, to demonstrate the specific binding of FnBPA5-Cy5
to fibronectin. Additionally, we demonstrated the alteration of the fibroblasts to a
myofibroblast phenotype by TGF-β1, analysing the expression of α-smooth muscle actin (αSMA) before and after the addition of the growth factor. Finally, the specificity of the
primary antibody against α-SMA was verified using the corresponding isotype control.

Figure 20. A control fluorescence staining was performed with normal human dermal fibroblasts. (A-B) α-SMA
was chosen as a marker to prove the myofibroblast phenotype after the stimulation with 40 pM TGF-β1. (C)
The scrambled FnBPA5-Cy5 and the isotype control antibody demonstrated the specificity of FnBPA5-Cy5 and
of the primary antibody for α-SMA.

66

CHAPTER 3: Results
3.2.2 In Vivo SPECT Imaging and Histological Analysis of Lung Tissues
The ability of

111

In-FnBPA5 to target fibrotic regions was analysed in vivo by SPECT imaging

using a bleomycin-induced pulmonary fibrosis mouse model (Figure 21). Five mice were
injected with bleomycin (Figure 21 B-F), while the control mouse was injected with
physiological 0.9% NaCl solution (Figure 21 A). Approximately 15 MBq

111

In-FnBPA5 (2.3

nmol, 150 µL PBS pH 7.4) were injected into the tail vein, 14 days after the application of the
bleomycin resp. NaCl. The mice were scanned 24 hours post injection. Afterwards, the mice
were euthanised and the lungs were collected for a histological analysis using HaematoxylinEosin - and Picro Sirius Red staining (Figure 22).94,96,199

Figure 21. (A-F) SPECT/CT images of BL/6 mice. Five mice were treated with bleomycin to induce pulmonary
fibrosis (B-F). As a control, 0.9% NaCl solution was administered into a mouse (A). The in vivo scan was
111
performed 24 hours after the injection of In-FnBPA5.

Compared to the control mouse (A), the Haematoxylin-Eosin stain revealed the disappearing
of the typical thin and reticular lung interstitial structure in all the bleomycin-treated mice
with exception of the mouse B. In Figure 22 C1-F1, an infiltration of cells with a greater
formation of extracellular space can be observed. The images revealed the presence of
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inflamed regions within the lung, in particular in the subpleural area and next to the
bronchial tubes. Except for the mouse B, it was, therefore, possible to distinguish the
bleomycin-treated mice from the control mouse (A). However, the images B1-F1 show a
heterogeneous grade of inflammation within the group. In fact, the inflammation was more
developed for the mice F and E, while mice B-D showed no or only a marginal difference to
the control group. The utilisation of the Picro Sirius Red staining permits the visualisation of
fibrillar collagen within the lung section (in particular collagen I and III fibres) in terms of a
red coloration. This tool allows to better analyse differences in tissue remodelling (Figure 22
B2-F2).199–201 In particular, this method is used to evaluate the formation and the extension
of fibrotic lesions within the lung by the administration of bleomycin. Compared to the
control mouse, additional red coloration between the cells could be detected in Figure 22 E2
and F2, representing the presence of new collagen fibres (black arrows). In contrast, mice BD did not show a presence of an abnormal amount of collagen. According to the histological
analysis, the lungs of mice E and F developed fibrotic lesions, while the lungs of mice C-D
resulted in an inflammation and the lung of the control mouse did not show any
peculiarities. In Figure 21, an accumulation of

111

In-FnBPA5 in the lung was visible only for

mice E and F. The only mice were fibrosis was detected after the histological analysis of the
lung, suggesting a possible implementation of labelled FnBPA5 for the targeting of fibrotic
lesions.

68

CHAPTER 3: Results

Figure 22. (A1-F1) Haematoxylin and Eosin staining was performed to visualise anatomical structures and to
detect inflammation. (A2-F2) Using Picro Sirius Red staining collagen type I is visualised, which is a marker for
fibrotic regions. x 200 and x 400 magnification has been shown, respectively.
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3.3

Discussion

Fibronectin is a preferred bacterial adhesion target due to its high abundance in wound sites.
In Chapter 2, the natural bacterial adhesin FnBPA5 was presented as a candidate molecule
for the targeting of Fn in cancer. This part of the project aimed to evaluate the utilisation of
labelled FnBPA5 for the in vivo imaging of Fn in lung fibrosis. For this purpose, preliminary in
vitro and in vivo studies were performed using Cy5-labelled FnBPA5 and 111In-FnBPA5.
The in vitro data obtained with normal and dermal fibroblasts from systemic sclerosis (SSc)
patients showed a strong specific binding of 111In-FnBPA5 and FnBPA5-Cy5 to the cell-bound
Fn and the cell-assembled Fn fibrils (Figure 17 and 18), respectively. The quantification of
FnBPA5-Cy5 fluorescent signal revealed a linear correlation between the peptide and the Fn
signal (Figure 18 B and D). According to the literature, fibroblasts from systemic sclerosis
patients differ from normal cells by an increased production and secretion of ECM proteins
with Fn as a prominent example, among others. Thus, there is evidence that SSc cells
expressed around 30% more Fn than normal fibroblasts.193 Therefore, an enhanced peptide
signal would be foreseen for the SSc cells compared to the normal ones. However, the
analysis of the experiments performed by confocal microscopy did not permit to visualise
such differences between the two cell lines, since the fluorescent signal of the peptide was
normalised to the fluorescence signal of Fn (Figure 18 E). Therefore, further experiments
should be planned to fully validate both cell lines in terms of the ECM protein expression.
This would facilitate the elucidation of the mechanisms for the binding of FnBPA5 in the
matrix.
The transformation of fibroblasts (normal and SSc) into cells with myofibroblast phenotype
by the addition of TGF-β was demonstrated by an enhanced expression of α-SMA (Figure
20). Stimulating the cells with TGF-β allowed to significantly increase the FnBPA5-Cy5/Fn-488
signal ratio (p < 0.01) compared to the untreated cells (Figure 19). TGF-β promotes fibrosis
by the activation of several signalling cascades with a subsequent activation of different
genes.41,188,193,196,202–204 For example, the deposition of a higher amount of Fn and collagen
into the matrix, as well as the higher contractility of the activated fibroblasts by the direct
action of TGF-β has an influence on the biomechanical properties of the ECM. This might
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alter the three-dimensional conformation of the deposited fibres facilitating the interaction
between the bacterial peptide and the binding site.163,194,204–208
Preliminary in vivo results obtained with a bleomycin-induced lung fibrosis model underline
the potential of

111

In-FnBPA5 for the imaging of Fn in pulmonary fibrosis in small animals

(Figure 21). Since the animal model is still in a validation phase, SPECT/CT imaging was
combined with the histological analysis of the lung in order to ensure that the treated
animals effectively developed pulmonary fibrosis (Figure 22).

111

In-FnBPA5 accumulated in

the lung of two of the five mice treated with bleomycin (Figure 21 E and F). Inflamed and
fibrotic lesions were found throughout these lungs, confirming the outcome obtained with
SPECT (Figure 22 E1-F1 and E2-F2). In contrast, in the other three bleomycin-treated mice,
the histological analysis revealed no or only a few fibrotic foci and no accumulation of
111

In-FnBPA5 could be detected by SPECT (Figure 21 B-D and Figure 22 B1-D2). The

histological staining performed on the lung sections indicated that the application of
bleomycin induced cellular alterations typically in the form of an acute inflammation, in
particular, in lung subpleural areas. In fact, the Haematoxylin-Eosin staining visualised an
infiltration of cells and a production of extracellular matrix for all bleomycin treated mice
except for mouse B (Figure 21 A1-F1). These in vivo and ex vivo results suggest that the
accumulation of

111

In-FnBPA5 in the lung was dependent exclusively on the presence of Fn

fibres, and it was not influenced by the presence of an inflammation. This renders
111

In-FnBPA5 a suitable candidate for the specific detection of fibrotic lesions as uniquely

available fibrotic-specific diagnostic tracer. However, the specificity of the in vivo binding to
Fn of

111

In-FnBPA5 still needs to be proven using

111

In-scrambled FnBPA5 as a negative

control, for instance.
The bleomycin-induced lung fibrosis animal model is currently the gold standard in
preclinical research, since it is a robust, reproducible model with a short time frame of 14
days for the development of the pathology.54,55,209 However, its utilisation for translational
research is controversially discussed, because fibrosis is the consequence of an aberrant
ECM remodelling during tissue repair rather than the result of an acute inflammation
reaction.89,210 Bleomycin treatment leads to an inflammatory-induced disease, characterised
by an acute lung injury with an acute inflammation phase including an immune cell
infiltration that lasts until seven days post treatment. This is followed by a variable transition
71

CHAPTER 3: Discussion
period, in which the formation of fibrotic foci in the inflamed region takes place together
with the proliferation of fibroblasts and other stromal cells and an excessive deposition of
ECM proteins. This transition period can vary from three to several days. According to the
literature, approximately after 14 days fibrosis is found throughout the lung, but
spontaneous remission cannot be excluded.54,55 Therefore, the timing of the experiments is
crucial and should be validated.
In this work, the induction of pulmonary fibrosis by the injection of bleomycin should be
optimised to minimise the variability between the animals. In fact, the negative SPECT
results obtained with three of five mice (Figure 21 B-D) were not related to the low
sensitivity of

111

In-FnBPA5 as a tracer. The histological analysis showed that these mice did

not develop fibrosis, but an early stage of inflammation (Figure 21 B1-D2). There are
different factors that influence the development of fibrotic lesions by the action of
bleomycin, for example, the dose and the dosage of bleomycin, the administration route and
the timing of the analysis.54,55 In this project, a standard single dose of 0.05 U (Units) was
administered directly into the trachea of the mice and SPECT analysis was performed after
15 days. By performing this experiment, the dose of bleomycin might be adjusted according
to the weight of the mice. References suggest an intratracheal injection of 1.25 - 4 U
bleomycin per kg body weight.54,55 Moreover, a multi-dose administration of bleomycin
should be preferred to a single dose, since it promotes the reproduction of the chronic
aspect of fibrosis.54,55

72

CHAPTER 3: Conclusion

3.4

Conclusion

The preliminary data obtained during the herein presented study suggests that FnBPA5 is a
promising candidate for the targeting of Fn in pulmonary fibrosis. In particular, 111In-FnBPA5
would permit the in vivo detection of pulmonary fibrosis, by non-invasive SPECT imaging.
The in vivo and post mortem experiments suggest that

111

In-FnBPA5 exclusively targets the

deposited Fn fibres and is not influenced by the presence of inflammatory processes. This
renders

111

In-FnBPA5 a highly interesting candidate for the specific detection of fibrotic

lesions as a unique fibrotic-specific diagnostic tracer for SPECT, to the best of our knowledge.
The tuneable FnBPA5 could be utilised for both in vitro and in vivo experiments. In the
future, the tracer could enable medical doctors and researchers to directly visualise and
quantify Fn accumulation from the tissue to cellular level. In vivo pathology could be possibly
done via PET scans, making the translation to clinics far easier. However, the sensitivity of
the tracer for the diagnosis of fibrosis at an early stage should be proved and the setup of
the in vivo experiments needs to be further improved, since the mouse model is not efficient
yet.
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3.5

Experimental Section

3.5.1 Fn Isolation and Labelling
Fibronectin (Fn) was isolated from human plasma (Zürcher Blutspendedienst SRK
Switzerland) using gelatin sepharose chromatography, as previously described.186 Plasma
was thawed and passed through a PD-10 column (GE Healthcare, Germany) to remove
aggregates. Effluent was collected and run through a gelatin sepharose column. After
washing the column, Fn was eluted from the gelatin column with a 6 M urea solution.
Unlabelled Fn was then re-buffered to PBS before usage. For single labelling, Fn was
denatured in a 4 M guanidinium hydrochloride (GdnHCl) solution to open up cryptic
cysteines at FnIII7 and FnIII15. Fn was incubated with an excess of Cy5 maleimide dye or Alexa
488 (GE Healthcare, Germany) and separated from the dye using a PD-10 column.

3.5.2 Labelling of FnBPA5 and Derivatives
The fibronectin binding peptide (FnBPA5) and its scrambled derivative (scrambled FnBPA5)
were commercially synthesised by Peptide Specialty Laboratories GmbH (Germany). A spacer
of three glycines and a cysteine residue at the N-terminus of the original peptide sequence
from S. aureus were introduced. The cysteine was introduced for further modifications with
fluorescent dye Alexa 488 or with 1-(1,3-caroxypropyl)-1,4,7-triazacyclononane-4,7-diacetic
acid (NODAGA), for further radiolabelling with

111

In, via maleimide conjugation. Lyophilized

peptides were dissolved in TraceSELECT® Water (Sigma-Aldrich, Switzerland) with 10% DMF
and stored at -20°C for further usage.

3.5.3 Cell Culturing and Immunofluorescence Staining
Human dermal fibroblasts have been obtained from skin biopsies (forearm) from patients
suffering from systemic sclerosis or from healthy donors, according to the Swiss Clinical
Trials Guidelines and recommendations. The fibroblast cells were cultured in DMEM culture
medium (Dulbecco's Modified Eagle's Medium, Amimed, Bioconcept, Switzerland)
supplemented with 10% foetal calf serum (FCS), 1% L-Glutamine, 1% antibiotics (penicillin G
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10`000 U/mL and streptomycin 10`000 μg/mL) and 0.1 mM 2-mercaptoethanol. 8-well
Chambered coverglass surfaces (NuncTM Lab-TekTM Chambered Coverglass, Thermo Fisher
Scientific, Switzerland) were air plasma treated for 30 seconds and subsequently they were
incubated with a 20 μg/ml unlabelled Fn solution in PBS for 1 hour at room temperature.
Before cell seeding, the chambers were UV-sterilised for 20 minutes. The cells were seeded
at a density of 2.5-3.5 x 104 cells per well and incubated at 37 °C in a 5% CO2 humidified
atmosphere, overnight. Afterwards, the culture medium was changed to the assay medium
(DMEM culture medium supplemented with 1% FCS). For the stimulation of the cells,
1 ng/mL (40 pM) human TGFβ-1 (recombinant human TGF-β1, PeproTech EC Ltd., UK) was
added to the assay medium and cells were incubated with the growth factor for 5 days.
The cells were stained with 5 μg/ml FnBPA5-Cy5 or scrambled-FnBPA5-Cy5, respectively for
1 hour at 37 °C in 5% humidified atmosphere before fixation with a 4% paraformaldehyde
solution. After fixation, the cells were permeabilised for 10 minutes with PBS containing
0.5% Triton X-100 (Sigma-Aldrich, Switzerland). After washing, the samples were blocked
with 5% donkey serum (Abcam, Switzerland) for 1 hour at room temperature. Samples were
incubated overnight at 4 °C with a mouse anti-Fn antibody (1:100 dilution, Santa Cruz,
Germany) or the corresponding isotype control antibody (InvitrogenTM, Thermo Fisher
Scientific, Switzerland). The secondary antibody was subsequently added and incubated 45
minutes at room temperature (donkey anti-mouse Alexa 488 antibody, InvitrogenTM). Before
imaging, cell nuclei were stained with DAPI (InvitrogenTM). For the experiment shown in
Figure 20, 5 µg/mL Fn-Alexa 488 was exogenously added to the cells. Afterwards the cells
were stained with FnBPA5-Cy5 and scrambled-FnBPA5-Cy5, as described previously. After
blocking, the cells were incubated overnight at 4 °C with a mouse anti-α-SMA antibody
(1:100 dilution, Santa Cruz, Germany) or the corresponding isotype control antibody
(InvitrogenTM). The secondary antibody was subsequently added and incubated 45 minutes
at room temperature (donkey anti-mouse Alexa 488 antibody, 1:100 dilution, InvitrogenTM).

3.5.4 Confocal Microscopy
Stained cells were imaged with an Olympus FV1000 confocal microscope (Olympus AG,
Switzerland) using a 40x water immersion objective with a numerical aperture of 0.9.
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Samples were imaged with a 512x512 pixel resolution. Fibroblast ECM samples were
acquired with an oil immersion 1.45 NA 60x objective with a pixel resolution of 1024x1024.
In general, photomultiplier tube voltage and laser powers were also kept constant within an
experiment. Figure 20 was imaged using Leica TCS SP5 microscope (Leica Microsystems AG)
with 40x air objective.

3.5.5 In Vitro Image Analysis
Images were analysed using Fiji-ImageJ and Matlab (MathWorks, Switzerland). For the
staining of the fibroblasts’ matrix, the pixelwise ratio of FnBPA5-Cy5 signal intensity divided
by the Fn-488 intensity was calculated for each sample given that intensities were above a
cut-off threshold and below saturation. A mean of 10 well-regions was imaged per
experiment.

3.5.6 Radiolabelling of FnBPA5 and Scrambled FnBPA5
FnBPA5 and scrambled FnBPA5 conjugated with a maleimide NODAGA were purchased from
Peptide Specialty Laboratories GmbH (Germany). The compounds were dissolved in
TraceSELECT® Water (Sigma-Aldrich, Switzerland) to a final concentration of 0.25 mM. For
the labelling, 14 nmol of each peptide were radiolabelled in 0.5 M ammonium acetate pH
5.5 by adding 80 MBq 111InCl3 (Mallinckrodt, Switzerland) followed by a 30 minute incubation
step at 50 °C. Quality control was performed by reversed-phase HPLC (Varian Prostar HPLC
System, SpectraLab Scientific Inc., Canada) using a Dr. Maisch Reprospher 300 C18-TN
column (4.6 cm x 150 mm; 5 µm). The column was eluted using acetonitrile containing 0.1%
TFA and Milli-Q water (Merck Millipore, Switzerland) containing 0.1% TFA and a linear
gradient starting with 15% up to 95% acetonitrile over 15 minutes with a flow rate of 1
mL/min.

3.5.7 Bleomycin-Induced Lung Fibrosis Mouse Model
In vivo experiments were approved by the local veterinarian department and conducted in
accordance with the Swiss law for animal protection. The five-week-old female C57BL/6J
mice were purchased from Charles River (Germany). After a seven days acclimatisation
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period, mice were anesthetised with 4% isoflurane and intratracheally injected with 50 μL
0.05 Unit bleomycin in 0.9% NaCl (Kantonsapotheke Zurich). The control mice were
intratracheally injected with 50 μL 0.9% NaCl solution (Kantonsapotheke Zurich). Body
weight and general health status of the mice were monitored every other day for a period of
14 days. In vivo SPECT/CT scans were performed at day 15 post-induction, when maximal
pulmonary fibrosis is established.

3.5.8 In Vivo SPECT/CT Imaging
SPECT/CT experiments were performed using a four-head multiplexing multi-pinhole camera
(NanoSPECT/CTplus, Bioscan Inc., USA). At 14 days post-induction, bleomycin-challenged or
saline-treated mice were intravenously injected with approximately 15 MBq

111

In-FnBPA5

(2.3 nmol, 150 µL PBS) into the tail vein. The specific activity of both peptides was 6.4 MBq/
nmol. CT scans were performed with a tube voltage of 45 kV and a tube current of 145 µA.
SPECT scans at 24 hours post-injection were obtained with an acquisition time of 30 sec. per
view resulting in a total scanning time of 20 min per mouse. SPECT images were
reconstructed using HiSPECT software (Scivis GmbH, Germany). The images were
reconstituted and processed with InVivoScope® software (BioscanInc., USA).

3.5.9 Histological Analysis of Lung Tissue
After the in vivo imaging, mice were sacrificed with CO2 and lungs were collected after
transcardial perfusion with 0.9% NaCl. Organs were fixed with 4 % neutral buffered formalin
overnight at room temperature and stored in 50% EtOH / 50% ddH2O solution (v/v) until
tissue dehydration and paraffin embedding was performed. For histological analysis, 4 μm
sections were cut using a conventional rotatory microtome (Thermo Scientific Inc.,
Switzerland).To assess the presence of mononuclear cellular infiltrates, Haematoxylin-Eosin
staining of lung sections from bleomycin-challenged and saline-treated mice was performed.
After deparaffinisation and rehydration of the tissues, samples were stained for 10 min with
Meyer’s Haematoxylin (J.T.Baker®, U.S.) and subsequently blued for 10 min under running
tap water. Afterwards, slides were stained with 1% aqueous Eosin (w/v) solution (Waldeck
GmbH & Co. KG, Germany) for 1 min and briefly rinsed in ddH2O. After the dehydration of
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the tissues, the samples were cleared in Xylol (Sigma-Aldrich, Switzerland) and mounted with
permanent mounting medium (Histolab Products AB, Sweden).
To assess collagen deposition in lungs, Picrosirius Red staining of lung sections was
performed. After deparaffinisation and rehydration of the tissue sections, the nuclei were
stained with Weigert’s Haematoxylin (Stehelin AG, Switzerland) for 8 min followed by a
10 min washing step with running tap water. Afterwards, slides were incubated for 1 h in a
0.1% Picro-Sirius (w/v) red solution (Sigma-Aldrich, Switzerland) giving a nice equilibrium
staining of collagen fibres. After a brief rinsing in 2 changes of 0.5% acetified water, samples
were dehydrated in three changes of 100% ethanol (Reuss Chemie AG, Switzerland) and
cleared in Xylol (Sigma-Aldrich, Switzerland). Slides were mounted with permanent
mounting medium (Histolab Products AB, Sweden).

3.5.10 Statistical Analysis
Statistical analysis was performed using two-tailed type 3 student t-test, (GraphPad Prism 6,
GraphPad Software Inc., USA). Statistical significance was assumed for p-values smaller than
0.05.
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CHAPTER 4: Introduction

4.1

Introduction

Fibroblast growth factor-2 (FGF-2) is a member of the fibroblast growth factor family (FGF)
and is one of the most potent regulator of cell growth and differentiation, acting on cells of
mesodermal, ecto - and endodermal origin and, thereby, mediating metabolic function of
tissues leading to repair, regeneration and potentially reactivated development.211–215
Actually, recombinant FGF-2 is a promising candidate for the regeneration of lost tissues and
clinically administered against different cardiovascular disorders.215,216 However, the
utilisation of FGF-2 preparations has still several limitations (e.g. poor in vivo stability and
rapid clearance), and numerous efforts are going to improve FGF-2 administration. This
includes the development of biomaterial scaffolds or of controlled release formulation for
the systemic administration of FGF-2, among others.215,217,218
Endogenous FGF-2 is produced by different cells such as fibroblasts and it is ubiquitously
distributed in mesoderm - and neuroectoderm-derived tissues. Two FGF-2 isoforms with
overlapping but also distinct function are known. An 18 kDa protein referred to as cytosolic
or low-molecular-weight FGF-2 (lo FGF-2) and the 20-34 kDa high–molecular-weight FGF-2
(hi-FGF-2).218 The cytosolic isoform of FGF-2, used here within, is secreted by the cells and
bound to the extracellular matrix (ECM) through heparan sulfate proteoglycans (HSPGs) until
its activation.219,220 During tissue repair, for example, FGF-2 is mobilised and released from
the ECM by heparanases or by specific FGF-binding proteins.221 After, FGF-2 binds with high
affinity to the cell surface receptor tyrosine kinases (FGF receptor 1-3), activating different
intracellular signalisation pathways including the MAP kinase cascade.217,219,221–224 There is
evidence that the formation of a ternary complex between the protein, the heparin/HSPGs
and the receptor is essential for the signal activation.225–227 However, the mechanism that
drives the activation of the FGF-2 signal in the matrix is very complex and still poorly
understood. A better understanding of the in vivo modulation of FGF-2 within the ECM and
at the cell-surface is crucial to understand the in vivo behaviour of exogenously administered
FGF-2 preparations. This will help to improve existing therapeutic approaches and will
permit to develop new ones.
The radiolabelling of proteins is an important and widely used technique in biological
research. In particular, the radioiodination with 125I is routinely used for in vitro and in vivo
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biological investigations.228,229 Most studies using radiolabelled FGF-2 in the field were
elucidated with 125I-FGF-2 as a tracer. However, the low gamma-ray (γ-ray) energy of 35 keV,
the long half-life of 60 days of 125I and the high metabolic deiodination cause some limitation
for the optimal in vivo imaging in small animals.230
In this article, we present an

111

In-radiolabelled FGF-2 derivate for non-invasive imaging in

small animals with Single Photon Emission Computed Tomography (SPECT). Indium-111 is a
radiometal used in the clinic for the diagnosis of certain types of cancer.231–234 Its suitable
half-life of 2.8 days and a γ-ray energy of 171 keV and 245 keV permit the utilisation of 111InFGF-2 for non-invasive in vivo imaging as well as for in vitro and post-mortem
experiments.235 In this study, we describe a strategy for the residue-specific radiolabelling of
FGF-2 with 111In complemented by in vitro and in vivo characterisation.
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4.2

Results

4.2.1 Radiolabelling of FGF-2 with 111In
FGF-2 has four endogenous cysteine residues, but no intramolecular disulphide bonds. The
cysteine can, therefore, rapidly oxidize causing the irreversible precipitation of the
protein.236–238

These

thiol

groups

were

utilised

to

conjugate

maleimide

diethylenetriaminepentaacetic acid (maleimide DTPA) for the subsequent radiolabelling with
111

In3+ (Figure 23 A). The addition of an excess of 2 molar equivalents of DTPA per each FGF-2

resulted in a conjugation of two DTPA moieties to one FGF-2 molecule as we could verify by
LC/MS (Figure 23 B). Because of the thermolability of FGF-2 in solution, the labelling was
performed at 4 °C for both natIn and 111In (Figure 23 B and C). The purity of the radiolabelling
was

always

higher

than

98%

and

the

specific

activity

was

approximately

5 MBq/nmol (Figure 23 C).

Figure 23. (A) Schematic representation of the conjugation of one maleimide DTPA moiety to one FGF-2
molecule. The specific thiol-maleimide chemistry reaction permits a residue-directed radiolabelling of FGF-2.
(B) The mass spectra show the conjugation of two chelators to one molecule FGF-2: mFGF-2 (Mw = 17667 Da),
nat
FGF-2 coupled with two maleimide-DTPA molecules (Mw = 18697 Da) and FGF-2 chelated with In
(Mw = 18921). (C) The radiolabelling quality control performed by RP-HPLC showed a radiolabelling purity of
111
98% with a specific activity for In-FGF-2 of 5MBq/nmol.
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4.2.3 Binding to Low-Molecular-Weight Heparin and HSPGs
The binding to low-molecular-weight heparin in the solution and to the cell surface HSPGs
was determined in vitro, to demonstrate that the

111

In-FGF-2 conjugate shows comparable

binding properties as its wild-type analogue. The binding of

nat

In-FGF-2 to low-molecular-

weight heparin (enoxaparin, Clexane®, Sanofi-Aventis) was analysed by isothermal titration
calorimetry (ITC), before (wild type FGF-2) and after the labelling (natIn-FGF-2). For FGF-2, a
dissociation constant Kd of 0.60 ± 0.07 µM was obtained with an N value (stoichiometry of
the binding) of 0.29 (Figure 24 A). natIn-FGF-2 revealed a Kd value of 0.33 ± 0.03 µM and an N
value equal to 0.24 (Figure 24 B). The N values revealed that one molecule enoxaparin
bound to approximately three to four molecules FGF-2 and natIn-FGF-2, respectively.

nat

Figure 24. ITC analysis of FGF-2 (A) and In-FGF-2 (B). The measurements were performed at 25 °C. For FGF-2
nat
the extrapolated Kd was of 0.60 ± 0.07 µM, while for In-FGF-2 a Kd value of 0.33 ± 0.03 µM was obtained. The
N value (stoichiometry of the binding reaction) was not altered between the two FGF-2 derivatives showing a
ligand to protein ratio of 0.29 and 0.24, respectively. This indicates that one molecule enoxaparin bound to
nat
approximately three to four molecules FGF-2 and In-FGF-2, respectively.

Moreover, the ITC measurements performed with human FGF-2 (95% sequence homology to
the murine FGF-2) showed that the conjugation of the chelator to FGF-2 did not affect the
binding affinity of FGF-2 to enoxaparin, either. Therefore, for human FGF-2, DTPA-hFGF and
nat

In-hFGF-2 Kd values of 0.74 ± 0.055 µM, 0.68 ± 0.045 µM and 0.60 ± 0.045 µM were

obtained, respectively. The N values spaced between 0.28 and 0.35 indicating that one
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molecule enoxaparin bound to approximately three molecules hFGF-2 / DTPA-hFGF-2 /
nat

In-hFGF-2 (Figure 25).

Figure 25. ITC measurements were repeated for human FGF-2, as described previously. For human FGF-2 the
nat
extrapolated Kd was 0.74 ± 0.055 µM (A), for DTPA-hFGF-2 Kd = 0.68 ± 0.045 µM (B) and for In-hFGF-2 Kd =
0.60 ± 0.045 µM (C), respectively. The N value (stoichiometry) was not altered between the three FGF-2
derivatives showing values between 0.28 and 0.35, which indicates that one molecule enoxaparin bound to
nat
approximately three molecules hFGF-2, hDTPA-FGF-2 or In-FGF-2, respectively.

FGF-2 affects the growth of NIH 3T3 cells, which is a standard murine fibroblast cell
line.216,239 FGF-2 signals by interaction with two different types of binding sites: the lowaffinity binding site for heparan sulfate binding at the cell surface or in the extracellular
matrix and the high affinity FGF receptor.222,240 The binding and the biological properties of
nat/111

In-FGF-2 were, therefore, tested in vitro. The saturation binding assay shows a strong

affinity of

nat/111

In-FGF-2 to the cells with a Kd value of 103.8 ± 8 nM (Figure 26 A), which

corresponded to the binding affinity of nat/111In-FGF-2 to HSPGs on the cell surface, according
to the literature.241–243
The binding to HPSGs, was moreover confirmed by the competition assay using enoxaparin as
displacer and by the treatment of the cells with appropriate buffers.240,242 The addition of
enoxaparin to the medium resulted in a decreased binding of nat/111In-FGF-2 to the cells in a
dose-dependent manner, yielding an IC50 value of 17.95 ± 0.65 nM (Figure 26 B). Washing
the cells with the appropriate buffers confirmed the prominent binding of 111In-FGF-2 to cellbound HSPGs, while only a marginal protein fraction was bound to the receptor
(Figure 26 C).
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nat/111

Figure 26. (A) Saturation binding curve for the binding of
In-FGF-2 to fibroblast cells (mean ± standard
2
deviation, n=3). The estimated Kd value was 103.8 ± 8 nM. R = 0.99. (B) By the exogenous addition of lowmolecular-weight heparin (enoxaparin) a competition binding curve was obtained. The IC50 was
2
17.95 ± 0.65 nM. R = 0.99 (mean ± standard deviation, n=3). (C) The saturation binding assay for the binding of
nat/111
In-FGF-2 to fibroblasts was repeated. The cells were washed using different buffers (mean ± standard
nat/111
deviation, n=3). The fraction collected using 2 M NaCl in 20 mM HEPES (pH 7.4) corresponds to
In-FGF-2
bound to low-affinity binding sites (cell-bound HPSGs). The fraction collected using 2 M NaCl in 20 mM sodium
111
acetate (pH 4.0) corresponds to In-FGF-2 bound to high-affinity binding sites (high affinity receptor).

4.2.4 Internalisation and Proliferation Assay
111

In-FGF-2 showed a maximal internalisation value into fibroblasts of approximately 40%

after 2 hours incubation at 37 °C. However, this value strongly depended on the amount of
exogenously added

111

In-FGF-2 to the cells. In fact, the internalisation of

111

In-FGF-2 was

analysed for two different tracer concentrations (0.4 nM and 10 nM) and different
internalisation values of 30.59 ± 4.36% resp. 11.36 ± 2.50% were obtained (Figure 27 A and
B). Moreover, the fraction of membrane-bound protein differed according to the amount of
the tracer (16.83 ± 3.81% resp. 29.12 ± 3.26%).
The addition of enoxaparin resulted in a dose-dependent reduction of both

111

In-FGF-2

fractions (internalised and bound). The effects of enoxaparin depended on the concentration
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of

111

In-FGF-2, too. In fact, the inhibitory effects of enoxaparin were different between the

two experiments (Figure 27 A and B). For instance, the internalisation could be significantly
(p < 0.05) reduced by an enoxaparin concentration higher than 50 nM (0.4 nM tracer) and
500 nM (10 nM tracer), respectively. Moreover, by the addition of 0.4 nM

111

In-FGF-2 still

approximately 8% of the tracer could be internalised by the cells despite the addition of
1000 nM enoxaparin (Figure 27 A). In contrast, the internalisation could be completely
blocked if 10 nM 111In-FGF-2 was added to the cells (Figure 27 B).

Figure 27. (A-B) Internalisation assay performed with NIH3T3 cells. The protein was incubated for 2 hours at
37 °C with an increasing amount of enoxaparin. The percentage of the membrane-bound fraction is
represented in black and the internalised fraction in gray (mean ± standard deviation, n = 3). Internalisation
111
111
assay with 0.4 nM In-FGF-2 (A). Internalisation assay with 10 nM In-FGF-2 (B). ** Shows p-values < 0.05,
for the comparison between enoxaparin added and the control experiment. (C) Cell proliferation assay with
nat
NIH3T3 cells. The fibroblast cells were treated with unlabelled FGF-2 and with In-FGF-2 (mean ± standard
nat
deviation; n = 6, blank n= 12), respectively. FGF-2 showed an EC50 value of 12 ± 2.3 pM, while In-FGF-2
showed an EC50 value of 24.8 ± 6.2 pM.

The biological activity of FGF-2 and

nat

In-FGF-2 on fibroblasts was analysed by cell

proliferation assay after starving and subsequent stimulation with FGF-2 resp.
Figure 27 C shows the proliferation curves of wild-type FGF-2 and

nat

In-FGF-2.

nat

In-FGF-2, respectively.
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The values were plotted as a percentage of cell metabolic activity compared to the control
group (untreated cells; no stimulation). The extrapolated EC50 values of FGF-2 and
nat

In-FGF-2 were in the same range (12 ± 2.3 pM and 24.8 ± 6.2 pM, respectively).

4.2.5 In Vitro Plasma Behaviour of 111In-FGF-2
The in vivo instability of native FGF-2 is notorious and the stabilising effect of heparin on FGFs
is described in different publications.244–248 To better characterise the in vivo behaviour of
111

In-FGF-2 and the influence of heparin on it, the stability of the tracer was analysed in vitro

using human blood plasma. Size exclusion high pressure liquid chromatography (HPLC)
analysis revealed an interaction between

111

In-FGF-2 and other proteins present in the

plasma, after 24 hours of incubation at 37°C (Figure 28).

111

Figure 28. The in vitro stability of In-FGF-2 in human blood plasma was analysed by size exclusion HPLC. (A)
111
111
In-FGF-2 was mixed with the plasma and directly injected into the column. In-FGF-2 was detected with a
radio-detector and represented in blue, while plasma proteins are represented in green. (B) After 24 hours
111
incubation at 37 °C, an interaction between In-FGF-2 and plasma proteins was visible. (C) Calibration
111
standard for the size-exclusion chromatography (Gel filtration standard, Bio-Rad). In-FGF-2 has a molecular
weight of 17 kDa.

The behaviour of
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In-FGF-2 in human blood plasma was further analysed by SDS-gel
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electrophoresis combined with autoradiography. The experiment revealed no formation of
metabolites after 48 hours of incubation in plasma. However, after 2 hours, there was a
formation of protein aggregates in the plasma sample observed, which was still prominent
after 48 hours. The formation of

111

In-FGF-2 dimers was visible in the plasma, as well as in

the control sample (Figure 29).

111

Figure 29. The stability of In-FGF-2 in human blood plasma was analysed by SDS-PAGE electrophoresis. After
specific time points (0, 1, 2, 24 hours) the samples were run on a SDS-polyacrylamide gel and the bands were
detected by means of autoradiography. After 2 hours incubation at 37 °C the formation of protein dimers and
aggregates was visible in the sample containing plasma. In water there was a formation of dimers, only.

Enoxaparin improved the stability of

111

In-FGF-2 in plasma and water. In particular, after 2

hours of incubation, there was no formation of protein aggregates in the sample where the
low-molecular-weight heparin was added. After 24 hours, we observed a formation of
aggregates, in both samples. However, the amount of aggregates was lower in the sample
containing enoxaparin than in the sample with the tracer only. The stabilising effect of
enoxaparin was stronger for the control sample, in which no aggregate and no

111

In-FGF-2

dimers were formed up to 24 hours (Figure 30).
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111

Figure 30. The stability of In-FGF-2 in human blood plasma and the influence of enoxaparin on the stability
were analysed by SDS-PAGE electrophoresis combined with autoradiography. (A-B) After 2 hours incubation at
37 °C, there was no formation of protein aggregates in the samples containing enoxaparin. (C-D) After 24
hours, in both samples the formation of protein aggregates was visible. However, the amount of aggregates
was lower in the sample containing enoxaparin. In water, the tracer resulted stable by the addition of
enoxaparin.

4.2.6 In Vivo Biodistribution and SPECT Analysis
For the biodistribution study, groups of four healthy nude mice were injected with 150 kBq
(35 pmol, 100 µL PBS pH 7.4)

111

In-FGF-2 (Figure 31). After 4 hours p.i., the majority of the

activity was detected both in the liver (56.23 ± 6.06 %IA/g) and in the kidneys
(39.87 ± 4.27 %IA/g). A high amount of radioactivity was detected in the spleen, in the
adrenal glands and in the retina (11.9 ± 3.69 %IA/g, 48.30 ± 4.41 %IA/g and 7.33 ± 0.91
%IA/g), whereas in the salivary glands the uptake was marginal (1.16 ± 0.23 %IA/g).
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111

Figure 31. Biodistribution of In-FGF-2 in healthy nude mice. Each mouse received 150 kBq
(0.035 nmol). The activity was mainly detected in the liver and kidneys.

To determine the specificity of the accumulation of

111

111

In-FGF-2

In-FGF-2 in the organs, an additional

group of four of mice received a 160-fold higher amount of unlabelled DTPA-FGF-2 (5.7
nmol, 100 µL PBS pH 7.4) directly before injecting the radiotracer. The pre-injection of a 160fold excess of DTPA-FGF-2 significantly decreased the uptake of

111

In-FGF-2 in the spleen

(14.50 ± 2.83 %IA/g resp. 10.16 ± 2.03 IA%/g, p < 0.05) and in the adrenal glands (61.29 ±
13.17 IA%/g resp. 33.38 ± 7.41 %IA/g, p < 0.05). In contrast, a significant increase in

111

In-

FGF-2 signal was detected for the salivary glands, the retina, the kidneys and the intestines
(Table 8). This phenomenon was not observed by the pre-injection of a 16-fold excess of
DTPA-FGF-2 (0.57 nmol, 100 µL PBS pH 7.4), where a significant decrease in the signal was
still registered in the adrenal glands and in the spleen but no change in the other organs was
observed (Table 8).
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Figure 32. SPECT/CT images of a healthy mouse. The in vivo scan was performed 4 hours after the injection of
111
17MBq In-FGF-2 (3.9 nmol, 100µL PBS pH 7.4). Mainly of the activity was detected in the liver and the
kidneys, while marginal uptake was localised in the retina, the salivary glands, and the pituitary glands.

SPECT/CT images were conducted in five healthy nude mice injecting approximately 17 MBq
111

In-FGF-2 (3.9 nmol, 100 µL PBS pH 7.4), into the tail vein of each mouse. The SPECT/CT

analysis conducted 4 h p.i. confirmed the post-mortem data and showed the main
accumulation of

111

In-FGF-2 in the liver and the kidneys (Figure 32). A lower

111

In-FGF-2

uptake was detected in the pituitary gland, in the salivary glands, and in the retina, too.
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Table 8. Post-mortem experiments in healthy nude mice. Pre-injection of a 160-fold resp. a 16-fold excess of
▪
*
**
DTPA-FGF-2. n = 3. Significance: p < 0.05, p < 0.01.
111

In-FGF-2, mean IA%/g ± SD (n = 4), blocking with 5.7 nmol DTPA-FGF-2

Dissection time

4 h p.i.

4 h p.i. blocking

Blood

0.58 ± 0.08

0.87 ± 0.12**

Heart

1.24 ± 0.28

2.03 ± 0.50*

Lung

3.47 ± 0.76

4.19 ± 2.76

Spleen

14.50 ± 2.83

10.16 ± 2.03*

Kidneys

54.81 ± 7.85

92.86 ± 9.72**

Pancreas

1.46 ± 0.29

3.39 ± 0.96*

Stomach

2.34 ± 0.82

4.37 ± 1.20*

Intestines

1.90 ± 0.35

6.49 ± 1.33**

93.61 ± 16.11

95.77 ± 4.56

Muscle

1.46 ± 1.31

1.36 ± 0.64

Bone

3.90 ± 0.65

3.28 ± 0.97

Adrenal Glands

61.29 ± 13.17

33.38 ± 7.41**

Salivary Glands

1.43 ± 0.23

3.70 ± 0.99*

Retina

5.27 ± 0.05

8.50 ± 1.69*

Liver

111

In-FGF-2, mean IA%/g ± SD (n = 4),blocking with 0.57 nmol DTPA-FGF-2

Dissection time

4 h p.i.

4 h p.i. blocking

Blood

0.45 ± 0.09

0.42 ± 0.10

Heart

0.71 ± 0.12

0.74 ± 0.23

Lung

3.31 ± 0.54

2.76 ± 0.67

Spleen

13.15 ± 2.07

7.47 ± 2.29**

Kidneys

38.72 ± 8.03

32.27 ± 10.10

Pancreas

0.77 ± 0.18

0.74 ± 0.25

Stomach

1.59 ± 0.58

0.84 ± 0.46

Intestines

1.33 ± 0.32

1.55 ± 0.52

Liver

76.49 ± 9.33

60.17 ± 12.36

Muscle

0.42 ± 0.11

0.40 ± 0.19

Bone

2.19 ± 0.68

1.88 ± 0.71

Adrenal Glands

48.67 ± 13.04

21.64 ± 3.59**

Salivary Glands

0.85 ± 0.20▪

0.90 ± 0.23

Retina

4.53 ± 0.03

3.04 ± 1.85
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4.2.7 In Vitro Autoradiography
The binding of

111

In-FGF-2 to kidney and liver tissues was evaluated in detail by in vitro

autoradiography (Figure 33). In particular, we aimed to analyse if the binding of exogenously
administered

111

In-FGF-2 is matrix - or receptor-modulated.249 The experiment was

performed with cryosections obtained from healthy mice. Tissue sections from kidneys and
liver were incubated with 10 nM

111

In-FGF-2 (1 kBq) for 2 hours on ice. Furthermore, the

influence of heparin on 111In-FGF-2 binding was analysed.
The addition of enoxaparin (50 nM) resulted in a complete displacement of 111In-FGF-2 in the
tissue. This effect was dose-dependent and was stronger than the addition of a 100-fold
higher amount of unlabelled FGF-2 (1 µM).

111

Figure 33. In vitro autoradiography with cryosections of kidney and liver. The kind of In- FGF-2 binding
(receptor - resp. matrix-modulated) was analysed using enoxaparin as a displacer. The blocking of the binding
sites was performed by the addition of 1 µM FGF-2.
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4.3

Discussion

Radiolabelled proteins are widely used in biological research and radioiodination with 125I is
a routinely applied technique for in vitro and in vivo biological investigations, since tracers
with a high specific activity can be produced and the gamma-rays can be directly detected by
a scintillation counter.228,229 The biological data on FGF-2 obtained from the current
literature refers always to 125I-FGF-2. However, due to its chemical properties, the utilisation
of 125I-FGF-2 is mostly limited to in vitro and post-mortem experiments. Namely, 125I decays
to Tellurium-125 (125Te) by electron capture, emitting a γ-ray energy of 35 keV, which is
below the optimal energy of around 100-200 keV for in vivo imaging with a γ-camera.230,235
Moreover, the long half-life of 60 days and the high deiodination rate are additional
disadvantages for in vivo imaging. Gamma-emitter radionuclides such as 99mTc, 67Ga, 111In are
likely to be used for the molecular visualisation of proteins by SPECT technology. In
particular,

111

cancer.231–234

In is a radiometal used in the clinic for the diagnosis of certain types of

111

In has a suitable half-life of 2.8 days with an emission of γ-ray energies of

171 and 245 keV.230 This permits 111In to be an ideal isotope for the labelling of proteins and
peptides for in vitro and post-mortem studies, as well as for in vivo non-invasive
imaging.232,234,250 The labelling with a radiometal like

111

In occurs using a bifunctional

chelator, which is a valid method to label a protein at specific residues. The chelator is
covalently bound to the molecule ensuring a high in vivo stability.232,250
The isolated murine recombinant FGF-2 has four free cysteine residues but no
intramolecular disulphide bonds.236,251 Under non-reducing conditions, the thiol groups can
rapidly oxidise causing aggregation irreversible precipitation of the protein. Thus, FGF-2 is
highly unstable in an acidic or basic environment and at temperatures higher than 25 °C.237
The radiolabelling of FGF-2 is, therefore, quite challenging since acidic pH and higher
temperatures belong to the normal procedure. Moreover, the utilisation of reducing agents
should be avoided, since they could react with the radiometal, preventing the radiolabelling.
We developed the protocol for the radiolabelling of FGF-2 with

111

In for the use in non-

invasive imaging of small animals. The chelator was covalently coupled to the cysteine
groups by maleimide-thiol chemistry, because no biological role for the cysteines in the
protein was reported.236,237,252 We attached two DTPA moieties to each FGF-2 molecule
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under the reaction conditions described (Figure 23 B). The residue-specific conjugation of
DTPA to the two thiol residues on the protein surface (cysteines at position 83 and 100) was
confirmed by LC/MS after protein digestion (data not shown). The labeling reaction was
performed at 4 °C, since DTPA-FGF-2 is thermolabile and this strategy was successful by
using the acyclic chelating agent DTPA. The radiolabelling purity of

111

In-FGF-2 was higher

than 98% with a specific activity of 5 MBq/nmol (Figure 23 C).
FGF-2 and

nat

In-FGF-2 showed similar proliferative effects on fibroblasts with EC50 values

comparable to those of commercially available recombinant human FGF-2 determined in
NIH3T3 cells (Figure 27 C).252 Moreover, the in vitro results obtained showed Kd values for
the binding of

111

In-FGF-2 to the cell-expressed HSPGs in line with previously reported

studies performed with

125

I-FGF-2, in which the in vitro binding to the receptor, to the

heparin chains and to HSPGs was described (Figure 26).240,253–255 According to the ITC
measurements, one molecule of enoxaparin binds to three or four molecules of FGF-2 or
nat

In-FGF-2, respectively, which is in agreement with studies published describing the binding

properties of the wild-type FGF-2 to heparin (Figure 24 and 25).254 These in vitro
experiments indicated that the binding and the biological properties of FGF-2 were not
affected by the labelling procedure.
The internalisation of

111

In-FGF-2 into the fibroblasts, as well as the inhibiting effect of

enoxaparin directly depended on the radiotracer concentration (Figure 27 A and B). The
results suggested the modulation of

111

In-FGF-2 bioavailability to the cell by the ECM

(HSPGs) rather than by the FGF receptors, a hypothesis already postulated by other
independent studies.223,256 More precisely, at a lower concentration, still 8% of

111

In-FGF-2

could internalise, despite the addition of 1000 nM enoxaparin (Figure 27 A). This indicated a
binding to the receptor, since the interaction between

111

In-FGF-2 and the cell was too

strong to be disrupted by the addition of enoxaparin. In contrast, at a higher

111

In-FGF-2

concentration, the addition of 500 nM enoxaparin could completely displace the tracer
(Figure 27 B), suggesting an interaction of the tracer with the membrane-bound HSPGs,
maybe as a consequence of the saturated receptor. In vitro plasma stability analysis
performed for 48 hours revealed the formation of protein dimers and aggregates after
2 hours. Adding enoxaparin confirmed the stabilising effects of heparin to FGF-2 described in
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plasma, as well as in water (control) suggesting a possible future implementation of lowmolecular-weight heparin for the stabilisation of the radiotracer 111In-FGF-2, in vivo.244–248
SPECT/CT imaging performed in healthy nude mice showed that the highest amount of the
protein accumulated in the kidneys and in the liver at 4 hours p.i. (Figure 32). Small amounts
of the tracer were detected in the pituitary gland, in the salivary glands and in the retina,
which are known to express FGF receptors.249,257 This outcome was confirmed by the
biodistribution data, in which 111In-FGF-2 exerts a fast clearance from the blood with a rapid
accumulation in both the liver and the kidneys with a maximum at 4 hours p.i. (Figure 31).
Beyond this, a relevant amount of radioactivity in the adrenal glands, in the spleen, and in
the retina was detected. The fast clearance of intravenously administered 125I-FGF-2 and its
rapid accumulation in these organs have also been described in various publications.249,257–
261
111

However, at the moment it is unclear if the distribution of exogenously administered
In-FGF-2 is matrix - or receptor-specific.

The pre-injection of a 160-fold higher amount of unlabelled DTPA-FGF-2 significantly
decreased the uptake of

111

In-FGF-2 in the spleen (p < 0.05) and the adrenal glands

(p < 0.01) suggesting a specific binding in these organs. Controversially, a significant increase
in the accumulation of the radiotracer was observed in different organs like the kidneys, the
retina, the salivary glands and the intestines (Table 8). The higher accumulation in the
salivary glands was visible by SPECT analysis, for which an equal amount of

111

In-FGF-2 was

injected. At these concentrations, proangiogenic molecules like FGF-2 and VEGF exert
biological effects like vasodilatation and increased vessels’ permeability, in particular in small
capillaries.262–264 According to this, a 10-fold lower amount of DTPA-FGF-2 was pre-injected
before 111In-FGF-2. This still caused a significant decrease of 111In-FGF-2 in the adrenal glands
and in the spleen (p < 0.01), while the uptake was invariant for all the other organs (Table 8).
This outcome supports the hypothesis of a biological influence of FGF-2 on the vasculature
at higher amounts, as well as confirmed the specificity of the binding in the spleen and the
adrenal glands. On the other hand, the systemically increased uptake of

111

In-FGF-2 in the

organs could be related to the saturation of the binding sites in the blood resulting in a
higher amount of freely circulating 111In-FGF-2 and thus to an increased bioavailability in the
organs.
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Finally, in vitro autoradiography experiments performed in kidney and liver sections
suggested that the binding of

111

In-FGF-2 in the tissues prevalently depends rather on the

interaction with the matrix than on the interaction with the receptors, since the addition of
heparin displaced the tracer. This outcome is in line with previously conducted and
published ex vivo experiments (Figure 33).249
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4.4

Conclusion

In conclusion, we described a novel bioactive 111In-radiolabelled FGF-2 derivative suitable for
in vivo molecular SPECT imaging. The facile radiolabelling strategy presented herein may be
of general relevance for the FGF superfamily and allows evaluating the in vivo distribution
and the pharmacokinetic parameters of FGF-2 in healthy mice, which opens exciting future
applications. On the one hand, SPECT analysis with

111

In-FGF-2 could be performed for the

elucidation of in vivo regulatory mechanisms of FGF-2 signalling, in molecular research. On
one hand, SPECT analysis with 111In-FGF-2 could be performed for the elucidation of in vivo
regulatory mechanisms of FGF-2 signalling, in molecular research. On the other hand, the
utilisation of

111

In-FGF-2 could be extended to in vivo analysis of different FGF-2 containing

pharmaceutical formulations in developmental or preclinical stages.248,265–269
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4.5

Experimental Section

4.5.1 Chemicals and Reagents
111

InCl3

was

obtained

from

Mallinckrodt

(Switzerland).

Maleimide

diethylenetriaminepentaacetic acid (maleimide DTPA) was purchased from CheMatech
(France). natInCl3, deionized water (TraceSELECT® quality), trifluoroacetic acid (HPLC grade),
formaldehyde solution (ACS reagent), bovine serum albumin (BSA, lyophilized powder) and
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT) were purchased by
Sigma-Aldrich (Switzerland). Acetonitrile J.T. Baker (LC and LC/MS grade) was from P.H.
Stehelin and CIE AG (Switzerland). Amicon ultra centrifugal ultrafiltration devices (Amicon
Ultra, 10 kDa cut-off filters) were from Millipore AG (Switzerland). Heat-inactivated foetal
calf serum (FCS), L-glutamine, Trypsin/EDTA, Penicillin G and streptomycin solutions were
purchased from GibcoTM (LuBioScience GmbH, Switzerland). All other chemicals used for
the preparations of buffer solutions are from Merck (unless noted otherwise).

4.5.2 Expression and Purification of FGF-2
Murine FGF-2 was expressed in E. coli JM109 DE3 and purified as previously described.270,271
Concentration of FGF-2 was determined by UV-absorbance at λ = 280 nm, using a molar
extinction coefficient of 15930 M-1/cm. This value was calculated from the mFGF-2 amino
acid

sequence

using

the

ProtParam

tool

on

the

ExPASy

portal

(http://web.expasy.org/protparam/). Purified fractions, containing FGF-2, were lyophilised in
phosphate buffered saline (pH 7.4) supplemented with 3 mM DTT as anti-oxidative agent
and 20% (w/v) sucrose before storage at -80 °C.

4.5.3 Conjugation of DTPA to FGF-2
For the conjugation, FGF-2 was reconstituted in TraceSELECT® water and transferred
(Amicon Ultra, 10 kDa cut-off filter, Millipore) in 0.5 M ammonium acetate solution pH 7.
Maleimide DTPA was dissolved in 0.5 M ammonium acetate solution pH 7 and directly added
to the FGF-2 solution (protein-to-chelator ratio 1:2). The reaction mixture was incubated for
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1 hour at 37 °C, under gentle agitation. After, the sample was re-buffered in 0.5 M
ammonium acetate pH 5.5 and the final product was analysed by LC/MS (LCT Premier Mass
Spectrometer, Waters AG, Switzerland) and the protein concentration was determined with
NanoPhotometer® (Implen GmbH, Germany).

4.5.4 Radiolabelling of FGF-2 with 111In
DTPA-FGF-2 and

111

InCl3 were mixed with a nuclide-to-protein ratio of 1:300. The reaction

was performed in 0.5 M ammonium acetate pH 5.5 at 4 °C, overnight. The obtained product
was analysed by reversed-phase HPLC (Varian Prostar HPLC System, SpectraLab Scientific
Inc., Canada) using a Dr. Maisch Reprospher 300 C18-TN column (4.6 cm x 150 mm; 5 µm).
The column was eluted using acetonitrile containing 0.1% TFA and Milli-Q water (Merck
Millipore, Switzerland) containing 0.1% TFA and a linear gradient starting with 15% up to
95% acetonitrile over 15 minutes with a flow rate of 1 mL/min.

4.5.5 Labelling of FGF-2 with natIn
nat

InCl3 was directly added in excess to DTPA-FGF-2 (ratio 4:1). The reaction occurred in

0.5 M ammonium acetate pH 5.5 at 4 °C, overnight. Finally, the completeness of the reaction
was monitored by LC/MS (LCT Premier Mass Spectrometer, Waters AG, Switzerland).

4.5.6 Isothermal Titration Calorimetry (ITC)
The binding of FGF-2, DTPA-FGF-2 and

nat

In-FGF-2 to low-molecular-weight heparin was

measured using a MicroCal iTC200 calorimeter (GE Health Care, Germany), where the
heparin solution was titrated into a solution of FGF-2, DTPA-FGF-2 or

nat

In-FGF-2,

respectively. The protein samples were dialysed in 50 mM Na-Phosphate, 100 mM NaCl
pH 6.8 containing 3 mM DTT buffer (ITC buffer). The syringe was loaded with low-molecularweight heparin (Enoxaparin, Clexane®, Sanofi-Aventis SA, Switzerland) diluted to 0.22 mM
for FGF-2 and 0.30 mM for DTPA-FGF-2 and

nat

In-DTPA-FGF-2 with the ITC buffer. The

corresponding protein solution was loaded into the cell: 66 µM FGF-2 and 57.2 µM DTPAFGF-2 / natIn-FGF-2, respectively. The experiments were performed with an initial injection of
0.2 µL, followed by 19 injections à 2 µL with 150 seconds intervals. The solution in the
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syringe was stirred at 400 rpm with thermosetting at 25 °C. The data were analysed using
Origin 7 software (OriginLab Corporation, USA) and the obtained binding curves were fitted
to a one-site binding model.

4.5.7 In Vitro Binding Experiments
NIH 3T3 cells (murine embryo fibroblasts, ATCC® CRL-1658™) were cultured at 37 °C in a 5%
CO2 humidified atmosphere in DMEM culture medium (Dulbecco's Modified Eagle's
Medium, Amimed, Bioconcept AG, Switzerland) supplemented with 10% foetal calf serum,
1% L-glutamine, 100 U/mL penicillin G and 100 μg/mL streptomycin. The cells were cultured
as monolayers and harvested by trypsinisation with trypsin/EDTA. The cells were seeded in
6-well plates (1*106 cells/well) to growth overnight for the saturation binding assay. 2.5 kBq
111

In-FGF-2 (0.5 pmol) were added to the cells. For non-specific binding, the binding sites

were blocked by the addition of the unlabelled FGF-2 diluted in 0.1% bovine serum albumin
in PBS, pH 7.4 (final concentration 0.8 µM/well). The total binding was determined by the
addition of an increasing amount of
(0.5-600 nM/well). For each

nat

In-FGF-2 to the cells to reach the final concentration

nat/111

In-FGF-2 concentration, triplicates were made. The

influence of enoxaparin on the binding of

111

In-FGF-2 was analysed adding an increasing

amount of enoxaparin (0.01–1000 nM) together with 2.5 kBq
cells. The cells were incubated with

111

111

In-FGF-2 (0.5 pmol) to the

In-FGF-2 for 2 hours at 4 °C under gentle stirring. At

the end, the cells were washed twice with 1x PBS pH 7.4 and lysed by the addition of 1 M
NaOH. The cells were collected in RIA tubes and the activity was estimated by γ-counter
(Packard Cobra II Auto, Gamma, PerkinElmer AG, Switzerland). The data were analysed using
GraphPad Prism 6 (GraphPad Software Inc., USA).

4.5.8 Internalisation Assay
The internalisation kinetic of 111In-FGF-2 was determined using NIH3T3 cells. The cells were
cultured as monolayers and harvested by trypsinisation with trypsin/EDTA. The cells were
seeded in 6-well plates (1*106 cells/well) to growth overnight for the internalisation assay.
2.5 kBq 111In-FGF-2 (4 nM resp. 10 nM) were added to the cells. For the non-specific binding,
the binding sites were blocked by the addition of unlabelled FGF-2 diluted in 0.1% bovine
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serum albumin in PBS, pH 7.4 (final concentration 0.8 µM/well). The influence of enoxaparin
on the internalisation and the binding rate of

111

In-FGF-2, increasing amount of enoxaparin

was added to the corresponding cells (0–1000 nM/well), each assessed in triplicate. The cells
were incubated with the growth factor and enoxaparin for 2 hours at 37 °C. After incubation,
the supernatant was aspirated and the wells were washed with 1 mL PBS. Both the
supernatant and wash fractions were pooled and used to determine the unbound fraction.
In order to collect the surface-bound fraction, the cells were incubated at room temperature
with 1 mL glycine buffer pH 2.6 for 5 minutes. At the end, the cells were washed twice lysed
by the addition of 1 M NaOH, this fraction corresponded to the internalised fraction. All the
three samples were separately collected in RIA tubes and the activity was estimated by γcounter (Packard Cobra II Auto, Gamma, PerkinElmer AG, Switzerland). The data were
analysed using GraphPad Prism 6 (GraphPad Software Inc., USA).

4.5.9 MTT Proliferation Assay
Murine FGF-2’s and

nat

In-FGF-2’s bioactivity was determined in NIH 3T3 cells by means of a

colorimetric proliferation assay (MTT assay) as described before.270 After trypsinisation, the
NIH3T3 cells were harvested and seeded in 96-well tissue culture plate in cell growth
medium (DMEM supplemented with 10% FCS, 1,82 mM L-glutamine 91 U/mL penicillin G, 88
µg/µL streptomycin, 0.91% (w/v) non-essential amino acids) and incubated at 37 °C and 5%
CO2 in humidified atmosphere. After 24 hours, the growth medium was exchanged against
assay medium (DMEM supplemented with 0.5% FCS, 0.52% (w/v) BSA, 1,82 mM L-glutamine,
91 U/mL penicillin G, 88 µg/µL streptomycin and 0.91% (w/v) non-essential amino acids).
After further 24 hours, the cells were incubated with wild type FGF-2 or natIn-FGF-2 (0.1–200
ng/mL in 200 µL assay medium/well). Cell incubation with assay medium without FGF-2
supplementation was performed as a control. 92 hours post seeding, 50 µL of MTT staining
solution (5 mg/mL in PBS) was added to each well and incubated for 4 hours at 37 °C and 5%
CO2. The medium was carefully aspirated before adding 100 µL of dimethyl sulfoxide to
solubilize the formed formazan crystals. The plates were incubated in the dark at room
temperature for 90 minutes. Finally, the absorbance was determined at a wavelength of
λ = 570 nm on a Spectramax 250 microplate reader (Molecular Devices LLC, USA). To
quantify the cell availability, the absorbance of the samples was normalised to the
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absorbance of the control group. The viability of the cells compared to the control group was
plotted as a percentage versus the protein concentration. The data were analysed using
GraphPad Prism 6 (GraphPad Software Inc., USA).

4.5.10 In Vitro Plasma Stability
The stability of

111

In-FGF-2 in human blood plasma and deionized water at 37 °C was

determined using size exclusion HPLC and SDS-gel electrophoresis as a detection method.
300 kBq

111

In-FGF-2 were incubated with 200 µL filtered human blood plasma or water

(control) at 37 °C. The samples were analysed by native size exclusion HPLC (Hitachi 7000
HLPC System, Hitachi Ltd., Japan) using a Superdex 75 10 / 300 GL column (GE Healthcare
Life Sciences GmbH, Switzerland). 1x PBS pH 7.4, 0.1% Tween 20 was used as a mobile phase
during 45 minutes (flow rate of 0.75 mL/min). For the SDS-gel electrophoresis, at
determined incubation times (0, 1, 2, 24 and 48 hours) the samples were diluted in
2x Laemmeli buffer (Bio-Rad Laboratories AG, Switzerland) and loaded on a 15%
polyacrylamide SDS gel. The gel was run at 160 V, 400 mA for 50 minutes. Finally, the dried
gels were exposed to phosphorimaging screens (Super Resolution Type SR, PerkinElmer Inc.,
The Netherlands) in X-ray cassettes. The screens were analysed by Cyclone® Plus
phosphorimager (PerkinElmer Inc., The Netherlands) and the pictures were evaluated using
OptiQuant Version 5.0 image processing system (PerkinElmer Inc., The Netherlands).

4.5.11 In Vivo Experiments
All animal experiments were approved by the cantonal committee for animal experiments
and permitted by the responsible cantonal authorities. All the experiments were conducted
in accordance with the Swiss laws of animal protection.
For the biodistribution study, five-week-old female healthy CD1 nu/nu mice (Charles River
Laboratories, Germany) injected into the tail vein with 150 kBq 111In-FGF-2 (35 pmol, 100 µL
PBS pH 7.4). Groups of four mice were sacrificed at 1, 4, 24 and 48 hours post-injection (p.i.).
The blocking experiment (n = 4) was performed at 4 hours p.i. by the injection of an excess
of unlabelled DTPA-FGF-2 (5.7 nmol resp. 0.57 nmol in 100 µL PBS) directly before the
administration of the radiolabelled derivative. Different organs and tissues (blood, heart,
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lung, spleen, kidneys, pancreas, stomach intestines, liver, muscle, bone, adrenal glands,
salivary glands, and retina) were collected, weighed and counted for activity by γ-counter
(Packard Cobra II Auto, Gamma, PerkinElmer AG, Switzerland). The results were expressed as
a percentage of injected activity per gram of tissue (%IA/g tissue).
SPECT/CT experiments were performed using a four-head multiplexing multi-pinhole camera
(NanoSPECT/CTplus, Bioscan Inc., USA). A five-week-old female healthy CD1 nu/nu mouse
(Charles River Laboratories, Germany) was intravenously (tail vein) injected with 17 MBq
111

In-FGF-2 (approximately 3.9 nmol, 100 µL PBS). CT scans were performed with a tube

voltage of 45 kV and a tube current of 145 µA. SPECT scan at 4 hours post injection was
obtained with an acquisition time of 20–90 seconds per view, resulting in a total scanning
time of 20–45 min. SPECT images were reconstructed using HiSPECT software (Scivis GmbH,
Germany). The images were processed with InVivoScope® software (Bioscan Inc., USA).

4.5.12 In Vitro Autoradiography
For autoradiography, a five-week-old CD1 nu/nu mouse (Charles River Laboratories,
Germany) was euthanised. Liver and kidneys were immediately removed and embedded in
TissueTek® O.C.T. Compound (Sakura Finetek USA Inc., USA) and frozen at -80 °C.
Cryosections were cut into 5 μm sections with a cryomicrotome (Microm Cryo-Star HM 560
M, Bright Instrument Co Ltd, UK) and mounted on slides and stored at -80 °C. For the
experiment the tissues were defrosted, fixated in 4% formaldehyde solution and
equilibrated in the incubation buffer (0.2% BSA in 50 mM HEPES, 5mM MgCl2, 125 mM NaCl
and 1 mM CaCl2, pH 7.4). Tissue sections from kidneys and liver were incubated with 10 nM
111

In-FGF-2 (1kBq) for 2 hours on ice. For the blocking of the binding sites 1 µM unlabelled

FGF-2 was additionally added to the tissues. To analyse the influence of low-molecularweight heparin on the FGF-2 binding, some tissues were incubated with different
concentrations of enoxaparin (0.1, 10 and 50 nM). After the incubation, tissues sections
were washed with the washing buffer (50 mM HEPES, 5 mM MgCl2, 125 mM NaCl and 1 mM
CaCl2, pH 7.4) and with deionised water. Finally, the slides were exposed to
phosphorimaging screens (Super Resolution Type SR, PerkinElmer Inc., The Netherlands) in
x-ray cassettes. The screens were analysed by Cyclone® Plus phosphorimager (PerkinElmer
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Inc., The Netherlands) and the pictures were evaluated using OptiQuant Version 5.0 image
processing system (PerkinElmer Inc., The Netherlands).

4.5.13 Statistical Analysis
Statistical analysis was performed using two-tailed student t-test (Microsoft Excel). All
analyses were considered as type 3 (two sample unequal variance) and statistical
significance was assumed for p-values smaller than 0.05.
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CONCLUSION AND FUTURE PERSPECTIVES
In the first part of the thesis (Chapter 2 and 3), the bacterial Fn-binding peptide FnBPA5 was
presented as a potential novel molecule to target Fn for non-invasive imaging of cancer and
pulmonary fibrosis. The development of a Fn-targeting tracer for non-invasive imaging with
SPECT or PET will be useful for the quantitative characterisation of the composition and the
properties of the ECM under both normal and pathological conditions. Direct targeting of Fn
opens access to the development of new diagnostic tracers or targeted drug-delivery
systems for cancer and fibrosis. Moreover, the correlation between Fn expression and
cancer/fibrosis progression could give the necessary information for patient stratification,
which is the fundament of individualised therapies.
The bacterial peptide FnBPA5 has been proven to tolerate functionalisation without
significantly altering the binding properties to fibronectin. In particular, the addition of the
glycine-spacer permits the linking of different signalling and/or therapeutic molecules via
thiol-maleimide chemistry according to the case-specific requirements. Therefore, the
utilisation of FnBPA5 is not just limited to imaging purposes and could be extended to the
development of targeted-delivery systems. As an example, the attachment of functional
compounds (e.g. cytotoxic drugs or immune-active agents) for molecular targeted cancer
therapy would be possible, as well as the incorporation of cleavable linkers for a site-specific
release of the active compounds to minimise therapy toxicity. On the other hand, the
modified FnBPA5 derivatives could also become suitable carrier molecules for a therapeutic
radionuclide useful for targeted radionuclide therapy. Targeting components of the ECM has
been demonstrated in clinical trials by the presence of

131

I-radiolabelled L19 antibody

derivative (131I-L19-SIP), which specifically targets the Fn-EDB isoform expressed in tumour
vasculature.31,50 However, at this stage of the work, these considerations are speculative,
since the development of adequate radiopharmaceuticals comprises several critical steps
and considerations: i) the choice of a suitable targeting carrier molecule, as well as an
isotope having appropriate physical and biological properties, is crucial; ii) the high affinity
and selectivity of the ligand to the target to achieve sufficient dose to the tumour and avoid
off-target radiotoxicity.272
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111

In-FnBPA5 showed high background uptake, in particular, a prominent, rapid, Fn-

unspecific renal accumulation (140.58 ± 18.10 %IA/g at 1 hour p.i.). This leads to a low
tumour uptake (4.74 ± 0.77 %IA/g) and, on the other hand, this pharmacokinetic feature
prohibits a therapeutic utilisation of FnBPA5 because of expected nephrotoxicity. Therefore,
a rapid renal clearance and/or a prolonged biological half-life would be crucial to achieve
before FnBPA5 could be considered for a radiotherapeutic approach.272 High renal uptake is
a common observation in targeted radionuclide therapy with small peptides (e.g.
somatostatin analogues).173,174 In the present case, we excluded a Fn-specific binding in the
kidneys, the high renal uptake observed could be related to megalin-mediated endocytosis
in the proximal tubules. This mechanism ensures the re-uptake of valuable nutrients (Figure
12 and 13).174 Modifications of the peptide in terms of size, charge or structure, as well as
the co-injection of a competitor interfering with the proximal tubules’ re-uptake mechanism
(e.g. polyglutamic acids, lysine, arginine or Gelofusine®, respectively), should be tested to
reduce the renal retention. As a first experiment to reduce the uptake of 111In-FnBPA5 in the
kidneys, one could co-administer the radiotracer with the gelatin-derived plasma substitute
Gelofusine®, which promotes the urinary excretion of proteins. A further experiment could
be the development of a new FnBPA5 derivative containing an albumin-binder moiety or a
PEG-spacer, which are known to prolong the circulation of small peptides in the body and
reduce the excretion of the peptides from the kidneys.173,175,233,273–277
The uptake of

111

In-FnBPA5 in PC-3 tumour xenografts was Fn-specific in all the organs

examined, except the kidneys. The in vivo clearance of

111

In-FnBPA5 in the tumour was

significantly slower than in the other healthy organs (Table 6). Moreover, in vitro
fluorescence staining of fibroblast-derived Fn showed a significantly increased FnBPA5-Cy5
signal after the stimulation of the cells with TGF-β (Figure 19). These results suggest
differences in the ECM composition and homeostasis between the tumour and the healthy
organs, as well as between fibroblasts and myofibroblast ECM and, thus, indicate the
potential of FnBPA5 to target disease-derived Fn selectively. However, the question how the
binding behaviour of the FnBPA5 peptide is influenced in vitro and in vivo remains unclear. A
different mechanical state (stretched vs. relaxed) of Fn fibres in the pathological ECM might
be one factor for the accumulation of

111

In-FnBPA5 in the tumour and in the fibrotic lung

(Figure 9 and 10).49,154 The possible role of further factors influencing the distribution of the
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tracer, e.g. plasma Fn, an elevated Fn amount in cancer and fibrosis, as well as the presence
of an altered vasculature, has not yet been explored.105,130,132,133,177–179 Now, to enhance the
selectivity of FnBPA5 towards Fn present in the pathological ECM, the focus of future
research should be set on the identification of the mechanisms influencing the in vitro and in
vivo behaviour of FnBPA5. This will permit the optimisation of the pharmacokinetics of the
tracer and the development of new peptide constructs based on FnBPA5 having an
improved target-to-background ratio. Cell proliferation, migration and survival, as well as the
secretion and the deposition of ECM proteins by the cells strictly depends on cell-to-cell and
cell-to-ECM communication.7 Therefore, one should pay attention to the choice of an
appropriate, physiologically relevant in vitro system to obtain more realistic outputs in term
of FnBPA5 binding behaviour. One could consider for further experiments a physiologically
more relevant binding assay and – as the FRET analysis in Chapter 2 and 3 showed – using
fibroblast cells cultured in a three-dimensional system rather than in a monolayer.
Considering the selective therapy of small ECM areas with a radiopharmaceutical, in
particular in fibrosis, the selection of a radionuclide-emitting particle with a very short tissue
range (nm-µm) is essential to avoid damage of the adjacent healthy cells.272,278,279 FnBPA5
labelled to a pure Auger-electron emitting radionuclide could be an interesting alternative
(e.g. 165Er or 195mPt). Moreover, using Auger-electron emitter isotopes could be an advantage
in terms of radiotoxicity because of the short range in tissue. In particular, this would help in
the case of possible unspecific off-target issues such as an undesired kidney uptake of the
radiotracer.276 In contrast, a radionuclide which co-emits β - or α-particles (tissue range of
0.05-12 mm and 40-100 µm, respectively) together with Auger-electrons would be
advantageous in case of cancer therapy, since the tumour cells would be radiated, too
(e.g. 161Tb).272,276
In Chapter 3, the potential of

111

In-FnBPA5 to specifically target Fn in a bleomycin-induced

pulmonary fibrotic animal model was demonstrated. This is one of the most important
findings in this thesis and is greatly appreciated in the research community because it could
allow early patient stratification and in vivo pathology in a non-invasive way, instead of the
current invasive diagnostic methods (biopsy).80

111

In-FnBPA5 could permit the visualisation

and the – if labelled with a PET radionuclide – quantification of fibrotic lesions at early stages
before anatomical changes occur.80,83–85,280 In particular, our results indicated that

111

In-

109

CONCLUSION AND FUTURE PERSPECTIVES
FnBPA5 exclusively targets the Fn fibres deposited within the lung and is not influenced by
the presence of inflammatory processes (Figure 21 and 22). This renders

111

In-FnBPA5 a

highly interesting candidate for the specific and selective detection of fibrotic lesions.
Nevertheless, we cannot yet state that the radiotracer

111

In-FnBPA5 is more sensitive than

the current imaging technologies CT and MRI and, therefore, the higher sensitivity of the
detection method has to be confirmed with further experiments. In a next step, one should
work on the optimisation of the existing murine lung fibrosis model. The bleomycin-lung
fibrosis mouse model should be further improved to obtain a more robust and reproducible
disease evolution pattern. The characterisation of

111

In-FnBPA5 as diagnostic tracer for

pulmonary fibrosis should be completed in terms of specificity and sensitivity. Specifically,
SPECT analysis should be repeated using
control to prove
111

111

111

In-labelled scrambled FnBPA5 as a negative

In-FnBPA5’s binding specificity. Subsequently, the sensitivity of

In-FnBPA5 for the early diagnosis and the monitoring of lung fibrosis could be tested by

monitoring the time-line of the fibrosis progression in the validated bleomycin-model.
Finally, the distribution of the peptide should be characterised ex vivo to permit the
application of non-invasive imaging with 111In-FnBPA5 for in vivo pathology. Amongst others,
this implies an ex vivo autoradiography analysis of the binding of

111

In-FnBPA5 within the

tissue. The results from these experiments have to be compared to the histological data to
exactly visualise the regions in which the tracer binds to the fibrosis and challenged against
state-of-the-art radiodiagnostics (e.g. 18F-FDG).85
SPECT has the advantage of a higher resolution in preclinical investigations compared to PET.
Nevertheless, PET would be more suitable for the clinical use in patients. The design of the
modified FnBPA5 allows a future labelling with PET isotopes like

68

Ga,

44

Sc or64Cu, for

instance. The use of PET, including PET/CT and PET/MRI hybrid systems, could be an
advantage, in particular, for the imaging of fibrosis and should be explored in future studies.
In particular, the high sensitivity of PET and the better soft tissue contrast of MRI might
facilitate the identification of fibrotic and ECM metabolic alterations at early stages and the
monitoring of the response to anti-fibrotic treatments would be feasible.80 PET has two
major advantages: first, it allows dynamic biodistribution studies and, second, it permits a
quantification of the binding sites (Fn) in different organs. FnBPA5 should, therefore, be
radiolabelled with 64Cu or 44Sc to perform biodistribution studies with PET.
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The role of fibronectin was predominantly focused on cancer and lung fibrosis, in this
dissertation. However, the utilisation of FnBPA5 could be extended to other Fn-related
diseases such as liver fibrosis of different aetiologies.281 Moreover, ECM alterations can be
the origin of a wide number of diseases or can be a direct consequence of them. For
example, inflammatory diseases (e.g. Crohn’s disease) or neurodegenerative diseases come
along with an alteration of the ECM and up to now, there is limited (non-invasive) diagnostic
and/or therapeutic possibilities of which the development could be part of future
projects.7,13 Therefore, the targeting of specific ECM components for imaging or therapeutic
purposes would be of high impact for various medical and scientific research communities.
The family of bacterial adhesins, which FnBPA5 originates from, consists of a variety of
structurally related proteins targeting other ECM components like collagen, fibrinogen or
integrins.52,282,283
Based on these insights, future projects should aim at the identification and the validation of
further peptides like FnBPA5, originating from these adhesin proteins, to enlarge the pool of
ECM-specific radiotracers and thus, to allow the development of novel imaging agents.
A novel

111

In-radiolabeled FGF-2 derivative was developed, for the evaluation of the in vivo

behaviour of FGF-2 via non-invasive imaging techniques (Chapter 4). SPECT analysis with
111

In-FGF-2 should be performed for the elucidation of in vivo regulatory mechanisms of FGF-

2 signalling in molecular research. On the other hand, the utilisation of 111In-FGF-2 could be
extended to in vivo analysis of different FGF-2 containing pharmaceutical formulations in
developmental or preclinical stages. The availability of an FGF-2 derivative suitable for in vivo
SPECT (and also PET) opens up new possibilities to elucidate the in vivo regulatory
mechanisms of the extracellular FGF-2 signalling, for example, the roles of the FGF-binding
proteins and of heparan sulfate proteoglycans in the regulation of the extracellular FGF-2
signalling during angiogenesis in cancer progression.213,221,284 In particular, the in vitro results
published for FGF-2/FGFBP signalling in tumours has to be compared and complemented
with in vivo data. The experiments might be performed in healthy and tumour grafted mice
using SPECT or PET technology. Diseased mouse models should be evaluated and the FGF-2
behaviour should be analysed using SPECT/CT technology. Furthermore, the use of FGF-2
knockout mice would represent a straightforward system for the evaluation the FGF-2
behaviour in vivo. Radiolabelled -FGF-2 could be implemented for the in vivo evaluation of
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FGF-2 releasing drug formulations and/or scaffolds. Finally, one could leverage the
radiolabelling for other proteins of the FGF family with isotopes suitable for in vivo nuclear
imaging. Therefore, the functionalisation and radiolabelling protocols could be extended to
other members of the FGF family.
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ABBREVIATIONS
%IA/g

percentage injected activity per gram tissue

°C

degrees Celsius

18

F

fluorine-18 isotope

68

Ga

gallium-68 isotope

111

In

indium-111 isotope

125

I

iodine-125 isotope

131

I

iodine-131 isotope

99m

Tc

technetium-99m isotope

BSA

bovine serum albumin

CT

computed tomography

CT

computed tomography

Cys

cysteine

DAPI

4',6-diamidino-2-phenylindole

DMEM

Dulbecco’s Modified Eagle’s Medium

DTPA

diethylenetriaminepentaacetic acid

e.g.

for example

EC

electron capture

EC50

half maximal effective concentration

ECM

extracellular matrix

EDA

extra domain A

EDB

extra domain B

EMT

epithelial-mesenchymal transition

EndoMT

endothelial-mesenchymal transition

et al.

and others

EtOH

ethanol
113

ABBREVIATIONS
ex vivo

out of the living

FCS

foetal calf serum

FDG

fluorodeoxyglucose

FGF-2

Fibroblast Growth Factor-2

FGFR

Fibroblast-Growth Factor Receptor

Fn

fibronectin

FnI

fibronectin type I module

FnBPA5

Fibronectin-Binding Peptide A 5

FRET

fluorescence resonance transfer

g

gram

GAG

glycosaminoglycan

h

hours; human

HCl

hydrochloric acid

HE

hematoxylin-eosin

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid

HPLC

high-performance liquid chromatography

HRCT

high resolution computed tomography

HSPGs

heparan sulfate proteoglycans

i.p.

intraperitoneal

i.v.

intravenous

IC50

half maximal inhibitory concentration

IgG

immunoglobulin G

IHC

immunohistochemistry

ILD

interstitial lung disease

in vitro

in glass

in vivo

within the living
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IPF

idiopathic pulmonary fibrosis

ITC

isothermal titration calorimetry

kBq

kilobequerel

keV

kiloelectronvolt

Kd

dissociation constant

L

liters

LC/MS

liquid chromatography-mass spectrometry

LET

linear energy transfer

LOX

lysyl oxidase

m

milli; murine

M

molar (mol/liter)

max

maximum

MeCN

acetonitrile

MBq

megabequerel

min

minutes

MMP

matrix metalloproteinase

MRI

magnetic resonance imaging

mRNA

messenger ribonucleid acid

MSc

Master of Science

MTT

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

N

stoichiometry (ITC)

n

nano; number (amount)

n.d.

non determined

n.s

non-significant

NIRF

near-infrared fluorescence

NODAGA

1-(1,3-carboxypropyl)-1,4,7-triazacyclononane-4,7-diacetic acid
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ABBREVIATIONS
p.i.

post injection

PBS

phosphate buffered saline

PEG

polyethylene glycol

PET

positron emission tomography

PG

proteoglycan

RGD

arginine-glycine-aspartic acid

ROI

region of interest

RP-HLPC

reversed phase d high liquid pressure chromatography

RPMI

Roswell Park Memorial Institute

RT

room temperature

s.c.

subcutaneous

SD

standard deviation

SEC

size-exclusion chromatography

SMA

smooth muscle actin

SPECT

single photon emission computed tomography

t1/2

half-life

TFA

trifluoroacetic acid

TGF-β

Transforming Growth Factor-β

U

unit

VEGF

vascular endothelial growth factor

β-

beta-minus particle (electron)

μ

micro

γ-ray

gamma ray

y

years
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