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vi Preface

DEVELOPMENT OF OVERHAUSER-ENHANCED MAGNETIC
RESONANCE IMAGING IN VIVO
APPLICATION TO MOLECULAR IMAGING OF PROTEOLYSIS

This work relates the continuity and advances in the implementation of the Overhauser-
enhanced Magnetic Resonance Imaging technique on a 0.2 T scanner. Briefly, OMRI
technique is based on polarization transfer of saturated electronic spins from free
nitroxide radicals to proton spins of surrounding water molecules in the aim to drasti-
cally enhance proton NMR signal. To this technique, our research team has merged
specific strategies for proteolytic activity detection.

The first strategy relies on a 3D visualization of proteolytic activity happening in intact
living cells or in vivo in healthy mice. With an Overhauser switch based upon changes
in molecular tumbling time, high Overhauser enhancements of 10-fold were observed
in the intestinal tract of mice after that elastolytic activity of our probe : the nitroxide-
labeled elastin macromolecule took place. In addition, MRI developments - TrueFISP
sequence implementation, undersampling Keyhole method and data reconstruction
were carried out for imaging these rapid biological processes.

A second exquisite strategy is also described using nitroxides with shifting resonant
peaks. Here, a 3-phosphorylated nitroxide molecule was specifically detected at two
distinct frequencies: one for its substrate and the other for its product once hydrolysis
took place. This hydrolysis was imaged in 3D in the stomach of living mice with Over-
hauser enhancements of more than 400% and with a good spatiotemporal resolution.
The perspectives of this work lie on a future detection of a pathological proteolytic
activity in vivo and eventually and development of very low magnetic field OMRL

Keywords: Overhauser effect, Overhauser-enhanced Magnetic Resonance Imaging
(OMRI), Molecular Imaging, 0.2 T, Electron Paramagnetic Resonance (EPR), Resonant
TE011 EPR cavity, Proteolysis, Enzymatic activity, phosphorylated nitroxide radicals,
TrueFISP sequence, Keyhole method, Mice models, In vivo
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vii

DEVELOPPEMENT DE L’IMAGERIE PAR RESONANCE MAGNETIQUE
REHAUSSEE PAR L’EFFET OVERHAUSER IN VIVO
APPLICATION A L’IMAGERIE MOLECULAIRE DE LA PROTEOLYSE

Ce travail fait 'objet d’une avancée scientifique dans le développement de la technique
d’IRM rehaussée par l'effet Overhauser dans la souris a 0,2 T. Cette derniere repose
sur le transfert de polarisation des spins électroniques saturés d’un radical libre vers
les spins des protons (généralement de 1’eau) voisins pour rehausser le signal RMN du
proton. Notre équipe a développé cette technique pour détecter une activité protéoly-
tique au travers de deux stratégies.

La premiere partie de la these a été de détecter pour la premiére fois une activité pro-
téolytique in situ dans des souris saines et in vitro sur cellules vivantes. L’efficacité du
rehaussement par effet Overhauser repose sur le temps de corrélation des spins des élec-
trons non-appariés. Un radical nitroxyde greffé a I’élastine a été utilisé comme substrat.
La protéolyse de ce dernier par des élastases pancréatiques a conduit I'observation en
3D d’un rehaussement du signal RMN de plus de 10 fois dans le tube digestif de souris
vivantes. De plus des développements méthodologiques, tels que I'implémentation de
la séquence TrueFISP, le sous-échantillonnage par la méthode “Keyhole”, et la recon-
struction des données en 3D ont été faits.

La deuxieme stratégie repose sur des molécules de nitroxyde ayant 'unique propriété
de pouvoir décaler leurs pics de résonance aprés hydrolyse. Un nitroxyde phosphorylé
en position [ pouvant étre détecté a deux fréquences spécifiques différentes avant
et apres hydrolyse d’'un groupement chimique a été synthétisé par des chimistes a
Marseille. L’hydrolyse de cette macromolécule a été observée in vivo dans I’estomac
de souris saines avec des rehaussements de plus de 400% et imagée en 3D avec une
bonne résolution spatio-temporelle.

Ainsi, une prochaine étape serait de poursuivre ce travail sur un model pathologique
et développer cette technique a un champ magnétique plus bas.

Mots clés: L’effet Overhauser, Overhauser-enhanced Magnetic Resonance Imaging
(OMRI), Imagerie Moléculaire, 0,2 Tesla, Résonance Paramagnétique Electronique (RPE),
Cavité RPE en mode TEO11, Protéolyse, Activité enzymatique, Nitroxydes phosphorylés,
séquence d’TIRM - TrueFISP, Sous-échantillonnage “Keyhole", souris, In vivo
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Summary of Thesis

Introduction

My dissertation will relate about a promising molecular imaging modality — the
Overhauser-enhanced Magnetic Resonance Imaging (OMRI); also known as PEDRI
(Proton Electron Double Resonance Imaging) or DNP (Dynamic Nuclear Polarization)
in liquids. The first images acquired in 1990 by Dr Grucker D. by this approach demon-
strated that free radicals, for instance Fremy’s salt could be detected in living rats.
Since then, several in vivo studies have been carried out mainly on the field of free
radical bio-distribution, pH mapping and redox state evaluation. In our laboratory,
we have developed this technique with the aim of detecting biological processes in
intact organisms. Therefore, my thesis work will be divided into two projects — 1) how
OMRI has been applied for the detection of enzymatic activity in vivo and 2) the charac-
terization of a new type of OMRI probe also designed for visualizing proteolytic activity.

The Overhauser Effect

OMRI is based on the Overhauser effect occurring between unpaired electrons and
proton nuclei. It combines two techniques : EPR (Electron Paramagnetic Resonance)
and NMR. Unpaired electrons present in the medium (either in a solution or inside
the living organism) are placed in a static magnetic field. The electronic transitions
of unpaired electrons are saturated using a selective hyper-frequency wave. Through
dipole-dipole interactions between the saturated unpaired electrons and the surround-
ing water proton nuclei, polarization transfer takes place; leading to the increase in the
population spin difference of the protons. MRI of those enhanced protons will result in
a bright signal at the site of the unpaired electrons.
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X Summary of Thesis

1) Detection of a proteolytic activity in vivo

In this section, we synthesized an OMRI probe based on its modified tumbling time upon
proteolytic activity. This probe consisted of a macromolecule grafted to a nitroxide
molecule, here a nitroxide-labeled elastin molecule. It was first characterized in vitro in
presence of pancreatic elastase and also with elastase-secreting human neutrophils. For
the in vivo part, new MRI sequence implementation with an accelerated data acquisition
was performed on the 0.2T Siemens magnet so as to image and follow biological
processes in vivo and also to limit the heating effect coming from the electronic spin
saturation. Hereafter, the nitroxide-labeled elastin was orally administered in mice and
its digestion was observed in the intestinal tract.

2) New OMRI probe characterization

In the second part of my work, a particular nitroxide which has its resonant frequency
shifted upon proteolytic action (i.e. a change in its hyperfin coupling constant) was
tested in vitro. This synthesized 6-peak nitroxide has an ester bond that is targeted to
proteolytic activity (synthesis done in collaboration with the team of Pr Marque R.A.S,
Marseille, France). Kinetic assays in presence of the Subtilisin A (a serine peptidase)
were conducted using the EPR spectrometer as well as OMRI. Being a frequency-
specific imaging method, the advantage of having a shifting resonance, is that both the
substrate and the product are detectable through OMRI. Distinct substrate and product
frequencies were established through frequency swept OMRI experiments. Eventually,
this probe design was orally administered in mice for the detection of the substrate
form and of the product form after digestive enzyme action.

Conclusion

This work brings about new ideas for future pathological in vivo models for which
new probes should be synthesized. The latter would possess specific peptide sequence
and target specific protease. Even if instrumental improvements need to be done for a
better image quality and faster acquisition, this technique has been proved to have a
great potential in in vivo research. Proteolytic activity detection in deep-seated organs
is a challenging field of study today and can be made possible with OMRI. Upgrading
this technique to larger animals, is discussed in the complete version of the dissertation.
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Résumé de la These

Introduction

Le travail effectué durant ma theése a porté sur I’étude d’une technique d’imagerie
par résonance magnetique (IRM) rehaussée par I'effet Overhauser effectuée en milieu
biologique. Cette technique est qualifiée d’OMRI pour Overhauser-enhanced Magnetic
Resonance Imaging. Elle est aussi connue sous ’appellation de PEDRI (Proton Electron
Double Resonance Imaging) ou encore la PDN (Polarisation Dynamique Nucléaire)
dans les liquides. Avec les premiéres images in vivo obtenues en 1990 par Dr Grucker
D, cette méthode d’imagerie a pu montrer que des radicaux libres, ici des sels de Frémy
pouvaient étre imagés dans des rats. Dans la littérature, plusieurs travaux ont été
réalisés sur la bio-distribution des radicaux, la cartographie du pH et la quantification
de la pression partielle en dioxygéne dans le but d’observer une activité métabolique
ou une fonction particuliere dans 'organisme intact. Dans notre laboratoire, notre
équipe a développé cette méthode d’imagerie dans le but de faire de I'imagerie de la
protéolyse in vivo en utilisant des agents spécialement concus a cet effet. Ainsi, cet
ouvrage sera composé de deux projets effectués sur un modeéle murin— 1) la premiere
détection d’une activité protéolytique in vivo en utilisant 'OMRI et 2) la caractérisation
d’un nouveau agent de contraste ayant des propriétés uniques.

L’effet Overhauser en IRM (OMRI)

Le principe de TOMRI repose sur l'effet Overhauser décrit en 1953 [Overhauser AW,
1953] et couple deux techniques : la RPE (Résonance Paramagnétique Electronique) et
la RMN. L’idée est de saturer a I’aide d’'une onde hyperfréquence (HF) de 'ordre du
GHz les transitions de spin des électrons non-appariés (radical libre) présents dans une
solution ou dans un organisme vivant placés dans un champ magnétique. Un transfert
de polarisation des électrons libres aux protons (généralement de ’eau) voisins va
s’effectuer. A I’état liquide, le mécanisme de transfert de polarisation est essentielle-
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xii Résumé de la Thése

ment dipolaire. Pendant I’état polarisé du proton, une expérience de RMN est réalisée
dans le domaine des MHz. Dans le cas de I'IRM, les images obtenues sont caractérisées
par un fort signal dans les zones ou sont présents les radicaux libres.

1) Détection d’une activité protéolytique in vivo par
OMRI

La premiere partie de ma theése a consisté a tester un agent de contraste (un macro-
molécule greffé a un nitroxyde) in vitro en présence soit d’'un enzyme purifié soit de
neutrophiles humains sécrétant naturellement un cocktail d’enzymes dont celui étudié.
Ici la macromolécule substrat testée était 1’élastine et 'enzyme ciblé pour détecter sont
activié, I’élastase.

Pour la partie in vivo, une nouvelle séquence d’IRM a été implémentée sur la machine
IRM utilisée pour I’étude avec une méthode d’accélération pour I'acquisition des don-
nées. Ces modifications ont permis d’améliorer la résolution spatiale et temporelle
des images ce qui a permis d’observer et de suivre des processus biologiques dans
lorganisme intact. En outre, des effets de réchauffement due a la saturation des spins
électroniques ont été minimisés. Par la suite, un nitroxyde couplé a I’élastine a été
introduit par gavage chez des souris et la protéolyse de ce substrat a été détectée dans
les intestins.

2) Caractérisation d’un nouvel agent de contraste par
OMRI

Dans la seconde partie de ma thése, un nouvel agent de contraste a été synthétisé
en collaboration avec I’équipe de recherche de Pr Marque R.A.S de Marseille. Cet
agent de contraste est un nitroxyde qui a la particularité de décaler sa constante de
couplage hyperfine lors de la protéolyse d’une liaison ester présente sur ce dernier.
Ainsi, sachant que ’OMRI est réalisée a une fréquence électronique spécifique, cette
propriété permet la visualisation sélective soit du substrat soit du produit de la réaction
enzymatique. Des expériences in vitro avec/ou sans enzymes ont été réalisées par RPE
ainsi que des cinétiques. Un balayage en fréquence a été réalisée en OMRI et par la suite
des expériences de gavage in vivo ont été effectuées pour valider cette approche unique.
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Conclusion

Ce travail de these a permis de détecter en 3D une activité protéolytique a I’aide
d’agents de contraste spécifiques avec une bonne résolution spatiotemporelle dans
les intestins d’une souris. De plus, un agent de contraste unique en son genre a été
aussi caractérisé in vivo. En perspective, ces travaux pourront étre transposés sur des
modeles pathologiques ciblant des protéases spécifiques. Sachant que I'imagerie des
protéases dans les tissus profonds in vivo est un vrai défi, 'OMRI est une approche qui
pourra rendre atteignable ces objectifs. Le palier supérieur de cette approche sera de
transposer cette méthode chez les gros animaux ; ceci sera discuté dans la these.
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CHAPTER 1

General Introduction

The complexity in studying the function of proteases within their natural cellular
habitat has been an all-time compelling research area, including biochemistry, cell
biology or animal physiology. With about 2% of the human or mouse genome be-
ing protease-encoded genes and representing over 500 in number, these molecular
moieties undergo a set of controls that tightly regulate their activity within the cell
and the extracellular matrices [Turk 2006]. These controlled mechanisms consist of
spatial and temporal expression, binding to small molecules, protein cofactors and
post-translational modification. Until recently, most of the studies on the understand-
ing of functional regulation of proteases have been carried out in vitro. However due to
organelle and fine compartments disruption leading to activators or inhibitors release
and altered enzymatic activity, in vitro studies remain quite irrelevant and misleading
compared to the real physiological processes [Baruch et al. 2004; Neefjes et al. 2004].
Therefore, the ultimate goal during these few years has been to develop new techno-
logical advances; be it through novel imaging tools to detect and monitor enzymatic
activity within intact cells [Blum et al. 2005] and eventually in vivo [Ntziachristos et al.
2002].

Apart from understanding the functional regulation of proteases happening in vivo
during physiological processes, there is also a need to understand how the properties
of these proteases are altered in a disease state. Deregulated proteolytic activities are
associated with a wide variety of pathological conditions, notably diabetes, inflam-
mation, hypertension, cystic fibrosis, certain tumors, pancreatitis, arthritis and more.
As a matter of fact, proteases are not only described as catabolic proteins having non
specific substrates, but as enzymes that possess a highly selective cleavage of specific
substrates which can influence cell behavior (such as in activation, growth, cell division,
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2 General Introduction

differentiation, migration, signaling and so on). They are also involved in specific
processes like in blood clotting, apoptosis, extracellular matrix degradation, cleavage of
transmembrane proteins and precursor processing in the secretory pathway [Neefjes
et al. 2004]. Our view of the proteolytic world has certainly expanded and above all, it
has brought in a new developing field on the use proteases as biomarkers or for drug
targeting.

Patients’ blood sample are to-date the most widely used specimens for diagnosing,
prognosing or therapeutic monitoring of different diseases. Even if blood testing re-
mains an all-time cost effective way for screening pathologies in a population, further
validating analysis is required as it is known that serum and plasma have high intrinsic
proteolytic activity that is related to diverse exopeptidases as well as different endo-
proteases. Therefore when it comes to the most reliable method by which diseases
can be detected unambiguously, surgical interventions and imaging techniques are
put forward. Here, our concern is to better understand and detect biological processes
taking place in pathophysiological cases with a minimum perturbation.

An emerging field resulting from the need to monitor enzymatic activity is the field of
Molecular Imaging.

“The term molecular imaging can be broadly defined as the in vivo character-
ization and measurement of biological processes at the cellular and molecular
level. In contradistinction to “classical” diagnostic imaging, it sets forth to
probe the molecular abnormalities that are the basis of disease rather than to
image the end effects of these molecular alterations." [Weissleder et al. 2001]

Since the past 10 years, this field has been explored in all its splendor, be it in the optical,
nuclear or magnetic discipline. Nevertheless, it has to be mentioned that the major
technological developments in activity-based substrate imaging is well established
with Optical Imaging : FRET for Forster-Resonance Energy Transfer, NIRF for Near
Infra Red Fluorescence, BRET for Bioluminescence Resonance Energy Transfer, or
Photo-acoustic Imaging. The reason behind such a growing interest for this particular
technique is the availability of fluorophores, their ease in designing new activity-
based probes and the high sensitivity. However, the low depth penetration of light
is one feature that hinders Optical techniques. On the contrary, a technique that
remains the only means by which soft tissues can be imaged with high contrast, correct
spatial resolution, without invasiveness, and without any depth limitations is low-
and middle- field - Magnetic Resonance Imaging (MRI). Among the methods used in
MRI to generate a specific activity-based contrast, the most common approach today
is PARACEST for Paramagnetic Chemical Exchange Saturation Transfer. However,
there is another uncommon but unique approach known as Overhauser Enhanced MRI
(OMRY) that is very sensitive with signal enhancements reaching up to 1000% (up to
10 fold). The potential of this technique to excel in the field of Molecular Imaging is
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currently explored.

Established as an enhanced imaging technique and originally named as PEDRI for
Proton Electron Double Resonance Imaging by Lurie D.J in 1988, OMRI is based on the
Overhauser effect between unpaired electrons and water molecules at room tempera-
ture, more precisely on the polarization transfer of saturated unpaired electrons with a
larger spin polarisability onto the nuclear protons of the surrounding water molecules
which is commonly imaged using MRI [Lurie et al. 1988]. This principle was developed
in the laboratory "Centre de Resonance Magnetique des Systemes Biologiques" for the
first time in 2005 and the proof-of-concept for OMRI spotting of proteolytic activity
was proposed in vitro in 2009 [Mellet et al. 2009].

The aims of my PhD research work were to implement efficient OMRI methodologies
in view to facilitate and optimise in vivo detection. We validated and visualized the
proteolytic activity in vitro and within intact organisms. Another set of work was also
carried out using a new probe-design strategy destined to the same imaging technique
and to study its feasibility as substrate for proteolysis for in vitro as well as in vivo
studies.

My dissertation will be divided into four chapters: The first chapter will begin with the
biological context surrounding proteolytic activity imaging. Then a full description
of the current achievements in the different enzyme-based imaging strategies will
be discussed, which will take us to enhanced MRI as a suitable molecular imaging
approach. Finally, the last section in this chapter will entirely deal with OMRI and how
it will be explored for detecting enzymatic reactions.

The second chapter will focus on the OMRI pre-requisites — equipments, MRI sequence
development and image reconstruction along with the experimental protocols. The
different OMRI contrast agents will also be discussed.

Afterwards, in the third and fourth chapters, I will describe how in vitro and in vivo
proteolytic activity detection were achieved using firstly an OMRI probe based on its
tumbling time and secondly another OMRI probe based on its resonant frequency.

To finish, a proper discussion and perspectives chapter shall be developed.
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4 General Introduction

1.1 The need for Proteolytic Activity
Detection

1.1.1 Introduction
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Figure 1.1: This figure illustrates the hydrolysis of a peptide/amide bond. This chemical
reaction can take place spontaneously in the presence of water molecules, but is a very slow
process. To catalyze this hydrolytic reaction in living organisms, enzymes are used.

Proteolysis is a biochemical reaction taking place constantly inside a cell as well as in
the extracellular space. The entity responsible for this reaction is known as Enzyme,
Protease or Peptidase. Practically all enzymes are proteins. Its role is to catalyse
the hydrolytic cleavage of a peptide bond (see Figure 1.1), more precisely an amide
functional group found between two amino acids and which are themselves the building
blocks of a macromolecule or protein. So, the purpose of disassembling macromolecules
can either be for the digestion of nutrients, the constant protein turnover in cells, for
protein maturation during their biosynthesis (such as for insulin) or even for signal
transduction (like cell death, blood coagulation and other more). In return, proteases
have to be strictly regulated so that there is no auto-cellular damages occurring.
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Figure 1.2: The different classes of proteases based on their catalytic mechanisms

After sequencing the human genome and other model organisms an impressive and di-
verse number of protease functions with different structures and catalytic mechanisms
were unearthed. The complete set of human proteases consists of at least 764 proteases
and homologues dispatched in five classes namely 226 metalloproteinases, 287 serine,
182 cysteine, 39 threonine and 30 aspartic proteases (see Figure 1.2) [Rawlings et al.
2014].
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Figure 1.3: The main roles of proteases in living organisms. [Lai et al. 2015]
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Originally, even if proteases were recognised as the central executioners of nonspecific
protein catabolism present in the pancreatic juice, today, our view of proteases has
considerably widened. With their participation in the catalysis of specific proteolytic
activities, their highly selective and limited cleavage of specific substrates, proteases
have proven to be essential in every cell and organism. Actually, there is a number
of important processes that is strictly dependent on proteolytic processing events
summarized in the figure above (Figure 1.3).

Protease-mediated processing events, which are distinct from nonspecific protein
degradation reactions, are vital in the control of essential biological processes such
as DNA replication, cell-cycle progression, cell proliferation, differentiation and mi-
gration, morphogenesis and tissue remodeling, immunological reactions, ovulation,
fertilization, neuronal outgrowth, angiogenesis, homeostasis, and apoptosis [Lai et al.
2015]. However, any alteration in the structure and expression patterns of these pro-
teases would unfortunately underlie abnormalities, thus giving rise to pathological
conditions.
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1.1.2 Proteolytic activity related to diseases

Occasionally, deregulation of proteolytic activities can come about and it is associated
to pathological conditions. Ample evidence exist showing that deregulation of prote-
olytic activities plays a role in the etiology and/or progression of inflammation, cystic
fibrosis, certain tumors, pancreatitis, arthritis, atherosclerosis, stroke and heart disease,
multiple sclerosis and so on.

Matrix metalloproteinases (MMPs) are the third most important class of proteases
and are members of the metzincin group of protease, which are named after the zinc
ion and the conserved methionine residue in the active site. [Bode et al. 1993]

Since the 1990s, MMPs (in particular MMP-9 or gelatinase B protease) have gained
much attention when diseases targeting was concerned. But due to first failures
in using broad-spectrum MMPs inhibitors for clinical trials, in-depth research was
carried out on how its molecular structure and its mild varying domains define its
implication in specific cellular pathway signaling. Known at first as an extracellular
cellular matrix degradation enzyme allowing tumor invasiveness and cell proliferation,
these macromolecules have recently been proved to be of a higher complexity. MMPs
has shown to have important roles:

@ in lung diseases

— with an elevated level of MMP-9 notably for : hyperacute hypersensitiv-
ity reactions like asthma and acute respiratory distress syndrome (ARDS),
chronic diseases like chronic obstructive pulmonary disease (COPD), com-
mon genetic disorders like cystic fibrosis, lung cancer or interstitial lung
fibrosis [Vandooren et al. 2013; Galliera et al. 2015].

€ in diabetes

- MMP 2, 3, 9, 10, 14, 15 are expressed in kidney tissues of patients with
diabetic nephropathy. Besides from extracellular matrix degradation, these
MMPs are involved in the release and activation of several factors such
as TGF, TNF, insulin-like growth factors and heparin-binding epidermal
growth factor , thus contributing indirectly to tubular cell proliferation and
renal fibrosis, leading to renal damage. [Thrailkill et al. 2009]

— Due to activated MMPs, diabetic wounds are unable to heal quickly. In the
murine model, MMP 9 and 8 have been identified as valuable pharmacolog-
ical targets.

@ in cardiovascular diseases :
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8 General Introduction

— The high amount of monocyte derived macrophages secreting MMP-1,8,
10, 12, 13 and TIMPs in the environment of atherosclerotic plaque accounts
for enhanced plaque ruptures [Newby 2015].

— Abdominal aortic aneurysm (AAA) is described as a permanent dilatation
of the abdominal aorta. This pathology upregulates proteolytic pathways,
loss of the arterial wall ECM, inflammation, oxidative stress and apoptosis,
where especially MMP-9 and MMP-2 have been implicated [Siemianowicz
2012].

@ in proliferative diseases

— Itis believed that MMPs are secreted by tumor-associated macrophages and
neutrophils for cell invasion and metastasis. However this inflammatory
effect can be anti-tumoral or pro-tumoral. Depending on the cancers cells,
proteases and their natural inhibitors can play a positive or negative role
as these host cells have a high genetic instability. Studies have shown that
MMP-9 is involved through the secretory pathway but the role of these
proteases as beneficial components is still to be determined.

— Specific cancer types which have been evaluated for MMP expression are :
Breast cancer, skin and oral epithelial cancers, cancers of the digestive sys-
tem, brain tumors, prostate cancer, laryngeal and nasopharyngeal cancers,
bladder cancer, lung cancer [Galliera et al. 2015].

€ in dentistry

— in periodontitis, the use of MMP inhibitors called chemically modified
tetracyclines remains a successful clinical approach in preventing disease
[Vandooren et al. 2013].

These disease-related examples with the MMP family particularly shows the varying
behavior depending of the stimulated signalization pathway up-regulating or down-
regulating its expression in pathological conditions.
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Figure 1.4: Classification of cathepsin proteases — the white boxes are exclusively endopep-
tidases, the red boxes are exclusively exopeptidases and the green ones are both endo- and
exo-peptidases.
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Another class of enzymes has also gained substantial interest in these later years:
cysteine cathepsins which is classified into 7 groups as shown in the Figure 1.4. The
majority of the cysteine cathepsins are endopeptidases, except for cathepsin B and H
which are both endo and exopeptidases and cathepsins X and Dipeptidyl-peptidase I
which are strictly exopeptidases (c.f Figure 1.4).

Today our perception of cysteine cathepsins has shifted from non-specific lysosomal
scavenger to specialized processing enzymes. They have a broad sub-cellular distribu-
tion and are involved in numerous physiological as well as pathological processes. At
first due to their intracellular lysosomal localization, these proteases were considered to
be only involved in protein turnover. Contrary to this belief, cysteine cathepsins were
also observed in the nucleus where they acted as important effectors of nuclear physi-
ology [Fonovic¢ et al. 2014]. In diseases, cysteine cathepsins were found to be secreted
in the extracellular environment. Natural inhibitors such as cystatins, thryopins and
serpins were also present to fight against its destructive potential of the extracellular
space. Hence, any imbalance between active cathepsins and their inhibitors would
result into a variety of pathologies - cancer, arthritis, atherosclerosis, osteoporosis,
neurodegeneration, and infectious diseases.

Below the web-like diagram (Figure 1.5) shows a summarized form of the various
roles of human cysteine cathepsins in both physiological and pathological conditions
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10 General Introduction

[Novinec et al. 2013]. The major functions in the highlighted green shaded boxes
are linked to different cell types. These cells were shown to express specific cysteine
cathepsins in various situations. In turn these proteases expressions were related
to different molecular processes for either physiological processes or pathological
conditions.
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The figure illustrates an interconnected expression of the different cathepsin

isoenzymes according to their cell type specificity, their physiological roles and also their

implications in pathological conditions.

Figure 1.5
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12 General Introduction

Focusing on the current clinical status, cysteine cathepsins play a major role [Novinec
et al. 2013]:

@ In the balance of bone resorption and bone formation

— the hyperactivity of cathepsin K in osteoclasts enhances bone resorption
causing osteoporosis. Odanacatib (Merck), a cathepsin K inhibitor, is already
in phase III clinical trial for treating osteoporosis.

— the cartilage destruction through the release of MMPs and cysteine cathep-
sins from various cell types - osteoclasts, chrondrocytes, synovial fibroblasts
and macrophages are of concern in arthritis (osteoarthritis and rheumatoid
arthritis). The inhibitor MIV-711 (MedivivAB) is in phase I clinical trial for
reducing the high level of cathepsin K expression in arthritis.

€ In maintaining a healthy cardiovascular wall

- Impairment in the degradation of the major constituents of the cardiovas-
cular wall: collagen and elastin leads to myocardium, coronary, and valve
diseases. Cathepsins K and S were upregulated in valve degradation.

— Cathepsin S is involved in atherosclerotic plaques destabilisation and rup-
ture. It has been shown that deficiency in this protease reduces the size and
number of atherosclerotic plaques. Still studied on an animal model, a nitrile-
based cathepsin S inhibitor has shown a significant effect on atherosclerosis.

@ In the migration of primary cancer cells to form metastases

— Cathepsins B, C, H, L, S, and X were shown to be implicated in breast, lung,
brain, gastrointestinal, pancreatic, head and neck, and melanoma cancers.

However their distinct roles still need to elucidated.
— Cathepsins have shown to weaken the chemotherapeutics response and

their inhibition were found to significantly improve the efficiency of chemother-
apy.

As it can be noticed in the web-like diagram, all molecular processes and the specific
roles of each cathepsins remain unsolved.

For all pathologies, strategies in understanding the implications of specific proteases
and in finding various targets to treat the disease are being studied. The ability to reduce
tumor growth, invasion, metastasis, and angiogenesis or in limiting bone or cartilage
destruction by increasing expression of the endogenous inhibitors or by administering
a small inhibitors suggest that targeting specific enzymes will be of therapeutic benefit.
The only small inhibitor shown to be effective so far was a broad-spectrum inhibitor;
be it for metalloproteinases or for cathepsins proteases.
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1.1 The need for Proteolytic Activity Detection 13

By far, targeting individual enzymes seems to be a wiser strategy, given the potential
protective roles of enzymes and the deletorious effects observed in mice. Further work
will be needed to define the appropriate target in the tumor cells, tumor-associated
cells or both, and whether it is intracellular, secreted or membrane-associated. In this
regard, imaging probes to detect proteolytic activities in vivo would be useful surrogate
markers and would serve in enhancing the efficacy of enzyme inhibitors. Strategies
aimed at imaging and detecting enzyme activity have substantial potential in aiding to
diagnose and predict diseases.
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14 General Introduction

1.1.3 Proteolytic activity Detection Strategies

For years till now, proteolytic activity has been vastly studied in vitro — their kinetic
measurements, their substrate specificity, their potential inhibition activities using
specific drugs, their 3D structure to understand their catalytic mechanism — are all
the topics that are still being resolved for their better understanding in physiological
processes as well as pathological ones. Even if in vitro studies are necessary, the
biological system is entirely perturbed when measured out of its environment.

A. CURRENT CLINICAL STATUS

Clinically, the most widely used specimens to make up diagnosis, prognosis or thera-
peutic monitoring for a multitude of different diseases are patients’ blood and blood-
derived fluids. However, serum and plasma have high intrinsic proteolytic activity that
is related to diverse exopeptidases and endopeptidases, for instance in the process of
blood coagulation or the immune response. Nonetheless, studies are still ongoing and
biomarkers are being identified in serum specimens for diagnosis. For all these in vitro
analysis, biochemical approaches are being used either to detect the presence of the
proteases and/or their activities. These techniques include:

@ the zymography assays [Wilkesman et al. 2009] -

- which is an electrophoretic technique commonly based on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) which contains a
substrate copolymerised with the polyacrylamide gel matrix. After the
electrophoretic run, and the successive steps, the areas of digestion are

identified.

- types of zymography analysis are 1-D zymography, 2-D zymography, 2-D
zymography combined with mass spectrometer, in-situ zymography, real-
time zymography, multiple layer substrate zymography and the reverse
zymography [Lista et al. 2013].

@ the enzyme-linked immunosorbent assay (ELISA), Western blotting and radioim-
munoassays are commonly employed for quantification of the biomarkers.

A recent article of the team of Yepes showed that there are five synthetic reporter
peptides that are being cleaved preferentially by tumor-associated proteases found
in the serum of colorectal cancer patients and that are highly stable in the serum of
healthy controls [Yepes et al. 2014]. The research group of Taylor JM et al. identified
specific aminopeptidases activity, notably alanyl aminopeptidase and cathepsin C in the
urine sample of bladder cancer patients [Taylor et al. 2014]. The alanyl aminopeptidase
was seen to be downregulated , and on the other hand the cathepsin C was upregulated
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in the cancer group. These two proteases may be a potential candidate as urinary
indicator for the presence of bladder cancer.

However, great care should prevail upon sample choice and sample preparation when
clinical diagnosis is concerned. In order to approve a clear-cut diagnosis in clinical
practice based on upregulation or downregulation of a set of disease-associated pro-
teases, further in vitro studies need to be carried out. Standardised protocols need to
be established with a minimum of false positive and/or negative results and a specific
proteolytic activity. Even if in vitro assays are more cost effective, studying and di-
agnosing pathology-related proteolytic activities in vitro is often misleading due to

# organelle damages upon sample preparation which would lead to the release of
activators or inhibitors, thus artificially affecting enzymatic activities and

@ the incorrect in vitro assay model conditions which might not imitate the in vivo
environment accurately.

B. CURRENT EXPERIMENTAL IN VIVO STRATEGIES

A second strategy is the in vivo imaging of proteolytic activities assigned to specific
diseases. Based on in vitro studies, proteomic profiling have been performed for years
identifying the over-expressed proteases’ activities occurring in each disease. Three
imaging techniques are currently used for imaging enzyme activity in small animal
research. Their characteristics are briefly tabled below (see Table 1.1):

i) Optical Imaging

Optical Imaging is indubitably the most versatile visualization modality for imaging
proteolytic activity in vivo mainly because of the availability of fluorescent reporters
for tagging cellular and sub-cellular processes in vivo. Among the different optical
imaging systems, there are :

— B1OLUMINESCENCE IMAGING - BLI

The principle of BLI is based on genetically modified cells which express constitu-
tively a bioluminescent reporter gene commonly the luciferase encoding gene. The
expressed bioluminescent enzyme then catalyses the oxidation of small molecules, here
the luciferin into oxyluciferin and release photons of light. This light travels across
tissue depths of several millimetres to centimetres. It is finally detected at its proper
wavelength with charged-coupled device (CCD) cameras, converting the light photons
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Table 1.1: Characteristics of Various Molecular Imaging techniques
Imaging technique Resolu- Sensitivit Tissue Examination
gmng 4 tion y Depth time
Bioluminescence several mm <nM ~1cm minutes
Imaging (BLI) -
Fluorescence seconds/
Optical Molecular 1-2 mm nM <10 cm minutes
Tomography (FMT)
Photoacc_)ustms few cm uM - nM >7 cm minutes
Imaging
Single photon
emission computed
Nucle.ar tomography (SPECT) 1-2 mm nM - pM no limit minutes/
Imaging ] o hours
Positron emission
tomography (PET)
. PARACEST MR
Magnetic Imaein limit at inutes/
Resonance ging 2001M oM no 1;111 a hmlnu es
Imaging (MRI)  non-biological nuclei ;ieglzil ar ours
MR imaging s

Source: [Weissleder 2002; Wang 2008; Razgulin et al. 2011]

into electrons. Two-dimensional (2D) images are acquired in around one-second. The
dispersion of light is the biggest disadvantage for in vivo imaging as it enhances low
spatial resolutions and limits depth penetration.

Nevertheless, imaging proteolytic activities using BLI for either in vitro assays or in vivo
surface-based tissues have extensively been carried out. For example in living animals,
(- galactosidase, caspases, furin, and 3-lactamases activities have been demonstrated.
It should be noted that BLI is linked to versatile probe-design strategies that are based

upon either:

1. specific chemically modified luciferin substrates [Dragulescu-Andrasi et al. 2009;
Godinat et al. 2013] - Dragulescu-Andrasi A. et al used an aminoluciferin tagged
with an arginine-rich peptide sequence to detect furin activity in xenografted
breast tumors in nude mice whereas Godinat A. et al chose to synthetize the
luciferin molecule in-situ between 2-cyanobenzothiazole molecule and the freed
D-Cysteine once a caspase3/7 peptide substrate Asp-Glu-Val-Asp-D-Cys (DEVD-
(D-Cysteine)) is cleaved in transgenic luciferase mice with induced caspase

activity.

2. distinguished bioluminescent reporter gene constructs [Fu et al. 2013] - Fu Q
and colleagues built a specific plasmid ANLuc(DEVD)BCLuc which constitues
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the split N- and C-terminal fragments of luciferase, fused to interacting peptides,
pepA and pepB, respectively, with an intervening caspase-3 cleavage motif.
When apoptosis is induced, the reporter molecule is proteolytically cleaved by
caspase-3 at the DEVD motif. Association of pepA and pepB brings inactive
fragments of luciferase into close proximity, thereby producing bioluminescence
activity. Thus the activity of caspase-3 was reflected by the activity of luciferase
which could be detected by camera in whole animals.

The BLI technique has a limited and wavelength-dependent light transmission which
highly attenuates the photon intensity for deep-seated tissues. Hence, this technique
remains however limited to imaging surface tissues in living animals with low spatial
resolutions. Above all, this technique requires the presence of luciferase encoding gene
in the cells, which is definitely an incompatible translational imaging technique for
patients’ disease diagnosis.

— FLUORESCENCE MOLECULAR TOMOGRAPHY - FMT

Another optic-based approach is the fluorescence molecular tomography. Briefly,
this technique relates the use of fluorophores in vivo with their own absorption and
emission spectrum. The subject is illuminated uniformly at the appropriate wavelength
to excite the fluorophore. The emitted fluorescence signal is then recorded by a CCD
camera encoding spatially the intensity of the photons. The image is inherently one
2D projection of the emitted photons with no information on signal’s depth. With
FMT, the particularity is the reconstruction of series of images, acquired using a point
excitation source with a number of source-detector pairs to produce several different
projections through the subject, into a volume. Here the reconstruction of the volume
is derived from an inversion algorithm relying on the behavioral models of light when
traveling through tissue.

In regard to in vivo proteolytic activity imaging , FMT has added a third dimension to
the images. Indeed, cathepsin-B activity was detected in orthotopic gliomas, stereo-
tactically implanted into the brain of nude mice. Images were acquired in 5 minutes
and only 2 nmol of Cyanine 5.5 (a poly-lysine based fluorochrome) were administered
intraveneously. This technique allowed somehow a correct localisation of the biological
activity taking place inside the animal’s brain [Ntziachristos et al. 2002]. Chen HH
and his colleagues were able to perform non invasive imaging of rapamycin-induced
autophagy at the apex of the heart with an ischemia-reperfusion injury. By injecting
intravenously 5 nmol of cathepsin activable fluorochrome (Prosense 680 ®), cathepsin
activity was clearly detected on the tomographic images with spatial resolution of 1x1
mm? in plane and 0.5 mm of slice thickness and a marked difference of around 30-fold
was observed between untreated and treated mice [Chen et al. 2013].

The major challenge of this technique is in the reconstruction algorithm of the im-
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ages. Since light scattering and absorption depend on the physical properties of the
tissues, the distance travelled and the wavelength of the light, correct simulations and
probability calculations should be performed to find the most likely location of the
fluorescent source. This estimation ultimately leads to a semi-quantification of the
fluorescent signal. Another downside of this modality is about the anatomical informa-
tion. FMT provides us with no morphology or anatomical structures of the subject. In
most cases, this modality is therefore combined to another imaging technique, notably
MRI or X-ray computed tomography (CT). Ultimately FMT suffers from high tissue
autofluorescence caused by the excitation light which reduces signal-to-noise ratio
(SNR)[Darne et al. 2014].

— PHOTOACOUSTIC IMAGING

This method also known as optoacoustic imaging combines light and sound. Nanosec-
ond pulses of laser light are used for excitation, which are absorbed, turned into heat,
and through thermal expansion generate a thermoelastic pressure wave. This wave
propagates through the tissue at the corresponding speed of sound and can be detected
using an array of ultrasound detectors, revealing the tomographic information of the
absorber. Unlike fluorescence, this technique records absorption, retaining optical
contrast by using excitation light, while providing the refraction-limited resolution of
ultrasound, which is less scattered in tissues.

So far, among the optical-imaging techniques, the spatial resolution was limited by the
penetration depth to only about a millimeter. The photoacoustic imaging works at a far
greater depth (up to 3-5 cm) with a far better spatial resolution as the pressure waves are
modestly scattered and attenuated by the tissue, leading to a faithful signal encoding.
Here, for the first time an activatable oligomerizable photoacoustic imaging probe was
established for a furin-like activity in living nude mice [Dragulescu-Andrasi et al. 2013].
Furin is one of the central regulators of tumor progression and metastasis and thus of
high interest as a drug target. With a voxel size of 250.m, photoacoustic images were
acquired with a 7-fold enhanced signal at the xenografted site of furin-overexpressed
human breast adenocarcinoma cells (MDA-MB-231) as compared to the controls. More
recently, MMP13 activity was observed in xenograft tumor models (SCC7 breast cancer
cells) in vivo using a near-infrared absorbing copper sulfide nano-probe conjugated to
a black hole quencher via a MMP-cleavable peptide linker. Yang K and his colleagues
clearly demonstrated a difference in the signal after proteolysis versus the situation
where the activity was inhibited [Yang et al. 2014].

Despite its potential and its many advantages over other methods, there are some
difficulties with photoacoustic imaging that have not yet been resolved. As light
penetrates deeper into tissue, the resulting ultrasonic signal diminishes due to tissue
light absorption and laser light dispersion / diffusion or back-scattering. Hence it limits
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on just how deep photoacoustic imaging can delve. Bone tissue represents another
obstacle to the technology. Laser light and sound do not easily pass through bone
structures. The speed at which sound travels through bone is different from the speed
at which it travels through soft tissue, and as the ultrasound passes from one medium
to the next it gets reflected and refracted. Air cavities, many of which are found inside
the human body, pose a similar problem.

ii) Nuclear Imaging

Nuclear Imaging is another field of bio-imaging that can assess pathophysiological
cellular processes and in particular enzyme trafficking. This approach is based on
detection of the decay of radioactive isotopes. In the case of proteolytic activity
detection, the enzyme-catalysed reaction has to generate a product that is better
trapped at the site of the abnormal proteolytic activity than the substrate probe. In
this section we will specially talk about SPECT and PET and how they were able to
reveal enzyme activity in vivo.

— SINGLE-PHOTON EMISSION COMPUTED TOMOGRAPHY - SPECT & POSITRON
EmissioN ToMOGRAPHY - PET

Briefly, SPECT imaging consists of detecting specific gamma-emitting radioisotopes like
99mTe (té’ 6.0 h), 1In (té’ 2.8 d), 1%1 (t%: 13.2 h), and 131 (t%: 8.0 d) using scintillation
detectors. On the other hand, PET is based on positron-emitting isotopes decay leading
to the emission of two diametrically oriented gamma rays. The most commonly used
isotopes in PET are *F (t1: 1.83h), 64Cu (t1: 12.7 h), He (t1: 20.4 min), BN (t1:9.96
min), 1°0 (t1: 2.05 min), ¥Ga (t1: 1.14 h), and 1241 (t1: 4.18 d). Both techniques are
known to be highly activity specific for radio-pharmaceuticals, together with a high
detection sensitivity, non-invasiveness, and semi-quantitative or quantitative results.
However recent literature has shown very little concern in developing radioactive
labels for imaging proteolytic activity in living subjects.

In 2012, the team of Chuang C.H and his colleagues worked on a fluorine-18 labelled
MMP2/9 substrate. This substrate releases a hydrophobic product upon enzymatic
action. A 20 fold increase in signal from the MMP expressing tumor in vivo was
observed as compared to breast adenocarcinoma induced tumor that did not express
MMP proteases [Chuang et al. 2012]. This PET imaging strategy hinges on the retention
of the cleaved hydrophobic product at the vicinity of the proteolytic activity through
membrane interactions. Another strategy does exist - the activatable cell-penetrating
peptide (ACCP) concept. Mostly used in optical imaging, ACCP is composed of a
polycation peptide domain facilitating cell uptake and a polyanion peptide domain that
are linked in-between by a protease substrate. (see Figure 1.6). An article published in
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2011 and later on with further advances in 2015 [Duijnhoven et al. 2011; Duijnhoven
et al. 2015] showed that the hairpin-like !""Lu labelled to ACPP probe which was meant
to be specifically cleaved by MMP2/9 in vivo in tumors was unselectively hydrolysed
prior in the blood circulation and then accumulated in the tumor by retention. Further
research need to be set up for a pathology-specific proteolysis using this peculiar probe
strategy.

Polycation \“\

MMP2/9 MMP2/9
substrate /® \

Endosome

Figure 1.6: The cell-penetrating property of a polycationic peptide is masked by a polyanionic
peptide. Cleavage of the linker by MMP-2/9 releases the polycationic cell-penetrating peptide,
which will carry its radionuclide cargo (in green) across the cell membrane. The polyanionic
peptide and its radionuclide cargo (in yellow) will be cleared from the target tissue. The ratio
of the radionuclide cargoes (green-over-yellow) is a measure for local ACPP activation.

It should be noted that most of the in vivo SPECT or PET imaging has been favorable for
protease imaging, more precisely not the detection of their activity but their presence
through antibody labeled probes or by using radio-labeled inhibitors [Maté et al. 2015].
Furthermore, nuclear medicine is radiation based imaging modality and has a very
low spatial resolution and very limited anatomic resolution. For these reason, most
of the time, nuclear imaging is coupled to another imaging modality like Computed
Tomography or MRI.
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iii) Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) can be depicted as a less ideal imaging modality
for target-specific imaging due to its inherent low sensitivity (milli-molar). Neverthe-
less, today it is by far the only universal anatomic-to-functional imaging approach with
its reasonable spatiotemporal resolution, natural imaging contrast of deeply seated
soft tissues, the administration of non-radiative contrast agents, and also with a good
molecular specificity behind that of optical imaging.

Various methods have been established in molecular MRI imaging to detect proteolytic
activities specifically. Among them, there is the use of 7} -weighted contrast agents
which are able to alter their access to water molecules upon enzymatic action. 77 -
weighted contrast agents have also been designed for protease sensing. Their molecular
remodeling upon proteolytic activity relies on their aggregation process which modifies
the 75 relaxation time of the probe itself. The third interesting approach is the Chemical
Exchange Saturation Transfer (CEST) technique which is a relatively recent mechanism
for generation of functional MR contrast. CEST depends on the selective saturation
of labile protons found on the contrast agent, that consequently diminishes the MR
signal. Further explanations about this method will be given below. Last but least,
MR polarization transfer has also been utilized for the same purpose with compelling
results which are to be further developed in the next section.

Hence, before looking at the different strategies used in MRI to assess a proteolytic ac-
tivity in vivo, I would like to describe briefly the principle lying beneath this technique.
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1.2 State of Art of the different techniques
in enhanced MRI

1.2.1 The Principle of NMR imaging

NMR is based on an intrinsic property of matter — the “spin” which is a form of angular
momentum denoted as p. Assuming proton NMR, its spin angular momentum is
characterized by a quantum number, with two orientations (generally known as the o
and [ states respectively). These possible orientations observed as z-components, can
be quantized as (c.f. Figure 1.7) -

. 1
HPZH = iih (1.1)

In classical physics, the spin of any elementary particle can be described as a sphere
rotating about its own axis creating a magnetic moment, /i which is collinear to p'and
is expressed as —

,where 7 is the gyromagnetic ratio of a given nucleus.

In absence of an applied magnetic field, all the proton nuclear spins are randomly
positioned in the precessional orbit, i.e. there is no degeneracy in the proton spin states.
The total magnetic moment is considered to be zero (3_ ji = 0) as all the vectors are
statistically distributed at equilibrium.

When these nuclei are now placed in an intense external magnetic field, B, generated
by a magnet, all the nuclear magnetic moments will orient themselves in one of two
possible spin states, a and /3. At equilibrium, the « state will be more favored as this
state corresponds to the minimum energy state.

1

This system is said to be polarized (c.f. Figure 1.7), meaning that the nuclear spins
will have a weak tendency to point along the field, By and together the many nuclei
form a total magnetization called the net magnetization, < p, > or M,. This net
magnetization at room temperature is equivalent to only around 3 per million nuclear
spins oriented along the direction of the field (3 ppm at 1 tesla) and is proportional
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to the field i.e. a larger field will produce a large magnetization, thereby a better
signal-to-noise ratio (SNR):
N h2’72 BO
*T4kT

(1.5)

Concurrently, all the nuclear spins will start precessing about B at a specific frequency
known as the Larmor frequency, wy. As only the M,, component gives rise to a
measurable signal, in order to measure ), it must be tilted away from By or z-axis.
M, being a time-dependent motion, the resonance condition needs to be satisfied. By
using radio waves or radio-frequency (RF) pulses, 2 following conditions will have to
be met:

1. the RF magnetic field should be perpendicular to By ; and

2. it should oscillate at the same frequency as the Larmor frequency.
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Figure 1.7: Principle of NMR: A) The spins are oriented randomly, with a uniform distribution
over directions, meaning that there is about an equal number of spins pointing in both directions.
The net magnetization is near zero and the nuclei do not precess. B) When a magnetic field
By is added, a degree of alignment is established and the spins precess about By at their
characteristic frequency, wp. C) When a resonant radio frequency field (RF pulse) is applied,
the net magnetization is rotated in the transverse plan. D) Afterwards the two relaxation time
scales: 17 for the longitudinal relaxation (M, recovery) and 75 for the transverse relaxation
(M decay) are illustrated.

After the net magnetization has been perturbed by the RF irradiation at the Larmor
frequency, a number of interactions will result in a net magnetization approaching the
equilibrium state, i.e. the return to alignment with By. This is what we call relaxation.

Relaxation occurs on two different time scales : 1) the spin-lattice relaxation time,
characterized by its constant 77 — that involves the exchange of energy between
the protons and the molecular environment and 2) the spin-spin relaxation time,
characterized by its constant 75 — in which the proton spins can exchange energy
amongst themselves (also termed as phase de-coherence).

1. Spin-lattice relaxation takes place due to locally fluctuating magnetic fields which
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are caused by physical processes like — dipolar interactions, electric quadrupole,
chemical shift anisotropy, spin rotation and paramagnetic interactions. These in-
teractions induce transitions between the two spin states. This process causes the
total magnetic moment to realign itself over time with Bj and can be expressed

as —
dM, (M, — M)
a T (1.6)
M,(t) = My + (M.(0) — My)e™s (17)

2. Spin-spin relaxation is about the de-phasing processes taking place in-between
proton spins. Due to fluctuating fields, each individual proton will lose phase
with each other and precess at different frequencies. This results in the extinction
of the x-y component of the magnetic moment and is expressed by —

dM,,  M,,
_ 1.8
dt T (18)
M, (t) = My(e™) (1.9)

So globally, during realignment of the total magnetization, proton spins lose energy
and emit a measurable signal in the x-y plane, referred as the Free Induction Decay
(FID). The signal is measured by a conductive field coil, called the receiver coil placed
around the object being imaged. It is then processed or reconstructed to obtain 3D
grey-scale MR images.

The IMAGING part is based on the spatial localization of the magnetic resonance
information. In short, it is the acquisition of spatial maps of proton densities. To
produce MR 2D images with slice selection, the FID signal must be encoded in both
directions by applying sequentially three pulsed magnetic gradient fields (G, G, and
Gy).

Knowing that the Larmor frequency is directly proportional to the field (wy = —vBy),
an applied field gradient in a certain direction will urge the ! H spins to precess at
distinct precession frequencies depending on their position in that same direction. As
we move along the applied gradient, the proton spins will resonate either faster or
slower depending on their position. The faster or slower precession is detected as
higher or lower frequencies in the MR signal. The expression is as follows

B(z)=By+ G,.x (1.10)

Before going further, all sequential events needed to obtain an image — such as the
RF impulsions, the delays and the gradient impulsions, are formally illustrated in a
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chronogram named as the “Pulse sequence” (as illustrated in Figure 1.8). A 2D MR
image implies —

1. A slice selection step: for instance — a plane/slice perpendicular to B, can be
selectively excited by applying a field gradient in the z-direction, GG, during the
RF impulsion. In the presence of this gradient, the Larmor frequency becomes a
function of z -

w(z) = —y(By + G,.2) (1.11)
Aw
Az = e (1.12)

Thus, by exciting with an RF bandwidth of Aw during the selection gradient,
only spins about the magnet’s isocenter of slice thickness Az will be nutated
into the x-y plane.

2. A phase encoding step: Once the slice is selected, the frequency and phase of
the precessing net magnetization are made to vary against its position within
the slice. To encode the precessional phases of the rotating net magnetization,
the y-gradient is immediately switched on after the slice selection gradient. The
Larmor frequency now varies along the y-direction according to -

w(y) = —v(Bo + Gy.y) (1.13)

If the y-gradient is switched off after a time interval of 7}, then the rotating
magnetization is brought back to the constant Larmor frequency, wy, with a
phase shift memory, ¢(y) as a function of y -

o(y) =1Gy.y.T, (1.14)

3. A frequency encoding step: Following this phase encoding step, all spins are
rotating at the same Larmor frequency but at different phases in their precessional
orbits. By applying a field gradient in the x-axis, the Larmor frequency becomes
a function of x -

w(z) = —y(By + G,.x) (1.15)

During the application of this gradient, the echo signal is recorded.

By using the phase and frequency encoding gradients, we have indexed each nutated
net magnetization in the selected slice with a unique combination of Larmor frequency
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and Larmor phase, i.e x and y positions in the selected slice are identified with an
unique combination of w and ¢. The total FID signal is given by -

Sl k) = [ [ ol y)e-nGte=n G gy (1.16)

= / / pla,y)e k) dady; (1.17)

Finally, the proton density map is obtained by the inverse 2D Fourier Transform (FT) of
the FID. k, is varied by stepping through different values of GG, whereas k, is obtained
by holding on the frequency encoding gradient and by sampling the echo. The &, k,
plane is called the k-space.

The voxel intensity of a given tissue type depends on the proton density of the tissue; the
higher the proton density, the stronger the FID signal. MR image contrast also depends
on two other tissue-specific parameters : 7} and 75. By varying timing parameters,
MRI images can have different contrast weightings namely — 77, 75 or proton density
(PD)-weighted images. For each pulse sequence, two main parameters are used for
contrast : the echo time, TE — which is the period from which the magnetization is
tilted into the transversal plane until the maximal signal is recorded; and the repetition
time, TR — which defines the time taken to acquire one line of the k-space. For example
T1-weighted images are obtained with short TR and short TE because with a short TR,
T} contrast will be maximized and with a short TE, 75 contrast is minimized.
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Figure 1.8: 2D Image formation in MRI - here is an example of a classic GRE sequence. After
each RF pulse, an echo is recorded at the end of the TE. The signal intensities of the echo are
collected in the matrix. Each line of the k-space is encoded with the slice selection gradient,
the phase-encoding gradient and the frequency-encoding or read-out gradient, in a repeated
manner during each TR, until the matrix is filled. The Fourier Transform of the k-space gives
the image, here the abdomen of a mouse at 0.2 T.
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1.2.2 Enhanced MR Imaging Techniques for
Proteolytic Detection

Like other imaging techniques, the detection of proteolytic activity using MRI requires
contrast agents to reveal the biological process. Exogenous contrast agents are used
to provide enhanced image contrast as well as to improve the specificity of MRL
These contrast agents generally work by altering the water proton T;, Ty, or both
parameters and it includes paramagnetic chelated metal ions and diamagnetic ions in
combination with super-paramagnetic ions. However, as stated earlier, MRI suffers
from low sensitivity. For years, scientists and engineers have been working on the
different ways to counteract this issue.

A. CHEMICAL EXCHANGE SATURATION TRANSFER - CEST IMAGING

One wide-spread strategy is high field magnets to increase the net magnetization. Due
to a higher spectral resolution, the Proton Chemical Exchange dependent Saturation
Transfer (CEST) technique, described in Figure 1.9, has been developed together with
intense magnets to probe proteolytic activity. Lately, an increasing number of articles
using this approach has been published, however most of them are only in vitro based
[Yoo et al. 2007; Chauvin et al. 2008].

Solute RF Water protons (w)

protons (s)
k S
SW. R .
— S Proton signal Proton signal
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RF
g Ssat
/é i tsat
RS '
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>
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Figure 1.9: The underlying principles of CEST imaging are very simple : exchangeable solute
protons (s) that resonate at a frequency different from the bulk water protons (w) are selectively
saturated using radiofrequency (RF) irradiation. This saturation is subsequently transferred to
bulk water when solute protons exchange the water protons and the water signal becomes
slightly attenuated. If the solute protons have a sufficiently fast exchange rate (ks,,) and the
saturation time (t54:) is sufficiently long, prolonged irradiation leads to substantial enhancement
of this saturation effect, which eventually becomes visible on the water signal, allowing the
presence of low-concentration solutes to be imaged indirectly.
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For instance, in the research team of Reddy Ravinder, cathepsin B activity has been
revealed in vivo in intracranially implanted 9L gliosarcoma tumors using poly-L-
glutamate (PLG) as CEST contrast agent [Haris et al. 2014]. This contrast agent
happens to show no CEST contrast because of its low content in exchangeable amine
protons. Upon enzymatic action, PLG is cleaved into glutamate (Glu) thus increasing the
number of exchangeable amine protons, and thereby the CEST contrast. By selectively
saturating these amine protons at 3 ppm, the net NMR signal of the bulk water protons
is decreased through chemical exchange processes. This difference in signal is the
origin of the CEST contrast. Here, in this work an average of 32% of GIuCEST contrast
increase was observed at a field of 7T in the tumor region in rat models.

The first complication in using diamagnetic CEST agents is the small shift difference
(Aw < 10 ppm) between the resonances of the exchanging solute and the bulk water
proton pools, which eventually interferes in the selectivity of the saturation pulse. The
second issue is based on the upfield resonances’ interferences in the CEST spectrum
(i.e. those due to nuclear Overhauser effects in the 0 to —5 ppm range from mobile
macromolecules). This inconvenience adds up a major difficulty in the asymmetry data
analysis which presumedly give the CEST contrast.

Apart from diamagnetic CEST agents, another interesting study was carried out in
vivo by Yoo.B et al. in 2014 using CatalyCEST agents. These molecular probes are
paramagnetic CEST agents that typically consist of lanthanide chelate (Aw > 10 ppm).
This lanthanide ion shifts the MR frequencies of the chelate to unique values, thereby
facilitating the selective saturation of one CEST agent in a mixture of agents. Yoo B.
used Z-Gly-Gly-Arg-a-amino-(Tm-DOTA) as a proteolytic beacon in vivo (Aw = 48
ppm) at 7.05T. This probe targets the urokinase plasminogen activator (uPA). This
molecule has a CEST effect via its amide group before uPA action. The cleavage of
ZGGR peptidyl ligand by uPA converts the amide group into an amine group on the Tm-
lanthanide chelate, resulting in the disappearance of CEST from the agent. Its selective
saturation revealed a maximum of 15% CEST increase in the subcutaneous Capan-2
tumor implanted on the mouse’s flank. As control assay, a second agent, Eu-DOTA-
Gly4 (Aw =-51 ppm) was mixed up with the first one; the second giving a positive
invariable CEST contrast at its saturation frequency. Each agent showed the same
initial tumor uptake rates but the rates of CEST disappearance from the tumor were
different for each agent. The faster disappearance from ZGGR-a-amino-(Tm-DOTA)
was attributed to uPA activity. [Yoo et al. 2014]

Unfortunately, this global picture of CEST proteolytic activity imaging still needs
improvement for in vivo studies. Data analysis is quite complex and demands statistical
threshold evaluations for proper image interpretation and signal detection. In spite
of the intense magnetic field, higher efficient saturating frequencies, larger chemical
displacements of agents (Aw) and high temporal resolution MRI sequences (for e.g - 5
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sec per image acquisition), small changes in the contrast (usually < 20% rise in vivo)
were observed. Also, spatial resolution remained above 500 ym x 500 pum with a slice
thickness of 1 mm (i.e 2D images). It should also be noted that CEST imaging is based
on a signal decrease approach. Last but not least, due to field inhomogeneities across
the volume and different tissues, the MR frequencies are not the same everywhere
(for e.g a difference of nearly +3 ppm was recorded between a tumor region and the
bladder). These variations should be taken into consideration when interpreting and
calculating the CEST contrast.

B. GAbpoLINIUM BASED MR IMAGING

A second type of contrast agents using MRI for enzymatic activity visualisation - are
T or T’ relaxation based agents. Multiple molecular designs based on Gadolinium
chelates have been largely synthesised for that purpose. The Gadolinium ion (Gd**) has
a large spin of 7/2 and seven unpaired electrons. As Gd*" ion is toxic, its chelates were
produced (such as DOTA, DPTA and so on) leaving a limited number of coordinated
water molecules in the complex. These water molecules are able to exchange with the
surrounding water molecules, hence showing excellent characteristics to decrease the
T} relaxation time of water molecules that are near the Gadolinium metal ion.
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Figure 1.10: Here are represented two Gadolinium-based contrast agents which are able to
probe enzymatic activity. On the left is a schematic diagram of the site- specific placement of
the galactopyranosyl ring on the tetraazamacrocycle. Upon cleavage of the sugar residue by
B-galactosidase, an inner sphere coordination site of the Gd** ion becomes more accessible to
water. On the right it is a GAD responsive probe complex. Once the coordinated glutamate
moieties are cleaved by the glutamic acid decarboxylase enzyme, the hydration of the Gd3*
center is increased.Peptide bond cleavage [Louie et al. 2000]

To be enzyme-responsive, a galactose molecule was introduced as a ligand in the
Gd-chelate that left no space for any water coordination (refer to Figure 1.10, left).
In so doing, the surrounding water molecules are not relaxed and no signal enhance-
ment is observed on 7-weighted images. Upon cleavage of the sugar molecule by
[-galactosidase enzyme, water molecule are exchanged continuously with the Gd-
chelate and the relaxation time drops. This process results in a signal enhancement on
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the images. This strategy has been first elaborated by Louie A. and her team [Louie et al.
2000]. Glutamic acid decarboxylase (GAD) enzyme was also used to assess enzymatic
activity in vitro. Synthesis of this specific Gd**-chelate (Figure 1.10, right) in presence
of the GAD showed a nice signal enhancement of 60% [Napolitano et al. 2013]. No in
vivo studies has yet appeared concerning this molecule.

Gd-complex was also used in enzyme-catalysed polymerisation process, meaning that
when the Gd-complex polymerises due to an enzymatic action, there will be a decrease
in its tumbling time, leading to a decrease in relaxation time. This strategy was used
for other enzyme targets, for instance myeloperoxidase with a signal increase above
40% [Chen et al. 2006].

Last but not least, fluorine-19 atom has been grafted to a Gd-complex via a specific
peptide sequence. In the same way that the strong r; and r, relaxivities of the Gd**
ion shortens the 7} and 75 relaxation times of water protons, it will also shorten the 7}
and 75 relaxation times of fluorine, making it undetectable. However, once the peptide
is cleaved, the relaxation time is brought back, thereby revealing the enzymatic activity.
This study is still undergoing further research in order to confirm enzymatic action
[Keliris et al. 2012].

It should be noted that in all these Gd-based concepts, there exist two main properties
that is responsible for the shorter 77 relaxation time :

1. the number of coordinated water molecules in a Gd*>"—complex

2. the chemical exchange rates of water molecules that are exchanged between the
Gd*" complex and bulk water surrounding the agent.

Based on the above factors, great care should be taken when assessing biological
interpretations in presence of other endogenous metabolites that can perhaps mod-
ulate the behaviours of the contrast agents. As a matter of fact, certain endogenous
macromolecules are able to interact with the Gd-complex, and thereby can modify
its relaxivity, r1. Furthermore, the number of coordinated water molecules could be
altered and thus contributing misinterpretations of the images.

T contrast agents were also explored. Based on the aggregation state of the superpara-
magnetic iron oxide nanoparticles, a change in the 73 relaxation times was accounted
for enzymatic activity [Perez et al. 2002; Granot et al. 2011]. These results can be
interpreted only for in vitro controlled experiments as biological environments are
much more complex and no such deductions would be plausible.

In spite of the fact that enzymatic detection is not fully validated in vitro and merely
in intact living organisms, this 7} or 75 imaging concept has to be carried out at high
field. Long acquisition times are required and also signal enhancements observed in
the in vitro experiments are not persistent in all cases.
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C. HYPERPOLARISATION-BASED MR IMAGING

Due to the low NMR sensitivity which is a direct consequence of the small energy
difference between nuclear spin states, different ways have been set up to enhance
this signal. By far the most concluding technique — Hyperpolarization (HP) has been
able to overcome this limitation. The term hyperpolarization refers to a procedure that
drives nuclei, temporarily, into a significant redistribution of the ordinary population of
energy levels. For i = 1/2 spins, the energy difference that determines the population
of the two spins states o and [ is AE = vyhB,, where 7 is the gyromagnetic ratio and
By is the magnetic field. This energy difference determines the population of the spin
states. Polarisation is commonly defined as:

o — hB,
n g :tanh7 0

P=—=
N + N3 2kT

(1.18)

where n is the number of spins in each state, h = h/27, h is Planck’s constant and T,
the temperature.

For HP techniques, P is artificially increased well above its low thermal equilibrium
level. Brought by Carver and Slichter in 1953, P was increased through the polarization
transfer from free electrons to “Li nuclei and this increase was named hyperpolar-
ization. Numerous HP methods and strategies are being developed and tested for
biomedical applications but only dissolution Dynamic Nuclear Polarization (d-DNP),
and parahydrogen induced polarization (PHIP) have been applied to in vivo studies of
enzymatic processes.

i) d-DNP - dissolution Dynamic Nuclear Polarization

d-DNP is the most commonly used HP method, with [1-'3C|] pyruvate as the main
substrate. In d-DNP also called DNP in the liquid phase, droplets of a liquid sample
containing a substrate and a radical (either a nitroxyl or a trityl molecule) are rapidly
frozen in liquid nitrogen then transferred to the DNP polarizer where the electrons
are fully polarized at a low temperature (1.1-1.4 K) in a high and uniform magnetic
field (3.35 T). Microwaves are then applied to the frozen sample for 30-120 min so as
to transfer polarization to nuclear spins of the substrate. The latter is then quickly
dissolved and injected in the animal model and NMR experiments are conducted.

This technique has allowed dynamic NMR spectra and MRI distribution maps to be
evaluated in both pathological and physiological conditions. 1-min assays were carried
out on healthy rat brain after injection of hyperpolarized pyruvate and the evolutions
of the substrate, lactate, alanine and bicarbonate were evaluated [Mayer et al. 2011].
This study showed the distribution and conversion of the pyruvate occurring inside
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the cells. Pyruvate can be consumed into lactate through lactate dehydrogenase (LDH)
enzyme and then into alanine by alanine transaminase (ALT) enzyme. In this process,
the carbon dioxide formed will also be in equilibrium with bicarbonate according to
the pH of the tissue through another enzyme, the carbonic anhydrase (CA). Another
typical in vivo illustration of this technique was conducted in the team of Kevin Brindle
in 2015 [Dzien et al. 2015], showing the oxidation of carbon-13 hyper-polarized and
perdeuterated ethanol by the aldehyde dehydrogenase (ALDH) enzyme activity into
acetate in mice. This article shows in vivo the proteolytic formation of acetate by
ALDH2 which is the mitochondrial isoform. Because of the rapid acetate visualization
at around 30 s post injection, results implied a diffusion-based transport of ethanol
into cells. This d-DNP approach is now in well-driven clinical trials using the 1-'3C;
pyruvate in the detection of prostate cancer through the higher lactate production in
tumoral environment. The first-in-man imaging study was carried out in 2013 — where
the action of lactate deshydrogenase (LDH) on hyperpolarized pyruvate produced
polarized lactate [Nelson et al. 2013].

ii) PHIP - Parahydrogen Induced Polarization

d-DNP can hyperpolarize practically any biomolecule, however it does take hours to
produce injectable hyperpolarized probes. In PHIP, which exploits the spin order of the
parahydrogen singlet state while hyperpolarizing metabolites, the process lasts around
seconds or minutes and free-radical doping agents are not required. As schematised
in the Figure 1.11 below, this technique converts hydrogen gas into parahydrogen
and then uses cis addition of the latter across alkene or alkyne bonds followed by the
spin order transfer from nascent protons to '*C' or ' N with a theoretical polarization
limit of 100%. This technique is nevertheless hampered by the fact that the precursor
should be hydrogenated. A recent alternative technique called SABRE for Signal
Amplification By Reversible Exchange has been developed and in which hydrogenation
is not required. Here the polarization is transferred in a low magnetic field from the
parahydrogen to scalar coupled nuclei found in the target molecule. However, the
biomedical applications of SABRE are still to come.
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Figure 1.11: a) Schematic of a parahydrogen generator - the entering hydrogen gas is cooled
to <77 K and is catalytically converted into parahydrogen under specific conditions. b) The
temperature dependence curve shows that below 20 K gives almost a 100% parahydrogen
conversion. c) PHIP step-by-step : the cis-addition of the parahydrogen to a molecular precursor
across either an alkene or alkyne group adjacent to a 13C or ' N nucleus using a catalyst. The
magnetically inequivalent protons on the precursor are then transferred to the 1*C nucleus
(with a longer 77) using either an RF pulse sequence or a field-cycling method. d) SABRE
process : a spontaneous polarization transfer from the parahydrogen to the precursor through
a metal complex. [Nikolaou et al. 2015]

Several PHIP contrast agents have been synthesized for in vivo imaging such as hyper-
polarized succinate, 2-hydroxyl propionate and 2,2,3,3-tetrafluoropropyl [1-13C, 2,2,
3, 3-d4]propionate (TFPP). However all these compounds have physiological barriers.
Bhattacharya P. and his team then found a strategy to divert those barriers with the syn-
thesis of 1-'3C diethyl succinate [Zacharias et al. 2011]. They followed in real-time its
biodistribution and its metabolic fate in vivo in the whole mouse after intravenous and
intraperitoneal injections. The out-coming metabolites involved in Krebs tricarboxylic
acid cycle (TCA) notably succinate, malate and aspartate were progressively observed
on 3C in vivo spectra over 3 minutes. The enzymatic activity of esterase on diethyl
succinate was observed along with TCA enzymes such as succinate dehydrogenase
activity. Another substrate, the 1-'3C-phospholactate where the phosphate group is a
protective group was also injected in mice and its biodistribution was traced in different
organs. This Chekmenev E.Y’s work, even if it is an ex vivo study, demonstrated the
enzymatic dephosphorylation of this contrast agent in vivo through the action of blood
phosphatases, followed by the cellular uptake and metabolic outcome of the hyperpo-
larized lactate [Shchepin et al. 2014a; Shchepin et al. 2014b]. PHIP based molecular
imaging in intact organisms suffers from large voxel size '3C spectra resulting perhaps
to misinterpretations at a cellular or even tissue level.
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On a wider overview, the use hyperpolarization for imaging biological processes in
vivo remains a transient effect. Slower pathological or physiological processes taking
place in more than 10 minutes cannot be observed using this technique. Also, for
the imaging part, low spatial resolution is achieved and proper data interpretation
is missing for preclinical studies. On the other hand, clinical trials clearly show the
potential of this technique to diagnose prostate cancers based on the glycolytic pathway
of hyperpolarized pyruvate. Still and all, each cancer type has its own metabolic
behavior and can be found unseen using the hyperpolarized pyruvate. Other probe
design should be implemented regarding the targeted pathology

Besides all the above mentioned techniques which are currently the state-of-art in
enzymatic activity imaging in vivo, there is another modality named the Overhauser-
enhanced MRI technique which is uncommon but yet has great potential to excel in
this field of work. For the rest of my dissertation, I will be focusing on the OMRI
technique and I will clearly demonstrate through my work how it should be of growing
interest in the field of molecular imaging for detecting active biological processes and
eventually in the early detection of pathologies.
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1.3 Overhauser-enhanced Magnetic
Resonance Imaging Approach

The Overhauser effect is a so-called double resonance effect, in which one excites one
resonant transition of a system while simultaneously monitoring a different transition.
The method involves a family of energy levels whose populations are ordinarily held
to thermal equilibrium by thermal relaxation processes. If one saturates one of the
transitions, one so-to-speak transition clamps their populations together (i.e forces
them to be equal). The thermal relaxation processes then repopulate all the levels,
producing unusual population differences.

In the quest of describing this technique, several names have been used - Dynamic
Nuclear Polarization in liquids, Proton Electron Double Resonance Imaging (PEDRI)
and of course the one I am actually using - the Overhauser enhanced MRI.

So, before going in depth in this technique, I will relate a small history paragraph of the
Overhauser effect and its evolution until in vivo imaging. Secondly, I will describe the
principle of OMRI with a theoretical background and I will finish with OMRI contrast
agents.

1.3.1 History

To begin in 1952, Overhauser A. W. invented a method that he claimed would transfer
the large polarization of the conduction electrons in a metal, to the metal nuclei, thereby
enhancing the nuclear polarization [Overhauser 1953]. The same effect occurring in
non metals was first demonstrated in Carver’s thesis in 1954 . He measured proton
resonance signals from ammonia molecules in solutions of sodium in liquid ammonia
versus applied magnetic field with and without saturation of the electron resonance.
He found an increase in the proton absorption rate by a factor of 100. Again in 1957,
Abragam A. proved this polarization transfer by using Fremy’s salt, a nitroxide molecule
in an aqueous solution [Abragam et al. 1957]. In his work, he explicitly evaluated all
the energy levels within the spin system. To better understand the electronic relaxation
mechanisms, in 1959, Andre Landesman showed that for the unpaired free electron,
the relaxation mechanism was spin rotation [Landesman 1959]. On-going research
exploring this Overhauser effect was carried out between 1960 and 1990; along with
a variety of double resonance techniques [Slichter 2014]. During this era, MRI was
first implemented, but it is only in 1988 that Lurie combined the imaging aspect to the
Overhauser effect, which was clearly a stepping stone in visualizing free radicals in
vitro [Lurie et al. 1988]. Later on in 1990, this concept was applied in vivo by Grucker’s
research group to image the bio-distribution of the free radicals in rats [Grucker 1990].
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Further studies were carried out on the bio-distribution of free radicals in the aim of
improving image quality and temporal resolution and of monitoring the evolution of
the enhanced signal in vivo [Seimenis et al. 1997; Golman et al. 2000; Lurie et al. 2002;
Li et al. 2002; He et al. 2002; Li et al. 2006; Sarracanie et al. 2014]. Most of these studies
were carried out using the field-cycling technology or low-field imaging. Knowing that
the EPR linewidth varies with the partial pressure of oxygen in blood arteries, Golman
K proposed to map the redox state of an hypoxic region near the femoral artery of a
rat [Golman et al. 2000]. pH mapping was another application of this OMRI method
[Potapenko et al. 2006; Efimova et al. 2011; Takahashi et al. 2014].

Even if double resonance imaging has proven to be a powerful way to see exogenous
radicals inside an organism, the in vivo biomedical application field remains largely
unexplored with only a few world laboratories showing their interest. The need for
designing useful OMRI probes have been illustrated in this thesis and in the future
more specific probes need to be synthesized for later medical purpose or to understand
the role of various unknown proteases.
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1.3.2 Theory

In this sub-chapter, we will be talking about the theory of the Overhauser effect as far
as free radicals in liquids are concerned. Numerous studies have already explored the
theoretical principles of the Overhauser effect [Abragam et al. 1978; Guiberteau et al.
1993; Guiberteau 1994; Grucker et al. 1995; Guiberteau et al. 1996]. Nevertheless, it is
always instructive to recall the fundamentals.

In an OMRI experiment, the Overhauser effect enhances the amplitude of the NMR
signal of the solvent water protons while the EPR transitions of the dissolved free radical
is saturated. Theoretically, for this two-spin system, the Overhauser phenomenon is
described with the four energy-level diagram as shown in Figure 1.12, where the two
spins I and S are coupled through dipolar and/or scalar interactions. Here the spin
S will be the unpaired electron spin of a dissolved radical (S=1/2) and I, the nuclear
water proton spin (I=1/2).

lasBr)

w1 + ws )

wy, + wg

w1m

Figure 1.12: Energy level diagram for an electron-nucleus system — S and I represent the
nucleus and electron spins respectively with both a spin number of 1/2. It should be noted
that the vg < 0 implying a change of sign for the electron energy level. The transitions
are labeled with the respective transition probabilities: wg, w1, and wy represent respectively
the zero, single and double quantum transitions probabilities accounting for the I-S cross
relaxation. wg, wy represent the transition probabilities of the S-S and I-I spin-lattice relaxation
respectively.
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The Hamiltonian for the two coupled spins, I and S, in a magnetic field, By is given by

Hyotar = hy(S ® By) + iy (I @ Bo) + Hyp + Hss + Hig + HY, (1.19)
A R8T
s = SO e ) (1.20)
. I. I
His = yoyh? ( f) _ 3. T)E,(S *r) (1.21)
T T

The first two terms of equation (1.19) describe the Zeeman interaction of each spin
with the magnetic field, By. The next two terms define respectively the spin-lattice
interactions within each spin species, i.e I-I and S-S. The two end terms refer to the
interactions between I and S spins. The fifth term H g is the scalar interaction also
known as the Fermi contact term. This term relies on the probability that the electron
is present in the nucleus, [¢)(0)|? (c.f equation 1.20). The last term of the Hamiltonian,
]:I‘}S is the dipolar term involving the magnetic moments of both spins. The strength of
the dipolar interaction depends on r the distance between the two spins (c.f equation
1.21).

For free radicals dissolved in a solution, the coupling of the I and S has shown to be
almost exclusively dipolar [Nicholson et al. 1994; Benial et al. 2006].

The irradiation of this system at the EPR frequency equalizes the electron spin popu-
lations of level 1 and 3, as well as 2 and 4 and saturates electron flip transitions 1<+3
and 2++4. Consequently, relaxation occurs through transitions 14+4 and 243, i.e wy,
for the flip-flop transitions and wy, for the flip-flip transitions. This cross relaxation
process corresponding to the hamiltonian term, H g enables the polarization transfer
from the electron spins to the nuclear spins. As a result, the nuclear spin population is
perturbed in such a way that -

<IZ>IO_ [0 _ _Pf <<S2>IO_ SO> (1.22)

where /j and Sy are the spin population of each spin at thermal equilibrium, p is the
coupling factor, and f is the leakage factor.
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e The coupling factor, p is expressed as follows —

Wz — Wo
= 1.23
P wWo + 271}1 -+ Woy ( )

It is the contribution of the electron-nuclear spin cross relaxation over the nuclear
spin relaxation rate caused by the electrons. It describes the efficiency of (dipolar
or scalar) coupling between I and S. It ranges from -1 for pure scalar coupling
(wo » ws) between I and S to +1/2 for pure dipolar coupling (wy » wy).

e The leakage factor, f is expressed as —

Wo + 2U}1 + wWo —1 Tl ’I“CTl()

- Bt Nt U 1.24
wo + 2wy + we + wy Ty 14rCTy (1.24)

It measures the contribution of the electrons towards the relaxation of the nuclei.
In other words it accounts for the loss of NMR polarization. It depends on the
ratio of the longitudinal relaxation times of the proton spins in the presence (77)
and in the absence (71¢) of unpaired electron spins, i.e f is sensitive to motion.
Also expressed as a function of the concentration of radical, C and r the relaxivity
constant, the leakage factor approaches 1 with increasing C. Its values ranges
from 0, for no radical contribution to 1 for a relaxation controlled by the radicals.

By rearranging the expression (1.22) and replacing Sy/ Iy by s/, we can define the
achievable Overhauser enhancement, E in terms of -

I,
g >:1—p sl (1.25)
Iy Vi
where s, the saturation factor is given by—
So — (S-)
= 1.26
s 5, (1.26)

The saturation factor, s (0 < s < 1) is the third key parameter in an OMRI experiment.
It accounts for the effective polarisation transfer, and hence the high OMRI sensitivity
as it determines the degree with which the electron transitions are saturated upon RF
irradiation. When the electron transitions are fully saturated i.e (S,) = 0, s equals to 1.

In pursuit of this Overhauser theory, if unpaired electrons are interacting with water
molecules through pure dipole-dipole interactions, the maximum theoretical Over-
hauser enhancement would be equal to -330 under ideal conditions of 100% saturation
of the EPR transition and no NMR loss. However, experimentally, these enhancements
remain unachievable.

Different reasons are responsible for the lower experimental Overhauser enhancement
values.
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The three parameters (p, f and s) are able to alter the enhancement, E. Ample pub-
lications illustrate the variation of the coupling constant according to the nature of
the molecule and the magnetic field strength where p was shown to decrease at lower
fields [Grucker et al. 1995; Hofer et al. 2008]. The leakage factor, f has also proven to
vary linearly with the concentration of the radical when the condition rc73y << 1is
satisfied [Tiirke et al. 2012; Dhas et al. 2015].

The saturation factor, s depends on the microwave power generating an oscillating
magnetic field By i and on the relaxation of the electrons, 7' g and T5g, given by the
expression 1.27 —

¢ — ’Y?@B%,HFTlsT%
1+ VA%B%,HFTISTZS

(1.27)

These spin-spin electronic relaxation mechanisms rely to a large extent on intramolec-
ular anisotropic interactions. Besides, it has been demonstrated that for radicals with
several hyperfine lines such as nitroxide radicals, other mechanisms add up and shorten
the relaxation times. The saturation effect is thus hampered.

Bates and Drozdoski have demonstrated that the electron spin exchange mechanism
known as the Heisenberg spin exchange effect is enhanced at high concentrations of
nitroxide radicals [Bates Jr et al. 1977]. This effect is defined as a process where two
radical molecules with opposite spins, exchange during molecular collisions leading
to the mixing of states. It arises in particular from the radicals having a hyperfine
structure (hfs). Indeed, in nitroxide radicals, properly named nitroxyls, the unpaired
electron spin, S is coupled to the nuclear spin of the nitrogen atom (K=1 for 4N
and the energy levels are split into six, known as the hyperfine splitting. At high
concentration of nitroxyl radicals, the saturation of one EPR transition will affect
the population of the other states, leading to a significant EPR line broadening. The
absorption linewidth, I is given by [Lingwood et al. 2010] -

F = Fo + U,@ (1.28)

s

where [y is the theoretical linewidth at zero concentration, & is the electron exchange
rate and [R] is the concentration of radicals. The constant, u relates to the probability
of an exchange event occurring between two radicals with different hyperfine states,
and u=2/3 at high magnetic fields and closer to 1 at low fields. In return, the efficiency
in saturating one EPR transition is significantly decreased at high concentrations.

Further discussion on these nitroxide radicals at much lower fields and their corre-
sponding saturation factor will feature in the discussion chapter.

Based on the assumptions made by Guiberteau T and Grucker D in 1993, where the
saturation concerning nitroxide radicals with a spin, K of 1 and their three hyperfine
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lines, we will pursue all our OMRI experiments admitting that there is no mixing of
the individual hyperfine lines upon irradiation of one EPR transition.

In the next section, we will focus on the chemistry behind nitroxide radicals.
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1.3.3 OMRI contrast agents

As mentioned above, to be able to produce the Overhauser effect in liquids, we need
to have free radicals present. Free radicals are chemical moieties that possess an
unsatisfied valence, i.e., an unpaired valence electron. The presence of this free valence
imparts paramagnetism and in this view, the effective method to detect them, to
measure their concentrations and to investigate the magnetic properties of free radicals
is by using EPR - electron paramagnetic resonance.

The first free radicals with which man became acquainted were the paramagnetic
oxides of nitrogen: NO® and NO3 which are produced under natural conditions in
lightning discharges for example. Free radicals have been classified according to their
chemical structure. Among, we have mainly 2 groups of radicals — triarylmethyl
radicals (in the Figure 1.13) and nitroxide radicals that have been both used in vivo.

HO
HO
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X# >( CO,Me . COH
1 o N
S
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Ce s/\ém
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>< S S S OH
0 HO, S
CO,H CO,Me
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Figure 1.13: Examples of three triarylmethyl radicals or trityls used as constrast agents in
OMRI experiments

Triarylmethyl radicals referred to as trityls (c.f. Figure 1.13) were the first free
radicals used as contrast agents in OMRI for their high stability in biological fluids,
their narrow line widths, absence of hyperfine splitting and enhanced sensitivity
towards oxygen. These molecules with a high degree of unsaturation immediately
adjacent to the radical carbon give a high degree of spin delocalization and stability to
the molecule which result in very narrow line widths < 0.5 Gauss. The second reason
for such fine line widths are the highly substituted aryl groups, resulting in farther
hydrogen atoms and unresolved hyperfine splittings.

Regardless of these advantages, these free radicals are known to be toxic to living
organisms. On the other hand, when a nitroxide radical (4-hydroxyTEMPO or TEMPOL)
was compared to a trityl radical (triphenylmethyl radical known as TAM) in water,
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the nitroxide radical showed considerably larger DNP enhancements up to 100 (9
GHz) using continuous microwave irradiation [Hofer et al. 2008]. The reason has been
attributed to the smaller molecular size of the nitroxide radical which leads to a faster
correlation governing the Overhauser effect (15-20 ps for TEMPOL vs 142 ps for the
TAM).

In the OMRI field, these trityl molecules have been used to assess oxygen concentrations
in vivo — oxymetry. Knowning that the EPR line of free radical varies with the oxygen
content, coregistration of anatomical and oxygen status can be recorded in vivo. The
presence of O, in tissues shortens the electron spin relaxation times and consequently
reduces the saturation factor, s. The triphenylmethyl radical was utilized to perform
oxygen imaging. In his work, Golman K and his team showed a significant change
in the oxygen content of an experimentally induced ischemic region after a femoral
artery clamping was made on a rat [Golman et al. 2000]. The oxygen content was
also recorded in tumor hypoxia in mice by using Ox063, a trityl-based contrast agent
[Krishna et al. 2002]. The determination of the partial pressure of O, in tumors would
eventually help in radiotherapy treatments.

Nitroxide radicals, on the other hand represent the most diverse class of stable
organic radicals varying in stability, spectral properties and functionality. Known to
have broader EPR line widths than trityls, that there is hyperfine splittings due to
interactions between the unpaired electron and the nitrogen nucleus and that they
are more prone to bio-reduction reactions than trityls, nitroxide radicals have been
successfully used in EPR spectroscopic and OMRI applications. Also, nitroxides have
not shown any toxicity up to millimolar concentrations [Couet et al. 1984].

Within the family of ‘nitroxides’, we will be talking about one sub-class of nitroxides,
more exactly ‘nitroxyls’ with localized unpaired electron. Those free radicals are said to
be stable radicals as the NO group does not take part in the formation of a conjugated
system of multiple bonds. Therefore the unpaired electron is localized at the sterically
protected NO group (p"O = 0.6 and p™ N = 0.4). Moreover, the NO group is included
in a cyclic five or six membered rings with the substituted adjacent carbon atoms,
i.e., no a-hydrogen atoms. The substituted groups, often methyl group are protective
groups and therefore increase the stability the nitroxide by steric hindrance of attack,
thereby restraining degradation by reductive or oxidative enzymatic processes.

Nitroxide molecules have already been used in various OMRI applications involving —
pH mapping and redox reaction imaging. Some nitroxides being prone to bio-reduction,
were easily utilized for monitoring the redox status in tissues. They are directly reduced
to corresponding hydroxylamines, resulting in EPR signal loss. The reduction of 1°N-
Carbamoyl PROXYL radical by ascordic acid and oxidation of the hydroxylamine of }4N-
Carbamoyl PROXYL by horseradish peroxidase enzyme were visualized simultaneously
in vitro [Utsumi et al. 2006]. Another redox-sensitive contrast agent, methoxycarbonyl-
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PROXYL was used to assess the redox status of the rat’s brain [Yamato et al. 2009].
Indeed, the decrease in the signal decay rates in the ischemic hemisphere and not in
the colateral hemisphere indicated that the reduction was due to the conversion from
methoxycarbonyl-PROXYL to its hydrolamine form. pH mapping functional OMRI
studies using pH-sensitive nitroxide radicals were also assessed. The protonation
or deprotonation of these pH-sensitive nitroxide radicals showed EPR line shifting,
resulting in two EPR lines for each protonated or deprotonated nitroxide species. In
vitro studies at two different EPR irradiation frequencies allowed pH mapping of an
imidazoline pH-sensitive radical [Efimova et al. 2011]. Intratumoral injection of the
nitroxide probes revealed a broader pH distribution with an acidic mean of 6.8 in the
tumor tissue [Samouilov et al. 2014].

In this dissertation, we have solely used nitroxide-based radicals for all the OMRI
experiments.

This was a therefore a theoretical description of OMRI. The following chapter will now
focus on the description of the imaging system, the data acquisition, the reconstruction
proceedings and of course the OMRI probes that will be able to detect proteolytic
activities. Last but not least the experimental protocols are described accordingly.
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CHAPTER 2

Materials and Methods

All the experiments carried out during my thesis, were executed on a 0.194 T Siemens
Magnetom Open Viva magnet. At this field, the Larmor frequency for the proton is
8.243 MHz and that for the unpaired electron is 5.435 GHz (which is 660 times higher).

Using this clinical magnet, a unique experimental set-up was established in 2005 by
our team for OMRI applications. Since then, adapted MRI sequence was developed for
optimized imaging acquisition. The next section will describe in detail the full montage
needed.
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2.1 Instrumental pre-requisite for OMRI
experiments

resonant

scanner :
wave guide

"'é'_m

ot

coaxial cable

Figure 2.1: shows the EPR resonant resonant cavity placed at the center of the MRI magnet
bore (see inset view). The coaxial cable was used to transmit the HF electron frequency to the
cavity via the wave guide component. The vertical field, By is represented with the red arrow;
the By i was in the same direction as the sample and the B rr was orthogonal to both By
and B 1,HF-

The 0.2 T MRI scanner was a resistive whole body open magnet with a non-magnetic
EPR cavity placed at the center of the magnet bore (40 cm in diameter). As seen in the
Figure 2.1 above, the static magnetic field, B, is oriented vertically. This MRI system
was used for the proton imaging part. The gradient coils had a maximum strength of
14 mT/m.
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Figure 2.2: EPR cavity diagram - In red is represented the electric field component, E which
is mainly on the outer part of the cavity and in blue, the magnetic field component, B which is
concentrated on the sample.

The EPR set-up was used for specific electronic saturation of the OMRI nitroxide. It
consisted of a cylindrical hollow resonant cavity coupled to a rectangular wave guide
operating in the transverse electric (TE011) mode. The purpose of using such a cavity
was, first-of-all to be able to transfer electromagnetic HF waves of several gigahertz
(around 5.4 GHz) from one point to another efficiently and secondly to hinder sample
heating during wave propagation. This mode meant that there was mostly the magnetic
field component in the central part, here in the direction of the sample and the electric
field component was concentric and on the outer part of the cavity (see Figure 2.2).
This particular geometry was designed to concentrate the magnetic component at
the center of the cavity where a 2-sided opening allowed sample access. The sample
imaging area was of 28 mm in diameter and 29 mm in length.

The resonant (HF) wave of intensity ~ 5.4 GHz was generated by a synthesizer and
amplified with a cascade of two specific amplifiers (RFPA, Artigues-pres-Bordeaux,
France). It was then fed with a coaxial cable to the wave guide. As shown in the
picture of the set-up, the wave guide included matching and tuning devices. The cavity
measured 240 mm in diameter and 29 mm thick. Its size, more precisely its thickness
was matched to a specific resonance frequency according to the targeted EPR line of the
OMRI nitroxide. This resonant frequency had an adjustable range of = 50 MHz and was
tuned and matched in the presence of the sample with the help of a network analyzer
(Agilent Technologies, Santa Clara, CA, USA). The HF field, B, ;r was oriented in the
same direction as the sample.

It should be noted that the original EPR cavity was redesigned to the present one in
order to reduce eddy currents, which ultimately enabled the implementation of faster
imaging sequences. Additional investigations about the true power deposition on the
sample were evaluated by measuring the temperature rise in small animals with a rectal
temperature probe. The temperature was seen to increase linearly with time. The slope
was then used to estimate the amount of power absorbed by the animal at less than 1 W.
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Theoretical power absorption calculations were also conducted. The quality factor, Q
of the loaded (@) ) and unloaded (Q)) cavity revealed a 10% absorption of the incident
power. Therefore, for all our experiments, the forward power was maintained at 60 W,
with an absorbed power of 6 W or less. This value is indeed an overestimation due
to power losses in the transmission line like in the co-axial cable and the tune-match
circuit [Massot et al. 2012].

For small animal imaging, a home-made transmit-receive saddle-shaped coil of 26 mm
inner diameter and length dedicated to mouse abdomen was fixed inside the cavity
with the manual tuning circuitry placed apart. It was tuned at 8.243 MHz. The radio-
frequency (RF) field of this magnetic resonance (MR) coil was oriented orthogonally to
both By staticfieid and By gr. A transmit/receive switch device was placed in the RF
control unit of the MRI equipment.

Together with this set-up, there was also a need for implementing a new MRI sequence
at 0.2 T. The aim was to reduce the image acquisition time without compromising
spatial resolution.
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2.2 Implementation of a new MRI
sequence on 0.2 T system

2.2.1 TrueFISP sequence implementation

There exist two main categories of sequences in MRI namely — 1) Spin Echo (SE) and 2)
Gradient Echo (GRE). GRE-type sequences are classified in terms of 2 sub-categories :

1. In the 1°* sub-category, the residual transverse magnetization after each elemen-
tary sequence impulsion is spoiled - called incoherent or spoiled GRE sequences
for example the FLASH sequence — Fast Low Angle SHot.

2. In the 2"¢ sub-category, the residual transverse magnetization after each ele-
mentary sequence impulsion is refocused to contribute to steady state — called
coherent or steady-state GRE sequences for example the TrueFISP — True Fast
Imaging with Steady Precession as illustrated in Figure 2.3.
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Read-out ' '
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NMR signal = Echo

TR = repetition time

Figure 2.3: The pulse sequence of the TrueFISP MRI sequence
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The 2" sub-category of sequences exhibits a certain symmetry in their chronogram as
in the diagram above. For the TrueFISP sequence, the residual transverse magnetization
(TM) is rewound in all three directions, i.e. reset to zero by reversing the sign of
the gradient pulses (indicated with up/down arrows in the diagram). The second
characteristic of this sequence is that the TR is smaller than the 75 [Scheffler et al.
2003]. The consequences are that:

1. The unused TM from the first RF pulse will superpose itself with the echo of the
second RF pulse, as a stimulated echo. In so doing, the two accumulated echoes
would continue adding up and hence increase the signal-to-noise ratio (SNR) as
well as the contrast-to-noise ratio (CNR).

2. The small TRs will definitely reduce the total acquisition time of the image.
Hence, the advantage of speed will reduce the motion artifacts from respirations
and so on.

Since 2007 our laboratory was involved in the optimization of fully balanced steady-
state free precession sequence to small animal MRI at high field in brain [Miraux
et al. 2008] and heart [Miraux et al. 2009]. In parallel, undersampled acquisition using
keyhole was sucessfully applied to monitor the biodistribution of contrast agents in
mice [Bled et al. 2011]. Building on this strong experience, the team regarded as
from 2011 the possible combination of k-space undersampling and balanced-SSFP
at 0.2 T. Concomitantly and coincidentally, Sarracanie M. and colleagues developed
the same concept with the same purposes [Sarracanie et al. 2014]. At that time, a
FLASH sequence which was fully accessible and changeable on our ‘PARGEN’ system,
was used as template. This GRE-type sequence was previously used in the work of
Massot P. in 2D and 3D acquisitions [Massot et al. 2012]. However, from Massot’s work,
the 3D image acquisition time had to be shortened (around 5 minutes) for imaging
rapid physiological processes. Moreover the EPR irradiation time which lasted for 1.5
minutes with compulsory 1-min intervals inbetween the acquisition time had to be
minimized to reduce sample heating,.

This 3D-FLASH sequence was therefore modified in several steps into a fully refocused
sequence. The latter was then optimised and compressed to a maximum with a good
compromise on SNR. The slice selection gradient pulses were also removed as the
imaged volume fully occupied the duty volume of the resonant cavity. This manoeuvre
further decreased the acquisition time. And finally a preparative module for the
electronic saturation was integrated in the sequence. The duration of this module was
optimised for a maximum NMR signal enhancement. Following this preparative module,
the NMR image acquisition begun and was synchronized with the EPR irradiation for
the entire acquisition time as shown in the pulse sequence, Figure 2.4.
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The parameters of the sequence are as follows : TE = 6.64 ms; TR = 13.28 ms; flip angle
= 30°, EPR preparation module = 800 ms and the reception bandwidth = 260 Hz/pixel.
The pulse sequence is given below —

TR=2xTE=13.28 ms

TE =6.64 ms
Prep time
rF NMR alla
A'LAd
HF EPR
Signal < nvﬂvﬂvnvwv!\va .
ines
Gread A\ 7 \ 7
. = =
phase 2 — = |
=N\ Ea
Gt =~ ="

Figure 2.4: The pulse sequence of the 3D TrueFISP MRI sequence synchronized with the
electronic saturation. Prep time = 800 ms

With this optimised sequence and for a matrix of 64 x 64 x 40 and 2 averages, the
time taken to obtain an image was 1 minute and 8 seconds. However, since our main
objective is to image rapid biological processes taking place in small animals, the
temporal resolution of the image should be even higher. Moreover, in an attempt to
minimize the duration of the HF electronic irradiation, we applied an accelerating
strategy regarding data acquisition.

University of Bordeaux — 2015



54 Materials and Methods

2.2.2 Acceleration Method - Keyhole Approach

As per the understanding of the k-space and how data is acquired, the only way of
reducing acquisition would be by decreasing the amount of data collected — down-
sampling, of course at the price of poorer image quality. However, the reduction of
matrix acquisition and zero-filling yield blurry images with sometimes ringing arti-
facts. As already demonstrated in several textbooks [McRobbie et al. 2006], the spatial
frequencies in a k-space can be decomposed into -

o low frequency data found at the center of the k-space encoding the right bright-
ness of the image but no detail.

o high frequency data found rather on the outer part of the k-space encoding the
edges and sharp features of the image but the intensity is low elsewhere.

Here, we chose the “keyhole” method, a strategy designed by the team of van Vaals
J.J in 1993 [Van Vaals et al. 1993]. This undersampling method has been well mastered
in our laboratory since 2011 [Bled et al. 2011]. Hence, using our laboratory’s expertise,
the Keyhole method was implemented on the Igor software and adapted for the raw
data collected on the 0.2 T scanner in order to reconstruct the acquired OMR images.

This approach merges the low frequency data with high frequency data borrowed from
a reference image to prevent blurring (c.f. Figure 2.5). As a result, this method allows
a constant and rapid update/refresh of the central part of the k-space, through the
acquisition of several down-sampled images along with the outline and sharpness of
the reference image. The acquisition time is therefore significantly reduced for the
same spatial resolution.

Ly
: . Matrix with only low Reconstructed
: Reference Matrix .
: frequency data matrix

Figure 2.5: This figure illustrates the “keyhole” method. The first step (a) consists of acquiring
a full matrix image named the reference matrix. Then in (b) a downsampled matrix is acquired
with only the low frequency data (the center of the k-space). Finally the high frequency data
from the reference matrix is merged into the downsampled one. Hence the reconstructed image
will have the dynamic contrast and a preserved spatial resolution.
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For our in vivo experiments, a partial matrix acquisition where both the number of
partitions and lines were halved, the total acquisition time was only of 18 seconds for
a matrix size of 64 x 32 x 20. The reconstructed images were carried out posterior to
the OMRI experiments.
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2.2.3 Image reconstruction using raw data

All the keyhole algorithms have been developed by our team using the IGOR PRO
software (Wavemetrics, Lake Oswego, USA). The raw data acquired on the 0.2 T
scanner were first loaded in the software via built-in macros. They were correctly
re-ordered from (k,, k,, Z) into (k,, k,, k.) 3D matrices and then processed for keyhole
reconstruction. A specific and detailed procedure file was implanted in the software.
It was composed of a direct re-dimension of the partial matrix acquisition with the
external lines of the reference matrix. The partial matrix was only 25% of the full
matrix, i.e with a matrix size of 64 x 32 x 20. Hence, after merging both matrices, the
final image had a spatial resolution of 500 pm in all 3 dimensions for a matrix size of
64 x 64 x 40. An Overhauser enhancement mapping macro was also integrated. It
was based on the ratio of the full 3D matrix acquired with HF electronic saturation
over the full 3D matrix acquired without HF electronic saturation -

3D enhanced image

Overhauser Enhancement = (2.1)

3D unenhanced image

Let us now figure out how the enhanced signal be related to the biological activity.
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2.3 OMRI contrast agents as proteolytic
activity detectors

Imaging proteolytic activity in vivo demands an unambiguous and well interpreted
signal amplification upon proteolysis. In other words, the Overhauser enhanced signal
need to be modulated by the targeted proteolytic activity for detection. To achieve
this goal, our nitroxide OMRI contrast agents will have to be conditioned according to
the peptide cleavage. There exists different ways to modulate the free radicals. The
analysis of nitroxides, in general is based on the fact that their hyperfine structure of
the EPR spectra relies on :

1. the orientation of the orbital of the unpaired electron in a constant magnetic
field

2. their relative motion and
3. their exchange interaction with their surrounding,.

Therefore, based on these parameters and how they are linked to efficient polarization
transfer, we will now relate the two kinds of nitroxides used.

2.3.1 Nitroxide molecules

First of all, I will introduce the two nitroxides as free radicals. They are represented in
Figure 2.6 and are named -

1. acommercially available nitroxide — PCA for 1-Oxyl-2,2,5,5-tetramethylpyrroline-
3-carboxylic acid, and

2. a newly synthesised -phosphonated nitroxide — acetate nitroxide form with
the following chemical name - 2-Diethoxyphosphoryl-2,6,-trimethyl-1,2,3,6-
tetrahydropyridin-4-yl-N-oxyl acetate
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Figure 2.6: A) PCA or 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-carboxylic acid and B) 2-
(Diethoxyphosphoryl)-4-acetoxy-2,6,6-trimethyl-1-azacyclohex-3-enoxyl radical.

A. PCA

PCA has a typical 3-peak EPR spectrum due to the hyperfine splitting of the unpaired
electron with the spin 1, nitrogen atom and the three permitted transitions (namely
Ti6, To5 and Tsy) at high fields. The nitrogen hyperfine constant (hcc), ay here is of
16.1 Gauss and line widths of 1.3 Gauss each (see Figure 2.7 below). Its longitudinal
relaxivity, r; has been measured using 7} values at different concentrations (0.5 mM
to 50 mM) at 0.37 £ 0.03 mM~!s~!. Due to its small molecular size, a correlation time
of 17 ps was calculated, a value comparable to TEMPOL nitroxide measured at 15 - 20
ps [Hofer et al. 2008].

334 335 336 337
Field (in mT)

Figure 2.7: An EPR spectrum of an aqueous solution of PCA nitroxide acquired at 0.5mM. EPR
acquisition parameters were as follows: By = 3353 G; sweep width = 43.16 G; sweep time = 60
s; number of passes = 1; modulation = 100 mG.
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B. B-PHOSPHORYLATED NITROXIDES

B-phosphorylated nitroxides are commonly used for spin-trapping applications as
they are highly sensitive to the nature of the trapped radical. In our case, we will be
using this radical as an OMRI probe. This probe application will rely on the nitroxide
properties related to the nitrogen hcc, ay, phosphorus hec, ap and the interaction
between the nitroxyl moiety and the solvent.

As seen in the Figure 2.8 below, the hyperfine structure (hfs) of the EPR spectrum of
our [3-phosphorylated nitroxide consists of six basic lines (a doublet of triplets pattern)
of equal intensity. It is due to the interaction of the unpaired electron with the nucleus
of the phosphorus atom, 3! P (spin K=1/2) with constant ap at 38.7 G and with the
nucleus of the nitrogen atom '*N (spin S=1) with ay at 15.6 G.

L L B UL L T
332 334 336 338

Field (in mT)

Figure 2.8: An EPR spectrum of an aqueous solution of 2-Diethoxyphosphoryl-2,6,-trimethyl-
1,2,3,6-tetrahydropyridin-4-yl-N-oxyl acetate nitroxide acquired at 3mM. EPR acquisition pa-
rameters were as follows: By = 3353,55 G; sweep width = 90.42 G; sweep time = 60 s; number
of passes = 1; modulation = 300 mG.

It should also be pointed that even if the 3! P atom is in the /3 position, a strong phos-
phorus hyperfine coupling is observed. It is all because the C-P bond is predominantly
orientated for a maximum overlapping between it and the radical center, thereby
allowing the unpaired electron found in the 2p, orbital of the nitrogen atom to interact
strongly with the o-bond of C-P. It is called the hyperconjugation mechanism. This
predominant orientation certainly means steric hindrances (here the two ethoxyl sub-
stituents) which will favor a particular conformational state of the phosphorus atom
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[Levin et al. 1975; I'yasov et al. 1976; Audran et al. 2012; Le Breton et al. 2014].

These two nitroxides will now be conditioned for proteolytic activity detection.

2.3.2 Nitroxide-labeled elastin

A criterion of the mobility of the radicals is the rotational correlation time, 7. which
can be obtained from the expression (2.2) [Henry et al. 1971; Raison et al. 1971] -

Te = K x (W_l — Wo) (2.2)

where W, and W_; are the widths of the central and high field lines on the EPR
spectrum. K is a constant which depends on the anisotropic hyperfine coupling (ay)
values and the anisotropic g tensor values. Using the spectral values of Griffith, Cornell
and McCornell [Griffith et al. 1965] for K = 6.5 x 107!° s and assuming Lorentzian
line shapes, the data reduction can be greatly facilitated by writing,

W_, | ho
= ]/— 2.3

where h refers to field line heights. Spectra in this tumbling range can, nevertheless,
be analysed in terms of an empirical motion parameter -

Te = 6.5 x 10710 X WO X Tl —1 (24)

Hence, based on the above motion properties, we synthetised a contrast agent composed
of aknown and commercialized nitroxide, PCA - 1-Oxyl-2,2,5,5-tetramethylpyrroline-3-
carboxylic acid fixed on soluble elastin molecule of molecular weight greater than 30 000
kDa. When an activated form of the PCA nitroxide, 1-Oxyl-2,2,5,5-tetramethylpyrroline-
3-carboxylate N-Hydroxysuccinimide ester was made to react with the amine bonds
of the side chains amino acids present in the elastin macromolecule, the nitroxide
radical formed an amino bond (CO-NH). Once grafted on the elastin macromolecule,
the whole moiety was analyzed by EPR. This macromolecule was also subjected to
pancreatic elastase, which enabled the cleavage of the macromolecule into smaller
peptides.

A marked broadening and lower peak amplitudes of the EPR spectra were obtained
when the nitroxide-labeled elastin was analyzed, as seen in Figure 2.9 in blue. The
visible EPR lines observed with the undigested probe accounts merely for 5% of the total
spectrum as far as the number of spins is concerned. The other 95% of the spectrum is
spread over a larger range with large EPR line-widths (of more than 10 Gauss). Upon
hydrolysis of the elastin macromolecule using the enzyme pancreatic porcine elastase,
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a narrower line-width value was measured and a clear rise in the peak amplitudes was
observed. The Table 2.1 describes the variation of the EPR line-widths as a function of
the concentration of the nitroxide-labeled elastin before and after enzymatic action.
Thirdly, the rotational correlational times were calculated for each concentration and
plotted as in Figure 2.10.

= uncleaved nitroxide-labeled elastin
= cleaved nitroxide-labeled elastin

25000

20000

15000

EPR Signal

10000

L B e o o e e NJNLI e e o
334 335 336 337

Field (in mT)

Figure 2.9: Here are the superimposed EPR spectra of the un digested nitroxide-labeled elastin
in blue and the digested one in red. The estimated concentration of the nitroxide content was
around 1.1 mM

Table 2.1: Measured EPR line-widths of the nitroxide-labeled elastin before and after
enzymatic action for varying concentrations

Concentration (mM) | 06 113 225 45 9 18

Peak-to-peak line-width for
undigested nitroxide-labeled 1.79 185 1.79  2.02 191  2.02
elastin (Gauss)
Peak-to-peak line-width for
digested nitroxide-labeled 1.00  1.00 1.02 1.14 154 202

elastin (Gauss)
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Figure 2.10: The calculated rotational correlational times as a function of its concentration
obtained from a serial dilution. In blue: it is the relative motion of the undigested nitroxide-
labeled elastin and in red : the digested nitroxide-labeled elastin using pancratic porcine elastase.
This experiment was carried out in vitro and their EPR spectra were analyzed. The different
height amplitudes and linewidths of were measured and used to estimate 7.

As from all the EPR data collected on the nitroxide-labeled moiety, it can be discussed
that:

1. At low concentrations, narrow line-width values and corresponding rotational
correlation values for the digested elastin moiety account for the higher mobility
of the unpaired electron as opposed to the a more restricted mobility for the
undigested elastin moiety.

2. At high concentrations, the unchanged line-width values for the undigested
nitroxide-labeled elastin shows that the unpaired electron is still contained within
the macromolecule. However for the digested elastin moiety, the broadened
linewidths and the high rotational correlation times were due to the dipolar and
Heisenberg spin exchange interactions.

Our first OMRI proteolysis probe detector is based on a switch that is off when the
unpaired electron is found on the bulky molecule with broad EPR lines, and is switched
on when the bulky molecule is cleaved by protease. This results in lower saturation
factor and an inefficient polarization transfer in the OMRI experiment when the probe
is still uncleaved. It should be noted that for the electronic saturation frequency, the
central EPR line of PCA was selected in all the OMRI experiments involving this
nitroxide-labeled elastin.
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2.3.3 [(-phosphorylated nitroxide radical with an
acetyl group

OSiMeyt-Bu OSiMest-Bu
OH a b
M - - OH
quant. 86%
1 2 3 OH
quant. | c
QSiMext-Bu OSiMe,t-Bu OSiMe,t-Bu
d
P(O)(OEt), e NHy —~——
N P(O)(OEt), 37% o
0 5 4
6
73% f
2 steps
o)
0SiMe,t-Bu OH ﬁ
h
g P(O)(OEt),
Q(O)(OE% o Q(OXOE% 88% N
N ° O*
| .
O o 9
7 8

80% | i

a) DMF, imidazole, TBDMSCI, 5 h, 0 °C; (b) (1) OsO4,
acetone/water, 15 min., 0 °C. (2) NMO, 4 h, 0 °C; (c)

NalO4, THF/water (1:3, viv), 3 h, 0 °C; (d) HP(O)(OE)2, OAc

MS 4A, NH3; (e) (1) Hg(OAc)2, THF/water (1:3, viv), 30 N

min, r.t., (2) NaBH4, NaOH (1 M); (fy mCPBA, CH2CI2, 2 P(O)(OE),
h, 0 °C, (g) TBAF, THF, 3h, 0 °C ; (h) NMO, TPAP, MS N

4A, CH2CI2, 0 °C: (i) (1) LIHMDS, THF, 3 h, -80 °C - -45 O

°C. (2) Ac20, 2.5 h, -45 °C. 10

Figure 2.11: Synthesis of 3-phosphorylated nitroxide

The -phosphorylated nitroxide radical was synthesised by a chemistry research team,
Pr Marque S.A’s team in the Institute for Radical Chemistry, in Marseille, France. This
laboratory is specialized in the making of different types of nitroxide moieties. So the
purpose was to design a unique type of proteolytic activity probe for OMRI applications.
The complete synthesis of this nitroxide is illustrated in the Figure 2.11 above. The
enzymatic action upon the nitroxide 10. is targeting the keto-enol equilibrium by
hydrolyzing the ester bond of the acetate functional group into a ketone functional
group, i.e 10. into 9..

As described earlier, the S-phosphorylated nitroxide radical has 6 hyperfine lines due
to the additional coupling with the phosphorus atom of spin 1/2 in a (3 position. The
strategy used for this molecule as an OMRI contrast agent is based on the conforma-
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tional change of the entire molecule upon hydrolysis of functional group. The change
in conformation after hydrolysis of the ester bond between the acetate functional
group (10.) and the nitroxide ring definitely impacts and reorients the p™ orbitals the
phosphorus and nitrogen atoms. The change in alignment of the p™ orbitals, in turn
modifies the hyperfine couplings with the unpaired electron.

Lo
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3360
Field (mT)
Figure 2.12: The EPR spectrum of solution containing both the 2-(Diethoxyphosphoryl)-4-
acetoxy-2,6,6-trimethyl-1-azacyclohex-3-enoxyl radical acetate nitroxide form (10. is repre-
sented by blue arrows) and its 2-(Diethoxyphosphoryl) -2,6,6-trimethyl-4-oxypiperidin-N-oxyl
radical ketone nitroxide form (9. is represented in red arrows ) in a mixture of ratio 1:1. A

shift of the phosphorus hyperfine coupling constant and of the nitroxide hyperfine coupling
constant of 4.4 Gauss and 0.6 Gauss were observed respectively.

The EPR spectrum containing 50% of the acetate nitroxide form (10.) and 50% of
the ketone nitroxide form (9.) is described above in Figure 2.12. The changes in the
hyperfine coupling constants, ay and ap are reported in Table 2.2.

Table 2.2: EPR parameters of both forms of the phosphoryl nitroxide molecules.

) ) Li idth
Nitroxides ay (G) ap (G) g-factor ln:'g)l S
Acetate nitroxide form 15.0 43.1 2.0062 1.2
Ketone nitroxide form 15.6 38.7 2.0063 1.8

This EPR peak shifting nitroxide will therefore be evaluated as an on/off switch by
saturating selectively one electronic EPR transition of either the substrate form or the
product form. For all OMRI experiments done using the S-phosphorylated nitroxide,
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the EPR cavity was tuned on the first high field EPR line of either the substrate form
or the product form.
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2.4 Experimental Procedures

For these types of OMRI contrast agent, a systematic in vitro analysis was carried out
using both the EPR spectrometer and the OMRI setup.

2.4.1 In vitro analysis

A. NITROXIDE-LABELED ELASTIN

Elastin is a protein that is highly represented in connective tissues like skin, vascular
smooth muscle cells and in lung tissue. It is mainly responsible for tissue flexibility and
extensibility and this protein has a high tensile strength. Elastases are proteases that
have the ability to digest insoluble elastin into soluble elastin peptide molecules. Besides
these physiological processes, several pathological processes involve an elastolytic
activity. Such processes are arteriosclerosis, diabetes, skin diseases and emphysema.

To start with, once this probe was synthesised, enzymatic activity tests were conducted
in different conditions.

i) Kinetic Assays with purified enzymes

First, human neutrophil elastase, pancreatic porcine elastase, trypsin and chymotrypsin
kinetic studies were performed for a fixed nitroxide content so as to evaluate the
specificity of this probe. At different time intervals, the mixture was analyzed by EPR
and the signal amplitude of the central EPR line was plotted against time (c.f Figure 2.13
left diagram). This experiment procedure tested the specificity of the enzymes towards
the elastin molecule as substrate.

Secondly, the concentration of human neutrophil elastase was made to vary and after
completion of the enzymatic activity (i.e an incubation of 24hrs), the EPR signal was
plotted against the enzyme concentration (c.f Figure 2.13 middle diagram). EPR being a
very sensitive method of detection, digestion of the elastin at very low concentrations
showed how much the given enzyme was selective towards its substrate.

Thirdly, an OMRI experiment was setup at different concentrations of nitroxide-labeled
nitroxide and after an incubation of 24 hr with human neutrophil elastase at a fixed
concentration, the maximum OMRI signal was evaluated. Indeed for a given region
of-interest in an acquired 2D image, the mean signal was collected and plotted against
the nitroxide concentration (c.f Figure 2.13 right diagram). The purpose of this OMRI
experiment was to establish to what extent proteolysis could be detected in vitro with
high image contrasts.
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Figure 2.13: Diagram to illustrate the enzymatic kinetic experiment performed by EPR or
OMRI. Here experiments were carried by mixing the OMRI probe with the purified enzyme(s).
In the diagram to the left: different kinetic curve was measured by EPR according to the
enzyme used. In the middle-placed diagram: the concentration of the enzyme was varied and
the nitroxide probe was kept at a constant concentration. Measurements were achieved by
EPR. In the right-sided diagram: an OMRI analysis by acquiring 2D images was conducted.
The nitroxide probe concentration was varied and the concentration of the enzyme was kept

constant.
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ii) Kinetic Assays with living neutrophil cells
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Figure 2.14: Diagram to illustrate the enzymatic kinetic experiment performed by EPR and
OMRI Here experiments were carried by mixing the OMRI probe with secreted enzyme(s)
released by human neutrophil degranulation. The degranulation was initiated by a calcium
ionophore and enzymatic activity was stopped using Eglin C inhibitor. In the left-diagram: a
kinetic curve was obtained according to a fixed number of cells. In the right-sided diagram:
The number of cells was varied and the concentration of the OMRI probe was kept constant.
EPR and OMRI signal were gathered according to the both experimental conditions.
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The next step in vitro was to use living cells, more precisely human neutrophils
which are highly recruited in vivo during acute inflammations, emphysema, bacterial
infections and other diseases, to assess proteolytic activity detection using both EPR
and OMRI techniques (in Figure 2.14). So, isolated human neutrophils were used and
activated using a calcium ionophore A23187. Upon activation of these cells, they will
start secreting proteases in the extracellular matrix environment. Among the proteases
releases, neutrophil elastase is also present and will be able to digest our OMRI probe.
A proper kinetic curve was plotted at different time intervals till 5 hours to measure
the elastolytic activity after degranulation. Afterwards the number of neutrophils
was made to vary, meaning that the amount of elastase is varied with a constant
concentration of OMRI probe. The plot evaluated the sensitivity of the technique upon
enzymatic action. All these in vitro experiments form part of Article 1.
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B. B-PHOSPHORYLATED NITROXIDE

The -phosphorylated nitroxides 10. and 9. was first of all analyzed by EPR to validate
the EPR parameters obtained by the Institute for Radical Chemistry laboratory.

i) pH assessment

Then its stability in different pH mediums was investigated by EPR. This experiment
was carried out in four different buffers at pH1, pH3, pH7.4 and at pH9. To achieve
pH1land pH3, a buffer of glycine was prepared and EPR lines were acquired against
time. The same procedure was undertaken for pH9 with a buffer of Tris (2-amino-2-
hydroxymethyl,1-3 propanediol). For pH?7.4, a saline phosphate buffer was used and the
pH was correctly adjusted. The EPR lines were integrated and the areas were quantified.
This spontaneous hydrolysis was followed for at least 100 minutes. This pH assay
is given in the Figure 2.15 below. The nitroxide form 10. is stable in acidic medium,
though in the alkaline medium the nitroxide 10. experiences a faster hydrolysis due to
the nucleophilic attack of OH™ ion on the ester bond.
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S 8 40— Nitroxide 9 pH7.4
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Figure 2.15: Percentage of nitroxide hydrolysis under acidic mediums, physiological pH and an
alkaline medium when the nitroxide form 10. is kept over about 100 minutes in their respective

buffers.
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ii) Enzyme specificity Assays

The next step was to search an enzyme specificity of this nitroxide in order to assess a
kinetic study. In this view, we performed nitroxide hydrolysis by testing various en-
zymes — human neutrophil elastase, pancreatic porcine elastase, trypsin, chymotrypsin,
thermolysin, collagenase, cathepsin B and Subtilisin A (c.f Figure 2.16). After a 5h-
incubation time, EPR lines were acquired. The six peaks were integrated using the
IGOR Pro software. A multipeak fitting module was applied for a deconvolution analy-
sis. The area of the each peak were extracted and were plotted as a histogram for each
enzyme used.

human neutrophil elastase

Pancreatic porcine elastase
Trypsin

Chymotrypsin
Thermolysin
Collagenase
Cathepsin G
Subtilisin A

EPR spectra acquisition EPR spectra analysis

| | | |

332 334 336 338
Field (mT)

Figure 2.16: Experimental procedure illustrating the steps involved to evaluate enzyme speci-
ficity towards the S-phosphorylated nitroxide after a 5h-incubation time at 37°C.

University of Bordeaux — 2015



72 Materials and Methods

iii) Kinetic Assays with Subtilisin A using EPR

Kinetic measurements were carried in view to determine the catalytic efficiency, ’;g—;‘;
The simplest model which accounts for our experiment is:

E+S::1ES@>E+P (2.5)
—1

where E is the enzyme, here Subtilisin A, S the substrate, here nitroxide 10., ES the
enzyme-substrate complex, P is the product, here nitroxide 9. of the reaction, k; the
rate constant of the forward reaction of &£ + S, k_; the rate of the reverse reaction,
and ko the rate constant of the forward reaction of E'S forming F + P. In this model,
it is assumed that the global reaction velocity depends mainly upon the second rate
constant and will be expressed as —

V = ky|ES) (2.6)

From the expression 2.6, and assuming that the concentration of the complex E S is
always constant, i.e using the steady-state approximation, it can be deduced that —
ko [E[S] k_q+ ks

; where Ky = ———— (2.7)

ES] = 2220
B8] = ey

Also, according to the law of conservation of mass and in the context where the enzyme
concentration is very small ([E] << [S]): [E] = [Etota] — [ES], the global reaction
velocity can be written as —

_ k[ EY[S]

V= K+ [

; where ky = Eoas (2.8)

K, is the Michaelis constant and in the case where ky << k_1, ks is reduced to kk;ll,
defined as the dissociation constant, K. k.. is called the turnover number, which
is equivalent to the unit time conversion of nitroxide molecules into its ketone form.
In our study, the situation where [S| << K); was hypothesised, which reduces the
expression 2.8 into —

kcat
V pr—
Ky

[E4][S] (2.9)

Experimental EPR setup was therefore as follows (illustration in Figure 2.17):

1. The concentration of enzyme was kept constant and the concentration of nitrox-
ide 10. was made to vary.

2. EPR line evolution was determined by measuring the amount of the ketone
nitroxide formed at each time interval.
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3. The initial velocity was calculated as the tangent at the start of the reaction.

4. Then, for each nitroxide 10. concentration, the initial velocity was evaluated and
plotted.

5. A straight line was obtained and the slope of the line gave the catalytic efficiency
of subtilisin A towards the nitroxide.

o, 3
M?fj(ﬁ_f‘“’
lnz i CN;I’\/CHS
[variation]
water bath
at37°C
EPR Signal Initial Velocity

[nitroxide;]

[nitroxides] # Eeat

time Ky [nitroxide]

Figure 2.17: Experimental procedure illustrating the steps involved to evaluate the catalytic
efficiency, ]}}—L‘ of Subtilisin A towards the 3-phosphorylated nitroxide 10.. The EPR signal
evolution is plotted for each concentration of the substrate. Afterwards, the initial velocity was
determined and plotted against nitroxide 10. concentration. The slope of the line was equal to
the catalytic efficiency of subtilisin A.
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iv) OMRI frequency sweep

This new OMRI probe had also to be evaluated using the OMRI approach. Before doing
so, a frequency sweep experiment was performed to determine the optimum electronic
saturation frequency and hence for an optimal detection of either the nitroxide 10.
or the nitroxide 9.. It consisted of varying the electronic saturating frequency about
one EPR line and measuring the Overhauser signal enhancement. More explicitly,
2D images with and without electronic spin saturation were acquired at different
equally-spaced EPR frequencies ranging (at each 0.5 MHz) from 5412.35 to 5429.85
MHZz for nitroxides 9. and 10. for a proton frequency of 8.24264 MHz.

First, the EPR resonant cavity was successively tuned and matched at each given
electronic saturating frequency by using a network analyzer (Agilent Technologies,
Santa Clara, CA, USA). On the return loss spectrum as shown in Figure 2.18, the
amplitude of the peak was maintained at around 50 dB. Afterwards the coaxial cable
was reconnected to the amplifiers and the 2D images were acquired with and without
the electronic saturation using a 2D NMR gradient echo sequence synchronized with
electron saturation as in [Massot et al. 2012]. The NMR coil was tuned and matched
only once at 8.243 MHz.

The acquisition parameters were: EPR pulse length = 260 ms; echo time (TE) = 10 ms;
repetition time (TR) = 288 ms; flip angle = 70° ; receiver bandwidth = 52 Hz per pixel;
matrix size = 64x64; field of view (FOV) = 22x22 mm; slice thickness = 7 mm; spatial
resolution = 344x344 pm? ; and acquisition time = 22 s with one average.

A visual description is shown in Figure 2.18.

coaxial cable

connection = RS Wi 00 e 2D |mage Data
{ acquisitions Interpretation

Enhancement

EPR
frequency

analyzer

Figure 2.18: The steps involved in the frequency sweep experiments — For each EPR irradiation
frequency, the resonant cavity was tuned, then enhanced and unenhanced 2D images were
acquired. Finally, the signal enhancement was calculated for each set of frequency data and
plotted against the range of frequencies.
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An example of the data obtained for frequency sweep experiment for the nitroxide 9.
and nitroxide 10. is shown in the Figure 2.19 below.

® Ketone Form
O Acetate Form

Signal Enhancement (S,,,/S o)

5415 5420 5425 5430
Excitation EPR Frequency (in MHz)

Figure 2.19: Frequency sweep results.

v) Kinetic Assays with Subtilisin A using OMRI

In the same manner as in EPR experiments, a kinetic study was carried out with
the OMRI setup. Using a water tubing system around the center of the EPR cavity,
the setup was kept at a temperature of 37°C. Immediately after adding the enzyme,
Subtilisin A with the acetate nitroxide form at 1.8mM, the sample was placed at the
center of the cavity. The latter was then tuned at the optimum frequency of the product
formation (i.e at the detection frequency of the ketone nitroxide form) and 2D images
were acquired as a function of time. Overhauser enhancements were calculated and
the kinetic curve was plotted for 20 hours of enzymatic activity. These results were
then compared to those obtained by the EPR experiments.

All the in vitro results carried out on the -phosphorylated nitroxide formed part of
Article 3.
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2.4.2 In vivo experiments

The ultimate goal of proteolytic detection by OMRI was the in vivo visualization and
the validation of this technique in molecular imaging.

A. ANIMAL GAVAGE PrROTOCOL

Referring to Article 2 and Article 3, healthy mice (CB57/CRL, Charles River, L’Arbresle,
France) weighing between 22 to 24 g were used for our in vivo experiments. All proto-
cols included a thermostated bed at 37°C to maintain the animal’s body temperature.
For either of the OMRI probes used, the mice were orally administered with the nitrox-
ide in the stomach. Anesthetization was performed for all the mice, at the time they
were placed in the prone position inside the resonant EPR cavity.

1. For the experiments involving the nitroxide-labeled elastin probe, the cavity
was adjusted to the proper electron frequency of the PCA nitroxide, only once.
The following sequence of acquisitions is clearly illustrated in Article 2. Control
experiments were also carried out with predigested nitroxide-labeled elastin
administered in the mouse’s stomach. The imaging protocol was the same as
above.

2. For the experiments involving the S-phosphorylated nitroxide, as the OMRI
on/off strategy lies in the frequency shifting, both substrate and product were
detectable. Therefore, to validate this concept, the cavity was first adjusted to
the corresponding first high field EPR line of the nitroxide 10.. 3D images of the
acetate nitroxide form were acquired using the same MRI sequence as in Article
2 to confirm the presence of the nitroxide in the stomach.

Later on, the cavity was tuned to the corresponding first high field EPR line of
the nitroxide 9.. Images were acquired and this time, the Overhauser signals
were assigned to the product after hydrolysis of the acetate group.

The time scale of the experiments are described in Article 3. Control experiments
were also performed by orally administrating the ketone form of the nitroxide,
i.e nitroxide 9. in the stomach. OMR images were acquired using both EPR
frequencies. This experiment procedure allowed to validate the specificity and
selectivity of the OMRI signal according to the molecular species present in vivo.
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CHAPTER 3

Results

3.1 In vitro proteolytic activity detection
using the OMRI technique

3.1.1 Aims of this study

The work presented in this dissertation is the first application of the OMRI technique in
visualizing proteolytic processes in living intact organisms. The first step was therefore
to detect this biological activity using purified enzymes and living immune cells capable
of secreting enzymes upon induction. My contribution in this study was to conduct
the OMRI experiments, collect and analyze the MRI data.

This in vitro as well as ex vivo proof-of-concept were by far an essential development
for the OMRI technique. Through the synthesis of an appropriate OMRI probe that
targets the elastolytic activity, we were able to demonstrate the specificity of the human
neutrophil elastase enzyme towards the nitroxide-labeled elastin probe.

Also knowing that various pathologies like acute inflammation, emphysema, bacterial
infection and so on, are associated with a recruitment of immune cells called neutrophils
at the site of the disease, an ex vivo procedure was undertaken. Human neutrophil cells
were extracted from human blood samples and upon activation of these cells using a
calcium ionophore, a cocktail of enzymes was secreted in the interstitial environment.
Kinetic studies evaluated the sensitivity of both EPR and OMRI methods and validated
the OMRI method for spotting elastolytic activity.
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The results of this study are presented in the following published article of the PLOS
ONE journal in 2013.

3.1.2 Article 1
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Introduction protease/inhibitor imbalance leaving uncontrolled proteolytic
activity.

Acute neutrophil-mediated inflammation and cystic fibrosis
have in common the role of neutrophils. These cells are the first
white blood cells to migrate towards the damaged site. They
organize the innate immune response at the early stage of
inflammation[6] within minutes to hours. In the particular case of
cystic fibrosis the lungs are partly infected with Pseudomonas
aeruginosa. 'The bacteria trigger a massive recruitment of neutro-
phils which try eliminate the bacteria by releasing the content of
their granules and vesicles. However Pseudomonas aeruginosa colonies
are surrounded by a mucus protecting them against neutrophils
attack. Thus a chronic inflammation takes place and granules and
vesicles content keep accumulating. Neutrophils carry three kinds
of granules and one kind of vesicle. Each are able to release up to
forty varieties of molecules[7]. Proteases secreted by the azurophil
granules and particularly the human neutrophil elastase (HNE) are
the most deleterious molecules for the lungs. The term elastase
defines a group of enzymes capable of the proteolytic release of
soluble peptides from insoluble elastin[8]. Thus during cystic
fibrosis elastin of the pulmonary alveoli is fragmented and the
lungs progressively lose their function. As a result neutrophil
proteases and particularly neutrophil elastase have long been
therapeutic targets[9,10]. However, anti protease treatments have

Although anatomical imaging methods like X-ray tomography,
ultra-sound and MRI can give fine details many pathologies still
escape diagnosis. Early transformations of healthy to pathological
tissues are better characterized by their biochemistry than by their
anatomy. Thus the trend has turned towards the molecular
imaging approach to localize such processes. This branch
potentially gives access to antigens and receptors targeting or to
biochemical activities like the redox status [1,2] and enzyme
activity|[3,4].

Proteolytic activity is an interesting example of enzyme activity
suitable for imaging. Protease activity is normally tightly regulated
by a large excess of protease inhibitors. To the 500 protease
sequences tagged in the human genome correspond about 100
protease inhibitors[5], some of them expressed at high concentra-
tion. Consequently the lifetime of an activated protease in normal
tissues is very short. However an uncontrolled protease activity is
associated with many diseases. In most situations this is the result
of local secretion of a complex mixture of mutually activating
proteases, cach family of protease being able to inactivate the
specific inhibitors of another family. Solid tumors, pancreatitis,
rheumatoid arthritis, cystic fibrosis and inflammatory diseases of
various origins are significant examples associated with a persistent
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failed so far to significantly improve the status of cystic fibrosis
patients[11]. This can be attributed to the absence of any method
to monitor the protease activity in vivo and to differentiate the
pulmonary regions that are protected by the treatment from those
that still undergo elastolytic activity. An imaging method of the
elastolytic activity would thus be a great help to evaluate cystic
fibrosis patients status and to develop new treatments.

The concept of taking advantage of the proteolytic activity for
magnetic resonance imaging (MRI) has been explored by several
authors either using gadolinium derivatives [12,13] or Overhauser
magnetic resonance imaging (OMRI) [4]. OMRI is a double
resonance experiment establishing a polarization transfer from the
free electron of a stable free radical to the surrounding water
protons. OMRI seems to be one of the most promising method for
protease activity imaging for mainly two reasons. First, it can
provide high contrasts and 3D well-resolved images as seen
recently on tumor bearing mice [14]. Furthermore the involve-
ment of a free radical is favorable to molecular imaging since the
free electron is very sensitive to various changes in its environment:
redox status [15], pH, molecular rotational correlation time [4]. In
a previous paper we showed that the proteolytic hydrolysis of
nitroxide-labeled bovine serum albumin could be followed in vitro
by OMRI with the generation of high contrast[4].

In this paper we provide evidence that OMRI has the required
sensitivity to follow a simple physiological event, neutrophil
degranulation. A nitroxide-labeled elastin sample was used as a
substrate for the human neutrophil elastase released upon the
provoked degranulation. The induced reduction of the rotational
correlation time was monitored by electronic paramagnetic
resonance (EPR) spectroscopy and OMRI. The translation of this
work towards  viwo protease imaging is discussed.

Results

Nitroxide-labeled elastin substrate characterization

The ability of nitroxide-labeled elastin to generate an EPR
signal upon digestion by human neutrophil elastase (HNE) was
probed with increasing concentrations of protease. The peak to
peak height of the central line of the nitroxide was measured at
several incubation times for each concentration. As shown in
figure 1, one hour incubation easily discriminates HNE concen-
trations between 5 and 50 nM. As seen in the inset increasing EPR
signal is still detectable in the 0.5 to 5 nM range. Thus EPR
detection shows that nitroxide-labeled elastin is a sensitive elastase
substrate. The most remarkable property of elastases is their
unique capability to release soluble peptides from insoluble
elastin[8]. This is due in part to their Pl specificity in the
Schechter and Berger nomenclature[16] for valine and alanine
which, respectively, constitute 13% and 26% of the amino acid
composition of elastin. But the most selective feature is their ability
to bind to the fibrous structure of elastin. Since our labeled elastin
was made from a solubilized form it was interesting to search
whether it has kept some of its elastase substrate specificity.
Figure 2 shows the kinetics of hydrolysis by 50 nM human
neutrophil elastase, porcine pancreatic elastase, bovine trypsin and
chymotrypsin. Nitroxide-labeled elastin retains a good selectivity
for both elastases while trypsin is nearly inactive. The slight activity
of chymotrypsin is probably due to the chemical denaturation of
soluble elastin which unveiled newly accessible cleavage sites.

The aim of this work is to generate high contrast images in the
presence of elastase activity using Overhauser-enhanced MRI.
Various concentrations of nitroxide-labeled elastin, corresponding
to a range of 0.07 to 0.7 mM nitroxides, were thus incubated for
24 hours in the presence or absence of human neutrophil elastase.
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Figure 3 shows that HNE produces a 3 to 5.6 times increase of the
NMR signal due to the Overhauser effect for the whole range of
concentrations. At 0.07 mM nitroxide concentration the signal is
readily 3 times higher in the presence of HNE. Thus nitroxide-
labeled elastin is able to generate high contrast images in the
presence of HNE at low nitroxide concentration.

Application to neutrophil degranulation

To mimic a situation of inflammation human neutrophils were
purified and incubated with the nitroxide-labeled elastin substrate.
Degranulation was induced by adding A23187 calcium ionophore.
The generated EPR signal intensities were compared to those from
samples without ionophore. In figure 4a the EPR signal intensity
clearly discriminates the samples with induced neutrophil degran-
ulation from the samples with resting neutrophils at all times of
observation. At each time point a faint signal increase without
ionophore could be observed. This can easily be explained by
some spontancous cell death over time which triggers the release of
granules. As seen in figure 4b at a given time of observation the
EPR signal is strongly correlated to the number of neutrophils per
well. Again, in the samples without ionophore spontaneous cell
death generates a detectable signal however easily discriminated
from the one in induced samples.

The potential capabilities of this substrate for imaging was
probed using OMRI with the same neutrophil containing samples
as in the previous EPR study. The kinetics shown in Figure 5a
highlights a strong increase of the image intensity in the presence
of the calcium ionophore, to be compared with the slow and
moderate increase measured in the absence of ionophore. In
figure 5b the image intensity versus the number of neutrophils
undergoes a significantly steeper increase in the presence of
calcium ionophore. In comparison to the EPR signal intensity
curves OMRI intensity curves show less linearity at low enzymatic
activity points which appear to be overestimated. This feature
would be favorable to in vivo OMRI since low proteolytic
activities would have a better chance to be detected.

The actual OMRI images used to produce figure 5b are shown
in figure 5c. In the presence of ionophore the image intensity
enhancement is visible from the first neutrophil concentration
(1.12x10* cells/500 wl). Interestingly, the signal enhancement due
to elastase release from spontaneous cell death is also visible in the
series without ionophore. In these examples of images the intensity
enhancement produced by the elastase activity created a contrast
equivalent to five times the basal intensity level of control images
with nitroxide-labeled elastin but without adding neutrophils.
Such an unusually high contrast, unattainable with conventional
MRI, should facilitate image interpretation in vivo. Thus in an ex
vivo system mimicking a situation of inflammation OMRI is
sensitive enough to display high contrast images.

Discussion

Nitroxide-labeled elastin proves to be a sensitive elastase
substrate for both EPR and OMRI. Moreover, this substrate
was applied to detect a nearly physiological event, namely human
neutrophils degranulation ex vivo, by EPR spectroscopy and to
produce images of this event by OMRI. Significantly, the
concentrations of cells in this experiment, 2.2x10* to 45x10*
cells/ml, were well under the neutrophil concentration in normal
blood (2x10° to 7.5x10° cells/ml). The target of our substrate,
human neutrophil elastase, is an important enzyme in several
pathologies. Chronic obstructive pulmonary disease[17], rheuma-
toid arthritis[18], atherosclerosis[19] or cystic fibrosis all involve
HNE activity at some stage of the disease. For instance in the
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Figure 1. Human neutrophil elastase sensitivity test of nitroxide-labeled elastin substrate probed by EPR. The elastin substrate
solution containing 0.36 mM nitroxide was incubated one hour at 37 °C with increasing elastase concentrations. Peak to peak heights of the nitroxide

central line versus elastase concentration are plotted. The inset highlights the lowest elastase concentrations.

doi:10.1371/journal.pone.0057946.9001

pulmonary purulent sputum of the cystic fibrosis patients up to
5.10° M active human neutrophil elastase has been found[11]. It
is worth to notice that in the present work the sensitivity for active
HNE was in the nanomolar range with EPR spectroscopy and
OMRI imaging. Neutrophils are the first cells from the innate
immune system to migrate towards an injured or infected site. For
instance bronchoalveolar lavage fluid from young children with

cystic fibrosis may contain tens of million cells per m1[20]. Thus
neutrophil elastase activity is a good marker of any kind of acute or
chronic inflammation and an interesting target for imaging.
Therefore the proposed imaging method based on elastolytic
activity would favor progresses in basic research, diagnosis and
treatment follow up.
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Figure 2. Comparative kinetics of hydrolysis of the elastin substrate by human neutrophil elastase (black squares), porcine
pancreatic elastase (red circles), chymotrypsin (blue triangles) and trypsin (pink triangles) probed by EPR. 0.36 mM equivalent
nitroxide substrate was incubated at 37°C with 50 nM of each enzyme.

doi:10.1371/journal.pone.0057946.g002
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elastin. Complete elastin digestion was carried out during 24 hours with 50 nM HNE at 37°C.
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Figure 4. EPR detection of neutrophil degranulation in the
presence of nitroxide-labeled elastin (1 mM equivalent nitr-
oxide concentration). (a) EPR signal from 11x10* resting (black
circles) or activated (red squares) neutrophils in 0.5 ml versus
incubation time at 37°C. (b) EPR signal at five hours incubation at
37°C versus the number of resting (black circles) or activated (red
squares) neutrophils.

doi:10.1371/journal.pone.0057946.g004
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The activity from pancreatic elastase can also be spotted by our
method (see fig. 2). In pancreatitis this elastase is prematurely
activated in the pancreas instead of being secreted as an inactive
zymogen which is then activated in the duodenum. Pancreatitis
can appear as a chronic or acute form and its etiology can either
be gallstones, fat diet, alcohol or inherited zymogen defects.
Understanding and evaluating the evolution of the disease during
therapy, e.g. anti-protease treatments[21], would be made easier
with a non-invasive whole-body protease imaging method,
particularly in the early stages of chronic pancreatitis[22].

Mouse OMRI at 0.2 Tesla has proven to be an efficient method
to follow nitroxide biodistribution in 3D at high resolution[14].
Thus ex vivo elastase imaging carried out with the same OMRI
system opens the way to in vivo inflammation imaging, where
protease activity is high enough to overcome the protection
provided by protease inhibitors. To actually observe significant
signal enhancement in vivo the free nitroxide concentration should
remain in the range of 0.1 to 1 mM over several minutes. This
requires both a good biodistribution of the substrate and a fast
hydrolysis of the substrate by the enzyme to compensate for the
diffusion of the free nitroxide and its renal clearance. In this paper
we used a natural protein which undergoes a typical slow
hydrolysis by the elastases thus limiting the chances for useful in
vivo applications. It is however possible to use small nitroxide
containing peptides including an elastase specific cleavage site.
These peptides would then be linked to a protein or nanoparticle
carrier to lower their rotational diffusion coefficient. The nitroxide
would then be released from the carrier by the target enzyme
hence providing OMRI contrast. In this way the kinetics of
hydrolysis can be raised by several orders of magnitude.

Incidentally, nitroxide-labeled elastin is an excellent substrate to
quantify elastase activity by EPR in opaque media where optical
methods fail. Such substrates might consequently be used in EPR
imaging (EPRI) of protease activity. However significant develop-
ments are needed to provide actual 3D EPR images at sub-
millimeter spatial resolution within several minutes.
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Figure 5. OMRI detection of neutrophil degranulation in the
presence of nitroxide-labeled elastin (1 mM equivalent nitr-
oxide concentration). (a) OMRI intensity from 11x10* resting (black
circles) or activated (red squares) neutrophils in 0.5 ml versus time of
incubation at 37 °C. (b) OMRI intensity at five hours incubation at 37°C
versus the number of resting (black circles) or activated (red squares)
neutrophils. In (c) the images corresponding to plot (b) are displayed.
Gradient Echo (Fast Low Angle SHot) trans-axial images were acquired
with the following parameters: TR: 300 ms, TE: 10 ms, RF nutation
angle: 70 degrees, Field of View (FOV): 22 mm*22 mm, acquisition
matrix: 64*64, in plane resolution: 0.34 mm*0.34 mm, slice thickness:
3 mm, 2 averages. OMRI HF irradiation was applied for 260 ms out of
300 ms TR.

doi:10.1371/journal.pone.0057946.g005

Materials and Methods

Enzymes

Human neutrophil elastase and porcine pancreatic elastase were
purchased from Elastin Products company (Missouri, USA).
Bovine trypsin and chymotrypsin were from Worthington (New
Jersey, USA).

All experiments involving purified proteases were done in 0.1 M
phosphate buffer pH 7.4 at 37°C.

Nitroxide-labeled elastin
Elastin-soluble (Elastin Products Company, Missouri, USA) is
bovine neck ligament elastin extracted and processed with hot

PLOS ONE | www.plosone.org
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oxalic acid. The crude product is thus a mixture of peptides
ranging from 3 kDa to 60000 kDa. In this paper the Overhauser
switch relies on the initial high rotational correlation time of the
substrate. Thus an initial molecular weight selection was done by
centrifuging three times a 15 ml solution of 500 mg of elastin in
20 mM phosphate buffer at pH 7.2 on concentrating filters with a
cut-off of 30000 kDa (Amicon Ultra 30 K, Millipore). The
retained molecules were diluted in 15 ml of 20 mM phophate
buffer pH 8.3 and incubated overnight with 50 mg 1-Oxyl-
2,2,5,5-tetramethylpyrroline-3-carboxylate N-Hydroxysuccini-
mide Ester (Toronto Research Chemicals, Canada). The mixture
was then concentrated to 2 ml with the same type of filter. A
second size selection was done by gel filtration through a Biosuite
250 21.5x300 mm HPLC column (Waters) at 4 ml/mn in 0.1 M
phosphate buffer with 0.15 M NaCl at pH 7.4. Fractions up to 20
minutes were collected and concentrated to 3.5 ml.

Characterization of nitroxide-labeled elastin: Figure 6 shows the
EPR spectra of elastin before and after complete proteolysis with
Human Neutrophil Elastase.

The concentration of nitroxide in the stock solution (18 mM)
was measured by integrating the central line of the digested sample
and comparing with a proxyl calibration line (not shown).

Neutrophil isolation and characterization

Neutrophils were isolated from a leukoreduction filter kindly
provided by the French Blood Service (Bordeaux, France). The
filter was back-flushed with 50 ml of DMEM (gibco) completed
with BSA (40 g/1)(Sigma), Citrate-dextrose solution (10% vol/vol)
(Sigma) and Pulmozyme, a dornase alpha commercial solution
(10 ul/ml) at pH 7.4. The cells were diluted to 160 ml with the
same solution and spun 20 mn at 110 g and 20°C in four tubes.
The pellets were re-suspended in 90 ml of DMEM with dornase,
layered on six tubes containing 15 ml of Granulosep (Eurobio) and
spun 20 minutes at 1500 g and 20°C. The interface containing the
white cells was harvested and washed in two times 50 ml of
DMEM with dornase. Each pellet was resuspended in 20 ml
DMEM with dornase, layered on 10 ml of Lymphocyte Separa-
tion Medium (Eurobio) and spun 40 mn at 400 g and 20°C.. The
pellet was highly enriched in granulocytes but still contained red
cells and a few lymphocytes as seen in figure 7. It was harvested
and washed with DMEM and was used as such in further
experiments since neither red cells nor lymphocytes are able to
release elastase. Neutrophils counting was carried out from a
sample diluted in red cells lysing solution (Becton Dickinson)
washed in phosphate buffer saline solution and analyzed on a
Guava easyCyte flow cytometer/counter (Millipore). The neutro-
phil population was identified and counted according to its
forward scatter versus side scatter properties.

In all experiments neutrophils were incubated in DMEM
without serum at 37 °C in 5% CO, dtmosph(rL Neutrophil
degranulation was induced with 2.5 107° M calcium ionophore
A23187 (Sigma). At the end of the incubation time eglin ¢, a rapid
high affinity elastase inhibitor[23] was added in excess before
sample freezing.

Electronic Paramagnetic Resonance

All EPR spectra were recorded with a MiniScope MS200 EPR
spectrometer (Magnettech, Berlin, Germany). BO-field was set to
3350 G, sweep range to 45 G in 60 seconds, modulation to
100 mG. The gain was constant inside each series of spectra. The
samples were loaded in 75 mm/60 ul capillaries (Hirschmann
Laborgerate, Germany).
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Figure 6. Typical EPR spectra of native (black line) and HNE digested (red line) nitroxide-labeled elastin (0.36 mM equivalent

nitroxide).
doi:10.1371/journal.pone.0057946.9006

Dynamic Nuclear Polarization enhanced Magnetic
Resonance Imaging

EPR Cavity and MRI devices. A C-shaped MRI system,
Magnetom Open Viva operating at 0.194T (Siemens, Erlangen,
Germany) was used. The proton frequency was 8.24 MHz.
Gradients maximum intensity was 15 mT m~'. Electron spin
excitation was induced by a resonant hyperfrequency (HF)
cylindrical cavity (Bruker, Wissembourg, France) running in

o o
g eeb,

<) -— -

®
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Q [& VY
Figure 7. Representative optical microscope field from the
May-Griinwald-Giemsa staining of the neutrophil-enriched

preparation used for the degranulation experiments.
doi:10.1371/journal.pone.0057946.9g007
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TEOI1 mode, positioned at the center of the MRI magnet bore
[4]. Its geometry (240 mm diameter, 29 mm width) was designed
to reduce the electric component of the HF Field in its center, thus
minimizing sample heating upon microwave emission. Actual
power deposition was evaluated by measuring temperature
elevation with a temperature probe placed in a phosphate-
buffered saline phantom (25 mm in diameter). By neglecting
conduction, a heat equation was used to fit the initial linear
temperature changes upon microwave excitation. Peak power was
estimated to be in the range of 4 W. Previous in vivo experiments
in the same conditions were harmless to mice[14]. The usable
magnetic component was concentrated at the center of this cavity
where an opening from both sides allowed sample access. The
sample area at the center of the cavity was 28 mm in diameter and
29 mm in length. The HF amplification channel and the cavity
were fully described in a previous paper[4]. Modification for
minimizing the Eddy currents in order to improve MRI image
quality was described previously[14].

Each sample was loaded into a 1.6 mm internal diameter
capillary mechanically sealed at both ends. Each capillary was
then positioned at the center of a 12 mm plastic tube, filled with
water in order to load the MRI coil.

Pulse sequences. Two-dimensional magnetic
images were obtained with a standard Gradient Echo sequence.
MRI acquisition and HF pulses were synchronized by an external
pulse generator (RFPA, Artigues-pres-Bordeaux, France), allowing
modulation of HF pulse duration. The HF pulse duration was
260 ms to be compatible with the T, value of water in the
presence of nitroxide in the millimolar range. It was immediately
followed by the MRI sequence with an echo time (TE) of 10 ms
and minimal TR of 27 ms. This scheme was repeated for each
echo acquisition. The effective TR, including HF irradiation time,
was then 300 ms. All MR adjustments were done manually, using
the same fixed receiver amplification gain for both measurements,
without and with HF irradiation, so that signals can be directly
compared and Overhauser enhancements calculated.

resonance
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Post processing. Post-processing evaluations were carried
out with IGOR Pro (Wavemetrics, Lake-Oswego, OR, USA). All
signal intensity measurements were done with Image] imaging
software (ImageJ, National Institutes of Health, USA). Signal
intensity was measured in a circular region of interest of 1 mm?
positioned in the capillary area.
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86 Results

3.2 In vivo proteolytic activity detection
using the OMRI technique

3.2.1 Aims of this study

Our team have implemented a MRI methodology in the aim of acquiring 3D OMRI
images rapidly on small animals with continuous EPR transition saturation. A TrueFISP
sequence was compiled on the 0.2T system. The sequence was tested in vitro on
nitroxide-containing phantoms. All images were acquired with and without electronic
saturation and in 3 dimensions for maximal SNR. A good spatial resolution was also
one of our objectives.

Hence, to achieve good spatial resolution and rapidity in the acquisitions, partial
k-space matrices were acquired. The Keyhole method was established. During the
OMRI experiment, a reference full k-space matrix was acquired followed by multiple
consecutive partial matrices. This strategy was less time consuming. Image recon-
struction merging one partial matrix into the reference full matrix was done after the
OMRI experiment, allowing images to regain a resolution like the reference matrix.
Along with this MRI methodological development, the next step in proteolytic activity
detection, was its in vivo application. Our goal was therefore to target elastase enzymes
present in the digestive tract of normal healthy mice using the nitroxide-labeled elastin
probe.

Specific localization of the proteolytic activity was made possible with technique. The
results of this study are described in the next published article of the Contrast Media
Molecular Imaging journal in 2013.

3.2.2 Article 2

In this in vivo proteolytic activity detection project, I conducted all in vitro and in vivo
experiments. The development of the TrueFISP sequence on the 0.2 T MRI system,
along with the reconstruction encoding on the Igor software was the work of Lepetit-
coiffé M, Massot P and myself. I also had a large and main contribution in writing the
article.
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In vivo Overhauser-enhanced MRI of proteolytic
activity

Neha Koonjoo?, Elodie Parzy?, Philippe Massot®, Matthieu Lepetit-Coiffé*®,
Sylvain R. A. Marque®, Jean-Michel Franconi®, Eric Thiaudiere®
and Philippe Mellet®9*

There is an increasing interest in developing novel imaging strategies for sensing proteolytic activities in intact
organisms in vivo. Overhauser-enhanced MRI (OMRI) offers the possibility to reveal the proteolysis of nitroxide-
labeled macromolecules thanks to a sharp decrease of the rotational correlation time of the nitroxide moiety upon
cleavage. In this paper, this concept is illustrated in vivo at 0.2 T using nitroxide-labeled elastin orally administered in
mice. In vitro, this elastin derivative was OMRI-visible and gave rise to high Overhauser enhancements (19-fold at 18 mm
nitroxide) upon proteolysis by pancreatic porcine elastase. In vivo three-dimensional OMRI detection of proteolysis
was carried out. A keyhole fully balanced steady-state free precession sequence was used, which allowed 3D OMRI
acquisition within 20 s at 0.125 mm? resolution. About 30 min after mouse gavage, proteolysis was detected in the
duodenum, where Overhauser enhancements were 7.2+2.4 (n=7) and was not observed in the stomach.
Conversely, orally administered free nitroxides or pre-digested nitroxide-labeled elastin were detected in the
mouse’s stomach by OMRI. Combined with specific molecular probes, this Overhauser-enhanced MRI technique
can be used to evaluate unregulated proteolytic activities in various models of experimental diseases and for drug

testing. Copyright © 2014 John Wiley & Sons, Ltd.

Keywords: OMRI; in vivo; mouse; proteolytic activity

1. INTRODUCTION

In vivo molecular imaging is a promising tool in the field of early
diagnosis of diseases. Novel imaging strategies are being devel-
oped to improve the sensitivity and the specificity of contrast
agents with the goal of more accurate diagnosis and therapy
follow-up (1,2). To the same extent, there is a strong need for
new personalized molecular beacons capable of unveiling
specific disease-related bio-reactions (3). Among the fundamen-
tal processes that can be investigated by molecular imaging,
proteolysis plays a central role (4).

Proteolysis is essential for the activity of most, if not all, biolog-
ical systems. Protease activity has to be kept strictly to a local
and transient event by numerous intra- and extracellular
protease inhibitors in order to maintain global inter/intracellular
homeostasis. Interestingly, a local but persistent protease activity
is associated with a variety of diseases. For instance, in solid
tumours, inflammation, cystic fibrosis, rheumatoid arthritis and
chronic obstructive pulmonary disease, the protease inhibitors
are locally overwhelmed. With about 400 annotated proteases
in the human genome, it has become a key target for future
therapies (5,6). Thus, there is a true demand for visualizing and
localizing proteolysis in vivo during abnormal activities so that,
in the long run, better patient prognosis tools can be developed
for monitoring treatments and disease progression. Technically,
the detection of an enzymatic activity has the additional advan-
tage of signal amplification through substrates turnover.

Molecular imaging approaches have already been developed
for targeting protease activities in vivo, for example, cathepsin
B in mouse brain tumors (7), the matrix metalloproteinase

(MMP) in tumor xenografts (8) and the neutrophil elastase in
acute lung injuries of small animal models (9). Imaging modali-
ties include optical imaging such as near-infrared fluorescence
imaging and fluorescence molecular tomography (7,10), mainly
because of the great advances in targeted fluorescent probe
technology. This method is sensitive and proteolysis-sensitive
fluorescent probes are easy to design, but it is hindered by the
weak penetration of near-infrared light in living tissues. Alterna-
tively, single-photon emission computed tomography (SPECT)
and positron emission tomography (PET) imaging have been
used for probing the presence of metalloprotease (11) with the
advantage of sensitivity and the drawbacks of poor 3D localiza-
tion and high cost.
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An alternative visualization approach with a good potential
in spatial resolution, three-dimensional anatomic localization
and penetration depth can be used for molecular imaging of
proteolysis. Indeed, Overhauser-enhanced Magnetic Resonance
Imaging (OMRI) has been used to image proteolytic events
in vitro (12,13). OMRI [also known as proton-electron double
resonance imaging, PEDRI (14)] is based upon the Overhauser
effect (15) occurring when unpaired electrons of a free radical
species interact with surrounding water protons. Nuclear
polarization can be increased by saturating the electron spin
resonance, thereby revealing the presence of the unpaired
electron in a magnetic resonance image. When covalently
attached to proteins like bovine serum albumin or elastin,
nitroxides could not generate Overhauser enhancement because
long rotational correlation times induced a marked broadening of
the EPR (electron paramagnetic resonance) lines, thus preventing
electron spin magnetization saturation and lowering the elec-
tron-proton coupling factor (16). Upon proteolysis, the release
of small nitroxide-labeled peptides restored the occurrence of
narrow EPR lines and significant Overhauser enhancements. In
this way, it has been demonstrated that an elastin-based sub-
strate, labeled with nitroxides, could be efficiently cleaved by
neutrophile elastase (13) and thus could reveal neutrophile
degranulation with high sensitivity and contrast. Moreover, OMRI
detection of stable nitroxides was performed in vivo in mice at
0.2T (17). This was possible with a dedicated EPR cavity operating
at 5.43 GHz, which induced limited overheating in living systems.

In the present study, it is proposed to translate in vivo the
proof-of-concept of OMRI proteolysis, as so far demonstrated
in vitro. Three-dimensional OMRI of digestive proteolysis is
described in healthy mice, after ingestion of nitroxide-labeled
elastin. Prospects of this approach in molecular imaging of
disease-associated proteolysis are discussed.

2. MATERIALS AND METHODS

2.1. Nitroxide-Labeled Elastin

The protein substrate has been partly described in a previous
work (13). Soluble elastin (Elastin Products Company, Missouri,
USA) containing variable peptide lengths was sorted to select
peptides of long rotational correlation times. The initial 30
000 kDa cut-off selection was obtained from a 60 ml solution of
1g of soluble elastin (Elastin Products Company, Missouri, USA)
in 20 mm phosphate buffer at pH7.2 using Amicon centrifugal
filters. It was then incubated overnight with 100mg 1-oxyl-
2,2,5,5-tetramethylpyrroline-3-carboxylate-N-hydroxysuccinimide
Ester (Toronto Research Chemicals, Canada) at pH8.3. A second
size selection was carried out by dialysis against 20 mm phos-
phate buffer. Dialysis was performed over two nights with one
buffer exchange. The final product, free from unreacted
nitroxides (total volume of 11 ml), was aliquoted and stored at
—20°C. The nitroxide content was measured after a complete
pancreatic porcine elastase digestion, by integrating the EPR
spectra of the sample and comparing with a calibration curve
made with 3-carboxy-proxyl standards (Sigma).

2.2. Animal Preparation

Mice (n=7, CB57/CRL, Charles River, L'Arbresle, France) weighing
22-24 g were orally administered with 200 ul of nitroxide-labeled

elastin at 18 mm (nitroxide concentration). Within 3 min, the mice
were anesthetized with 1.5-2% isofluorane (Centravet, La Palisse,
France) mixed with air. They were placed in a prone position,
lying on a home-made thermostatic bed. Bed temperature was
37°C. Rectal temperature was measured with a temperature
probe (model 1025 SA instruments, Inc., New York, USA). The
mean temperature rise was 1.8+0.2°C over a mean period of
50 +13s and the mean body temperature was 36.6 + 1°C during
a 2.5 h experiment. A respiratory sensor was placed on the upper
part of the abdomen to monitor animal state throughout the
experiment. Throughout the in vivo assays, mouse position was
constant, thus allowing correct image superimposition. This
protocol was approved by the University Animal Ethics Commit-
tee. Oral gavage did not induce any animal loss.

2.3. EPR Spectroscopy

A Miniscope MS200 EPR instrument (Magnettech, Berlin, Germany)
was used to characterize the undigested and digested nitroxide-
labeled elastin and also to quantify the nitroxide concentration.
Undigested and digested nitroxide-labeled elastin samples were
loaded in 75mm/60ul capillaries (Hirschmann Laborgerate,
Germany). The experiments were performed in the same manner
as in a preceding article (13). EPR acquisition parameters were as
follows: By=3353G; sweep width=43.16G; sweep time=60s;
number of passes=1; modulation=100 mG. The gain was kept
constant between the undigested and digested elastin samples.
EPR spectra processed using IGOR Pro (Wavemetrics, Lake
Oswego, OR, USA) revealed a nitroxide-labeled elastin concentra-
tion of 18 mm (expressed as nitroxide concentration).

2.4. OMRI System

As previously described (13,17), the whole-body MRI system
(Magnetom Open Viva, Siemens, Erlangen, Germany) was
equipped with a resistive C-shaped magnet operating at
0.194T (8.25MHz proton frequency). Maximal field-gradient
strength was 14 mT/m. A Transverse-Electric TEO11-mode reso-
nant cylindrical hyperfrequency (HF) cavity (543 GHz electron
frequency, Bruker, Wissemburg, France) was positioned at the
center of the magnet. This cavity was recast (removal of some
metal parts) in order to limit eddy currents. An opening in the
middle of the cavity enabled a home-made transmit-receive
saddle-shaped coil (inner diameter and length of 26 mm) to be
inserted and allowed sample/mouse positioning. Tuning and
matching adjustments of the resonant cavity and the transmit-
receive NMR coil were carried out with a network analyzer
(Agilent Technologies, Santa Clara, CA, USA) by measuring the
return loss spectrum in their respective frequency spans. The
HF field was generated by a synthesizer preceding a two-stage
amplification by two amplifiers (RFPA, Artigues-pres-Bordeaux,
France), which were linked through a coaxial cable to a wave
guide (consisting of matching and tuning stubs) then to the
cavity. Regarding the power deposition, the limit was set to
6W by fixing a 50 Q load at the end of the second amplifier,
and from the analog meters, the reflected power never
exceeded 1W. Also, the deposited energy was well below those
published in a previous article (17), since the irradiation time was
reduced from several minutes to about 20s and were thus well
in agreement with animal safety guidelines.

wileyonlinelibrary.com/journal/cmmi
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2.5. In vitro MRI Assessment of Nitroxide-Labeled Elastin

A sample of the stock solution of the nitroxide-labeled elastin
was set aside for in vitro assays and then diluted with 2, 4, 8,
16 and 32 dilution factors. Each of the six samples was then
mixed with 5.10 > m porcine pancreatic elastase (Elastin Products
company, Missouri, USA) in 0.1 m phosphate buffer pH7.4 at 37°
C for complete digestion. Control experiments were carried out
without elastase. Samples were loaded into 2.5mm internal
diameter capillaries sealed with paraffin. Proton longitudinal
relaxation time (T;) measurements were measured using the
inversion-recovery sequence as already described (12).

OMRI experiments were carried out using a single slice using a
2D NMR gradient echo sequence synchronized with electron
saturation as in (17). The acquisition parameters were: EPR pulse
length=260ms; echo time (TE)=10ms; repetition time (TR)=
288 ms; flip angle=70° receiver bandwidth=52Hz per pixel;
matrix size=64x64; field of view (FOV)=22x22mm; slice
thickness =7 mm; spatial resolution =344 x 344 um? and acqui-
sition time =22's with one average.

2.6. In Vivo MRI Assays

Post gavage, standard optimized positioning of mouse abdomen
was assessed from scout views acquired with standard 2D multi-
slices, multi-orientations and fast 3D gradient echo sequences.
The 3D MRI pulse sequences used in this study are summarized
in Table 1. A FLASH (fast low angle shot) (18) 3D anatomical
image was acquired to confirm stomach location midway in
the FOV and to visualize the nitroxide-labeled elastin orally
introduced in the stomach, thanks to the positive contrast
brought about by the longitudinal relaxivity, r; of nitroxide-
labeled elastin (see ‘FLASH 3D’ in Table 1).

3D OMRI images were acquired with an implemented
TrueFISP (true fast imaging with steady-state precession) (19)
sequence as described in Fig. 1(A) and Table 1 as ‘OMRI
TrueFISP". A keyhole acquisition scheme (20) was used in order
to limit HF exposure. The undersampling ratio was 50% in the
phase and slice directions. Acquisition time was 18s. Electron
saturation was initiated 800 ms before NMR acquisition and
was kept constant throughout. OMRI TrueFISP was carried out
with and without EPR saturation to calculate Overhauser
enhancements. In order to fulfill the partial k-space matrices,
the complete 3D True FISP dataset without electron spin
excitation (‘fully-resolved True FISP" in Table 1) was acquired:
the peripheral k-pace lines were added to the truncated matrices
prior to Fourier transformation.

A TR=2xTE=12.64 ms
TE=6.32ms

Prep time
rF NMR /

HF EPR
Signal u"WW&
x N lines
Gread \ 7
G = S
Gue NEA—4 S
B .
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Figure 1. (A) True-FISP pulse program used for Overhauser-enhanced
MRI (OMRI) experiments. ‘Prep time’ stands for 800 ms magnetization
preparation without signal acquisition in order to establish the steady
state for polarization transfer. The number of lines (N) was the product
of the 3220 phase encoding steps in the phase and slice directions,
when the keyhole acquisition scheme was used. In this case, the
acquisition duration was 18s with two averages. For full matrix acquisi-
tion, the number of averages was eight, the number of lines was
64 x40, and no electron paramagnetic resonance (EPR) irradiation was
applied. (B) Chronogram for in vivo protease imaging. The sequence
acronyms are depicted in Table 1.

High-resolution anatomical images without electron spin
excitation were also acquired with the ‘fully-resolved FLASH 3D’
gradient echo sequence (Table 1) with the same FOV parameters
in order to allow image superimposition with OMRI images.
These data were acquired either at the beginning or at the end
of the experiment in case of slow or fast stomach-emptying rate,
respectively.

Figure 1(B) displays the successive steps occurring in a
complete Overhauser experiment with a mean duration time of
about 3 h per mouse.

2.7. Image Reconstruction

In vitro signal intensities were measured with ImageJ imaging
software (ImageJ, National Institutes of Health, USA) and then

Table 1. Parameters of the NMR pulse sequences used in this study

Sequence FLASH-3D OMRI TrueFISP Fully resolved TrueFISP  Fully resolved FLASH-3D
TR/TE (ms) 200/20 12.64/6.32 12.64/6.32 200/20

Flip angle, o (deg) 50 30 30 50

Field of view (mm)* 32x24x20 32x32x20 32x32x20 32x32x20

Matrix 64x54%x10 64x32x20 64 X 64 X 40 64 x 64 x40

Spatial resolution (pm)3 500 x 600 x 2000 500 x 1000 x 1000 500 x 500 x 500 500 x 500 x 500
Number of averages 1 2 8 2

Acquisition time 3min 38s 18s 4min 37s 17 min 06 s

Contrast Media Mol. Imaging 2014, 9 363-371
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transferred to IGOR Pro (Wavemetrics, Lake Oswego, OR, USA) for
analysis. The region-of-interest (ROI) was 3 mm?Z. Signal amplifi-
cations were evaluated by dividing the mean signal intensity in
the presence of EPR irradiation, S,,,, by the mean signal intensity
without EPR, S.¢. The visualization software Amira (Konrad-Zuse-
Zentrum Berlin, Germany) was used to display the 2D images of
digested and undigested nitroxide-labeled elastin.

In vivo raw datasets were processed in IGOR Pro for keyhole
3D-reconstruction. Parametric images for signal amplification
due to Overhauser effect were calculated as the ratio of signal
intensity measured with and without EPR irradiation (Son/Soff)-
These parametric images were used to evaluate the signal
enhancement over a 2mm? ROI in the region of the duodenum.
Image superimposition was carried out with Amira.

3. RESULTS

3.1. Overhauser Switch Caused by the Nitroxide-Labeled
Elastin Proteolysis

The concept of Overhauser switch has been described elsewhere
(12). It is based upon OMRI-invisible nitroxide-labeled macromol-
ecules that can generate strong Overhauser enhancements upon
cleavage. Figure 2 and Table 2 display some characteristics of the
undigested and the digested nitroxide-labeled elastin. The peak-
to-peak linewidth of the observable EPR spectra in Fig. 2(A)
revealed a measured value of 1.22 Gauss for the digested elastin,
which was narrower compared with 1.77 Gauss for the
undigested species. Furthermore, the peak-to-peak amplitudes
were nearly 8-times increased upon peptide breakdown with
porcine pancreatic elastase. Such a behavior was previously
observed (13) and can be explained by a marked line broadening
when the nitroxide is grafted on a slow rotating macromolecule
(13). The observable EPR spectrum was probably due to some
mobile nitroxides, although covalently bound to the elastin
moiety. This observable fraction represented <10% of the total
spectrum of the undigested nitroxide-labeled elastin. As seen
from Fig. 2(B), at any concentration used (up to 18 mm nitroxide),
the undigested nitroxide-labeled elastin was unable to generate
any significant Overhauser enhancement (note that image
windowing in Fig. 2B changed from left to right for a better
reading). Inefficient dynamic nuclear polarization can be due to
a very low saturation factor. Indeed, the microwave magnetic
field amplitude used here was in the range of 0.4 Gauss. From
an estimated electron T;-value of 350ns, as already described
(21) and a T,-value of 11ns as estimated from a 10-Gauss
EPR-linewidth for the non-mobile nitroxides, the saturation
factor would be <20%, compared with 60-70% for the free
nitroxide. Moreover, a decrease in the coupling factor can be
expected upon lowering the correlation time of the nitroxide
(16), and can significantly contribute to low dynamic nuclear
polarization.

Conversely, as observed in Fig. 2(B), Overhauser effect was
significant after digestion by elastase. An Overhauser enhance-
ment of 10.9-fold was triggered by the presence of elastase in
the sample containing the stock solution, that is, 18 mm
(corresponding to the blue circle number 1). These OMRI images
showed beyond doubt that Overhauser enhancements were
only due to proteolysis, validating the use of this substrate as a
specific proteolysis probe. As a result, this Overhauser switch
was then evaluated in vivo to visualize intestinal digestion.

3.2. In Vivo Imaging of Elastin Proteolysis

At about 10-15 min post oral gavage of 200 ul of nitroxide-labeled
elastin titrated at 18 mm nitroxide, the first 3D gradient echo
image was acquired, and the correct positioning of the mouse
was confirmed by the positive T;-contrast owing to the presence
of the substrate in the stomach. A keyhole 3D OMRI TrueFISP
image with EPR irradiation was then acquired in 18s. Intestinal
proteolysis was detected via an Overhauser-enhanced signal,
which delineated a high-contrast zone in the mouse’s intestinal
tract. Following this acquisition, an identical image without HF
irradiation was obtained. It showed a normal T;/T, contrast of
the substrate in the stomach and no signal enhancement neither
in the intestinal tract nor in the stomach. After keyhole recon-
struction, fully resolved 3D OMRI images with a spatial resolution
of 500%500x500um> were computed. Highly resolved ana-
tomical 3D FLASH images were also recorded in order to localize
the enhanced NMR signal of the digested substrate. Actually, the
T;-contrast provided by the nitroxides, allowed the delineation of
the stomach and parts of the intestinal tract. The contrast-to-
noise (CNR) ratio in the stomach compared to the liver was
6.2+18 (n=7).

In Fig. 3, a series of partitions of reconstructed images are
depicted for a particular mouse. The first and third rows (Fig. 3)
show different slices of an anatomic 3D-FLASH image acquired
in 17 min, 34 min post oral gavage with a spatial resolution of
0.5mm in three dimensions. Here, the CNR of the stomach
relative to the abdomen was 6.9. The second and fourth rows
show the same partitions of the keyhole-reconstructed 3D OMRI
image slices with HF irradiation, about 22 min after oral gavage.
They revealed that the Overhauser signal enhancement
originated from several regions corresponding to the intestinal
tract and not from the stomach, strongly suggesting that
proteolysis of the nitroxide-labeled elastin occurred through
the action of the pancreatic proteases only. In the particular
example shown in Fig. 3, the signal increase owing to the
Overhauser effect was 5.7+1.4 over an ROl of 2mm? at the
opening of the duodenum. The maximal enhancement value
was 8.6 in this region. Further down the intestinal tract,
Overhauser enhancements ranging from 3.1+0.8 to 43+04
were measured over 2 mm? ROls.

In the seven-mouse cohort investigated, the maximum
enhancements (7.2 + 2.4) were found as expected at the opening
of the duodenum where the pancreatic juice is first secreted by
the exocrine pancreatic cells. An example is shown in Fig. 4(A),
where the Overhauser enhancement was 7.3+ 1.6. In each case,
3D superimposed images were obtained from the anatomical
3D-FLASH images and the reconstructed 3D keyhole OMRI-
TrueFISP images. This image overlay validated the correct
localization of the Overhauser enhanced signal (Fig. 4A) within
the digestive tract of the mouse. Furthermore, at various time
intervals after gavage, OMRI images were acquired to observe
the outcome of the digested elastin.

In control experiments, a typical free nitroxide, the 3-carboxy-
proxyl free radical was administered in the mouse’s stomach
(200 pl at 18 mm) and OMRI images were acquired at several time
intervals. After data reconstruction, parametric mapping showed
a maximum enhancement of 5.5+ 0.2 in the stomach, 4.6+ 0.1 in
the duodenum and 5.6 +2.6 in the urinary bladder (n=2, data
not shown). In one experiment, in vitro digested nitroxide-
labeled elastin (200 ul at 18 mm, expressed as nitroxide concen-
tration) was orally administered in a mouse and the Overhauser
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Figure 2. (A) EPR spectra of nitroxide-labeled elastin (18 mm nitroxide concentration) before (red) and after (blue) digestion by elastase. Both spectra
were recorded with the same spectrometer adjustments. (B) In vitro Overhauser-enhanced MRI (OMRI) of proteolysis. Top: sketch of the 12 tubes
containing nitroxide-labeled elastin at different dilutions factors (1,2,4,8,16,32) before (red tubes) and after (blue tubes) digestion by elastase. The
central sample was a control tube with the protein-free nitroxide, 3-CP at 1 mm. Bottom: slices of 2D images recorded without (bottom left) and with
(bottom right) EPR saturation. A different image windowing was used in the EPR-off image (from 5 to 155 without EPR saturation) and in the EPR-on
(from 30 to 1000).

enhancement was of 10.9 in the stomach and 5.3 in the intestine ~ However, whenever nitroxide-labeled elastin was used in vivo,
(Fig. 4B). These results confirmed that the Overhauser effect could the Overhauser effect was visible only in the intestines high-
be observed in the stomach, the intestine and the bladder. lighting a real specificity of the substrate.
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Table 2. Spectroscopic parameters of the undigested and digested nitroxide-labeled elastin (18 mwm nitroxide concentration)
EPR Water proton OMRI
Peak-to-peak line Peak-to-peak amplitudes  Spin-lattice relaxivity, Signal
width of the central of the central/high rnGns 'mv ") amplification = Son/Sofr
field lines (in Gauss) field lines
Undigested nitroxide- 1.77 2704/1504 0.49+0.01 0.24
labeled elastin
Digested nitroxide- 1.22 20496/16528 0.34+0.01 10.9
labeled elastin
Y
X
Posterior

Slices

« « Anterior

Small Intestine

Slice 5 Slice 6 Slice 12 Slice 13

Stomach

Duodenum

Slice 14 Slice 15 Slice 19 Slice 20

Figure 3. In vivo OMRI of proteolysis. On top, a sketch of a mouse viewed from the top in the xy-plane and a z-plane for the different image partitions
going from anterior to posterior. Below, the partitions extracted from 3D-FLASH anatomical images (first and third rows, 34 min post gavage) and
corresponding reconstructed 3D keyhole OMRI-TrueFISP images (second and fourth rows, 22 min post-gavage) of the same mouse. Note the positive
T;-contrast in the FLASH images, denoting the presence of nitroxide and delineating the stomach and the duodenum.
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Figure 4. In vivo proteolysis localization. (A) Color maps of maximal-intensity-projections (MIP) of Overhauser signal amplification superimposed with
MIP of anatomical 3D-FLASH images. (B) A control experiment on a mouse having pre-digested nitroxide-labeled elastin administered orally. Color map
of the MIP of 3D-FLASH anatomical image (left), reconstructed 3D keyhole OMRI-TrueFISP of the same mouse (middle) 26 min post-gavage and

superimposed MIPs (right).

4. DISCUSSION

The main goal of the present study was to translate in vivo the
concept of DNP-enhanced MRI of proteolysis, initially demon-
strated in vitro (12,13). This concept relies on the use of an
Overhauser switch brought about by an EPR signature modu-
lated by the tumbling correlation time and a double-resonance
MRI system operating at 0.2 T, which is compatible with animal
safety (17). In a more general context of molecular imaging
of proteolysis and keeping in mind the importance of disease-
associated protease as potential therapeutic target, the first step
was to assess physiological proteolysis. An obvious candidate
was digestive proteolysis occurring post oral gavage.

In this study, OMRI of the mouse’s abdomen with a spatial
resolution of 0.5 x 0.5 x 0.5 mm? in less than 20 s acquisition time
was achieved, that is, five times quicker compared with our
previous study (17). This time-efficiency was made possible by
the use of the keyhole paradigm applied to the TrueFISP
sequence. The sequential acquisition of partial k-space was
shown to be quite useful for real-time contrast assessment in
the whole body of rodents (22). Keyhole acquisition permitted
3D-OMRI to be performed over long periods without animal
overheating. In literature OMRI has also been used for several
biological applications (bio-distribution, pH or oxymetry mea-
surements) with various free radicals, but with one exception
(23), images of mouse or rats were acquired in two dimensions
with slice thicknesses that were not lower than 5 mm (24-29).

Here, the Overhauser enhancement values are given as the
ratio of signal intensities. However, taking into account the
180° phase shift in the case of electron-proton dipolar interac-
tion, the signal amplitude enhancement values are in fact

negative, except for enhancements ranging from 0 to 1. Under
such conditions, the ratio of signal intensities cannot be unam-
biguously interpreted, which could be problematic in pharmaco-
kinetic studies. In this study, very low Overhauser effects were
indeed not easily detectable in vivo and the work focused on
significant, hence interpretable, Overhauser enhancements
induced by proteolysis.

Although porcine pepsin is able to partially degrade and
solubilize insoluble elastin (30), the murine gastric enzymes
seem unable to degrade soluble elastin significantly in vivo. No
Overhauser effect was detected in the stomach and positive
effects were observed at the onset of duodenum and farther
downstream. This result clearly indicated that neither gastric
enzymes like pepsin nor an acidic medium was able to cleave
the substrate. This is easily explained by the nature of the
starting material of our substrate, which is a chemically and
partially hydrolyzed elastine derivative with a size distribution
going from 6000 to 60 000 kDa. Interestingly, proteolysis of elas-
tin by porcine gastric pepsin yields peptides with a similar size
distribution (31) and, unlike pancreatic or neutrophil elastase, it
is not able to further hydrolyze elastin. Murine pepsin seems to
act similarly in vivo. Consequently, our substrate happens to be
specific for the pancreatic proteolytic activity. Most of the
Overhauser enhancements were situated in a region corre-
sponding to the junction of the pancreatic duct to the
duodenum (Figs 3 and 4A). Among the proteolytic enzymes
present in the pancreatic juice, mammal elastases are known to
actively hydrolyze the elastin-based substrate and act syner-
gistically with the other proteases (13). The digested elastin
seemed to be quickly absorbed or diluted throughout the
intestines since no enhanced signal was visualized farther away
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in the intestinal tract and no sign of accumulation was seen in
the urinary bladder. The presence of nitroxides induced no
observable adverse effects on mouse behavior or mortality,
emphasizing the intrinsic low toxicity of stable nitroxides previ-
ously observed (17).

Most studies preferentially exploit optical imaging when it
comes to studying biological molecular processes in vivo
(7,32-35). However, this imaging technique mainly offers shallow
wave penetration and little anatomical information. Regarding
sensitivity level, techniques like optical imaging, SPECT and PET
are far ahead of MRI in micromolar-to-nanomolar detection.
However, it is shown here that the Overhauser effect improved
MRI sensitivity. Maximal signal increase in the duodenum was
observed at the start of the digestion (about 20-30 min post oral
administration), that is, at a period of very partial stomach
emptying (36,37). Thus, small amounts of nitroxides were detected
upon proteolysis. Signal amplification of ca. 7 would correspond to
free nitroxide concentrations lower than 1 mwm, as assessed from
dose-response curves measured in vitro (not shown).

In conclusion, the proof-of-concept of protease imaging
in vivo using an Overhauser switch has been successfully demon-
strated. Work is in progress to translate this approach to disease-
associated protease detection in mice. With the help of proper
Overhauser switches, protease imaging could be used in the
bio-medical field for diagnosis, drug-testing of protease inhibi-
tors and therapy follow-up. Future advances in this domain
would be the synthesis of molecular beacons made from a
specific polypeptide sequence to target each of the numerous
over-expressed disease-related proteases such as the matrix
metalloproteinase MMP-9 and MMP-2 or the cysteine protease
cathepsin B in solid tumours, and the serine proteases
neutrophile elastase, cathepsin G and proteinase 3 in inflamma-
tion and cystic fibrosis. OMRI has the potential to be integrated
into drug-development programs both to facilitate the func-
tional validation of pharmaceutical targets and to monitor the
spatial and temporal distribution of proteins and bioorganic
molecules dynamically in whole animal, even if the transition
of this technique to the treatment of human disease would
require field-cycling (38,39) or low-field (40) approaches.
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3.3 Characterization of a new type of
OMRI contrast agent — in vitro and in
vivo studies

3.3.1 Aims of this study

A chemistry research team in the Institute for Radical Chemistry - UMR7273 in Mar-
seille, France synthetised a new type of nitroxide in view for OMRI proteolytic activity
detection. The main goal of this work was to validate the use of this nitroxide in vitro
and also in vivo in small animals.

In so doing, the nitroxide was first characterized through EPR spectra and then sub-
jected to a variety of enzymatic activities. Both EPR and OMRI were performed. Then
through gavage administration in mice, the nitroxide was made to react with the
enzymes found in the digestive tract.

With its unique resonant frequency shifting of its EPR lines upon hydrolysis of the
nitroxide, both the substrate and the product were detectable on the EPR spectra. These
simultaneous detection using OMRI was confirmed in vitro and in vivo.

Eventually, all the results were put together in the following paper in the Angewandte
Chemie International Edition Journal this year. (Note : the article has already been
accepted. However, the version below is not the final one as it is still under correction.)

3.3.2 Article 3

Finally for this final article, apart from the chemical nitroxide synthesis, I conducted
all experiments in vitro as well as in vivo. I also largely contributed in the writing of
the scientific article.

It may somehow be notified that Angewandte Chemie International Edition Journal is
a well established chemistry journal and generally the authors are listed in alphabetical
order.
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Enzymatically Shifting Nitroxides for EPR spectroscopy and
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Abstract: In vivo investigations of enzymatic processes using
non-invasive approaches are a long-lasting challenge. Recently,
we showed that Overhauser-enhanced MRI is suitable to such
a purpose. A 3-phosphorylated nitroxide substrate prototype
exhibiting keto—enol equilibrium upon enzymatic activity has
been prepared. Upon enzymatic hydrolysis, a large variation of
the phosphorus hyperfine coupling constant (dap=4 G) was
observed. The enzymatic activities of several enzymes were
conveniently monitored by electronic paramagnetic resonance
(EPR). Using a 0.2 T MRI machine, in vitro and in vivo OMRI
experiments were successfully performed, affording a 1200 %
enhanced MRI signal in vitro, and a 600 % enhanced signal
in vivo. These results highlight the enhanced imaging potential
of these nitroxides upon specific enzymatic substrate-to-
product conversion.

In recent years, dynamic nuclear polarization (DNP) has
experienced a revival owing to bisnitroxide molecules as they
can afford a dramatic NMR signal enhancement.! However,
its application in vivo is still severely limited owing to its lack
of selectivity toward biological processes. Furthermore,
because the resonance frequency of the free electron is
660 times higher than that of the proton, free electrons
require irradiation with high frequencies. Those are hardly
compatible with imaging in living animals because the energy
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deposition is too high and wave penetration too shallow. In
parallel, in the field of molecular imaging, anatomical
magnetic resonance imaging (MRI) is growing into one of
the most powerful non-invasive techniques for its high
contrast in deeply-seated soft tissues, good spatial and
temporal resolution, and its ability to diagnose pathological
conditions. Nevertheless, the lack of sensitivity and non-
selective contrasting agents hampers the use of MRI,
particularly in the study of enzymatic processes occurring
in vivo.

Proteases are a family of enzymes with a large variety of
potential for diagnosis. Proteolytic activity is tightly regulated
in space and time in normal tissues and thus is kept at low
level and for short periods of time. However, they exhibit
a persistent and specific activity in a number of diseases, such
as solid tumors, pancreatitis, chronic obstructive pulmonary
disease, cystic fibrosis, rheumatoid arthritis, and many inflam-
matory situations. Imaging these activities would offer an
opportunity for early diagnosis independent of the anatomical
alterations, which often appear later.**! Recently, our groups
highlighted the potential of the OMRI technique!®” at 0.2 T
to detect and visualize a naturally occurring proteolytic
activity in the digestive tract of living mice.'”! Herein, our
new approach requires a nitroxide probe exhibiting changes
in the hyperfine coupling constant larger than one Gauss
upon enzymatic hydrolysis. To our knowledge, no nitroxides
exhibit such a large frequency shift upon chemical or
biological changes at physiological pH and temperature.'!1¢!
Previous reports of the use of nitroxides as probes relied on
the changes in the nitrogen hyperfine coupling constant ay or
on the line width.'"” On the other hand, B-hyperfine coupling
constants are known to be highly sensitive to conformational
changes."® Thus, we chose to focus on the synthesis of f-
phosphorylated nitroxides 9 and 10, which exhibit exo- and
intracyclic double bonds (Scheme 1). The EPR features of
nitrogen and phosphorus hyperfine coupling constants(ay and
ap respectively) were investigated, as well as the kinetics of
hydrolysis of 10 into 9 in the presence of various enzymes. The
potential of 9 and 10 as polarizing agents was explored
through in vitro and in vivo OMRI experiments (Figure 1).

Nitroxide 9 was prepared in eight steps (Scheme 1)
starting from the commercially available 2,6-dimethyl-4-
hydroxy-hept-1,6-diene 1. The regioselectivity of the forma-
tion of the intracyclic double bond to afford 10" was
controlled by using a bulky base, potassium hexamethyldisi-
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Scheme 1. Preparation of 9 and 10. a) DMF, imidazole, tert-butyldime-
thylsilyl chloride (TBDMSCI), 5 h, 0 °C; b) (1) OsO,, acetone/water,
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OSiMext-Bu osiMezBu  experiments."”’ Owing to this difference in their a, values,
OH a b . - . P
M e v OH their spectra are sufficiently resolved to avoid peak over-
quan o . . . .. cpe .
1 2 3 OH lapping, thus allowing individual quantification of the prod-
ucts in a 1:1 mixture of 9 and 10 (Figure 2).
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P(O)OEY; NH, Table 1: EPR parameters of nitroxides 9 and 10.
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15 min, 0°C; (2) N-methylmorpholine-N-oxide (NMO), 4 h, 0 °C.

¢) NalO,, THFjwater (1:3, v/v), 3 h, 0 °C. d) HP(O)(OEt),, 4A M.S..
e) (1) Hg(OAc),, THF/water (1:3, v/v), 30 min, r.t.; (2) NaBH,, NaOH
(1 m). f) meta-chloroperoxybenzoic acid (mCPBA), CH,Cl,, 2 h, 0 °C.
g) TBAF, THF, 3 h, 0°C. h) NMO, TPAP, 4A M.S., CH,Cl,, 0 °C.

) (1) LIHMDS, THF, 3 h, —80 °C to —45 °C; (2) Ac,0, 2.5 h, —45 °C.
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Figure 1. Nitroxides with different EPR signatures to target enzymatic
processes with EPR and/or OMRI techniques in vitro and in vivo.

lazane (KHMDS), which reacted with the most acidic protons
(see the Supporting Information).

EPR features are reported in Table 1 and Figure 2, and
are in very good agreement with previously reported data.!'®!
Interestingly, nitroxide 10 (intracyclic double bond) exhibits
an ap value 4.4 G smaller than the one of 9 (exocyclic double
bond). Moreover, linewidths are narrow enough for OMRI

2 www.angewandte.org
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Figure 2. EPR signals of 10 (top) and 9 (bottom) and a 1:1 mixture of
9/10 (middle; arrows are for lines of 9). The starred line in the EPR
signal of 9 was used for electronic spin excitation for OMRI.
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3.3 Characterization of the S-phosphorylated nitroxide

Enzymatic activity assays were carried out in vitro using
the EPR technique to monitor the keto—enol hydrolysis. After
an incubation time of 5 h and quantification of the third EPR
line for 9, out of 8 proteases of various specificities and origin,
three were able to hydrolyze 10 into 9, namely, porcine
pancreatic elastase (PPE), human neutrophil elastase (HNE)
and subtilisin A (Figure 3). Subtilisin A was selected for
further experiments because of it displayed the highest
activity (95% hydrolysis in 5 h).

- 80

™ 60

L 40

paanpoxd aprxoniu U0y JO %

20

Amount of Ketone nitroxide produced (in mM)

Figure 3. Efficiency of various enzymes as well as of PBS buffer and
Ca’" PBS buffer in hydrolysis of 1.8 mm of 10 into 9 for 5 h incubation.
y-axis in mm (left) and % converted (right).

The kinetics of the consumption of substrate 10 con-
sumption, and the formation of product 9 were monitored to
complete hydrolysis (Figre 4). The half-life, t,, was measured
at 74 min with a substrate concentration of 1.1 mm and
subtilisin A concentration of 2.8 um. Given that the Michae-
lis-Menten condition of [S]<K, was fulfilled at substrate
concentrations ranging from 0.3 to 1.1 mm, the catalytic
constant, k./K, was 55mM~'s™! at 37°C in saline phosphate
buffer pH 7.3. This low value is due to the very partial
occupation of the enzyme active site by the small acetyl
ligand.”” The spontaneous hydrolysis rate at 37°C and pH 7.3
(Figure 4) was not significant during the time of experiment.
The rate of increase of 9 in the presence of Eglin C, a natural
protease inhibitor from leeches, only showed a slow rate of
transformation of 10 into 9 close to the rate of spontaneous
hydrolysis, suggesting a complete inhibition of what appears
to be a pure enzymatic process.

As already seen above in the EPR spectra, the substrate-
to-product conversion revealed a significant coupling shift of
about4G without line overlapping. This molecular character-
istic was then transposed into OMRI applications to monitor
enzymatic reactions taking place either in vitro or in vivo. To
check whether the non-overlapping condition is valid for
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Figure 4. Kinetics for the decay of 1.1 mm of 10 (1) and the generation
of 9 (m) in the presence of 2.8 um of subtilisin A. The generation of 9

in the presence of subtilisin A plus the Eglin C inhibitor (<), and
spontaneous hydrolysis in PBS buffer solution (»).
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at 5418 MHz
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Figure 5. A) Optimal excitation EPR frequency (in MHz) determination
and OMRI signal enhancements for 9 (@) and for 10 (o). B) In vitro
spotting of 9 (left inserted tube labeled as enol) and (-)-10 (right
inserted tube labeled as ketone). The first row corresponds to the MRI
images without electronic saturation and the second row with elec-
tronic saturation.

OMRI, the EPR irradiating frequency was swept for both the
substrate and the product. The two spectra are shown in
Figure Sa. 2D images with and without electronic spin
saturation were acquired (data not shown) at different equally
spaced EPR frequencies ranging from 541235 to
5429.85 MHz for 9 and 10 for a proton frequency of
8.24264 MHz. Thus, the maximal signal enhancements were
observed at 5417.3 and 5425.3 MHz for 9 and 10, respectively.
As already seen in Table 1, the EPR line width was narrow
enough to observe high signal enhancement on the OMRI
images and the Aap (ca. 8 MHz, Figure 5a) between the third
EPR line of 9 and that of 10 was sufficiently far apart for
a selective and distinct electronic EPR saturation for OMRI
experiment. Invitro experiments (Figure 5b) showed that
nitroxides 9 and 10 were selectively spotted at 5417.9 MHz
and of 5426.2MHz, respectively. Consequently, OMRI
experiments showed that each sample of 9 and 10 was lit up
selectively (Figure 5b). It should be noted that the enhance-
ments observed for 10 were poorer than those for 9. This
result is due to the larger line width of 10 (Table 1).
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In vitro OMRI Kkinetic assays were then carried out to
monitor the hydrolysis of (-)-10 (1.8 mm) in phosphate buffer,
pH 7.2 in the presence of subtilisin A (2.8 um). The rate of
production of 9 from (-)-10 monitored by irradiating the EPR
line highlighted in Figure 6 yielded f,, =69 min. at 37°C,
a value fairly close to the one obtained by EPR monitoring.
The maximum signal enhancement was found to be 11.3 after
20 h of reaction time. These OMRI data agree with those
obtained by EPR.

Signal Enhancement (So/Sen)

. Field (G)

D e B e T

0 5 10 15 20

Time ( in hours )

Figure 6. In vitro OMRI monitoring of the hydrolysis of (-)-10
(1.8 mm) into 9 (bright spot) by subtilisin A (2.8 um) in phosphate
buffer pH 7.2 at 37°C. 2D images were acquired at various time
intervals with/without EPR frequency saturation tuned at 5417 MHz.
Inset: the starred line in the EPR signal of 9 was used for electronic
spin excitation for OMRI.

To definitively highlight the potential of 9 and 10 in
probing non-radical enzymatic activity, a mouse was fed with
a solution of 10 at 24 mm (see the Supporting Information).
Anatomical MRI was first performed and confirmed that the
stomach was filled with the nitroxide solution (Figure 7A).
Then, the first 3D OMRI images were acquired with and
without electronic EPR saturation of the nitroxides found in
the stomach. The saturation frequency was set at 5425.7 MHz
and thereby specifically exciting one electronic transition of
10. A hypersignal with a maximal signal amplification of 5.7
was visible in the stomach, highlighting the presence of the
substrate at about 10 min post-gavage (Figure 7B).

Afterwards, 3D OMRI images were obtained again with
and without electronic saturation at the frequency of
5417.5 MHz, corresponding to the equivalent EPR transition
line of the product nitroxide 9. The images revealed that some
of the substrate was converted into the ketone product
generating a specific high contrast with an 8.5-fold increase at
35 min post-gavage (Figure 7C). Mouse stomach and intes-
tine pH have been measured at 3 and 5, respectively.”!! The
spontaneous hydrolysis of (+)-10 nitroxide between pH 3 and
7 is not detectable while it is significant at pH of 1 or 9
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(Supporting Information, Figure S1). Thus it is the digestive
enzymes found in the stomach and/or in the intestine that
were able to transform nitroxide 10 into 9. Clearly, the
conformational change from 10 to 9 plays the expected on/off
role for selective OMRI experiments affording a powerful
tool to investigate in vivo enzymatic processes.

These preliminary results in OMRI show the huge
potential of the tautomeric equilibrium between 9 and 10 to
investigate non-radical enzymatic processes in vivo using the
non-invasive OMRI technique. The primary approach in
activity-based molecular imaging has been optical imaging,
mainly because of its high sensitivity. MRI is the only one that
has high anatomical resolution in 3D, together with no depth
limitations and no radiative issues. Furthermore, its poor
sensitivity is being handled using the Overhauser effect of 9
and 10 onto the water molecules. In the present study, the
signal was enhanced 8.5 times, thus affording a large specific
contrast. Here, the in vivo validation was carried out at both
substrate and product frequencies using the distinct signa-
tures of each species. Although experiments were performed
with only three mice (low statistical reproducibility) and
despite that the acetyl nitroxide is a very poor protease
substrate compared to usual peptidic substrates, our results
confirm unambiguously the feasibility of this approach.

Improvements are still ongoing. Targeting specific dis-
ease-related enzymes by grafting enzyme-specific peptides on
10 is expected to enhance k./K, by several orders of
magnitude, thus providing both sensitivity and protease
specificity.®

Proteases are tightly regulated biomolecules involved in
many physiological events, and deregulations in their activ-
ities are correlated to various diseases, such as cancer with
overwhelming matrix metalloproteinase (MMP) activity,
pancreatitis with premature in situ pancreatic protease acti-
vation, cystic fibrosis, or chronic obstructive pulmonary
disease (COPD) with overwhelming concentration of neu-
trophil proteases, and multiple sclerosis and rheumatoid
arthritis with deleterious MMP activity. The specific nitro-
xides and imaging technique described here would certainly
help for better understanding the function of those overex-
pressed proteases and their sustaining activities in vivo
through monitoring and disease localization. Eventually,
drug design against those proteases could also be tested
accordingly.

Consequently, there is a need to develop such an
application for humans. At 0.2 T Tesla, the 5.5 GHz waves
corresponding to the resonance frequency of the electron is
suitable for small animals but not for humans because of the
poor penetration into tissues. However, it is possible at very
low field. For instance, at earth field the electron resonance
frequency is about 60 MHz, a usual frequency in clinical MRI.
For connection to the anatomical images, two possibilities
arise: a field cycling apparatus® or more sensitive detec-
tors.?!l As a consequence much higher Overhauser enhance-
ments are predicted and hence a much lower detection limit
of the nitroxides.

These nitroxides are also suitable for a broad range of
enzymes as the ester moiety can be designed for a particular
enzyme, such as by using specific peptides, sugars, or lipids.

Angew. Chem. Int. Ed. 2015, 54, 1—7
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3.3 Characterization of the S-phosphorylated nitroxide
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Figure 7. A) 3D anatomical MRI image of the stomach. B) The first row corresponds to the image with electronic saturation at 5425.7 MHz and
the slices in the second row are the corresponding non- saturated electronic spins. C) The first row corresponds to the image with an electronic
saturation of 5417.5 MHz (first row) and without (second row). All OMRI images were acquired in 18 seconds and then reconstructed into an

isotropic spatial resolution of 0.5 mm in all three directions. The anatomical image has a spatial resolution of 0.5x0.54x1 mm® and a temporal
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resolution of about 3.5 min.

These non-exhaustive biomolecules, once grafted onto the
nitroxide moiety, can be applied to several enzyme-specific
studies including quantification, kinetic constant determina-
tion, and drug inhibition tests.?!
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3.3 Characterization of the S-phosphorylated nitroxide 103

All the experimental details are presented as supporting information, SI as seen below
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3.3 Characterization of the S-phosphorylated nitroxide 105

All reactants were purchased to Aldrich. NMR analyses were performed on Bruker 300 and 400
Advance machines. Internal references (residual solvent peak) were used for 'H and '3C NMR shifts &
and %'P NMR shifts & were given from phosphoric acid (80% H3sPOas in water, as internal reference in a
capillary). EPR experiments were performed on EMX Bruker machine. Cathepsin G, Collagenase from
Cl. Histolyticum, Human Neutrophil Elastase (HNE) and Porcine Pancreatic Elastase (PPE) were
purchased from Elastin Products company (Missouri, USA). Bovine Trypsin and Chymotrypsin were
from Worthington (New Jersey, USA). Subtilisin Carlsberg (Subtilisin A) from Bacillus licheniformis and

Thermolysin from Bacillus thermoproteolyticus were bought from Sigma-Aldrich

Preparation of nitroxides 9 and 10

'H nuclear magnetic resonance (NMR) spectra were recorded using an internal deuterium lock
at ambient temperatures on the following instruments: Bruker AC400 (400 MHz) and Bruker AC300
(300 MHz). Data are presented as follows: chemical shift (in ppm), integration, multiplicity (s = singlet,
d = doublet, t = triplet, m = multiplet, br means the signal is broad, dd = doublet of doublets, quint. =
quintet), coupling constant (J in Hz) and integration. 3'P NMR spectra were recorded on a Bruker
AC300 (122 MHz) and on a Bruker AC400 (162 MHz) spectrometers with complete proton decoupling.
Chemical shifts ([') were reported in ppm using residual non-deuterated solvents as internal reference.
High-resolution mass spectra (HRMS) were performed on a SYNAPT G2 HDMS (Waters)
spectrometer equipped with atmospheric pression ionization source (API) pneumatically assisted.
Samples were ionized by positive electrospray mode as follows: electrospray tension (ISV): 2800 V ;
opening tension (OR): 20 V ; nebulization gas pression (nitrogen): 800 L/h. The parent ion (M+,
[M+H]*, [M+Na]*) is quoted. All experiments were performed under anhydrous conditions and an inert
atmosphere of argon and, except where stated, using dried apparatus and employing standard
techniques for handling air-sensitive materials. All reagents were weighed and handled in air at room
temperature. For EPR measurements, samples with 0.5 mM concentration of nitroxide were prepared

in non-degassed solvents. Experiments were performed indifferently on Elexsys, EMX or ER 100D
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Bruker machines (a difference smaller than 0.1 G was noticed). EPR spectra were recorded with a
gain of 2 10° (72 dB for Elexsys), a modulation amplitude of 1.0 G, a sweep width of 150 G, a sweep

time of 21 s, and a power of 20 mW as parameters.

4-(tert-butyldimethylsilyloxy)-2,6-dimethylhept-1,6-diene (3)

Alcohol 2 (11.5 g, 82.0 mmol) was dissolved in DMF (250 mL), then imidazole (16.7 g, 246 mmol, 3.0
equiv.) and tert-butyldimethylsilyl chloride (24.7 g, 164 mmol, 2.0 equiv.) were added, and the mixture
was stirred at 0 °C for 5 h. The solution was then poured into water and extracted with Et20. The
combined organic extracts were washed with water, brine, dried with MgSOs, filtered, and
concentrated under vacuo. Column chromatography of the residue gave 3 (20.6 g, 99%) as a colorless
oil. 'TH NMR (400 MHz, CDCls): 511 4.77 (br s, 2H), 4.71 (br s, 2H), 3.93 (quint. , J = 6.3 Hz, 1H), 2.20-
2.11 (m, 4H), 1.73 (s, 6H), 0.87 (s, 9H), 0.04 (s, 6H). 3C NMR (75 MHz, CDCls): 57 143.0 (2 x C),
113.2 (2 x CHz), 69.8 (CH), 46.0.(2 x CH2), 26.1 (3 x CHs), 23.2 (2 x CHs), 18.3 (C), 4.4 (2 x CHs).

HRMS (ESI) calc for C1sH300SiNa*: 277.1958 [M+Na]*; found: 277.1959.

OTBS
H
MOH

4-((tert-Butyldimethylsilyl)oxy)-2,6-dimethylhept-6-ene-1,2-diol (4).

Alkene 3 (4.30 g, 16.9 mmol) was dissolved in acetone/water (200 mL, 3/1 v:v), then a catalytic
amount of OsOas (1 mL, 4%wt in water) was added and the mixture was stirred for 15 min at 0 °C.
Then, N-methylmorpholine-N-oxide (3.96 g, 33.8 mmol, 2.0 equiv.) was added and stirred for 4 h at 0

°C. The solution was poured into 10 % aqueous Na2SOs and extracted with Et2O. The combined
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organic extracts were washed with water, brine, dried with MgSQes, filtered, and concentrated under
vacuo. Column chromatography of the residue gave 3 (starting material, 3.38 g) and 4 (0.9 g, 86%) as
a mixture of two diastereoisomers (2:1 ratio, determined by 'H NMR). 'H NMR (400 MHz, CeDe): &1

4.78 (br s, 1H, Maj), 4.76 (br s, 1H, Maj + min), 4.70 (br s, 1H, min), 4.26 (m, 1H, Maj + min), 3.78 (s,
1H, min), 3.45-3.28 (m, 3H, Maj + 2H, min), 2.37-2.27 (m, 1H, Maj + min), 2.22-2.07 (m, 1H Maj + 2H,
min), 1.87-1.70 (m, 2H, Maj + 1H min), 1.65-1.50 (m, 4H, Maj + 4H, min), 1.18 (s, 3H, Maj), 1.14 (s,
3H, min), 0.94 (s, 9H, Maj + min), 0.11 (s, 3H, min), 0.09 (s, 3H, Maj), 0.05 (s, 3H, Maj + min). '3C
NMR (75 MHz, CsDs): 5. 142.5 (C, Maj), 142.0 (C, min), 113.9 (CHz, min), 113.7 (CHz, Maj), 73.0 (C,
min), 72.7 (C, Maj), 71.0 (CHz, min), 70.1 (CHz, Maj), 69.7 (CH, min), 69.6 (CH, Maj), 47.9 (CHz, Maj +
min), 44.3 (CHz, Maj), 43.1 (CHz, min), 26.2 (CHs, Maj), 26.1 (CHs, min), 25.5 (CHs, Maj), 24.0 (CHs,
min), 22.9 (CHs, Maj), 22.8 (CHa, min), 18.2 (C, Maj), 18.1 (C,min), —3.4 (CHs, min), —3.5 (CHa, Maj),
4.2 (CHs, Maj), — 4.3 (CHs, min). HRMS (ESI) calc for C1sH3203SiNa*: 311.2013 [M+Na]*; found:

311.2013.

OTBS,
(o)

4-((tert-Butyldimethylsilyl)oxy)-6-methylhept-6-en-2-one (5)

Diol 4 (6.0 g, 20.8 mmol) was dissolved in THF/water (300 ml, 3/1 v:v), then NalO4 (11.1 g, 52.0 mmol,
2.50 equiv.) was added and the resulting mixture was stirred at 0 °C for 3 h. The solution was poured
into water and extracted with Et2O. The combined organic extracts were washed with water, dried with
MgSOs, filtered, and concentrated under vacuo. Column chromatography gave 5 (5.11 g, 96%) as a
yellowish oil. '"H NMR (400 MHz, CDCls): 61 4.78 (br s, 1H), 4.70 (br s, 1H), 4.36-4.28 (m, 1H), 2.60-
2.47 (m, 2H), 2.27-2.23 (dd, J = 13.3 Hz, J = 5.3 Hz, 1H), 2.16-2.11 (m, 1H), 2.15 (s, 3H), 1.74 (br s,
3H), 0.86 (s, 9H), 0.07 (s, 3H) 0.03 (s, 3H). 'C NMR (75 MHz, CDCls): 6.1 207.9 (C), 142.3 (C), 113.7
(CH), 67.8 (CH), 50.5 (CH2), 46.6 (CH2), 31.8 (CHas), 25.9 (3CHs), 23.0 (CH3), 18.1 (C), —4.5 (CHa), —

4.8 (CHs). HRMS (ESI) calc for C14H2002Si+: 257.1931 [M+H]*; found: 257.1930.
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OTBS, 9 —

-0

NH,C \

Diethyl (1-amino-3-((tert-butyldimethylsilyl)oxy)-1,5-dimethylhex-5-enyl)phosphonate (6)

Ketone 5 (1.0 g, 3.9 mmol) was dissolved in diethylphosphite (5 mL, 37.4 mmol, 9.6 equiv.), then 4A
molecular sieves (1.0 g) were added and the mixture was stirred under an ammoniac atmosphere for
24 h. Then, the mixture was filtered and the excess of diethylphosphite was removed under vacuum
(50 °C, 2.0 mmHg). Column chromatography gave 6 (550 mg, 37%) as a yellowish oil. 'H NMR (400
MHz, CDCls): 611 4.77 (br s, 1H, Maj + min), 4.71 (br s, 1H, Maj + min), 4.42-4.32 (m, 1H, Maj), 4.27-
4.20 (m, 1H, min), 4.19-4.07 (m, 4H, Maj + min), 2.33-2.26 (m, 1H, Maj + min), 2.23-2.15 (m, 1H, Maj
+ min),1.95-1.85 (m, 1H, Maj + min), 1.80-1.55 (m, 6H, Maj + min), 1.37-1.28 (m, 9H, Maj + min), 0.88
(s, 9H, Maj + min), 0.13-0.10 (m, 6H,Maj + min). 3P NMR (162 MHz, CDCls): 8 31.7 (Maj), 30.9
(min). 8C NMR (75 MHz, CDCls): 8l 142.5 (C, Maj), 142.0 (C, min), 113.4 (CHz, min), 113.3 (CHs,
Maj), 67.6 (d, J = 12.7 Hz, CH, min), 67.5 (d, J = 10.5 Hz, CH, Maj), 62.3 (d, J = 5.5 Hz, CHz2, min),
62.2 (d, J = 5.5 Hz, CHz, min), 62.1 (d, J = 7.7 Hz, CHz, Maj), 62.0 (d, J = 7.7 Hz, CH, Maj), 51.9 (d, J
=154 Hz, C, min), 51.7 (d, J = 146 Hz, C, Maj), 48.0 (CHz, Maj), 47.9 (CHz, min), 42.5 (d, J = 3.9 Hz,
CHz, Maj), 41.8 (CHz, min), 25.9 (3 CHs, Maj + min), 23.7 (d, J = 1.1 Hz, CHs, Maj), 22.7 (CHa, min),
22.7 (CHs, Maj), 22.5 (d, J = 2.2 Hz, CHs, min), 17.9 (C, Maj), 17.8 (C, min), 16.5 (d, J = 5.5 Hz, CHs,
min), 16.5 (d, J = 5.0 Hz, CHa, Maj), 3.7 (CHs, min), 3.8 (CHs, Maj), — 4.2 (CHs, min), 4.3 (CHa, Maj).

HRMS (ESI) calc for C1gHa1NO4PSi*: 394.2537 [M+H]*; found: 394.2537.

OoTBS
o)
oo
\N—
N (o)
Y

2-(Diethoxyphosphoryl)-4-(tert-butyldimethylsilyloxy)-2,6,6-trimethylpiperidin-N-oxyl radical (8).
Aminophosphonate 6 (400 mg, 1.02 mmol) was dissolved in THF/water mixture (50 mL, 3/1 v:v), then

a solution of Hg(OAc)2 (389 mg, 1.22 mmol, 1.20 equiv.) in THF/water (50 mL, 3/1 v:v) was slowly
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added and was stirred for 30 min at room temperature. The mixture was then poured on a solution of
NaBHa4 (77 mg, 2.04 mmol, 2.0 equiv.) and NaOH (163 mg, 4.08 mmol, 4 equiv.) in ice-cold water (50
mL) and stirred for 5 min. After extraction with Et20, the combined organic extracts were washed with
brine, dried with MgSOs, filtered, and concentrated to give piperidine 7 which was used in the next
step without any further purification.

A solution of piperidine 7 (900 mg, 2.29 mmol) and m-CPBA (1.26 g, 4.58 mmol, 2.0 equiv.) in CH2Cl2
(90 mL) was stirred for 2 hours at 0 °C. The solution was then poured into 10 % aqueous Na2S203 and
extracted with CH2Cl2. The combined organic extracts were washed with saturated aqueous solution
of NaHCOs, dried with MgSOs, filtered, and concentrated under vacuo. Column chromatography gave
8 (685 mg, 73%) as a red oil. The two diastereoisomers were separated and the major diastereomer
(RR/SS) was recrystallized from Et20. M.p. (Major) = 82 °C. EPR (Phosphate buffer
NaH2PO4/Na2HPO4, 0.05 M, pH = 7.3): Major diastereomer, an = 16.2 G, ar = 24.0 G; Minor
diastereomer, an = 15.0 G, ar = 52.5 G. HRMS (ESI) calc for C1sH40NOsPSi*: 409.2408 [M+H]*; found:

409.2408.

(o)

P—OO\/

2-(Diethoxyphosphoryl)-4-hydroxy-2,6,6-trimethylpiperidin-N-oxyl radical (9)

To an ice-cold solution of silyl ether 8 (RR/SS + RS/SR) (400 mg, 0.979 mmol) in dry THF (4 mL) was
added TBAF (1.0 M solution in THF, 1.47 mL, 1.47 mmol, 1.50 equiv.) dropwise under argon. The
mixture was stirred for 3 hours. Concentration under vacuo followed by column chromatography gave
9 (262 mg, 91%) as a red oil. EPR (Phosphate buffer NaH2PO4/Na2HPOa4, 0.05 M, pH = 7.3): Major
diastereoisomer, an = 16.2 G, ar = 24.0 G; Minor diastereoisomer, an = 15.2 G, ar = 49.8 G. HRMS
(ESI) calc for C12H26NOsP+: 295.1543 [M+H]* ; found: 295.1544 ; calc for C12H2sNOsPNa+: 317.1363

[M+Na]* ; found: 317.1363.
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2-(Diethoxyphosphoryl) -2,6,6-trimethyl-4-oxypiperidin-N-oxyl radical (10)

To a stirred ice-cold solution of 9 (RR/SS + RS/SR) (80 mg, 0.272 mmol) and powdered 4 A molecular
sieves (80 mg) in dry DCM (10 mL) was added N-methylmorpholine N-oxide (128 mg, 1.09 mmol, 4.0
equiv.) followed by a catalytic amount of tetrapropylammonium perruthenate under an argon
atmosphere. The mixture was stirred for 20 minutes. Concentration under vacuo followed by column
chromatography gave 10 (70 mg, 88%) as an orange solid. M.p. = 42 °C. EPR (Phosphate buffer
NaH2PO4/Na2HPO4, 0.05 M, pH = 7.3): an = 15.4 G, ar = 44.2 G. HRMS (ESI) calc for C12H24NOsP+:

293.1387 [M+H]* ; found: 293.1387 ; calc for C12H23NOsPNa+*: 315.1206 [M+Na]* ; found: 315.1205.

P(O)(OEt),

2-(Diethoxyphosphoryl)-4-acetoxy-2,6,6-trimethyl-1-azacyclohex-3-enoxyl radical (11)

A solution of ketone 10 (100 mg, 0.342 mmol) in dry THF (5 mL) was slowly added to a — 80 °C
solution of KHMDS (1.0 M solution in THF, 513 pL, 0.513 mmol, 1.50 equiv.) in dry THF (5 mL). The
mixture was stirred for 3 hours from —80 °C to — 45 °C. Then, Ac20 (65 pL, 0.684 mmol, 2.0 equiv.)
was slowly added. The mixture was stirred for 2.5 hours, then it was poured on saturated aqueous
NaCl solution and extracted with EtOAc. The combined organic extracts were dried with MgSOa,
filtered, and concentrated under vacuo. Column chromatography of the residue gave 11 (99 mg, 80%)
as a red oil. EPR (Phosphate buffer NaH2PO4/Na2HPOa, 0.05 M, pH = 7.3): an = 15.4 G, ar = 38.6 G.

HRMS (ESI) calc for C1sHaiNO4PSi*: 335.1492 [M+H]*; found: 335.1491.

Kinetic investigation
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Figure 1SlI. Kinetics of hydrolysis of 10+ affording 9 monitored by EPR at pH 1, pH 3, pH 7.4 and pH
9.

Enzymatic EPR kinetic investigations

A Miniscope MS200 EPR instrument (Magnettech, Berlin, Germany) was used for enzymatic
reactions. Nitroxide samples were loaded in 75 mm/60 ul capillaries (Hirschmann Laborgerate,
Germany). The experiments were performed as previously reported.l'! EPR acquisition parameters
were as follows: Bo = 3353,55 G; sweep width = 90.42 G; sweep time = 60 s; number of passes = 1;
modulation = 300 mG. The gain was kept constant throughout the kinetic experiments. EPR spectra
processed using IGOR Pro (Wavemetrics, Lake Oswego, OR, USA) enabled quantification of the third
peak(s) during the required time course. After integrating the EPR peaks, the surface areas of the third
peak were measured with a Lorentzian Curve fit. These data were then normalized to a final
concentration of 1.8 mM.

A list of proteases was tested in pursuit of an effective proteolytic activity of the nitroxide 10.

All experiments involving purified proteases were done in 0.1 M phosphate buffer, pH = 7.4 at 37 °C;
except for collagenase, thermolysin and trypsin, for which CaClz was added in the phosphate buffer for

optimal activity.
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All these enzymatic reactions were initiated by adding a small volume of enzyme solution between 5 to
20 pl at a concentration around 4 pyM to the buffered substrate solution at a concentration of 1.8 mM
and were left to incubate for 5 hours before EPR readings.

All kinetic measurements were carried out at pH = 7.4 (phosphate buffer) and sample temperature
was kept at 37 °C. The enzymatic reactions were initiated by adding 20 pl of enzyme solution
(Subtilisin A, Eo at 2.8 uM, concentration determined by titrating a constant amount of enzyme with an
increasing concentration of Eglin C inhibitor and a constant amount of Meo-Suc-Alas-pNA substrate) to
the buffered nitroxide substrate solution at a concentration of 1.1 mM placed in a water bath at 37°C.
At different time intervals, around 50 pl of the solution was taken for EPR acquisition. The reaction
was followed for 20 hours discontinuously until completion. At low substrate concentrations ([So] <<
Kwm), the Michaelis-Menten equation simplifies to v; = kca’Km x [E]o x [S]o so that the release of product
9, here the ketone form, with time is a pseudo first-order reaction described by d[P)/dt = kops[S] where
Kobs = kca/Kim % [Elo. The pseudo-first-order rate constant koss was also calculated using 0.3, 0.6 and 1.8
mM substrate concentrations with 2.8 uM Eo. The progress curves were all first-order, and kops did not
significantly change with [S]o. This indicates that [S]o was indeed much lower than Ku. Curves were
fitted with an exponential curve with the equation y = yo + Ae . Similar kinetic measurements were

performed in the presence of Eglin C inhibitor at a concentration of 8 yM.

OMRI

1) Set-up

The OMRI setup was composed of a C-shaped 0.2 T MRI system (Magnetom Open Viva, Siemens,
Erlangen, Germany) and a resonant TEO11 transverse electric mode EPR cavity setup (Bruker,
Wissembourg, France) as described in 2. The EPR cavity placed at the center of the magnet was
used to saturate one electron spin transition of the nitroxide. A homemade saddle-shaped MRI coil (28
mm in diameter and 29 mm in length) positioned in the center of the EPR cavity was used for imaging.
MR imaging sequences were synchronized to an external pulse generator for electron spin saturation.
For 2D sequences the EPR pulse time was 260 ms long followed immediately by the MRI pulse
sequence whereas for 3D acquisition, continuous electron spin saturation was carried out. The proton
frequency was 8.24 MHz.

2) Frequency sweep experiment
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For a selective and an effective electron spin saturation, a frequency sweep experiment was carried
out to characterize OMRI response of both nitroxide molecules (9 and 10) at 1.8 mM each. The EPR
cavity was tuned and matched for each set of frequencies (5.420 - 5.430 GHz for the enol form; 5.412
- 5.427 GHz - for the ketone form). Each targeted peak corresponded to the third line starting from
high field on the EPR spectrum (see Figure 6).

OMRI experiments were performed in NMR tubes: a 2 mm inner diameter tube containing 1.8 mM of
either nitroxide 9 or nitroxide 10 in phosphate buffer saline; which was then placed in another 20 mm
diameter water-filled tube. Two sets of 2D MRI images with a standard gradient echo sequence (with
the same parameters reported in the literature) ! were acquired for each tuned frequency with and
without electron spin saturation. All MR adjustments were done manually, using the same fixed
receiver amplification gain for both measurements, without (Sof) and with (Son) electron spin
saturation, so that signals can be directly compared and Overhauser enhancements (Son/Soff)
calculated.

A plot of the Overhauser enhancements against frequency was then plotted and distinct electron spin
saturation frequencies were selected for each nitroxide species (Figure 5).

3) In-vitro MRI

An on/off assay was then carried out with two sample tubes (2 mm in diameter); one with the ketone
form and the other with the enol form. Electron spin saturation was first set at 5.426 GHz, then at
5.417 GHz. For each frequency, 2D Soff and Son images were acquired with the same parameters as
before. Sample temperature was kept at 37 °C (Figure 5).

A kinetic assay was also performed over 20 hours and as from 18 minutes same 2D Sort and Son
images were acquired. Subtilisin A was at 2.8 yM and nitroxide 9 was at 1.8 mM. Here, the electron
spin saturation frequency was set only at 5.417 GHz to follow the nitroxide 10 hydrolysis into its ketone
form. The ketone nitroxide progression curve was then plotted with the Overhauser enhancements
against time (Figure 6). The progress curve was also first-order and was fitted with an exponential
curve with the following equation y = yo + Ae’® where yo=11.3 £+0.2; A=-124 £+ 04 and k=0.6 +
0.04 h-'. The experimental half life, ti2 was 69 min.

4) In-vivo MRI

Mice (n=3, CB57/CRL, Charles River, I'Arbresie, France) weighing 22-24 g were orally fed with 200 pl

of nitroxide 9 at 24 mM. Animal was prepared as previously reported.ll This protocol was approved by
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CHAPTER 4

Discussion and Perspectives

4.1 Discussion

In this thesis, new methodological developments, different specialized molecular bea-
cons and in vivo small animals application have been achieved in the aim of detecting
and localizing proteolytic activities using the OMRI modality. This work illustrates
the first 3D visualization of a physiological process inside an intact organism. It also
puts forward one original and unique strategy for detecting substrate-product enzy-
matic conversion of an OMRI contrast agent. To put all this work together, a proper
methodology was developed.

4.1.1 OMRI acquisition advances - before and after

The OMRI setup in our laboratory has been developed on a 0.2 T magnet which gives
a proton frequency at 8.24 MHz and an electron frequency at 5.43 GHz. The MRI
gradient hardware available was limited to 14 mT/m. The 5.43 GHz electron irradiation
allowed a wave penetration depth of around 10 mm, limiting our in vivo sample to
small rodents. In addition, an electromagnetic wave of 5 GHz does have a heating side
that should be controlled. The power at which the wave is transmitted through the
cavity onto the sample should be kept as low as possible.

All our experiments were performed with an estimated effective power 6 W or less.
Rough estimations of absorbed power were made from temperature elevation measure-
ments during EPR irradiation in phosphate-buffered saline phantoms and in vivo in
mice (rectal and buccal temperature). The results (unpublished data) in vivo showed
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that a temperature elevation in the mouse with the buccal probe was 8°C for 150
seconds of EPR irradiation. Knowing that specific heat capacity of the animal is around
3600 J/kg/°C in most body parts [Hasgall et al. 2015] and that the irradiated mouse
mass is around 10 g (half the body size), one may calculate a temperature elevation
(assuming an initial linear regime and neglecting dissipation) of 0.16 degree/second for
6 W power (the maximal observed value in phantoms), 3-times larger than observed in
mice. Thus the SAR value in vivo can be calculated as [Postow et al. 1996] : SAR = ¢
AT/At = 180 W/kg under EPR irradiation. This high value led us to divide the acqui-
sition in several time-blocks in order to decrease the duty cycle. Another parameter
that minimized the heating effect, was the use of a TE011 cavity configuration. Indeed
the electric component of the hyperfrequency wave was set aside on the outer part of
the resonant cavity. By far, the previous in vivo work conducted by our team on this
OMRI setup had a total electronic saturation time of 90 seconds out of 5 minutes of
total acquisition time [Massot et al. 2012]. In order to limit the temperature increase to
1-2 degrees, the 90 seconds were fragmented into 3 parts with a 1 minute rest between
each part. Thirty seconds was defined to be the upper boundary for continuous in vivo
EPR saturation. All these points assembled together, oriented the OMRI in vivo project
towards the development of a new MRI sequence with a faster acquisition time of less
than 30 seconds.

In this present work, the spatial resolution was also taken into consideration. From
most of the past Overhauser-enhanced imaging applications, the spatial resolution was
in two dimensions with slice thickness that were not lower than 5 mm [Seimenis et al.
1997; Golman et al. 1998; Grucker 1990; Golman et al. 2000; Li et al. 2002; Lurie et al.
2002; Li et al. 2006]. Even in the previous work of Massot P., the in-plane resolution
was of 0.41 mm and the slice thickness was set at 1 mm [Massot et al. 2012]. So the
second point here, was to attain isotropic resolution in the sub milimetric scale.

In this perspective, a fully balanced steady state MRI (TrueFISP) sequence was chosen
so as to take advantage of its high SNR characteristics. Even if in 2014, Sarracanie
M. successfully demonstrated for the first time the use of the TrueFISP MRI sequence
applied to OMRI technique and also combined to an undersampling strategy [Sarracanie
et al. 2014], our work on the TrueFISP sequence and the Keyhole strategy was already
in progress. The ramp up gradients were at their maximum in order to decrease the
acquisition time. The slice selection gradient was also removed for that same objective.
A MRI sequence of 1 minute and 8 seconds for spatial resolution of 500.m in all three
dimensions was achieved. The next step was to accelerate this sequence by using
the Keyhole approach. A partial acquisition with 50% reduction in 2 out 3 directions
allowed an acceleration factor of 4. A final acquisition time of 18 seconds with or
without continous EPR saturation was attained. Consequently, taking into account
the significantly reduced duty cycle achieved when acquiring OMRI images each 10
minutes interval (calculated as 3%), a SAR value of 5 W/kg (compared to 180 W/kg)
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can be calculated.

4.1.2 Elastolytic activity detection

As per results obtained using the nitroxide-labeled elastin OMRI contrast agent, in
vitro, ex vivo and in vivo proteolysis imaging were achieved. The modified correlation
time of the OMRI probe upon cleavage of the elastin macromolecule from 330 ps to
170 ps allowed the design of an unambiguous on/off switch. EPR studies have shown
a significant change in the linewidth of the electronic transitions from 10 Gauss to
around 1.8 Gauss. Moreover, since the saturation factor depends on the EPR linewidth,
a large difference in the saturation factor is observed. Taking electron 7} = 350 ns
and 75 evaluated from the EPR linewidths, the saturation factor was about 0.7 for the
digested elastin and an estimated 0.2 for the undigested elastin. Upon saturation of the
central EPR transition of the nitroxide-labeled elastin, the high signal amplification
obtained was directly associated to the digestion of the macromolecule. It should
somehow be noted that the Overhauser enhancement is not directly proportional to
the concentration of nitroxide especially at concentrations higher than 2 mM. Hence,
to quantitatively link the Overhauser signal amplifications to the concentration of
nitroxide would be unjustified and incorrect mainly for in vivo experiments. All
enhancements obtained were qualitatively appreciated.

In vitro elastase activity (pancreatic elastase or neutrophil elastase) was followed
continuously by OMRI. The sensitivity of the Overhauser signal was above 0.2 mM.
Lower concentrations of nitroxides were rather imaged with enhancements between
0 and 1 and with as darker regions. Ex vivo human neutrophil elastase activity was
also followed. Even though the sensitivity of the OMRI technique was fairly lower
than that of the EPR spectroscopic technique, OMRI signal change was spotted on the
2D images upon secretion of the enzymatic pool out of the neutrophil cells. Signal
amplifications obtained with neutrophil-induction was significantly different to those
without neutrophil-induction. Specific elastolytic activity was detectable using the
OMRI ex vivo [Parzy et al. 2013].

In vivo 3D OMRI images after an oral administration of 18 mM of nitroxide-labeled
elastin in the mouse’s stomach were obtained with a correct spatial resolution of 5004m
in all 3 directions. High signal amplifications up to 10-fold were measured in vivo. As
compared to the other MR imaging techniques like CEST, or Gadolinium-based contrast
agents where the maximum increase in signal accounts for up to 20-30%, here, the
OMRI approach shows a much higher sensitivity. The main advantage when compared
to hyperpolarized technique is the in situ and non transient Overhauser effect in OMRI
experiment. Indeed, with hyperpolarized approaches the signal of the enriched contrast
agent decays within several minutes and hence all the enzyme-related signal can only
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be followed in this small time interval. Also metabolic enymatic activity is followed in
vivo in large voxel-sizes of milimetric orders [Hurd et al. 2012; Eichhorn et al. 2013].
OMRI offers an enzymatic detection each time the EPR line are saturated. By using
very stable nitroxides like PCA nitroxide, their presence can be observed for hours
inside the organisms. Finally when compared to optical imaging techniques which are
preferentially used for enzyme-activity detection in vivo, the major drawback is its
low light penetration depths and no anatomical and morphological image acquisition.
Most studies in this optic field deals a lot with surface tissue detection of enzymatic
activity. The OMRI technique allows the imaging of deep seated tissues along with
high anatomical images. Hence both morphological and functional imaging can be
achieved with the OMRI technique. No other complementary techniques (as Computed
Tomography) needs to be coupled. The results show a correct overlay of anatomical
MRI acquisition and Overhauser enhanced acquisition was possible, which in turn
delineated the Overhauser enhancement spots in deeply seated tissues.

On the other hand, the digestion of the nitroxide-labeled elastin was precisely located
in the duodenum of the small intestines just at the opening of the pancreatic duct.
No signal enhancements were seen in the stomach of the mouse. This anatomic
location suggested that the various stomacal enzymes were not able to cleave the
elastin and produce an Overhauser, but rather the pancreatic elastase enzyme present
in the pancreatic juice was able to specifically cleave the elastin and produce a high
Overhauser signal. The control experiment with orally administered predigested
nitroxide-labeled elastin in the stomach showed a high signal amplification in the
stomach itself. OMRI allowed a real specificity of the substrate towards its enzyme.
The digestion was followed for at least 3 hours and no accumulation of the nitroxide
in the urinary bladder was observed. These results suggest a quick absorption of the
digested elastin by the intestinal cells [Koonjoo et al. 2014].

4.1.3 Double substrate-product detection upon
proteolysis

Based upon the newly synthetized 3-phosphorylated nitroxide, a unique substrate-
to-product conversion was imaged using the OMRI approach. Upon hydrolysis of
the ester bond, the nitroxide has its hyperfine coupling constant shifted due to a
change in its conformational structure from a rigid cyclohexene structure-type to a
more flexible cyclohexane one. This modification eventually brings about a different
orbital overlapping of the 3-spin system (electron, nitrogen and phosphorus atom)
which in fine creates two distinct non overlapping EPR frequencies characterizing each
the substrate and the product. By selecting one of the particular EPR frequency for
electronic saturation, either the substrate or the product has been selectively imaged.
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To date such a molecule has never been synthetised for molecular imaging.

Nevertheless this molecular strategy ressembles a lot to the deprotonation of free radi-
cals which are often used for OMRI pH mapping. For instance, the team of Khramtsov
VV in 2010 imaged an imidazole pH-sensitive radical with a EPR peak shift of 0.8
Gauss upon protonation of the nitroxide molecule [Khramtsov et al. 2010]. A second
article described a trityl-based OMRI probe as a pH detector [Takahashi et al. 2014;
Dhimitruka et al. 2013]. In this work, the deprotonation resulted in an increase of the
phosphorus hyperfine coupling constant of 0.26 Gauss which implies an EPR frequency
shift of only 0.3 MHz. These two examples show only a slight variation of the EPR
frequency, and hence a higher probability of saturating both EPR frequencies at a
time. Distinct protonated or deprotonated nitroxide form was less possible. Here
with our S-phosphorylated nitroxide molecule, an EPR line shift of 4.4 Gauss was
recorded corresponding to an EPR frequency shift of 8 MHz. Two non-overlapping
EPR frequencies were obtained with the frequency sweep experiment.

Even if the acetyl functional group present on the nitroxide molecule is not a specific
substrate towards specific enzymes for hydrolysis, a feasibility test was conducted.
The 3-phosphorylated nitroxide was made to react with different purified enzymes.
Among all the enzymes used, the rate of hydrolysis was the fastest with Subtilisin
A, a non-specific and broad spectrum serine peptidase. This reaction was proved to
be enzymatic by addition of an inhibitor, Eglin C in the reaction mixture. On the
contrary, the other enzymes needed more specific substrates for hydrolysis to take
place. Hence, using Subtilisin A, all the kinetic studies undergone corroborated with
the low substrate specificity of the acetate nitroxide form — with a kinetic constant,
of 55 M~ 1s L.

cat

K

The in vivo feasibility experiments carried out after orally administrating the acetate
nitroxide form inside the stomach showed Overhauser enhancements of the substrate
at 5.425 MHz and of the product at 5.417 MHz. The Overhauser amplifications were
observed inside the stomach for the substrate and for the product, Overhauser signal
was spotted in the stomach and down the intestinal tract. Knowing that the stomach
has a very acidic environment, the stability of the nitroxide was evaluated and at pH =
1 a very slow and insignificant hydrolysis of the acetyl group was observed. The broad
specificity catabolic proteases present in the mouse’s stomach for instance esterases,
pepsin, or gastrincin, allowed a substrate-to-product enzymatic conversion. Control
experiments with the administration of the ketone nitroxide form in the stomach, was
also the proof that at each EPR frequency, transitions of only one nitroxide species
were saturated. No accumulation of the nitroxide was obtained in the urinary bladder,
suggesting a rapid absorption of the radical molecule into cells and eventually its
bio-reduction into a non radical species which would be invisible by OMRI.
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To sum up this discussion, we shall say that the OMRI approach has a great potential
in the field of Molecular Imaging in detecting proteolytic activity. Eventually more
research work need to be conducted on designing new OMRI contrast agents, which
will in turn target more specific enzymes.
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4.2 Perspectives

The upcoming future plans of our OMRI project in the laboratory, are :

1. first of all the detection of overly expressed protease activity that are directly
associated to diseases — for example lung emphysema and pancreatitis animal
models;

2. secondly the translational aspect of this OMRI technique at very low field and
eventually at Earth’s magnetic field.

4.2.1 Disease related protease activity imaging in
small animals

The development of this project requires correct animal models and also specific
OMRI probe designs in order to target specific pathologies. Taking the case of a
lung emphysema animal model, new MRI methodological techniques should first
be implemented so as to adapt the MRI sequence to lung imaging. In regard to the
available TrueFISP sequence, preliminary results have shown no conclusive Overhauser
enhanced signal in lung images when PCA nitroxide was intratracheally administered.
Overhauser signals were diffused and small amplifications were observed. In order
to optimize the MRI acquisition, spin-echo based or ultra-short TE sequences can be
considered along with accelerated data acquisition methods.

In addition, the use of nitroxide-labeled elastin as substrate to target overexpressed
neutrophil elastase would be somewhat inapproriate due to its slow cleavage rates
towards neutrophil elastase. Indeed if correct peptide sequences that are specific to
neutrophil elastase activity are grafted on the 5-phosphorylated nitroxide, the chances
for visualizing disease-related elastolytic activity would certainly increase. It should be
noted that other enzymes that are overexpressed in this disease could also be targeted.

A second animal model based on a pancreatits model can also be considered. Here also,
OMRI substrates need to be specific and highly effective towards the targeted enzymes.
The biodistribution of the OMRI substrate should also be taken into consideration as
after an intravenous administration of the substrate, the on-site enzymatic activity vi-
sualization due to accumulation of the OMRI substrate would enable an early detection
of the pathology. Eventually, inhibitors of these enzymatic reactions could be studied
for a better understanding of the progression of the pathology.
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4.2.2 Very low Magnetic field & OMRI technique

As stated earlier, at 5 GHz of EPR frequency transmission only small rodents can be
studied due to the limiting wave penetration. Indeed, the maximum volume of the
sample is constrained by the power of the EPR irradiation. In addition for in vivo OMRI
applications, it is advisable to lower the power per unit volume as much as possible
to avoid any excessive heating effect. Hence, in this view, the next logical step to
attain large animal OMRI experiments is to decrease this EPR frequency, and thereby to
decrease the amplitude of EPR magnetic field, so as increase the wave penetration depth.
Lowering the field will hence enable longer continuous EPR irradiation sequences to
be acquired without animal overheating. Another great advantage in implementing
OMRI experiment at very low magnetic fields, is the exploration of other permitted
electronic transitions of free radicals with a hyperfine structure (i.e nitroxide radical).

OMRI at low EPR frequency have been explored by Lurie D.J. since 1989 through Field-
cycling [Lurie et al. 1989]. This approach consists of irradiating the unpaired electrons
at a lower magnetic field and followed by NMR imaging data at a higher field. His
most recent work using this approach in vivo was in 2005, where the EPR irradiation
was carried out at 5 mT and then switched within 40 ms to 450 mT for MRI imaging
[Lurie et al. 2005]. He was able to visualize the bio distribution of a nitroxide from the
kidneys all the way down to the urinary bladder. Thus, by transposing this approach to
enzymatic activity detection, larger samples can be imaged with a minimized heating
effect.

Another possible approach is to conduct OMRI experiments at even lower magnetic
fields. In recent years, there has been a growing interest in developing less costly MRI
systems which operates at lower fields than present clinical MRI systems (commonly at
1.5 T). Suitable signal-to-noise and spatial resolutions of patients with metal implants
have been achieved by prepolarizing proton spins at a higher magnetic field (0.4 T)
than the magnetic field used for imaging (0.03 T) [Venook et al. 2006]. To overcome
the enormous signal reduction at fields ranging in orders of 100uT, a SQUID-based
technology has been used to detect the signal with an untuned superconducting input
circuit inductively coupled to a superconducting quantum interference device (SQUID)
[Inglis et al. 2013]. Recently, the team of Zotev V.S in Los Alamos has taken advantage
of this fine signal detectors to perform Overhauser enhanced MR imaging experiments
on plants [Zotev et al. 2010]. An Overhauser enchancement of 24-fold was recorded
with a 1-second EPR irradiation at 120 MHz and a 20-minute NMR image acquisition
time at 96 pT. In the team of Rosen M.S, a low-field MRI scanner with a biplanar 6.5 mT
electromagnet and biplanar gradients was customed built without the prepolarization
step. Low-field OMRI experiments were conducted in vitro on large samples with an
embedded EPR irradiation of 4-hydroxy TEMPO at 140.8 MHz into the MRI sequence.
In this study, their aim was to achieve fast OMRI acquisitions [Sarracanie et al. 2014].
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This team recently demonstrated the feasibility of in vivo low-field OMRI in the study of
the brain’s redox state in rat model of cerebral ischemia/reperfusion after adminitration
of TEMPOL nitroxide [Rosen et al. 2014; Sarracanie et al. 2015].

The main interest to conduct OMRI experiments at very low magnetic fields, is based
on the scalar Halmitonian term when nitroxide radicals are concerned. The work of
Guiberteau T in 1996 has shown the evolution of the Overhauser enhancement when
the magnetic field intensity is reduced. At low magnetic fields (less than 2 Gauss), the
scalar interaction of the unpaired electron with the nitrogen nucleus is fairly increased
because the electronic spins experience a strong local magnetic field from the nitrogen
spins. The Overhauser enhancement becomes inversely proportional to the applied
magnetic field and tends towards absolue infinity [Guiberteau et al. 1996]. Hence, for
microtesla-range OMRI experiements, the expected Overhauser enhancements would
be even higher.

There is a lot of scope in OMRI imaging and more precisely the field of Molecular
Imaging for proteolytic activity detection remains yet to be explored.
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Annexes

To complete my work, I am adding a fourth article which relates about the use of
another type of nitroxide in theranostics — a field combining therapy and diagnosis.
This theranostic agent named Alkoxyamine can spontaneously undergo homolysis
producing an alkyl agent which in turn would target solid tumors and an nitroxide
radical which would serve as the imaging contrast agent.

Here, this work illustrates the potential of this molecule in vitro and ex vivo on cancer
cells. Biological studies as well as OMRI studies were conducted. My contribution is
mainly related to the OMRI studies.

University of Bordeaux — 2015



Annexes

pharmaceuhcs

pubs.acs.org/molecularpharmaceutics

Alkoxyamines: Toward a New Family of Theranostic Agents against

Cancer

Damien Moncelet Pierre V01s1n #T Neha Koon]oo, Veromque Bouchaud Philippe Massot, ¥
Elodie Parzy, Gérard Audran, Jean-Michel Franconl, Eric Thlaudlere, Sylvain R. A. Marque,“L

Paul Brémond,* * and Philippe Mellet® 8

TCRMSB, CNRS-UMR-5536, Université Victor Segalen Bordeaux 2, 146 rue Léo Saignat, Case 93, 33076 Bordeaux Cedex, France
*Aix Marseille Université, CNRS, ICR UMR 7273, 13397, Marseille, France
SINSERM, 146 rue Léo Saignat, Case 93, 33076 Bordeaux Cedex, France

ABSTRACT: Theranostics combines therapeutic and diag-
nostic or drug deposition monitoring abilities of suitable
molecules. Here we describe the first steps of building an
alkoxyamine-based theranostic agent against cancer. The labile
alkoxyamine ALK-1 (#;, = SO min at 37 °C) cleaves
spontaneously to generate (1) a highly reactive free alkyl
radical used as therapeutic agents to induce cell damages
leading to cell death and (2) a stable nitroxide used as contrast
agent for Overhauser-enhanced magnetic resonance imaging
(OMRI). The ALK-1 toxicity was studied extensively in vitro
on the glioblastoma cell line U87-MG. Cell viability appeared
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to be dependent on ALK-1 concentration and on the time of the observation following alkoxyamine treatment. For instance, the
LCs, at 72 h was 250 uM. Data showed that cell toxicity was specifically due to the in situ released alkyl radical. This radical
induced oxidative stress, mitochondrial changes, and ultimately the U87 cell apoptosis. The nitroxide production, during the
alkoxyamine homolysis, was monitored by OMRI, showing a progressive MRI signal enhancement to 6-fold concomitant to the
ALK-1 homolysis. In conclusion, we have demonstrated for the first time that the alkoxyamines are promising molecules to build

theranostic tools against solid tumors.

KEYWORDS: theranostics, cancer, imaging, OMRI, alkoxyamines, alkyl radicals, nitroxides, apoptosis

B INTRODUCTION

Although the number of available antitumoral drugs is
continuously expanding, treatments still have a limited
efficiency. This is mostly due to the general toxicity of the
products in particular for the immune system that narrows the
therapeutic range. Thus, the trend is to design less toxic, more
selective, and preferably personalized treatments. To lower the
side effects on untargeted tissues in situ, activatable prodrugs
are being developed. These drugs either are kept in cargoes
which release their content at targeted sites or are activated
only at targeted sites or in the presence of specific enzymatic
activities. The specific activation steps add a safety lock that
makes possible the use in situ of unspecific toxic products to
induce tumor cell death. Among such drugs alkyl radicals are
good candidates since they produce random alterations on
proteins, lipids, and nucleic acids' inducing oxidative stress and
ultimately apoptosis or necrosis.””>
action makes drug resistance acquisition much less probable.

The random nature of their

families of drugs are now reconsidered in conjunction with new
delivery/activation systems.®

Indeed, from these statements, we recently developed a
concept describing the use and the requirements to apply
alkoxyamines as theranostic agents.® Alkoxyamines are a
versatile family of molecules with the common structure
R'ONR’R’. They have the unique property of spontaneously
homolyzing into a stable nitroxide and a highly reactive alkyl
radical (Scheme 1A). These molecules are currently developed
in polymer science as initiators and as controllers for radical
polymerization.” The activation energy for homolysis can be
tuned by replacing the R}, R? and R® moieties.”® For instance,
by methylating a pyridine moiety in the R' group of an
alkoxyamine, the activation energy of homolysis decreases from
123 to 106 kJ/mol, thus shortening the homolysis half-time at
37 °C in water from 88 h to 50 min.”""" Thus, alkoxyamines
are interesting candidates for delivering alkyl radicals at tumor

Alkyl radical delivering drugs such as platinum derivatives or Received: February 17, 2014
cyclophosphamides are currently used with some success in Revised:  April 15, 2014
chemotherapy. These alkyl radicals are thought to act by Accepted: May 7, 2014
targeting nucleic acids, but this is not a general case.* These Published: June 17, 2014
2412 dx.doi.org/10.1021/mp5001394 | Mol. Pharmaceutics 2014, 11, 2412—2419
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Scheme 1. General Structures of Alkoxyamines (A);
Structure and Homolysis Reaction of ALK-1 (B)
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sites to trigger cell death throughout the above-mentioned
processes.

Treatments have better chances to reach their goal, ie.,
induce tumor cell death, if the concentration of the active
product actually generated in the tumor environment could be
monitored. This would allow treatment adjustments to exactly
reach the optimal concentration of the drug as established in
vitro independently of the delivery system, the weight of the
patient, or the patient’s metabolism. By generating a stable
nitroxide at the same time as the alkyl radical, alkoxyamines
offer the possibility to monitor the concentration and the
location of drug delivery. Indeed the nitroxide free radical is
detectable either by electron paramagnetic resonance imaging
(EPRI)"™ or by Overhauser-enhanced magnetic resonance
imaging (OMRI)."”> OMRI (also called PEDRI for proton—
electron double resonance imaging) is an emerging technique
combining the high spatial resolution, speed, three-dimensional
anatomic description, and depth of penetration of MRI with the
higher sensitivity of EPR. The OMRI signal is enhanced by
irradiating the free electron of the nitroxide at its Larmor
frequency and simultaneously recording the ordinary MRI
signals. Water protons on the vicinity of the nitroxide molecules
which are coupled by dipole—dipole interaction receive a
fraction of the higher electron polarization (658 times the
polarization of the proton) and thus display a high contrast.
This concept was alpplied in vivo by injecting various nitroxides
in the bloodstream* and was recently applied by us to reveal an
experimental mouse glioma' and the digestive elastolytic
activity of a living mouse,'® both with unusually high contrast.

In this article, the effect of the treatment of U87 glioblastoma
cell line with the alkoxyamine lead-compound ALK-1 (Scheme
1B) was investigated. The detection of the homolysis process
by OMRI was also investigated in the context of a full
theranostic approach. Propositions to develop future functional
drugs with intelligent triggering and targeting will be discussed.

B EXPERIMENTAL SECTION

Synthesis of Alkoxyamine ALK-1. ALK-1 was prepared as
previously reported.”™"!

Cell Culture. Human glioblastoma cell lines U87 MG from
the American Type Culture Collection (ATCC, LGC stand-
ards, Molsheim, France) was cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco Corp) supplemented with
10% fetal calf serum (FCS, Gibco Corp), in a humidified
atmosphere with 5% CO, at 37 °C.

Viability Test. The viability study of U87 cells treated or
not with ALK-1 was carried out with measurements by the

2413

LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes,
Invitrogen, Life Technologies). Briefly, the cells were allowed
to grow during 24 h on 24 multiwell plates (Becton-Dickinson,
2 cm’/well). They were then treated with ALK-1 at
concentrations ranging from 0.05 to 1.5 mM, left in this
same medium at 37 °C, and tested for viability at distinct
observation times (1, 3, 6, 24, or 72 h). To do this the adherent
cells were dissociated from the plate using 0.05% trypsin
(Invitrogen, Carlsbad, CA, USA) and pelleted by centrifuga-
tion. Then, the cells were resuspended at 10° cells/mL on
calcein-AM and ethidium homodimer-1 solution for 20 min at
room temperature and analyzed on a Guava easyCyte flow
cytometer/counter (Millipore, Billerica, MA). U87 cell viability
was also measured after treatment with beforehand homolyzed
ALK-1. For these experiments, ALK-1 was incubated in the
culture medium during 72 h at 3 mM without the cells. U87
cells were then treated with different concentrations of this
homolyzed ALK-1 for 1 or 72 h, and a viability test was
performed as previously described. The viability test in the
presence of the free radical scavenger was carried out with an
ALK-1 concentration of 1.5 mM and an incubation time of 1 h.
U87 cell viability was measured versus increasing concen-
trations of the nontoxic radical scavenger trihydroxyethylrutin
(troxerutin, Santa Cruz Biotechnology, Inc.), namely, 20, 50, or
100 mM. These experiments were repeated at least three times.

Oxidative Stress Measurements. The cells were grown in
a 24 multiwell plate as previously described. Then, cells were
dissociated by trypsinization and suspended at a density of 10°
cells/mL in carboxy-H,DCFDA (Molecular Probes, Invitrogen,
Life Technologies) at SO M. This nonfluorescent intracellular
probe becomes green-fluorescent in the presence of oxidizing
species.

After 30 min at 37 °C, cells were washed with phosphate
buffered saline (PBS). Cells were centrifuged and resuspended
with medium containing or not 1.5 mM ALK-1 with or without
troxerutin at S0 mM. Cells were also resuspended in a
beforehand homolyzed ALK-1 solution at 1.5 mM. Treatment
with H,0, at 5 mM was used as positive control of oxidative
stress. After washing, the cells were analyzed on a Guava
easyCyte (Millipore) flow cytometer/counter. These experi-
ments were repeated three times.

Mitochondrial Alterations Measurements. The red
fluorescent dye tetramethylrthodamine ethyl ester (TMRE,
Molecular Probes, Invitrogen, Life Technologies) was used to
follow variations in mitochondrial membrane potential. This
cationic probe accumulates in polarized mitochondria through
the electrochemical gradient. Nonyl Acridine Orange (NAO,
Molecular Probes, Invitrogen, Life Technologies) was then
used as a complementary assay to assess the changes in
mitochondrial morphology. Cells were plated on 24 multiwell
plates (Becton-Dickinson, 2 cm?®/well) during 24 h and treated
with a range of ALK-1 concentrations (0.1; 0.25; 0.375; 0.5;
0.75; 1.0; and 1.5 mM). After 3, 24, or 72 h, cells were
resuspended in TMRE (250 nM) or NAO (500 nM) and
incubated 30 min at 37 °C, 5% CO,. Incubation with 0.5 mM
of carbonyl cyanide 3-chlorophenylhydrazone (CCCP, Sigma-
Aldrich) was performed as positive control of the mitochondrial
depolarization staining. Then, cells were washed and analyzed
by flow cytometry. All the experiments were performed three
times.

Cell Death Analysis by Annexin V/Propidium lodide
Staining. Cell death was detected by annexin V-FITC
(Molecular Probes, Invitrogen, Life Technologies) binding to

dx.doi.org/10.1021/mp5001394 | Mol. Pharmaceutics 2014, 11, 2412-2419
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Figure 1. Viability of the U87 cells treated with ALK-1. U87 cells were treated with ALK-1 at several ranges of concentrations. The cell viability was
measured, using calcein-AM and ethidium homodimer, by flow cytometry at 1, 3, 6, 24, or 72 h observation times (n = 3).

exposed phosphoserine (PS) residues at the surface of cells.
Cells were treated with ALK-1 at concentrations ranging from
0.1 to 1.5 mM at 37 °C and tested at distinct observation times
(3, 24, or 72 h). After treatment, cells were resuspended in
staining buffer containing propidium iodide (PI, 2 yg/mL) and
annexin V-FITC. Double-labeling was performed at room
temperature for 15 min in darkness. Then, the percentage of
viable (PI—/AV-), early apoptotic (PI—/AV+), and late
apoptosis/necrotic cells (PI+/AV+) was quantified by flow
cytometry. These experiments were performed twice.

Apoptosis Detection through Caspase-3/-7 Assay.
Quantitative assessment of apoptotic cells was also conducted
by the detection of caspase activity using the vybrant FAM
Caspase-3 and -7 Assay Kit (Molecular Probes, Invitrogen, Life
Technologies). Briefly, cells were treated with the previously
described ALK-1 concentrations during 3, 24, or 72 h. After the
alkoxyamine treatment, the cells were dissociated from the
support, washed, and incubated for 1 h at 37 °C in FLICA
working solution. Then, the cells were washed and green
fluorescence was measured by flow cytometry. These experi-
ments were performed twice.

Overhauser-Enhanced Magnetic Resonance Imaging.
EPR Cavity and MRI Devices. The OMRI experiment were
done in a C-shaped 0.2 T MRI system (Magnetom Open Viva,
Siemens, Erlangen, Germany) and a resonant TEO11 transverse
electric mode EPR cavity setup (Bruker, Wissembourg, France)
as described previously.'” The EPR cavity, placed at the center
of the magnet, was used to saturate the electron spin transition
of the nitroxide SG1 produced upon ALK-1 homolysis. A
homemade saddle-shaped MRI coil (28 mm in diameter and 29
mm in length) in the EPR cavity was used for imaging.

Electron spin saturation was carried out at 54573 GHz,
corresponding to the first line at high field from the center of
the EPR spectrum. The proton frequency was 824 MHz.
Sample temperature was kept at 37 °C.

OMRI experiments were performed in two NMR tubes (4
mm inner diameter): one containing 0.8 mM of SGI nitroxide
in phosphate buffer saline (not shown) and the other with 0.8
mM of ALK-1 in DMEM, 10% FCS. ALK-1 homolysis was
followed for 48 h.

Pulse Sequences. 2D MRI images were acquired with a
standard gradient echo sequence, which was synchronized to an
external pulse generator for electron spin saturation. The EPR

pulse time was 260 ms long, followed immediately by the MRI
sequence. This sequence had the following parameters: TE
(echo time) = 10 ms; TR (repetition time) minimal = 27 ms;
effective TR = 300 ms; field of view = 22 X 22 mm; matrix size
= 64 X 64; slice thickness = S mm; spatial resolution = 0.34 X
0.34 mm; number of averages = 2; and an acquisition time = 22
s. All MR adjustments were done manually, using the same
fixed receiver amplification gain for both measurements,
without (S,g) and with (S,,) HF irradiation, so that signals
can be directly compared and Overhauser enhancements (S,,/
Sof) calculated.

Postprocessing. All signal intensity measurements were
made with Image] imaging software (ImageJ, National
Institutes of Health, USA). Signal intensity was measured in a
rectangular region of interest of 2 mm? positioned in the NMR
tube area. Curve fitting and t;,, measurement were carried out
with IGOR Pro (Wavemetrics, Lake Oswego, OR, USA).

B RESULTS

Viability of U87 Cells Treated with ALK-1. The ALK-1
effect on U87 cell viability was characterized by flow cytometry
with ranges of ALK-1 concentrations. The viability was assessed
at several time points post ALK-1 treatment (later referred to as
observation times). As shown in Figure 1, U87 cell viability
decreased in a dose dependent manner after the alkoxyamine
treatment. Moreover, the LCy, decreased while the observation
time lengthened from approximately 1.5 mM at 1 h to 0.25 mM
at 72 h. Similar results were observed after treatment on B16-
F10 murine skin melanoma, CT26 colon carcinoma, and Jurkat
T leukemia cell lines (data not shown). Interestingly, keeping in
mind that the half-time of homolysis is about 50 min, 5 h after
the beginning of treatment the ALK-1 residual concentration
was only ca. 1% of the initial concentration. These results
suggest that, when the toxic effect is engaged, it follows an
irreversible process still observed at 72 h for the lowest
alkoxyamine concentrations. Then, the alkoxyamine moiety
affording the cell toxicity was investigated

Contribution of Homolysis-Derived Species to Cell
Toxicity. ALK-1 was left to homolyze 72 h at 37 °C in
complete culture medium. As a result, the highly reactive alkyl
radical was depleted by reacting with the culture medium.
Then, U87 cells were treated with this beforehand homolyzed
ALK-1 at a concentration range from 0.05 mM to 1.5 mM for 1

dx.doi.org/10.1021/mp5001394 | Mol. Pharmaceutics 2014, 11, 2412-2419
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Figure 2. ALK-1 was left to homolyze in complete culture medium for 72 h and then applied to U87 cells (A and B). No effect on cell viability was
visible by flow cytometry after incubation for 1 h (A) or 72 h (B) with identical ranges of concentrations as in Figure 1 of beforehand homolyzed
ALK-1. The contribution of the alkyl radical was confirmed using troxerutin, an alkyl radical scavenger (C and D). Cells were incubated 1 h with 1.5
mM ALK-1 and increasing troxerutin concentrations. A typical representation of viability results obtained by flow cytometry (C) showed the
decrease of the nonviable cell population (NV, left upper gate) in the presence of troxerutin. The analysis confirmed the protective effect of
troxerutin (D). For these experiments (n = 3), statistical analyses were performed using one-way Anova followed by Tukey’s multiple comparison

test. The result (**) was significantly different with p < 0.01.

h (Figure 2A) and from 0.05 to 0.5 mM for 72 h (Figure 2B).
U87 cell viability was not significantly altered at any
concentration or any time of incubation. Thus, homolysis
products deprived of the short-lived alkyl radicals are devoid of
any toxicity (Figures 2A and 2B). The same experiment was
also conducted using ALK-1 homolyzed beforehand during
only 10 h (corresponding to ca. ten half-lives of the ALK-1) in
order to probe the hypothesis of more stable oxidized
derivatives acting as a reservoir that would explain the delayed
toxicity until 72 h. The viability tests (not shown) did not
reveal any significant effect up to 0.25 mM confirming that cell
death is the consequence of the direct effect of the short-lived
radicals. Nonetheless, at 0.5 mM a minor effect on the viability
(15% loss, not shown) is visible which may contribute to the
massive effect at 72 h. Moreover, 1 or 72 h incubation with
either the nitroxide or the tosylate counterion at 1.5 mM did
not display any effect on cell viability (not shown). In order to
confirm the role of the alkyl radical on cell toxicity, U87 cells
were incubated with 1.5 mM ALK-1 for 1 h in the presence of
increasing concentrations of troxerutin, an alkyl radical
scavenger (Figures 2C, 2D). With increasing concentrations
of the scavenger the ALK-1 toxic effect on U87 cells was
progressively suppressed until reaching the viability level of
untreated cells. These results strongly support the major role
for the alkyl radical in the ALK-1 toxicity with a potential minor
contribution of derived oxidized species.

Oxidative Stress Induced by ALK-1. Since alkyl radicals
are known to generate oxidative stress, the ALK-1 effect on the
intracellular oxidative stress in the U87 cells was probed. Cells
were incubated with H,DCFDA probe and treated for 1 h with
or without ALK-1 at 1.5 mM in the presence or not of
troxerutin at SO mM (Figure 3). The intracellular oxidation of
H,DCFDA has been increased 3.4-fold after ALK-1 treatment
supporting increased oxidative stress level. Upon addition of
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Figure 3. Oxidative stress induced by ALK-1. Oxidative stress
produced through ALK-1 treatment was measured by flow cytometry
using H,DCFDA probe. Treatment with H,0, was the positive
control. U87 cells were incubated with H,DCFDA and treated with
1.5 mM ALK-1 with or without 50 mM troxerutin. Flow cytometry
data were expressed in fold increase of the mean fluorescent intensity
obtained with the cells treated only with the H,DCFDA probe. For
these experiments (n = S), statistical analyses were performed using
one-way Anova followed by Tukey’s multiple comparison test. The
results (**) were significantly different with p < 0.01.

troxerutin, the probe oxidation level decreased more than 2-
fold. With a beforehand homolyzed ALK-1 treatment, no probe
oxidation was induced. Hence, ALK-1 induced an oxidative
stress in the U87 cells through the alkyl radical release.
Knowing that mitochondria alterations are involved in oxidative
stress and also in cell death,'® mitochondria perturbations were
investigated.

Mitochondria Modifications. To address the ALK-1 effect
on mitochondria, the mitochondrial potential was monitored
using tetramethylrhodamine ester (TMRE). In addition, the
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mitochondrial morphology changes were observed through
cardiolipin accessibility by nonyl acridine orange (NAO)
staining. For all the tested times of incubation, the CCCP
(carbonyl cyanide 3-chlorophenylhydrazone) uncoupling agent
generated the expected drop of the mitochondrial potential
(Figure 4). Independently of the incubation time the effect of
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Figure 4. Mitochondria perturbations induced by ALK-1. ALK-1
effects on the mitochondria were measured using TMRE (gray bars)
and NAO (dashed bars). U87 cells were incubated with concentrations
of ALK-1 between 0.1 and 1.5 mM, and mitochondria perturbations
were observed by flow cytometry at 3 h (A), 24 h (B), or 72 h (C)
observation times (1 = 3).

CCCP on the accessibility of the cardiolipins to the NAO
appeared either neutral or positive. Starting from 0.5 mM ALK-
1, the mitochondrial potential drops for all times of observation
(Figure 4A—C). Nevertheless, NAO staining displays diverging
evolutions as a function of ALK-1 concentration at 24 h (Figure
4B) and 72 h (Figure 4C) of incubation. Indeed at 24 h, NAO
staining increased for ALK-1 concentrations greater than 0.5
mM while the potential dropped. At 72 h, NAO staining
evolution correlates with the mitochondrial potential variations.
Commonly, the cardiolipin labeling is described as a
mitochondrial mass marker. However, it also depends on the
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cardiolipin accessibility; therefore, it reflects the mitochondria
morphology.'” A drop of both cardiolipin labeling and the
mitochondrial potential suggests a loss of the mitochondrial
content as observed after 72 h incubation in the presence of
0.375 to 0.5 mM (Figure 4C). An increase of NAO staining
associated with a decrease of the mitochondrial potential is
better discussed as a change in the mitochondrial morphology
as seen at 24 h between 0.5 and 1 mM (Figure 4B). This is
consistent with the fact that the mitochondrial content could
not increase within 24 h especially in a stressful situation. A
simultaneous increase of both parameters at 72 h and 0.25 mM
reveals a transient growth of the mitochondrial mass
compatible with the observation time (Figure 4C).

Apoptosis Induction by ALK-1. U87 cells were treated
with ALK-1 at various concentrations and observed at 3, 24,
and 72 h. Then, cell apoptosis was studied looking at
propidium iodide membrane permeability (PI), phosphatidyl
serine translocation by annexin-V (AV) staining, and caspase-3
and -7 activation (Figure S). PI and annexin-V staining
discriminate the early apoptotic cells (PI—/AV+) from the
late apoptotic/necrotic cells (PI+/AV+). Caspase activation
would discriminate the necrotic cells (caspase—) from the
apoptotic cells (caspase+). At 3 h (Figure SA), the percentage
of PI-/AV+ cells increased untii 1 mM of alkoxyamine
treatment. At 1.5 mM most cells were necrotic or apoptotic
cells (PI+/AV+). Percentage of cells carrying activated caspases
reached 92% at 1.5 mM ALK-1. At 24 h (Figure SB), the
percentage of PI—/AV+ cells increases from 0.5 mM to 0.75
mM ALK-1. At 1 mM, 94% of the cells were necrotic or
apoptotic cells (PI+/AV+). Simultaneously, 88% of the cells
were caspase positive. At 72 h (Figure SC), a slight rise in the
level of PI—/AV+ cells was observed at 0.25 mM and 0.375
mM of ALK-1. At 0.5 mM, most cells were PI+/AV+. At this
observation time, the number of caspase positive cells varies
almost linearly from the lowest ALK-1 concentration of 0.1
mM to reach 80% at 0.5 mM. From the time dependent study,
two ALK-1 concentrations appeared noticeable. At 0.25 mM
for the 24 h observation time cells did not seem to enter the
apoptotic pathway (most cells are PI—/AV— and caspase—).
However, at 72 h, cells displayed early apoptotic properties and
were more than 40% caspase+. At 0.5 mM, cells entered into
apoptosis no later than 24 h and after 72 h the remaining cells
were massively in late apoptotic state with 80% of the cells
being caspase+. These results demonstrated that ALK-1
induced the U87 cells death through apoptosis. It is worth
noting that ALK-1 action ended after 5 times the half-life of
homolysis, namely, S h. However, apoptosis appeared much
later for the lowest concentrations. This strongly suggests that
some irreversible alterations occurred within 5 h which were
able to trigger apoptosis between 24 and 72 h after the
beginning of alkoxyamine treatment.

Imaging of ALK-1 Homolysis by OMRI. The homolysis
of ALK-1 was followed by OMRI at 0.8 mM in culture cell
medium at 37 °C. The signal enhancement due to the
generated nitroxide radical was monitored for 47 h (Figure 6).
The signal amplification exhibited a 6-fold increase from 5 min
to 2825 min after the beginning of ALK-1 homolysis. The
signal displays an asymptotic exponential growth as expected
from the first order kinetics of homolysis and was thus fitted to
eq 1:
kt

y=y0—A><e_ (1)
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Figure S. Quantitative analysis of cell apoptosis induced by ALK-1
given as the percentage of U87 cells in different stages against
concentrations of ALK-1 at 3 h (A), 24 h (B), and 72 h (C).
Percentages of U87 cells stages were determined by PI and annexin-V
staining (viable cells, PI—/AV—, gray bars; early apoptotic cells, PI—-/
AV+, blue bars; and late apoptotic/necrotic cells, PI+/AV+, orange
bars). The percentages of positive cells for caspase activity (caspase+)
were represented by the superimposed red line.

with vy = 5.9 £ 02, A = 53 + 0.3, and k = 5.6 X 10~ min™".
The experimental t,, was approximately 125 min. This t,/, was
fairly close to the value calculated from the homolysis activation
energy. It afforded E, = 109 kJ/mol, very close to the 106 kJ/
mol value reported, taking into account the inaccuracy of the
technique. The 2.5 times discrepancy is easily accounted for by
the nonlinear response of the whole OMRI process due to the
nonlinear effect of the concentration of the nitroxide on the
Overhauser enhancement and due to the lack of stability of the
actual setup over 48 h. These results demonstrated that the
released nitroxide can be used as a reporter of the radical alkyl
owing to the one-to-one stoichiometry.

B DISCUSSION AND CONCLUSION

Although alkoxyamine ALK-1 was only an unrefined lead
compound, it displays a dose-dependent cytotoxic effect. This
effect occurs through its homolysis, and we showed that an in
situ released alkyl radical was required to induce cell death.
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Indeed, when the alkyl radical was scavenged, cell viability
turned back to normal level. Several effects of alkoxyamines on
cells that could lead to cell death were investigated. ALK-1
induced a strong oxidative stress which was also suppressed
upon alkyl radical scavenging. Even at low concentrations
persistent changes in the mitochondrial potential, mass, and/or
morphology were observed. Ultimately, as shown by the
caspase-3 and -7 activation, membrane integrity alteration and
phosphatidyl serine translocation cell death occurred by the
apoptotic pathway.

The observation of the viability versus the time after
exposition to ALK-1 revealed a delayed toxicity, as compared
with the completion of homolysis (about S h) and the lifetime
of the alkyl radical (a few milliseconds). This suggests that the
released alkyl radical promptly induced cell alterations that
committed the cells into an irreversible cell death process. The
various time scales observed for oxidative stress, mitochondrial
alterations, and the development of cell apoptosis suggest the
absence of a single sequential link between these phenomena. It
rather indicates a direct action from the alkyl radical on each
effect without excluding interactions. A better understanding of
these effects would help to design more efficient alkyl radical
moieties in the alkoxamine.

It has been shown here that the nitroxide radical released
from the alkoxyamine homolysis could be efficiently detected
by OMRIL This method is currently developed in order to
enhance MRI specificity.'*™"%*° The nitroxide stability would
allow the monitoring of alkoxyamine homolysis in vivo, with an
accurate real-time localization in 3D. Moreover, a longitudinal
follow-up of the treatment could be achieved through standard
MRI modality.

Perspectives of Improvements. The lead compound
alkoxyamine used in this study has a homolysis half-time of ca.
50 min. Consequently, the instantaneous alkyl radical
concentration remains low due to the first order rate of
homolysis and the short lifetime of the alkyl radical itself.
Hence, a higher local alkyl radical concentration could be
obtained by employing alkoxyamines with shortened homolysis
half-life time. This will be possible by varying the R', R% and R®
substituents due to the flexibility of the alkoxyamine structure
(Scheme 1A).”

The alkoxyamine LCs, may also be greatly improved by
grafting more toxic alkyl radicals. Although such a property is
difficult to predict, many highly toxic alkyl radical delivering
molecules for chemotherapy are already reported.”!

In this work, the nitroxide displayed six lines instead of three
in its EPR spectrum due to the hyperfine coupling of the
electron with the pf-phosphorus atom. This has the con-
sequence of decreasing the maximum Overhauser enhancement
by half. Moreover the EPR line width was 2.5 G, much greater
than those observed with nitroxides so far used for in vivo
OMRI experiments (0.8—1.2 G). This prevented a complete
saturation of the unpaired electron and an optimal Overhauser
enhancement.”* The detection of alkoxyamine homolysis can
thus be readily improved by changing the nitroxide moiety.
This can be achieved in reducing the line width and the number
of EPR lines. For instance, an alkoxyamine with a three-line
nitroxide could be synthesized. Many alkoxyamines carrying
nitroxyl fragments without phosphorus group at the S-position
exhibit kinetic properties very close to those observed with
SG1-based alkoxyamines.”® The line number could be further
reduced to two by introducing a *N-labeled atom. Interest-
ingly, most three-line nitroxides currently used in OMRI have
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Figure 6. Monitoring the ALK-1 homolysis by OMRI. The release of SG1 nitroxide free radical upon 0.8 mM ALK-1 homolysis at 37 °C was
monitored by Overhauser-enhanced magnetic resonance imaging. (A) MRI of ALK-1 homolysis in the absence (top) or presence (bottom) of EPR
irradiation. (B) Overhauser enhancement (signal with EPR on/signal with EPR off) over time. The inset shows the EPR spectrum of SG1. The red

star indicates the frequency used for EPR irradiation.

narrower line widths.”* Moreover some three-line nitroxides
have shown high resistance to reduction in vivo as exemplified
in a murine model of glioma.'¢

A Possible Targeting Strategy. An alkoxyamine with a
low t,/, for homolysis will release highly reactive alkyl radicals
that will randomly alter lipids, proteins, and nucleic acids of the
cells in the vicinity. Without targeting, such an unspecific action
would be poorly efficient against cancer cells. Thus, for safety
and efficiency the homolysis process has to occur at the tumor
site exclusively (vide supra).

The tumor microenvironment is remodeled in many ways.
One of them is the overexpression and the persistent activation
of proteases, mostly matrix metalloproteinases (MMP) and/or
cathepsin B. Targeting this activity would add a true specificity
because healthy tissues are devoid of such an activity. Indeed
physiological proteolysis is tightly controlled by high
concentrations of protease inhibitors and is thus kept to a
transient and localized event. Consequently, tumor targeting
through its associated persistent protease activity has been
proposed.>> 2%

We recently described a theranostic approach for the
treatment of solid tumors by alkoxyamines.® We proposed to
synthesize alkoxyamine-based prodrugs. The principle is to
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design an alkoxyamine that is spontaneously protonated at
physiological pH. The protonation has been shown to greatly
lower the activation energy thus “activating” the alkoxyamine
and triggering the homolysis.”"" A primary amine function can
play this role: indeed, by grafting a specific peptide on the
amine, the protonation ability of the nitrogen atom is
suppressed. Thus, the alkoxyamine is stabilized until a specific
protease (such as MMP or cathepsin B) removes the peptide
and thus regenerates the amine, which is immediately
protonated at physiological pH, leading to an activated labile
alkoxyamine. Such a prodrug by selecting a specific peptide
could thus be tuned to be activated in the tumor environment
where persistent proteolytic activity is present.
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