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Résumé général

L’'imagerie moléculaire

L’imagerie moléculaire (MI) est un domaine tres diversifié qui présente de nom-
breuses fonctionnalités. Elle permet de mesurer, de visualiser et de caractériser
les divers processus biologiques a différents échelles, allant de 1’échelle macrosco-
pique (structures anatomiques) a ’échelle microscopique (cellulaire/moléculaire)
[Mankoft 07]. Ce domaine d’étude est en évolution permanente et a pris de I'am-
pleur depuis son émergence. Initialement, I'imagerie signifiait de regarder simple-
ment un objet ou un échantillon. Cependant, ’observation de 'extérieur ne suffit
pas. C’est la que la microscopie a été introduite. Cette invention a permis a 1'utili-
sateur de visualiser les choses invisibles a I’ceil nu de mieux comprendre la structure
de I’échantillon examiné sous la lentille.

Bien que la microscopie a amélioré I'analyse médicale, en particulier celle des
pathologies, il est nécessaire de prélever des échantillons de tissu du patient afin
d’émettre un diagnostic. Toutefois, lorsque le tissu entreprend des changements
morphologiques, ils subit beaucoup de changement au niveau moléculaire. Les
chercheurs ont donc développé différentes modalités d’imagerie : 'imagerie op-
tique (OI), I’échographie par ultrasons (US), I'imagerie par résonance magnétique
(IRM), la tomodensitométrie par rayons X (CT), la tomographie d’émission mo-
nophotonique (TEMP ou SPECT), et la tomographie par émission de positons
(TEP). Chacune de ces modalités présente (ses points forts) des atouts, mais aussi
des inconvénients.

L’imagerie nucléaire permet d’apréhender des phénomenes quantitatifs. Il existe
deux techniques d’imagerie nucléaire : la tomographie d’émission monophotonique
(SPECT) et la tomographie par émission de positons (TEP). Ces deux techniques
permettent de réaliser I'imagerie fonctionnelle contrairement a l'imagerie anato-
mique conventionnelle. Chacune de ces deux techniques d’imagerie présente des
avantages attrayants. La résolution d’'un appareil de SPECT est de 8-10 mm envi-
ron alors que la résolution du TEP est généralement de 1-2 mm dans ’application
préclinique et de 3-4mm dans la plupart des machines cliniques. En revanche, les
deux modalités ne sont pas identiques et possedent des propriétés caractéristiques
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qui marquent la différence entre les deux dans la pratique. La faible résolution de
I'imagerie SPECT rend la TEP plus intéressant, tandis que la premiere possede
une meilleure sensibilité que la seconde.

Les agents de contraste

Les agents de contraste sont des substances qui sont injectés afin d’augmenter
le contraste entre les tissus biologiques in vivo en leurs conférants des propriétés
d’imagerie différentes a la région d’intéret tel quune augmentation de l’absorp-
tion (applicable au CT) ou une augmentation de la radioactivité locale (PET ou
SPECT).

En imagerie nucléaire les agent de contraste sont donc des molécules radioactives
capable de metrte en evidence une fonction biologique.

Il existe plusieurs méthodes de marquage des différentes molécules / traceurs,
mais également plusieurs isotopes qui peuvent étre utilisés. Cependant, des limites
chimiques peuvent s’opposer au marquage de certains composés. Aussi, on doit
tenir compte de la durée de demi-vie de chaque élément. Le [''C] a par exemple
une durée de demi-vie de 20,3 minutes, celle du [64Cu] est de 12,7 heures. Un des
éléments les plus utilisés est le [18F] qui a une demi-vie de 109,8 minutes. D’une
part, cette durée relativement longue n’exige pas la précipitation de 1'utilisateur
comme c’est le cas pour [150] qui a une demi-vie de seulement 122,24 secondes.
D’autre part, la demi-vie du [ISF] d’environ 2 heures assure une exposition limitée
du patient / sujet & une substance radioactive. Cela signifie également que 1'uti-
lisateur est capable d’effectuer des expériences successives vu que la radioactivité
d’un jour donné n’aura plus d’effet le lendemain.

Le [ISF]F DG , un analogue de glucose, est véhiculé dans les cellules par des
transporteurs de glucose et y est piégé ensuite apres phosphorylation enzymatique
par 'hexokinase. L’absorption du glucose est une condition nécessaire pour la sur-
vie cellulaire et I'utilisation de ["*F]FDG est en étroite corrélation avec différentes
formes de métabolisme du tissu. Le [18F}FDG étant un analogue du glucose, une
accumulation naturelle du traceur a lieu dans les tissus qui contiennent des cellules
a forte consommation de glucose. De telles cellules se trouvent dans le cerveau, les
reins, mais également dans les lesions de type cancéreuse. Comme le [°F] a rem-
placé un groupe 2 hydroxyl, une fois que le [ISF]FDG est absorbé dans la cellule
par phosphorylation, il ne subit plus de glycolyse. Cela signifie que dans les zones
ou il y a une accumulation excessive, une fois peut dire avec certitude qu’il n'y a
donc une augmentationaugmenté, il n’y a donc une augmentation du niveau de la
consommation de glucose qui est susceptible d’étre directement li¢ a un processus
pathologique.

L’imagerie TEP offre la possilbilité d’utiliser un trés grand choix de traceurs.
Pourtant, le [18F]FDG reste le plus couramment utilisé et présente des avantages.
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Comme mentionné plus haut, le [18F]FDG est un analogue du glucose et a ce titre
s’accumule dans les cellules qui ont une forte activité métabolique. A 1'origine,
le ["*FJFDG a été utilisé pour la détection de cellules cancéreuses et a prouvé
a plusieurs reprises qu’il est efficace pour cette application. Cependant, les cel-
lules cancéreuses ne sont pas les seules a avoir une forte activité métabolique,
notamment les cellules impliquées dans des réactions et maladies inflammatoires
[Buscombe 03] [Basu 09]. Quoique ce traceur ait longtemps fait ses preuves dans
dans I'exploration de ces pathologies, d’autres traceurs existent et peuvent étre
mieux adaptés et plus spécifiques a l'inflammation et a I'analyse moléculaire in-
vivo de cette fonction biologique [Wu 13].

En effet certaines cellules saines du tissu (cellules non tumorales) et non liées
dirrectement au tissus immunitaires (cellules non inflammatoires) peuvent montrer
un taux de consommation de glucose élevé lié a ’environement cytokinique locale
[CORNELIUS 90] .

En définitive, méme si le [ISF]FDG est un bon indicateur pour certaines appli-
cations, il est toutefois non spécifique et parfois imprécis dans d’autres.

L’inflammation

L’augmentation de 'activité cellulaire n’est pas le seul phénomeéne se produisant
lors d’une inflammation . Différents stimuli peuvent déclencher une cascade inflam-
matoire qui commence avec la libération de médiateurs pro-inflammatoires, dont
des cytokines, des leucotriénes et des chimiokines. Ces derniers sont initiés par des
cellules résidentes inflammatoires et endothéliales. S’en suit 'augmentation de la
perméabilité vasculaire qui & son tour permet une infiltration des neutrophiles et
des macrophages.

Le principe de 'inflammation n’est pas une découverte récente. Il a d’abord été
observé d’un point de vue macroscopique. Par la suite, on était a la recherche de
signes différents a I’échelle cellulaire. L'inflammation a été décrite il y a plus de 2000
ans par Celsius et dans sa déclaration («Rubor et Tumor cum Calore et Dolorey»
qui signifie «rougeur et gonflement avec de la chaleur et de la douleury) décrit les
signes cardinaux d’un état inflammatoire. Ces symptomes sont rencontrés par la
plupart des individus a un moment ou un autre de leur vie, qu’ils se soient coupé le
doigt ou qu'ils aient eu une entorse a la cheville [Rocha e Silva 78] [Benaroyo 94].
Bien que ces quatre symptomes soient remarquables, la conséquence ultime est la
perte de la fonction, qui peut arriver si I'inflammation n’est pas détectée et / ou
traitée.

Bien que les symptdémes énumérés peuvent inhiber le fonctionnement normal
dans la vie quotidienne, la réponse inflammatoire est une fonction nécessaire et
présente une réponse immunitaire saine. Il faut noter que les symptomes se dis-
siperont assez rapidement dans une inflammation aigiie et permettent ainsi a la
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zone touchée de recouvrer son fonctionnement normal [Mueller 13].

Quand le fonctionnement normal est compromis et que les aspects bénéfiques
restent actifs méme apres avoir atteint leurs objectifs , ceux-ci deviennent patho-
logique. Cette suite incontrolée du processus inflammatoire peut alors conduire a
la pathogenese telles que, les maladies métaboliques / le diabéte de type 2, les ma-
ladies neurodégénératives, les maladies cardiovasculaires entre autres [Mueller 13|
[Schwartz 13] [Aguzzi 13].

Historiquement, la seule facon d’examiner la présence des différents aspects ou
d’un processus biologique (que ce soit physiologique ou physiopathologique) était
de prélever un échantillon de tissu pour 'analyser. Cela implique dans certains
cas que les échantillons sont prélevées apres la mort du patient comme dans le
cas de personnes qui ont succombé a leurs maladies neurodégénératives. Ainsi,
I'observation était établie a posteriori et donc trop tard pour aider le patient. Une
autre conséquence est les phases pro-inflammatoires demeurent peu connues. Au-
dela de cet aspect, il y a une série de mécanismes de régulation et de rétroaction
qui sont également impliqués dans le systeme de rétroaction, mais qui ne sont pas
entierement compris. En définitive, toutes les recherches menées n’ont pas été en
mesure d’éclaircir tous les phénomenes qui se produisent pendant ’activation ou
le contréle d'un état inflammatoire [Foley 13].

De nouvelles approches sont nécessaires et c’est la que le domaine de I'imagerie
intervient, particuliecrement I'imagerie nucléaire. Cet outil a radicalement changé
la fagon dont les chercheurs et les médecins abordent les problemes. Ceci est en
partie dii au fait que I'imagerie nucléaire permet a 1'utilisateur d’observer ce qui
se passe au niveau moléculaire in vivo.

Une cible récemment explorée est la protéine de translocation (Translocator
Protein TSPO) de 18kDa.

Translocator protein 18kDa

La TSPO, anciennement connue sous le nom de peripheral benzodiazepine re-
ceptor (PBR), a été découverte en 1977. C’est une protéine transmembranaire
de 18kDa qui se trouve principalement dans la membrane mitochondriale externe.
Ses fonctions exactes sont encore inconnues, mais elles sont clairement importantes
vu que la prolifération cellulaire nécessite beaucoup d’énergie et donc un apport
mitochondrial significatif.

La TSPO est omniprésente dans toute les régions périphériques et en moindre
quantité dans le cerveau sain. Ce niveau minimal augmente chez les malades d’Alz-
heimer, de Parkinson ou d’AVC [Scarf 09] [Venneti 08]. Il a été démontré que cette
augmentation de la TSPO est liée a I'activation de la microglie [Scarf 09] .

Le cas échéant, il y eu un intérét grandissant pour le développement de radioli-
gands TEP qui ciblent de fagon sélective la TSPO tout en ayant une forte affinité.
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Cela a alors permis aux chercheurs d’étudier le processus impliqué dans ’activation
de la microglie.

L’expression de la TSPO est également été mise en évidence dans dans les ma-
crophages activés en périphérie dans des pathologie de types ’athérosclérose, ar-
thrite rhumatoide, ainsi que la maladie inflammatoire de I'intestin (inflammatory
bowel disease, IBD) [Bird 10] [Pottier 14] [Ostuni 10]. Elle a également étédécrite
comme étant surexprimés dans divers cancers comme le cancer du sein,, du colon
et de la prostate [Batarseh 10]. Tous ceci confirme I'intéret de disposer de ligands
spécifiques de la TSPO pour I'imagerie des processus inflammatoires.

Les radioligands de TSPO

Ces dernieres années ont vu le développement rapide de plus de 40 différents ra-
diotraceurs possibles pour cette seule cible [Chauveau 08], validé au niveau pré-
cliniques et dont certains ont été jugés plus ou moins prometteurs pour des ap-
plications cliniques. Cela peut paraitre simple, cependant des obstacles doivent
étre surmontés. Il faut d’abord prendre en compte la base de comparaison. On
ne peut pas comparer des pommes et des oranges, il faut choisir des éléments
comparables. Afin de créer éventuellement des applications cliniques, on choisit de
travailler avec des modeles animaux qui seraient plus appropriés et mieux adaptés.
Par contre, il faut considérer la reproductibilité du modele animal avec I'espece sé-
lectionnée. Sachant que les principales applications du ligand de TSPO concernent
les pathologies cérébrales, le tissu cérébral parait une cible logique pour tester les
nouveaux radioligands. Quant a 'espece étudiée, les rongeurs, plus précisément
les rats, semblent un choix évident dans le domaine préclinique pour les raisons
suivantes : ils sont génétiquement identiques, ils ne nécessitent pas beaucoup d’es-
pace pour étre stockés, et ils ont un cerveau de taille suffisamment grande pour
permettre de réaliser des études par micro TEP . La TSPO ayant une faible ex-
pression a I’état basal, le modele animal doit également étre robuste et idéalement
permettre d’induire une inflammation dont le rapport cible sur bruit de fond est
¢élevé [Benavides 83].

L’objectif de la thése

A ce jour, il est admis que la TSPO joue un rdle important dans le processus
inflammatoire, et qu’il est possible de suivre sa présence a 'aide d’une variété de
radiotraceurs adaptés. Les impacts de I'inflammation touchent un grand nombre
de personnes a travers le monde pour diverses raisons; c¢’est pourquoi, quoique le
[18F]DPA—714 est trés prometteur, il est nécessaire d’aller plus loin pour explorer
ses capacités et ses applications possibles.

L’inflammation a une forte incidence sur différentes maladies, par conséquent,
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nous allons étudier différents modeles animaux reproduisant les maladies humaines
a impact social élevé (comme la maladie inflammatoire de l'intestin (IBD), la
neuroinflammation, et le choc septique). Dans ces modeles nous analyserons et
quantifierons les niveaux de d’expression de TSPO 18kDa par imagerie TEP que
nous comparerons au niveau exprimé trouvéschez des sujets controles. L’objectif
étant de déterminer si la TSPO peut constituer une cible biologique d’intérét pour

I’évaluation et la quantification d’un état inflammatoire chez 'individu en utilisant
Pimagerie TEP avec le radioligand ['*F]DPA-714.

Matériels et méthodes

Les problématiques abordées dans les paragraphes précédents poussent a élaborer
des méthodes d’investigation qui soient transférables a 'homme et pour cela, il est
nécessaire de mettre en place des expériences adaptées aux problemes posés.

Afin de mieux reproduire la maladie, et donc les états inflammatoires étudiés,
nous avons développé pour chacun des modeles animaux dans le but d’acquérir
des images in vivo en utilisant I'imagerie TEP et de quantifier les données. Par
la suite, les animaux sont sacrifiés et 'organe en question excisé et analysé par
différentes méthodes.

L’acquisition des images est effectuée dans une machine Siemens INVEON pTEP
dédiée a I'imagerie du petit animal.

Les images du modele animal final uniquement sont acquises a I’aide d’une autre
machine, la Siemens HRRT afin d’obtenir une image du corps entier de ’animal,
alors que 'INVEON ne le permet pas chez les rats.

Un modele animal précédemment établi par une équipe de chercheurs a révélé la
présence de TSPO lorsque 'état inflammatoire augmente a un instant donné. Ce
modele traite particulierement une inflammation globale dans les intestins et est
consacré a la recherche dans le domaine des maladies inflammatoires de I'intestin
IBD. Nous avons voulu reproduire ce méme phénomene et suivre la présence de
TSPO avec le [18F]DPA—714, ¢’est pourquoi nous avons reproduit le modele et
étudié la capacité du ['**F]DPA-714 de visualiser la TSPO.

Nous sommes ensuite passés mis en place un modele animal d’une inflammation
plus locale, puis d’évaluer la capacité du [ISF]DPA—714 a quantifier la expression
de TSPO a différents instants pour enfin déterminer le signal maximal et ainsi
I'inflammation.

Les résultats obtenus avec le radioligand de TSPO ont été comparés aux résultats
obtenus avec un traceur le [*F]JFDG sur le méme animal.

Une fois les images acquises, le tissu d’'intérét est retiré pour faire I'objet d’une
analyse par immunohistochimie ainsi que par comptage gamma.

Dans le domaine de la neuro inflamamtion nous avons mis en place et caractérisé
par imagerie TEP dynamique un modele d’inflammation unilatérale chez la rat par
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injection intra striatale de lipopolysaccharide bactérien (LPS).

Un autre modéle d’inflammation unilatérale mais induit par injection intrastria-
tale d’AMPA chez le rat a également été utilisé pour I’évaluation d’un nouveau
radioligand de la TSPO.

Enfin le dernier nous avons également mis en place un modele d’inflammation
systémique par injection intraperitonéale de LPS chez le rat.

Apercu sur le travail de recherche

L’étude entreprise dans cette these a fourni des informations conduisant a la
conclusion suivante : la TSPO 18kDa peut en effet étre utile comme biomarqueur
pour ’évaluation d’un état inflammatoire dans plusieurs maladies. Nous avons pu
illustrer par I'intermédiaire de deux modeles de la maladie inflammatoire de 1’in-
testin, un modele de la neuroinflammation et un modele de choc septique, que
la TSPO est un indicateur du niveau de I'inflammation dans la zone affectée. De
plus, nous avons pu suivre, mesurer et quantifier ’évolution d’une zone inflammée
en fonction du temps.

Bien que le [lgF]DPA—714 est le traceur utilisé pour déterminer la présence et le
niveau de I'inflammation, d’autres traceurs sont constamment en cours de dévelop-
pement. Cela est démontré par le travail de collaboration effectuée avec I’'équipe de
radiochimie, dans lequel nous avons illustré le potentiel d'un nouveau radioligand
de TSPO, le ["*F]DPA-C5yne.

Contributions et perspectives

Ce travail de these a permis la validation de la TSPO en tant que biomarqueur
de l'inflammation dans différentes maladies comme 1’a montré la corrélation des
mesures avec l’analyse immunohystochimique. Nous avons mesuré et quantifié
les différents niveaux de l'inflammation (en tenant compte des variations inter-
individuelles) & I’aide du radioligand ['**F]DPA-714. Nous avons également montré
que le développement continu de nouveaux radiotraceurs est nécessaire afin d’at-
teindre un meilleur diagnostic et de meilleurs soins aux patients.

Les prochaines travaux en cour de programmation concerne le passage en cli-
nique. En collaboration avec I'hopital du Kremlin Bicétre nous envisageons d’ex-
plorer début 2015 l'intérét du DPA-714 chez des patients atteint de maladies in-
flammatoires digestives en termes d’outil diagnostique mais également pronostic
concernant 1’évaluation de thérapie conventionnelles dans un second temps. . En
effet il pourrait étre envisagé de suivre 'impact d’un traitement administré dans
le but de réaliser un véritable soin théranostic du patient.

Quant a la recherche relative a la neuroinflammation, il serait intéressant de
comparer les résultats immunohistochimiques a ceux d’autres modeles et d’ana-
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lyser les résultats obtenus. Ces résultats pourraient aider a élucider le processus
inflammatoire, d’autant que le développement continu et I’amélioration des ligands
de TSPO contribueraient a une meilleure précision et donc a une meilleure quan-
tification dans la détection et ’évaluation des maladies.

A ce jour, le choc septique est difficile & mesurer, et il est encore tét pour dire
si les expériences préliminaires menées dans cette these montrent I’état inflamma-
toire. En effet, les résultats actuels ne sont pas suffisants et des recherches supplé-
mentaires approfondies sont nécessaires. Toutefois, I'utilisation de la TSPO comme
biomarqueur offre un grand potentiel dans les cas de choc septique. Si les niveaux
de TSPO sont révélateurs de la dysfontion d’organes liée a cette pathologie, les
médecins pourraient avoir plus d’informations avec pour agir.

L’inflammation est a 1’origine de nombreux troubles et maladies, nous devrions
la traiter avec ses composants, comme un outil, et non pas comme une menace.

Mots clés : Inflammation, TSPO 18 kDa, Imagerie TEP, [°°F]DPA-714, Maladies
inflammatoires de I'intestin, Neuroinflammation, choc septique
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Abstract
Purpose:

The purpose of this study was to determine the in vivo potential of the TSPO
18 kDa as a biomarker of inflammation, with the use of its radioligand ['*F]DPA-
714, to non-invasively quantify the inflammatory state within the scope of various
pathologies.

Procedure:

Multiple animal models of various inflammatory diseases, to include: inflamma-
tory bowel disease, neuroinflammation, and septic shock, were developed and put
in place by adapted measures. The animals well-being and the subsequent inflam-
mation was evaluated. The inflammatory state was measured using quantitative
PET imaging with the TSPO radioligand ["*F]DPA-714 and correlated to the ex-
pression of conventional inflammatory markers using microscopy.

Results:

Based on the observed data, we were able to distinguish control groups in our
animal models of inflammatory bowel disease, neurodegeneration as well as septic
shock, when using ["*F]JDPA-714. This TSPO radioligand permitted us to quantify
the inflammatory level and to observe temporal changes in the inflammatory state
of the disease in multiple models. The PET results, using the ["*F]DPA-714 signal
was correlated with an increased TSPO expression at cellular level.

Conclusion:

Results indicate that ['*F]DPA-714 is a suitable tracer for studying inflammation in
multiple diseases. [ISF]DPA—714 could be a good molecular probe to non-invasively
evaluate the level and localization of inflammation. Moreover, in vivo imaging
using this TSPO ligand is potentially a powerful tool to stage and certainly to
follow the evolution and therapeutic efficiency at molecular level in inflammatory
diseases.



Keywords: Inflammation, TSPO 18 kDa, PET imaging, [IBF]DPA—714, Inflamma-
tory Bowel Diseases, Neuroinflammation, Septic Shock.
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Chapter 1

Introduction

1.1 Molecular Imaging

Molecular imaging (MI) is a very diverse field with many capabilities. Using MI,
it is possible to measure, visualize and characterize various biological processes
at various levels of size, ranging from the most broad (anatomical structures) to
a much more minute target (molecular amount)[Mankoff 07]. This field of study
is constantly evolving and has been gaining momentum ever since its emergence.
Initially, imaging consisted of simply looking at an object, or specimen. However, it
quickly became evident that there is more than meets the eye. This was where the
microscope was introduced. This was an invention which allowed the user to see
things that the naked eye could not and as such allow for a better understanding
of the structure or specimen being observed under the lens.

As much as the microscope had helped increase the understanding of various bio-
logical phenomena in the medical world, specifically in pathologies, it still required
tissue samples to be excised from a patient in order to diagnose. The drawback
being that in order for the tissue may have undertaken morphological and molec-
ular changes. Researchers thus went on to develop various, so called, imaging
modalities: Optical Imaging (OI), Ultrasound (US), Magnetic Resonance Imaging
(MRI), Computerized Tomography (CT), Single Photon Emission Computerized
Tomography (SPECT), and Positron Emission Tomography (PET). Each of these
modalities has its advantages, but also its disadvantages as summarized in fig-
ure 1.1.1 [Weissleder 99]. X-Rays have a better application for the analysis of
anatomical structures due to the high resolution and as such has become the ref-
erence for bone imaging. Ultrasound has a much lower resolution than X-Rays
do, but does not use radiation for its applications and therefore can be used for
physiological imaging, and is used worldwide for echographies of pregnant women.
MRI has a much wider range to which it can be applied, making it convenient
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for internal medicine. Nuclear imaging has its strengths (such as being functional,
non-invasive, and specific) in imaging at a molecular level and has an extremely
high sensitivity which in turn enables the user to detect molecules of interest and is
inherently quantitative. Optical imaging also has a good sensitivity but is limited
when taking tissue depth must be taken into consideration.

Detection Range of Imaging Modalities

Anatomy Physiology Metabolism Molecular

X-RayicT [

us I

MRI I
Nuclear |
Optical ————

Weissleder, Radiclogy 1999, 212: 609-614

Figure 1.1.1: Each modality has its advantages and disadvantages. This illustra-
tion reveals the strengths and weaknesses of each imaging modality.
Depending on the question at hand, a given modality will most likely
be more adapted than another

1.1.1 Optical Imaging

Optical imaging is a molecular imaging modality which describes the behavior of
visible, ultraviolet, and infrared light used in medical imaging. It is relatively
inexpensive and can provide molecular and functional information, but reveals
limited information on a physiological (when organs are deep in the tissue) and
anatomical basis. When applying OI, the probe interacts with a biological tissue,
and the light then has a resulting photo-physical interactions such as scattering,
absorption and emission of light. Each of these interactions can be used in order
to obtain information about the various aspects of interest such as biochemical
and morphological information about a specific target [Solomon 11]. OI uses light
as its medium and often fluorescence is implemented to help view things indirectly
that could be seen or 'marked’ otherwise. In order to visualize some of these flu-
orophores, an excitation laser must be used. While near infrared wavelengths are
used to avoid light absorption from blood mainly, it still must overcome other as-
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pects, such as scattering, attenuation, and energy conversion into heat, to remain
visible to the high speed CCD cameras. A non-negligible advantage is the lack of
radiation when compared to other modalities. Even though there are numerous
advantages to OI, there is one which cannot be disregarded: limited tissue pen-
etration depth which means that a translation into a clinical setting is difficult
to carry out at present. Figure 1.1.2 and 1.1.3 illustrate an example of in vivo
imaging in a mouse and the absorption coefficient, respectively. Figure 1.1.2 was
acquired with the help of a contrast agent Angiostamp®which is a near infrared
fluorescent probe which targets alpha-v-beta-3 integrin specifically and has been
used for the labeling of tumors or angiogenesis studies. This image illustrated the
Angiostamp®uptake within the implanted tumors, located behind the head of the
mouse. However, due to the path of elimination, one can also see the kidneys.
Looking at figure 1.1.3, one can understand why the near infrared (NIR) light is
of interest as it is within the optical window for in vivo imaging.

Figure 1.1.2: Optical image obtained using fluorescence molecular tomography
(FMT) of a mouse injected with Angiostamp®



Chapter 1 Introduction

1000000 3= 1,000

Surface imaging In wvivo imaging

100000

10000 0.100
Hb Water

g
o

HbO 2

=1
&

0010

Extinction Coefficient (Hb/HbO,)

(1838M) JUBIDIE0D UOHOUNXT

400 500 600 700 800 900 1000

Wavelength (nm)

Figure 1.1.3: Depicted here is a graph illustrating the absorption coefficient of the
therapeutic window for in vivo imaging in optical imaging.

1.1.2 Ultrasound

Ultrasound (US) is another technique which has very different advantages and
disadvantages and is based on oscillating sound pressure wave with a frequency
greater than the upper limit above that of human hearing and is used to measure
distances for many applications to include the medical imaging field. It allows for
the visualization of various structures to include muscles, tendons, and many inter-
nal organs, but to also capture their size, structure. US is a widely used diagnostic
tool and has been used for the past half a century as it is relatively inexpensive
and portable too. US maps the acoustical properties of the tissue to include the
density and compressibility[Cobbold 07]. It is commonly used for echographies in
a clinical setting and an be an alternative to MRI and CT scans in some cases.
As it is relatively inexpensive, it can be widely used and implemented for the di-
agnosing/staging of various diseases [Fenster 01]. However, the image analysis is
very user dependent and can be difficult to interpret if not being looked at by an
experienced user as the objects can be distorted due to defraction, attenuation,
dispersion and other inhomogeneities [Cobbold 07]. Figure 1.1.4 illustrates a cross
section of a moving heart and shows that US can be used for the analysis of a
functional organ, contrary to CT scans.
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Figure 1.1.4: Cross section of a moving heart

1.1.3 Computerized Tomography

When talking about structural imaging, one must not forget to mention CT scan.
CT scans, or X-ray computed tomographies, are generated by X-rays which pass
through various tissues. These x-rays are then either absorbed or scattered. The
3D images is acquired by a source which rotates around the subject and on the
other end, a detector which measures the difference in received transmitted x-rays.
CT’s are still the reference modality today when regarding bone imaging. An
example of a CT image (figure 1.1.5) shows how clearly one can identify the bone
outlines. One advantage of the CT imaging modality is that one can manipulate
various parameters of the imaging process to extract different tissue characteristics
based on their X-ray absorption. Be this as it may, limitations are still evident
when comparing images (A) and (B) in figure 1.1.5. In image (A), the CT image
reveals structurally intact bones whereas the MRI (B) using a short T1 inversion
recovery image reveals ruptured ligaments where the arrow is located [Fotiadou 11].
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Figure 1.1.5: CT (A) & MRI images (B)

1.1.4 Magnetic Resonance Imaging

As can be seen, there are advantages of each modality, and another imaging modal-
ity which has gained much attention and has been translated into a clinical setting
quite quickly is magnetic resonance imaging (MRI). This is a medical imaging
modality which records changes in magnetic fields and depending on the pulse
sequence allows for different kinds of images. Figure 1.1.6 illustrates examples of
two different sequences, among others, that are possible with MRI (T1 on the left
and T2 on the right). MRI can be used for a wide range of applications ranging
from neuroimaging to cardiovascular imaging, musculoskeletal, oncological and
also functional applications. Beyond that, a distinct advantage of MRI is that
there is no use of ionizing radiation. Each sequence allows the user to extract
different kinds of information which in turn will assist in the diagnosis.
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Figure 1.1.6: MRI with T1 (left) and T2 (right)
[Leijser 10]

MRI is used much of the time for brain scans but is also routinely used for
whole body image acquisitions. As MRI has exceptional soft tissue contrast prop-
erties, the user may be able to determine soft tissue diseases based on an image
[Fotiadou 11]. The ability to apply an MRI to various kinds of medical questions
shows its wide usage. Beyond this however, there are two more strong argument
for this modality; the high resolution and the lack of radiation for the patient.

While it is true that other modalities have a advantages such as not being
dependent on a radioactive element, they (OI, US) have depth limitation which
become a large obstacle when looking at a living system. MRI, as mentioned
previously, is not dependent either on radioactivity, nor is there a depth limitation.
All things taken into account, nuclear imaging techniques are able to detect the
tracers on a molecular level as depicted in figure 1.1.1.This along with the lack
of depth limitation make it of great interest for many applications. The ability
to acquire specific information at a molecular level is of great interest in many
diseases.

1.1.5 Nuclear Imaging

There are two nuclear imaging modalities to look at. The first being single photon
emission computed tomography (SPECT) and the second being positron emission
tomography (PET). SPECT and PET are imaging techniques which allow for
functional imaging, as oppose to anatomical imaging. In these modalities, there
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are advantages which are very desirable, such as being able to obtain functional
information at a molecular level while not being limited to the depth at which
the functions are taking place. The resolution of a SPECT device is at about is
at about 810 mm in a clinical setting, but can have competitive resolutions with
PET in a preclinical setting. PET resolution is generally anywhere between 1-2
mm in the preclinical field and at 3-4mm in most clinical machines.

The two modalities however are not identical and have, again, different char-
acteristics which make a difference in practice. The resolution disadvantage of
SPECT imaging makes PET very interesting. Beyond that though, there is the
higher sensitivity of PET.

This increased sensitivity is non-negligible as it increased by two to three orders
of magnitude[Rahmim 08]. Both PET and SPECT however have different limita-
tions when talking about the spatial resolution. SPECT is limited by technology
at the moment due to the design of collimators. PET on the other hand is limited
by physics. Due to the non-collinearity of the photons. Much of this can however
be corrected by reconstruction modeling[Reader 07]. The other aspect that one
should take into account, when dealing with nuclear imaging, is the temporal reso-
lution. Each modality is able to exploit dynamic information which in many cases
is of great importance. The possible alteration in bio-distribution of the radio-
tracers/radiopharmaceuticals within a subject, may yield pertinent physiological
or pathophysiological information which could not otherwise be observed.

A distinct advantage of SPECT is that the user is able to carry out an acqui-
sition of two different parameters if using two different isotopes, each with their
own distinct energy. This is of great interest, especially in a clinical setting as
it allows both, the hospital/doctor as well as the patient to gain time as well as
supplementary information, if required.

While, dual tracer acquisitions are currently not being carried out in PET, it
could one day be possible. Using the knowledge of the different half-life dura-
tions, it has been shown that this simultaneous acquisition of two different tracers,
emitting the same energy, and separation of the two signals is indeed possible
[Kadrmas 05] [Rust 06].

1.1.6 Tracers/Contrast agents

Contrast agents, or tracers, are substances which are injected and used to increase
the contrast of fluids or structures during an imaging process.

When speaking about the ability to detect something (in regard to PET imag-
ing), one must understand the principle behind this. There are multiple ways
in which a tracer can detect and or interact with its target. Haberkorn et al
[Haberkorn 11] displayed this nicely in figure 1.1.7.
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In the image below one can observe that (1) ["*F]FDG (fluorodeoxyglucose) is
taken up into cells by glucose transporters and subsequently trapped after enzy-
matic phosphorylation by hexokinase; (2) radioactive isotopes of iodide are taken
up by the sodium iodide symporter on thyroid or breast cancer tissues; (3) the
amino acid ['®F]-O-(2-fluoroethyl)-tyrosine (FET) is taken up into cells by the L-
type amino-acid transporter system; (4) radiolabeled antibodies such as Zevalin
bind to antigens specifically expressed on the surface of tumor cells.

NH; C0o0

Figure 1.1.7: Multiple ways for a radiotracer to be taken up and provide contrast
[Haberkorn 11] [Damont 08]

Figure 1.1.7illustrated the multiple ways in which various molecules/tracers can
be marked, not only in terms of methodology, but also in terms of which isotope is
used. There are of course chemical limitations as to which element can be used to
mark a given molecule too. This aside though, one should also take into account
that each element has a certain half-life. ["'C] for example has a half-life duration
of 20.3 minutes where the half-life of [**Cu] lasts 12.7 hours. One of the most used
elements is ['®F] however, which has a half-life of 109.8 minutes. This amount
of time is practical as it allows the user to not have to rush as is the case for
[*°0] which is very brief and has a half-life of a mere 122.24 seconds, but the half-
life of about 2 hours also ensures that the patients/subject will not be exposed
to a radioactive substance for a prolonged time period either. Beyond this, it
also means that the user would be able to cary out successive experiments as the
radioactivity of a given day would be decayed by the following day.

As mentioned previously, ["*F]FDG is taken up into cells by glucose transporters
and subsequently trapped after enzymatic phosphorylation by hexokinase. Glu-
cose uptake is a necessary for cellular survival and the use of ["*F|FDG is closely
correlated with various types of tissue metabolism. As [**F]FDG is an analog of
glucose, there will be a natural accumulation of the tracer in tissues which contain
high-glucose consuming cells. Such cells can be found in the brain, the kidneys,
but also in cancer cells. As the ['®F] has replaces a 2’hydroxyl group, once the
['8F]FDG has been included into the cell via phosphorylation, it cannot undergo
further glycolysis. This means that in areas where there is an excess accumulation,

10
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once can say with certainty that there is therefore an increased level of glucose con-
sumption which is likely to be pathologically related. Figure 1.1.8 exemplifies a
whole-body scan in which one can observe the accumulation of ["*F]FDG. Here
one can observe in image (A) that with the help of a PET scan, a spotty or focal
accumulation which is more intense than the liver uptake (arrow). (B) reveals
a focal accumulation in the area of the lower abdomen (arrow). (C) PET scan
demonstrates no definite accumulation of FDG in the stomach. (D) PET scan
demonstrates diffuse accumulation (normal physiological accumulation) of FDG
in the stomach (arrow).
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Figure 1.1.8: Whole-body scan of [F]FDG accumulation
[Shoda 07]

PET imaging has the fortune of having a very large selection of tracers to choose
from. Yet [®*F]FDG remains the most commonly used. [®F|FDG does have its
advantages however. As previously mentioned, ['®F|FDG is a glucose analog and
as such accumulates in cells which have an increased activity. Originally, ["*F]FDG
was used for the detection of cancerous cells and has proven time and time again to
be very effective in this application. However, as cancerous cells are not the only
ones which have an increased activity, ["*F]JFDG has thus also been used for other
applications in which there are malfunctioning cells and as such has been used
to a great extent in evaluation of various inflammatory diseases [Buscombe 03]
[Basu 09] As this tracer has served the medical world well for a very long time in
many different applications, one can use better tracers which are better adapted
to targets specific to inflammation. The reason for this statement is that increased
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glucose metabolism, as previously mentioned, and the subsequent ["*F]FDG accu-
mulation are not phenomena which are unique to malignant cells [Wu 13|

Benign processes, as can be found in inflammatory pathologies, will also accu-
mulate ["®F]FDG and as a result yield false positive results for tumor detection
[Rosenbaum 06]. This is also due to the fact that certain indicators and factors in
an inflammatory response require glucose at an elevated rate when compared to
the healthy cells in the surrounding tissue (non-inflammatory foci). This in turn
explains why ['®F]FDG was of interest initially.

As good as [®®*F]FDG is and as much as it can tell the user about a given subject,
['8F|FDG is also non-specific and as such can be imprecise by definition. However,
it should not be confused with the non-specificity of the cellular process.

Increased cellular activity is not the only phenomenon occurring in an inflam-
matory state however. There various stimuli which are triggered, initiate the in-
flammatory cascade which starts with the release of a variety of pro-inflammatory
mediators, to include cytokines, leukotrienes, chemokines. All these are initiated
by resident inflammatory and endothelial cells. Once this has occurred, the vas-
cular permeability is increase which in turn allowed for an infiltration on both
neutrophils and macrophages. In an activated environment the ["®F]FDG uptake
is increased in many types of cells and is not specific to one population or a single
type of molecular event. It has, for example, been shown that fibroblasts increase
their metabolic glucose activity when in a stressful environment [CORNELIUS 90].
The fact that ["®F]FDG has a nonspecific uptake is inconvenient when investigating
molecular processes related to inflammation.

1.2 Inflammation

The principle of inflammation is not a new discovery. It was just looked at from
a more macroscopic stand-point. At the time, one was looking for different signs,
other than a cellular level. The tell-tale signs of inflammation have been described
over 2000 years ago by Celsius and in his statement ("Rubor et Tumor cum Calore
et Dolore’ meaning 'redness and swelling with heat and pain’) described the cardi-
nal signs of an inflammatory state. These symptoms are things that most individ-
uals have come across at one point or another in their life when they have either
been cut or had a sprained ankle [Rocha e Silva 78] [Benaroyo 94]. While these
four symptoms are remarkable, the ultimate consequence is the loss of function,
which can certainly be a possibility if left undetected and/or untreated.

As much as the these above listed phenomena may inhibit normal functionality
in daily life, the inflammatory response is a necessary function and exhibits a
healthy immune response. Omne should note that the symptoms will dissipate
relatively quickly in an acute inflammation and thus enable the affected area to
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resume a normal functioning state [Mueller 13].

Functionality is compromised if the beneficial aspects have all served their pur-
pose, but have not halted their activity, then, what once was of aid to the healthy
state, becomes pathological and this uncontrolled continuity of the inflammatory
process can then lead to pathogenesis such as, but not limited to, metabolic dis-
eases / type 2 diabetes, neurodegenerative diseases, and cardiovascular diseases
among others [Mueller 13] [Schwartz 13| [Aguzzi 13]. Figure 1.2.1 illustrates some
of the health areas which are concerned and can be affected by inflammation and
some which can be a consequence of an inflammation which goes uncontrolled, thus
developing a pathological state. Inflammation plays a central role as can be seen
in this illustration. The upper 3rd (above the inflammation bubble) lists possible
origins for an inflammatory reaction while the lower 3rd (below the inflammation
bubble) illustrates possible consequences of a pathological inflammatory state.
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Figure 1.2.1: Inflammation plays a central role in pathologies and disorders

Figure 77 by Tabas et al. [Tabas 13] illustrate the principle behind the patholog-
ical state and how this state becomes a health problem. In an acute inflammatory
response (image A) there is a suppression of the pathogen, which in turn brings the
stimulus to an arrest. Some reversible tissue damage will also occur which will be
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repaired and ultimately bring the damaged tissue to a homeostatic state. In image
B, the chronic response, one can observe some of the classical responses, and thus
features, of a chronic inflammatory disease. This, non-immune, pathophysiological
process triggers a sterile inflammatory response. This is most likely initiated by
the production of damage-associated molecular patterns. This response then is
amplified by various factors such as chemokines and cytokines. Due to the fact
that the initial response is not stopped as would be the case in a physiological
situation, it continues and a chronic inflammation takes place.
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Figure 1.2.2: Acute inflammatory response (image A) and chronic inflammatory

disease
[Tabas 13]

The previous illustration remains vague but allows for a global view of what
can go wrong when inflammation is present. It also shows that inflammation is
of great importance in various pathologies and that this phenomenon is of utmost
importance and as such could be a significant factor in disease development to

observe and evaluate.
Inflammation in itself is a double edged sword; on the one hand it removes the
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harmful pathogens, while on the other it is also necessary for the repair of damaged
tissue [Foley 13]. The consequences are rather dire as can be seen in some of the
better known diseases, such as the inflammatory bowel diseases (be it Crohn’s
diseases or Ulcerative Colitis), neurodegenerative diseases such as Alzheimer’s-,
Parkinson’s-, and Huntington’s disease, or Sepsis. As much as we feel we ’know’
about the previously mentioned diseases, there is still much work that needs to be
done in the future in order to properly understand them.

It is a start to know that there is a problem present and that it is possible to
follow the various diseases by various methods. But it is not enough. In order
to bring help those suffering, one must be able to do better than just admit that
there is a problem. There is a need for precise prognosis, which can be made by
a precise diagnosis, which ultimately leads to the global desire for personalized
medicine.

Traditionally, the only way to really observe the presence of various aspects or
any biological (be it physiological of pathophysiological) process, one was obliged
to extract a tissue sample and then analyze it. This meant that in some cases, the
patient had to already have been deceased in order to obtain the samples, such as
in individuals who ultimately succumb to their neurodegenerative diseases. Thus,
the observation was retrospective and too late for the patient. This has another
consequence, that there is not much known about the exact nature of the pro-
inflammatory stages. Beyond this aspect, there are also a list of regulatory and
feedback mechanisms which are also involved in the feedback system, but are not
fully understood either. Alas, all that has been researched, has not been able to
fully bring to light all the involved phenomena that occur while an inflammatory
state is being activated or controlled [Foley 13].

New approaches were needed and this is where the field of imaging comes in;
specifically nuclear imaging. This tool has drastically changed the way that re-
searchers and medical doctors approach problems. This is in part due to the fact
that nuclear imaging enables the user to observe what is happening on a molecular
level while in vivo. Figure 1.2.3 illustrates a list of biomarkers, along with their
foci, implicated in inflammation [Wu 13].
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Figure 1.2.3: PET-radiotracers for inflammatory phenomena with corresponding

targets
[Wu 13]

A wide range of studies have been carried out by numerous groups in an effort
to better understand inflammation. The first steps were to analyze which aspects
were able to be traced with the ultimate goal to one day be able to effectively
diagnose and thus prognose an inflammation, no matter what the origin or state.

Some of the targets have been inflammatory cytokines, choline metabolism,
inflammatory related vessels, and membrane markers.

1.2.1 Inflammatory targets

As inflammation induces a whole cascade of events, one can imagine that there
are various participants that could serve as targets which in turn might be able to
indicate the level of inflammation currently taking place.

Among the participants are MMP’s (matrix metalloproteinase), inflammatory
cytokines, and COX (cyclooxygenase). Fach has a different function and is of
interest for various reasons.

MMP’s are zinc-depandant endopeptidases and were originally thought to be
exclusively implicated in matrix degradation but have been proven to be be able
to modify cytokines (such as TNF-alpha, IL-6) and chemokines (CXCL-8 or CCL2
for example), which are found in inflammatory states and as such is now thought
to be or importance for inflammatory conditions [Ryu 12]. This would mean that
the imaging of the MMP’s in itself would be of interest, and as such has been
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investigated by Zhu et al. [Zhu 11] among others who have also mainly used
SPECT as their modality of choice [Hermann 12] [Schafers 04] [Kuge 10]. The
areas in which these radiolabeled tracers have been used was largely in the cancer
detection field, but also in vascular inflammation too.

PET has also been used to investigate MMP expression in the field of tumor
imaging using ['®F]CGS27023A and [M'C]CGS27023A (same compound, marked
with a different radioisotope) while!?*I-MIP (both are MMP inhibitors) to target
vascular lesions [Wagner 9] [Zheng 02] [Hartung 07]. Initial investigations using
(1 C]CGS27023A has led the researchers to continue the development of the tracer
as it has a very high lipophilicity and as such yields characteristics which they deem
possible to improve upon. Its counter part (the 18F marked compound) has also
shown to be of interest while also having a strong inhibitory effectiveness on MMP-
1 in comparison with the parent compound CGS27023A. One should also note the
half-life of "C (20.33 minutes) and take into consideration the impact that this
time constraint has on clinical applications. A I-HO-MIP (half-life of 4.8 days) has
also been tested and as might be expected, has the disadvantage of the relatively
long half-life. The half-life is something to take into consideration, yet the potential
impact does need to be weighed out as to whether or not a patient can benefit from
a diagnosis using such a tracer with a long half-life isotope. Yet, MMP’s are maybe
not the most advantageous target all inflammatory diseases. There are various
MMP’s, some of which promote, and others inhibit the inflammatory process and
as such are modulators. This means that the existing MMP radioligands to date
are imprecise and as such yield poor specificity.

Inflammatory Cytokines are loosely defined as a group of immunoregulatory
proteins (such as growth factors, interleukins and other lymphocytes) which are
small in size, yet important in cell signaling.

There are a few cytokines which have been targeted in the past. Among them are
IL-2 (interleukin-2), and the TNF-alpha (tumor necrosis factor alpha). Each has
their role within the inflammatory process and as such were targeted for imaging
purposes.

The presence of IL-2 is augmented by activated T lymphocytes which are ob-
served in multiple types of inflammatory pathologies ranging from tumor inflam-
mation to organ specific autoimmune diseases [Kintscher 08]. These activated T
lymphocytes (Thl CD8" and CD4% in large part) not only synthesize the IL-2,
but also express an 1L-2 receptor to which the I1-2 bind with a high affinity. This
shows the interest of using a marked (radiolabeled) IL-2 as the user is also able
to differentiate between activated and non activated T lymphocytes. There have
been some SPECT tracers which have been used in the past, but also PET tracers
(99mTe and'?T labeled IL-2 for SPECT usage and['*F]SFB to also label IL-2 to cre-
ate the tracer["®F]FB-IL-2 for PET acquisitions) [Di Gialleonardo 12]. The tracer
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did prove useful and was able to assist the user in detecting areas of inflammation
in an in vivo situation. The authors state that the tracer was indeed useful for the
detection and quantification of lymphocyte infiltration. However, as imaging is a
field in which many areas of science work together, one cannot just look at the final
result. There are many difficulties that may be overlooked. Here for example, one
must also consider the work that is done when preparing the radiotracer itself too.
Even though, the tracer may be of interest, much needs to be done to facilitate
the production as the radiolabeled IL-2 tracer is tedious to produce as there is a
poor solubility and stability problems [Signore 02].

TNF-alpha is another cytokine that is implicated in the inflammatory phe-
nomenon which is produced by monocytes and macrophages. There are two dis-
tinct actions that the presence of TNF-alpha causes. The first being physiological
in that it increases the transport of white blood cells to the inflamed area. The
second is pathological. There is a delayed inflamed state in which the presence
of TNF-alpha leads to organ dysfunction and cellular apoptosis [Méki-Petdja 06].
Some of the tracers used in past ex vivo studies has been *Cu-DOTA-etanercept
among others. 54Cu-DOTA-etanercept for example was able to detect the TNF-
alpha cytokines, but only in the early stages and was not of use for chronic in-
flammation as TNF-alpha is not significantly over-expressed outside of an acute
inflammation.

The Cyclooxygenases (COX,-1 and -2) family are important enzymes for the
conversion of arachidonic acid to prostaglandins along with other lipid mediators.
As COX can be induced by inflammatory stimuli, COX-2 has been classically con-
sidered as the most appropriate target for anti-inflammatory drugs. The inhibition
leads to pain relief [Hawkey 99]. It has been found that the cyclooxygenases are
implicated in neuroinflammatory related instances such as cancers, Alzheimer’s
Disease, Parkinson’s Disease, and various ischemias [Katori 00] [Minghetti 04].

As this is yet another aspect of the inflammatory process which could possibly be
of interest for the imaging in community, multiple tracers have been developed and
implemented in a a range of studies. Some of the tracers (each a COX-inhibitor)
produced are: [**F]desbromo-Dup-697, ["*F]SC58125 as well as ''C tagged cele-
coxib, and rofecoxib [de Vries 03] [McCarthy 02] [Prabhakaran 05] [de Vries 08].
The studies performed tried to address inflammation in the fields of neuroinflam-
mation and tumors|[de Vries 08] [Shukuri 11] [Gao 11] [Uddin 11]. The results of
the previously mentioned studies revealed that the tracers were not of great value
to imaging due to undesired in vivo and ex vivo characteristics such as low binding
affinity and unspecific binding.
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1.2.2 Inflammatory metabolism

In this area, there are two aspects to take into account. The first being glucose
metabolism, which has been addressed in the Tracers/Contrast Agents section,
and choline metabolism being the second.

Glucose metabolism, as previously mentioned, has its interests as an imaging
target and is currently the most used radiotracer used for nuclear imaging purpose
as it is very versatile. However, as it is 'versatile’, ['F|FDG is non-specific and
often leads to a false positive diagnoses [Rosenbaum 06].

Choline is an amino alcohol found in the synthesis of two types of phospholipids;
sphingomylin and phosophatidylcholine. The biosynthesis pathway of these phos-
pholipids can be imaged using radiolabeled choline as choline is associated with
the phosphorycholine, which is an intermediary step which is involved with the
phospholipid synthesis. The choline, which is radiolabeled to with 'C and ®F,
has been applied to image prostate cancers, but also inflammatory diseases such as
atherosclerosis, by targeting the macrophages and monocytes [Schwarzenbock 12]
[Matter 06]. 'F labels choline is more interesting as the half-life is easier to handle
in an clinical environment. The experiments carried out until now have shown that
the '®F labeled choline did not have other marked advantages, but could however
create a point to consider as the kidney have a high choline retention along the
nephrons, which must be considered when taking the radiation-dose into account
[Witney 12].

In comparison to FDG, tagged choline has an advantage over FDG in that it
has much less uptake within the heart and as such would be better adapted for
detecting coronary plaques [Roivainen 06]. It is not only in the myocardium that
['8F]choline may have an advantage over the popular ["*F]FDG. [*®*F]choline has
been shown to have a better sensitivity for the detection and characterization of
atherosclerotic plaques too [Matter 06].

1.2.3 Vascular biomarkers of inflammation

Another aspect of inflammation related to vessels is the permeability. In a physi-
ological situation, the vessels are of the utmost importance in regulating a homeo-
static state for the internal environment. This means that the structural integrity
can be altered, situation dependent. Upon stimulation, the vessels can become
more or less permeable. If an inflammatory state triggering various factors (such
as cytokines, chemokines or leukotrienes) to be released by the local inflammatory
cells, then the permeability is vastly increased in order to allow for the arrival and
infiltration of macrophages or neutrophils, among other immune cells, at the in-
flamed site [Tsan 85]. This means that one would not have to distinguish between
an infectious inflammation or a sterile one to be able to use a tracer for vessel per-
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meability to target the inflamed area. The tracers developed (®®Ga-citrate among
others) have been applied in animal models of atherosclerotic inflammation but
also in models of bone defects [Mékinen 05] [Silvola 11].

Swelling, or an edema, is one of the hallmarks used to characteristics and de-
scribe inflammation. The change that occurs, from the non-swollen state to the
swollen one, is due to alterations of the blood vessel permeability, their density as
well as the vessel permeability.

Within this subject there are also multiple targets which can be of interest for
investigatory purposes. Notably the vascular adhesion protein (VAP-1), Integrin
receptor (integrin alpha-v-beta-3), vascular cell adhesion molecule (VCAM-1).

Once the VAP-1 is stimulates, which is located within the intracellular granules
within endothelial cells, it is relocates to the luminal area of the endothelial cells,
which in turn causes leukocytes to migrate to the site of inflammation [Salmi 01].
This aspect alone would therefore be promising as a target of inflammation, thus
enabling imaging of an inflammatory related occurrence. A few radioligands have
been developed (*®Ga-DOTAVAP-P1 and ®Ga-DOTA-Siglec-9 for example) as
such and have been tested to see whether or not the VAP-1 expression could be
evaluated [Autio 11] [Aalto 11]. The developed ligands were then compared to
the tracer of reference (['*F]FDG), and found that ["|F]FDG could not tell the
difference between the inflamed areas and a tumor. %Ga-DOTAVAP-P1 on the
other hand had low uptake in Bx PC3 tumors which meant that there was perhaps
the ability of the tracer to be able to detect a difference that was not possible using
['8F|FDG, for inflammation [Ujula 09]. The findings then lead the seeing whether
or not the ®Ga-DOTAVAP-P1 VAP-1 ligand could then be used for applications
investigating osteomylitic bones [Lankinen 08].

Integrin alpha-v-beta-3 is a cell adhesion molecule (CAM) that becomes over-
expressed in many situations ranging from neovessels post angiogenesis, cancer
cell presence and in inflammatory cells such as macrophages [Hodivala-Dilke 08|
[Desgrosellier 10] [Antonov 11].

Alpha-v-beta-3 has also been shown to be involved in some chronic inflammatory
diseases such as inflammatory bowel disease (IBD) as well as rheumatoid arthritis
[Danese 06] [Wilder 02]. RGD (Arg-Gly-Asp) peptides are alpha-v-beta-3 specific
ligands, as has been shown over the past decades, which led to radiolabeled RDG
peptides. The radiolabeled RGD peptides were then used as a complimentary as-
pect of inflammation to be compared to the conventional ["*F]JFDG [Gaertner 12].
The ligands however were only able to detect the chronic inflammation and failed
to highlight the acute stages [Pichler 05].

VCAM-1, another CAM and is a membrane protein of the immunoglobulin su-
perfamily endothelial adhesion molecules and is important throughout the stages
of atherosclerotic plaque [Ley 01]. Its expression is augmented once it is activated
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and as such was targeted with the tracer ['®F]4V to observe its expression in an
inflammatory state. Nahrendorf et al. were able to demonstrate that they were
able to detect VCAM-1 expression non-invasively and correlate their PET quan-
tification with the gene expression they analyzed (with VCAM-1). Beyond that,
they propose that ['8F]4V could possibly be implemented in situations that might
involve VCAM-1-mediated monocyte recruitment [Nahrendorf 09]. The tracer has
been since used for applications in myocardial applications as it does not share the
same characteristic issues that['®*F]FDG does.

1.2.4 Other targets

There are multiple membrane markers on inflammatory cells for many different
modalities. Formyl peptide receptor (FPR) is expressed on neutrophils and causes
leukocyte migration when inflammation is present and is able to be used for multi-
ple imaging modalities such as OI, MRI, SPECT and even PET imaging [Xiao 10]
[Stasiuk 13] [Zhang 10] [Locke 09]. The ligand cFLFLFK is what is used to bind
to FPR and is marked with %Cu to create cFLFLFK-PEG-%4Cu for applications in
PET. The team of Locke et al. were able to show a significant tracer accumulation
in the lungs of mice when compared to the control group|Locke 09].

The two main targets however are type 2 Cannabinoid Receptor (CBoR) and
the Translocator protein (T'SPO).

As the name CByR suggests, there are more than one Cannabinoid Receptor in
the endocannabinoid system. CB;R is expressed in the Central Nervous System
(CNS), and is implicated in the immune response. CByR however is expressed at
a much lower level than its CB;R counterpart. This means that there is a lower
background signal level when looking at an acquired image using PET. Thus,
CB3R is advantageous as it also is up-regulated in immune-responses and can be
found in microglia, the resident immune cells within the CNS [Cabral 08]. Many
studies have been carried out to evaluate whether or not the target could be of
interest for PET imaging and are still currently underway as preliminary results
from the groups of Vandeputte et al., Even et al., and Horti et al. have all shown
promising results [Vandeputte 11] [Evens 12] [Evens 11] [Horti 10]. Alas, it is still
not known the role of CB3R within the CNS, thus demanding more research for
this target. The other membrane marker is the translocator protein 18kDa.

1.3 The Translocator Protein 18kDa (TSPO)

TSPO, which was previously known as the peripheral benzodiazepine receptor
(PBR), was originally discovered in 1977. It is an 18kDa transmembrane protein
which is mainly found, and thus located, in the outer mitochondrial membrane.

22



Chapter 1 Introduction

A topological model of human TSPO through the outer mitochondrial mem-
brane.There are 5 alpha-helical transmembrane domaines as depicted in figure
1.3.1. (A) is a perpendicular view of the to membrane plane of the TpsO dimer
with alpha-helices fitted into density. Yellow and blue a-helices represent individ-
ual monomers of TspO, and they are labeled arbitrarily a—e and a9-€9.(C) View
perpendicular to membrane plane [Korkhov 10].

It is thought that TSPO forms a complex with other proteins of the mito-
chondrial membrane and plays an important role in the membrane permeability
transition pore (MPTP), which is key player for the regulation of both apoptotic
and necrotic cell death during injury [Papadopoulos 06].
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Figure 1.3.1: Topological model of human TSPO through the outer mitochondrial
membrane

[Korkhov 10]

The exact functions are still illusive, but it is clear that TSPO is important as
cellular proliferation requires much energy which requires significant mitochondrial
input [Austin 13]. Other roles in which TSPO is of importance are Ca?*regulation
as well as mitochondrial respiration and oxidation. Ca?*is stored within the mi-
tochondria for signaling functions. If TSPO is activated by a ligand, this will also
induce an alteration of the intracellular Ca?* via the MPTP, and this in turn ini-
tiates transepithelial Cl'secretion. This may be involved in the modulation of cell
apoptosis [Ostuni 07]. A final implication of TSPO is with the mitochondrial respi-
ration and oxidation. As mitochondria generate ATP, the electron transport needs
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to be maintained by a phenomenon called mitochondrial respiratory control. Stud-
ies using PK11195 and Ro5-4864 demonstrated that the mitochondrial respiration
can be altered and is dose dependent, meaning that there is not an on-off switch
per se but can be modulates [Hirsch 89]. While the structural make-up of TSPO
is starting to be better understood, thanks to NMR spectroscopy, its functionality
has been put into questions. The main function is to regulate cholesterol translo-
cation (hence the name) via the mitochondrial membrane. This in itself important
as it is what determines the rate at which biosynthesis occurs [Veenman 07]. It
is after this step that the cholesterol is converted to pregnenolone by cleavage
of its oxidative side chain by P450scc [Scarf 09]. As such it is critical for the
homeostatic state of the cell. TSPO is located at the MPTP, as previously stated
and as such is important in the regulation of cellular apoptosis [Papadopoulos 06].
Beyond this, TSPO is also important for the transport of porphyrins and heme
biosynthesis. The iron levels in mitochondria are elevated, as it is the site of heme
biosynthesis, to be able to support future biosynthesis for various molecule, such as
heme [Verma 87]. TSPO is also implicated in the protein importation and cellular
proliferation within the mitochondria.

Figure 1.3.2 is an illustration which exemplifies all the previously mentioned im-
plications of TSPO. (A) Forms part of the mitochondrial permeability transition
pore (with other protein constituents), the TSPO helps to regulate the release of
apoptotic and necrotic factors into the cytosol. (B) TSPO is responsible for binding
and transporting cholesterol into the mitochondria for bioprocessing into steroids.
(C) TSPO translocates porphyrin molecules (including protoporphyrin IX) into
mitochondria for iron incorporation and heme synthesis. (D) TSPO transportsmi-
tochondrial pre-proteins into the organelle for maturation — this is an important
stage in cell proliferation. (E) Small molecule ligands bind and alter TSPO func-
tion (e.g.affecting Ca2 concentration or mitochondrial respiration)[Austin 13].

While some of the functional roles have been able to be determined, there is
yet another aspect of the TSPO 18 kDa that still remains unknown: the binding
sites. Previous research has shown that there are perhaps multiple binding sites
even. While this finding in itself is an accomplishment, it is still not clear what
the nature of them is. In order to better understand this protein, various ligands
have been used to try and better understand the functionality of the binding sites,
namely benzodiazepine Ro 5-4864 and the isoquinoline carboxamide PK11195.
Each (depicted in figure 1.3.3) of the ligands has a nano-molar binding affinity
and are both TSPO selective [Scarf 11].

TSPO is expressed ubiquitously throughout the periphery (kidneys, heart and
other steroid producing organs), and only to a small extent within the healthy
brain. This minimal level is increased in diseased states such as found in AD, PD,
or stroke subjects [Scarf 09] [Venneti 08]. The increase has also been shown to
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Figure 1.3.2: TSPO implications

have a correlation with microglial activation as well [Scarf 09].

With this being the case, interest was sparked and developments have been
made to create PET radioligands which target TSPO selectively while having a
high affinity. This then has enabled researchers to investigate the process which is
implicated for microglial activation.

The expression of TSPO has also been evidences in Schwann cells in the pe-
ripheral nervous system (PNS) as well as in macrophages, to include detection for
atherosclerosis and rheumatoid arthritis, as well as inflammatory bowel diseases
(IBD) [Bird 10] [Pottier 14] [Ostuni 10]. As mentioned previously, TSPO is also
expressed in the periphery, where is has also been over-expressed in various can-
cers to include, breast, colon, and prostate cancers [Batarseh 10]. All this evidence
only supported the initial theory that TSPO could be of great value as a target
for imaging the inflammatory process.

Both PK-11195 and Ro-4864 have proven to be very promising in the preclinical
studies that have been carried out on human glioma and breast cancer models
[Buck 11] [Wyatt 10].
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Figure 1.3.3: Molecular structures of the TSPO ligands PK11195 (A) and Ro 5-
4864 (B)

The two ligands, PK11195 and Ro 5-4864 are able to displace one another and
are each able to saturate a binding site. This is good, however, the results which
have been obtained have varied from one species to another [Scarf 09]. Some
other studies were contradictory in showing that PK11195 was able to bind to
multiple sites and the research of Sakai et al. was able to find that there are two
separate binding sites [Sakai 10]. This is not all though; yet other studies, using
other ligands have revealed there are even differences in binding site affinities
from one patient to another [Kreisl 10]. It turns out that the first radioligand
used,*H-PK11195, had a stable uptake thought out the subjects tested, along
with brain tissue. 3H-PBR 28 on the other hand revealed different uptake from
one patient to another [Owen 10]. Saturation studies revealed that *H-PBR 28
bound to three separate binding sites for TSPO, a low-affinity binding sites, a high
affinity binding site, and a mixed affinity binding site [Owen 10]. PK11195 has
since been tagged with 'C to be adapted for PET imaging and has been applied in
cases dealing with atherosclerosis, vascular inflammation, acute subcortical stroke,
neuroinflammation in AD patients, just to name a few [Gaemperli 12] [Pugliese 10]
[Thiel 10] [Edison 08]. . [M'C]PK11195 has been useful, but has certain aspects
which still leave something to be desired, be it a higher affinity or better specificity.
As microglia has come under the magnifying glass, so to speak, and become a target
of interest for PET imaging, it became clear that there was a need for improved
radiotracers for this protein. [!'C]PBR 28 was also synthesized to be adapted
to PET imaging initially and applied in to studies involving primates and rats
for applications addressing the effect of systemic inflammation on microglia and
neuronal inflammation involving early epileptogenesis respectively [Hannestad 12]
[Dedeurwaerdere 12].

["'C]PK11195 has thus far been the reference by which other tracers have been
judged. Yet, ["'C]PK11195 has weaknesses which cause it to be insufficient in re-
gard to its pharmacokinetic properties. Beyond this, there is a poor bioavailability
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for the brain tissue and the high non-specific binding [Venneti 06]. Of course, one
should always consider that half-life of C (20.4minutes) which in itself is an
aspect which limits the geographic delivery range to which the tracer could be
brought to from a production center. This brings us back to the ¥F (109.8 minute
half-life duration) labeled tracers, in terms of practicality purposes. These limita-
tions inspired some groups to carry out their investigations into the possibilities
of creating an improved tracer [James 06].

There are still many questions remaining unanswered regarding the relation-
ship between the structure of the protein and the metabolic activity of TSPO
as becomes clear when looking at the studies performed by the group of Owen
et al in which they bring to light that there are polymorphisms (as previously
mentioned) of the TSPO which lead to a variation in affinity to the radioligand
PBR28 [Owen 11]. As TSPO is transmembrane protein, it has proven very dif-
ficult to study. These difficulties are multifaceted and are not limited to com-
plications with purifying and stabilizing the protein. The obstacles hinder the
x-ray crystal analysis for the structural studies [Scarf 11]. As such, other groups
have attempted to reveal the structure by means of immunodetection, thermody-
namic simulations, the use of the bacterial homolog TspO (tryptophan rich sensory
protein) from Rhodobater spheroids as well as nuclear magnetic resonance. This
last method has yielded interesting results and was able to bring to light a 3D
structures seen in figurel.3.1A [Korkhov 10]. Korkhov and his colleagues suggest
therefore that there are 2 binding sites per dimer which in turn would permit a
cooperation between the transportation of substrates and as such possibly have an
enable allosteric modulation [Korkhov 10].

1.3.1 TSPO radioligands and evaluation

As this topic sparked a rapid development of over 40 different potential radio-
tracers for this one target [Chauveau 08]. As these were all experimental, some
were deemed more or less promising. However straight forward as this may seem,
there are always obstacles which need to be overcome. one major point to take
into consideration is the basis of comparison. One cannot compare apples and
oranges so to speak, one must make a comparison just. As the ultimate goal is
to create clinical applications, it was decided that animal models would be the
most fitting and best suited. Yet, one must then consider the reproducibility of
the animal model along with the species of choice too. As the primary applica-
tions of the TSPO ligand seem to be directed towards cerebral pathologies, brain
tissue would be a logical target to test the novel radioligands on. As for a species;
rodents, rats more specifically, are an obvious choice in the preclinical field, as
they are genetically identical, easy to keep without taking too much space, yet
have a brain which is still large enough to carry out PET studies on. As TSPO
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has a low expression at a basal state, the animal model also needs to be robust
and should ideally induce an inflammation for which a high target to background
ratio can be acquired from [Benavides 83]. The animal model of choice was an uni-
lateral intra-striatal injection injection of AMPA ((RS)-alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid hydrobromide) for which the methodology will
be explained in detail in the materials and methods section.

Once the model was decided upon and developed to a point at which it was
reproducible, the tracers could then be tested in vivo.

One of the first novel tracers which reached preclinical trial stages was [''C]DPA-
713, which was tagged with 'C to create [''C]DPA-713.

Some of the characteristics of this tracer offered advantages over the reference
[MC]PK11195. ["'C]DPA-713 demonstrated a higher, and therefore better, signal
to noise ratio than its competitor [Boutin 07a]. The authors suggest that this dif-
ference is due to a lower non-specific binding, meaning that there is less non-specific
binding of the [''C]DPA-713 compared to[''C]PK11195, which in turn means that
the there are better conditions for quantification. Beyond this fortunate finding,
[1'C]DPA-713 also displayed a slower pharmacokinetics (accumulation occurred
over a time period of 20-40 minutes) than ["'C]PK11195 (which accumulated much
faster at 1-15 minutes post injection) [Chauveau 08]. It was supposed by the au-
thors that this could possibly be the case if ['!C]DPA-713 had a lower lipophilicity,
this meaning that the number of free ligands is also reduced when compared to
[M'C]JPK11195 [Boutin 07a]. Seeing that [''C]DPA-713 is labeled with " C, and
knowing the restrictions or disadvantages that this brings along with it, it was a
logical step to attempt to mark the DPA-713 with '8F.

This was then carried out which then led to the comparison between the radioli-
gand of reference; [M'C]PK11195 and its new competition ['®F]DPA-714, but also
then compare this novel tracer with its predecessor ["'C]DPA-713 (all of which are
depicted in figure 1.3.4).

Me Me
= N’N = N,N
Me’ N Me N
o o
NEt, NEt,
"'clPK11195 "'cIpPA-713 ['®FIDPA-714

Figure 1.3.4: Chemical structures of ["'CJPK11195;["' C]DPA-713; and [*°F]DPA-
714

This comparison led to a publication by Chauveau et al. in 2009 [Chauveau 09].
Here they also used the AMPA animal model which was previously mentioned
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and used by the same group and considered to be an efficient neuroimaging model
[Boutin 07a] [Boutin 07b] [Chauveau 08]. The idea behind this study was to ob-
serve whether the F tagged TSPO ligand would be of interest for further studies
considering its preferred isotope.

Initial findings did reveal that their model did indeed create a difference in
neuroinflammation from one hemisphere to another, meaning that not only did
the AMPA do what it was intended to, but also that the contralateral side served
as a convenient control tissue from the same subject.

Each of the novel tracers was able to be displaces by the reference compound
PK11195 and the cold compounds as well (DPA-713 and DPA-714 respectively),
proving the specificity. Interestingly the ®F marked DPA-714 was more displaced
than the ["'C]DPA-713, and was thought to perhaps be caused by a difference in
non-specific binding levels of the two molecules, [''C]DPA-713 and [**F]DPA-714
[Chauveau 09].

The study also yielded results indicating that ["*F]DPA-714 performed the best
when looking at the signal ratio ipsi-lateral vs contra-lateral. This suggesting a
higher bioavailability within the tissue.

While these results were promising in a predictive animal model, it has under-
lined the interest of pursuing further studies in which ["*F|DPA-714 can be used
for the study of other inflammatory issues.

1.4 Issues effecting society

1.4.1 Inflammatory bowel disease

The previous section included remarks about some of diseases which are affected by
the inflammatory process. As one can tell, there is a vast number of pathologies
which are implicated and there might be many others which have not yet been
studies and thus escaped realization of its inclusion into the phenomenon. Just
reading about a study however does not give an idea of the grandeur of the impact,
especially when looking at a single disease or disease family. Inflammatory bowel
disease for example is not a single disease, but rather a family in which Crohn’s
Disease and Ulcerative Colitis also belong. IBD is a disease which society does not
talk about as it makes most individuals uncomfortable and due to this one does
not come face to face with the pathology.

Beyond the fact that it is a sensitive subject for patients to discuss, medical
doctors also have difficulty classifying each IBD pathology. This leads to method-
ological differences in their analysis and thus diagnosis which in turn impacts how a
regional prevalence is evaluated [Gismera 08]. Nonetheless, when looking at all the
various retrospective, and the few prospective, reviews, the data seems to indicate
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a rise in IBD presence throughout. In particular in the industrialized countries.
Figure 1.4.1 from Molodecky et al. illustrates the increased incidence in both CD
and UC diseases. Worldwide CD (Left column) and UC (Right column) incidence
rates and/or prevalence for countries reporting data (A) before 1960, (B) from
1960 to 1979, and (C) after 1980. Incidence and prevalence values were ranked
into quintiles representing low (dark and light blue) to intermediate (green) to
high (yellow and red) occurrence of disease
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Figure 1.4.1: Worldwide IBD prevelance
[Ostuni 10]

As the seriousness of the disease becomes evident (even when considering how

much of the world still lacks data) when looking at only the rise in incidence, on
would hope that the topic has been addressed. There has been much research
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that has gone into all aspects of IBD, ranging from the understanding of the basic
biology of the diseases, to the treatment, prognosis, but also the diagnosis and
detection of the various diseases within this family.

As described initially, molecular imaging, PET specifically, is a tool with great
potential if used correctly. This implies using the correct tracer for an adapted
target for the problematic at hand. Lacapere et al. found that there was a presence
of TSPO 18 kDa in individuals suffering from IBD. This would then mean that
one would be able to detect this protein using the radioligand ["*F]DPA-714 to
detect its presence and thus, theoretically be able to tell a difference between IBD
sufferers and those who are not and perhaps even help with the diagnosis seeing
as that one would then also be able to visualize the exact location of the inflamed
area [Ostuni 10].

The potential benefit is enormous when considering that the treatments could
then reach the personalized level.

Inflammation within the bowel is however not the only burden that patients
suffer from. Another field which was touched on earlier in the text was neurode-
generative diseases. The following subsection will elaborate on that topic.

1.4.2 Neurodegenerative diseases

In order to better understand the magnitude of the issue, one must perhaps see
number to start to have a grasp on just how many individuals are currently and
will be affected one day by one or more of the neurodegenerative disease that
are known to date. Among the most well known, not necessarily understood,
are Alzheimer’s Disease, Parkinson’s Disease, Huntington’s Disease, Amyotrophic
Lateral Sclerosis and prion diseases. These diseases are not only causing suffering
to the individuals who have one or more of the listed diseases, but their families
and even society are also impacted. In 2010, Alzheimer’s Disease International
estimated that there were 35.6 million individuals suffering from dementia alone
and that this number would increase to 65.7 million by the year 2030. By 2050,
an estimated 115.4 million people will be effected by dementia [Wimo 10].

To put some numbers in terms of economic costs to the disease: annually, it is
estimated that $604 billion are spent on dementia. The socioeconomic impact is
high to say the least. And if dementia were a country, it would rank 21st in the
world in terms of largest economy [Wimo 10].

Although, as a society we tend to only see the aftermath, one must not forget
that to alter the effects, it is necessary to act ahead of time. The best way to act
in time then, is to detect and thus prevent any advancement of the pathology in
question.

As previously demonstrated, inflammation is at the core of the issue. This is a
process which is complex and tries to balance the equilibrium between preservation
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and restoration. This is paradoxical as it (the physiological response to various
stimuli) increases the damage as well as the disease state under pathophysiological
conditions [Jacobs 12]. With this taken into account, one should also understand
that this response will thus determine the final outcome.

It is due to all this, that nuclear imaging is so important. It allows for an early
detection, a spatial detection, and a quantifiable , and thus specific, detection in
many different pathologies, yet could allow for a benefit throughout the medical
field in regard to the possible diagnosis of other diseases.

But what if the problematic is not so clear-cut. What if the symptoms are due
to a problematic or a pathophysiological state which is more complex than if it
were due to just one single/local inflammation. What if there is multiple organ
failure..?

1.4.3 Septic shock

Sepsis is a difficult and challenging subject to try and decipher. All systems are
under shock and create a systemic inflammation which affects even the brain.
Hannested et al. demonstrated that they were able to detect an increased level of
TSPO, with the use of [''C]PBR28, within the brain of nonhuman-primates after
inducing a systemic inflammation with the use of E. coli lipopolysaccharide (LPS)
[Hannestad 12].

This begs to ask other questions then; would it be possible to quantify a systemic
inflammation? Would it be possible to reliably detect the difference in TSPO
presence within each organ?

Each of the previously mentioned topics left us with questions about whether
or not TSPO could possibly be a good target for the detection and quantification
of an inflammatory state. Would it be possible to measure this difference? To do
this we had to develop various animal models in which an inflammation would be
induced, be it global, local, systemic, acute or chronic. In the following section
there will be a description of the materials and methods used to try and answer
the posed questions.

1.5 Objective of the thesis

To date it is accepted that TSPO is of importance for the inflammatory process,
and we now know that it is possible to trace its presence with a variety of adapted
radiotracers. ['8F|DPA-714 is very promising, but it is necessary to push the
envelope to find out its capabilities and possible applications as inflammation
impacts a large number of people across the world for various reasons as previously
evidenced.
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Here we will look into various animal models which replicate human diseases of
high social impact, and analyze and quantify the levels of TSPO 18kDa found in
each of the subjects to determine whether or not TSPO can be used as a target
for the evaluation of an inflammatory state within a single individual using PET
imaging with the radioligand ["*F]DPA-714.
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Materials and methods

As seen in the preceding section, there are questions that need to be addressed
and in order to better do so, and in a fashion which could then be transferred to
humans as soon as possible, there is a need for experiments which are adapted to
the question at hand.

In order to best replicate the disease, and thus inflammatory states, in question
we developed animal models for each of the diseases in order to acquire in vivo
images using PET imaging in order to quantify the data. Once this was done,
the animals were sacrificed and the organ in question was excised and analyzed by
various methods as described below.

2.1 Animal models

The animals chosen were male Wistar rats (Centre d’Elevage René Janvier, France)
with a weight of 250g + 20g. The subjects were kept in an adapted environment in
which the temperature and humidity are regulated. The lights are on a 12h cycle
on and then off. The experiments were carried out in accordance with French
guidelines.

Two different animal models of acute bowel inflammation were developed and
implemented in the study

2.1.1 Animal model for a global intestinal inflammation

The first being a Dextran Sodium Sulfate (DSS) (Sigma-Aldrich, France; MW40,000),
induced model, which leads to haematochezia, and also to weight loss along with
a shortening of the intestine among other consequences leading to a colitis rat
model [Okayasu 90]. DSS induces in vivo intestinal inflammation and is simple,
affordable, and also has a high degree of uniformity and reproducibility of most
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lesions in the distal colon. In this model we added DSS at 5% (v:v) into the
drinking water of the animals from which they had ad libitum access throughout
the duration of the experiments. ['®F|FDG images were acquired after 7 days of
treatment whereas ['8F|DPA-714 images were acquired after 8 days of treatment.
The treatment has been used successfully with rats in previous tests [Gaudio 99].
Non-treated rats were given plain water in their bottles and all the animals were
weighed daily and their feces state was also observed on a daily schedule. The DSS
solution was exchanged for a new one on days 3 and 5 in the treated groups and
the non-treated groups also had their water exchanged for a new bottle containing
plain water at the same time points.

2.1.2 Animal model for a local intestinal inflammation

The second model was carried out on the same species as well as the same weights
and was chemically induced by instilling Trinitrobenzenesulfonic acid (TNBS)
(Sigma-Aldrich) as described by Seibel et al. [Seibel 09]. Some slight alterations
were made in order to adapt this model to the PET modality. Here, inflamma-
tion was induced into male Wistar rats by administering 100pL of 50% ethanol-
water solution (to help bypass the mucosal layer of the intestine) containing TNBS
(100g/L, corresponding to 40mg/kg body weight) 4 cm into the rectum from the
anus [Hibi 02]. During this administration, the rats were under anesthesia using
2.5% isoflurane in 100% O,. This anesthesia was maintained for an extra 10 min-
utes post instillation in order to reduce displacement and possible leakage of the
chemical. Non-treated animals were injected with 100pL of ethanol and water
(1/1, viv). The animals were then placed into individual cages and their weights
were measured on a daily basis and their feces state was also observed. Inflam-
mation was evaluated with PET imaging on day 7 using ["*F]FDG and on day 8
using ['®F|DPA-714 after TNBS administration.

2.1.3 Animal model for neuroinflammation (INMiND)

This model is very similar to that previously used by Chauveau et al. (also Wistar
rats at about 250 grams) and was used such as to observe and analyze the neuroin-
flammation induced by lipopolysaccharide LPS (Sigma-Aldrich, lipopolysaccharide
from E. Coli 055:B55) [Chauveau 09].

The striatal injections were carried out while the rats were under 5% isoflu-
rane anesthesia and maintained by 2.0%2.5% isoflurane in 70%/30% NO3/O,. 1
microliter of LPS (1 pgram/pliter in phosphate-buffered saline) was stereotacti-
cally injected in the right striatum (the bregma: +1 mm rostral-caudal; -3 mm
medial-lateral and -4 mm dorsal-ventral) using a 1-mL micro-syringe. The Hamil-
ton needle is left in place 5 for minutes before injecting the LPS with a micro-pump
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at an injection rate of 0.5 pL/min. (UltraMicroPump IT and Micro4 Controller;
WPI Inc.). The animals were maintained normothermic using a heating blanket
(Homeothermic Blanket Control Unit; Harvard Apparatus Limited). Once the
injection was completed, the needle was left in the injection site for a further 10
minutes in order to allow absorption of the LPS. The needle was then removed
slowly to avoid an ejection of the LPS as well.

The site of incision was then cleaned, and sutured using 4.0 braided silk before
being disinfected.

The animals were then placed into a warming box in which they awoke on their
own before being placed back into their cages.

2.1.4 Animal model for tracer evaluation

The animal implemented here was identical to that of the INMiND LPS model
(Wistar rats at about 250 grams) with the exception of the injection coordi-
nates and injected product. These were as follows, again using the bregma as
a reference point: the bregma: 40,7 mm rostral-caudal; -2,7 mm medial-lateral
and -5,4 mm dorsal-ventral into the striatum. The injected product was alpha-
amino-3- hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) ([AMPA] 15 mM in
phosphate-buffered saline [PBS] buffer; Sigma) and injected at a rate and volume
of 0.5 pL./min and 0,5 pL respectively.

2.1.5 Animal model for septic shock

Here we also used Wistar rats at a weight of about 250 grams each. The LPS was
from the same batch as same as previously mentioned in the INMiND neuroinflam-
mation section. We dissolved the LPS in physiological solution at 5mg/kg. The
solution was then injected 4.p. while under anesthesia at a concentration of 2-3%.
The animals were returned to their cages for 24 hours before image acquisition.

2.2 Imaging

2.2.1 PET Radiotracer

['8F]FDG was purchased from the commercially available source Cyclopharma S.A.
(Clermont-Limagne, France). ["®F]DPA-714 was produced on site according to
slight modifications of procedures already reported [Damont 08|, and using a com-
mercially available GE TRACERLab FX-FN synthesizer [Kuhnast 12]. Ready-
to-inject, >99% radiochemically pure ["®F]DPA-714 (formulated in physiological
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saline containing less than 10% of ethanol) was obtained with 15-20% non-decay-
corrected yields and specific radioactivities at the end of the radiosynthesis ranging
from 37 to 111 GBq/pmol.

2.2.2 pPET image acquisition

The PET and PET/CT images were acquired using two separate machines. The
first one is a Siemens INVEON PET and the second a Siemens INVEON PET/CT,
both being dedicated small animal scanners with a resolution of 1.4 mm. Each
animal had its images acquired in the same machine each day. The animals were
kept normothermic with the help of a heating carpet. Rats had a catheter placed
into one of the lateral tail veins after having been anesthetized at 4%Isoflurane.
The anesthesia was then adjusted as needed while keeping the animals sedated
throughout the acquisition. Images were acquired dynamically during a time span
of 60 minutes, beginning at the same time as the injection. The ['*F]DPA-714
dynamic images were acquired with the same protocol. Each animal was injected
with 37 + 2 MBq (1.0 mCi £ 0.054 mCi). Both the ["®F]FDG acquisitions and
the ['®F|DPA-714 images were sorted into 16 frames. Frames 1-5 each lasted 1
minute, frames 6-10 lasted 2 minutes, frames 11-13 each lasted 5 minutes, and the
remaining frames (14-16) lasted for 10 minutes each. The energy discrimination
was set at 350 KeV and 650 KeV. The list-mode acquisition was as described
previously and the data files were histogrammed into 3 dimensional sinograms
with a maximum difference of 47 and a span of 3 [Damont 08].

The attenuation correction of the Siemens INVEON PET was measured with the
help of a Cobalt-57 point source. The Siemens INVEON PET/CT carried out the
attenuation correction measurement with the use of its CT imaging capabilities
and settings, which are implemented directly by the manufacturer. In order to
obtain the best resolution possible within the intestines, we implemented a Fourier
rebinning and an OSEM 2D reconstruction method.

2.2.3 HRRT image acquisition

Rats were anesthetized (isoflurane with oxygen, 4% for induction and 2.5% there-
after) and the tail vein was catheterized. Rats were imaged using an HRRT scanner
(Siemens-Healthcare, Knoxville, TS, USA), a dedicated human brain PET scanner
with an isotropic spatial resolution of 2.5 mm. Rats were placed in an especially
designed bed in which is it possible to image four rats simultaneously. This de-
vice is adapted to the HRRT gantry and ensures suitable anesthetic supply to
each animal. PET acquisition started at the time of the injection and lasted for
60 minutes. A dynamic series of 16 images were reconstructed, with a temporal
frame duration ranging from 15 s at the beginning to 120 s at the end of the scan.
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2.2.4 PET image analysis for the IBD models

The reconstructions of the PET images were carried out using OSEM 2D. The
image analysis and quantification of the radioactivity uptake in the regions and
volumes of interest (ROI's & VOI's) were carried out with the use of Brain-
Visa/Anatomist Version 4.3.0. Delineation of the ROI's and VOI's was selected
by means of manual segmentation and always carried out by the same user. The
selected region of the intestine was 5 x 3 x 2 voxels, or a 3.6 mm3 volume placed
on the intestinal wall.

2.2.5 PET image analysis for the neuroinflammation model

The analysis of the images was carried out with the same tools as mentioned above,
however the selecting of the ROI was done manually for both hemispheres. The
contralateral side serves as the control and a VOI of a spherical size of 4 was
systematically used in order to be able to compare all the subjects to each other.
A muscle section was also chosen as it was in the other models, again to be able
to compare all the subjects.

2.2.6 PET Image analysis for the septic shock model

As the septic shock induced a systemic inflammation, it is not easy to distinguish
one tissue from another as a user. However, using the methodology developed by
Maroy et al. [Maroy 08], it was possible to obtain the different VOI’s and evaluate
the level of inflammation found in each one.

2.2.7 Statistical analysis

Statistical analyses were conducted using Microsoft Excel software and GraphPad
Prism software. A significant difference between treated and control groups was
determined at each point by the one-tailed Student’s t-test.

2.3 Ex vivo gamma counting

The intestines were excised once the subject had been euthanized via an i.v. injec-
tion of pentobarbital and divided into 3 sections. The sections were then placed
into individual tubes, which were then inserted into a Perkin Elmer Cobra II
Auto-Gamma Gamma-ray counter.
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2.4 In vitro

2.4.1 Autoradiography study for the IBD models

We created a solution of Trizma®Base 50mM (Sigma Aldrich, primary standard
buffer at equal or higher than 99.9% titration) and NaCl 120 mM (Sigma-Aldrich,
France, ACS reagent at equal or higher than 99.0% purity) which was introduced
into MilliQ (Millipore, France) filtered water and mixed until both powders were
dissolved. Once this was done, the pH was measured (using a HANNA pH21
pH/mV meter) and adjusted to 7.4 pH using HCl (Fischer Scientific, Analytical
Reagent). The solution was then stored at 4°C over-night.

The following day, the solution is filled into 4 baths of 200mL each which are
themselves placed onto a chilled work bench.

The radiotracer is then added into the top bath along with the 200mL solution.
The slide, which were kept in the cold as long as possible, were then submerged and
left in the initial bath, containing the solution + radioactive tracer, for 20minutes.
Then the slides are rinsed in 3 more successive baths for 2 minutes, 2 minutes and 5
seconds respectively. Once the slides have been removed from the final bath, they
are then left to dry on a heated plate for about 5 minutes. Once the slides are
dry, they are then places in an autoradio-cassette containing a phosphor-imaging
screen and left for 10 half-lives.

Once this time period is done, the screen is taken out of the cassette and scanned
using a Storm 860 scanner (Molecular Dynamics).

When the scan is completed, the image is then analyzed using the free software
Image J.

2.4.2 Autoradiography study for the tracer validation

The solution was prepared as previously described. Once the tracer was ready
along with the competitive cold compounds, the brain slices were incubated with
['8F] DPA-C5yne (['®F]-1, 7.4 nM) alone, and also co-incubated with non-labelled
DPA-Cbhyne (1, 20uM), or PK11195 (20 pM, the TSPO ligand of reference) in
order to confirm the selectivity and specificity of the binding.

2.4.3 Immunohistochemistry (IHC) and morphological analysis

Post mortem tissue samples were excised, once the ["®F]DPA-714 images had
been acquired, and fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) in
Phosphate-buffered saline (PBS, pH 7.4 Sigma-Aldrich, France) for 2 h followed
by cryopreservation by incubation in PBS, pH 7.4 containing 20%-sucrose for 24 h.
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The intestines were then cut into thirds (ascending, transverse, and descending sec-
tions), immersed in embedding tissue (Shandon M-1 Embedding Matrix, Thermo,
USA) and frozen rapidly in liquid nitrogen. Immunohistochemistry was then car-
ried out on the specimen from which slices of 5 pm thickness were cut. Anti-TSPO
marker (NP-155, kind gift of Dr. Makoto Higuchi, The National Institute of Radio-
logical Sciences, Chiba, Japan) was used on individual slices. Non-specific binding
were blocked with 5% BSA and 0.5% Tween 20 in PBS (5 min, room temperature
(RT)) and incubated (1 h, RT) with primary antibodies as follows: Rabbit anti-
TSPO antibody (NP155, 1:500) diluted in 5% BSA and 0.5% Tween 20 in PBS,
and, after PBS washes (three times), sections were incubated (30 min, RT) with
Alexa Fluor-488 goat anti-rabbit (A11034, 1:1000; Invitrogen, France), diluted in
5% BSA and 0.5% Tween 20 in PBS.

Hematoxylin and eosin

The frozen slides containing slices of the intestines were placed into fresh PBS
for rehydration 5 min before being placed into deionized water for one minute.
The slides were then introduced for 5 min into Hematoxylin solution ready to
use (Sigma-Aldrich, France). Once this was carried out, the slides were placed
into tap water for 5 mins before being placed into a series of 5 mins-baths of
deionized water, followed by Eosin-Y solution (LABOnord, Templemars, France),
90% ethanol in water, 100% ethanol and finally toluene for 15 minutes. Once this
was done, the slides were individually mounted with the Eukitt quick-hardening
mounting medium (Sigma-Aldrich, France), by placing a few drops onto the slide
and then laying a cover slip over them.

Nissle staining

Frozen brain slices were rehydrated in successive baths, for 1 minute each, contain-
ing ethanol at concentrations of 100%, 95%, 70%, and then finally 50%. The slides
were then rinsed for 1 minute in tap water. Then the slides were placed into Cresyl
Violet (acc. Moore, DiaPath, Microstain Division, Italy) for 5 minutes. The slides
were then dipped in tap water a few times before incubating them in ethanol for
10 seconds, 10 seconds, 90 seconds, 1 minutes and 1 minute in 50%, 70%, 95%,
100% and 100% respectively. Once that was done, the slides were incubated in
2 separate Toluene (Toluene Pure, Carlo Erba Reagents, France) baths for bmin-
utes each. Then the slides were mounted with Eukitt quick-hardening mounting
medium (Sigma-Aldrich, France) and let dry.
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Evans blue

A 2% solution of Evans Blue in normal saline (4 ml/kg of body weight) was injected
into one of the lateral tail veins of the subjects while they were anesthetized with
isoflurane between 2 and 3%. Once injected, the stain was allowed to circulate for
10 minutes. At this point the subjects were sacrificed and the brain was removed
quickly and submerged into isopentane which was already cold enough to freeze
the brain without letting it explode (about -40°C). Once hardened, the isopentane
is removed and the brains are then placed into liquid nitrogen and stored at - 80
°C for later analysis.
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Chapter 3

Evaluation and quantification of
TSPO expression in an acute model
of global intestinal inflammation

Objective: To determine if TSPO 18kDa can be used as a precise -, specific
-, and quantifiable target for the evaluation of the inflammatory process in
an animal model presenting a global intestinal inflammation, using the
radioligand [®F]DPA-714.

Summary:

This chapter explores the potential of TSPO 18kDa to serve as a precise-, specific-,
as well as measurable parameter of inflammation using the radioligand ['*F]DPA-
714 for its evaluation. Beyond this, we will also compare the obtained results of
the TSPO radioligand to those obtained with the most commonly used radiotracer
for IBD imaging, ["*F]FDG, which was used in the same subjects.

3.1 Model validation

As animal models can be a challenge to put into place, some research had to be
carried out in order to see whether or not something regarding this topic had
already been done. As it turns out, not only had an animal model of a global
inflammation been mentioned in literature, but another author had also found the
presence of the target of choice, the translocator protein 18 kDa, too [Ostuni 10].
This was of particular interest as the same group had reported findings of TSPO in
human biopsies of patients suffering from Crohn’s disease (CD), Ulcerative Colitis
(UC) as well as colon cancer.
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We were able to use the animal model described by Lacapere and as such at-
tempted to reproduce it, as described in the materials and methods section. The
protocol had worked for us as indicated and was verified by evaluating feces state
and weight loss of each subject on a day to day basis.

However, the lab in which the group of Dr. Lacapere was implementing this
model had different objectives and tools than we did. This meant that we had to
make some considerations to obtain the most accurate information possible.

3.1.1 Imaging specific considerations

When looking at a physiological system, one must also look at all organs which
could possibly be impacted or impacting upon the area of interest. Seeing as that
we were looking at the intestines, the lower intestine specifically, we had to consider
various factors.

Gravitational factors

The first factor we considered was the effect that gravity would have on the animals.
Normally this is not such an issue, but as we had planned to acquire images over
the course of a whole hour, it was important to take the flattening of the animal
into account. This is important as the animal then spreads out over the body
support. The reason for this is that we wanted to be certain that there was no
movement or displacement over time.

Some instances would allow for simple taping (as seen in figure 3.1.1)of the sub-
ject to the bed. This can work just fine for many applications. In our case however,
we wanted to avoid taping the animals to the support as it would compress the
organs of the animal, thus possibly rendering the tissue of interest difficult to
analyze.

Figure 3.1.1: Animals can be simply taped to the support in some instances

To address the obstacle, we used a simple box (as seen in figure 3.1.2) which was
cut to size to fit the animal and provide support along the sides of the subject.
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The box was cut such that the tail could protrude, allowing access to a vein,
while still fitting into the FOV of the scanner as well. Also, we left the box slightly
wide, laterally, and used rolled cotton pads to insert between the walls of the box
and the animals flanks. This was done in order to obtain a rounder shape of the
animal and this a less squished organization of the internal organs.

Figure 3.1.2: The box helped maintain the positioning of the animal without the
use of tape and the subsequent compression of the internal organs.

VOI definition

Initially we acquired the first images as described in the materials and methods
chapter. One of the machines at the institute is a Siemens pPET/CT machine
which uses the CT image for the attenuation correction, meaning that we were
obliged to use the CT in any case and following this, we decided to attempt to
apply it for the selection of the volume of interest and then apply the VOI from
the CT to the PET image to then extract the data for the quantification.

The CT settings however were optimized for speed of acquisition, and not con-
trast, leading us to attempt to improve on this aspect. The default settings yielded
the image depicted in figure 3.1.3.

Contrast improvements

The first ideas were to naturally adjust the look up table (LUT) and alter the color
scale. This did not work as desired which led us to trying to introduce a contrast
agent (CA).

Barium sulfate

The first one to be tried was barium sulfate as this is the contrast agent which is
commonly used for the investigation of the bowel in humans.

Adding barium sulfate to the drinking water was not successful as the animals
did not like the taste and the barium sulfate also separated from the water quickly,
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Figure 3.1.3: CT images acquired with the default settings. These settings are
optimized for speed of acquisition, and not soft tissue contrast.

leaving a sedimentation along the base of the bottle, which is inserted into the cage
at a 45° angle.

The next attempt was to administer the barium sulfate by gavage. The ad-
ministration was successful using a small metal pipe, which had a smooth plastic
cover on the end being inserted as to avoid damaging the esophagus of the subject.
The animals did not take well to this and caused discomfort, keeping the animals
awake at this stage helped the injection of the CA as their reaction was to ingest.

The following unknown was the time that it would take for the barium sulfate
to reach the lower intestine. This led us to then acquire multiple CT images of the
same subject at different time point in an attempt to determine at when the CA
should be administered to be able to best define the VOI based on the CT image.

The results however were very diverse and varied from subject to subject, ren-
dering this method of little use. However, the barium sulfate did yield a decent
contrast, as expected. This meant that we could perhaps still obtain a contrasted
image if we changed the method of administration.

Following this observation, we began to administer the CA rectally, just prior to
the image acquisition (both CT and PET), in hopes that we could extract better
contrast for the VOI determination. The reason for the administration prior to the
acquisition is that we wanted to avoid altering the position of the lower intestine
in regard to the PET image, thus defeating the purpose.

The adding of the CA was fairly straight forward. However, the images acquired
were not of much help as the Barium was not coating the entire lower intestine
and we had to roll the subject to assure covering the whole lumen of the intestine.
Certain tests revealed a sedimentation of Barium along the lower section, in regard
to the bed (ventral). Other images revealed the creation of artifacts as can be seen
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Figure 3.1.4: The first image (a) illustrates the displacement of the Barium. One
can observe (in each of the views coronal (b) and saggital (c)) that
the delineation of the lumen is difficult with the artifact that was
created.

in the first image of the figure 3.1.4. We did notice that the presence of feces was
also playing a role in the artifacts in that the Barium could not bypass the feces
in all cases due to human error, but also, the feces seemed to absorb the CA to
an extent. This phenomenon can be seen in the second image of the same figure.
The third image of the same figure illustrates that the spread of Barium was also
uneven, thus not allowing for confidence in its use for this application.

Bowel cleaning with Klean-prep

As the presence of feces was potentially causing an obstacle for the application
of Barium for the aid in contrast, we administered Klean-Prep. This product is
commonly used for the preparation of the colon prior to a colonoscopy or X-ray
and is considered to be an important procedure to undergo before a diagnostic
examination.

The application of this product was less helpful than hoped. Not only could we
still find a sedimentation of Barium along the ventral section of the lower intestine
(still causing artifacts), but it also obstructed another parameter we wanted to ob-
serve; the feces state. As the Klean-Prep aids in emptying the intestines, we could
no longer be sure if the feces state was due to the initial DSS 5% administration,
or if it was due to the Klean-Prep (figure 3.1.5).

Negative contrast

Barium sulfate, being a positive contrast, was not of much use in our application
as we determined. But we still had hope to create contrast, just by other means.
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Figure 3.1.5: These subjects were given Klean-Prep prior to imaging in order to
empty the bowel.

The next idea was to use negative contrast. The thought was to introduce a liquid
into the rectum which had a density lower than water, but was more viscous to
avoid leakage which would alter the volume within the colon.

We decided on using corn oil as this had been used by other teams in the past
too [Pickhardt 05].

The oil was introduced rectally with a gavage needle, again to avoid damage to
the intestinal walls. As the oil is still rather non viscous, there was still leakage
found. This problem was resolves after multiple attempts ranging from taping
cotton to the orifice to 'plugging’ with an obturator. The latter solution worked
best, but in the end was still not of much help as the wall thickness seemed
compressed. Beyond this however, the oil was lining the colon, which in turn
could cause a potential problem for the tissue treatment that was to follow. Had
the study been solely for the contrast, the oil maybe have been of great interest.
However, this was not the case. We were creating more problems than solutions.
This was amplified as we would have to introduce the oil prior to the PET image
as the anatomical location would have to kept the same to avoid misalignments
between the modalities for the drawing of the VOI. Figure 3.1.6 illustrates the
resulting images.
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Figure 3.1.6: This figure illustrates 3 slices (axial (a), coronal (b), and sagittal (c))
of an animal in which Corn Oil was used to attempt to use a negative
contrast for an improved visibility of the intestinal lumen.

CT parameters

As each of attempts for improved contrast (both positive and negative agents)
were of little help, we turned to the CT settings. It was clear that we would have
to forfeit speed for contrast as the original settings for the attenuation correction
for time optimized for time.

As there were multiple parameters to change, we made a side study in which
we were able to determine the best settings for a good contrast for the soft tissues
within a Wistar rat at about 250g.

Initially we looked at the parameters at hand and altered them one by one. The
parameters we were able to alter were the voltage settings (kV), time of exposure
(ms), the number of projections (to increase the number of projections over a 360°
radius), and current settings (pA).

We had to be methodological and so we stepped through each parameter, one
by one. The first parameter was the voltage that we looked at.

The minimum was 40kV, while the maximum was at 80 kV. So, we tried both as
well as the median voltage of 60 kV. Each of the settings revealed the corresponding
images depicted in figure 3.1.7.

As we lowered the voltage however, we were obliged to increase the exposure
time in order to optimize the caption of the x-rays. This would mean that the
animal would be obliged to remain under anesthesia longer than with the default
settings.

The next parameter we looked into was the exposure time. This was our next
choice as we thought that the voltage settings made a difference and wanted to
shorten the time that the acquisition would take. The figure 3.1.8 illustrated the
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40 kV, 1600 ms Exposure, 500 pA 60 kV with 500ms Exposure, 500 pA 80 kV with 250ms Exposure, 500 pA
(default setting)

Figure 3.1.7: Here one can see that the altered voltage settings had an impact on
the contrast and varied from the default settings found on the image
on the right.

images corresponding to the various exposure time settings.

Having analyzed each of the images, we decided to make a compromise as is often
the case in imaging. We decided upon 1000ms exposure in order to gain in contrast,
but thought that exposing for a 1600ms was too long and would potentially cause
undesired effects on the animal, namely premature death, possibly leading to a
loss of PET data.

Once we had decided on that, we still had another 2 parameters to look into.

The default settings have a projection occurring every 2° over a 220° circumfer-
ence. The thought was to then increase this number by simply taking out the 2°
steps and project at each degree over the original 220° degrees and then testing
the whole 360°.

This alteration was quickly chosen against as the acquisition time was going to
take about 40 minutes before taking the second bed position into account. This
is a step that would be necessary for the PET study as the PET FOV is slightly
larger than a single CT FOV.

The final parameter was the current (pA). The default setting is at 500 pA and
the minimum at 100pA. So we acquired images at 100pA, 300pA, and 500 pA All
while having steps every 2° over a 220° range around the animal.

The two images acquired at 100pA and 300pA were more grainy and did not
allow any gain in time. It is for these reasons that we then decided to go forward
with the settings with an energy of 40kV, exposure times of 100ms and a current
of 500pA. All while having steps every 2° over a 220° range around the animal.
This was a decent alteration from the original settings which were determined
to be quickest, yet solely for the attenuation correction, and not for any gain in
anatomical information. The chosen settings yield the above image shown in figure
3.1.9.
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40 kV, 250 ms, 500 pA 40 kV, 500 ms, 500 pA 40 kV, 750 ms, 500 pA

40 kV, 1000 ms, 500 pA

40 kV, 1600 ms, 500 uA

40 kV, 1250 ms, 500 uA

Figure 3.1.8: In this figure one can observe the impact that the alteration of ex-
posure time had on the resulting image.

Co-registration

As we were now content with the CT settings and assured that there was no bowel
movement that we should be worried about, we carried out an exam and found
that the images from each modality (CT and PET) were not aligned as can be
seen in the following in vivo image 3.1.10.

To assure ourselves that this was due solely to the machine and not an external
factor, we carried out another experiment with a phantom depicted in figure 3.1.11.

The bad alignment did indeed come from the machine and not due to an external
factor such as an anesthesia tube tugging on the bed, thus causing a displacement.

This mismatch however was not devastating as we were then able to create a
co-registration in Anatomist which corrected the misalignment. As this problem
came from the machine, it was a constant and the co-registration was applicable
to all images already acquired.

Reconstruction after co-registration with both images corrected this.
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40kV, 1000 ms, 500 pA

Figure 3.1.9: The settings of choice were determined at an energy of 40kV, exposure
times of 100ms and a current of 500uA.

Quantification method

Initial attempts to quantify the inflamed area were difficult as we were obtaining
values in the inflamed animal which were lower than the control animals. This
was odd as we were able to see on the images that there was a higher signal in the
DSS 5% treated animals one the images had been calibrated.

However, as inflammation can occur in living beings who are healthy, there will
also be areas which are affected, thus leading to a signal. As this signal may be
very local, but relatively high, the VOI selected will not have the same area in each
of the cases. beyond this, inflamed colons increase in surface size and it turned
out that due to the fact that we were designing the VOI around the entire colon,
we were artificially lowering the signal when compared to the control animals. It
is also possible that this difference in signal was due to an alteration of the wall
thickness. A wall thinning, due to the DSS 5%, would then increase the partial
volume effect, thus decreasing the quantified signal.

This means that we had to devise a way in which we were able to select the VOI
in a manner which would not impact the quantification.

The solution we came up with was to apply the same region, to each of the
animals, around the area of highest intensity. The volume selected was chosen
as 5x2x3 voxels. This was the mean volume typically found around the area of
highest signal. Figure 3.1.12 illustrates the means by which the VOI was defined.
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Result of the Fusion:

PET image
was not aligned
with the CT

Figure 3.1.10: Misalignment of the CT and PET images

Beside being able to avoid surface area impact on the quantification, we were
also able to avoid any impact that the presence of feces might have had on the
selection process.

Applying this method allowed, to the PET image, for an accurate quantifica-
tion, but it also meant that we would not be applying the CT settings we had
selected for the anatomical information. The optimized settings were good for the
differentiation of various tissues, but the acquisition took 4 times longer than the
default settings which were adapted for the speed. As we wanted to avoid leaving
the animal in the machines longer than necessary, we opted for the more efficient
settings. This choice was not all bad though as it would also allow us to use
both of the pPET machines. One of which uses a point source for the attenuation
correction instead of a CT scan. The ability to use two machines, doubled the
throughput ability which not only was an advantage to the number of subjects we
were able to acquire images of, but it also allowed us to use twice as much of the
tracer from the same synthesis as we had less decay constraints.
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* Co registration done with FDG fluoresce tubes

Raw
image

After
moving

Figure 3.1.11: Phantom experiment indicating that the co-registration issue
stemmed from the machine.

3.2 Radiotracer choice and comparison

3.2.1 Reference glucose analog vs. TSPO ligand

To date there is one radio tracer which dominates in the clinical field, the glucose
analog ["®*F]FDG which will indicate an increase in glucose metabolic activity.
This is helpful for many applications, yet, it is non-specific of inflammation. This
means that there is no indication about the origin of the increased metabolic
activity it. It is not always necessary to distinguish what the causes are. There
are however cases in which it is of great interest. IBD related diseases are such
instances in which it can be of diagnostic value to be able to differentiate between
a metabolic increase, and an inflamed area, for example. Hence the application of
this model of a global inflammation, and two radiotracers. The first one being the
reference glucose analog ["®F]FDG, and the second one being the ['8F|DPA-714,
which targets TSPO, as described in detail the introductory section.

In order to compare the two tracers, we found it best to do compare the two
tracers using the same groups. To do this, we administered the DSS 5% to the
subjects and acquired images of the animals using ['*®*F]FDG 7 days later. The
animals were then put back into their cages and images again the following day
using ['®F|DPA-714, as the [**F] from the FDG was then completely decayed and
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Quantification Method
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Figure 3.1.12: The VOI was selected as a 5x2x3 voxel volume in order to prevent
an impact on the quantification due to a difference in surface area.

did not interfere with the tracer signal.

3.3 Results

3.3.1 Observation of the animals well-being

Initially, the treated animals did not drink as much as the control animals did.
This is possibly due to the taste of the DSS 5%. Once ingested however, the
treated animals drank more than the control group. Food consumption was not
altered in either group.

The treated animals showed some weight loss, and also revealed an alteration in
their feces state ranging from normal, to loose feces with some associated bleeding.
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3.3.2 PET results

As we were able to replicate the animal model as previously described by Lacapere,
we also knew at which time point we would have the highest level of inflammation.
It is based on this that we chose the previously mentioned time points for image
acquisitions. Using the methods described in the materials and methods chapter,
we obtained the following images (figure 3.3.1) and results (figure 3.3.2).

Control Treated

& Tede. W 200,000 Bg/c
A BFk o
A ~ ? N

op-
W

0By
500,000 Bg/cc

0Bglcc

Figure 3.3.1: The above images are of two control animals (labelled A & C),and
two treated (labelled B & C). The top row are of animals injected
with ["*F]JFDG while the lower row were injected with [*F]DPA-714.
One can observe a difference in uptake between the non-treated and
treated animals in both cases.
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Figure 3.3.2: ['*F]FDG did not reveal any significant differences between the two
groups while ["*F]DPA-714 did show a significant difference between
the treated and control groups (p<0.05)

Both tracers showed an increased uptake within the colon of treated animals in
comparison to non-treated animals. The image quantification of the radioactivity
uptake after 60 min of acquisition revealed that for ['®F|FDG the mean glucose
consumption in the colon increased from 0.40 + 0.11 %ID/cc to 0.54+0.17 %ID/cc
as illustrated previously. This increase identifies the inflammatory processes but
it is not sufficiently high to provide a significant difference between the two groups
of rats (P=0.053). Similarly, quantification of ["*F]DPA-714 within the colon of
non-treated and treated animals revealed a significant increase in uptake level from
0.35 £ 0.15%ID/cc to 0.50 £ 0.17 %ID/cc (P=0.040).

3.3.3 Gamma-count

To assure ourselves that we were indeed able to differentiate the two groups (non-
treated and treated) using the radio tracer ["®F]DPA-714 we verified the PET
obtained results with a gamma counter.

In the graph (figure 3.3.3) containing the gamma count quantification, one can
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Figure 3.3.3: Weight corrected gamma-count results

observe that the PET data, and the subsequent analysis, were verified and subse-
quently validated with the gamma counting using a Perkin Elmer Cobra IT Auto-
Gamma counter. Here we also observed a significant difference between the treated
and control groups where p<0.0001.

3.3.4 Histo- and immunohistochemistry

Tissue analysis is still the reference and as such we also excised tissue samples,
not only for the gamma-count, but also for an histo- and immunohistochemical
analysis. The histological analysis we carried out using H&FE staining methods
depicted in figure 3.3.4.

Microscopic observations on the different sections of the colon (ascending, trans-
verse, and descending) of treated animals revealed erosion along the entire colon.
The control animals revealed intact crypts and villi. These features corresponded
with what the group of Lacapere had found in which their group also determined
difference between control and treated groups. The control groups revealed intact
structures which were dense. The intestinal mucosa had tightly packed microvilli
which protruded into the lumen in an organized fashion. The duodenal gland
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Figure 3.3.4: Hematoxylin & FEosin staining revealed marked difference between
the structural integrity when comparing tissue samples obtained from
control animals (image A) and treated animals (image B).

within this mucosa was also rather thin and also relatively dense and homogenous.
Also, the muscularis mucosa was continuous within the control animals.

The treated animals on the other hand revealed a muscularis mucosa which
was interrupted. One was able to observe gaps which allowed the villi to come
in direct contact with the duodenal gland. The duodenal gland also revealed a
a large increase in size. The microvilli were also destructed and partially, if not
completely eroded.

We then investigated theTSPO expression on adjacent tissue samples using the

TSPO antibody NP-155.

Figure 3.3.5: Immunohistochemical analysis using DAPI (blue) and the TSPO an-
tibody NP-155 (red)

In figure 3.3.5 one can clearly observe the increased presence of TSPO in the
colon of treated animals with high infiltration in the entire eroded lamina propria
and high density at the base of the intestinal wall (lamina muscularis/mucosa). In
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comparison to non-treated animals, TSPO positive cells were mainly found at a
lower density within the lamina propria.

3.4 Conclusion

We demonstrate here that with the use of an adapted tracer ["*F]DPA-714, we are
able to detect, visualize, and quantify a difference between the non-treated animals
and the ones that underwent the treatments in order to induce IBD symptoms for a
global inflammation. This indicates that the target TSPO may be of great interest
in the application for this type of disease.

Seeing as that we were able to detect a significant difference in a global inflam-
mation, we then wanted to investigate as to whether or not one would be able to
determine a difference in an IBD model of local inflammation.
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Evaluation and quantification of
TSPO expression in an acute model
of local intestinal inflammation

Objective: To determine if TSPO 18kDa can be used as a precise -, specific
-, and quantifiable target for the evaluation of the inflammatory process in
an animal model presenting a local intestinal inflammation, using the
radioligand [®F]DPA-714.

Summary:

This chapter aims to evaluate the potential of TSPO 18kDa as a precise-, specific-,
as well as measurable parameter of inflammation using the radioligand ['*F]DPA-
714 for its evaluation. As in the previous chapter, we will also be comparing the
results obtained with the ['®F]DPA-714 to those obtained using reference tracer
['8F|FDG. These comparisons will be made at the peak inflammation, which we
will also be determining.

4.1 Model validation

Here we were also quite fortunate in that we were given a starting point from a
group who had put an animal model in place for a local inflammation. Although, as
in the model of global inflammation, here too we needed to make some adjustments
to adapt this model of local inflammation to the tools of molecular imaging for
the inflammatory process.
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4.1.1 Imaging specific considerations

The starting point we had was based on the animal used by the group of Dr. Seibel.
His group was also instilling an intestinal inflammation which was designed to have
local effects in which he introduced the TNBS at a depth of 8cm from the rectum.

Pharmacokinetics

As in the preceding chapter, here too we were obliged to make slight adjustments
to the animal model in order to adapt it to the imaging tools. The animal model
described by Seibel et al. was adapted to our study, but would require slight
alterations [Seibel 09].

Based on previous experience from the model of global inflammation, 8 cm
seemed extremely invasive and even obstructing for our applications.

A depth of 8 cm would have ended within the small intestine, and based on the
previous model, we knew that there was an accumulation within this area of DPA-
714. Due to this, it became clear that we should aim at inducing the inflammation
within the large colon.

Beyond looking at the image, we also knew that in DPA-714 is eliminated gas-
trointestinally [Arlicot 12].

This information, combined with the past experience helped us to decide on
introducing the TNBS at a depth of 4 cm. We carried the induction out while
keeping the animal anesthesia for an added 15 minutes to ensure effectiveness of
the TNBS in a local area.

Comparison time point

For the model of global inflammation, we had a time point given at which the
highest level of inflammation was taking place. This however was not the case for
this model of local inflammation.

To determine at which point we should compare the two radiotracers, we needed
first determine the time at which the highest level of inflammation would be
present.

The way in which we decided to proceed was to acquire images of subjects prior
to the introduction of the TNBS. This was decided upon in order to obtain a
baseline reading to which we could then compare, with confidence, various levels
of inflammation that we hoped to observe.

Once we had the baseline images acquired, we induced the local inflammation
and then acquired images at various time points post induction. This methodology
allowed us to follow the inflammation and revealed that we had the highest signal
on day 8 post induction. Coincidentally, this was the same time point at this
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the model of global inflammation also showed the highest levels of inflammation
according to Lacapere et al.

4.2 Results

4.2.1 Observation of the animals well-being

We did not observe any difference between the two groups in regard to their feeding
habits throughout the whole experiment. Their weight did not reveal any differ-
entiation between the two groups either. The only difference that we believed to
see was that the treated group had possibly produced less feces possibly.

4.2.2 PET results for evolution experiments

As we did not have the same advantage as in the model of global inflammation,
we were obliged to find the time point at which the highest level of inflammation
would present itself. Previously it was stated that we therefore had to acquire
images at various time points post TNBS induction. The time points selected
were at days 2,4,8,10, and 22 days post induction. Initially we had also aimed at
obtaining information on days 12 and 14, but were hindered by the fact that the
radiosynthesis was not successful. However, as we were not sure yet at which point
the highest level was at, we still continued and acquired a final image at 22 days
post induction. The following images (figure 4.2.1) are what was observed.

As much as one might be able to extract visually, one must still quantify each
image in order to be sure of what is being observed. We applied the same method-
ology for the quantification on this model of a local inflammation as we did for the
global inflammation.

This set of experiments allowed us to observe at which time point we would
be able to have the highest level of inflammation. The graph in figure 4.2.2 re-
vealed that the results of the quantification indicated that the highest level of
inflammation was to be observed at 8 days post injection.

Now that this was resolved, we were able to go forward with the initial question;
to determine whether or not TSPO 18kDa could serve as as a precise-, specific-, as
well as measurable parameter of inflammation using the radioligand ["*F]DPA-714
for the evaluation of a local inflammation found in an animal model of IBD.

4.2.3 PET results for comparison experiments

Now that the highest level of inflammation had been determined at day 8, we again
induced a local inflammation into groups of animals. then we acquired images using
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2 days post induction

Pre-induction

8 days post induction

10 days post induction 22 days post induction

Figure 4.2.1: Evolution of ["*F]DPA—7,, uptake in a local model of IBD.

both the tracer of reference for this kind of disease in humans, [**F]FDG, and the
radioligand, ['®F|DPA-714, to see whether or not TSPO could possibly serve as a
better biomarker for the evaluation of a local inflammation within the intestines.

The images we obtained were representative of those in figure 4.2.3.

In both cases (with each tracer) on can observe a higher signal in the treated
animals, found on the right (images B & D), when compared to the control animals
on the left (images A & C). As for the quantification, the following graphs (figure
4.2 4)reveals equally interesting results.

The image quantification yielded results showing that both tracers were able
to detect a significant difference when compared to the control groups. However,
contrary to those obtained with the global inflammation, here we obtained a more
significant difference with the ["*F]FDG as well as with the ["*F]DPA-714 tracer.
The differences found were at 0.43 £+ 0.18 % ID/cc to 1.20 £+ 0.56 % ID/cc for
['*F]FDG and 0.46 + 0.23 to 1.30 4 0.62 for ['**F]DPA-714 (p< 0.0006 for ['*F]FDG
and p< 0.0058 for ['®F|DPA-714.
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Figure 4.2.2: [""F]DPA—7,, in an acute local model of IBD

4.2.4 Histo- and immunihistochemistry

As tissue samples remain the reference for determining the presence or absence of
a given tissue structure or cell type, we also carried out a histochemical as well as
an immunohistochemical analysis of tissue samples obtained from both groups.

The tissue samples had then been stained the same way as the previous animal
model and we also found here that there was indeed a structural difference to
be found between the two groups. The control groups revealed refined crypt and
villi structures that were not to be found in the area of inflammation within the
animals who underwent the locally induced inflammation. As found in the model
of global inflammation, here too we were able to observe a deformation within the
entire lamina propria. Figure 4.2.5Illustrates examples of the obtained images.

The next step was to look at the presence of TSPO on adjacent slices. The aim
here was to determine whether or not the structural damage correlated with an
increased presence of TSPO 18kDa.

Immunohistochemical analyses revealed a marked difference between the two
groups when marking for TSPO with the antibody NP-155 within the area in
which the TNBS had been introduced. The control group revealed very low levels
of TSPO whereas the treated groups did show much higher levels of TSPO. The
contrast between the two groups can be seen in figure 4.2.6.
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Figure 4.2.3: These images are representative of those usually observed for analy-
sis.

4.3 Conclusion

Here we were able to demonstrate that TSPO 18kDa a valid biomarker for the
evaluation of the inflammatory state within an animal model in IBD presenting a
local inflammation. With the help of its radioligand ['*F|DPA-714, we were also
able to follow the evolution of the disease in a dynamic fashion and quantify the
level of inflammation throughout the disease progression or regression.

This ability to follow a progression could be of great interest for the diagnoses
and prognoses that could potentially follow and thus lead to theranostic treat-
ments.

66



Chapter 4 Evaluation and quantification of TSPO expression in an acute model
of local intestinal inflammation

['*FIFDG
25,
2.04
8 15
(=]
= 1.0+
0.5 — -
0.0 -
i B
5 F &
ﬁi‘iﬁ‘ "\“(@"Q
& ¢ §
["*FIDPA-714
2.5+
2.0
8 151
a
= 1.04
0.5- I
0.0 T
*@b &
..q@‘“,;\ a5 \?.@‘h

&

Figure 4.2.4: This graph illustrated the difference found between the non-treated
and treated groups as well as the differences found between the two

tracers ([""F]JFDG and [*F]DPA-714)
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Figure 4.2.5: Using hematoxylin and Eosin staining, we were able to determine
a difference between the two groups as we had been able to in the
model of global inflammation.

; 200 pm | 200 pm q

Figure 4.2.6: Immunohistochemical analysis using DAPI (blue) and the TSPO an-
tibody NP-155 (red)
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Evaluation and quantification of
TSPO expression in an acute model
of neuroinflammation

Objective: To investigate the inflammatory process along with the
expression of TSPO in an animal of neuroinflammation.

Summary:

Imaging of Neuroinflammation in Neurodegenerative Diseases (INMiND) is a con-
sortium composed of multiple international laboratories. The consortium is fo-
cused on the understanding of neuroinflammation. As neuroinflammation plays a
central role in various neuropathologies leading to neurodegeneration, it is of the
utmost importance to comprehend its process. Here we will look at the steps taken
in order to develop an animal model of neuroinflammation. The consortium called
for a model in which Lipopolysaccharides (LPS) was the means of induction. The
inflammatory process was then evaluated, especially TSPO, using the radioligand
['8F]DPA-714. The purpose of this vast international collaboration was to put a
common model in place. This common, replicable model would enable the sharing
of data across the various laboratories. Each lab would the be able to re-create
the model and carry out the kind of analysis that each member is specialized in.

5.1 Model validation

As neuroinflammation is an area of intense research, there have been some an-
imal models which have already been put in place. Our lab is one of the labs
which has used rodents for research in this domain and as such we had a decent
starting point [Chauveau 09]. The SHFJ uses a model which calls for the injection
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of alpha-amino-3-hydroxy-5-methylisoxazol-4-propionate (AMPA). This particular
chemical is an excitotoxin which induces neuronal death directly and leads to a
subsequent neuroinflammation with a peak at a week post injection [Boutin 07b]
[Citraro 06]. The AMPA model has been used for the study of novel radiotracers
as it is very reproducible.

This is fundamentally different from LPS which acts indirectly by activating
the microglia. The microglia then release a host of factors, to include TLR4 and
NK-kB, which lead to an M1 phenotype [Bronstein 95] [Palsson-McDermott 04].
The LPS model has been used by other teams for research into the neurodegen-
erative field as well. In particular this latter model has been used for research
regarding Parkinson’s and Alzheimer’s Disease, among other neurodegenerative
diseases to help the understanding of the underlying molecular events of the dis-
ease progression|Bronstein 95, Palsson-McDermott 04]. This illustrates that the
model could indeed be of interest for this consortium.

The method of induction is described in the materials and methods section.

5.1.1 Imaging specific considerations

As with many other models, there are things that must be take into consideration
when using imaging as the tool of choice. Here too this the case.

Radiotracer choice and quantification method

As it was TSPO that we were looking into, we opted to use its radioligand
['*F|DPA-714. ["®F]FDG would not be of interest for two reasons, one it is non
specific as previously discussed, but there is also a very high background signal in
the brain as this is an organ that uses a high level of glucose.

As this model differs from those previously described, we used a different method
of quantification. Here a single user selected the VOIs for each of the animals.
Regions were selected in both hemispheres, both ipsi-lateral and contra-lateral, in
regard to the site of injection. Beyond this, another region was selected in the
muscle as an intra subject reference to be able to observe any abnormal uptake.

The CT image was not used for the drawing of the VOI and only used for the
attenuation correction.

5.2 Results

Compared to the AMPA model, we did not know how the inflammatory response
would react to the LPS injection. We did not even know when we would be
able to find the time point at which we would observe the inflammatory peak in
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this model. It has been documented that AMPA injected animals revealed a peak
inflammation 7 days post injection [Boutin 07b]. We were not aware of any similar
results for the LPS model.

To address this fundamental question, we carried out PET acquisitions at various
time-points. We were hoping to have something comparable to the data observed
in the AMPA model.

5.2.1 PET Results

We observed the animals well-being post intra-striatal LPS injection and did not
note any behavioral differences in the subjects. The animals did not loose weight
over time and their eating habits continued normally.

PET acquisitions, however, did reveal differences over time.

Acquiring images at different time points is of interest as it allows the researcher
to observe alterations in a single subject and obtain information about each state.
Here, we hoped to be able to determine a time point at which one could observe a
peak in inflammation, thus demonstrating the ability to follow the inflammatory
progression that can be present in many diseases.

Once we had the images treated and quantified we obtained the following images.

Figure 5.2.1: Intra-subject inflammatory evolution (LUT boundries are O0-
200kBq/cc
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The images (figure 5.2.1) acquired using the INVEON pPET (or the INVEON
pPET/CT) allowed us to visualize the various levels of inflammation we were
able to detect using the radioligand ["®F]DPA-714 for the detection of TSPO. The
arrow indicated the site of injection, located in the right hemisphere of the rat.
The illustrated images acquired at days 1,2,3, and 4 were all of the same subject
and show that intra-subject variations were detectable.

However, the images were not the only interesting aspect, the quantification was
equally compelling.

Neuroinflammatory evolution

ratio ipsifcontro

D T T T T T T T 1
o 1 2 3 4 5 =] 7 8

Days Post injection

Figure 5.2.2: Evolution of TSPO expression over time post LPS injection

The complimentary graph (figure 5.2.2) also reveals the quantifiable differences
(expressed as a ratio ipsilateral/contralateral) in TSPO presence between the ac-
quisitions time-points. One can already observe an increase of inflammation at
only 6 hours after injection of the LPS. This rapid rise continued until day 1
post injection and then plateaud until 4 days post injection. Once the peak was
reached, the levels of TSPO decreased until nearly reaching a near basal level at 7
days post injection. This was a strong contrast to the inflammatory level observed
in the AMPA model. The level of inflammation slowly increased until reaching its
peak level at 7 days post injection, at which point it began to diminish until day 7
post injection. We then had a closer look at the time-activity curves (TAC) of the
VOI within the ipsilateral hemisphere to inspect the behavior. The time points
with the highest levels (1, 2, 3, and 4 days post intra-striatal injection) revealed
a faster uptake while maintaining a similar excretion of the radioligand than the
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other time points.
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Figure 5.2.3: TAC of LPS injected subjects

It is also noteworthy to observe the differences between each time-points seen
in the graph (figure 5.2.3). Seeing as that there was a difference in inflamma-
tory kinetics when comparing the AMPA model and the LPS model, it seemed
interesting to also compare the TACs of each model while at their max values.
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LPS Contralateral
AMPA Ipsilateral
AMPA Contralateral

L
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Figure 5.2.4: TACs of both AMPA and LPS models at maximum values

The resulting data (figure 5.2.4) revealed that the two models, although very
different in nature, had very similar TAC behavior. While the LPS model had
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a slightly higher initial uptake, the excretion brought the final activity to nearly
identical values of the inflamed VOI of the AMPA model.

This initial difference in uptake was not to be found in the contra-lateral hemi-
spheres of either model. These values were in turn comparable to those of a non
injected animal, validating the use of the contra-lateral hemisphere as an intra-
subject control region.

As it is the baseline, or physiological state, to which we wish to compare the
level of inflammation expressed in the ipsi-lateral side too, we then analyzed the
differences found between the healthy hemisphere to those in which an inflamma-
tory response was induced. We found marked differences for each comparison that
can be found in the following figure.
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Figure 5.2.5: Relative ipsi-lateral statistical significance

In this graph (figure 5.2.5) we can observe that the difference in [**F|DPA-714
uptake between the baseline, 6, and 12 hours post injection no significant difference
was determined. However, the measurements between baseline and days 1, 2, 3,
and 4 post injections were all significantly different. It is interesting to also note
that the observed inflammation at 7 days post injection have again receded to a
non-significant difference between it and the baseline measurement. (p<0,0001)

The large standard deviation can most likely be described by differences found
between subjects.

Contrary to the ipsi-lateral hemisphere, the contra-lateral hemisphere (figure
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Figure 5.2.6: Relative contra-lateral statistical significance

5.2.6) yielded no significant difference at all. The TSPO level remained stable
throughout, for each subject.

5.2.2 Histo- and immunochistochemistry

In order to better understand what was happening on a molecular level, we ex-
tracted brains at each time point for further analysis and to observe alterations
which may have occurred at the different stages of inflammation.

Initially we were concerned about the impact that the needle might have had
on the integrity of the blood brain barrier upon injection. The concern was that
foreign factors could perhaps cause an immune response. As such, we wanted to
assure ourselves that we were not allowing exterior factors to impact the reaction
of the inflammatory process at the injection site and that we were observing only
the reaction to the LPS, and not an external impact.

As such we carried out an experiment in which we injected Evans Blue to see if
there had been any significant rupture.

Evans Blue is often used for testing the integrity of the blood brain barrier
(BBB) as it binds with a high affinity to serum albumin. Serum albumin does not
cross the BBB in a physiological state. As such, one would expect to observe the
presence of Evans Blue if the BBB had been ruptured. The injection was carried
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Figure 5.2.7: Evans Blue images of the site of intra-striatal LPS injections

out on two subjects via a slow i.v. injection and were assured that the injection
was successful as the whole animal turned blue. We did not observe any presence
of Evans Blue within the injection sites on subjects at 6 (left slide), or 12 (right
slide) hours post intra-striatal injections (figure 5.2.7).

The images indicate that there was no impacting rupture as we were not able
to find a presence of Evans Blue inside of the brain.

Hematoxylin and Eosin staining is considered as a gold standard by many for
the recognition of tissue types and morphological alterations. We had thought
that the LPS injection would reveal a difference in staining between the two hemi-
spheres as the LPS would ideally alter the protein concentrations in the ipsi-lateral
hemisphere.
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Figure 5.2.8: H & E stained images of the site of intra-striatal LPS injections

The results however did not reveal any alterations at the site of injection at either
time point (figure 5.2.8, time-points 6hrs, and 24 hrs post injection respectively).

Since we had not observed any modifications with the H&E staining, nor had
we seen a breaching of the BBB with the Evans Blue protocol we thought of other
aspects to look for such as Nissle staining.

As we wanted to know more about the impact that the injection of LPS might
have had on the neuron density to further investigate this we carried out Nissle
staining. For this we used Cresyl Violet.
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Figure 5.2.9: Cresyl violet stained brain slices of the site of intra-striatal LPS in-
jection

Here (figure 5.2.9) too, we were not able to detect a large difference as one
might expect. This indicated that there was not a large impact of the LPS on the
neuronal density when compared to that observed in the AMPA model samples of
peak inflammation at 7 days post injection (figure 5.2.10.

9
9

o

Figure 5.2.10: Cresyl violet stained brain slices of the site of intra-striatal AMPA
injection

Contrary to the observation in the LPS model, we were able to identify the
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modification of neuronal density in the AMPA model relatively easily.

5.3 Conclusion

Although we were able to determine that the BBB integrity was not compromised
at 6 and 24 hours post intra-striatal injection, that the morphological alterations
were negligible, and that the neuronal density was minimally impacted, if at all;
much still remains to be uncovered. Further investigation is needed into pro-
inflammatory factors, especially in comparison to the AMPA model. Especially
when taking into account that the radiotracer were very similar even though the
time points were different (2 days post injection for the LPS model and and 7 days
post injection fro the AMPA model).

This is of great interest especially when looking at the information acquired using
PET imaging. It will be fascinating to be able to correlate the TSPO expression
(due to PET imaging) with the expression of other aspects such as macrophages,
Iba-1 for example. The fact that this evolution of the inflammatory process changes
over time, could indicate an adaptation.

Be this as it may, the above experiments and results indicate that ['*F|DPA-714
is a tracer with which we is able to detect a difference in TSPO presence and
that it may indeed be a very powerful tool which is adapted for the evaluation of
the inflammatory process. This is of great interest as it would possibly allow for
disease staging one day and ultimately lead to early treatment.
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Tracer evaluation and validation

Objective: To test and evaluate a novel metabolically stable radioligand for
the targeting of TSPO 18kDa.

Summary:

In this chapter we will explore the processes and experiments that are undertaken
to further develop imaging tracers. We will look at the characteristics of the novel
radioligand ['®F|DPA-C5yne applied to an animal model of neuroinflammation.

Reasoning:

Imaging is a domain which is multidisciplinary. Many fields must come together
in order to make this research domain possible. A problem, or an inexactitude
in one field will leave an impact on the final results. This is also the case for the
tracers. Precise quantification is a major hurdle for PET imaging and it is difficult
to determine the level of target- or process expression in vivo. The metabolism of
a xenobiotic radioligand presents complications as the metabolic alteration of the
radioligand creates many byproducts which may or may not contain a radioisotope.
If the metabolite maintains the affinity, then the target remains occupied, but not
tagged, thus interfering and impacting the specific radioactivity.

A similar case could be presented if the the metabolic consequence were to create
a metabolite which could perhaps maintain an affinity for its destined target, but
alter the kinetics of the binding. This also introduces convolutions which make
the in vivo quantification a challenge.

Another factor that needs to be addressed when discussing metabolites, are the
radiolabeled metabolites that stem from the initial molecule, but do not have an
affinity for its target anymore. As this radio-metabolite is free, it can be found in
the blood throughout the entire body. It is possible to analyze and characterize
this kind of metabolite through blood samples. However, it is not possible to
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measure the amount of the radio-metabolite found within the biological target to
which the original intact tracer had an affinity for.

Peyronneau et al characterized the in vivo metabolic pathways for the TSPO
radioligand [**F]DPA-714. Their analysis included the loss of the lateral fluorine
chain that leads to the free radio-metabolite which is able to diffuse throughout
the subjects entire system, including the brain [Peyronneau 13].

In order to address this free radio-metabolite issue, the team of radiochemists

at the labs of the SHFJ developed a more stable ["*F]DPA-714 derivative named
['F]DPA-C5yne.

6.1 Model validation

To evaluate this novel tracer, we implemented the AMPA animal model, which
was described in the previous chapter briefly. This model is reproducible and as
such allows for comparable conditions when testing novel tracers.

6.1.1 Imaging specific considerations

As imaging is a field which was created thanks to the input of many different fields
of research ranging from physics, to biology, chemistry and back, each of these field
has their own importance and role. Sometimes it is the improvement of one of the
players, which can render the results more reliable.

Signal to noise ratio

The signal to noise ratio is an important parameter. Ideally, a tracer will have
very little background noise (or low non-specific binding) and thus be able to
give a clearer signal of there the tracer accumulation took place. However, a
specific target may also be implicated in multiple phenomena, thus revealing more
than one process. This is not always a bad thing, but it may not always be
an advantage, as we saw in chapters 3 and 4 when exploring whether or not the
TSPO radioligand ["®F]DPA-714 was able to detect different levels of inflammation
within two different animal models of IBD. In these cases it became evident that
['8F|FDG, the reference tracer, would perhaps be at a disadvantage when looking
for the level of inflammation alone, and wanting to be able to be sure that there
was no signal coming from a muscle movement.

Metabolism

An aspect that can easily be overlooked if not in the field is the metabolism of
the radiotracers, or any tracer for that matter. Here however we are dealing with
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radiotracers which, as the name implies has a radioactive element to it.

Recent studies have brought to light that there are some characteristics of the ra-
dioligand being used (['*F]DPA-714), that could be improved upon [Peyronneau 13].
There has been an in-house study that was carried out by the group working
with Dr. Valette which demonstrated that there is an extensive metabolism of
['*F]DPA-714 in both rodents as well as in primates blood plasma.
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Figure 6.1.1: Here one can see the metabolic rate that [18F]DPA—714 undergoes
over time.

As stated previously, the metabolism of a compound is something that should
not be neglected as the free radio-metabolite reaches a higher level than that of the
intact compound. The rate of metabolism of ["*F]DPA-714 is depicted in graph
6.1.1.

Among the various pathways (figure 6.1.2), there is one in particular which has
been shown to occur in vitro and thought to also occur in vivo. They looked at
the metabolism which occurs due to O-dealkylation. This metabolism leads to free
I8F small metabolites, such as ['®F] fluoroacetaldehyde, or its oxidation product
[18F]fluoroacetic acid [Peyronneau 13].

The reason that this is a potential problem is that the free [!8F] metabolites are
able to cross the blood brain barrier. The avid binding of the [®F] to bones is a
problem as it could impact the quantification due to a partial volume effect.

This means that there is potentially an increased background signal which would
impact the ratio between the area of interest and the tissue which is in a healthy
state. Ultimately, this could lead to a false negative diagnosis as an increased
background due to metabolism would likely lead o a loss of signal.
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Figure 6.1.2: Illustrations of various metabolic pathways can be seen in this figure
in grey. Here we can see the metabolic pathway discussed with the
white background.

6.1.2 Addressing the problem

This aspect has been addressed by another student has been working on the de-
velopment of novel tracers. Here he, along with the team of chemists have worked
to improve on the tracers in creating an analog of the ["*F]DPA-714 to create
['*F|DPA-C5yne.
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Figure 6.1.3: Modifications to create the ['*F]DPA-714analog

In the preceding image (figure 6.1.3), one can observe that the the group altered
the structure of the DPA-714 chemotype. This was carried out to avoid the O-
dealkylation which in turn would address the issue of the free [*®F]. They group
decided to work off of the DPA-714 structure and to replace the oxygen atom with
a carbon atom.

There were many DPA-714 analogues, but among them, it was DPA-C5yne that
revealed the highest affinity to TSPO [Médran-Navarrete 14]. Thus, it was decided
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to tag the DPA-C5yne with ®F using a TRACERLab FX N Pro module to create
['F|DPA-C5yne.

Once the molecule had been created, tagged and evaluated for chemistry and
radiochemistry feasibility, the molecule was ready to be evaluated in the preclinical
domain.

6.2 Results

6.2.1 In vitro

As the compound had proven to be of interest by the chemistry group, they then
passed the tracer on to us in the preclinical group to evaluate the novel TSPO
18kDa ligand ['*F|DPA-C5yne.

The first experiment was carried out in wvitro on brain sliced obtained from
AMPA injected animal. This AMPA model is the animal model used for the
evaluation of novel tracers here in the institute of the CEA at Orsay, France. This
model is robust and very reproducible and as such is well adapted for comparative
evaluations.

As [®®*F]DPA-C5yne is a novel compound, it needs to outperform the predecessors
in order to be deemed better. To test this, we carried out an Autoradiography.

This experiment tests the affinity of a compound and can be used to test the
competition between two different compounds and evaluate the displacement that
one compound imposes upon another. This means that if the slides are emerged
into a solution in which there is a presence of compound A, and then compound
B is introduced, the occupation of the target will be divided between compounds
A and B if both compounds target the same molecule.

As even ["®F|DPA-714 has not yet been translated into routine exams, we com-
pared the novel compound ['®F]DPA-C5yne with its own cold compound and the
current reference radioligand for TSPO, namely PK11195.

The resulting image of the autoradiography (figure 6.2.1) allows for a signal
comparison between the two hemisphered as only one of the two hemispheres un-
derwent the AMPA injection. The signal ratio between the two may also be eval-
uated and used to compare to the ratios obtained from other tracer developments
and subsequent evaluations.

As can be see in the image, ['*F]DPA-C5yne was able to be displaced by its
own cold compound, but also by the reference tracer PK11195. This displacement
reveals the specificity of the tracer for TSPO.

The next step is to quantify of signal over noise signal.

As can be seen in the graph illustrating the results obtained from the autora-
diographies (figure 6.2.2), there was of interest to further investigate the novel
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['8F]DPA-C5yne ['°FIDPA-CSyne ["*F]DPA-CSyne
+ DPA-C5yne + PK11185

Figure 6.2.1: Autoradiography of: [‘*F]DPA—C,yne alone (A), co-incubated with
DPA-Cbyne (B), and PK11195
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Figure 6.2.2: Quantified autoradiographic results

compound. The study was performed on slices of AMPA lesioned rat brains which
showed a high target-to-background ratio of 1.94 0.3. [**F]DPA-C5yne has proven
in this experiment to have a low background noise, thus increasing the signal to
noise ratio in the ipsi-lateral (AMPA injection site) vs contra-lateral hemispheres.

6.2.2 In vivo

6.2.3 PET results and animal well-being observations

In the AMPA model we did not observe any odd behavior. All animals continued
eating and drinking as normally and did not show any loss in weight.

Once we had the autoradiography results which showed that the novel tracer
could be of interest, we took the next step and carried out and in vivo experiment
using the animal model used conventionally for novel TSPO tracer screening. Fur-
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ther details to the animal model can be found in the Materials and Methods
chapter in Section I.

['""F]DPA-C5yne : MicroPET ["®F]DPA-C6yne and ['®F]IDPA-714
images in AMPA-lesioned rats %ID/mL Comparative time-activity curves
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Figure 6.2.3: [18F]DPA—C5yne injected AMPA rat with corresponding graph com-
pared to values obtained using [*F|DPA-714

The above images of the AMPA animal model, with the injection side found
between the crosshairs, clearly show the novel tracer uptake in the lesioned area
(figure 6.2.3).

The graph illustrated the time-activity curves of the novel tracer, ["*F]DPA-
Cbyne, and its parent compound [**F]DPA-714. The signal level obtained using
['F]DPA-C5yne was not as high as that of the ['*F]DPA-714 in the inflamed or the
contra-lateral hemisphere. This however needs to be looked at further as higher
signal is not always better.

When we compared the two regions and looked at the ratios of signal over
background, one can see that it is indeed the novel tracer which has the higher
ratio.

['F]DPA-C5yne ratio is around 4.62 while the value for [M'C]PK11195 were
merely 1.65, and at 3.71 for ['"*F]DPA-714 [Palsson-McDermott 04].

This graph (figure 6.2.4), along with the PET images and the autoradiography,
all illustrate the interest that this tracer could possibly have in a clinical setting.

Beyond moving the current tracer forward to another setting, this experiment
also shows the interest of further developing tracers. A reference tracer, may
be improved upon. Imaging is a complex field which leans on many fields, each
with their own importance. This experiment and the development of other tracers
brings this to light.
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Figure 6.2.4: Ratio comparison between the ipsi-lateral- and contra-lateral areas
for each listed tracer

6.3 Conclusion

Improving a tracer’s stability is a complex task. Maintaining the tracer’s affinity
and selectivity while improving its background signal while in vivo represents an
important objective. if one were to succeed in maintaining the each of the three
aspects, stability, affinity, and selectivity, the ratio between a specific signal and
a background signal would improve. This improvement would be observed as a
better contrast when using the same amount of radiotracer. The importance of
this could be perhaps be better illustrated in a clinical setting. There a clinician,
who sees many patients on a daily basis, would be able to use data which is more
concise. A clear visual contrast between an area with signal and one without,
would greatly help with an interpretation, ultimately benefiting the patient.
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Chapter 7

Evaluation and quantification of
TSPO expression in an animal
model of septic shock

Objective: To recreate an animal model of septic shock and to then
determine whether or not TSPO could be a target of interest for the
evaluation of a global inflammation in individual organs using radioligand

[l8F]DPA-714.
Summary:

Here will explore multiple questions. The first being whether or not we are able
to re-create an animal model of a systemic inflammation. The next thing we
were aiming to do was to determine whether or not TSPO could be used as a
biomarker for a systemic inflammation. The idea behind this was to then also
evaluate whether or not we could possibly quantify this increase in inflammation
using the already proven radioligand ["*F]DPA-714.

Reasoning:

Septic shock is a medical condition which is representative of the final stage of a
severe infection and sepsis which is encountered in various bacterial pathologies.
This clinical stage corresponds to a propagation of an infectious agent or their
components throughout the entire body. This causes a severe response from the
immune system. This «burst» often induces a sever multiple organ dysfunction
syndrome and can lead to death. The mechanisms of progression from tissue
infections to organ dysfunction and death remain poorly understood. So, the
mortality from septic shock remains extremely high and may reach 60% even. This
is despite the implementation of international guidelines, constant medical progress
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and billions in treatment spent each year. Here will be explore the possibility as to
whether or not the TSPO ligand could provide quantitative information about the
inflammation induced by an aseptic aggression. This is important as death due to
septic shock is associate with organ dysfunction which is linked to the aggression
induced by the excessively high immune system activity.

7.1 Model validation

The model in itself was pretty straight forward. We had obtained preliminary LPS
dosage suggestions from collaborators. This allowed us to be able to base our first
experiments on something other than bibliographical references. We later found
out that the dosage we administered was also used by other labs and as such knew
that we were being coherent.

7.1.1 Imaging specific considerations

Until now we had been confronted with various difficulties which have obliged us
to adapt our experimental processes in order to obtain the data in ways which did
not bias out results. Here too we had to make some adjustments in order to be
certain that we were obtaining all the data possible, and then be able to sort it
out too.

FOV

In all of the previous PET imaging experiments, we used the two pPET machines.
The machines each have a axial FOV of 12.7 cm and is enough for using on whole
body imaging on mice. When acquiring whole body images or rats however, a
larger FOV is required.

To address this research question, we decided to use another PET than the
previously use pPET machines. Our lab has a HRRT scanner which is dedicated
to human brain scans and which has a spatial resolution of 2.3mm. This scanner
also has a FOV of 25.2 cm. This is just under twice that of the INVEON pPET.
This extra size allowed us to be able to scan the whole body of a Wistar rat
weighing about 250 grams.

Another advantage of the larger FOV, which had a circumference of 31.2 cm, is
that we were able to scan multiple subjects simultaneously.

This was possible because our lab also has a home-made support that can be
placed into the bore of the HRRT PET scanner. This support (figure 7.1.1) has
2 levels, meaning that there is space to support 4 rats total. This is a distinct
advantage.
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Figure 7.1.1: The support is made of carbon in order to have negligible gamma
ray attenuation

The support is designed to fit flush into the bore of the HRRT camera (figure
7.1.2).

Figure 7.1.2: The support fits into the center of the bore

It is important to have a bed or support that can be placed into the FOV in a
replicable manner. This assures a comparable way to image subjects while avoiding
false placement.

VOI definition

As previously mentioned, the animal was one of a systemic inflammation. As
such it was not easy to manually draw the regions of interest. This being the
case, we decided to use an in house developed method of ROI delineation for an
auto-segmentation.
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This methodology is robust and very reproducible as it is not user dependent.
It is based on the time activity curves (TAC) which allows for a differentiation
between voxel content based on the kinetics of the radioactivity present.

There are 5 steps that the segmentation method must undergo. The first step
extracts the subject form the noisy background with the help of histogram-based
algorithms. The second step then uses points inside organs which are then ex-
tracted. Thirdly the local mean TACS and global noise properties are computed
in the direct vicinity of the extracted points. The image is then segmented into
regions which correspond to the extracted points in step four. The final step (5),
merges the similar TACs within using a hierarchical linkage algorithm.

This will allow the user, when applying this tool, to be able to distinguish the
heart from the lungs for example. The delineation of organs, by a user, based
solely on contrast using TSPO ligands would otherwise be more than difficult.

7.2 Radiotracer choice

7.2.1 TSPO ligand

As has become clear throughout the manuscript, there are many tracer options
when looking to target the translocator protein 18kDa. Not only are there already
many choice, but the choices keep increasing, as was seen in the previous chap-
ter in which we investigated and evaluated the feasibility of another novel tracer
(['*F]|DPA-C5yne).

In this particular animal model of a systemic inflammation, we decided to stay
with the TSPO radioligand that we had initially started with (['*F]DPA-714).
There are a few reasons for this. The first being that the recently tested novel
tracer,['®F]DPA-Cbyne, has not yet been tested for peripheral applications. The
novel tracer would be of interest if the animal model was less complicated and
had a local inflammation perhaps. Beyond this, the tracer (['**F|DPA-Cbyne) is
new and more difficult to have access too as well which has an impact on the
practical aspects of the experimentation. This leads us to the second reason for
the continuity of the ["®F]DPA-714. As it is a radiotracer which has been applied
to a few clinical exams and is used continuously in the lab, it is easier to obtain.

7.3 Results

7.3.1 Observation of the animals well-being

The acquisitions were carried out at 24 hours post i.p. LPS injection. At this time
point, the animals were displaying marked signs of suffering. Their activity was
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diminished and the volume in the water bottle had not changed from the previous
day.

7.3.2 PET results

Putting the animal model into place was much easier in this case than it was in
the previous models. As previously mentioned, we were even able to observe the
impact of the LPS at 24 hours post injection.

The PET acquisitions, which were carried out 24 hours post injection, revealed
a difference between the control animals and the treated ones.

The images we obtained did not allow us to discern the organs easily. Thus we
used the automatic segmentation as we had thought necessary from the beginning.

0.0 kBg/cc 600.0

Figure 7.3.1: This figure illustrates various slices of a control rat

The above (figure7.3.1) image allows us to traverse the control subject dorsal
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to ventral giving the user an idea of the inflammation present. The center of the
organs are somewhat distinguishable, but hard to differentiate when looking at the
bordering areas.

0.0 kBg/cc 600.0

Figure 7.3.2: Images traversing a treated animal i.p. injected with LPS

The images in the figure 7.3.2 again allows the user to observe the treated subject
while traversing it dorsal to ventral. Even-though it is merely representative one
can observe an increased level of signal when comparing the two image sets on the
same planes.

The visual depiction is helpful for an initial idea, but using the automatic seg-
mentation as previously described, we were able to quantify the the levels of TSPO
expressed in each of the organs.

The following graph (figure 7.3.3) is indicative of the level of inflammation de-
termines in each of the listed organs.

93



Chapter 7 Evaluation and quantification of TSPO expression in an animal model
of septic shock

6.00%

¥ Control
LPS 5 mg/kg

5.00%

4.00%
% ID/cc

3.00%

2.00% || T I [
! j
1.00% ‘ I
: I
I L
i ]
0.00% : e : .
Qg \?qu ¢ g @b

Figure 7.3.3: Control vs. treated animals groups

This study was a pilot study.

Systemic inflammatory states are detrimental to the human health. The sys-
temic inflammation can lead to coronary artery disease, hypertension, kidney dis-
ease and many more.

Each individual disease however, is most likely currently looked at using ['**F|FDG.
The limitations of this glucose analogue have already been covered and the reasons
for which the TSPO is of interest as a target also. What we have been looking at
thus far however are specific diseases.

The systemic induction is not only a wide spectrum to look at, but it may also
serve as a probe to test which areas disease or organs may benefit from TSPO
targeting for the evaluation of the inflammatory state.

The results of the exploratory experiment are promising in that each and every
organ, that we were able to detect using the segmentation had an increased level
of inflammation with the exception of the Thyroid and the spleen.

We know that TSPO is found throughout all organs in a human in varying levels,
so it is no surprise that we were able to detect levels in each distinguishable organ.
Yet, it is interesting that so many of them were increase. This could possibly be
an indication which organs it might be of interest to apply a TSPO radioligand in
the case of a clinical exam. This would then of course allow for the exclusion of
false positives as can happen with ["*F]FDG.

More experiments are needed though at varying doses to investigate all possi-
bilities.
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7.4 Conclusion

This set of experiments was different than the others in many way. We set out to
see what we could do. This is meant in a global view. Preceding experiments and
models were chosen for a specific reason.

This model allowed us to see what else could be possible. Not only for the
imaging field, but for other fields too who are investigating inflammation and
TSPO specifically. This set of experiments has shown that there are increases to
be observed in nearly all organs, and that the auto-segmentation is of great use as
the manual delineation would have been heavily user dependent. We verified the
volumes however and determined that the volume of a given organ was comparable
to that of another subject. Weight was not accounted for on an organ-to-organ
basis. The subjects however were of similar weight.

These results do need to be re-tested and compared to other subjects who have
been submitted to i.p. injections of LPS at other concentrations. Concretely
however, TSPO is of interest in an animal model of septic shock and possibly
for the evaluation of the inflammatory levels in various organs throughout other
species.
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Chapter 8

Discussion

8.1 Chapter 3

There are many methods one can use in order to investigate a question at hand.
Molecular imaging, as a field, offers various tools alone. Among these tools,
positron emission tomography has the ability to image targets of choice with-
out depth restriction, while maintaining a sensitivity which reaches a molecular
level.

As a field of research, inflammation has many way in which it can be either
estimated or targeted. TSPO, while seemingly a good target, is still rather under-
investigated and needs to be further researched.

Researchers are aware that it (TSPO) is important for the inflammatory process
and that it may also be a biomarker with which the level of inflammation could
be gauged. The understanding of this protein is quickly increasing and questions
are being raised about its implication in various disease. It is for this that we
investigated various animal models of human diseases. IBD is currently evaluated
by measuring various parameters to give the most information possible to the
physician.

In chapter three we looked into the implications of TSPO in an animal model
of inflammatory bowel disease suffering from a global intestinal inflammation.

While the group of Lacapere looked into the presence of TSPO in such an animal
model [Ostuni 07], no group had yet investigated the possibility of evaluating the
levels of TSPO in regard to a disease state.

The initial evaluations were more difficult than thought. Given that PET is
quantitative by definition, it would lead one to believe that the evaluation of
control animals versus treated ones would be straightforward. This was not the
case (due to multiple factors such as not being able to use an anatomical image
in our instance, and the size and spatial conformation of structures of interest)
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as was seen in chapter three (Evaluation and quantification of TSPO expression
in an acute model of global intestinal inflammation). The use of contrast agents
was promising, but did not prove to be of help in our case. It might be of interest
however to combine the two, PET/CT, with contrast agent for the anatomical
reference image when diagnosing in humans. In such a case the affected areas
are larger and as such might yield helpful supplementary data for the physician.
Barium is currently being used, but is not without risk. Some deaths have been
reportedly linked to Barium poisoning in rare cases. Even though it has been
rare, a negative contrast (using water or air for example) might be able to avoid
it completely for this kind of exam.

CT setting adjustments for better contrast of various tissues, or so-called 'win-
dows settings’, can also be of interest.

The side study that we carried out for the CT parameter settings did indeed
help with the contrast improvements. We were able to distinguish various organs
fairly easily. However, one should not forget the radiation dose that each subject
is exposed to.

It is due to this side study that we realized a misalignment between the CT and
PET images being reconstructed from the same machine. The initial worry was
that we would be receiving false PET data as the attenuation correction in this
machine is corrected by the CT data. This would mean that in areas where a higher
density was, PET data would then be over corrected, thus yielding false positive
information. To address the misalignment, we corrected the positioning of the CT
in reference to the PET by applying a transformation matrix on Anatomist. This
transformation matrix is a command, which the user defines. One can adjust the
location of one image in respect to its fused image. Once aligned, one can then
save the transformation matrix and then use it on any other image of choice.

This was just one of the steps that we had been concerned about while putting
the animal model into place and were not yet concerned with disease evaluation.
Also as soft tissue attenuates very little, as oppose to bone, it did not have much
impact on our quantifications in our model.

The VOI determination was a necessary step and allowed us to have a just
comparison between the two groups.

Human application may be similar. Experiments have been carried out in which
the researchers used the CT as a means to determining the VOI. This anatomi-
cally determined VOI was then placed onto the PET image of that same subject
[Bettenworth 13]. While the methodology seems logical (to place the VOI of the
CT onto the PET image), it would require a structural alteration for it to be vis-
ible in the CT. This means that there is no early detection method as could be
possible using PET. The study did indeed show that when using the CT to delin-
eate the damaged VOI, one could be detect a difference between sick and healthy
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subjects. The interest of this kind of procedure is questionable as the structural
alteration would already be indicative of IBD. One would not require the PET
exam in addition. As such, it would be nonsensical as the structural proof would
already be present, thus contradicting the radiological dose guideline and negate
the necessity of the PET exam. Also, the interest of PET imaging would be to
enable detection of a lower level of inflammation (in this case) and avoid the late
detection at which point a structural alteration could lead to further complications

A predetermined VOI would then be useful in IBD cases as is currently done in
clinical settings for cancer evaluations for SUV determination.

The obtained data indicated that the treatment worked. This became evident
when evaluating the PET data and also when observing the histo- and immunohis-
tochemical data. We were able to see an increase in signal from TSPO markers in
both PET and microscopical analysis. PET imaging with ["®F]JFDG did however,
not yield a significant difference between the control and treated groups. It is pos-
sible that a simple bowel movement could have increased the signal in the control
groups, thus leaving falls positive signals. The increased control levels then would
diminish the difference of signal between the two groups. In a clinical setting, it
could lead to a misdiagnosis leaving a patient suffering from IBD without treat-
ment, or a treatment where not needed. ['"*F]DPA-714 proved otherwise and may
be a valid radiotracer for the evaluation of an inflammatory state in IBD disease.

The model however was one with an acute inflammation. It would be of interest
to carry out an investigation into a model, maybe the same one, in which a chronic
inflammation would be induced. Beyond this, one could then also carry out mul-
tiple image acquisitions which ultimately would, perhaps, give information about
the evolution of the disease. Should that be the case, one could then imagine a
clinical applications in which a physician would be able to follow the impact of
a prescribed medication on the disease at hand. Theranostics in a word. The
following experimental chapter touched on this question.

8.2 Chapter 4

The third chapter gave us some insight about the possibility of using TSPO as a
biomarker in diseases of the periphery. It also permitted us to image other possi-
bilities by leaving us with more questions. The fourth chapter was concentrated
around IBD, but this time on a local acute inflammation as oppose to the global
acute inflammation investigated in the third chapter.

Other groups had implemented a model which described what we were looking
for. However, as their goals were different, some of the procedures had to be
adjusted to accommodate our needs.

One factor in particular was the depth at which the TNBS was instilled at.
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We decided to instill at 4 cm from the rectum, whereas others had instilled at
8 cm. This would not have been to our advantage as ["®F]DPA-714 eliminated
via the hepatobiliary system. This would have most likely caused mixed signals,
meaning that we would not be able to distinguish the signal due to the physiological
elimination from that of the inflamed area.

One might then think that we should have instilled as rectally as possible. This
would also have been a problem as we wanted to compare the TSPO radiotracer
['8F|DPA-714 to the radiotracer of reference, ["*F|FDG. ["*F]FDG eliminates via
the urinary system. This causes a collection of ["*F]FDG in the bladder, which is
located near the rectum. The resulting signal could also cause analytical difficul-
ties.

These factors led us to the choice of an instillation depth at 4 c¢cm from the
rectum.

Another disadvantage we had was that we did not know at which time point
the level of inflammation would be at its highest, as oppose to the previous model.
To figure this out, we had to image the same animals at various time points.
This not only gave us the time point at which we would have the highest level of
inflammation, thus being able to compare the ['®F|DPA-714 to the ["*F|FDG as
done previously, but it also yielded information about the disease evolution. We
were able to observe that there was a fast increase of TSPO presence which then
slowly decreased over time. This indicates that, if a medication were to be effective,
then one could then use ["*F]DPA-714 to see the effects that the medication had
on the disease. This might also then be of interest for drug resistance. The level of
inflammation would increase as the drug resistance comes into affect. This would
then be indicative of a need to change medications for an individual.

The other benefit of this experiment was that we were able to determine the
time point at which the level of inflammation was at its highest. As it turned out,
it was also the same time point as for the previous model.

Once this became known, we carried out comparative exams between the ref-
erence tracer and the TSPO ligand. We had expected to have similar findings as
those in the model of global inflammation, in which the TSPO ligand revealed a
more marked difference between the control and treated groups. This was not the
case.

Using ['*F]FDG, we observed a larger contrast between the control and treated
groups than we were able to with the ["*F|DPA-714 radioligand.

This is not too surprising when taking into account that ["*F]FDG is a glucose
analogue. this means that the ["®F]JFDG could have been taken up for one of many
reasons, ranging from an inflammation, ulcer, to a simply bowel movement. On the
other hand, it might be necessary for a higher level of inflammation to be present
in order to observe a difference using [**F]FDG, meaning that ['**F]DPA-714 could
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perhaps be able to reveal more subtle levels of the inflammatory process. Either
way, we were still able to determine a difference between the control and treated
groups with the radioligand ["*F]DPA-714.

However, once again, this was a model of acute inflammation, it would be in-
teresting to induce a chronic inflammation and then follow the disease evolution.
The following step would then be to attempt to treat the disease and acquire PET
images of the impact that the medication would have on the inflammation.

Diseases within the periphery affect millions of individuals throughout the world.
We had decided to concentrate on one disease family (IBD) in order to determine
whether or not TSPO could potentially be of interest for early detection of an
inflammatory status when using PET imaging. Chapters III & IV went into detail
about the potential benefits of the target TSPO in subjects suffering from a form
of IBD. In the next chapter (V), we will explore the neuroinflammation using an
adapted animal model for CNS.

8.3 Chapter 5

Neuroinflammation is a topic which deserves much attention. It is also the cen-
ter of concentration for the INMiND consortium, to which our lab belongs too.
The consortium is focused on the understanding of neuroinflammation and our
lab has a history in the investigation of neuroinflammation and as such had an
animal model which has been implemented for testing of novel radiotracers. The
INMiND consortium wanted to put a common animal model in place which would
be reproducible and common to all members. The purpose of this was to be able
to evaluate, characterize, and compare novel ligands and quantification methods
which were based on the same model of neuroinflammation on the The SHFJ hap-
pened to have developed a very similar model that has and is still used for the
radiotracer testing. As such, tools to develop the model were readily available.

The idea behind this study was to develop and evaluate the new model for the
investigation into the inflammatory process. We were able to put the model into
place relatively quickly as there were only few differences between the protocols
of the lab and those proposed by INMiND. The sole difference were the coordi-
nates, which are very important actually. However, the different coordinates still
had the user inject within the striatum (as was done for the AMPA model), a
brain region which is very homogenous (structurally speaking) and as such favors
reproducibility, which is important in any protocol.

The injection was carried out and PET images were acquired at various time
points in order to observe the evolution, as we had proven to be possible in the
previous chapter (chapter IV). The maximum signal was found to be at 48 hours
post injection. This was interesting as it was very quick in comparison to the other
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models thus far. Beyond this, it was also interesting to note that the peak was
reached much faster than in the AMPA model (which is the model used at the
SHFJ for the study of novel radiotracers).

As this inflammatory level increase arose quickly, we were concerned about the
structural integrity of the blood brain barrier (BBB).

To be sure however, we carried out the Evans Blue (EB) test.

The EB test did not reveal any coloration/leakage at 2 hours post injection.
This could mean that, there was no damage induced, that the point of injection
healed after 2 hours, or that the EB is a molecule which is too big, and as such
was unable to bypass the BBB itself and would mean that it is poorly adapted
to our investigation. As this cannot be ruled out, the integrity should be further
investigated by other means, such as MRI perhaps. This would allow for the
visualization of a difference in tissue and be able to reveal any leakage or tissue
density differences if present.

Another group uses capillary needles for the injection, which could also be an
option for this lab, however, the means by which LPS solution is injected, leaves
one with some questions about the precision of the volume being introduced.

Even though we have learned a lot from the PET data, further investigation is
needed into this topic however, on all fields. IHC analysis is needed to correlate the
PET data with tissue analysis. This goes for both models of neuroinflammation,
LPS and AMPA. Especially when looking at the results of the TACs which revealed
similar ["*F]DPA-714 uptake at the peak tracer accumulation. Then of course it
would be of value to compare the samples of the two along with the staining and
IHC results. It would be interesting to multi-mark brain slices of the LPS and
AMPA injected area at each time point and observe which parameter was most
present at which time point. This would be in order to better characterize the
inflammatory process based on the expression of various biomarkers such as CDG68,
Iba-1 and TSPO for example and would bring to light the order in which each
process occurs and also permit us to determine the kinetics of TSPO expression.

It would be beneficial to know where TSPO has its highest over-expression
within the inflammatory process. Physicians could then be able to better diagnose.
The diagnosis would then not only based on an image, but also on knowledge of
the inflammatory process.

Evolution is what research aims to bring. To do this, one must also improve the
things at hand. This was the seventh chapter aimed to bring to light.

8.4 Chapter 6

In chapter VI we carried out experiments for the evaluation of a novel TSPO radi-
oligand ['"F]DPA-C5yne, which is a novel ligand conceived by the radiochemistry
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group of the SHFJ. The purpose was to evaluate the potentially better stability of
this novel radiotracer in a biological environment in comparison to its predecessor,
['F|DPA-714.

We then used the ["*F]DPA-Cb5yne tracer to evaluate the level of inflammation
in the reference model used here in the lab.

Before being able to justify an in vivo experiment, we had to carry out the in
vitro experiment. This is an important step when observing the 3 R’s of animal
experimentation, replacement, reduction and refinement.

Autoradiographic image analysis revealed a lower background noise in this novel
ligand than found with ['"*F|DPA-714, which is already an improvement to the
reference tracer for TSPO, [M'C]PK-11195.

The in vivo interest of the new tracer, as shown in figure 6.2.3, revealed a signif-
icant uptake of ["®F]DPA-C5yne in the lesion when compared to the control side.
The target-to-background ratio was calculated to be around 4.62 £+ 0.4 compared
to the ["*F]DPA-714 ratio of around 3.71 4 0.4. An initial analysis concerning in
vitro metabolism seemed promising but needs to be further investigated in vivo.

The fact of having an animal model dedicated to this kind of evaluation is
pinnacle for comparison. This particular model is reproducible. As even the
localization is determined with a precision based on a tool, there is little margin
for human error.

This kind of evolution is important as it would ideally allow the physician so be
able to use tools which are more accurate and as a result be able to give a more
informed and hopefully a more precise diagnosis.

This not only shows that there is always room for improvement and development,
but that there could also be an interest to test this novel tracer in other disease
models.

Research is not just about trying to find something. It is also about evolution.
Just because something exists that works, does not mean that it is ideal. This
study shows that while there can be a target of interest, there might be a way
in which the targeting process could be improved. It became evident that an
increased signal is not the only answer, but that a decrease in unspecific signal can
be just as beneficial.

This evolution is constant and had already been addressed in previous studies
such as that by Boutin et al. with the ["'C] marked DPA-713 [Boutin 07a]. While
that compound was interesting, a clinical setting would benefit from the longer
half-life of an [®F] tagged molecule for convenience purposes too. As such, another
TSPO radioligand was created, ['*F|DPA-714. However, as previously explained,
there was still room for improvement regarding the metabolism of this compound,
hence the research into the development of ["*F]DPA-C5yne.

So far we have seen that TSPO is of interest as a target for the evaluation of
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the inflammatory state. The application was evidenced in animal models designed
to replicate a specific disease such as various inflammatory bowel diseases as well
as in a model of neuroinflammation. Beyond this we have seen that there can be
improvements to the tracers.

8.5 Chapter 7

It became clear that TSPO was a decent biomarker for diseases which were rel-
atively localized thus far. The imaging TSPO was possible throughout the body
thus far and able to distinguish inflamed areas from non-inflamed areas. Better
than the reference tracer (['*F]JFDG) even in one case.

However, inflammation is not only present in local situations. Septic shock is
a prime example of a systemic inflammation before leading to an organ failure.
Before testing the novel TSPO ligand, ["*F|DPA-C5hyne, we wanted to see whether
or not the relatively novel TSPO tracer, ["®F]DPA-714 would be able to distinguish
basal levels of inflammation from a treated subject.

As we were going to carry out a whole body acquisition and evaluation, we were
obliged to use a different PET machine, the HRRT. Even though it is a prototype
with a very good resolution for human application, its spatial resolution is half
that of the INVEON pPET that we used for the all previous models.

The advantage of using a larger bore however, is that we were able to have a
higher throughput due to a custom made bed which was able to support 4 rats
per scan.

The acquired images were not easy to define VOIs on as the whole body, and
thus each organ, was inflamed. Human error would have been non-negligible in
VOI selection. The delineation between lungs and heart for example were not to
be seen by the naked eye.

This problem however had previously been addressed by a member of the lab.
The way in which the individual had addressed the question was to see the image
as pure activity as oppose to a tissue in which activity was being acquired.

He created a program which differentiates the organs based on their TACs. Each
organ has a different pharmacokinetics from its neighboring organ. A voxels TAC
is altered based on the pharmacokinetics of the organ on which the voxel is located.
This means that due to a difference in TACs, the program is able to distinguish
one organ from another, such as the lungs from the heart.

Applying this method of VOI delineation allowed us to have confidence in the
analysis as it is a very robust method and was not user dependent.

With its help, we were able to compare TSPO expression in a group of control
animal to a group of treated animals. The dose that we chose to inject the animals
with was one of the lower doses we found in the literature. This was a conscious
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choice as we found that the higher the dosage, the more deaths were reported at
24 hours post injection.

The levels of inflammation, and thus TSPO, were increased in each and every
organ, with exception of the thyroid and the salivary gland. This is possibly
explained by a disease called the sick euthyroid syndrome. The disease was also
induced with LPS as we had done for the model of septic shock. We did not foresee
this correlation initially.

It turns our that this lowering of signal could be due to direct thyroidal inhibition
which is caused by an extra-thyroidal inhibition of IL-alpha.

It seems as if this lowering of the inflammatory state is also time dependent.
This could possibly mean that the level septic shock could be estimated based on
the tracer uptake, but that the stage could possibly be estimated based on the
signal, or lack of signal, collected in the thyroid, and perhaps the salivary glands.
Ultimately, this would mean that looking for both, the presence of TSPO but also
its absence, could be indicative of a disease we well as the stage.
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Reminder of the objectives

During the course of this thesis, we set out to determine whether or not TSPO
18kDa could be a measurable biomarker for the evaluation of various inflammatory
diseases, both inside and outside of the central nervous system. To test this, we put
multiple animal models in place which were designed to replicate symptoms found
in human inflammatory diseases. The level of inflammation was the measured and
quantified with PET imaging and the TSPO 18kDa radioligand ['**F|DPA-714.
Each of these results were correlated with a microscopic characterization of either
the TSPO directly or other inflammatory markers expressed on a cellular level.

Overview of the research

The research yielded information leading to the conclusion that the TSPO 18kDa
could indeed be useful as a biomarker for the evaluation of an inflammatory state
for various diseases. We were able to illustrate in two models of IBD, one model
of neuroinflammation, and one model of septic shock that TSPO was an indicator
of the level of inflammation found within the affected area. Beyond this, we were
also able to follow, measure, and quantify the evolution of an inflamed area over
time.

Even though ["®F]DPA-714 was the tracer used to determined the presence, and
level of inflammation, other tracers are constantly being developed. This was
illustrated in the collaborative work carried out with another group in which we
were able to highlight the potential for tested novel TSPO radioligand (['**F]DPA-
Cbhyne).

Contributions and perspectives

This work validated TSPO as a biomarker of inflammation for the implication in
various diseases and that these measurements correlated with THC analysis. We
were able to measure and quantify the varying levels of inflammation (to include
inter-individual variations) with the help of the radioligand ["*F|DPA-714. We
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were also able to illustrate that the continual development of novel radiotracers is
needed as this will ultimately lead to a better diagnosis and better patient care.

The next steps would be to attempt clinical PET trials for the IBD related
diseases with the use of a TSPO radioligand. Once validated, it would be of
interest to follow the inflammatory levels in an individual. One could then also
imagine being able to follow the impact of an administered treatment. A real
theranostic patient care.

As for the neuroinflammatory research, it would be interesting to compare the
IHC results of the LPS (INMiND) model to those of other neuroinflammation
models (AMPA in our case) and evaluate the findings. It would be of interest to
determine whether each induction method yields a similar inflammatory response
or not. These future findings may help elucidate the inflammatory process. This
along with the continual development and improvement of TSPO ligands will help
in the increased precision and the subsequent quantification of disease detection
and evaluation.

To date, septic shock has been difficult to measure, and it is too early to say
whether or not the very preliminary experiments carried out in this manuscript
will be indicative of the inflammatory state or not. It is noteworthy however that
with the current findings, further research is needed to get to the bottom. There
is much potential for the use of TSPO as a biomarker in cases of septic shock. If,
the levels of TSPO are indicative of the septic state, then physicians would be able
to have more information with which to act.

Inflammation is at the origin of many diseases and disorders, we should be
treating it, and its components, as a tool, not only a threat.
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Abstract

Purpose: The purpose of the study was to validate ['®F]DPA-714, a translocator protein (TSPO)
18 kDa radioligand, as a probe to non-invasively quantify the inflammatory state in inflammatory
bowel disease (IBD) animal models.

Procedures: Quantitative positron emission tomography (PET) imaging of intestinal inflamma-
tion was conducted with 2-deoxy-2-['®F]fluoro-D-glucose (['®F]JFDG) a glucose metabolism
surrogate marker and ['®F]DPA-714 a ligand of the 18 kDa TSPO, on two IBD models. The first
model was induced using dextran sodium sulfate (DSS), creating global inflammation in the
colon. The second model was induced by rectally administering trinitrobenzenesulfonic acid
(TNBS), creating local and acute inflammation.

Results: The level of inflammation was analyzed using PET imaging on days 7 and 8. The analysis
obtained with ['®F]DPA-714, yielded a significant difference between the DSS treated (0.50=+
0.17%lID/cc) and non-treated rats (0.35+0.15%ID/cc). ['®FJFDG on the other hand did not yield a
significant difference. We did observe a mean glucose consumption in the colon increase from 0.40
+0.11 %ID/cc to 0.54+0.17 %ID/cc. In the TNBS model, the uptake level of ['®F]DPA-714 increased
significantly from 0.46+0.23%ID/cc for the non-treated group, to 1.30+0.62%ID/cc for those treated.
PET signal was correlated with increased TSPO expression at cellular level.

Conclusions: Results indicate that ['"®F]DPA-714 is suitable for studying inflammation in IBD
models. ["®F]DPA-714 could be a good molecular probe to non-invasively evaluate the level and
localization of inflammation. Moreover, in vivo imaging using this TSPO ligand is potentially a
powerful tool to stage and certainly to follow the evolution and therapeutic efficiency at
molecular level within this disease family.

Key words: Inflammation, TSPO, DPA-714, Inflammatory Bowel Diseases, PET imaging

Introduction industrialized world, and is not limited to adults, but also
. _ _ . affects children [1].
nflammatory bowel disease (IBD) is a disease family that IBD is comprised of multiple diseases, including Crohn’s

has not been getting the attention that it warrants. The  disease (CD) and ulcerative colitis (UC), which all have
incidence has been slowly rising throughout much of the  agpects of inflammatory responses, ranging from acute to
chronic stages, and in many cases include both. The whole

gastrointestinal tract can be affected from CD while UC is

Correspondence to: Raphael Boisgard; e-mail: raphael.boisgard@cea.fr limited to the cecum, colon, and rectum [2]. Precise
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localization of the inflamed sites is one criteria permitting
differential diagnosis between different types of diseases.

The fact that this disease family can have such large
variations, and yet present itself with similar if not identical
symptoms, makes it very difficult to diagnose and to
differentiate. The origins of the diseases are unknown, but
there seems to be a tendency for the disease to be more
prevalent in the Western world, and in particular, within
urban areas; this is not to say that the levels or the incidence
outside of the urban Western world are lower, but rather that
the methods of detection and definition of what constitutes
IBD are similar in these areas [3]. There may be multiple
factors which contribute to the development of the diseases
ranging from genetic pre-dispositions to lifestyle and stress
exposure [4].

Inflammation is only the beginning of medical concerns
associated with IBD. If IBD is left untreated, it can lead to
cancer of the intestine. Even if this does not happen, there is
still a detrimental impact on daily lifestyle. It is not
completely clear how to avoid suffering from IBD, but early
detection would allow early treatment and thus represent a
way by which suffering could be minimized. Moreover, the
disease progression and evaluation of the therapeutic
efficiency also lack pertinent criteria.

Currently, the clinical evaluation consists of various
exams and exam types ranging from physical symptoms,
such as bloody diarrhea (a cardinal symptom), to serology,
endoscopic exploration, radiological analysis, and nuclear
medical investigations [5]. Preclinical investigations often-
times use rodents which have had IBD symptoms induced
by various means. The general assessment of IBD in vivo is
commonly carried out by observing bloody diarrhea and by
scoring body weight changes. Post mortem analyses include
measurements of the colon length, cytokine and chemokine
concentrations along with histological scoring [6]. These last
years, only few articles illustrate the interest of in vivo
imaging using a non-specific radiotracer, which is based on
the increase of glucose metabolism, for the evaluation of
IBD in both human and preclinical models [7, 8].

In vivo molecular imaging represents an attractive means
to characterize these types of pathologies, especially as it is
non-invasive. Of these methods, positron emission tomog-
raphy (PET) is a powerful technique allowing the clinician
to access molecular information in vivo. PET imaging has
been present in clinical applications since the 1970s and is
now routinely used for diagnosis, prognosis, and
theranostics. Due to the fact that it is a quantitative, specific,
and sensitive imaging modality, this non-invasive in vivo
technique is well adapted for early detection of various
diseases. PET is, however, based on the use of dedicated
radiotracers, the most well-known being 2-deoxy-2-
[18F]ﬂuor0-D—glucose (['*F]FDG), a surrogate marker for
glucose metabolism. Recently, Lapp, but also Shyn and
Ostuni and collaborators have shown that PET could indeed
be used for the detection of an IBD related disease with the
use of ['*F]FDG [9-11].

['®F]DPA-714 is a recently developed radioligand of the
translocator protein 18 kDa (TSPO) with improved signal to
noise ratios as compared to previously used radiotracers and
especially [''CJPK11195 [12, 13]. TSPO, formerly known
as peripheral benzodiazepine receptor (PBR), located on the
outer membrane of the mitochondria, is overexpressed in
activated macrophages and microglia. This molecular event
has been used widely to investigate inflammation inside the
central nervous system. TSPO increase in microglia is now
presented as a hallmark of brain inflammation and our
laboratories have been instrumental in the characterization
and validation of this radiotracer in various preclinical
models of neuroinflammation [14, 15]. However, when
looking at peripheral activation of macrophages and links
to the inflammatory processes, little data are currently
available. TSPO expression was recently described in tissue
samples of human colon suffering from IBD (CD and UC)
[11]. Additionally, expression has also been characterized in
a rat model of IBD using autoradiography and immunohis-
tochemistry [11].

The use of the TSPO ligand ['*F]DPA-714 has opened
doors to exploration into inflammation within the periphery,
and thus also into the domain of inflammatory bowel diseases.
It allows the quantification of the inflammation found in a
given area within the bowel. To confirm this capability, we
implemented two animal models of IBD, one using dextran
sodium sulfate (DSS) inducing high diffuse inflammation in
the colon, and the other using trinitrobenzenesulfonic acid
solution (TNBS) inducing inflammation mainly restricted in
the area of instillation [16, 17], and demonstrated the potential
of ['*F]DPA-714 to image IBD with PET.

Materials and Methods
Animal Models

The animals chosen were male Wistar rats (Centre d’Elevage René
Janvier, France) with a weight of 250 g+20 g. The subjects were
kept in an adapted environment in which the temperature and
humidity are regulated. The lights are on a 12-h cycle on and then
off. The experiments were carried out in accordance with French
guidelines.

Two different animal models of acute bowel inflammation were
developed and implemented in the study. The first being a DSS
(Sigma-Aldrich, France; MW40,000) induced model, which leads
to haematochezia, and also to weight loss along with a shortening
of the intestine among other consequences associated with a colitis
rat model [16]. DSS induces in vivo intestinal inflammation and is
simple, affordable, and also has a high degree of uniformity and
reproducibility of most lesions in the distal colon. In this model, we
added DSS at 5 % (v:v) into the drinking water of the animals from
which they had ad libitum access throughout the duration of the
experiments. ['®F]FDG images were acquired after 7 days of
treatment whereas ['*F]DPA-714 images were acquired after 8 days
of treatment. The treatment has been used successfully with rats in
previous tests [18]. Non-treated rats were given plain water in their
bottles and all the animals were weighed daily, and their feces state
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was also observed on a daily schedule. The DSS solution was
exchanged on days 3 and 5 in the treated group and the non-treated
group also had their water exchanged for a new bottle containing
plain water at the same time points.

The second model was chemically induced by instilling
trinitrobenzenesulfonic acid (TNBS) (Sigma-Aldrich) as described
by the group of Seibel et al. [19]. Some slight alterations were
made in order to adapt this model to the PET modality. Here,
inflammation was induced into male Wistar rats by administering
100 pl of 50 % ethanol-water solution (to help bypass the mucosal
layer of the intestine) containing TNBS (100 g/1, corresponding to
40 mg/kg body weight) 4 cm into the rectum from the anus [17].
During this administration, the rats were under anesthesia using
2.5 % isoflurane in 100 % O,. This anesthesia was maintained for
an extra 10 min post instillation in order to reduce displacement and
possible leakage of the chemical. Non-treated animals were injected
with 100 pl of ethanol and water (1/1, v:v).

The animals were then placed into individual cages and their
weights were measured on a daily basis and their feces state was
recorded. Inflammation was evaluated with PET imaging on day 7
using ['*F]JFDG and on day 8 using ['*F]DPA-714 after TNBS
administration.

PET Radiotracer

['®FIFDG was purchased from the commercially available source
Cyclopharma S.A. (Clermont-Limagne, France). ['*F|DPA-714
was produced on site according to slight modifications of
procedures already reported [20] and using a commercially
available GE TRACERLab FX-FN synthesizer [21]. Ready-to-
inject, >99 % radiochemical pure ['*F]DPA-714 (formulated in
physiological saline containing less than 10 % of ethanol) was
obtained with 15-20 % non-decay-corrected yields and specific
radioactivitiy level at the end of the radiosynthesis ranging from 37
to 111 GBg/umol.

Image Acquisition

The PET and PET/CT images were acquired using two separate
machines. The first one is a Siemens INVEON PET and the second
a Siemens INVEON PET/CT, both being dedicated small animal
scanners. Each animal had its images acquired in the same machine
each day. The animals were kept normothermic with the help of a
heating carpet. Rats were anesthetized using 3 % isoflurane in pure
oxygen and kept sedated throughout the acquisition. For ['*F]DPA-
714, images were acquired dynamically during a time span of
60 min, beginning at the same time as the injection. Each animal
was injected with 372 MBq (1.0 mCi+0.054 mCi). The ['*F]FDG
acquisitions (30 min) were sorted into three frames of 10 min each
and the ['*F]DPA-714 images were sorted into 16 frames. Frames
1-5 each lasted 1 min, frames 6-10 lasted 2 min, frames 11-13
each lasted 5 min, and the remaining frames (14-16) lasted for
10 min each. The energy discrimination was set at 350 and
650 KeV. The list-mode acquisition was as described previously
and the data files were histogrammed into three-dimensional
sinograms with a maximum difference of 47 and a span of 3 [20].

The attenuation correction of the Siemens INVEON PET was
measured with the help of a Cobalt-57 point source. The Siemens
INVEON PET/CT carried out the attenuation correction

measurement with the use of its CT imaging capabilities and
settings, which are implemented directly by the manufacturer. In
order to obtain the best resolution possible within the intestines, we
implemented a Fourier rebinning and an OSEM 2D reconstruction
method.

Image Analysis

The reconstructions of the PET images were carried out using
ASIPro VM (CTI Concorde Microsystem Analysis Tools and
System Setup/Diagnostic Tool). The image analysis and quantifi-
cation of the radioactivity uptake in the regions and volumes of
interest (ROI’s and VOI’s) were carried out with the use of
BrainVisa/Anatomist Version 4.3.0 [22].

Delineation of the ROI’s and VOI’s was selected by means of
manual segmentation and always carried out by the same user. The
selected region of the intestine was 5x3x2 voxels, or a 3.6-mm°>
volume placed on the intestinal wall.

Gamma Counting

The ascending colon was excised once the subject had been
euthanized via an i.v. injection of pentobarbital and divided
into three sections. Each sample was weighed before being
placed into individual tubes, which were then inserted into a
Perkin Elmer Cobra II Auto-Gamma Gamma-ray counter. The
results were decay-corrected and standardized for the percent
injected dose, sample weight, and the body weight of each
animal, which corresponds to the standardized uptake value
(SUV).

Immunohistochemistry and Morphological
Analysis

Post mortem tissue samples were excised, once the ['*F]DPA-714
images had been acquired, and fixed with 4 % paraformaldehyde
(PFA, Sigma-Aldrich) in Phosphate-buffered saline (PBS, pH 7.4
Sigma-Aldrich, France) for 2 h followed by cryopreservation by
incubation in PBS, pH 7.4 containing 20 % sucrose for 24 h. The
intestines were then cut into thirds (ascending, transverse, and
descending sections), immersed in embedding tissue medium
(Shandon M-1 Embedding Matrix, Thermo, USA), and frozen
rapidly in liquid nitrogen. Immunohistochemistry (IHC) was then
carried out on slices of 5 um thickness taken from the specimen.
Anti-TSPO marker (NP-155, a kind gift of Dr. Makoto Higuchi,
The National Institute of Radiological Sciences, Chiba, Japan) was
used on individual slices.

Non-specific binding were blocked with 5 % BSA and 0.5 %
Tween 20 in PBS (5 min, room temperature (RT)) and incubated
(1 h, RT) with primary antibodies as follows: Rabbit anti-TSPO
antibody (NP155, 1:500) diluted in 5 % BSA and 0.5 % Tween 20
in PBS, and, after PBS washes (three times), sections were
incubated (30 min, RT) with Alexa Fluor-488 goat anti-rabbit
(A11034, 1:1000; Invitrogen, France), diluted in 5 % BSA and
0.5 % Tween 20 in PBS.
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Hematoxylin and Eosin Staining

The frozen slides containing slices of the intestines were placed into
fresh PBS for rehydration 5 min before being placed into deionized
water for 1 min. The slides were then introduced for 5 min into a
Hematoxylin solution ready to use (Sigma-Aldrich, France). Once
this was carried out, the slides were placed into tap water for 5 min
before being placed into a series of 5-min-baths of deionized water,
followed by Eosin-Y solution (LABOnord, Templemars, France),
90 % ethanol in water, 100 % ethanol, and finally toluene for
15 min. Once this was done, the slides were individually mounted
with the Eukitt quick-hardening mounting medium (Sigma-Aldrich,
France), by placing a few drops onto the slide and then laying a
cover slip over them.

Results

As illustrated by the group of Lacapere, there is an
overexpression of TSPO in the rat colon of the DSS-induced
IBD animal model after 7 days of treatment [11]. To
evaluate the possibility to both visualize and quantify the
expression of TSPO in IBD, we reproduced the inflamma-
tory model in our laboratories. In the DSS rat model, large
alterations to the structure of the colon can be observed
when compared with samples of non-treated animals, as
illustrated in Fig 1. Microscopic observations on the
different sections of the colon (ascending, transverse, and
descending) of treated animals revealed erosion along the
entire colon. This alteration was also associated with rectal
bleeding and a loss of weight in treated animals (data not
shown). The non-treated animals showed no such signs and
have intact crypts as illustrated on Fig. 1a. TSPO expression
was investigated on adjacent tissue samples. Representative
images (Fig. le, f) clearly show the increased presence of
TSPO in the colon of treated animals with high infiltration in
the eroded lamina propria and high density at the base of the
intestinal wall (lamina muscularis/mucosae). In comparison
to non-treated animals, TSPO positive cells were mainly

found at a lower density within the lamina propria (Fig. 1d).

In the TNBS model, due to the direct local adminis-
tration of the inflammatory agent, the phenotype was
different with the inflammation localized mainly in the
upper part of the ascending colon (around 4 cm from the
anus), as opposed to the global inflammation found in
the first (DSS) model. In this second model, the H&E
staining presented in Fig. la, ¢ indicates a morphological
difference between a treated animal and a healthy
animal, as indicated by an alteration of the microvilli
architecture of the colon in the area of instillation. TSPO
staining revealed an accumulation of TSPO positive cells
at the base (lamina mucosae) and at the extremity of the
microvilli (Fig. 11).

In order to investigate the utility of ['*F]JDPA-714 to
provide information concerning the inflammatory processes
in vivo, we performed PET imaging on non-treated and
treated rats and compared the uptake of this TSPO

radioligand with ['®*F]FDG, a radiotracer used previously to
visualize IBD in humans. A PET imaging session was
carried out on day 7 post treatment induction, using
["®F]FDG, and on day 8 with ['*F]DPA-714 on the same
animals.

Figure 2 illustrates representative images of non-
treated (2a, c) and DSS treated animals (2b, d) using
['*F]FDG (2a, b) and ['®F]DPA-714 (2¢, d) at 7 and
8 days, respectively, along with the corresponding graphs
(Figure 2 e, f, respectively). For both tracers, an
increased uptake in the colon of treated animals in
comparison to non-treated animals was observed. The
regions of interest were manually drawn with identical
sizes for all images on the colon wall in the area with
the highest signal. Quantification of the radioactivity
uptake after 60 min of acquisition revealed that for
['®F]FDG, the mean glucose consumption in the colon
increased from 0.40+0.11 %ID/cc to 0.54+0.17 %ID/cc
(Fig. 2). This increase identified the inflammatory
processes but was not sufficiently high to provide a
significant difference between the two groups of rats (P=
0.053). Similarly, quantification of ['*F]DPA-714 in the
colon of control and treated animals revealed a signifi-
cant increase in uptake level from 0.35+0.15 %ID/cc to
0.504+0.17 %ID/cc (P=0.040, Fig. 2). This increased
significance correlates to the overexpression of TSPO in
colon tissue samples as illustrated on the Fig. le.

In Fig. 3, one can observe that the PET images and
the subsequent analysis, were verified/validated with the
gamma counting. Here, we also observed a significant
difference between the treated and control groups where
2<0.0001.

In the TNBS model, in contrast to the DSS model, the
inflammation is localized mainly in the area of administra-
tion of the immunogenic stimulating agent. PET image
analysis clearly illustrated that ['*F]DPA-714 was able to
highlight a difference in inflammatory status between the
non-treated and the treated animals. Figure 4 illustrates the
increased uptake for both tracers (images a—d and graphs e
and f), ['"®FIFDG and ['®F]DPA-714. Treated animals
(Fig. 4b, d) show a more localized area of inflammation
when compared to the distribution of the tracers in the DSS
model (Fig. 2b, d). For both tracers, the area of increasing
signal is larger than the theoretical area of instillation due to
either a diffusion of the TNBS during experimental
procedure or to a propagation of inflammation to a large
portion of this organ.

For both ['*F]FDG and ['*F]DPA-714, the inflammation
induced a significant increase of tracer accumulation from
0.43+0.18 to 1.20+0.56 %ID/cc for ['*F]JFDG and 0.46+
0.23 to 1.30+0.62 %ID/cc for ['*F]DPA-714 (p<0.0006 for
["®F]FDG and p<0.0058 for ['*F]DPA-714, Fig. 4).

The objective of molecular in vivo imaging is to
visualize the process of interest, in our case inflammation
in an IBD model, but mainly to enable analysis and
quantification of a dynamic process. In order to evaluate
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Fig. 1.

H&E staining and immunohistochemical observations using TSPO antibody (NP155, red, DAPI in blue). In non-treated

rat: a H&E staining and d NP155; in rat receiving DSS in water during 7 days: b H&E staining and e NP155; and, in TNBS

instilled rats: ¢ H&E staining and f NP155.

the potential of ['*F]DPA-714 to achieve this goal, we
followed the inflammation over a period of 22 days in a
group of six animals. The first images were acquired on
each rat 1 day before the instillation of the TNBS to
measure the basal value of ['*F]DPA-714 uptake in the
middle of the colon for each rat. After induction, the
animals were imaged at different days (1, 2, 4, 8, 10,

[18F]FDG

Control Treated

and 22) as represented in Fig. 5. This figure indicates an
increase of ['®F]DPA-714 uptake until day 8/10 after
which the mean signal decreased slowly to reach basal
value at 22 days post induction. A large standard
deviation was observed for the mean values at days 8,
10, and 22, illustrating the highly variable inter-individ-
ual evolution of the disease.

[*5F]FDG
e 0.8
E 0.6
e 0.4 I
&
0.2
° >
N D
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Fig. 2. Whole body PET images on control and DSS treated animals. ['®F]FDG in a control and b treated animals; ['®F]DPA-
714 in ¢ control and d treated animals. Color scales are different ranging from 0 to 200 MBg/cc for ['®F]FDG and to 500 MBg/cc
for ['®F]DPA-714 images. Quantification of e ['®F]FDG and f ['®F]DPA-714 measured on PET images in area with highest uptake

within the colon on control and DSS treated rats.
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Fig. 3. Gamma counting of the excised sections of intes-
tines revealed a difference of ['®F]DPA-714 presence be-
tween the two groups. (*=p value<0.0001) Results are
expressed in SUV.

Discussion

IBD is a serious health issue, which appears to be increasing
throughout the Western world. It is a disease which does not
discriminate between ages, although it does tend to be
present in higher numbers among the weaker of society,
namely the young and aged groups. IBD, as a family of

['SF]FDG

Treated

Control
>

0Bg/cc

0Bq/cc 0.0

diseases, including Crohn’s disease and UC, can in many
instances turn chronic, at which point there is no treatment
for the disease itself, only its symptoms. This in itself will
degrade the quality of life and result in additional medical
expenses, which could possibly be avoided by early
detection or improved diagnostics to evaluate the inflamma-
tory component of the disease. PET imaging, using an
appropriate radiotracer, offers this opportunity. It allows the
researcher/medical doctor to observe a difference at a
molecular level, which could aid in early diagnosis. This
diagnosis, however, is only as good as the tools that are
used. Thus far, the tools have not been focused on a specific
aspect of inflammation, but rather on a symptom of the
inflammation. Thus, they currently lack specific techniques
for imaging and detection of IBD. We are now capable of
producing improved tools and using them more effectively.
In this study, we investigated two IBD models reflecting
both local and diffuse inflammation of the digestive tract
using PET imaging. We demonstrate that with the use of an
adapted tracer ['*F]DPA-714, we are able to detect,
visualize, and quantify a difference between the non-treated
animals and those that underwent the treatments in order to
induce IBD symptoms (as seen in Fig. 2 and 4).

The interest of this study was multifaceted. First, we
wanted to establish two different (reproducible) models of
inflammatory bowel disease, with different origins. Second,

['5F]FDG

2.5+ nxw

(1]

2.04

1.5

1.0

%]1D/cc

0.5+

0.0

500.000

B [®F]DPA-714

2.57

—h

*k

2.04

1.54

1.01

%1ID/cc

0.51

Fig. 4. Whole body PET images on control and TNBS treated animals using ['®F]FDG in a control and b treated animals;
['®F]DPA-714 in ¢ control and d treated animals. Color scales are different ranging from 0 to 200 MBg/cc for ['®F]FDG and to
500 MBg/cc for ['®F]DPA-714 images. Quantification of e ['®F]FDG and f ['®F]DPA-714 measured on PET images in area with
highest uptake within the colon on control and TNBS treated rats. (*=p<0.0006 for ['®F]FDG and p<0.0058 for ['®F]DPA-714).
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Fig. 5. Characterization of the TSPO expression over time in
a rat model of local inflammation within the colon (TNBS rat
model).

we wanted to prove the relationship between tissular
expression of TSPO and the specific uptake of ['*F]DPA-
714 obtained via molecular imaging. Third, to show that
imaging can provide a quantifiable difference between sick
and healthy subjects. Fourth and foremost, we wanted to
validate ['®F]DPA-714 as a probe for peripheral inflamma-
tion, which has to date been used mainly for
neuroinflammation.

In addition to this list of objectives, we examined another
aspect of molecular imaging, specifically for PET, which
allows the user to follow the advancement and characterize
of a disease or any other molecular process of choice. This
approach was illustrated by the dynamic description of the
inflammatory status using ['*F]DPA-714 in the TNBS model
(Fig. 5). Following the uptake of the radioligand in the
instillation area, we were able to demonstrate the ability to
detect varying levels of inflammation of the disease for each
individual animal.

Our first objective had been to reproduce the models used
by the groups of Dr. Ostuni and Dr Seibel [11, 19]. This was
accomplished and used to detect inflammation in each
induced animal and subsequently verified with HE staining,
and also by labeling with Ibal (macrophages) and NP-155
(TSPO 18kDa). In each case, we observed a marked
structural difference between the two groups as well as an
increase in signal on the treated animals from the markers.
The differences can be seen in images on Fig. 1d—f.

This invasive evaluation of inflammatory statue (using
biopsies) can certainly be characterized using PET as a
quantifiable imaging tool. Side effects of these intestinal
treatments (diarrhea and reduced gut motility) were found in
both DSS and TNBS models, respectively. These two
symptoms have a drastic impact on the size of the gut, the
first one reducing the thickness making it difficult to
visualize the intestine wall (often empty with a collapsed
lumen) and the second one with an increase of the diameter
due to the accumulation of feces. In the case of preclinical
imaging on small animals, the access to conventional CT

anatomical reference images is not possible due to the lack
of soft tissue contrast. The other limit in small animal
imaging is the spatial resolution of the PET camera in regard
to the thickness of the intestinal wall in rodents. This
resolution, coupled with the size of the structure impacts the
quantitative approach due to a high partial volume effect
artificially decreasing the uptake value observed in compar-
ison to the result expected in larger animal model or in
humans. To accurately compare data among different
animals, with different pathological models and different
tracers, we choose to define a small volume (5%3 %2 voxels)
that we placed on the areas of highest uptake of each animal,
and then compared this volume between the groups.

Once we quantified the images, we found a difference
between the results of the two tracers on the same group.
The results on Figs. 2 and 5 revealed different levels of
signal when comparing the healthy groups to each other.
This means that the healthy group of the DSS ['*F]FDG
animals yielded slightly different results than the same group
did with the ['®F]DPA-714 radiotracer. This is understand-
able and explainable when looking at what each tracer is
actually targeting. ['*FJFDG is a glucose analog which
indicates an increase of glucose consumption, which in itself
can be indicative of other on-going processes such as cancer,
cell regeneration, or muscle contraction as seen in peristalsis
[23, 24]. Fibroblasts also have an increase of glucose
consumption when they are exposed to inflammatory
mediators such as tumor necrosis factors (TNF) [25]. This
tracer has been described as a good marker of inflammatory
processes but it reflects global impact on different cell
populations and biological processes.

On the other hand, ['*F]DPA-714 has not yet been shown
to be increased in different cell populations except in
immune white cells. This TSPO ligand has been presented
as a tracer with high affinity and good specificity. Image
quantification of ['®F]JDPA-714 uptake correlated with the
amount of TSPO, as published previously and provides
indirect information about white blood cell activation in the
tissue of interest [15, 26]. In the TNBS model, the uptake at
7 days of ["®F]FDG and on day 8 of ['"*F]DPA-714 is higher
than in DSS model (Fig. 4). These differences illustrate a
higher level of local inflammation in this second model.

Another difficulty we faced in one of the preclinical
models was the localization of induced inflammation. Here,
in the second model, we had to choose a distance at which
the TNBS should be induced. We had to avoid the upper
digestive tract as this is the region in which the ['*F]DPA-
714 is eliminated by, thus inhibiting us from distinguishing
the potential region of inflammation and the regular
elimination. Inducing the TNBS too close to the anus on
the other hand was also disadvantageous as the bladder is
located in the vicinity. This poses a problem as it is the renal
pathway by which ['*F]JFDG is eliminated, also obstructing
the image quantification. Due to these constraints, we
decided to introduce the syringe at a depth of 4 cm from
the anus. In larger animals or human, these problems would
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not be significant due to the fact that in human, ['*F]DPA-
714 is also largely eliminated by the hepatic pathway but
with high gall bladder accumulation limiting the radioactiv-
ity signal in the intestine. In rats, the lack of gall bladder
prevents molecular imaging of the upper part of the intestine.

Beyond this, we used [ *F]DPA-714 to determine the point
at which the level of TSPO was at its highest in the TNBS
model in order to characterize the dynamic inflammatory
processes in this model. This was done by acquiring images at
various time points post TNBS induction, illustrating the
possibility to repeat image acquisitions and the possibility to
follow the evolution of the disease in an individual patient.
While the data revealed the time point at which one can observe
the highest level of inflammation, one can also observe
heterogeneity, post peak, which revealed a large standard
deviation. The origin of the heterogeneity is most likely linked
to the disease severity. However, a direct correlation between
the uptake of ['*F]DPA-714 and a clinical score of the disease
was not possible in this study due to the limited number of
animals used for the dynamic evaluation (n=6). This proof of
principle can of course be extrapolated to humans with a
protocol dedicated to the evaluation of therapeutic efficiency or
disease progression.

Conclusion

In this study, we report for the first time, the ability to
distinguish a difference between IBD affected and
healthy animals using PET imaging and gamma counting
with the use of the TSPO radioligand ['*F]DPA-714 in
two separate models. ['*F]FDG also provided a positive
contrast in the intestine of sick animals. However, the
statistical significance was less than that of the
['F]IDPA-714. Beyond this, we also demonstrated the
ability to follow a disease evolution over time with the
use of ['®F]DPA-714. Studies such as these demonstrate
the potential applications of this TSPO ligand ['*F]DPA-
714 which may improve the clinical diagnosis for
inflammatory bowel disease patients.
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[18F]DPA-C5yne, a novel fluorine-18-labelled
analogue of DPA-714: radiosynthesis and
preliminary evaluation as a radiotracer for
imaging neuroinf!ammation wiEh PET

Vincent Médran-Navarrete,® Nicholas Bernards,®® Bertrand Kuhnast,?
Annelaure Damont,? Géraldine Pottier,*® Marie-Anne Peyronneau,?
Michael Kassiou,““ Frank Marguet,® Frédéric Puech,®

Raphaél Boisgard,®” and Frédéric Dollé®*

DPA-C5yne, the lead compound of a novel series of DPA-714 derivatives in which the fluoroethoxy chain linked to the
phenylpyrazolopyrimidine scaffold has been replaced by a fluoroalkyn-1-yl moiety, is a high affinity (K;: 0.35 nM) and selective
ligand targeting the translocator protein 18kDa. In the present work, DPA-C5yne was labelled with no-carrier-added ['®F]
fluoride based on a one-step tosyloxy-for-fluorine nucleophilic substitution reaction, purified by cartridge and HPLC, and
formulated as an i.v. injectable solution using a TRACERLab FX N Pro synthesizer. Typically, 4.3-5.2 GBq of ['*FIDPA-C5yne,
ready-to-use, chemically and radiochemically pure (> 95%), was obtained with specific radioactivities ranging from 55 to
110 GBq/pumol within 50-60 min, starting from a 30 GBq ['®FIfluoride batch (14-17%). LogP and LogD of ['*FIDPA-C5yne were
measured using the shake-flask method and values of 2.39 and 2.51 were found, respectively. Autoradiography studies
performed on slices of ((R,S)-a-amino-3-hydroxy-5-methyl-4-isoxazolopropionique (AMPA)-lesioned rat brains showed a high
target-to-background ratio (1.9 + 0.3). Selectivity and specificity of the binding for the translocator protein was demonstrated
using DPA-C5yne (unlabelled), PK11195 and Flumazenil (central benzodiazepine receptor ligand) as competitors. Furthermore,
DPA-C5yne proved to be stable in plasma at 37°C for at least 90 min.

Keywords: fluorine-18; radiosynthesis; DPA-C5yne; DPA-714; TSPO 18 kDa; PBR
|

approximately equally. Differences in affinity are higher for [''C]
PBR28 (50-fold), whereas pyrazolo[1,5-alpyrimidine-acetamides
show lower differences (only fourfold for [''CIDPA-713).3°

On the other hand, recent in-house studies have demonstrated
that ['®FIDPA-714 is extensively metabolized in vivo in both
rodents and non-human primates® One metabolic pathway,

Introduction

Overexpression of the translocator protein (TSPO) 18 kDa (formerly
known as the peripheral benzodiazepine receptor (PBR)) in the
brain, during microglial cell activation in response to cerebral
insults, has attracted considerable attention for the development

of positron emission tomography (PET) radioligands as imaging
markers of neuroinflammation.>*

While several radioligands are still underdevelopment,*®
the pyrazolo[1,5-alpyrimidine-acetamide ['®FIDPA-714'°7'% is
currently considered as a major challenger'> 23 of the reference
ligand, the isoquinoline-carboxamide [''CIPK11195,24% together
with the phenoxypyridin-3-yl-acetamide [''CIPBR282°32 and its
closely related fluorinated analogue ['®FIFEPPA.233* However,
the use of radioligands belonging to the latter class faces
difficulties today in human PET imaging because of differences
between individuals linked to the variable expression of two
binding sites (a low and a high affinity) for the TSPO, encoded
by a single polymorphism (rs6971) at the gene level. 3%’
Subjects may thus be classified as high-affinity binders or low-
affinity binders (when one single binding site for the TSPO is
expressed with either high or low affinity, but may also be
classified as mixed affinity binders when both sites are expressed

which was demonstrated in vitro and was also suggested to occur
in vivo, results from O-dealkylation that leads to the formation
of fluorine-18-labelled small metabolites such as ['®F]
fluoroacetaldehyde, or its oxidation product ['®FIfluoroacetic acid.
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The main issue is that ['®FIfluoroacetate is known to cross the
blood brain barrier at a certain level’**' and may thus confound
the brain PET signal. Moreover, ['®Flfluoroacetate may be
converted to ['®FIfluoride ion,**™** which bind avidly to the
bones, including the skull.*® This accumulation of radioactivity
in the skull is also problematic as far as brain imaging is
concerned because it interferes with the quantification of
the radiotracer due to the partial volume effect.*

Consequently, structural modifications of the DPA-714/DPA-713
chemotype that could prevent O-dealkylation and thus avoid the
formation of ['®FIfluoroacetate and ['®FIfluoride ions were
explored. While keeping the scaffold of DPA-714, new analogues
have recently been synthesized, in which the oxygen atom
bridging the phenyl ring and the fluoroalkyl chain is replaced with
a carbon atom. Of particular interest is a novel subclass of
compounds featuring an alkyne bond and a short alkane spacer
linking the phenylpyrazolopyrimidine scaffold and the fluorine
atom.*® This series includes four analogues of DPA-714 with a
side-chain length ranging from three to six carbon atoms, which
all exhibit high affinity and selectivity towards the TSPO. Within
this series, DPA-C5yne (1, Figure 1) exhibited the highest affinity
for the TSPO with a K; value of 0.35nM (as reference, the Ki
measured for DPA-714 in the same assay was 0.91 nM). No affinity
for the central benzodiazepine receptor (CBR) was observed
(Ki>1uM).*  Furthermore, preliminary in vitro metabolism
evaluation of this series using rat microsomal incubations and
liquid chromatography-mass spectrometry (LC-MS) analyses
showed the absence of defluorinated metabolites.*®

Based on these data, DPA-C5yne (1) was selected for labelling
with the short-lived positron-emitter fluorine-18 (T;,5: 109.8 min).
The present manuscript briefly describes the preparation of the
tosyloxy derivative as precursor for labelling and then focuses
on the radiolabelling with fluorine-18 of 1 on a TRACERLab FX
N Pro module, the measurement of its lipophilicity (LogP/LogD)
based on the shake-flask method and its preliminary evaluation
by autoradiography on brain slices of our in-house-developed
rat model of acute local neuroinflammation.

Results and discussion
Chemistry

The preparation of DPA-C5yne (1, N,N-diethyl-2-(2-(4-(3-fluoropent-1-
yn-1-yl)phenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)acetamide)
as reference compound and the tosylate 2 (6-(4-(3-(2-
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(diethylamino)-2-oxoethyl)-5,7-dimethylpyrazolo[1,5-alpyrimidin-
2-yl)phenyl)pent-4-yn-1-yl) 4-methylbenzenesulfonate) as pre-
cursor for labelling with fluorine-18 is illustrated in Scheme 1.
Briefly, both compounds were synthesized in a single step from
the alkynol 3, the latter being prepared in five chemical steps
from commercially available methyl 4-iodobenzoate.*® Then,
fluorodeoxygenation of 3 was performed using Deoxofluor®
(Sigma-Aldrich, Saint-Quentin Fallavier, France) in dichloromethane
at room temperature for 3days and afforded the corresponding
fluorinated compound, DPA-C5yne (1), in 24% yield. The tosylate 2
was also prepared from the alkynol 3, by treatment with 4-
toluenesulfonic anhydride in dichloromethane at room temperature
for 2-3 days, and obtained in 54% yield.

Radiochemistry

DPA-C5yne (1) was labelled with fluorine-18 from the tosyloxy
derivative 2, purified by HPLC and formulated as an i.v. injectable
solution by implementing the one-step radiochemical process
outlined in Scheme 2. The whole procedure was performed
using a commercially available TRACERLab FX N Pro synthesizer
(GE Medical Systems, Germany). The positioning of all reagents,
solvents and consumables dedicated to the preparation of ['®F]
DPA-C5yne (['°FI-1) on the TRACERLab FX N Pro is illustrated
on the control screen copy displayed in Figure 2. Further details
are given in the Experimental Section.

No-carrier-added K[18F]F-Kryptoﬁx®222 (Sigma-Aldrich, Saint-
Quentin Fallavier, France) complex*’*® was prepared from
cyclotron-produced ['Ffluoride, K,COs, Kryptofix®222, acetonitrile
and water using a step-by-step sequence (time list) developed by
GEMS and implemented on the synthesizer at its reception on site.
The sequence includes the trapping of ['®Flfluoride anions on a
dedicated QMA cartridge, their release using a H,O/ CHsCN
solution containing both K,CO5 and Kryptoﬁx®222 and a two-step
concentration-to-dryness process in a vessel (reactor) made from
glassy carbon. K[18F]F—Kryptoﬁx®222 was obtained in 18 min and
used without any additional drying sequence.

Radiofluorination was then performed by dilution of the
aforementioned reagent using a DMSO solution (700 pL)
containing 7.0-8.7 umoles (4.0-5.0mg) of the tosylate 2,
followed by stirring and heating. Initially, the conditions used
were those optimized for the preparation of ['®FIDPA-714, for
example, 165°C for 5min."? Using the latter, ['®FIDPA-C5yne
(["®F1-1) was formed and could be isolated after cartridge/HPLC
purifications (see in the succeeding texts). However, overall
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Figure 1. The TSPO radioligands [''CIPK11195, [''CIPBR28, ['*FIFEPPA, [''CIDPA-713, ['°FIDPA-714 and ['*FIDPA-C5yne (['°FI-1, present work).
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Scheme 1. Synthesis of DPA-C5yne (1, reference compound) and its tosylated analogue (2) as labelling precursor.
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Scheme 2. One-step radiosynthesis, purification and formulation of [18F]DPA—C5yne ([18F]-1).
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Figure 2. Description of the TRACERLab FX N Pro synthesizer used for the preparation of [18F]DPA-C5yne (['*F1-1) and positioning of all required reagents, solvents

and consumables.

yields were rather low and not reproducible. Moreover, high
chemical and radiochemical purities were not systematically
reached based on Quality Control (QC) analysis. These
behaviours were not observed during the preparation of ['®F]
DPA-714. Decreasing the reaction temperature together with

slightly extending the reaction time (100°C/10 min) provided
["8FIDPA-C5yne (['®F1-1) in higher and more reproducible yields
without any QC issues.

The crude reaction mixture was then cooled down to 50°C
before being diluted with the HPLC solvent used for the
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purification and then passed through an Al,O3 cartridge (Sep-
Pak® Alumina N™ cartridge, Waters (Guyancourt, France)) in
order to remove (trap) unreacted ['8FIfluoride. The left-over
activity in the reactor was then rinsed once with a second
portion of HPLC-solvent and passed through the cartridge too.
The combined fractions were then purified by HPLC on a
semipreparative SymmetryPrep® C-18 column (Waters), using a
mixture of CH;CN, H,O and Trifluoroacetic acid (TFA) as the
eluent (HPLC D, see Experimental Section). Using the latter
conditions, ['®F]-1 (tg: 9-10 min) could be obtained with a > 95%
chemical and radiochemical purity and was completely
separated from the remaining tosylate 2 (tz: 15-17 min). Removal
of the HPLC solvents and formulation of ['®FIDPA-C5yne (['®F]-1)
as an i.v. injectable solution (0.9% aq NaCl containing EtOH) were
performed using a reverse phase cartridge (Sep-Pak®PIus c18
cartridge). The whole process, including radiofluorination,
cartridge and HPLC purifications, as well as formulation, lasted
between 37 and 42 min.

Typically, 4.3-5.2 GBq of ['®FIDPA-C5yne (['®F]-1) ready-to-use
was obtained with specific radioactivities ranging from 55 to
110 GBg/umol  within  50-60min (HPLC purification and
Sep-Pak®-based formulation included), starting from a 30 GBq
["8FIfluoride batch. Overall, non-decay corrected, isolated yields
were 14-17% (20-25% decay corrected).

Quality controls of ['®FIDPA-C5yne (['®F1-1) were performed
on an aliquot of the ready for i.v. injection batch. The prepared
radiotracer solution was clear and colourless with a pH between
6 and 7. As demonstrated by analytical-HPLC control (HPLC E,
see Experimental Section), the radiotracer preparation was found
to be >95% chemically and radiochemically pure (1, tg:
2.20 min). The preparation was also shown to be free of the
non-radioactive precursor, the tosylate 2 (tg: 3.51 min), and was
chemically and radiochemically stable for at least 120 min.

Lipophilicities

LogP (n-octanol/water partition coefficient) and LogD (n-octanol/
buffer pH 7.4 partition coefficient) of ['®FIDPA-C5yne (['®F1-1) were
measured using the shake-flask method, and values of 2.39 and
2.51 were found, respectively. The calculated LogP (cLogP) was
determined using CHEMBIODRAW ULTRA SOFTWARE, and a value of
4.28 was found. These values were all slightly higher than the ones
previously obtained for ['®FIDPA-714 (LogP: 1.66, LogD: 1.74 and
cLogP: 3.33) but remained in the recommended range for a
radiotracer dedicated to brain imaging (1 < LogP/LogD < 3). As
with DPA-714, cLogP value was much higher than LogP and
LogD measurements.

In vitro stability in rat plasma

Stability of DPA-C5yne (1) was checked in vitro in rat spiked
plasma at 37°C by LC-MS. Analyses of acetonitrile plasma
extracts at different incubation time points (0, 5, 15, 60 and 90
min) showed only one single peak with a retention time
(tz: 12.9 min) and UV-spectrum (Amay =270 nm) identical to those
of authentic DPA-C5yne. The variability in the peak area
measurement as a function of time was less than 2%.
Furthermore, for each time point, MS exhibited one molecular
ion, at m/z 421 [M+H'], with a mass spectrum and a
fragmentation profile also identical to those of authentic DPA-
C5yne. Thus, DPA-C5yne (1) proved to be stable in plasma at
37°C for at least 90 min because no decomposition product
could be observed.

Autoradiography studies

Autoradiography studies were performed on slices of our in-
house-developed rat model of acute local neuroinflammation.
This model is based on an excitotoxic AMPA-mediated brain
lesion in the right striatum of Wistar rats. It has already been
validated for TSPO expression by immunohistochemical
analyses*®™>" and used for the evaluation of several TSPO
radioligands, such as [''CIPK11195,%°° ["'CICLINME,***2 [''C]
DPA-713,%°" ['®F]PBR111,°2 ['®FIDPA-714" and more recently
["'CISSR180575.>3 Briefly, brain slices were incubated with ['®F]
DPA-C5yne (("®F]-1, 7.4 nM) alone, and also coincubated with
non-labelled DPA-C5yne (1, 20 uM), or PK11195 (20 uM, the
TSPO ligand of reference) or Flumazenil (20 uM, a CBR ligand
of reference), respectively, in order to confirm the selectivity
and specificity of the binding. As shown in Figure 3(A), a
significantly increased binding of ['®FIDPA-C5yne (['®F1-1)
was detected in the lesion when compared to the control
side. The target-to-background ratio (TBR), calculated as the
bound tracer in the lesion versus the bound tracer in the
contralateral side, was relatively high, 1.9+0.3 (p <0.0001).
Addition of an excess of unlabelled DPA-C5yne or PK11195
(20 uM, 2700-fold mass excess compared to ['®FIDPA-C5yne)
fully inhibited the binding (Figure 3(B) and 3(C)) in the
lesioned area (TBR=1.0+0.1 for both ligands), proving a high
specificity of the binding and selectivity for the TSPO.
However, the addition of a similar excess of Flumazenil did
not affect the binding of ['®FIDPA-C5yne (Figure 3(D)),
yielding a calculated TBR of 1.9+0.1, a value identical to
the one found for ['®FIDPA-C5yne alone, proving its
selectivity for the TSPO and not for the CBR.

['“F]DPA-CSyne

18 A
[**F]DPA-CSyne + DPA-CSyne

[**F]DPA-C5yne
+PK11195

[**F]DPA-CSyne
+ Flumazenil

Figure 3. Autoradiography studies on slices of AMPA-lesioned rat brains incubated with [18F]DPA-C5yne ([18F]—1, 7.4 nM) alone (A) or with non-labelled DPA-C5yne

(20 uM) (B), with PK11195 (20 uM) (C) and with Flumazenil (20 uM) (D), respectively.
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Conclusions

The pyrazolo[1,5-a]pyrimidine-acetamide ['®FIDPA-C5yne is a
novel, fluorine-18-labelled, radioligand targeting the TSPO with
promising in vitro properties. PET imaging studies are currently
being carried out in both acute and chronic animal models of
neurodegeneration in order to evaluate the in vivo potential of
this DPA-714 analogue.

Experimental
General

Chemicals

Chemicals were purchased from Aldrich, Fluka, Sigma or Cooper (France)
and were used without further purification, unless otherwise stated.

Thin-layer chromatography analysis and flash chromatography

Thin-layer chromatography was run on pre-coated plates of silica gel
60F,s4 (VWR, Fontenay-sous-Bois, France). The compounds were localized
when possible at 254 nm using a UV-lamp and/or by dipping the TLC-
plates in a 1% ethanolic ninhydrin solution, a basic KMnO, aqueous
solution or a 1% MeOH/H,0 (1/1, v:v) FeCl; solution and heating on a
hot plate. Flash chromatographies were conducted on silica gel or alumina
gel (0.63-0.200 mm, VWR) columns.

High-performance liquid chromatography analysis

[HPLC Al: Equipment: Waters (Guyancourt, France) system equipped with
a 600E System Controller, a Prep LC 3000 pump, a 490E programmable
multiwavelength UV-detector and a Kipp and Zonen (Emerainville, France)
BD12E flatbed recorder; column: preparative Zorbax® RX-SIL, Hewlett
Packard (Les Ulis, France) (250%21.2mm); porosity: 5um; conditions:
eluent: CH,Cly/ MeOH: 98.5/1.5 [v:v]; flow rate: 10 mL/min; temperature:
room temperature (RT); UV detection at A: 230 nm. [HPLC B]: Equipment:
Waters system equipped with a 510 pump and a Shimadzu SPD-10A UV-
multiwavelength detector. Column: semipreparative SymmetryPrep®
C-18, Waters (300x7.8mm); porosity: 7um; conditions: eluent:
CH5CN/H,O/TFA: 50/50/0.1 (v:viv); flow rate: 5mL/min; temperature:
RT; UV detection at A: 254nm. [HPLC C]: Equipment: Waters system
equipped with a 510 pump and a Shimadzu SPD-10A UV-
multiwavelength detector. Column: semipreparative SymmetryPrep®
C-18, Waters (300x7.8mm); porosity: 7pum; conditions: eluent:
CH3CN/H,O/TFA: 60/40/0.1 (v:viv); flow rate: 5mL/min; temperature:
RT; UV detection at A: 254 nm. [HPLC D]: Equipment: TRACERLab FX N
Pro (GE Medical Systems, Germany) integrated system, equipped with
a Sykam S1122 Solvent Delivery System (pump), a Knauer K-2501 UV-
multiwavelength detector and a miniaturized gamma-radioactivity
detector. Column: semipreparative SymmetryPrep® C-18, Waters
(300 x 7.8 mm); porosity: 7 um; conditions: eluent: CH3CN/H,O/TFA: 60/
40/0.1 (v:v:v); flow rate: 5 mL/min; temperature: RT; UV detection at A:
254 nm. [HPLC E]: Equipment: Waters Alliance 2690 (or a Waters binary
HPLC Pump 1525) equipped with a Waters 996 UV photodiode array
detector and a Berthold LB509 radioactivity detector; column: analytical
Symmetry-M® C-18, Waters (50 x 4.6 mm); porosity: 3.5 um; conditions:
eluent: solvA/solvB: 20/80 (v:v) [solvA: H,O containing Low-UV PIC® B7
reagent (Waters), 20mL for 1000 mL; solvB: H,O/CHsCN: 30/70 (v:v)
containing Low-UV PIC® B7 reagent (Waters), 20 mL for 1000 mL]; flow
rate: 2.0 mL/min; temperature: 30°C (or RT); UV detection at A: 280 nm.

Spectroscopies

Nuclear magnetic resonance spectra ("H/"3C) were recorded on a Bruker
(Wissembourg, France) Avance (400MHz) apparatus using the
hydrogenated residue of the deuterated solvent CDCl; (8 =7.23 ppm) as
internal standard for 'H-NMR as well as the deuterated solvent CDCls
(6=77.0 ppm) as internal standard for 3C-NMR. The chemical shifts are
reported in parts per million, downfield from Tetramethylsilane (TMS)

(s, d, t, g, m, b for singlet, doublet, triplet, quadruplet, multiplet and
broad, respectively). The MS were measured on a Thermo Scientific (Les
Ulis, France) lon Trap LCQ Deca XP+spectrometer (ESI+). The high
resolution MS (HRMS) analyses were performed by Imagif (ICSN-CNRS,
Gif-sur-Yvette, France) by electrospray with positive (ESI+) ionization
mode on a Waters LCT Premier XE (Milford, MA, USA) spectrometer.

Radioisotope production

No-carrier-added fluorine-18 (half-life: 109.8 min) was produced via the
[180(p,n)18F] nuclear reaction by irradiation of a 2mL [1SO]water
(>97%-enriched, Rotem (CortecNet, Paris, France)) target on an IBA
Cyclone-18/9 (IBA, Louvain-la-Neuve, Belgium) cyclotron (18 MeV proton
beam), and the aqueous radioactive solution was then transferred to the
appropriate hot cell. Target hardware: commercial, 2-mL, two-port,
stainless steel target holder equipped with a domed-end niobium
cylinder insert. Target to hot cell liquid-transfer system: 50m
Polytetrafluoroethylene (PTFE) line (0.8 mm internal diameter; 1/16inch
external diameter), 2.0 bar helium drive pressure and transfer time
2-3 min. Typical production of ['®FIfluoride at the end of bombardment
for a 25 pA, 30 min (12.5 pAh) irradiation: 31.5-32.5 GBq.

Acute neuroinflammatory animal model

Striatal AMPA-mediated excitotoxicity and acute local neuroin-
flammation was induced in the brain of Wistar rats according to reported
procedures.**=" The protocol used includes a stereotactic injection in
the right striatum of 0.5 uL of AMPA ((R,S)-a-amino-3-hydroxy-5-methyl-
4-isoxazolopropionique, 15mM in phosphate buffered saline buffer) in
anaesthesized and normothermically controlled animals followed by a
resting period of 7 days.

Chemistry

N,N-diethyl-2-(2-(4-(4-hydroxypent-1-yn-1-yl)phenyl)-5,7-dimethylp-
yrazolo[1,5-a]pyrimidin-3-yl)acetamide (3)

Synthesized in five steps from commercially available methyl 4-
iodobenzoate according to reference.*® Rf (CH,Cl,/MeOH: 95/5 v:v):
0.21. "H-NMR (CDCls, 400 MHz): § 7.74 (d, 2H, J=8.0 Hz, Ph), 7.46 (d, 2H,
J=8.0Hz, Ph), 6.54 (s, TH), 3.93 (s, 2H, CH,), 3.81 (t, 2H, J=6.4 Hz, CH,OH),
3.49 (q, 2H, J=7.2 Hz, NCH,CH3), 3.40 (g, 2H, J=7.2 Hz, NCH,CH;), 2.74 (s,
3H, CHs), 2.56 (s, 3H, CHs), 2.55 (t, 2H, J=6.4Hz, CH,), 1.86 (q°, 2H,
J=6.4Hz, CH,), 1.22 (t, 3H, J=7.2Hz, NCH,CH;), 1.10 (t, 3H, J=7.2Hz,
NCH,CH). *C-NMR (CDCls, 400 MHz): & 169.8 [C], 157.6 [C], 154.5 [C],
147.5 [C], 145.0 [C], 133.0 [C], 131.6 [2xCH], 128.4 [2xCH], 123.6 [C],
108.4 [CH], 101.3 [C], 90.2 [C], 81.1 [C], 61.7 [CH,], 42.2 [CH;], 40.6 [CH,],
31.3 [CH,], 28.0 [CH,], 24.5 [CH3], 16.8 [CH5], 16.0 [CH,], 14.3 [CH3], 13.0
[CHs]. MS (ESI+): m/z 419 (M +H)*.

N,N-diethyl-2-(2-(4-(3-fluoropent-1-yn-1-yl)phenyl)-5,7-dimethylpyr-
azolo[1,5-alpyrimidin-3-yl)acetamide (1, DPA-C5yne)

To a solution of compound 3 (84 mg, 0.201 mmol) in dry CH,Cl, (4 mL) was
added a 50% Deoxofluor® solution in toluene (0.5mL, excess). The
reaction mixture was stirred for 3days at RT, then diluted with MeOH
(0.5mL) and concentrated to dryness. Finally, the residue was purified by
flash chromatography on silica gel (heptane/acetone: 4/1 (v:v)) to afford
1 (20 mg, 24%) as a yellow solid. For analytical purposes only, compound
1 was further purified using preparative HPLC [HPLC A] and obtained, after
solvents removal, as a light yellow solid. Rf (heptane/acetone: 1/1 (v:v)):
0.35. tg: 30 min [HPLC A], 10.5 min [HPLC B], 9.5 min [HPLC C], 9.5 min [HPLC
D] and 2.20 min [HPLC E]. "H-NMR (CDCls, 400 MHz): § 7.76 (d, 2H, J=8.0Hz,
Ph), 7.47 (d, 2H, J=8.0Hz, Ph), 654 (s, TH), 462 (dt, 2H, Jir=47.2Hz, J,
n=6.0Hz, CH,F), 3.97 (s, 2H, CH,), 3.50 (q, 2H, J=7.2Hz, NCH,CH;), 3.41
(g, 2H, J=7.2Hz, NCH,CHs), 2.76 (s, 3H, CHs), 2.59 (t, 2H, J=7.2 Hz, CH,),
2.58 (s, 3H, CHs), 2.01 (dq°, 2H, Sir=256Hz, £y=6.0Hz, CH,), 123 (t,
3H, J=7.2Hz, NCH,CHs), 1.12 (t, 3H, J=7.2 Hz, NCH,CH). *C-NMR (CDCl,,
400 MHz): 6 169.7 [C], 157.6 [C], 154.5 [C], 147.4 [C], 145.2 [C], 133.0 [C],
131.6 [2xCH], 128.4 [2xCH], 123.5 [C], 108.4 [CH], 101.3 [C], 89.3 [C], 82.5
[d, Jt.r=164Hz, CH,], 81.2 [C], 42.2 [CH,], 40.6 [CH,], 29.5 [d, J&r=20Hz,
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CHy], 28.0 [CH,), 243 [CH], 16.9 [CH3], 154 [d, J2 =4 Hz, CH,], 14.3 [CH3),
13.0 [CH3]. MS (ESI+): m/z 421 (M+H)*. HRMS (m/z, ESI) calculated for
C55H30FN4O (M + 1), 421.2404; found, 421.2404.

6-(4-(3-(2-(diethylamino)-2-oxoethyl)-5,7-dimethylpyrazolo[1,5-a]pyri-
midin-2-yl)phenyl)pent-4-yn-1-yl)4-methylbenzenesulfonate (2)

To a solution of compound 3 (200 mg, 0.478 mmol) in dry CH,Cl, (5 mL)
was added EtsN (80puL, 0.578 mmol, 1.2eq) and DMAP (6mg,
0.049 mmol, 0.1eq). The flask was degased and flushed with argon
(two cycles), then cooled to 0°C. 4-toluenesulfonic anhydride (170 mg,
0.521 mmol, 1.1 eq.) was slowly added to the previous solution, and the
reaction mixture stirred at 0°C for 15min, then at RT overnight. 4-
toluenesulfonic anhydride (50 mg, 0.153 mmol, 0.3 eq) and EtsN (100 pL,
0.71mmol, 1.5eq) were added once again, and the mixture stirred
another 2 days at RT. The reaction mixture was then evaporated under
reduced pressure, and the resulting brownish oil was portioned between
EtOAc (20mL) and aq 0.05M HCI (15mL). The organic layer was
separated, washed with water (10 mL), brine (10 mL), dried over Na,SO,,
filtered and concentrated to dryness. Finally, the resulting residue was
purified by flash chromatography on silica gel (pure CH,Cl, to CH,Cl,/
MeOH: 98/2 (v:v)) to afford 2 (145 mg, 54%) as a light yellow solid. Rf
(CH,Cly/MeOH: 93/7 viv): 0.58. tg: 21.5min [HPLC B], 15.5 min [HPLC C],
15.3-15.9min [HPLC DJ, 3.51 min [HPLC E]. '"H-NMR (CDCls, 400 MHz):
7.80 (d, 2H, /=8.0Hz, Ph), 7.76 (d, 2H, J=8.4Hz, Ph), 7.36 (d, 2H,
J=84Hz), 7.31 (d, 2H, J=8.0Hz, Ph), 6.53 (s, TH), 4.21 (t, 2H, J=5.6 Hz,
CH,0Ts), 3.94 (s, 2H, CH,), 3.51 (q, 2H, J=7.2Hz, NCH,CH3), 3.40 (q, 2H,
J=7.2Hz, NCH,CHs), 2.74 (s, 3H, CHs), 2,55 (s, 3H, CH3), 249 (t, 2H,
J=68Hz, CH,), 2.39 (s, 3H, CHs), 1.94 (q°, 2H, J=6.8Hz, CH,), 1.23
(t, 3H, J=7.2 Hz, NCH,CH3), 1.1 (t, 3H, J=7.2 Hz, NCH,CH3). *C-NMR
(CDCl3, 400 MHz): 8 169.7 [C], 157.6 [C], 154.4 [C], 147.0 [C], 145.0 [C],
144.8 [C], 133.1 [C], 132.8 [C], 131.6 [2xCH], 129.8 [2xCH], 128.4 [2xCH],
127.8 [2xCH], 123.3 [C], 1084 [CH], 101.3 [C], 88.4 [C], 81.7 [C], 68.9
[CH,], 42.2 [CH,], 40.6 [CH,], 28.0 [CH,], 27.9 [CH;], 24.3 [CHs], 21.6
[CHs], 16.8 [CH3], 15.7 [CH,], 14.3 [CH3], 13.0 [CHs]. MS (ESI+): m/z: 573
(M+H)*. HRMS (m/z, ESI) calculated for C35H3/N404S (M + 1), 573.2536;
found, 573.2524.

Radiochemistry

The TRACERLab FX N Pro synthesizer: description,
configuration, preparation and sequences used

Synthesizer description and sequences used

Fluorine-18-labelling, purification with HPLC and formulation of
['8FIDPA-C5yne (['®F1-1) as an iv. injectable solution was
performed using a commercially available TRACERLab FX N Pro
synthesizer (GE Medical Systems, Germany), placed in a 5.0-cm-
lead shielded and ventilated cell. The whole process was thus
fully automated and used a dedicated method supported by
three generic ‘time list’, written according to the programming
mode of General Electric synthesis modules, and named,
respectively, ‘Time list 1: K['®F]F-K,,, preparation’, ‘Time list 2:
radiofluorination and pre-purification’ and ‘Time list 3:
purification and formulation’.'> Before each ['®F]DPA-C5yne
(I"®F1-1) batch production, the synthesizer was cleaned out (e.g.
used-cartridge removal), purged from any residual chemicals or
solvents left-over (reservoirs, reactors and tubings) from a
previous radiotracer production and dried using another in-
house programmed method, based on the use of two generic
‘time list’, named, respectively, ‘Time list: clean’ and ‘Time list:
clean and dry’.'? The first cleaning procedure used deionized
water to rinse both reactors [Reactor 1-2], the flask collecting
the oxygen-18-enriched water [Water collect] and the tube
dedicated to the HPLC injection [HPLC tube] and most of
the connecting tubings. The second procedure used both

acetone and ethanol to further clean the synthesizer but also to
dry all reservoirs [Reservoir 1-14], both reactors [Reactor 1-2],
the tube dedicated to the HPLC injection [HPLC tube], the flask
allowing the dilution of the HPLC-collected fraction prior to
cartridge formulation [Dilution flask] and the flask required for
receiving at last the batch of formulated product [Product vial]
as well as all tubings connecting these elements.

Synthesizer configuration

Valves VZ1 and VZ2 were both turned in up-position for the
preparation of ['®FIDPA-C5yne (['®FI-1), therefore by-passing
most of the added functionalities of the TRACERLab FX N
Pro synthesizer when compared to the TRACERLab FX FN one
(e.g. the second reactor [Reactor 2] and its connected reservoirs
[Reservoir 7-11] and associated tubings). Note that valves VX3 and
VX4 as well as the associated option of using an additional
cartridge purification unit were also not requested for this process.

Synthesizer preparation

Prior to ['®FIDPA-C5yne (['®F]-1) production, the following
reservoirs and vessels were filled with the solutions described
here: [Reservoir 1]: a mixture of deionized water and acetonitrile
(30/70 v/v, 1 mL) containing 1.5mg of K,CO3 and 12-15mg of
Kryptofix®222; [Reservoir 3]: a DMSO solution (0.7 mL) containing
the tosylate 2 (4.0-5.0 mg, 7.0-8.7 umol), as the labelling
precursor; [Reservoir 4]: HPLC solvent (2mL, see [HPLC DIJ);
[Reservoir 5]: HPLC solvent (2 mL, see [HPLC DJ; [Reservoir 12]:
deionized water (10mL); [Reservoir 13]: ethanol (1.5mL);
[Reservoir 14]: aq 0.9% NaCl (8.5 mL); [Dilution flask]: deionized
water (20 mL). Note that [Reservoir 2], [Reservoir 6], [Reservoir
7-11], [Reactor 1], [Reactor 2], [Product viall, [HPLC tube], [['®0]
Water collect], [Water waste] and all other [WASTE] were left
empty. Additionally, all cartridges requested for the preparation
of ["®FIDPA-C5yne (['®F]-1) were, before being mounted on the
synthesizer, conditioned as described here: [QMA cartridge]:
Sep-Pak® Light Accell™ Plus QMA cartridge (Waters), hydroxide
form, generated from the chloride form by washing with aq 1M
NaHCO;3; (2mL) and rinsed with deionized water (20 mL) and
CHsCN (10 mL); [Alumina N cartridgel: Sep-Pak® Alumina N™
cartridge (Waters), washed with deionized water (10 mL); [C-18
cartridge]: Sep-Pak®Plus C18 cartridge (Waters), washed with
EtOH (2mL) and then rinsed with deionized water (10 mL).
Finally, the HPLC-column and system was also conditioned with
the appropriate solvent (see [HPLC D]), and DPA-C5yne (1), as
standard, was injected once.

Radiosynthesis, purification and formulation
of ['8F]DPA-C5yne (['8F]-1)

KI'®F]F-K»,> preparation (Time list 1)

The target content (oxygen-18-enriched water containing ['2F]
fluorine-18) was transferred to the TRACERLab FX N Pro
synthesiser using helium pressure (2 bars) and was first collected
in the [['®0]-water collect] vial, then sucked through the [QMA
cartridge]. At this stage, fluorine-18 was trapped, as ['®Flfluoride,
in the cartridge, and the oxygen-18-enriched water was
collected in the [Water waste] vial. ['®Flfluoride anions were then
released from the cartridge using the solution stored in
[Reservoir 1] and eluted into [Reactor 1]. The mixture was gently
concentrated to dryness using the following two heating steps
sequentially: (i) 60°C, 7min at a pressure between 30 and
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35kPa, then (ii) 120°C, 5 min under vacuum. Additional dilution
with CH3CN followed by azeotropic distillation was not
performed. The expected K['®F]F-K,», complex, ready for the
fluorination step, was obtained within 18 min.

Fluorine-18 incorporation and pre-purification (Time list 2)

The content of the [Reservoir 3] (e.g. 4-5 mg of 2 as precursor for
labelling in solution in 700 uL of DMSO) was added to the
[Reactor 1] (the latter containing the aforementioned K['8F]F-
Ky, complex). The [Reactor 1] was then heated at 100°C for
10 min and then cooled down to 50°C. The content of [Reservoir
4] (HPLC solvent, 2 mL) was added to the [Reactor 1]. The diluted
content of [Reactor 1] was then transferred under pressure
through the [Alumina cartridge] and collected in the [HPLC
tube]. The content of [Reservoir 5] (HPLC solvent, 2mL) was
further added to the [Reactor 1] and the novel content of
[Reactor 1] was then analogously transferred (under pressure)
through the [Alumina cartridge] and collected in the [HPLC tube]
too. The part of the process described here lasted about 17 min.

High-performance liquid chromatography purification and
formulation (Time list 3)

The cartridge-purified solution (about 4.7 mL) collected in the
[HPLC tube] was transferred under pressure into the HPLC
injection loop (5mL). HPLC purification started at the signal
given by the fluid detector, the latter switching the loop-valve
from the ‘load’ position to the ‘inject’ position. HPLC elution
was followed by both UV (254 nm) and radioactivity detection.
The fraction containing ['®FIDPA-C5yne (['®F]-1) was collected
separately, on the operator’s actions (clicking on the start-collect
and end-collect icons), in the [Dilution flask], prefilled with water
(20mL). Final formulation of the radiotracer was performed
automatically using a Sep-Pak Plus C18-based system. For this,
the content of the [Dilution flask] was first passed through the
[C-18 cartridge] (trapping the radiotracer), the latter being then
washed with water (10 mL, stored in the [Reservoir 12]. Elution
of the cartridge with EtOH (1.5 mL, stored in the [Reservoir 13])
afforded ['®FIDPA-C5yne (['®F]-1), which was recovered in the
[Product flask]. Addition of 0.9% aq NaCl (8.5 mL, stored in the
[Reservoir 14]) through the [C-18 cartridge] was performed at
last to complete the formulation step. HPLC purification and
formulation steps lasted about 20-25 min.

Quality control of formulated ['8F]DPA-C5yne
(["®F]-1)

Appearance test

The radiotracer preparation was visually inspected behind a lead-
shielded glass window for clarity and absence of particulates.

pH test

The pH was determined using standard pH paper using an
aliquot of the radiotracer preparation.

Identification and chemical and radiochemical purity test

Identification as well as chemical and radiochemical purity
determinations were assessed by separate analytical-HPLC
analysis, using a sample of authentic 1 as standard (particular
attention was paid to the absence of non-radioactive precursor
2 (tosyloxy derivative)). For this, an aliquot of the radiotracer

preparation (5-20 puL) was injected onto HPLC [HPLC E]. The
chemical identity was determined by UV-spectrometric analysis,
by comparison of the UV-profile, ,,,ax and retention time recorded
with those observed for the corresponding reference compound
(1) in the same HPLC system and conditions. Chemical purity
was also assessed on the UV-chromatogram based on the relative
integration of the peak areas. Radiochemical identity was also
confirmed by combined radioactive and UV-spectrometric
analysis, by comparison of the retention time of the radioactive
compound with the corresponding non-radioactive reference
compound (1). Radiochemical purity was assessed on the
radioactive chromatogram based on the relative integration of
the peak area corresponding to the radiotracer.

Specific radioactivity determination

Specific radioactivity of the radiotracer was calculated from three
consecutive HPLC analyses. For this, an aliquot of the radiotracer
preparation (5-20 uL) was injected onto HPLC [HPLC E], and for
each injection, the area of the UV absorbance peak
corresponding to the product was measured (integrated) on
the HPLC chromatogram and compared to a standard curve
relating mass to UV absorbance, allowing the determination of
the corresponding mass. The HPLC fraction corresponding to
the peak was also collected in a vial, and its radioactivity
measured in an ionization chamber (Capintec, Ramsey, NJ,
USA). The specific radioactivity, as a mean of three independent
experiments, was calculated by dividing the counted
radioactivity by the found mass (triplicate).

On-shelf stability test

Chemical and radiochemical stability of the entire preparation
was checked by HPLC. For this, aliquots of the radiotracer
preparation (20 uL) were injected onto HPLC [HPLC E] at regular
15-min intervals during 120 min. For each injection, the chemical
and radiochemical purity was determined (see in the preceding
text). Moreover, for each injection, the mass associated to the
peak corresponding to the product was calculated (using the
standard curve relating mass to UV absorbance), and its
radioactivity was also measured, before being then corrected
for the decay of fluorine-18. Values of both mass and decay-
corrected radioactivity per sample were plotted against time
and fitted for linearity.

Lipophilicity determination
LogP (n-octanol/water partition coefficient)

["8FIDPA-C5yne (['®F1-1, 1-5 kBq in 50 pL of water) was added to
a two-layer system of n-octanol (500 pL) and water (450 plL) in an
Eppendorf cap (VWR, Fontenay-sous-Bois, France). The vessel
was strongly vortexed for 3min and then centrifuged at
3000rpm for 2min. An aliquot of each layer (100puL) was
assessed for radioactivity in a cross-calibrated Perkin-Elmer
Cobra Quantum y-counter (Les Ulis, France).

LogD (n-octanol/buffer pH 7.4 partition coefficient)

The procedure described earlier was repeated by replacing water
by 0.1 M phosphate buffered saline pH 7.4 (450 uL). The partition
coefficients (LogP and LogD) were calculated as the decimal
logarithm of the ratio between the counted radioactivity in
the n-octanol phase and the counted radioactivity in the
aqueous phase.
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CLogP (calculated LogP)

CLogP values were determined using CHEMBIODRAW ULTRA 11.0.1
software (Cambridge Soft., Perkin-Elmer, Waltham, MA, USA).

In vitro stability in rat plasma
Sample preparation

Rat plasma (4 mL, prepared from whole blood by centrifugation
(5min, 3000g and at 4°C)) was spiked with 40 uL of a 10mM
DPA-C5yne (1) solution in CH3CN (final concentration: 100 uM,
maximum 1% of organic solvent). Two samples of 200 uL were
first removed, and an equal volume of CH3CN (200 uL) was
added. For each sample, the mixture was centrifuged (4°C,
3500 rpm, 5min) and the supernatant was collected. 20 uL of
each extract were then injected onto the LC-MS system, and
the peak area corresponding to DPA-C5yne was measured (time
zero). The remainder of the spiked plasma was then incubated at
37°C for 5, 15, 30, 60 and 90 min. For each time point, two
samples were removed and processed as indicated earlier.

LC-MS analyses

Liquid chromatography-mass spectrometry analyses were
performed using an lon Trap LCQ Deca XP+mass
spectrophotometer equipped with an electrospray source
(Thermo Scientific, Les Ulis, France). Pressurized nitrogen was
used as sheath gas with a flow rate of 25 units (arbitrary units
for sheath gas pressure as defined by the manufacturer). The
source voltage for ESI was 4.5kV and the capillary voltage was
38V. The capillary temperature was 275°C. The HPLC system
(Thermo Scientific) interfaced with the mass spectrophotometer
consisted of a Surveyor pump (54949 series), a Surveyor
autosampler (55989 series), a photodiode array detector (56470
series) and an analytical Atlantis C18 (Waters) column
(2.1 x 150 mm, porosity 5 um). The mobile phase consisted of A:
H,O containing 0.05% formic acid and B: CH3CN containing
0.05% formic acid. A linear gradient from 40 to 80% of B in
10 min was applied to the column at a flow rate of 200 pL/min
and returns to the initial conditions within 5min. The whole
output of the LC column was passed through the photodiode
array detector (190-600nm) before ESI probe of the mass
spectrometer (operated in the positive mode). In the full scan MS
acquisition mode, the instrument method was set up to detect
ions in the range of m/z 50-500. Data acquisition and processing
were performed with XCALBUR" software (version 2.0, Thermo
Scientific, Les Ulis, France). The peak area corresponding to
DPA-C5yne (1) was measured as a function of the incubation time.

Brain autoradiography studies with ['®F]DPA-C5yne (['®F]-1)

Brain slices of unilaterally AMPA-lesioned animals were prepared
according to reported procedures.**>' The protocol used
includes the decapitation of the animals under terminal
anaesthesia, quick brain removal and freezing in cold (—80°C,
dry-ice) isopentane followed by coronally, 10 um thick slicing of
the brain at the level of the lesion. Then, adjacent brain slices
(36 slices from the centre of the lesioned area) were taken and
incubated for 20min in Tris Buffer (TRIZMA pre-set Crystals,
Sigma®, adjusted at pH 7.4 at 4°C, 50mM with NaCl 120 mM)
containing ['®FIDPA-C5yne (111 MBq, 75 GBg/umol, 555 MBq/L,
7.4nM) alone, or ['®FIDPA-C5yne and PK11195 (20 uM), ['®F]

DPA-C5yne and DPA-C5yne (20 uM) as well as ['®FIDPA-C5yne
and Flumazenil (20 uM). Brain sections were then washed
two times for 2min and once for 10s with cold (4°C) buffer,
then exposed on a Phosphor-lmager (Storm 860, Molecular
Dynamics, Pharmacia, GE Medical systems, Germany) screen
overnight. Autoradiograms were scanned and then analysed
using the IMAGEJ software (developed by the National Institutes
of Health). A region of interest was manually drawn around the
core of the lesion, and an identical area was copy-pasted
symmetrically into the contralateral hemisphere. Binding in the
region of interest was then expressed as the number of counts
per surface unit. The TBR was calculated as the ratio of the
binding in the lesioned versus the contralateral hemisphere.
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['®FIDPA-714 as a biomarker for positron
emission tomography imaging of rheumatoid
arthritis in an animal model

Géraldine Pottier', Nicholas Bernards', Frédéric Dollé” and Raphael Boisgard'*"

Abstract

Introduction: Rheumatoid arthritis (RA) is a chronic disease, affecting 0.5 to 1% of adults in industrialized countries,
in which systemic inflammation and synovitis drive joint destruction. ['*FIDPA-714 is a specific tracer of the 18 kDa
translocator protein (TSPO), which is overexpressed on activated macrophages, and proposed as a biomarker of
neuroinflammation. Today, diagnosis of patients with early inflammatory arthritis is limited by poor sensitivity and
specificity. The present study aims to investigate the potential of ['®FIDPA-714 to monitor in vivo inflammatory
processes at a preclinical stage via positron emission tomography (PET).

Methods: RA was induced in Dark Agouti rats by subcutaneous injection of inactivated Mycobacterium tuberculosis.
Development of arthritis clinical signs was investigated daily and the severity of the disease evaluated. Animals
were imaged at the peak of inflammation using ['®FIDPA-714 and a small-animal PET-CT tomograph.

Results: The first clinical signs appeared at 10 days post-injection, with a peak of inflammation at 20 days. At this
time, PET-analyses showed a clear uptake of ["®FIDPA-714 in swollen ankles, with mean values of 0.52 + 0.18%
injected dose (ID/cc) for treated (n=11) and 0.19 + 0.09 for non-treated (n = 6) rats. A good correlation between
["®FIDPA-714's uptake and swelling was also found. Immunohistochemistry showed an enhanced TSPO expression
in hind paws, mainly co-localized with the macrophages specific antigen CD68 expressing cells.

Conclusion: These preliminary results demonstrate that the TSPO 18kDa specific radioligand ['®FIDPA-714 is
adapted for the study and follow-up of inflammation linked to RA in our experimental model, suggesting also a
strong potential for clinical imaging of peripheral inflammation.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory dis-
order that can affect many tissues and organs. This dis-
ease leads to progressive joint destruction principally
due to synovial inflammation, but also to articular com-
plications and functional disability. In addition to caus-
ing joint problems, RA can also affect the whole body
with fevers and fatigue. RA is a systemic autoimmune
disease that also leads to many disorders in organ sys-
tems and is associated with other diseases, including in-
fections, malignancies and cardiovascular diseases. One
percent of the world's population today is affected by
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RA with a repartition much more common in women
than in men with ages ranging from 40 to 60 years [1].
Smoking is the main environmental risk factor for devel-
oping RA. Other potential risks, including alcohol abuse,
vitamin D status, contraception use and coffee intake,
have been reported too [2].

The detection of RA is important in clinical strategies
that include early treatments which may slow down the
disease progression and improve the long-term clinical
outcome. Criteria proposed in 1987 by the American
College of Rheumatology (ACR) 1987 are rather limited
by the poor sensitivity and specificity for the classifica-
tion of patients with early RA [3]. These criteria include
morning stiffness, arthritis of three or more areas, arth-
ritis of hand joints (>1 swollen joint), rheumatoid nod-
ules, serum rheumatoid factor, radiographic changes
(erosions). However, early events failed to be detected by

© 2014 Pottier et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited.
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those means. Until today, identification of bone changes
in RA is traditionally the domain of plain radiography.
In parallel to this, other techniques such as Magnetic
Resonance Imaging and Ultrasound have demonstrated
a superior sensitivity for the detection of erosive changes
around the bone. Several teams have shown that sub-
clinical arthritis can be detected by advanced imaging
techniques such as sonography or power Doppler [4-6].
The development of non-invasive, highly sensitive and
3D-imaging-based methods for detecting early arthritis
could also offer an opportunity to initiate treatments at
very early stages to the patient.

Molecular- and nuclear-based imaging techniques offer a
large scale opportunity for detection of diseases. These
techniques are based on the use of tracers labeled with
radioactive isotopes and allow non-invasive in vivo detec-
tion of different physiologic and pathologic phenomena
with high sensitivity. Positron Emission Tomography (PET)
is one of those that are increasingly used to diagnose and
characterize disease activity in the setting of inflammatory
disorders such as RA [7-10]. PET is even more sensitive
than Single Photon Emission Computed Tomography
(SPECT) and can also provide quantitative measurements.
The low spatial resolution can make assigning the signal to
specific anatomical structures difficult and can be partially
compensated by combining PET with CT (X-ray Computed
Tomography). [*F]Fluorodeoxyglucose ([**F]FDG), a radio-
fluorinated analogue of glucose and the most widely used
radiopharmaceutical worldwide today, was proposed for
imaging RA [11,12]. Using this radiotracer, inflamed joints
could be detected even though ["®F]FDG is not a specific
marker of inflammation. Macrophage infiltration has been
identified in early stages of RA [13], and therefore a spe-
cific tracer of such a process would be more specific and
possibly also enable an earlier detection of inflammation.
Recently, expression of the folate receptor has been inves-
tigated in a rat model of RA using [*®F]fluoro-PEG-folate
[14] illustrating the interest for molecular imaging in this
type of pathology.

The 18kDa translocator protein (TSPO), previously
known as the peripheral benzodiazepine receptor (PBR), is
located in the outer mitochondrial membrane [15]. This
protein is up-regulated in inflammatory processes, making
radiolabeled TSPO ligands attractive imaging probes in a
multitude of pathologies. Different TSPO ligands have
already been used as imaging probes in different animal
models of human diseases such as cancer [16], cerebral is-
chemia [17], lung [18] and liver diseases [19].

Today, [''C]PK11195 is still considered as the reference
radioligand for imaging in vivo TSPO expression mainly
in central nervous system disorders and rarely in the case
of peripheral inflammatory diseases. Numerous publica-
tions in the recent literature have, however, highlighted
the limitations of this radiotracer for quantitative in vivo
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measurement of TSPO expression [20] and several novel
TSPO radioligands have been developed today as alterna-
tives to the use of [''C]PK11195 [21-23]. Among them,
the pyrazolo [1,5] pyrimidine acetamide DPA-714, labeled
with fluorine-18 (['*®F]DPA-714) is one of the most prom-
ising compounds. For the moment, [*®F]DPA-714 is
mainly used to image brain injury in various animal
models [17,24-26] but also in the field of oncology with
applications in breast cancer [27] and glioma [28]. Interest
for the molecular imaging of peripheral inflammation has
also been investigated recently in non-alcoholic fatty liver
disease in rats [19] and lungs by the same team [18] using
another radiolabelled TSPO ligand ([*®F]FEDAC). Re-
cently, [''C]PK11195 has been shown to be of potential
interest in imaging arthritis in humans [7,10,29]. The
visualization of macrophages using [''C]PK11195 PET
seems to be useful for detecting early synovitis and for
monitoring disease evolution during treatment.

The present study aims to investigate the potential of
[*®F]DPA-714 PET to image and quantify in vivo periph-
eral inflammation in an autoimmune adjuvant-induced
RA rat model.

Methods

Animals

Male Dark Agouti rats (216.7 g+ 16.4 g) were purchased
from Centre d’Elevage René Janvier (Saint Berthevin,
France), housed and acclimatized for one week before treat-
ment with free access to food and water. Animal studies
were conducted in accordance with the French legislation
and European directives (2010/63/UE) on the uses of ani-
mals in research. Experiments were done in the approved
French laboratory D 91 471 105 from 2 August 2012, under
the supervision of the institutional ethical committee
(CETEA DSV, recorded in 6 June 2011 under No. 44 by
CNREEA, National Committee for ethical reflection on
animal experimentation).

Preparation of CFA (complete Freund’s adjuvant)
Mycobacterium tuberculosis H37 Ra (Mtb) and incomplete
Freund’s adjuvant (IFA) were purchased from Difco La-
boratories (USA). CFA was prepared as follows: IFA
(20 mL) was drop-wise added, with continuous mixing, to
finely crushed Mtb (100 mg). The resulting oily prepar-
ation (Mtb: 5 mg/mL) may be temporarily stored at -20°C
if not readily used.

Induction of RA

Rats were anesthetized with an isoflurane/oxygen mix-
ture (2 to 4%). Induction of RA was performed for each
rat by intra-dermal injection at the base of the tail of
100 pL (single dose) of the above reported CFA.
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Clinical evaluation of RA

Rats were observed daily. Animals were weighed and de-
velopment of arthritis clinical signs investigated every
two days. The clinical severity of RA was evaluated ac-
cording to the following scale: 1 = detectable swelling in
one joint; 2 = swelling in two joints; 3 = swelling in three
joints; 4 = severe swelling of the entire paw. The max-
imum score per animal for the four paws was 16. Each
observation was done under short anesthesia using an
isoflurane/oxygen mixture (2 to 3%).

['®FIDPA-714 preparation

DPA-714 was labeled with fluorine-18 (half-life, 109.8
minutes) at its 2-fluoroethylmoiety using a tosyloxy-for-
fluorine nucleophilic aliphatic substitution, according to
slight modifications of procedures already reported [30,31],
and using a commercially available GE TRACERLab FX-
EN synthesizer [32]. Ready-to-inject, >99% radiochemically
pure ['*F]DPA-714 (formulated in physiological saline con-
taining less than 10% of ethanol) was obtained with 15 to
20% non-decay-corrected yields and specific radioactivities
at the end of the radiosynthesis ranging from 37 to
111 GBq/umol. Injected doses (MBq and nmoles, mean +
SD) will be given within the text.

PET/CT imaging and data analysis

PET/CT scans were performed using small-animal
INVEON (Siemens, Munich, Germany) tomography. This
system combines both PET and CT modalities under the
control of a unique workstation, including CT-based at-
tenuation correction which allows for superior quality
PET images. PET/CT scans were performed around the
peak of the disease (20 days) following CFA-injection in
all animals showing a clinical score ranging from 1 to 16
as well as in control animals (free of injection).

Animals were anesthetized with an isoflurane/oxygen
mixture (2 to 4%) and maintained normothermically using
a heating pad. Injections of [*®F]DPA-714 were made in
the caudal lateral vein using a 24-gauge catheter.

Dynamic acquisitions were done as follows: im-
aging started at the time of injection of ['*F]DPA-714
(38.0 +/ -3.1 MBq/rat corresponding to 2.2 +/ -0.8 nmol
by injection) and continued for 60 minutes (n=>5).
Static acquisitions were obtained 45 minutes after injec-
tion of the radiotracer and lasted for a period of 15 mi-
nutes (n=6). In displacement studies (n=3) animals
received, 30 minutes post [**F]DPA-714-injection, a so-
lution of DPA-714 (5 mg/kg) intravenously. Data acqui-
sition was continued for another 30 minutes.

All PET-measurements were performed with a time co-
incidence window of 3.432 ns and the energy levels of dis-
crimination at 350 keV and 650 keV. The list mode data
files were histogrammed into 3D-sinograms with a max-
imum ring difference of 79 and a span of 3. Images were
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reconstructed using ASIPro (Siemens) with the FORE +
OSEM2D algorithm (16 subsets and 4 iterations).

Image analysis and quantification of radioactivity in
volumes of interest were performed using Brain-Visa/
Anatomist version 3.1 [33]. Regions of interest (ROIs)
were drawn on the ankle joints. These ROIs were then
projected onto all dynamic frames, thereby creating time
activity curves for each ROI Radioactivity uptake values
were quantified in Bq per cubic ¢cm (cc) of tissue, cor-
rected for fluorine-18-decay and converted into the per-
centage of injected dose per cubic cm (% ID/cc).

Histology
After rat euthanasia (lethal dose of pentobarbital 150 mg/
kg), the paws were then collected and fixed in 10% (v/v)
buffered formalin phosphate (Labonord, France) for 24 h
to 48 h, before being decalcified using Immunocal (Decal
Chemical Corporation, USA) for two weeks. After decalci-
fication, the paws were frozen in liquid nitrogen and
stored at -80°C before being sliced with a cryotome (Leica
CM3050, Germany). Finally, the ankle joints were cut in a
sagittal plane and sectioned at 5 pm.

Selected sections were stained with Mayer’s hematoxylin
solution (Sigma, USA) and eosin-y (Labonord, France) or
directly used for immunohistochemistry.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on 5 um
frozen sections of paw slices. Slices were placed for 15 mi-
nutes in fixative containing 4% paraformaldehyde in PBS
(phosphate-buffered saline), then removed and placed in
50 mM aq. NH,4CI for 5 minutes. Slices were then placed
in PBS containing 5% BSA (bovine serum albumin)
(Merck, Germany) and 0.5% Tween 20 (Sigma, USA) for
five minutes at room temperature (RT). Finally, slices were
incubated (1 h, RT) with the following primary antibodies
in solution in the above mentioned buffer: mouse anti-
CD68 (MRA341R, 1:100; Serotec, Germany), goat anti-Iba
1 (ab5076, 1:100; Abcam, UK) and rabbit anti-TSPO
(NBP1-95674, 1:1,000; Novus Biologicals, UK).

Slices were then washed three times with PBS and then
incubated (30 minutes, RT) with Alexa Fluor-546 donkey
anti-mouse (A10036, 1:1,000; Invitrogen, France), Alexa
Fluor-647 donkey anti goat (A21447, 1:1,000; Invitrogen,
France), Alexa Fluor-488 goat anti-rabbit (A11034; 1:1,000;
Invitrogen, France), respectively, in a solution of PBS con-
taining 5% BSA and 0.5% Tween 20.

Slices were again washed three times in PBS and then
mounted with a DAPI Kit (P36931 Invitrogen, France).

The number of CD68-, TSPO- and Ibal-positive cells
were counted under the x20-objective of an Axio obser-
ver Z1 microscope (Zeiss, France) on seven fields of
view taken from three adjacent sections per rat.
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Statistical analysis

Statistical analyses were conducted using Microsoft Excel
software. A significant difference between arthritic and con-
trol groups was determined at each point by the one-tailed
Student’s ¢-test. A P-value of less than 0.05 was deemed as
significant.

Results

Rheumatoid arthritis model

An arthritic model was induced by a single dose injec-
tion of 0.5 mg of Mycobacterium tuberculosis H37 Ra
(Mtb) in male Dark Agouti rats (DA rats). During the
disease progression, two parameters were followed: the
bodyweight and the joint swelling. These parameters are
both reported as systemic RA symptoms. Figure 1A il-
lustrates the typical clinical course of the RA in DA male
rats after injection of Mtb. The initial signs of arthritis
appeared around 10 to 13 days after the injection, mostly
as swelling of the metatarsophalangeal or ankle joints of
the hind paws. The inflammation progressed to the en-
tire hind paw (Figure 1B) and at a later stage, the joints
in the front paws also became inflamed. The inflamma-
tion’s peak appeared at around 20 days after Mtb-
injection; thereafter, the swelling progressively declined
and disappeared by about 40 days after Mtb-injection.
The body weight of treated animals started to decrease
six to seven days post-Mtb-injection. A loss of weight of
up to 18.5% could be observed. This loss of weight
stopped with the decrease of the inflammation. No
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apparent clinical symptoms occurred for the non-treated
animals. As expected for this group, a regular weight
gain was observed.

Histological evaluation of the RA model

The arthritic effects of the RA model were analyzed on
histological joint sections stained with Hematoxylin and
Eosin at 20 days post-Mtb-injection. Severe signs of in-
flammation could be detected in treated rats (Figure 2B)
with an increased amount of infiltrated inflammatory
cells (such as lymphocytes and macrophages) while only
scarce proliferation was observed in non-treated rats
(Figure 2A). Immunohistochemical staining on joint sec-
tions was also performed in order to characterize TSPO
expressing cells. Specific antibodies directed against
CD68 and Iba 1 confirmed the significant increase of ac-
tivated macrophages in treated (RA) rats (Figure 3A, C)
compared to non-treated rats (Figure 3B, D). TSPO-
labeling on the RA rats’ joints slides (Figure 3E) was
mainly co-localized with CD68-labeling. Cell counting
showed that 23% of the cells present in the ankle were
CD68 positive. Among them, 95% expressed TSPO and
only about 5% were TSPO negative. In the inflamed
ankle, around 4% of the cells were visualized expressing
only the TSPO (CD68-). In non-treated animals, these
cell activations were not visible in joint slides and the
proportion of CD68 positive cell was less than 1%
(Figure 3F).
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Figure 1 Model of arthritis in Dark Agouti rats. (A) Mean arthritic score and weight evolution at different times after injection of
Mycobacterium tuberculosis H37 (Mtb, at the base of the tale) in non-treated (n=6) and treated (n=11) Dark Agouti (DA) rats. (B) lllustrations of
paws of non-treated (healthy) DA rats (i, iii) and treated (Mycobacterium tuberculosis H37 Ra (Mtb)) rats (ii, iv) at 14 days. *P <0.05; **P <0.001.
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treated rats (B) were analyzed at 20 days post-injection using Hematoxylin and Eosin stained sections from ankle joints (hind paw). The
histological architecture shows synovial hyperplasia and infiltration of inflammatory cells. (Magnification x200).

Uptake of ['®FIDPA-714 in paws (ankles) of RA rats and
non-treated rats

The capacity to detect and quantify peripheral inflamma-
tion lesions in the hind paw of rats in vivo was evaluated
by microPET imaging using ['*F]DPA-714. Figure 4A
shows an image of a coronal section in which increased
uptake of [**F]DPA-714 in ankles of Mtb-treated (RA) rat
(4A, i) compared to non-treated (control) rat (4A, ii) at
20 days. Both images are represented using the same color
scale. A sharp increase of the radiotracer’s uptake in the
ankles of the treated rat is clearly illustrated (indicated by
white arrows). A typical time-activity curve observed in
the hind paw of a treated rat at 20 days post-Mtb-
induction, scored 4 (clinical severity grade) is represented
in Figure 4B. As shown, the uptake of ['*F|DPA-714 rap-
idly reached a maximum and steady value, only a few
minutes following the iv. injection of the radiotracer and
remained stable throughout the 60-minute acquisition.
The mean ['*F]DPA-714 uptake value in treated animals
was more than twice that of the non-treated animals.
Values reaching 0.52 +0.18 and 0.19 +0.09% ID/cc were
found for treated animals (n=11 with a score ranging
from 5 to 16) and non-treated animals (n = 6), respectively
(Figure 4C). These results were statistically significant with
a P-value of 0.00008 (t-test).

In vivo specificity

To eliminate the possibility that [**F]DPA-714 uptake
was driven by unspecific processes, and also to evaluate
at the same time the specificity of this binding, animals
were injected 30 minutes post-["*F]DPA-714 administra-
tion, with a large excess (5 mg/kg of body weight) of
DPA-714 (unlabeled). Figure 5A permits us to compare
the same animal just before injection (5A, i) and 15 mi-
nutes after injection of unlabeled DPA-714 (5A, ii). An
important decrease of the signal in the ankles as well as
an increase of the background signal (illustrated by the

higher signal in the muscle) could be noticed following
the intravenous injection of non-labeled DPA-714. This
increase of background could mainly be explained by
the release of ['*F]DPA-714 from the heart, lungs and
spleen, three organs characterized by a high level of
TSPO expression. Figure 5 illustrates the mean curve of
displacement carried out on four different animals with
similar grades of the disease. The mean radioactivity in
this group of animals is around 0.46 +/- 0.06% of ID/cc
just before the displacement challenge and decreased to
0.27 +/- 0.03% of ID/cc at 30 minutes after the injection
of unlabeled DPA-714. This variation corresponds to a
displacement around 45% of the initial signal present in
the ankles. During the same time, the mean value in the
muscle increased from 0.06 +/-0.01% ID/cc to 0.20 +/-
0.01% ID/cc corresponding to a variation around 300%.

Correlation between the uptake of ['®FIDPA-714 and the
severity of the disease

To analyze the relation between the uptake of the radio-
tracer and the inflammatory status, the ID/cc and the
volume of the ankle were plotted as presented in
Figure 6. A linear regression, using the least square
method, gave a determination coefficient of R* equal to
0.65 illustrating a good relation between the uptake of
this radiotracer and the severity (swelling) of the disease.

Discussion

The present study used a readily accessible, small
molecular weight, fluorine-18-labeled compound, coded
DPA-714, as the radiotracer for the inflammatory pro-
cesses. This TSPO radioligand has been largely used to
monitor neuroinflammation. The results published re-
cently in various articles illustrate the potential of [*®F]
DPA-714 to provide quantitative information about the
expression of TSPO with correlation between the radio-
active signal obtained by PET imaging and the molecular



Pottier et al. Arthritis Research & Therapy 2014, 16:R69
http://arthritis-research.com/content/16/2/R69

Page 6 of 10

Treated (Arthritic) rat

Ibal

CD68

TSPO + CD68

MERGE CD68

C D
100 pm 100 pm
F

Figure 3 TSPO expression in hind paws of RA rats is associated with activated macrophages. Slide tissues of treated (RA) (A and C) and
non-treated (control) rats (B and D) were stained with CD68 (red) or Ibal (red) for activated macrophages. Nucleuses were colored with DAPI
(blue). Representative IHC staining of TSPO positives cells (green) from treated (RA) rats (E) and non-treated (control) rats (F) and the
colocalization with CD68 cells (red) are also shown. IHC, immunohistochemistry; RA, rheumatoid arthritis; TSPO, translocator protein.

Non-treated (control)

TSPO DAPI

expression of the target, at a cellular level, obtained by
Western blot analysis [16,24]. In our inflammatory
model, biochemical analysis could not be easily per-
formed due to the presence of bones and cartilages. For
this reason we chose to illustrate the increase of TSPO
using IHC. This approach, done on fixed tissues, re-
quired a decalcification step to permit the slicing of the
articular tissues. These analyses were done on control,
mild and severe inflammatory grade permitting us to
visualize an increasing number of CD68 and TSPO posi-
tive cells (data not shown). The combination of both
["®*F]DPA-714 PET imaging and IHC clearly illustrated
the increase of TSPO expression in the ankles of treated
rats in comparison to non-treated animals. IHC using

CD68 showed the important infiltration of white blood
cells, mainly macrophages, in the ankle. The CD68 posi-
tive cells represented around 25% of the cells counted on
tissue samples from inflamed ankles. Co-labeling using a
TSPO antibody showed that 95% of these CD68 marked
cells were also TSPO positive. TSPO is expressed in mito-
chondria whereas CD68 is mainly localized in cytoplasmic
granules. This non-overlap, adding to the counting error
incertitude, does not permit us to affirm that some CD68
positives cells are really TSPO negatives. These types of
cells (TSPO-; CD68+) represent less than one percent of
total cells counted in the different fields of view for this
quantitative approach. On the other hand, around 4% of
total cells by field of view are TSPO + and CD68-. This cell
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0.6%ID/cc
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Figure 4 Enhanced uptake of ['®FIDPA-714 in paws (ankle) of RA rats versus control using microPET. (A) Representative images in coronal
sections of the increased uptake of ["®FIDPA-714 in the ankles of a Mtb-treated (RA) rat (A, i) compared to non-treated (control) rat (A, ii) at 20 days.

(B) Kinetics of ['®FIDPA-714 uptake for non-treated and Mtb-treated (RA) rats. (C) Mean of ['®FIDPA-714 uptake at 55 minutes for treated (RA) (n=11)
versus non-treated (control) (n = 6) group. **P =0.00008. Mth, Mycobacterium tuberculosis H37 Ra; PET, positron emission tomography; RA, rheumatoid arthritis.
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population could represent other immune cells, such as
lymphocytes or macrophages as suggested by the presence
of Ibal+/CD68- or MRP8+/CD68- cells.

Conventional radiography is nowadays considered as
the gold standard in RA imaging for the evaluation of
structural damages. The main limitation with this tech-
nique is that its sensitivity is considered to be low and
also that it is not able to assess the disease activity.

Recently, an international group of expert rheumatolo-
gists, radiologists and methodologists published some rec-
ommendations for the use of imaging of the joints in the

clinical management of rheumatoid arthritis [34]. They
compared the potential of different imaging techniques for
diagnosis of RA, detecting inflammation and damage, pre-
dicting outcome and response to treatment, monitoring
disease activity, progression and remission. These tech-
niques, conventional radiography, MRI, CT, dual emission
X-ray absorptiometry, digital X-ray radiogrammetry are
anatomical images based mainly on density alteration of
bones and cartilages. Two other techniques were included
in this comparative study, SPECT and PET imaging. These
two nuclear-based approaches mainly provide information
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Figure 5 Displacement experiment by unlabeled DPA-714. (A) Visualization of the same animal (treated) just before injection of unlabeled
DPA-714 (A, i) and 15 minutes after injection of unlabeled DPA-714 (A, ii). (B) Kinetics of ['8F] DPA-714 uptake in the ankles and muscle, followed
by DPA-714. Arrow indicates time of displacement, 30 minutes after radiotracer injection.
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Figure 6 Correlation between uptake and severity. For each
animal, the ID/cc and respective volume of the ankles were plotted.
The linear regression, using the least square method, gives a
determination coefficient R” equal to 0.65.

on biological functions (molecular imaging) as opposed to
anatomical imaging. In arthritis, anatomical alterations of
bone, cartilage or at least severe stage tendon swelling,
represents a late stage of the disease with clinical symp-
toms illustrative of a long molecular process of inflamma-
tion. Concerning the diagnosis of RA, precocity has been
described as an important point to implement appropriate
therapeutics and thus limit structural alterations and de-
layed invalidity associated with this disease. Molecular im-
aging, such as TSPO PET imaging, represents a possibility
of following early events in the physiopathology of RA. It
has, therefore, been proposed that [HC]PK11195 PET im-
aging could be used for detecting early synovitis and for
monitoring the evolution of the disease during treatment
[7,10]. The present work, performed in a rat RA model,
demonstrates that [*®F]DPA-714 can be used to image in-
flammation of joints non-invasively. The specificity of the
uptake was assessed here by intravenous injection of a
large amount of unlabeled DPA-714. This injection dis-
placed specific binding of [**F]DPA-714 by saturation of
TSPO binding site by a non-labelled compound. The phe-
nomena took place in an inflamed area but also in every
organ with a physiological high content of TSPO inducing
plasma release of a large quantity of ['*F]DPA-714. This
effect is illustrated by the huge increase in an unspecific
signal quantified in the muscle with a variation from 0.06
to 0.20% of ID/cc (Figure 5B). In the inflamed ankles,
the displacement leads a decrease of the signal around
45%. After administration of unlabeled DPA-714, the
ankle-to-muscle ratio in these animals was around 1:4
while this ratio was 7:8 before administration. This value
illustrates that the signal quantified in the ankle after dis-
placement is largely due to background corresponding to
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free ['®F]DPA-714 (not bound to the TSPO 18kDa). In the
inflamed areas it has been shown that the vascular density
is also increased. This high vascular density can increase
the volume of blood in the considered area and participate
in the higher signal in comparison to normal ankles or
muscle use as the reference area. Local inflammation also
induces edema. Edematous areas are well known to
present high oncotic pressure inducing extravasation of
macromolecules. This phenomenon was not described for
small ligands, such as DPA-714, with a molecular weight
around 400 g/mol. This hypothesis is certainly not the ex-
planation concerning the remaining radioactivity present
in the ankle after displacement. The level of radiotracer
accumulation in the swollen hind paws correlates to the
thickness of the ankles, and is chosen as macroscopic cri-
teria for the severity of the disease (Figure 6). In this
graph, uptake results were expressed as density by number
of the receptors by volume unit here extrapolated as
Bequerel/cc corrected by the ID/cc. The fact that the in-
crease of ankle volume was linked to an increase of the
TSPO density (for example, [*F]DPA-714’s uptake) un-
derlines the relation between the severity of the disease
and the level of TSPO expression. This functional infor-
mation represents an important point concerning the abil-
ity of imaging techniques to evaluate disease activity, a
parameter simply not accessible using conventional ana-
tomical imaging approaches. Another criterion that repre-
sents a large interest for rheumatologists is the potential
of such non-invasive imaging tools and techniques to pre-
dict the evolution of the disease.

Conclusion

The results of the present work demonstrates that the use
of the TSPO-targeting PET-ligand ['*F]DPA-714 is well-
adapted to the study of peripheral inflammation in an ex-
perimental rodent model of RA. [®F]DPA-714 PET im-
aging may provide new objective parameters to evaluate
the early stages of the disease and to determine disease ac-
tivity, also suggesting a strong potential of this technique
for clinical investigation of peripheral inflammation.
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ARTICLE INFO ABSTRACT

Article history: A series of four novel analogues of DPA-714, bearing a fluoroalkynyl side chain (with a length ranging
Received 29 August 2013 from three to six carbon atoms) in replacement of the fluoroethoxy motif, have been synthetized in six
Revised 24 January 2014 steps from commercially available methyl 4-iodobenzoate. The synthetic strategy for the preparation
:\CIZ?E‘;(; izljiizuf?;lfr?};y 2014 of these N,N-diethyl-2-(2-(4-(w-fluoroalk-1-ynyl)phenyl)-5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-

yl)acetamides (7a-d) consisted in derivatizing a key iodinated building block featuring the pyrazolopyr-
imidine acetamide backbone of DPA-714, by Sonogashira couplings with various alkynyl reagents. The

g‘;&"_"gq‘f; nalogues resulting alkynols were subsequently fluorinated, yielding the expected target derivatives. All four ana-
TSPO 18 kDa logues exhibited slightly higher affinity and selectivity towards the TSPO 18 kDa (K; vs [*H]PK11195:
Fluorinated ligands 0.35-0.79 nM; K; vs [>H]flunitrazepam: >1000 nM) when compared to DPA-714 (K; vs [>H]PK11195:
Metabolism 0.91 nM; K; vs [>H]flunitrazepam: >1000 nM). Lipophilicities (HPLC, logD-4) increased with the chain
PET imaging length (from 3.6 to 4.3) and were significantly higher than the one determined for DPA-714 (2.9).

Preliminary in vitro metabolism evaluation using rat microsomal incubations and LC-MS analyses
showed, for all four novel analogues, the absence of defluorinated metabolites. Among them, the fluorop-
entynyl compound, DPA-C5yne (7c), was selected, labelled in one single step with fluorine-18 from the
corresponding tosylate and in vivo evaluated with PET on our in-house-developed rat model of acute
local neuroinflammation.

© 2014 Elsevier Ltd. All rights reserved.

The translocator protein (TSPO 18 kDa), formerly known as the
peripheral benzodiazepine receptor (PBR), is a highly lipophilic
tryptophan-rich protein comprising 169 amino acids.' It is
located in the outer mitochondrial membrane of cells where it
combines with a 32 kDa voltage-dependent anion channel (VDAC)
and a 30kDa adenine nucleotide carrier (ANC).>* This trimeric
complex, involved in the mitochondrial permeability transition
pore (MPTP), plays an important role in certain transport pro-
cesses. For example, it is well-established that TSPO controls the
translocation of cholesterol from the outer to inner mitochondrial
membrane, where it is converted to pregnenolone, a key interme-
diate for the biosynthesis of steroids.” While it is minimally
produced in the healthy brain,° the translocator protein is

* Corresponding author.
E-mail address: annelaure.damont@cea.fr (A. Damont).

http://dx.doi.org/10.1016/j.bmcl.2014.01.080
0960-894X/© 2014 Elsevier Ltd. All rights reserved.

overexpressed in inflamed brains.”~® As a result, TSPO has become
over the years an attractive biological target for imaging neuroin-
flammatory disorders, for example in Alzheimer’s or Parkinson’s
disease, using PET.!°

Regarding TSPO tracers, the first PET-radioligand synthesized,
the isoquinoline carboxamide [''C]PK11195 (Fig. 1), has been used
clinically since 1984.!! Even though it is still considered as a stan-
dard, [''CJPK11195 presents serious limitations for PET imaging
such as a poor signal-to-noise ratio and low brain penetration as well
as the short radioactive half-life of carbon-11 (¢, = 20.4 min).'?
These drawbacks have encouraged the design of improved radiotra-
cers.’>"'® For instance, in the phenoxyphenyl acetamide class,
[''C]DAA1106 was found to exhibit a higher specificity'°~! and its
fluorinated analogue, FEDAA1106, labelled with the longer half-
lived positron-emitter fluorine-18 (t;,2 = 109.8 min), turned out to
be also a better radioligand, with a better signal-to-noise ratio



V. Médran-Navarrete et al./Bioorg. Med. Chem. Lett. 24 (2014) 1550-1556 1551

| R
11
["CIPK11195 [''CIDAA1106 oH,
['®FIFEDAA1106 | (CH.),'F
A N=N
R
N
o
o
NPr,
‘ R NEt,
Alpidem ‘ Cl ["'CIDPA-713
['®FIPBR111 O(CH,)3"®F

18 0 (@)
O\\‘) T\Ii/@
N™ X
|

| R'| R?
" ["c]PBR28 H | "CHs
["FIPBRO06 6-['8FIF-PBR28 | '8F | CHy
['8FIFEPPA H | (CH2)'®F
18F
~ i RE F
X = =~ )n

n=1,23o0r4
NEt, | X NEt,
['®FIDPA-714 (o] DPA-714 alkynyl analogues
['®F]CfO-DPA-714 | CH2

Figure 1. Selected TSPO ligands, including, at the right bottom corner, the general structure of the DPA-714 alkynyl analogues synthesized in the present work.

compared to [''C]PK11195.?>%% ['8F]PBRO6 is another representa-
tive of this series that has been labelled with introduction of the fluo-
rine-18 at the N-acyl function.’*?*> Concomitantly, carbon-11 or
fluorine-18-labelled compounds featuring a pyridine motif were
developed. Among them, [!'C]PBR28, a ligand displaying encourag-
ing in vivo imaging properties,”°>? and the fluorinated analogues
6-['8F]fluoro-PBR28 and ['®F]FEPPA, were reported in the litera-
ture.*3°

Another class of high affinity TSPO ligands gathers compounds
related to the imidazopyridine alpidem>® (Fig. 1). A well-known
fluorine-18-labelled example of this class is ['®F]JPBR111.27%
Bioisosteric derivatives such as pyrazolopyrimidine acetamides
have also been developed to target the TSPO. Within this sub-class,
the best known compounds are [''C]DPA-713%°"*° and ['8F]DPA-
714%24346-59 (Fig 1), both already in vivo evaluated at the preclin-
ical and clinical stage. Even though ['8F]DPA-714 has a slightly
higher lipophilicity than ['!C]DPA-713, which could lead to an
increased non-specific binding, this radioactive compound allows
longer imaging protocols and therefore can be considered as a
more suitable radiotracer. The use of radioligands belonging to this
class may also facilitate accurate quantitative interpretation of the
PET data. Indeed, pyrazolopyrimidine acetamides show a relatively
low difference in affinity (~4 fold) between the high- (HABs) and
the low- or the mixed-affinity binders (LABs/MABs), when com-
pared to the N-benzyl-N-(2-phenoxyaryl) acetamides PBRO6 (~17
fold) or PBR28 (~50 fold).°°~5% Thus, the impact of inter-individual
variations which are linked to the expression of different TSPO
binding sites encoded by the rs6971 polymorphism at the gene
level could be reduced, and may not require subject genotyping.

Recent studies clearly demonstrated ['®F]DPA-714 that rapidly
and extensively undergoes in vivo metabolism in both rodents
(rats) and non-human primates (baboons). In particular, the
observed fluoroethoxy side chain cleavage leads to the formation
of small radiometabolites entering the brain and lowering PET
imaging quality and restraining quantitative analysis.®*%*
Regarding this metabolic pathway, we intended to improve DPA-
714 stability by replacing the oxygen atom bridging the phenyl
group and the fluoroethyl motif by a methylene unit. Such a
modification gave rise to a new compound named CfO-DPA-714
whose corresponding fluorine-18-labelled version (['8F]CfO-DPA-
714, Fig. 1) has recently been prepared and is currently evaluated
in vivo.5®

In this article, we report the chemical synthesis (Schemes 1 and
2)of anew subclass of DPA-714 analogues featuring an alkyne triple
bond and a short alkane spacer linking the pyrazolopyrimidine
scaffold and the fluorine atom (Fig. 1). The series includes four
compounds with a side chain ranging from three to six carbon atoms
(7a-d). Preliminary evaluation of some of their physical and in vitro
biological properties (log D74, K; against [°’H]PK11195 and [*H]fluni-
trazepam) as well as in vitro metabolism studies for all four
compounds are described. In addition, fluorine-18-labelling and
first in vivo PET-imaging of one of them is also presented herein.

The synthesis of DPA-714 alkynyl analogues 7a-d was envis-
aged from the key iodopyrazolopyrimidine 5 using the pathway
depicted in Scheme 1.

Thus, the synthesis of compounds 7a-d started with a nucleo-
philic addition of acetonitrile carbanion on the commercially avail-
able methyl 4-iodobenzoate 1, leading to 3-oxopropanenitrile 2
upon the loss of the methoxide moiety. The reaction, initially per-
formed with NaOMe in boiling acetonitrile,’® was improved by
using n-Buli as a base at low temperature.®® This strategy allowed
to decrease ester hydrolysis and resulted in an improved reaction
yield of 70% compared to maximum 45% when using NaOMe.
The resulting B-ketonitrile 2 was then C-alkylated with N,N-dieth-
ylchloroacetamide in presence of Nal in ethanolic sodium hydrox-
ide. This reaction usually took a few days to reach completion and
resulted in the formation of the expected N,N-diethylamide 3 with
a modest yield of 40%. In the next step, compound 3 was subjected
to a first cyclization using monohydrated hydrazine in refluxing
acetic acid to lead to the aminopyrazole 4 which was isolated in
a moderate yield of 39%. Finally, reaction of compound 4 with ace-
tylacetone in boiling ethanol for 5 h allowed the pyrazolopyrimi-
dine ring formation in 77% yield, and moreover in a clean and
easy way since no side-product formation was observed. While
cooling down the reaction mixture, the iodopyrazolopyrimidine 5
often crystallized in a pure form (shiny white solid) that did not
require additional purification. In our synthesis strategy, com-
pound 5 was a key intermediate since it could give access to a wide
range of fluorinated alkynyl compounds in a straightforward (two
steps) and versatile way. To generate the analogues 7a-d, first
Sonogashira couplings between 5 and the appropriate alkynyl alco-
hols were carried out to give the alkynols 6a-d in good to excellent
yields (69-94%). Then, compounds 6a-d were submitted to fluoro-
deoxygenation using Deoxofluor® in methylene chloride to yield
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Scheme 2. Synthesis of the DPA-714 alkynyl analogue 7a. Reagents and conditions: (a) 2-propyn-1-ol, Cul, Pd(PPhs),Cl,, Et,NH, 24 h, rt; (b) deoxofluor®, CH,Cl,, 2 days, rt; ()
n-BuLi, CH3CN, THF, 30 min, —60 °C then compound 9, 2 h, —60 °C; (d) NaOH, EtOH, 15 min then CICH,C(O)NEt,, Nal, 4 days, rt; (e) N,H4-H,0, AcOH, EtOH, 5 h, 80 °C; (f)

acetylacetone, EtOH, 8 h, 80 °C.

7b-d with variable efficiency (19-62%). Typically, the reaction
mixture was worked up after 48 h. For analogue 7b, it is important
not to run the reaction for too long otherwise a side-product
involving allene formation is produced.

Finally, analogues 7b-d were produced in six steps with
chemical purities higher than 95% ('H NMR). Their structures were
confirmed by 'H NMR, *C NMR and MS (Table 1).

Regarding the analogue 7a, since the fluorodeoxygenation
turned out to be only partially successful when applied to alcohol
64, a different pathway was considered (Scheme 2). For the prepa-
ration of this compound (7a), the major improvement was made by
performing the fluorination at the very beginning of the synthesis
as depicted below (Scheme 2).

Thus, starting with the iodoester 1, a Sonogashira coupling
using 2-propyn-1-ol was first carried out to yield the propargylic
alcohol 8 in 76% yield. Then, 8 was submitted to fluorodeoxygen-
ation using Deoxofluor® at room temperature in methylene
chloride. Although this reaction was not clean (several by-products
were observed on TLC), the fluoroester 9 was successfully isolated
with a good purity in 30% yield. The oxopropanenitrile 10 was then
obtained in good to excellent yields (92%) using similar conditions
to those previously described. Analogously, C-alkylation with N,
N-diethylchloroacetamide gave the amide 11 in a moderate 47%
yield. Cyclisation with hydrazine led to the aminopyrazole 12 in
a moderate yield of 34%, and was further converted to the pyrazol-
opyrimidine 7a (81% yield). Finally, the target fluoropropynyl

compound 7a was also obtained in six steps with a high purity
and its structure was confirmed by 'H NMR, '3C NMR and MS
(Table 1).5”

The logD; 4 (n-octanol/buffer pH 7.4 partition coefficient) of
compounds 7a-d were evaluated on the basis of their HPLC reten-
tion times®® and were also calculated using the ACD 11.0 software
(Table 2). As expected, both measured and calculated log D; 4 val-
ues where higher than those calculated for DPA-714, and increased
as the fluorinated side chain R lengthened. Additionally, while
analogues 7a and 7b exhibited comparable experimental logD; 4
values, 3.61 and 3.67 respectively, 7c and 7d were found to be
significantly more lipophilic with values slightly above 4.0.

The in vitro binding affinities of compounds 7a-d for the TSPO
18 kDa were determined by competition with [PH]PK11195 using
membrane homogenates from rat heart. All four analogues exhib-
ited high affinities for the protein with subnanomolar K; values—all
lower than the one measured for DPA-714 in the same assays—
ranging from 0.35 nM (7c) to 0.79 nM (7d), as well as high specific-
ity since no affinity for the central benzodiazepine receptor (CBR)
was observed (Table 2).

The metabolism of the four novel DPA-714 fluoroalkynyl ana-
logues (7a-d) was also studied in vitro in rat liver microsomes.®*
Liquid chromatography-mass spectrometry (LC-MS and MS-MS)
analyses, after 30 minutes of incubation, allowed the detection of
the main metabolites formed for each analogue. The formation of
two to four metabolites (M1-M4) was observed as summarized
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Table 1
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Analytical characterization (MS, '"H NMR and '>C NMR data) of DPA-714 fluoroalkynyl analogues 7a-d

= N'N\

NEt,

Compd R MW  m/ Fluoroalkynyl side chain 'H NMR chemical shifts Fluoroalkynyl side chain '*C NMR chemical shifts
z%" (3, ppm, CDCl3)* (8, ppm, CDCl3)"¢
7a CHy—F 392 393 5.20 (d, 2H, J4 = 47.6 Hz) 89.5 [d, J3; =12 Hz, C], 83.2 [d, J% =22 Hz, C], 71.1
[d, J& = 164 Hz, CHy]
7b (CHy),—F 406 407 4,60 (dt, 2H, J3; = 46.8 Hz, J3, = 6.8 Hz), 89.4 [C], 85.1 [C], 81.3 [d, Ji = 171 Hz, CH,],
2.86 (dt, 2H, Ji =19.2 Hz, J3, = 6.8 Hz) 21.6 [d, J3 =24 Hz, CH,]
7c (CHz);—F 420 421 4,62 (dt, 2H, J3; = 47.2 Hz, J};; = 6.0 Hz), 89.3 [C], 82.5 [d, J& = 164 Hz, CHy], 81.2 [C],
2.59 (t, 2H, ] = 7.2 Hz), 2.01 (dq®, 2H, J3; = 25.6 Hz, J3;, = 6.0 Hz) 29.5 [d, J3 =20 Hz, CH,], 15.4 [d, J3; = 4 Hz, CH,]
7d (CHz),—F 434 435 452 (dt, 2H, J3; = 47.2 Hz, J};; = 6.0 Hz), 2.50 (t, 2H, 90.3 [C], 83.6 [d, J& = 164 Hz, CH,], 81.1 [C], 29.5
J=7.2Hz), 1.89 (m, 2H), 1.75 (¢, 2H, ] = 7.2 Hz) [d,J% = 20 Hz, CH,], 24.4 [d, J% = 5 Hz, CH,], 19.1 [CH,]
2 ESI+ ionization.
b Value corresponding to the [M+H]* peak.
¢ Recorded on a 400 MHz Bruker avance.
d

Table 2
Lipophilicities and binding affinities of the DPA-714 fluoroalkynyl analogues 7a-d

See note®” in the ‘references and notes’ section for a complete NMR description of compounds 7a-d.

_N
Z N
N R
e .. O
N
NEt,
Compd R HPLC tg (min)® LogD;.4" cLogD7 .4 K; (TSPO)" (nM) K; (CBR)® (nM)
DPA-714 O0—(CHy),—F 1.10 2.89 3.21 091 >1000
7a C=C—CH,—F 1.19 3.61 3.81 0.54 >1000
7b C=C—(CH,),—F 1.20 3.67 4.19 0.74 >1000
7c C=C—(CH,)s;—F 1.30 4.06 458 0.35 >1000
7d C=C—(CHy),—F 1.33 435 5.03 0.79 >1000

2 HPLC conditions: UPLC/SQD Acquity BEH C18 column, 2.1 x 50 mm, 1.7 pm, mobile phase: H,O (A)/CH3CN + 0.1% formic acid (B), gradient: 2-100% (B) in 3 min, 1.0 mL/

min.

b See note®® in the ‘references and notes’ section for description of the logD, 4 determination method using HPLC.

¢ Calculated with ACD 11.0 software.

4 K; values were determined using membrane homogenates from rat heart and screened against [*H]PK11195 (K4 =1.8 nM, C= 0.2 nM).
¢ K; Values were determined using membrane homogenates from rat cerebral cortex and screened against [*H]flunitrazepam (Kq = 2.1 nM, C = 0.4 nM).

in Table 3. For all four analogues 7a-d, no metabolites resulting
from the loss of the fluorine atom by cleavage of the fluoroalkynyl
side chain was observed by LC-MS. The predominant metabolites,
detected by HPLC at 275 nm and characterised by ESI-MS-MS anal-
yses according to their fragmentation profiles, resulted from N-
deethylation (M1, —28 Da) at the diethylacetamide position and
also from hydroxylation (M2 and M3, +16 Da) or dihydroxylation
(M4, +32 Da) most probably on the methyl groups of the pyrazol-
o-pyrimidine part of the molecule as already observed for DPA-
7145

The fluoropentynyl analogue 7c¢ (coded DPA-C5yne), displaying
the highest TSPO binding affinity and a favourable in vitro
metabolic profile, was chosen for radiofluorination®’° and first
in vivo evaluation as potential PET imaging tool. Indeed, despite
the good in vitro profile of the fluoropropynyl analogue 7a that
features an improved TSPO affinity in comparison to DPA-714, a
better lipophilicity value than 7c¢ and only two main in vitro

metabolites after 30 min microsomal incubation, compound 7c
was preferred based on (i) the difficulties encountered to generate
the corresponding precursor for labelling (tosyloxy derivative of
6a) and (ii) our past experience with compounds bearing compara-
ble motif, e.g. the predicted issues to get efficient radiolabelling.
Thus, the tosylate 13 was prepared from the alkynol 6¢ by treat-
ment with p-toluenesulfonic anhydride in dichloromethane in the
presence of TEA at room temperature for 2-3 days, and obtained in
54% yield. Fluorine-18-labelling was then performed in a single-
step procedure by nucleophilic aliphatic substitution using the
activated K['®F]F-Kryptofix K., complex as the fluorinating
reactant, in DMSO and heating at 100 °C for 10 min’! on a TRACER-
Lab FX N Pro synthesizer (GEMS). Ready-to-inject ['®F]-7c (>99%
chemically and radiochemically pure, 55-110 GBq/pmol) was ob-
tained in 20-25% decay-corrected yields (based on starting
['®F]fluoride) and within 50-60 min, semi-preparative HPLC purifi-
cation and SepPak® Plus-based formulation included (Scheme 3).



1554 V. Médran-Navarrete et al./Bioorg. Med. Chem. Lett. 24 (2014) 1550-1556

Table 3

Microsomal metabolites of the DPA-714 fluoroalkynyl analogues 7a-d (LC-MS and MS-MS analyses)

306 =-----o-eooo
334 =
Ta (m/z 392) 7b (m/z 406)
Compds tg* (min) [M+H]* Fragments® tz* (min) [M+H]* Fragments”
Parent 15.66 393 375, 346, 320, 292 15.81 407 389, 360, 334, 306
M1 11.41 365 (—28) 347, 320, 292 11.68 379 (-28) 361, 334, 306
M2 11.0 409 (+16) 391, 362, 336, 308 11.19 423 (+16) 405, 376, 350, 322
M3 - - — 10.01 423 (+16) 405, 376, 350, 322
M4 — — — 5.89 439 (+32) 421, 392, 366, 338
Te (m/z 420) 7d (m/z 434)
Compds tr? [M+H]* Fragments” S [M+H]* Fragments”
(min) (min)
Parent 17.05 421 403, 348, 320 15.81 435 417, 362, 334
M1 12.08 393 (-28) 375, 348, 320 11.68 407 (-28) 362, 334, 306
M2 11.37 437 (+16) 419, 364, 336 11.19 451 (+16) 433, 404, 378, 350
M3 8.92 437 (+16) 419, 364, 336 10.01 451 (+16) 433, 404, 378, 350
M4 3.43 453 (+32) 435, 380, 353 5.89 467 (+32) 449, 420, 394, 366

¢ HPLC conditions: Atlantis C18 column, 2.1 x 150 mm, 5 pum, mobile phase: H,O + 0.05% formic acid (A)/CH3CN + 0.05% formic acid (B), gradient (A/B): 60:40-20:80
(20 min), 200 pL/min, detection at 275 nm.
b See Ref. 64 in the ‘references and notes’ section for a complete description of the materials and methods used for ESI-MS-MS analyses.

(0.05% ID/mL at 60 min) than the one reported for ['8F]DPA-714
(0.08% ID/mL at 60 min, respectively). Thus, an in vivo ipsilat-
eral-to-contralateral ratio of 4.62 + 0.4 (p <0.0001), calculated as
the bound tracer in the lesion versus the bound tracer in the con-
tralateral side at 60 min post-injection, was found for ['®F]-7c, a
notably higher value than the one measured for ['®F]DPA-714
(3.71+ 0.4 (p <0.001) or [''C]PK11195 (1.65 £ 0.2 (p <0.001), data
not shown).

NEt, @ , 43.r=01s—® . [FL7c:R="9F

(54%)

Scheme 3. Synthesis of the labelling precursor 13 and radioligand ['®F]-7c.
Reagents and conditions: (a) Ts,0, CH,Cl,, TEA, rt, 3 h; (b) (i) K['®F]F-Ka2,, K2COs,
DMSO, 100 °C, 10 min, (ii) cartridge purification (SepPak® Alumina N™), (iii) HPLC

purification (Waters Symmetry® C-18).

First imaging properties of ['®F]DPA-C5yne (['®F]-7c) were
investigated in vivo with PET (INVEON PET/CT and PET only
tomographs, Siemens) and compared to ['®F]DPA-714 on our in-
house-developed rat model of acute local neuroinflammation.
MicroPET studies were performed on anesthetized brain-lesioned
Wistar rats 7 days after AMPA injection in their right striatum.*?
As shown in Figure 2A, the lesion (indicated by the white cross-
cursor) could clearly be identified within the rat’s brain from 5
minutes post-iv-injection of [!®F]-7c¢ until the end of the PET
acquisition. A relatively high contrast between the lesioned area
and the corresponding area in the intact contralateral hemisphere
was also observed. Uptake of ['8F]-7c in the lesioned striatum
was high (0.24 percent of injected dose per milliliter (% ID/mL)
at 60 min, Fig. 2B) but slightly lower than the one routinely
observed for ['®F]DPA-714 (0.30% ID/mL, same time). Uptake of
['8F]-7c in the contralateral side was also significantly lower

Four novel closely related analogues of DPA-714 (7a-d) featur-
ing a fluoroalkynyl side chain in replacement of the fluoroethoxy
motif, have been synthetized in six steps from commercially avail-
able methyl 4-iodobenzoate. All target derivatives showed a high
affinity and specificity toward the TSPO 18 kDa (as the parent mol-
ecule DPA-714). These compounds (7a-d) exhibited rather high
lipophilicities compared to DPA-714, which nevertheless, keeps
in the range favored for good passive cerebral penetration. Preli-
minary in vitro metabolism evaluation using rat microsomal incu-
bations and LC-MS analyses have confirmed, for all derivatives, the
stability of the chosen fluorination position, that is the alkynyl side
chain. This results portend, in contrast to ['®F]DPA-714, the
absence in vivo of small interfering radiofluorinated metabolites
formation. Among the four analogues prepared, the fluoropentynyl
compound 7¢ was successfully labelled with fluorine-18 and its
subsequent first PET in vivo evaluation has demonstrated its
potential to image the TSPO 18 kDa. Additional studies, including
in vivo metabolism analysis, in acute and chronic models of neuro-
degeneration will be performed in order to further evaluate the
potential of this radioligand as a biomarker of neuroinflammation
in neuropathological conditions.
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['®F]DPA-C5yne : MicroPET
images in AMPA-lesioned rats

sagittal
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%ID/mL Comparative time-activity curves

0.7%
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Figure 2. (A) MicroPET axial, coronal and sagittal summed images (5-60 min) following iv injection of ['®F]DPA-C5yne (['®F]-7c) in AMPA-lesioned rat. A cross-cursor
indicates in each section the visible right-side lesion. (B) Comparative time-activity curves expressed in between ['®F]DPA-C5yne (['®F]-7c) and ['®F]DPA-714. Data are

expressed in percent of injected dose per milliliter (% ID/mL) versus minutes (min).
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2H, ] = 8.0 Hz), 7.48 (d, 2H, J = 8.0 Hz), 6.52 (s, 1H), 4.60 (dt, 2H, J3; = 46.8 Hz,
J3, =6.8 Hz), 3.94 (s, 2H), 3.50 (q, 2H, J = 7.2 Hz), 3.40 (q, 2H, J = 7.2 Hz), 2.86
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42.2 [CH,], 40.6 [CH,], 28.0 [CH,], 24.1 [CH3], 21.6 [d, J =24 Hz, CH,], 16.9
[CH3], 14.3 [CH3], 13.0 [CH3]. Compound 7¢: '"H NMR (CDCls): 6 7.76 (d, 2H,
J=8.0Hz), 7.47 (d, 2H, J=8.0Hz), 6.54 (s, TH), 4.62 (dt, 2H, J%; = 47.2 Hz,
J3y =6.0 Hz), 3.97 (s, 2H), 3.50 (q, 2H, ] = 7.2 Hz), 3.41 (q, 2H, ] = 7.2 Hz), 2.76 (s,
3H), 2.59 (t, 2H, J=7.2Hz), 2.58 (s, 3H), 2.01 (dq°, 2H, J3; =25.6 Hz,
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Determination of logD74 mpic): The retention time recorded for the tested
compound was converted into its log D; 4 value using a validated, standardized
HPLC method (correlation between retention times and known log D values of
similar compounds). HPLC conditions: Alliance 2695—PDA Waters, X-Terra MS
C18 (4.6 x 20 mm, 3.5 um) column; mobile phase 5 mM MOPS/(CH3),NOH pH
7.4 (A), 5% MOPS/(CH3)4sNOH (100 mM, pH 7.4)/95% CH5CN (B); gradient (A/B):
98:2 (0.5 min), 0:100 (4.8 min), 98:2 (1.6 min); 1.2 mL/min; 25 °C; detection at
254 nm.
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Compact tridentate ligands for enhanced aqueous
stability of quantum dots and in vivo imagingt

Edmond Gravel,? Chloé Tanguy,? Elsa Cassette,” Thomas Pons,® Fabien Knittel,?
Nicholas Bernards,® Anikitos Garofalakis, Frédéric Ducongé,® Benoit Dubertret*?
and Eric Doris*?

We describe here a simple and versatile route for the preparation of a tridentate ligand that not only
provides stable interactions with colloidal semiconductor nanocrystals (quantum dots, QDs) but also
makes them water soluble. The designed ligand incorporates a biocompatible solubilizing polyethylene
glycol (PEG) chain connected to a tridentate thiol motif with improved affinity towards the QDs surface.
Stability experiments revealed better resistance to various drastic conditions compared to classical
dihydrolipoic-based ligands. The enhanced stability of the assembly also enabled in vivo imaging
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Introduction

Since their discovery in the 1980s, semiconductor nanocrystals,
also known as quantum dots (QDs), have drawn a great deal of
attention for various types of applications, including biomed-
ical imaging. Quantum dots display size-dependent fluores-
cence emission, high quantum yield, and improved resistance
to photobleaching compared to classical organic dyes."™ In
addition, recent developments led to the synthesis of nano-
crystals emitting in the most appropriate optical window for
in vivo applications that is in the near infrared (NIR) region.>™*

QDs are classically synthesized using the pyrolysis technique
which produces nanocrystals coated with hydrophobic
ligands." However, for biomedical applications hydrophilic
QDs are required and various strategies have been developed to
convert hydrophobic nanoparticles into hydrophilic QDs. For
example, one can either (i) use micellar surfactants to encap-
sulate the nanocrystals (Fig. 1a),"*° (ii) perform cap exchange
with precursors to grow an inorganic hydrophilic shell around
the crystals (e.g. silica coating) (Fig. 1b),*"** or (iii) exchange the
primary lipophilic ligands with hydrophilic moieties
(Fig. 1c).**** In the latter case, and if biological applications are
foreseen, the new ligands must, in addition, provide biocom-
patibility to the QDs through suitable solubilizing units such as
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experiments using near infrared-emitting QDs.

QD
encapsulated
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QD capped with
hydrophobic ligands

QD inside
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QD capped
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ligands

Fig. 1 Schematic representation of different possible routes to transfer QDs
from organic to aqueous medium.
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polyethylene glycol chains (PEG).>* For improved stability,
anchoring of the ligands to the nanocrystals must be robust and
stand various stress conditions that are likely to be encountered
in biological medium. Amongst the various ligands developed
in the literature, thiols have emerged as the most widespread
group of ligands since thiolate groups (-S™) are highly affine
toward the surface of the QDs.>>° However, the interaction can
be disrupted under oxidative conditions® that induce the
formation of disulfide bridges and release of the ligands from
the QD surface. Simple thiol groups are also readily displaced
from the QD’s surface by competing sulphur-containing mole-
cules which are abundant species in biological media. However,
this stability issue can be partly circumvented using bidentate
dihydrolipoic acid (DHLA) ligands that were originally devel-
oped by Mattoussi and Bawendi.****

DHLA-based ligands were shown to exhibit stronger
anchoring properties compared to their monothiol equivalents
due to the chelating effect of the bidentate group (two thiol
units). Recent development also focused on multidentate
ligands®*>* including poly-DHLA*™** and poly-thiols*> whose
increased coordination units gave access to more stable
nanocrystals.

We describe here the synthesis and evaluation of a novel
family of QD ligands made of a compact tris(mercaptomethyl)
head group (three thiol units) and a PEG chain. The tris(mer-
captomethyl) chelating group (TMM) has already been shown to
bind strongly to metal surfaces while maintaining dense
coverage. Previous studies on gold surfaces*® and nano-
particles** demonstrated that tris(mercaptomethyl) groups are
stronger chelates than their dithiol counterparts while
providing comparable ligand density. A TMM-based ligand was
therefore synthesized and used in the capping of QDs before the
nanoparticles were evaluated as regards their overall colloidal
stability and in vivo behavior.

Results and discussion
Design and synthesis of the tridentate ligands

For in vivo applications, the ideal QD ligands should, (i) be
robustly attached to the nanocrystal surface, (ii) provide stable
colloidal dispersion, and (iii) confer high biocompatibility to
the nanoparticle. These properties could be respectively
attained by combining multiple coordinating groups in the
same structure to reinforce surface interactions, attaching a
highly solubilizing group, and using a non-toxic stealth ligand.
With these prerequisites in mind, the compact tris(mercapto-
methyl) head was selected as an anchoring group because of its
improved chelating properties.*>** The latter was connected to a
solubilizing PEG chain that classically promotes extended blood
residence time while being non-toxic.*® A simple and efficient
route to the pegylated tridentate ligand was thus developed.
We conceived that connection of the TMM chelating unit to
the polyethylene glycol solubilizing chain using an ether linkage
could improve the overall robustness of the ligand as the
bridging C-O-C bond is non-hydrolysable. To this end, the
hydroxyl group of PEG2000-monomethyl ether was first
deprotonated by treatment with sodium hydride in refluxing

412 | Chem. Sci,, 2013, 4, 411-417
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Scheme 1 Synthesis of the TMM-PEG2000 ligand (1).

THF before tetrakis(bromomethyl) methane in excess was
added. Nucleophilic substitution of one of the bromine atoms
permitted to anchor the PEG chain to the trithiol precursor unit.
In this step, the addition of over-stoichiometric amounts of the
bromomethyl electrophile enabled us to substantially minimize
the formation of poly-substituted adducts (multiple addition of
PEG chains to the same tetrakis(bromomethyl) methane mole-
cule) and recover, as the main product, the expected mono-
pegylated tribromide compound 2. The latter was thereafter
converted into the corresponding trithioacetate 3 by nucleo-
philic displacement of the three remaining bromine atoms by
potassium thioacetate. Compound 3, which corresponds to the
masked form of our target ligand, was finally converted to the
corresponding free trithiol 1 by lithium aluminum hydride
deprotection of the thiol groups (Scheme 1). This simple route
thus permitted the multigram scale synthesis of the tridentate
ligand. It is to be noted that the resulting trithiol 1 was stable
over time and could be stored for more than a year at —20 °C
with neither noticeable oxidation of the SH groups nor
degradation.

Preparation of PEG-capped hydrophilic CdSe/CdS/ZnS core-
shell QDs

To make fluorescent nanocrystals water soluble, the native
capping oleic acid and oleylamine ligands were replaced by our
newly designed TMM-PEG ligand (Fig. 2). Evaluation of the
performances of the tridentate TMM-PEG as a colloidal stabi-
lizer of QDs was then assessed by comparison with those of the
thoroughly investigated bidentate DHLA-PEG ligands.** Toward
this goal, multilayered CdSe/CdS/ZnS QDs were synthesized
using the high temperature pyrolysis process, as described
elsewhere.” The resulting oleic acid/oleylamine capped nano-
crystals were then precipitated in ethanol and transferred to
chloroform to perform the ligand exchange reaction.

The native organic layer was replaced by thiol-based ligands
by overnight stirring of the QD suspension in refluxing chlo-
roform and in the presence of an excess of either TMM-
PEG2000 (1) or DHLA-PEG2000 (4). The ligand excess was then
removed by precipitation of the QDs in a mixture of chloro-
form-ethanol-hexane, followed by centrifugation. The super-
natant was discarded and the precipitate (containing the QDs)

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Schematic representation of ligand exchange and interaction with the
crystal surface.

was suspended in water. Further purification by ultracentrifu-
gation finally afforded a clear and homogeneous QD colloidal
suspension. Both TMM and DHLA hence provided access to
aggregate-free aqueous dispersions of the fluorescent nano-
particles that were stable for several months at 4 °C. The
hydrodynamic radii of QDs encapsulated with TMM-PEG2000
or DHLA-PEG2000 were measured by dynamic light scattering
(DLS) and values of 11.2 £+ 0.5 nm and 9.3 + 0.5 nm were
obtained, respectively (see Fig. S1 in the ESIt). These values are
consistent with those previously reported in the literature for
shorter PEG-chain ligands.™*

Optical characterization of the QDs capped with multidentate
ligands

Absorption and fluorescence spectra were recorded in hexane
for QDs capped with the original oleic acid/oleylamine ligands
and in pure water for the two hydrophilic QDs (Fig. 3). The
aqueous QD dispersions that were produced by ligand exchange
with TMM-PEG (QD@1) or DHLA-PEG (QD@4) exhibited
absorption and emission profiles that were nearly identical to
those of the starting QDs. As the optical properties of the QD are
retained after the exchange step, one can speculate that the
replacement of the original organic layer by the pegylated
multidentate ligands did not alter the inorganic core of the
nanocrystals. It is  noteworthy, that while the

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) Absorbance and (b) fluorescence spectra of CdSe/CdS/ZnS QDs cap-
ped with organic ligands (—) in hexane or with either DHLA-PEG2000 ( ) or
TMM-PEG2000 (— e —) in water.

photoluminescence quantum yield of the organic grown QDs
was 44%, those of the aqueous colloidal QDs dropped to ca.
25%. This feature of QDs that were transferred into aqueous
medium has already been observed and commented on by
others.*

Evaluation of the stability of the QDs capped with
multidentate ligands

Colloidal stability of the aqueous dispersions of TMM-
PEG2000-capped nanocrystals was evaluated under various
conditions including a broad pH range, oxidizing conditions,
and in the presence of the competing ligand dithiothreitol
(DTT). The performances of our newly designed ligand under
diverse conditions were compared to those of the well-estab-
lished DHLA-PEG ligands.

First, colloidal stability of the two coated QDs was assessed
by measuring their fluorescence intensities (excitation at 400
nm) after incubation in buffered solutions of pH values ranging
from 1.5 to 12. Fig. 4 shows the fluorescence intensities of
TMM-PEG- and DHLA-PEG-coated QDs at various pH values.
The first observation was that under acidic conditions and the
fluorescence of QD@1 remained steady until pH 3 was reached.
Conversely, we observed a drop in the fluorescence intensity of
QD@4 which started from pH 6 as a 20% loss of the initial
fluorescence was detected at this value. This effect was even
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Fig. 4 Fluorescence intensity of QDs capped with DHLA-PEG2000 (QD@4) or
TMM-PEG2000 (QD@1) at different pH values.
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more accentuated at lower pH values with a decrease of fluo-
rescence of ca. 40% and 50% at pH 4 and pH 3, respectively.
These results underline the higher stability of the TMM ligand
over DHLA under mildly acidic conditions. However, it should
be noted that fluorescence of both samples was nearly extin-
guished under extreme acidic conditions (i.e. pH 1.5). The same
trend, that is higher stability of TMM-PEG ligand, was observed
under basic conditions, although fewer differences were evi-
denced at mildly basic pH 8 where both samples lost approxi-
mately 45% of their initial fluorescence. At higher pH values
(e.g- pH 10), a more significant benefit of the TMM-PEG coating
was detected with 45% of the initial fluorescence remaining.
Under the same conditions, DHLA-PEG QDs lost 90% of their
photoluminescence. At extreme basic pH values (above 12),
virtually all fluorescence had vanished from the two QD
samples.

The stability of the colloidal QDs was also assessed under
oxidizing conditions by monitoring fluorescence intensity
variations in the presence of molecular iodine. In fact, iodine is
a well-established reagent for the mild oxidation of thiols into
the corresponding disulfides.*”*® If this reaction were to occur
with the thiolated QD-capping ligands (TMM-PEG or DHLA-
PEG), they would detach from the QD surface and lead to
aggregation of the nanocrystals and loss of the fluorescence
properties. Accordingly, a 0.25 puM colloidal solution of QD
capped with either TMM-PEG or DHLA-PEG was stirred with
increasing concentrations of molecular iodine ranging from 33
to 300 uM before fluorescence emission (excitation at 400 nm)
was recorded. The performances of the TMM-PEG QDs under
the oxidizing conditions were obviously superior to those of the
DHLA-PEG QDs since lower fluorescence extinction was
observed at all of the studied iodine concentrations. The
emission of the DHLA QDs sample decreased rapidly and
steadily at the same time as the local concentration of iodine
increased and less than 15% of the initial fluorescence was
detected at 300 uM of I,. In contrast, under the highest iodine
concentrations (i.e. 300 pM), TMM-PEG QDs retained nearly
60% of their fluorescence (Fig. 5). These observations demon-
strate the higher resistance of the newly synthesized TMM-
based ligands (compared to DHLA ligands) regarding their
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Fig. 5 Fluorescence intensity of QDs capped with DHLA-PEG2000 (QD@4) or
TMM-PEG2000 (QD@1) when exposed to increasing concentrations of molecular
jodine.
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Fig.6 Time dependant evolution of the optical density at 400 nm measured for
QDs capped with DHLA-PEG2000 (QD@4) or TMM-PEG2000 (QD@1) incubated
with DTT (structure shown).

susceptibility to oxidation which is often challenging when
working with thiol derivatives.

Finally, stability of the colloidal QDs was evaluated in the
presence of a competing ligand.** Considering that QDs coated
with TMM-PEG ligands are intended to be used in vivo, it
appeared important to investigate their stability upon exposure
to other thiol groups which are abundant species in biological
environments. Dithiothreitol (DTT), a dithiol derivative of
threose, was chosen as a test competitor. DTT is made of two
thiol units that are able to bind to the surface of the QDs.
However, DTT cannot confer aqueous solubility to the QD
which will therefore precipitate. QDs capped with either
DHLA-PEG or TMM-PEG were diluted in 1.5 M aqueous DTT
and aggregation kinetics were evaluated by measuring the
absorption spectra of each sample at different time frames,
after mild centrifugation to eliminate QD aggregates.
Concentration of the non-aggregated QDs (those which were
unaffected by DTT) was evaluated by optical density (OD)
measurement at 400 nm. While we observed no changes for
the TMM-PEG QDs throughout the duration of the experiment
(720 h), DHLA-PEG QDs precipitated after 200 hours of expo-
sure to DTT to reach a plateau at ca. 10% of the original

Absorbance (a.u.)
Fluorescence (a.u.)

300 400 500 600 700 800 900
Wavelength (nm)

Fig. 7 Absorbance (solid line) and fluorescence (dashed line) spectra of CulnS,/
ZnS QDs capped with TMM-PEG2000 in water.

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 Whole body fluorescence images recorded (a) 2 h, (b) 4 h, and (c) 24 h
after intravenous injection of TMM-PEG2000-capped NIR-QDs to nude mice
(ventral side of the animal).

absorbance (Fig. 6). These experiments highlight the higher
stability of QDs capped with TMM ligands when exposed to
competing species.

In vivo imaging studies

With encouraging results from the in vitro stability tests, the
next step was to evaluate the in vivo behavior of TMM-PEG-
capped QDs. For optimal in vivo imaging applications, the QD
emission wavelength should ideally be set in a region of the
spectrum where blood and other tissues have low absorption
which corresponds to the near-infrared domain (NIR). Thus,
cadmium-free near infrared-emitting CulnS,/ZnS quantum
dots (NIR-QDs) were synthesized and subsequently capped
with our newly developed tridentate-PEG ligand 1. Absorption
and emission spectra of the TMM-PEG coated nanoparticles
are depicted in Fig. 7 which shows that the absorption spec-
trum of the TMM-PEG NIR-QDs is continuous up to ca. 700
nm and that the maximum emission is detected at 760 nm. It
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is to be noted that the hydrodynamic diameter of the NIR-
emitting QDs could not be measured because of the strong
absorption of the quantum dots at 633 nm, which is the
operating wavelength of the DLS laser beam. Since the inor-
ganic core-shell diameter of NIR-QDs is only slightly smaller
(typically 3-4 nm) than that of visible-emitting CdSe/CdS/ZnS
QDs (typically 6-7 nm), one can assume that their final (PEG-
coated) hydrodynamic diameter is in the same range, that is
approximately 20 nm.

Prior to in vivo experiments, preliminary toxicity studies were
undertaken. No harmful effect of the TMM-PEG NIR-QDs was
detected at the QD-concentration (ca. 100 nM) used for the in
vivo experiments and cell proliferation assays on MDA-MB-231
cells indicated an ICs, value of 12.2 + 1.1 pM (see Fig. S2 in the
ESIT). The water soluble TMM-PEG NIR-QDs were thereafter
injected intravenously to female nude mice (n = 3) at a dose of
10 nmol kg ' (ca. 200 pmol per animal) and their bio-
distribution was monitored in real-time using whole body
planar fluorescence imaging (Fig. 8). The first observation is
that the TMM-PEG coated QDs produced a clear in vivo image
contrast which demonstrated their effectiveness as NIR optical
probes. During the first two hours after injection, a high
contrast of the blood vessels was observed, suggesting that most
of the injected QDs remained in the bloodstream. As time
elapsed, the fluorescence distribution in the mice became more
diffuse but the vessels were still clearly visible 4 h after injec-
tion. However, nearly all fluorescence had vanished from the
bloodstream 24 h after injection. A comparable overall in vivo
behavior was observed for DHLA-PEG2000-coated NIR-QDs (see
Fig. S3 in the ESIY).

The biodistribution of a nanoparticulate system is classi-
cally governed by its size and surface coating. In our case, the
slow clearance from the bloodstream is not only due to the
minimization of the nanoparticles opsonization thanks to the
PEGs but also to the stability of the tridentade QD-complexing
unit. Consequently, QD uptake by macrophages is delayed and

Hrt Lng Lvr Skn Msc Int Spl Sal Lkd Rkd Adr Ing Axl Brc

Fig. 9 (a) Planar NIR fluorescence images of different organs of nude mice 24 h after injection of TMM-PEG2000-capped NIR-QDs and (b) quantification of the mean
fluorescence adjusted by subtracting the autofluorescence of the same organs measured on a non-injected control mouse (Hrt = heart; Lng = lung; Lvr = liver; Skn =
skin; Msc = muscle; Int = intestine; Spl = spleen; Sal = salivary gland; Lkd = left kidney; Rkd = right kidney; Adr = adrenal gland; Ing = inguinal lymph node; Axl =

axillary lymph node; Brc = brachial lymph node).

This journal is © The Royal Society of Chemistry 2013
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higher blood residence time is observed. Quantification of
fluorescence by in vivo planar imaging is usually difficult to
achieve because of the absorption and scattering of photons
when migrating through tissues. To have a clearer picture of
the TMM-PEG-QD tissue distribution, animals were eutha-
nized 24 h after injection and organ resection permitted ex vivo
quantification of mean fluorescence (Fig. 9). Analysis of the
different mice groups showed distribution of the QDs in the
main organs (Fig. 9a) with a slightly higher uptake (Fig. 9b) in
the liver, lymph nodes (especially in brachial lymph nodes),
and skin. The uptake of the QDs by the skin was unexpected,
although such a phenomenon has already been observed with
PEG-coated fluorescent gadolinium oxide nanoparticles.”” On
the other hand, the preferential accumulation in the liver and
lymph nodes can be ascribed to QD-uptake by local phagocytes
that act as nanoparticles traps.” Interestingly, we did not
observe any increase of the uptake in the spleen, although this
organ is also rich in phagocytes. Besides, only weak fluores-
cence was detected in the kidneys or bladder, suggesting low
renal excretion. In fact, the hydrodynamic diameter of the
TMM-PEG2000-encapsulated QDs is likely above the renal
filtration threshold.> This behavior is in line with previous
reports where QDs coated with short polyethylene glycol chains
(up to PEG400) were mainly excreted through the urines, while
QDs with larger PEG coatings were detected in intestines and
lymph nodes.”® Our study thus corroborates the influence of
the PEG chain length on the biodistribution and clearance of
nanoparticulate systems.

Conclusions

A new family of ligands incorporating a tris(mercaptomethyl)
chelating head and a polyethylene glycol chain has been
synthesized and evaluated for the stabilization of quantum
dots in aqueous media. Comparison with well-known DHLA-
based ligands demonstrated that colloids obtained from the
new ligand were more resistant to pH variations, oxidizing
conditions, and against an excess of a competing ligand.
Colloids of NIR-emitting QDs capped with TMM-PEG2000
ligands were prepared and injected into nude mice. The
acquired images demonstrated that these nanoparticles could
be used as NIR optical imaging probes for in vivo imaging and
permit the assessment of their in vivo distribution which was
confirmed ex vivo, after organ resection. Overall, the TMM-
PEG ligands described herein appear well suited for the bio-
compatibilization of QDs for biomedical applications and
compare favorably with previously reported systems in terms of
overall stability.
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