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Titre : Ciblage du récepteur du gastrin-releasing peptide (GRP-R) pour l'imagerie et la thérapie en oncologie

Résumé : Les récepteurs des neuropeptides, surexprimés à la surface de certaines cellules tumorales, peuvent jouer le rôle de cible moléculaire pour l'imagerie comme la Tomographie par Emission de Positons (TEP) et pour la radiothérapie interne vectorisée (RIV). L'imagerie moléculaire est en plein essor mais ses performances diagnostiques sont parfois insuffisantes dans certaines indications. De nouvelles cibles moléculaires sont alors recherchées et étudiées. Ainsi, ce travail de thèse s'est principalement attaché à étudier l'intérêt d'un récepteur de neuropeptide, le récepteur du Gastrin-Releasing peptide (GRP-R) selon quatre axes. 1) Tout d'abord dans le cancer prostatique, par une étude in-vitro le comparant à la cible de référence qu'est le Prostate Specific Membrane Antigen (PSMA), sur des échantillons tumoraux. 2) Les résultats prometteurs obtenus ont alors été confirmés in-vivo par une étude pilote comparative de l'imagerie TEP au 68 Ga-PSMA à celle au 68 Ga-RM2, un antagoniste radiomarqué ciblant le GRP-R dans la même indication. 3) Afin d'améliorer encore la caractérisation et la détection des lésions tumorales prostatiques, une nouvelle étude comparative in-vitro évaluant l'intérêt d'autres récepteurs de neuropeptides comme les récepteurs de la neurotensine (NTS1 et NTS2), de la somatostatine (SST2) et aux chimiokines (CXCR4) a été réalisée. 4) Enfin, l'intérêt du ciblage du GRP-R dans le cancer du sein a été étudié lors d'une étude in-vitro, le comparant au radiopharmaceutique de référence qu'est le 18 F-FDG dans cette pathologie.
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INTRODUCTION

La découverte de cibles spécifiques des cellules tumorales a permis le développement de molécules utilisées à des fins diagnostiques et/ou thérapeutiques. La méthode standard pour établir le phénotype moléculaire des cellules tumorales d'un patient est la biopsie, mais elle est invasive et peut être difficile à réaliser en fonction de sa localisation. De plus, une biopsie ne rend pas compte de l'hétérogénéité tumorale. L'imagerie nucléaire permet de répondre doublement à cette problématique car elle fournit, d'une part, les informations sur la biologie de la tumeur et sa localisation, et d'autre part, permet de prédire l'efficacité d'une thérapie ciblée et/ou planifier une Radiothérapie Interne Vectorisée (RIV).

Ainsi, la médecine nucléaire, a ces dernières années, développée de nombreux biomarqueurs ayant permis de mieux caractériser les lésions tumorales mais également les traiter par RIV, introduisant la notion de « théranostic » c'est-à-dire la contraction des possibilités diagnostiques et thérapeutiques.

Des résultats majeurs ont été obtenus avec l'analogue de la somatostatine radio-marqué au Gallium-68 et au Lutétium-177 68 Ga/ 177 Lu-DOTATATE chez des patients atteints de tumeurs neuroendocrines métastatiques (essai randomisé de phase III, NETTER-1). Des résultats très prometteurs ont été également obtenus dans le cancer de la prostate par ciblage du Prostate Specific Membrane Antigen (PSMA) par des petites molécules inhibitrices. Ainsi, la Tomographie par Emission de Positon (TEP) au 68 Ga-PSMA permet de réaliser un bilan d'extension performant de l'atteinte métastatique et valide l'utilisation du 177 Lu-PSMA-617 pour la RIV (essai randomisé de phase III, VISION).

Parmi les nombreuses possibilités, nous avons ici choisi de nous intéresser au potentiel offert par les neuropeptides. Ce sont des peptides qui ont été initialement découverts dans le système nerveux central. Ils sont également synthétisés dans les organes périphériques par un nombre limité de cellules spécialisées et peuvent agir en tant qu'hormones autocrines, paracrines et endocrines. Ils se lient avec une haute affinité à leurs récepteurs endogènes et peuvent provoquer une internalisation du complexe agoniste-récepteur. Enfin, la transduction du signal implique des récepteurs couplés aux protéines G.

Le récepteur de neuropeptide objet de ce travail de Thèse est le Gastrin-Releasing Peptide Receptor (GRP-R), apparenté à un récepteur de la bombésine. La bombésine est un tétradécapeptide découvert chez la grenouille « Bombina bombina ». Deux peptides apparentés sont présents chez l'homme, le GRP et la neuromédine B (NMB), tous deux rencontrés dans le tractus gastro-intestinal. Le GRP et la bombésine partagent les mêmes sept derniers acides aminés N-terminaux ; cette séquence est responsable de la liaison de haute affinité avec le GRP-R. Chez l'homme, le GRP est un peptide régulateur induisant la libération de gastrine, régulant la sécrétion d'acide gastrique et modulant la contraction des muscles lisses. Le GRP-R appartient à la superfamille des récepteurs couplés aux protéines G et peut etre aujourd'hui ciblés par des antagonistes spécifiques radiomarqués comme le 68 Ga-RM2. Il s'agit d'un antagoniste du GRP-R, il se lie donc aux récepteurs sans être internalisé dans la cellule, ce qui évite sa dégradation et la dissociation du radioélément. Sa fixation n'est pas dépendante de l'état d'activation du récepteur (phosphorylation des protéines G), il utilise donc de nombreux sites de liaisons à la surface des cellules tumorales.

A ce jour, la surexpression du GRP-R a été mise en évidence dans plusieurs cancers comme le cancer prostatique (1) le cancer du sein (2,3), les gliomes (4), les tumeurs pulmonaires [START_REF] Afshar-Oromieh | The Theranostic PSMA Ligand PSMA-617 in the Diagnosis of Prostate Cancer by PET/CT: Biodistribution in Humans, Radiation Dosimetry, and First Evaluation of Tumor Lesions[END_REF], les mélanomes (5) ou encore les tumeurs gastriques (6).

La majeure partie du travail s'est attachée à préciser le rôle du GRP-R dans le cancer prostatique, en le comparant à la cible de référence dans cette pathologie qu'est le PSMA.

Ainsi, les objectifs du travail de thèse sont les suivants :

1) La première étape a été de réaliser une étude in-vitro, comparative, par microimagerie d'échantillons de tumeurs prostatiques afin de valider l'intérêt du GRP-R avant son évaluation chez l'homme.

2) Devant des résultats prometteurs et la nécessité de les confirmer, nous avons poursuivi par une étude pilote in-vivo, comparative, par la réalisation d'imageries TEP au 68 Ga-PSMA et au 68 Ga-RM2 dans le bilan d'extension initial de patients atteints de cancers prostatiques.

3) Ensuite, une nouvelle étude in-vitro par micro-imagerie d'échantillons de tumeurs prostatiques a été réalisée afin d'augmenter les performances de caractérisation et de diagnostic des tumeurs prostatiques, par la comparaison du PSMA et du GRP-R à d'autres récepteurs des neuropeptides comme ceux de la neurotensine (NTS1 et NTS2), la somatostatine (SST2) ou encore des chimiokines (CXCR4).

4) Enfin, dans le but d'explorer d'autres indications du ciblage du GRP-R, nous avons étudié son intérêt dans le cancer du sein, par une étude in-vitro de micro-imagerie, comparant le 68 Ga-RM2 au radiopharmaceutique de référence qu'est le 18 F-FDG.

I. COMPARER IN VITRO L'EXPRESSION DU GRP-R ET DU PSMA DANS LE CANCER PROSTATIQUE

Le cancer prostatique est le cancer le plus fréquent chez les hommes et la troisième cause de mortalité́ par cancer (7). Il est dans la majorité des cas asymptomatique mais peut être dépisté par le toucher rectal et le dosage des PSA (Prostate Spectific Antigene) sanguins. Le diagnostic est alors établie par la réalisation de biopsies prostatiques qui confirme la présence de cellules cancéreuses et atteste de grade histopronostique (ISUP score -International Society of Urological Pathology). Les biospsies sont écho-guidées, réalisées par voie transrectale. En cas d'anomalie clinique ou à l'imagerie, les biospsies ciblées complémentaires peuvent être réalisées. Une deuxième série de biopsies peut être indiquée en cas de suspicion persistante de cancer de prostate après une première série de biopsies négative. En cas de deuxième série de biopsies, une IRM (Imagerie par Résonnance Magnétique) est indiquée notamment à la recherche de localisation antérieure (8). Plusieurs études ont montré que l'IRM multiparamétrique avant une première série de biopsies permet d'augmenter la détection des cancers significatifs et/ou agressifs grâce à la réalisation de biopsies ciblées sur les zones suspectes (9)(10)(11). L'échographie est l'examen de référence pour la réalisation des biopsies ciblées sur les lésions suspectes détectées à l'IRM, soit par un guidage visuel, soit par des techniques de fusion d'images IRM-échographie (12)(13)(14). Le cancer de prostate reposant sur un diagnostic anatomopathologique, les biopsies sont indispensables au diagnostic. Cependant, la performance de l'IRM dépend de l'aggressivité et du volume tumoral avec une bonne sensibilité pour les scores de Gleason ≥ 7 mais plus faible pour les petits volumes < 1cm 3 et les tumeurs bien différenciées (score de Gleason ≤ 6) (15)(16)(17). Des progrès doivent donc être fait pour permettre une meilleure caractérisation et détection de la lésion primitive.

Lorsque le cancer prostatique est localisé, sont traitement repose principalement sur la prostatectomie totale et la radiothérapie, dans certains cas accompagnée d'une hormonothérapie. Cependant, des thérapies plus focales et conservatrices sont de plus en plus utilisées comme l'HIFU (High Intensity Focused Ultrasound). Identifier le nombre, la taille et la localisation des lésions est alors essentiel pour permettre le traitement de chaque lésion. L'imagerie moléculaire a donc un rôle à jouer pour le développement d'outils diagnostiques précis pour la localisation et la caractérisation des lésions tumorales.

Seule la TEP/TDM (Tomodensitométrie) à la 18 F-Choline est aujourd'hui disponible en routine clinique en France. La 18 F-Choline a obtenu une Autorisation de mise sur le marché (AMM) pour le cancer de prostate (stadification initiale du cancer de la prostate chez les patients à haut risque et localisation d'une récidive loco-régionale ou à distance en cas d'élévation des taux sériques du PSA). Elle présente cependant un faible niveau de performance dans le dépistage de la lésion initiale avec un risque élevé de faux négatifs. Ainsi, de nouvelles cibles plus sensibles et plus spécifiques du cancer prostatique ont été développées comme le Prostate-Specific Membrane Antigen (PSMA) et le Gastrin Releasing Peptide (GRP-R). La TEP/TDM au 68 Ga-PSMA-11 est possible sous le régime d'Autorisation d'Accès Compassionnel nominatif dans le cadre de la récidive biologique avec TEP/TDM à la 18 F-Choline négative.

Ciblage du PSMA

Le PSMA est une glycoprotéine transmembrainaire de type II appartenant au groupe glutamate carboxypeptidase, exprimée par l'épithélium prostatique.

Cette enzyme est jusqu'à 1000 fois plus exprimée dans les cellules tumorales prostatiques que dans les cellules épithéliales normales, et concernent plus de 90% des cancers prostatiques (18). En effet, le gène du PSMA est localisé sur le bras court du chromosome 11, région qui ne semble pas atteinte chez les patients atteints d'un cancer prostatique (19). Située au pôle apical de l'épithélium bordant les canaux prostatiques de tissu sain, elle migre à la surface endoluminale des canaux en cas de transformation dysplasique ou néoplasique (20). Son expression augmente avec le grade tumoral, le score de Gleason et le taux de PSA (21).

Une autre propriété intéressante du PSMA est le lien entre son expression et l'angiogenèse du tissu néoplasique. En effet, normalement absent de l'endothélium vasculaire normal, il apparait surexprimé en cas de néovascularisation et peut donc être mis en évidence dans d'autres tumeurs solides comme le carcinome rénal, les glioblastomes, les sarcomes ou le cancer thyroïdien (22)(23)(24)(25).

Plusieurs radiopharmaceutiques de type inhibiteur ont été développés pour cibler le PSMA ( 68 Ga-PSMA-11, 68 Ga-PSMA-617, 68 Ga-PSMA I&T or 18 F-PSMA1007 ( 26)). Une étude ayant comparé chez l'homme le 68 Ga-PSMA-11 utilisé en routine au 68 Ga-PSMA-617 a permis de confirmer l'absence de différence de captation des organes physiologiques ou des lésions tumorales (27). Les données d'affinités du PSMA-617 (Ki = 2,34 ± 2,95 nM) (28) et du PSMA-11 (Ki = 4,3 ± 0,8 nM) (29) sont par ailleurs équivalentes. Le 68 Ga-PSMA-617, utilisé dans notre étude, est couplé au Gallium-68, émetteur de positon permettant l'imagerie TEP, par le chélateur DOTA. Contrairement au chélateur HBED utilisé avec le PSMA-11, le DOTA autorise la liaison d'un autre radiométal tel que le Lutétium-177 ( 177 Lu), émetteur β -, utilisé en radiothérapie interne vectorisée. Le PSMA-617 a donc une vocation théranostique pour des patients atteints de cancer de la prostate métastatique réfractaire aux autres stratégies thérapeutiques. La biodistribution physiologique du 68 Ga-PSMA se répartit entre les canaux lacrymaux, les glandes salivaires, les muqueuses nasales, le foie, la rate, le tube digestif (duodénum et jéjunum), les reins et les voies urinaires [START_REF] Afshar-Oromieh | The Theranostic PSMA Ligand PSMA-617 in the Diagnosis of Prostate Cancer by PET/CT: Biodistribution in Humans, Radiation Dosimetry, and First Evaluation of Tumor Lesions[END_REF]. 68 Ga-PSMA-617 (31) et du 68 Ga-PSMA-11 (21) est la même dans les glandes lacrymales et salivaires, la muqueuse nasale, le foie, la rate, l'intestin et les reins, avec une excrétion urinaire.

Figure 2 -La distribution physiologique du

Il existe aujourd'hui en France une Autorisation d'Accès Compassionnel nominative de la TEP/TDM au 68 Ga-PSMA-11 dans la rechute biologique lorsque la TEP/TDM à la 18 F-Choline est négative. Plusieurs études ont montré sa supériorité comparativement à la 18 F-Choline, notamment en cas de faible taux de PSA (31) ou de TEP/TDM à la 18 F-Choline négative [START_REF] Bluemel | 68Ga-PSMA-PET/CT in Patients With Biochemical Prostate Cancer Recurrence and Negative 18F-Choline-PET/CT[END_REF].

Ciblage du GRP-R

Le GRP-R est un récepteur du neuropeptide GRP, rencontré dans le tractus gastrointestinal, qui régule la libération de gastrine, d'acide gastrique et module la contraction des muscles lisses. Il est couplé aux protéines-G de la famille des récepteurs de la bombésine [START_REF] Mansi | Evaluation of three different families of bombesin receptor radioantagonists for targeted imaging and therapy of gastrin releasing peptide receptor (GRP-R) positive tumors[END_REF], pouvant être ciblée par des antagonistes radiomarqués tel que le 68 Ga-RM2 [START_REF] Kahkonen | In Vivo Imaging of Prostate Cancer Using [68Ga]-Labeled Bombesin Analog BAY86-7548[END_REF], le 68 Ga-NeoBOMB1 (35) ou le 68 Ga-RM26 (36) pour l'imagerie TEP.

Les travaux Beer et al et de Korner et al ont permis d'identidier pour la première fois la suexpression du GRP-R dans le cancer prostatique. Ils ont également identifié que contrairement au PSMA, le GRP-R est surexprimé dans les lésions de bas grade (faible score de Gleason, bas taux de PSA et faible taille tumorale) (1,[START_REF] Körner | Early over-expression of GRP receptors in prostatic carcinogenesis[END_REF].

Une étude évaluant la TEP/TDM au 68 Ga-RM2 lors du bilan d'extension initial du cancer de prostate sur 14 patients a montré un taux de détection de 83%, une sensibilité de 89% et une spécificité de 81% en utilisant une analyse par lésion de la tumeur primitive [START_REF] Kahkonen | In Vivo Imaging of Prostate Cancer Using [68Ga]-Labeled Bombesin Analog BAY86-7548[END_REF].

Le GRP-R n'est pas spécifique à la prostate et est surexprimé dans d'autres cancers comme le cancer du sein (2,3), les gliomes (4), les tumeurs pulmonaires [START_REF] Afshar-Oromieh | The Theranostic PSMA Ligand PSMA-617 in the Diagnosis of Prostate Cancer by PET/CT: Biodistribution in Humans, Radiation Dosimetry, and First Evaluation of Tumor Lesions[END_REF], les mélanomes (5) ou encore les tumeurs gastriques (6).

La biodistribution physiologique du 68 Ga-RM2 se répartit principalement dans le pancréas (expression physiologique du GRP-R) et son excrétion est urinaire [START_REF] Roivainen | Plasma Pharmacokinetics, Whole-Body Distribution, Metabolism, and Radiation Dosimetry of 68Ga Bombesin Antagonist BAY 86-7548 in Healthy Men[END_REF]. La TEP/TDM au 68 Ga-RM2 a également démontré son efficacité dans la localisation de la récidive en cas de rechute biologique avec une TEP/TDM à la 18 F-Choline négative [START_REF] Wieser | Diagnosis of recurrent prostate cancer with PET/CT imaging using the gastrin-releasing peptide receptor antagonist 68Ga-RM2: Preliminary results in patients with negative or inconclusive [18F]Fluoroethylcholine-PET/CT[END_REF].

Comparaison PSMA / GRP-R

Le ciblage du PSMA et du GRP-R dans le cancer de prostate ont principalement été comparés chez des patients en récidive biologique. Une étude sur un faible nombre de patients a montré la détection d'une lésion secondaire ganglionnaire et une atteinte d'une vésicule séminale avec le 68 Ga-PSMA-11, sans captation anormale au 68 Ga-RM2 [START_REF] Minamimoto | Pilot Comparison of 68 Ga-RM2 PET and 68 Ga-PSMA-11 PET in Patients with Biochemically Recurrent Prostate Cancer[END_REF].

Plusieurs études pilotes ont étudié le PSMA et le GRP-R dans le bilan d'extension initial du cancer de prostate mais ils n'ont jamais été comparés chez les mêmes patients. La TEP/TDM au 68 Ga-PSMA a montré sa supériorité comparativement à l'IRMmp dans la détection des lésions prostatiques lors du bilan d'extension initial [START_REF] Donato | Improved specificity with 68Ga PSMA PET/CT to detect clinically significant lesions "invisible" on multiparametric MRI of the prostate: a single institution comparative analysis with radical prostatectomy histology[END_REF]. L'impact de la TEP/TDM au 68 Ga-PSMA-11 dans la planification définitive de la radiothérapie a également été démontré [START_REF] Calais | Potential impact of 68 Ga-PSMA-11 PET/CT on prostate cancer definitive radiation therapy planning[END_REF]. Deux études récentes comparant la TEP/TDM au 68 Ga-RM2 à l'histologie dans l'évaluation de la tumeur primitive prostatique ont montré un bon taux de détection des lésions [START_REF] Fassbender | Accuracy of [68Ga]Ga-RM2-PET/CT for diagnosis of primary prostate cancer compared to histopathology[END_REF][START_REF] Touijer | Prospective Study of the Radiolabeled GRPR Antagonist BAY86-7548 for Positron Emission Tomography/Computed Tomography Imaging of Newly Diagnosed Prostate Cancer[END_REF].

L'objectif de cette étude est donc de comparer l'expression du PSMA et du GRP-R par micro-imagerie haute résolution, sur des échantillons de cancers prostatiques appartement aux différents groupes métastatiques (taux de PSA, grade histopronostique et taille tumorale).

Cette étude a été financée par la Ligue contre le cancer de Gironde. Une collaboration avec Life Molecular Imaging a permis d'obtenir le précurseur RM2 et sa référence froide nat 

Ga-RM2

Principaux Résultats

La comparaison qualitative a tout d'abord montré une bonne détectabilité des deux radiopharmaceutiques, ce qui est une qualité essentielle à déterminer avant leur injection chez l'homme.

Quantitativement, la liaison de l' 111 In-PSMA-617 était significativement supérieure au 111 In-RM2, tout groupe confondu. Pour l' 111 In-PSMA-617, il n'y avait pas de différence de liaison entre les différents groupes classés en fonction de leur grade histo-pronostique ou leur taux de PSA. En revanche, l' 111 In-RM2 a été capable de discriminer les lésions de bas grade.

Ces résultats montrent donc l'intérêt potentiel du GRP-R dans les lésions prostatiques de bas grade, permettant potentiellement de mieux les détecter et donc guider la biopsie. De plus, l'absence de surexpression du GRP-R couplée à une forte expression du PSMA suggère qu'il s'agit d'une lésion tumorale de haut grade. Cette amélioration de la caractérisation est intéressante devant le développement des thérapies focales, afin de ne pas sous-traiter des patients ayant un grade tumoral sous-estimé par la biopsie.

Le rôle complémentaire de ces deux imageries moléculaires doit donc être confirmé la une étude chez l'homme.

Introduction

Prostate cancer is the most common cancer in men and the third cause of cancer deaths [1]. It is also a multifocal disease as cancerous cells may arise from different locations within the prostatic gland. Thus, prostate cancer is a combination of different cancerous cells with their own metastatic risks. Prostate cancer classification, prognosis, and management are today based on the two major cell populations (Gleason score). Beside primary staging which includes multi parametric pelvic magnetic resonance imaging (mpMRI), thoraco-abdomino-pelvic computed tomography (CT), and bone scintigraphy, only 18 F-Choline positron emission tomography/computed tomography (PET/CT) may be proposed to some patients with high metastatic risk but it has a low accuracy for detection of primary prostate cancer [2].

Attractive targets for a more specific and sensitive imaging of primary prostate cancer are the prostate-specific membrane antigen (PSMA) and the gastrin-releasing peptide receptor (GRP-R). They can be effectively targeted with radiolabeled inhibitors [3] and antagonists [4], respectively.

Prostate-specific membrane antigen (PSMA) is a type 2 glycoprotein expressed in secretory cells of prostatic epithelium. Several radiolabeled PSMA inhibitors have been developed for imaging ( 68 Ga-PSMA-11, 68 Ga-PSMA-617, 68 Ga-PSMA I&T, or 18 F-PSMA1007 [5]). Uptake of radiolabeled PSMA inhibitors correlates well with Gleason score (GS) and PSA level [6] indicating a role for this imaging procedure in high-risk prostate cancer.

The gastrin-releasing peptide receptor (GRP-R) is a G-protein-coupled receptor of the bombesin receptor family [7] which can be targeted with radiolabeled antagonists such as 68 Ga-RM2 [8], 68 Ga-NeoBOMB1 [9], or 68 Ga-RM26 [10] for PET imaging. Contrarily to PSMA, GRP-R is overexpressed in low-risk prostate cancers (low Gleason score, low PSA value, and low tumor size) [11,12]. A study of initial staging of prostate cancer on 14 patients observed a detection rate of 83%, a sensitivity of 89%, and a specificity of 81% [8].

Although few pilot clinical studies targeting PSMA or GRP-R for initial staging of prostate cancer suggest a complementary role of these imaging procedures, there have never been compared in the same patients. Therefore, in this preclinical work, we aimed to compare PSMA and GRP-R expression on the same histological samples of prostate tumors using radiolabeled probes.

Material and method

Patient characteristics

Twenty frozen samples of prostate cancer were available from the Department of Pathology of University Hospital of Toulouse, France. Patient samples were obtained after informed consent in accordance with the Declaration of Helsinki and stored at the "CRB Cancer des Hôpitaux de Toulouse (BB-0033-00014)" collection. According to the French law, CRB Cancer collection has been declared to the Ministry of Higher Education and Research (DC-2008-463) and obtained a transfer agreement (AC-2013-1955) after approbation by ethical committees (Conseil Scientifique du Centre de Ressources Biologiques). Clinical and biological annotations of the samples have been declared to CNIL (Comité National Informatique et Libertés). Sample characteristics' are presented in Table 1. No patient had received neoadjuvant hormone therapy or chemotherapy. For each case, five adjacent sections were used: one for Hematoxylin-Eosin-Saffron (HES) staining and four for high-resolution microimaging (one section per radiopharmaceutical for total binding and another one for non-specific binding). An experienced pathologist manually drew tumoral areas on the HES-stained section. All patients were classified according to their metastatic risk, following the D' Amico classification [13], using clinical and biochemical criteria including tumoral size, PSA value, and Gleason score. 111 In-RM2 and 111 In-PSMA-617 PSMA-617 and RM2 were radiolabeled with 111 In using an automated synthesizer (GE FastLab, GE Healthcare, GEMS Benelux, Belgium). Briefly, 40 μg of RM2 (Life Molecular Imaging) or PSMA-617 (ABX GmBH) was heated at 90 °C for 5 min using microwaves or 111 InCl 3 (CUR-IUM®) and 5 mg of ascorbic acid for RM2. The raw solution was then purified on a C 18 cartridge (WAT023501) preconditioned with 1 mL ethanol (Merck®) and 5 mL water (GE®). The final product was then eluted with 1 mL ethanol and formulated in PBS. 111 In-RM2 and 111 In-PSMA-617 were checked for radiochemical purity and amount using radio-UV-HPLC (Phenomenex Luna C 18 ; 250 mm × 4.6 mm × 5 μm; 2.5 mL/min, λ = 220 nm; eluent A comprising 0.1% TFA in water, eluent B comprising acetonitrile; gradient 0-10 min, 95% to 5% A). The analytical HPLC system used was a JASCO system with Chrom-NAV software, a PU-2089 Plus quaternary gradient pump, a MD-2018 Plus photodiode array detector, and Raytest Gabi Star detector.

Radiosynthesis and quality controls of

High-resolution microimaging

Binding assay

Protocol edited by Reubi and co-workers for binding assays was strictly adhered [14]. Frozen samples were kept at -80 °C. Three days before handling, samples were placed at -20 °C. The day of the experiment, samples were pre-incubated for 10 min at 37 °C in Tris-HCl buffer at pH 7.4. A hydrophobic pen was used to surround the sample. In-RM2 (IC 50 = 9.3 ± 3.3 nM on the GRP-R) [15] or 10 nM (0.03-0.06 MBq) of 111 In-PSMA-617 (Kd = 5.4 ± 0.8 nM on the PSMA) [16] in Tris-HCl buffer at pH 8.2, 1% of BSA (Sigma®A2153), 40 μg/mL of bacitracin (Sigma®11,702), and 10 nM of MgCl 2 (Sigma®M8266) was applied (ethanol content for 111 In-RM2 was 0.003 ± 0.002% and 0.0009 ± 0.0008% for 111 In-PSMA-617). For non-specific binding, 1 μM of nat Ga-labeled RM2 or nat- Ga-PSMA-617 was added to determine non-specific binding ( nat In-RM2 and nat In-PSMA-617 were not available to us, we used nat Ga-RM2 and nat Ga-PSMA-617 which also bind with high affinity to GRP-R and PSMA, respectively). IC 50 of Ga-RM2 for GRP-R is below 0.1 nM and K i of Ga-PSMA-617 for PSMA is 6.40 ± 1.02 nM [17,18]. Samples were incubated at 37 °C for 2 h. Afterward, samples were rinsed five times for 8 min in cold Tris-HCl buffer at pH 8.2 with 0.25% of BSA, two times for 8 min in cold Tris-HCl buffer at pH 8.2 without BSA and finally two times for 5 min in distilled water.

Tissular microimaging

Beta Imager-2000 (Biospace Lab) device was used to image and quantify radioactivity in the sample. Then, a Micro Imager (Biospace Lab) was used to obtain high-resolution images (radioactive and optical). Acquisition duration was about 20 h for the Beta Imager 2000 (4 × 10 6 counts) and 15 h for the Micro Imager.

Data analysis

Imaging analysis was performed as previously described [19].

Statistical analysis

Data, presented as the mean ± standard deviation (SD), were compared using non-parametric t test (Wilcoxon test) and non-parametric one-way ANOVA (Kruskal-Wallis test). Statistical analyses were performed using GraphPad software (v 6.01, San Diego, USA). p values < 0.05 were considered statistically significant.

Results

Radiosynthesis and quality controls of 111 In-RM2 and 111 In-PSMA-617 111 In-RM2 was produced with a radiolabeling yield of 78.5 ± 4.6%, radiochemical purity of 99.9 ± 0.2%, and specific activity of 1.4 ± 0.4 GBq/μmol. 111 In-PSMA-617 was produced with a radiolabeling yield of 85.6 ± 0.2%, radiochemical purity of 100.0 ± 0.0%, and specific activity of 2.2 ± 0.5 GBq/μmol. Both radiopharmaceuticals are stable in PBS up to 4 h.

High-resolution microimaging (HRMI)

Qualitative analysis

Both radiopharmaceuticals were easily detectable, without excessive noise. As shown in Fig. 1, on samples from low metastatic risk tumors, discrimination between tumoral tissues and normal tissues was good with both 111 In-RM2 and 111 In-PSMA-617. On high metastatic risk samples, signal-to-noise ratio was higher with 111 In-PSMA-617 (Fig. 2).

Quantitative analysis

111 In-RM2: The binding intensity of 111 In-RM2 and the impact of biological, pathological, and clinical parameters are shown in Table 2. 111 In-RM2 binding was higher in pT2 tumors compared to pT3/pT4 tumors but not significantly (9.17 ± 2.17% vs 2.82 ± 1.28%; p = 0.161). 111 In-RM2 showed a significantly higher specific binding in Gleason 6 samples (Gleason 6, 14.67 ± 3.96%; Gleason 7, 2.58 ± 1.19%; Gleason 8-9, 1.33 ± 1.33%; p = 0.0061). 111 In-RM2 also showed a significantly higher binding in tumors from patients with PSA < 10 ng/mL compared to patients with PSA values ≥ 10 ng/mL (14.67 ± 3.96% vs 2.07 ± 0.98; p = 0.0012). The differences in 111 In-RM2 binding between low-and intermediate-or high-risk patients were also significant with higher specific binding in low metastatic group (low, 14.67 ± 3.96%; intermediate, 2.86 ± 1.86%; high, 1.38 ± 0.94%; p = 0.046) (Table 2 and Fig. 3).

111

In-PSMA-617

The binding intensity of 111 In-PSMA-617 and the impact of biological pathological and clinical parameters are shown in Table 2. There was no significant difference in 111 In-PSMA-617 binding intensity between groups, whether considering pT stage (pT2 vs pT3/pT4; p = 0.105), Gleason score (Gleason 6, 64.60 ± 4.83%; Gleason 7, 54.50 ± 4.87%; Gleason 8-9, 62.33 ± 5.04%; p = 0.5554), or PSA value < 10 ng/mL or ≥ 10 (64.60 ± 4.83,vs 56.07 ± 4.04%; p = 0.404). Again, the differences in binding between low-and intermediate-or high-risk patients were not significant (low metastatic risk, 64.60 ± 4.83%; intermediate metastatic risk, 58.86 ± 4.90%; high metastatic risk, 53.63 ± 6.44%; p = 0.665) (Table 2 and Fig. 3). 111 In-PSMA-617 and 111 In-RM2 according to the clinical, pathological, and biological parameters In pT2 tumors and pT3/pT4 tumors, 111 In-PSMA-617 binding was higher than 111 In-RM2 (p = 0.0078 and p = 0.001, respectively). In the low PSA group, there was only a trend for higher 111 In-PSMA-617 binding compared to 111 In-RM2 (64.60 ± 4.83% vs 14.67 ± 3.96%, p = 0.0625). However, in the high PSA value group, 111 In-PSMA-617 binding was significantly higher than 111 In-RM2 (respectively, 56.07 ± 4.04% vs 2.07 ± 0.98%; p < 0.0001). There was no significant difference between the two radiopharmaceuticals in Gleason 6 score. However, in the Gleason 7 group, 111 In-PSMA-617 was significantly higher than 111 In-RM2 (54.50 ± 4.87% vs 2.58 ± 1.19%; p = 0.005). This was also the case for the few samples with Gleason 8-9 (p = 0.0065). 111 In-PSMA-617 binding was significantly higher than 111 In-RM2 binding in intermediate and high metastatic risk groups (58.86 ± 4.90% vs 2.86 ± 1.86%; p = 0.0156 and 53.63 ± 6.44% vs 1.38 ± 0.94%; p = 0.0078, respectively), while there was only a trend for higher uptake in the low-risk group (Table 2).

Comparison of binding intensity between

All results are reported in Table 2 and resumed in Fig. 3.

Discussion

Several radiopharmaceuticals have been developed for accurate staging of prostate cancer. 11 C-Acetate, marking lipid metabolism, cannot reliably distinguish benign prostatic hyperplasia from prostate tumors [20]. Moreover, the radiolabeled amino-acid 18 F-FABC ( 18 F-Flucicovine) did not show good diagnostic performances for characterization of primary lesions [21]. Finally, 11 C/ 18 F-Choline, also marking lipid metabolism, showed lower sensitivity than mpMRI for primary detection of prostate cancer [22]. Thus, improvements in current molecular imaging of prostate cancer appear necessary for accurate characterization of primary prostate tumors. 
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PSMA and GRP-R are differently overexpressed in prostate cancer, which raises hopes for molecular imaging of tumor lesions in the prostate gland. Few studies have investigated PSMA and GRP-R-based PET/CT imaging at initial staging, before radical prostatectomy. In a recent prospective study performed by Liu et al. on 50 newly diagnosed patients with prostate cancer candidates for radical prostatectomy, 68 Ga-PSMA-617 PET/ CT was able to detect 95% of primary tumors. The detection rate was similar to that of 68 Ga-PSMA-11 PET/ CT [23]. Another excellent work was performed by Touijer et al., in which authors prospectively investigate 68 Ga-RM2 PET/CT in 16 patients before radical prostatectomy. The performances of 68 Ga-RM2 PET/CT imaging did not significantly differ compared to mpMRI in terms of sensitivity, specificity, and accuracy. Moreover, 68 Ga-RM2 binding did not correlate with Gleason score [24]. To date, no intra-patient comparison of PSMA and GRP-R targeting at initial staging was reported. Therefore, the objective of this work was to investigate and compare in vitro the potential role of 111 In-PSMA-617 and 111 In-RM2 at the initial staging of prostate cancer.

Qualitative comparison of 111 In-PSMA-617 and 111 In-RM2 on our primary prostate cancer samples showed good detectability of both radiopharmaceuticals which is an essential quality for contrasted images in vivo. Then, we quantitatively compared 111 In-PSMA-617 and 111 In-RM2. When considering all metastatic risk groups together, 111 In-PSMA-617 binding was significantly In-PSMA-617 is high in all samples with no significant differences between groups. Non-parametric one-way ANOVA (Kruskal-Wallis test). p < 0.05 was considered significant 20 higher than 111 In-RM2 (p < 0.001). 111 In-PSMA-617 binding was high and no differences were seen according to Gleason score or pre-operative PSA values (Table 2). This high 111 In-PSMA-617 binding, whatever the characteristics of the sample, clearly reflects the ability of PSMA imaging to detect most prostate cancers [23] whatever their grade or risk [25]. Moreover, this high signal level may also be explained by a lower binding of 111 In-PSMA-617 to normal tissues (p = 0.0161), resulting in a higher TNR for 111 In-PSMA-617.

An interesting result of our work is that 111 In-RM2 was able to discriminate low metastatic risk samples (p = 0.0046) and therefore low Gleason score samples (p = 0.0061) and samples with low PSA value (p = 0.0012). These results agree with the known high GRP-R expression in low-grade prostate cancer [11]. However, data from GRP-R immunohistochemistry and our results did not necessarily translate into parallel findings at patient imaging in pilot studies. For instance, the only two GRP-R imaging study, performed at the initial staging of prostate cancer, did not show any correlation (positive or negative) between SUV max on PET/CT and Gleason scores [10,24]. However, only 1/16 prostate cancers in the study by Touijer et al. and 2/17 in the study by Zhang et al were Gleason 6 [10,24]. Larger clinical studies are needed to elucidate the potential offered by GRP-R targeting at the initial staging of prostate cancer. Comparison with PSMA would also be helpful.

In intermediate and high-risk samples, 111 In-PSMA-617 binding was substantially higher than 111 In-RM2 binding, in agreement with the known expression of GRP-R which decreases in higher Gleason scores [11]. 111 In-PSMA-617 binding was also higher than 111 In-RM2 binding in patients for whom pre-surgical PSA value was > 10 ng/mL. These results agree with the known efficacy of PSMA imaging of intra-prostatic tumors in newly diagnosed high-risk prostate cancer patients [6].

Our results may have future clinical value. Prostate cancer patients with low metastatic risk are today not eligible for radical treatments anymore but rather to active surveillance or focal treatments [26]. Moreover, upgrading in Gleason score between biopsies and radical prostatectomy occurs in about 30% of patients [27]. Hence, an imaging procedure capable to discriminate "true" low metastatic risks would be required to schedule focal treatments in this group of patients and not under-treat patients that would in fact be at higher risk. Results of this work indicate that GRP-R targeting is the only imaging procedure amenable to discriminate low metastatic risk from higher risks. We suggest that GRP-R-based imaging may be first proposed in low metastatic risk patients for biopsy guidance and follow-up of active surveillance. Absence or low uptake at GRP-R imaging would suggest a disease of higher risk (or no disease).

In newly diagnosed prostate cancer patients with intermediate and/or high metastatic risk, PSMA-based imaging is obviously the imaging procedure of choice to characterize intra-prostatic tumors. PSMA-based guided biopsies, staging or radiation treatment planning is being explored in prospective studies [28][START_REF] Wang | Preparation of 68 Ga-PSMA-11 with a Synthesis Module for Micro PET-CT Imaging of PSMA Expression during Prostate Cancer Progression[END_REF][30].

We have translated GRP-R and PSMA-based imaging in our center. Patient candidates for radical prostatectomy benefit from sequential 68 Ga-PSMA-617 PET/CT and 68 Ga-RM2 PET/CT. Preliminary results would support our in vitro data presented in this article.

Limitation of our study is obviously the limited number of samples studied. Moreover, the clinical outcome of patient for whom samples have been used in this study is not known, and we could not assess the prognostic value of GRP-R-and/or PSMA-based imaging and therefore their role in the follow-up of patients.

Conclusion

In this work, we have compared GRP-R and PSMA expression in vitro on primary prostate cancer samples by means of 111 In-RM2 and 111 In-PSMA-617. Our results show that GRP-R and PSMA-based imaging may have a complimentary role to fully characterize prostate cancer disease, GRP-R being targeted in low metastatic risk patients while PSMA could be a valuable target in higher risks. Future prospective studies are warranted to confirm these data.
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II. COMPARER IN VIVO L'EXPRESSION DU GRP-R ET DU PSMA DANS LE CANCER PROSTATIQUE

Nous nous attacherons ici à confirmer les résultats précédents obtenus in-vitro, avec la réalisation d'une étude pilote comparant les performances diagnostiques des imageries TEP/TDM au 68 Ga-PSMA et au 68 Ga-RM2 au diagnostic initial de cancer prostatique.

L'objectif secondaire de cette étude a été d'étudier les performances de ces deux imageries avec une acquisition réalisée 2h après injection en plus de l'acquisition habituelle 1h postinjection.

Vingt-deux patients ont été inclus avec pour critères principaux d'inclusion : diagnostic initial de cancer prostatique prouvé par biopsie, indication à une prostatectomie et âge supérieur à 18 ans. Aucun patient n'a reçu d'hormonothérapie ou de chimiothérapie néoadjuvante. Un curage ganglionnaire pelvien était systématiquement réalisé.

Cette étude a été financée par le CHU de Bordeaux (Appel d'Offre Interne). Une collaboration avec Life Molecular Imaging a permis d'obtenir le précurseur RM2 et sa référence froide nat Ga-RM2

Résultats principaux et

Un des résultats intéressant de notre travail est qu'à 2h post-injection, la fixation du 68 Ga-RM2 diminue dans le tissu prostatique sain alors qu'elle reste stable dans le tissu tumoral. Cette donnée suggère qu'une acquisition à 1h post-injection n'est pas optimale, or c'est le seul délai utilisé dans les études rapportées dans la littérature. Il n'y a pas eu de différence de captation entre 1h et 2h pour le 68 Ga-PSMA-617, ce qui contraste avec les données de la littérature montrant une augmentation de la captation entre 1h et 3h, cependant la population étudiée était différente [START_REF] Afshar-Oromieh | The Theranostic PSMA Ligand PSMA-617 in the Diagnosis of Prostate Cancer by PET/CT: Biodistribution in Humans, Radiation Dosimetry, and First Evaluation of Tumor Lesions[END_REF].

Concernant l'analyse par lésion, la sensibilité de détection a été excellente pour le 68 Ga-RM2 comme le 68 Ga-PSMA-617, avec des taux de détection respectifs de 89% et 83% lorsque l'on exclue les lésions de taille inférieure à 0,1cc. Nous confirmons une intensité de captation supérieure du 68 Ga-PSMA-617 dans les lésions de haut grade. En revanche, le 68 Ga-RM2 est supérieure au 68 Ga-PSMA-617 dans la détection des lésions du groupe ISUP-2.

Nous suggérons donc de conserver l'imagerie TEP/TDM au 68 Ga-PSMA-617 (et plus généralement avec n'importe quel inhibiteur radiomarqué du PSMA) pour le bilan d'extension des lésions prostatiques de haut grade comme observé précédemment (21,[START_REF] Liu | 68Ga-PSMA-617 PET/CT: a promising new technique for predicting risk stratification and metastatic risk of prostate cancer patients[END_REF].. L'addition de la TEP/TDM au 68 Ga-RM2 permettrait cependant une analyse plus exhaustive des lésions de bas grade.

Même si la majorité des lésions prostatiques ont été détectées par les imageries TEP/TDM au 68 Ga-PSMA-617 et/ou au 68 Ga-RM2, 15,6% d'entre elles n'ont pas pu être mis en évidence. Les investigations doivent donc être poursuivies pour améliorer encore la détection et la caractérisation des lésions. Nous avons ainsi poursuivi cette étude par une nouvelle analyse invitro en micro-imagerie comparant le PSMA et le GRP-R à d'autres récepteurs de neuropeptides comme la neurotensine (NTS1 et NTS2), la somatostatine (SST2) et le récepteur aux chimiokines (CXCR4).

ABSTRACT

Considering the wide range of therapeutic options for localized prostate cancer (active surveillance, radiation beam therapy, focal therapy, radical prostatectomy, etc), accurate assessment of the aggressiveness and localization of primary prostate cancer lesion are essential for treatment decision making. National Comprehensive Cancer Network guidelines recognize Prostate-Specific Membrane Antigen (PSMA) Positron Emission Tomography/Computed Tomography (PET/CT) for the initial staging of high risk primary prostate cancer. The Gastrin-Releasing Peptide Receptor (GRP-R) is a neuropeptide receptor over-expressed by low-risk prostate cancer cells. We aim to perform the first prospective head-to-head comparison of PSMA and GRP-R targeted imaging at the initial staging to understand how PSMA-PET and GRP-R-PET could be used or combined in clinical practice Methods: This was a prospective, single-center, diagnostic cross-sectional imaging study using anonymized, masked and independent interpretations of PET/CT paired studies in 22 patients with 68 Ga-PSMA-617 (a radiolabelled PSMA-inhibitor) and 68 Ga-RM2 (a radiolabelled GRP-R-antagonist). We enrolled patients with newly diagnosed, biopsy-proven, prostate cancer. No patient had received neoadjuvant hormone therapy or chemotherapy. All patients underwent extended pelvic lymph node dissection. Histology served as reference.

Results: On a lesion-based analysis (including lesions <0.1cc), 68 Ga-PSMA-617 PET/CT detected 74.3% (26/35) of all tumor lesions and 68 Ga-RM2 PET/CT detected 78.1% (25/32; one patient could not be offered 68 Ga-RM2 PET/CT). Paired examinations showed positive uptake with the two tracers in 21/32 lesions (65.6%), negative uptake in 5/32 lesions (15.6%), and discordant uptake in 6/32 lesions (18.8%). Uptake of 68 Ga-PSMA-617 was higher in ISUP ≥ 4 vs ≥ 1 (p < 0.0001); and ISUP ≥ 4 vs 2 (p = 0.002). There were no significant differences in uptake between ISUP scores for 68 Ga-RM2. Median 68 Ga-RM2 SUVmax was significantly higher than median 68 Prostate Specific Membrane Antigen (PSMA) is a type 2 glycoprotein expressed in secretory cells of prostatic epithelium. Several radiolabelled PSMA inhibitors have been developed ( 68 Ga-PSMA-11, 68 Ga-PSMA-617, 68 Ga-PSMAI&T or 18 F-PSMA1007 ( 2)). Uptake of radiolabelled PSMA inhibitors correlates well with ISUP Score and PSA level (3). Recently, National Comprehensive Cancer Network guidelines consider the use of PSMA PET/CT for the initial staging of high risk primary prostate cancer (4). However, the ability of PSMA PET/CT to also identify lower grade lesions is unclear.

The gastrin-releasing peptide receptor (GRP-R) is a G-protein coupled receptor of the bombesin receptor family (5) which can be targeted with radiolabelled antagonists such as 68 Ga-RM2 (6), 68 Ga-NeoBOMB1 (7) or 68 Ga-RM26 (8) for PET imaging. Contrarily to PSMA, GRP-R is overexpressed in low-risk prostate cancers (low Gleason score, low PSA value and low tumor size) (9)(10)(11). A study of the diagnostic performances of 68 Ga-RM2 PET/CT for the initial staging of prostate cancer on 41 patients reported a detection rate of 93%, a sensitivity of 98% and a specificity of 65% (6).

In a preclinical work, we have compared in vitro GRP-R and PSMA expression on primary PCa samples by means of 111 In-RM2 and 111 In-PSMA-617. Our results suggest that GRP-R and PSMA-based imaging may have a complimentary role to fully characterize PCa local extent and aggressiveness (GRP-R being a valuable target in low metastatic risk patients and PSMA a valuable target in higher risks patients (12)).

Additionally, a pilot clinical study using 68 Ga-PSMA-11 PET/CT and 68 Ga-RM2 PET/CT on eight patients, also suggest a complimentary role of these imaging modalities for the initial staging of PCa (13).

Here, we present a prospective head-to-head comparison between 68 Ga-PSMA-617 PET/CT and 68 Ga-RM2 PET/CT for the initial assessment of localized primary PCa tumors. Our primary objective was to assess the uptakes intensity (SUVmax) with 68 Ga-PSMA-617 and 68 Ga-RM2 PET/CT at the level of prostatic lesions, and to compare SUVmax between ISUP score categories. Secondary objectives were to compare 68 Ga-PSMA-617 and 68 Ga-RM2 uptakes stratified by ISUP score, to compare SUVmax at two acquisition times (60 min and 120 min post-injection) and to evaluate the association between immunohistochemistry scores of the targets (PSMA and GRP-R) and 68 Ga-PSMA-617 and 68 Ga-RM2 uptakes.

MATERIAL AND METHODS

Study Design and Participants

This was a prospective, single-center, diagnostic cross-sectional imaging study using anonymized, masked and independent interpretations of paired 68 Ga-PSMA-617 PET/CT and 68 Ga-RM2 PET/CT (EudraCT 2017-000490-36, NCT03604757). 68 Ga-PSMA-617 PET/CT and 68 Ga-RM2 PET/CT were performed without specific order and any consideration on patients' characteristics and were performed before prostatectomy. We prospectively enrolled twenty-two patients with newly diagnosed, biopsy-proven, prostate cancer. The French ethical committee n°2017/62 approved this study and all subjects signed a written informed consent. Inclusion criteria were age greater than 18y, diagnosis of prostate cancer confirmed by biopsy and indication for prostatectomy. No patient had received neoadjuvant hormone therapy or chemotherapy. All patients underwent extended pelvic lymph node dissection. 68 Ga-PSMA-617 and 68 Ga-RM2 were produced according to our previous work with minor modifications ( 68 Ga was used as radionuclide and 10µg of PSMA-617 were used) (12).

Radiopharmaceuticals and PET/CT Protocol

The Discovery RX PET/CT (General Electric Medical System®) from University Hospital of Bordeaux was used for this study. Whole-body PET/CT images were acquired from vertex to mid thighs with 2.5min emission scans per bed position at 60 min and 120 min after intravenous administration of 2MBq/kg (min 80MBq, max 200MBq) of 68 Ga-PSMA-617 or 68 Ga-RM2.

Images were reconstructed using an ordered-subset expectation maximization algorithm with 2 iterations and 21 subsets (matrix size 256x256, 47 slices corresponding to a 15.6cm transaxial field of view, voxel size of 2.376x2.376x3.27 mm 3 ). The CT acquisition was performed for attenuation correction, in helical mode, using 120kV, mAs modulation to optimally reduce the dose, a 512x512 matrix (voxel size of 0.9766x0.9766x2 mm 3 ).

PET/CT Image Analysis

PET/CT and mpMRI (when available) images were analysed using Pmod software (PMOD v3.5 Technologies LLC, Switzerland). A manual registration was performed between each modality, using a linear transformation, to aid visual analysis and accurate positioning of tumoral lesion. Then, manual segmentation (MS) was performed by two experimented nuclear physicians blinded from histology, radiopharmaceuticals and patients' characteristics. Supravesical sections were removed because of physiological renal uptake for 68 Ga-PSMA-617 and physiological pancreatic uptake for 68 Ga-RM2. A consensus was found in case of discrepancies between the two interpretations. Uptake of 68 Ga-PSMA-617 and 68 Ga-RM2 were quantified according to maximum Standardized Uptake Value (SUVmax) and described for each lesion.

Histology

Prostatectomy samples were fixed and embedded in paraffin blocks. 5 µm-thick tissue slices were stained with Hematoxylin, eosin and saffron (HES) and an experimented pathologist manually surrounded tumoral lesions under microscopic examination and reported the ISUP score and size of each lesion. Lesions < 0.1cc were included in the analysis. Histological samples were then digitized using a slide scanner (NDP.scan, Hamamatsu ® ). Images obtained were arranged and reoriented to facilitate comparison between histology and PET imaging.

Immunohistochemistry

The immunohistochemical study was performed as previously described for GRP-R (14) and PSMA (15). Immunohistochemistry results was expressed as an immunoreactive score (IRS) that consider staining intensity and the percentage of stained tumor cells as previously described (14). The final IRS score (product of staining intensity score and percentage of positive cells score) thus ranged from 0 to 12. No PSMA or GRPR expression referred to IRS 0-1, weak PSMA or GRP-R expression referred to IRS 2-3, moderate PSMA or GRP-R expression meant IRS 4-8, and strong PSMA or GRP-R expression meant IRS 9-12. IHC results were dichotomized into two groups: low PSMA or GRP-R expression (absent/weak expression) and high PSMA or GRP-R expression (moderate/strong expression).

Cross-Sectional Analysis of the PET Signal and Histology

For each tumor lesion 68 Ga-PSMA-617 SUVmax and 68 Ga-RM2 SUVmax of the lesion were compared to histology (cancer or non-cancer area) allowing determination of concordance/discordance findings.

Cross-Sectional Analysis of the PET Signal and Immunohistochemistry Staining

For each tumor lesion, 68 Ga-PSMA-617 SUVmax and 68 Ga-RM2 SUVmax of the lesion were compared with the immunohistochemistry score of the whole tumor compartment.

Statistical Analysis

Sample size was fixed at 6 patients for each metastatic risk group defined at enrollment (before surgery): ISUP-1 and cT1-T2a and PSA < 10 ng/mL, Briganti < 5%; ISUP-2 or cT2b or PSA in 10-20 ng/mL; ISUP-3 or cT2b or PSA in 10-20 ng/mL; ISUP4-5 or cT2c or PSA > 20 ng/mL. Quantitative variables are described as mean (standard deviation), median (1 st quartile-3 rd quartile), minimum and maximum. Qualitative variables are described as frequency and percentage. Comparisons of SUVmax were performed at the patient level in normal tissues and at the lesion level in pathologic tissues. All comparisons of SUVmax (between ISUP scores, radiopharmaceuticals and acquisition time) used univariable mixed linear regression models including a random intercept to consider the intra-patient correlation (with a variance components structure). Model's hypotheses (normality and heteroscedasticity of residuals) were systematically checked and led us to transform SUVmax values in pathologic tissues by the natural logarithm. Exponential of parameters estimated with these last models can be expressed as a multiplicative factor: < 1 means a lower value compared to the other group; > 1 means a higher value compared to the other group.

Comparisons of SUVmax in normal and pathologic tissues between 60 and 120 minutes were performed at first in order to select the adequate acquisition time for other analyses. Comparison of SUVmax between negative and positive immunochemistry scores used non-parametric Wilcoxon tests. For the two primary outcomes only, if global statistical test was significant at 2.5%, 2-by-2 comparisons tests between ISUP scores have to be interpreted using 0.4% (Bonferroni method). Statistical analyses used SAS Ò software (v9.4, SAS Ò Institute, Cary, NC, USA).

Role of the Funding Source

The University Hospital of Bordeaux funded and promoted this study. Life Molecular Imaging provided the RM2 precursor and the reference compound. Life Molecular Imaging had no role in the study design. The corresponding author had full access to all data and had final responsibility to submit for publication.

RESULTS

Radiopharmaceuticals, Patient and Lesion Characteristics'

Twenty-two men with newly diagnosed prostate cancer were enrolled in this study between April 25, 2018 and November 19, 2019. Demography and clinicopathological characteristics of the study population are presented in Table 1. The median time interval between the two PET/CT was 6 days (3)(4)(5)(6)(7)(8). The median time interval between the last PET/CT imaging and surgery was 6 days (1-15). Nine (41%) patients had 68 Ga-PSMA-617 PET/CT first, and 13 (59%) patients had 68 Ga-RM2 PET/CT first. One patient could not receive 68 Ga-RM2 PET/CT. The median injected activity was 167.2 MBq (118.7-210.2) for 68 Ga-PSMA-617 and 149.5 MBq (84. 5-198.5) for 68 Ga-RM2. All images were acquired at 1h and 2h postinjection, except in one patient who received 68 Ga-RM2 imaging at 1h only Thirty five lesions (including lesions < 0.1cc) were identified by histology on prostatectomy samples: nine ISUP-1 (25.7%), thirteen ISUP-2 (37.1%), three ISUP-3 (8.6%), three ISUP-4 (8.6%) and seven ISUP-5 (20.0%).

Dynamics of 68 Ga-PSMA-617 and 68 Ga-RM2 uptakes were then analyzed in normal and pathological prostatic tissues. In normal prostate, the median SUVmax with 68 Ga-RM2 was 3.20 (2.40-3.80) at 1h and 2.40 (1.85-3.85) at 2h for. 68 Ga-RM2 uptake was significantly lower at 2h (β = -0.59; CI95 [-0.95 --0.24); p = 0.003). For 68 Ga-PSMA-617 in normal prostate, the median SUVmax was 2.55 (2.20-3.40) at 1h and 2.50 (2.00-3.10) at 2h with no differences between the two acquisition times (β = -0.10; CI95 [-0.31 -0.10); p = 0.31).

In tumor areas, the median SUVmax with 68 Therefore, given the lower uptake of 68 Ga-RM2 in normal prostate at 2h and equivalent uptake in tumor lesions at 1h and 2h, analysis was conducted using PET/CT data obtained 2h after injection. For 68 Ga-PSMA-617, as no differences were seen on uptake either in normal prostate or in tumor area, the 1h uptake-time recommended by the joint EANM/SNMMI guidelines for 68 Ga-PSMA PET/CT was applied (16).

Lesion-based PET/CT Imaging

Of the 35 prostatic lesions evaluated with 68 Ga-PSMA-617 PET/CT, 26 (74.3%) were detected. Undetected lesions were ISUP score ≤ 2 (six ISUP 1 and three ISUP 2).

Of the 32 prostatic lesions evaluated with 68 Ga-RM2 PET/CT, 25 (78.1%) were detected by 68 Ga-RM2 PET/CT. Undetected lesions accounted for 4 ISUP1, two ISUP2 and one ISUP4 (Table 2).

Concordance and Discordance in PET/CT Imaging

Twenty-one (65.6%) of 32 histology proven lesions (whatever their volume) showed uptake of both 68 Ga-PSMA-617 and 68 Ga-RM2, 4 (12.5%) were seen only on 68 Ga-RM2, 2 (6.3%) were seen only on 68 Ga-PSMA-617 and 5 (15.6%) were negative on both 68 Ga-PSMA-617 and 68 Ga-RM2.

Association with Pathological Parameters

Regarding uptakes of the radiopharmaceuticals according to histology parameters, 68 Ga-PSMA-617 SUVmax values differed according to ISUP scores (p = 0.003), with higher SUVmax values with increasing ISUP scores (Tables 2 and3). Especially, uptake of 68 There were no significant differences in uptake between ISUP scores for 68 Ga-RM2 (p = 0.11).

Median 68 Ga-RM2 SUVmax was significantly higher than median 68 Ga-PSMA-617 in the ISUP-2 subgroup (6.30 (5.30-7.50) vs 3.60 (3.40-4.50), p = 0.01). In other ISUP groups, no differences in uptakes were seen between 68 Ga-PSMA-617 and 68 Ga-RM2 (Tables 3 and Figures 1 and2).

Immunochemistry was also conducted on samples from prostatectomy of patients included in this study. Sixteen samples were available for GRP-R staining and eighteen for PSMA staining (remaining samples were considered as non-contributive by the pathologist and were excluded from the analyses). GRP-R staining was considered positive (IRS ≥4) in 11 (68.8%) of 16 lesions. Median GRP-R IRS score was 4 (3)(4)(5)(6). PSMA IRS was considered positive (IRS ≥4) in 15 (83.3%) of 18 lesions. Median PSMA IRS score was 11 (IQR (6)(7)(8)(9)(10)(11)(12). Median 68 Ga-RM2 SUVmax was 6.40 (3.70-7.50) in samples low for GRP-R vs 7.35 (5.30-9.00) for samples positive for GRP-R (p=0.50)(Figure 3 and Supplemental figure 1). Median 68 Ga-PSMA-617 SUVmax was 3.60 (3.00-5.30) for PSMA-low samples and 6.80 (4.50-8.50) for PSMA-positive samples (p=0.12)(Figure 3 and Supplemental figure 2).

DISCUSSION

Several radiopharmaceuticals have been developed to help staging of prostate cancer. 11 C-Acetate, marking lipid metabolism, cannot reliably distinguish benign prostatic hyperplasia from prostate tumors. Moreover, the radiolabeled amino-acid 18 F-FABC ( 18 F-Flucicovine) did not show good diagnostic performances for characterization of primary lesions (17). Finally, 11 C/ 18 F-Choline, also marking lipid metabolism, showed lower sensitivity than mpMRI for primary detection of prostate cancer (18). Thus, improvements in current molecular imaging of prostate cancer appear necessary for initial assessment of the aggressiveness of the primary tumor.

PSMA and GRP-R are differently overexpressed in prostate cancer, which raises hopes for precise molecular imaging of tumor lesions within the prostate gland. Few studies have prospectively investigated the role of these radiopharmaceuticals at initial staging, before surgery. In a prospective study enrolling 56 intermediate grade prostate cancer patients before prostatectomy, PSMA PET was found to be accurate in detecting intraprostatic lesion of ISUP ≥ 2. Contrarily, the detection rate of PSMA PET was low for ISUP1 lesions. Touijer et al., prospectively investigate 68 Ga-RM2 PET/CT in 16 patients before radical prostatectomy. The performances of 68 Ga-RM2 PET/CT imaging did not significantly differ compared to mpMRI in terms of sensitivity, specificity, and accuracy (19). Therefore, the objective of this work was to perform a head-to-head comparison of PSMA and GRP-R targeting, covering various metastatic risks, at the initial staging of prostate cancer using 68 Ga-PSMA-617 and 68 Ga-RM2 radiopharmaceuticals. Our aim was to better understand how PSMA-PET and GRP-R-PET could map progression risk and how they could be used or combined in clinical practice. Due to the exploratory nature of this study we were not aiming at assessing the diagnostic performances of the radiopharmaceuticals.

An interesting result of our work is the lower uptake of 68 Ga-RM2 in non-pathological prostate tissue at 2 hours post-injection despite equivalent results on tumoral lesions uptake at 1h and 2h. This result can be extracted from preclinical studies (20) but has never been translated into PET/CT studies. This observation suggests that results from previous studies using 1 hour postinjection time point for 68 Ga-RM2 PET/CT imaging are not at their best. Surprisingly, uptake of 68 Ga-PSMA-617 was similar between 1h and 2h which is contrasting with literature reporting increasing uptake between 1h and 3h but study population were different (21).

On a lesion-based analysis and using histology as reference, pretty good primary lesion detection were depicted by 68 Ga-RM2 PET/CT compared to 68 Ga-PSMA-617 PET/CT. A previous study evaluating 68 Ga-RM2 PET/CT diagnostic potential for primary prostate cancer, found higher sensitivity (0.98) (6). This difference can be explained by exclusion of all lesions ≤ 0.1cc. When removing these very small lesions in our study population, which are below the spatial resolution of PET scanners, 68 Ga-RM2 PET/CT detected 86% of lesions and 68 Ga-PSMA-617 PET/CT detected 83% of lesions. The high uptake of 68 Ga-PSMA-617 in tumor lesions of high ISUP score correlates with the known efficacy of PSMA imaging of intraprostatic tumors in newly diagnosed high-risk prostate cancer patients (3). Additionally, 68 Ga-RM2 PET/CT outperformed 68 Ga-PSMA-617 PET/CT for the detection of ISUP-2 lesions (Figure 4). Therefore, in order to better classify intraprostatic lesions, we propose that both PSMA PET and GRP-R PET should be performed as discordant uptake occurs in 6/32 (18.8%) of lesions.

We suggest that PSMA PET should be performed first for staging high risk lesions. Next, addition of GRP-R PET would allow a more extensive characterization of lower risk prostate cancer lesions. Indeed, a low 68 Ga-PSMA-617 uptake, associated with a high 68 Ga-RM2 uptake would suggest a low grade prostatic tumoral lesion. This double-PET strategy could also be used for biopsy-guiding to decrease discordance rate of staging on biopsies and final staging on prostatectomy samples (22). Finally, the possibility of precision detection and characterization of intra-prostatic lesions opens new avenues for radiotherapy planning and/or focal treatments.

It should be noted that 68 Ga-PSMA-617 PET/CT was the only imaging modality that was able to detect the single metastatic lymph node confirmed by histology (ISUP-5) in our study. No significant uptake in this lymph node was seen on the 68 Ga-RM2 PET/CT nor on a previously ordered 18 F-Choline PET/CT (23). This result illustrates the higher sensitivity of PSMA PET for depicting metastatic disease in high risk or recurrent PCa (24).

Overall, the majority of intraprostatic lesions were detected by PSMA and/or GRP-R PET. It should be stressed, however, that there still are some lesions (5/32, 15.6%) unseen by both modalities.

Results from this molecular imaging PET study were consolidated by GRP-R-and PSMAimmunohistochemistry conducted on surgical samples. A meaningful higher tracer uptake was seen on IHC positive samples for PSMA but this was not confirmed statistically. Other IHC scores should also be considered (11).

Limitation of our monocentric phase II study is obviously the limited number of patients enrolled in this institutional study. The small sample size may have led to underpowered results. Moreover, SUV of 68 Ga-PSMA-617 might not be directly transferable to 68 Ga-PSMA-11 used in the clinics. Finally, visual analysis between histology and PET imaging can be sub-optimal.

Methods for accurate spatial registration of PET images and histopathology, using fiducial markers, have been developed (25) and deserve to be implemented.

CONCLUSION

This prospective head-to-head comparison showed remarkable potential of the combination of 68 Ga-RM2 PET/CT and 68 Ga-PSMA-617 PET/CT to evaluate different aspects of prostate cancer biology. 68 Ga-PSMA-617 PET/CT is useful to depict higher, more clinically significant, ISUP score lesions. In low ISUP scores 68 Ga-RM2 has higher detection rate than 68 Ga-PSMA-617 but had similar uptake than 68 Ga-PSMA-617 in higher ISUP scores.

Importantly, almost 20% of lesions were seen only by GRP-R PET (~13%) or PSMA PET (~6%) revealing the complimentary role of these imaging procedures. Combining PSMA-PET and GRP-R PET allows to better classify intraprostatic lesions. Frédérique Sgoifo and Tiziri Aoudjit for the data management of this study. This was an investigator-initiated trial with institutional academic funding (Bordeaux University Hospital).

DISCLOSURE

KEY POINTS

Question: What is the role of targeting the Gastrin-Releasing Peptide Receptor (GRP-R) at the initial staging of localized prostate cancer in the context of Prostate Specific Membrane Antigen (PSMA) PET/CT? Pertinent Findings: In a prospective, head-to head comparison of 22 paired PET/CT using 68 Ga-RM2 (a radiolabeled GRP-R antagonist) and 68 Ga-PSMA-617, median 68 Ga-RM2 SUVmax was significantly higher than median 68 Ga-PSMA-617 SUVmax in the ISUP2 subgroup. As expected 68 Ga-PSMA-617 PET/CT is useful for initial staging of high ISUP score tumors.

Implication for Patient Care:

Combining PSMA-PET and GRP-R PET allows to better classify intraprostatic lesions. 68 Ga-PSMA-617. For the ISUP ≥4 group, when excluding the patient who only had 68 Ga-PSMA-617, values are 1.32 [0.72;2.44], P = 0.3459. 68 

FIGURE 1. Comparison of 68 Ga-PSMA-617 and 68 Ga-RM2 uptakes to ISUP scores. Estimates > 1 (< 1) indicated higher (lower) SUV max in higher ISUP. FIGURE 2. 68 Ga-PSMA-617 SUVmax compared to 68 Ga-RM2 SUVmax, according to ISUP groups. Estimates > 1 (< 1) indicated higher (lower) SUVmax with

FIGURE 3. Representative GRP-R and PSMA immunohistochemistry with corresponding 68 Ga-RM2 and 68 Ga-PSMA-617 PET/CT images from two patients. HES staining of an ISUP-2 sample (5X magnification) with negative PSMA immunohistochemistry (5X magnification), negative 68 Ga-PSMA-617 PET/CT), positive GRP-R immunohistochemistry (20X magnification) and positive 68 Ga-RM2 PET/CT. HES staining of an ISUP-5 sample (5X magnification) with positive PSMA immunohistochemistry (5X magnification), positive

Ga-PSMA-617 PET/CT, negative GRP-R immunohistochemistry (20X magnification) and negative 68 Ga-RM2 PET/CT. FIGURE 4. 68 Ga-RM2 Maximum Intensity Projection (MIP) (A), 68 Ga-PSMA-617 MIP (B), HES staining of a histological slice from prostatectomy of patient-7 with manual demarcation of tumoral lesions (C), 68 Ga-RM2 transaxial PET/CT (D) and 68 Ga-PSMA-617 transaxial PET/CT (E). An anterior ISUP-3 lesion and a right basal ISUP-2 lesion were seen on histology with two small lesion < 0.1cc (C). 68 Ga-RM2 PET/CT and 68 Ga-PSMA-617

PET/CT showed similar uptake on the ISUP-3 lesion: SUVmax = 6.7 for 68 Ga-RM2 and 6.8 for 68 Ga-PSMA-617 (arrowhead). 68 68 Ga-PSMA-617. *md = missing data. One lesion is missing for the patient who did not benefit from 68 Ga-RM2

Ga-RM2 was the only radiopharmaceutical able to well detect the ISUP-2 lesion (arrow): SUVmax = 7.3 for 68 Ga-RM2 and 3.4 for

PET/CT and the two other missing lesions correspond to the failure of the PET/CT device at 2h post-injection for another patient. 68 Ga-PSMA-617 PET/CT or 68 57 68 Ga-labeled prostate-specific membrane antigen (PSMA) inhibitors 1 and 68 Ga-labeled gastrin-releasing peptide receptor antagonists2 showed interesting results for staging biochemically recurrent prostate cancer. 3,4 Accumulated evidence suggests a role of 68 Ga-PSMA analogs and 68 Ga-gastrin-releasing peptide receptor antagonists at initial staging of prostate cancer. 5-7 68 Ga-PSMA-617 PET/CT (A, B), 68 Ga-RM2 PET/CT (C, D), and 18 F-choline PET/CT (E, F) were performed in a patient (66-year-old man, prostate-specific antigen = 6.7 ng/mL) with biopsy-proven Gleason 9 (5 + 4) prostate cancer, candidate for radical prostatectomy and lymph node dissection. 68 Ga-PSMA-617 PET/CT showed high intraprostatic uptake (SUVmax = 13.2) with good correlation with pathological examination (G), whereas 18 F-Fcholine PET/CT revealed lower tumoral uptake (SUVmax = 5.1) (red arrows) together with diffuse uptake in the prostate due to benign prostatic hyperplasia. Intraprostatic 68 Ga-RM2 uptake (C) was low on the PET/CT (SUVmax = 3.6) but well concordant with tumor delineation on pathological examination (G). The most striking result was encountered regarding the detection of regional lymph nodes. 68 Ga-PSMA-617 PET/CT was the only imaging modality able to detect a subcentimeter metastatic common iliac lymph node (B, yellow arrow, SUVmax = 5.3) confirmed by histology. No significant uptake in this lymph node was seen either on the 68 Ga-RM2 PET/CT (D) or on the 18 F-choline (F) PET/CT. White arrowheads correspond to urinary excretion. This report emphasizes the ability of 68 Ga-PSMA-617 PET/CT at molecular characterization and staging of high-risk prostate cancer. 8 

TABLE 2. ISUP-based stratification of lesions detected by

FIGURE 1.
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III. EXPLORER IN VITRO L'EXPRESSION D'AUTRES NEUROPEPTIDES INNOVANTS DANS LE CANCER PROSTATIQUE

L'étude précédente, comparant des performances des imageries TEP/TDM au 68 Ga-PSMA-617 et au 68 Ga-RM2 au diagnostic initial du cancer prostatique a montré de très bonnes performances dans la détection de la lésion primitive [START_REF] Schollhammer | Comparison of 68 Ga-PSMA-617 PET/CT and 68 Ga-RM2 PET/CT in patients with localized prostate cancer candidate for radical prostatectomy: a prospective, single arm, single center, phase II study[END_REF]. Cependant, 15,6% des lésions n'était visualisée par aucune des deux modalités. Cette donnée justifie donc la recherche de nouvelles cible afin d'améliorer encore les performances diagnostiques.

De nouvelles cibles ont ainsi été explorée dans le cancer prostatique comme le récepteur-1 de la neurotensine NTS1 (3), le récepteur-2 de la somatostatine SST2 (47) ou encore le récepteur aux chimiokines CXCR4 (48) par quelques études pilotes sur un nombre d'échantillon limité. Cependant, une étude comparative est nécessaire.

Ainsi, l'objectif principal de cette étude est d'étudier des cibles alternatives au PSMA et au GRP-R afin de détecter plus de lésion primitive prostatique au diagnostic initial.

Deux stratégies d'investigation ont alors été adoptées. La première, a été une analyse prospective par immunohistochimie (IHC) du récepteur NTS1, réalisée sur les coupes de prostatectomie des patients de notre précédente étude [START_REF] Schollhammer | Comparison of 68 Ga-PSMA-617 PET/CT and 68 Ga-RM2 PET/CT in patients with localized prostate cancer candidate for radical prostatectomy: a prospective, single arm, single center, phase II study[END_REF], et comparée à l'IHC du GRP-R et du PSMA que nous avons également réalisé, ainsi qu'à l'intensité de fixation du 68 Ga-RM2 et du 68 Ga-PSMA-617 en imagerie TEP. La seconde investigation a été de réaliser une nouvelle étude, rétrospective cette fois-ci, de micro-imagerie d'échantillons de cancers prostatiques, en comparant les radiopharmaceutiques ciblant le PSMA et le GRP-R ( 111 In-PSMA-617 et 111 In-RM2), à ceux ciblant le NTS1, le NTS2, le SST2 et le CXCR4 ( 111 In-JMV6659, 111 In-JMV7488, 177 Lu-DOTATATE et 67 Ga-pentixafor).

Un financement de 20 000 euros a pu être obtenu par l' « Emergence de projets 2020 » du GSO. Je suis le porteur de ce projet. Des collaborations étroites avec les Universités de Montpellier et Dijon ont permis d'obtenir les précurseurs des radiopharmaceutiques. Le CRB de Toulouse a fourni les échantillons congelés de cancers prostatiques. Une collaboration avec Life Molecular Imaging a permis d'obtenir le précurseur RM2 et sa référence froide nat Ga-RM2

Résultats principaux

La première étude prospective par immunohistochimie confirme l'intérêt du NTS1. En effet, tous les échantillons négatifs en IHC-PSMA étaient fortement positifs en IHC-NTS1. Tous les échantillons négatifs en IHC-NTS1 (37,5%) étaient positifs en IHC-PSMA. Ainsi, l'intérêt du NTS1 pourrait être supérieur à celui du GRP-R, notamment dans la détection des lésions de bas grade mais de plus amples explorations sont nécessaires. La seconde partie de l'étude (rétrospective) comparant par micro-imagerie les radiopharmaceutiques ciblant le PSMA, le GRP-R, le NTS1, le NTS2, le SST2 et le CXCR4 permet d'une part de confirmer ou infirmer les données immunohistochimiques qui ne rendent pas forcement bien compte du comportement réel in vivo et d'étudier de nouvelles cibles comme le NTS2, le SST2 et le CXCR4.

La large supériorité du PSMA est ici confirmée par rapport aux autres cibles étudiées, avec une liaison supérieure de l' 111 In-PSMA-617 par rapport aux autres radiopharmaceutiques, quel que soit le grade ISUP. Aucune différence n'a été identifiée comparativement au 67 Ga-pentixafor ciblant le CXCR4 du fait du faible nombre d'échantillon disponible. Cependant, des cibles alternatives restent nécessaires en cas de négativité du PSMA.

Comparativement au PSMA, des résultats meilleurs ou équivalents ont été obtenus dans les différents groupes ISUP:

- 

Introduction

Prostate cancer is the most common cancer in men and the third leading cause of cancer death (1). The prostate tumor is multifocal, composed of a combination of cells at different stages of differentiation. The histo-prognostic grade (ISUP score) obtained on the biopsy samples then guides management. However, prostate biopsies only provide a limited representation of the primary tumour. Indeed, the ISUP score is frequently modified after analysis of the prostatectomy specimen of patients treated by surgery. In addition, it is not uncommon for biopsies to be negative, despite a strong suspicion of prostate cancer. Several studies have shown that performing a multiparametric magnetic resonance imaging (mpMRI) before a series of biopsies increases the detection of lesions (2-4) but no imaging is currently able to precisely estimating the histo-prognostic grade and their sensitivity is not optimal.

Focal therapies using focused ultrasound (HIFU -High Intensity Focused Ultrasound) or stereotactic radiotherapy are becoming increasingly important in the management of lowgrade localized prostate cancers, mainly because of their conservative value. Accurate localization and characterization of the tumor lesion is therefore essential as in many cases, no target is identified on mpMRI, thus preventing the use of these treatments. High-performance imaging would guide these focal therapies.

The development of new radiopharmaceuticals (NRP) supports innovations in molecular imaging by improving sensitivity and specificity in the diagnosis and characterization of primary prostate tumors. For example, [ 68 Ga]Ga-PSMA (Prostate Specific Membrane Antigen) PET/CT (Positron Emission Tomography -Computed Tomography) is now widely used at the initial staging of prostate cancers in patients with high metastatic risk and in the context of biochemical recurrence (5). However, its ability to detect low-grade tumor lesions is not optimal. The discovery of NRP having a role in this setting would be helpful. Tissular micro-imaging is a technique allowing the pre-clinical evaluation of NRPs, before their use in humans (6,7). We recently compared the targeting of PSMA and GRP-R (Gastrin Releasing Peptide Receptor), by means of [ 111 In]In-PSMA-617 and [ 111 In]In-RM2 respectively. We showed good detection of low-grade tumor lesions by [ 111 In]In-RM2, superior to that of [ 111 In]In-PSMA (7). Next, we translated these results into a Phase II study using [ 68 Ga]Ga-PSMA-617 PET/CT and [ 68 Ga]Ga-RM2 PET/CT. Again, we demonstrated a better detection of low-grade lesions by targeting GRP-R using [ 68 Ga]Ga-RM2 (8). However, 15.6 % of the lesions remained undetectable by both modalities.

New targets for prostate cancer are now being studied such as the neurotensin receptor-1 (NTS1) (9) , the somatostatin receptor-2 (SST2) (10) or the chemokine receptor-4 (CXCR4) (11) are suggested to be expressed in prostate cancer in few pilots studies with limited size. However, comparisons are necessary. resolution microimaging (one section per radiopharmaceutical for total binding and another one for non-specific binding). An experienced pathologist manually drew tumoral areas on the HES-stained section. All patients were classified according to their clinical and biochemical criteria including tumoral size, PSA value, and ISUP score.

NTS1-immunohistochemistry

The immunohistochemical study was performed as previously described (9).

Immunohistochemistry results were expressed as an immunoreactive score (IRS) that consider staining intensity and the percentage of stained tumor cells as previously described (12). The final IRS score (product of staining intensity score and percentage of positive cells score) thus ranged from 0 to 12. No expression referred to IRS 0-1, weak expression referred to IRS 2-3, moderate expression meant IRS 4-8, and strong expression meant IRS 9-12. IHC results were dichotomized into two groups: low expression (absent/weak expression) and high expression (moderate/strong expression).

Radiosynthesis and quality controls of radiopharmaceuticals

Radiopharmaceuticals used in this study, their respective targets and their affinities towards the target are summarized afterwards: [ 111 In]In-PSMA-617 for PSMA (Ki = 2.34 ± 2.94 nM ( 13)), [ 111 In]In-RM2 for GRP-R (Kd = 2.9 ± 0.4 nM ( 14), [ 111 In]In-JMV6659 for NTS1 (Kd = 6.29 ± 1.37nM ( 15)), [ 111 In]In-JMV7488 for NTS2 (Kd = 36.39 ± 4.02 nM) ( 16), [ 177 Lu]Lu-DOTATATE for SST2 (Kd = 2.0 ± 0.8 nM ( 17)) and [ 67 Ga]Ga-pentixafor for CXCR4 (Kd = 24.6 ± 2.5nM ( 18)). All precursors were radiolabeled with 111 In, exception made of pentixafor which was radiolabeled with 67 Ga because of the decrease affinity of [ 111 In]Inpentixafor (18). The general methodology for radiolabeling with 111 In and 67 Ga was as follow: 50µg (10µg for PSMA-617) of the respective precursors were added to 1.96mL acetate buffer

Data analysis

Imaging analysis was performed as previously described (6).

Statistical analysis

Data, presented as the mean ± standard deviation (SD), were compared using nonparametric ANOVA. Statistical analyses were performed using GraphPad software (v 6.01, San Diego, USA). p values < 0.05 were considered statistically significant.

Results

Study 1: Prospective NTS1 IHC study

Results were summarized in Table -1.

Immunochemistry was conducted on samples from prostatectomy of patients included in our previous in-vivo study (8). Sixteen samples were available for GRP-R, PSMA and NTS1 staining. GRP-R staining was considered positive (IRS ≥4) in 11 (68.8%) of 16 lesions. Median GRP-R IRS score was 4 (3)(4)(5)(6). PSMA IRS was considered positive (IRS ≥4) in 15 (83.3%) of 18 lesions. Median PSMA IRS score was 11 (6)(7)(8)(9)(10)(11)(12). NTS1 IRS was considered positive (IRS ≥4) in 10 (62.5%) of 16 lesions. Median NTS1 IRS score was 5 (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12). All negative PSMA staining were strongly positive for NTS1 staining (IRS 0 versus 12; 1 versus 12 and 2 versus 12: two patients ISUP 2 and one ISUP 3). All negative (n=6) NTS1 staining were positive for PSMA and five negative NTS1 staining were positive for GRP-R. One lesion was negative for PSMA and GRP-R staining but strongly positive for NTS1 staining. No lesion were negative for PSMA, GRP-R and NTS1, but one lesion were negative for NTS1 staining and negative in PSMA and GRP-R PET imaging, with no [ 68 Ga]Ga-PSMA-617 or [ 68 Ga]Ga-RM2 uptake (patient n°8). Four lesions were positive for NTS1 staining with a low [ 68 Ga]Ga-PSMA-617 uptake (SUVmax < 4). One lesion was positive for NTS1 staining with a low [ 68 Ga]Ga-RM2 uptake. 

PSMA GRP-R NTS1

Qualitative analysis

All radiopharmaceuticals were visually analysed and non-contributive samples (loss of surgical sample during the experiment or massive contamination rendering data analysis unreliable) were removed.

Quantitative analysis

The binding intensity of each radiopharmaceutical according to ISUP score are shown in Table 3.

[ Interestingly, no significant difference was found between [ 111 In]In-PSMA-617 and [ 67 Ga]Gapentixafor.

There was no significant difference of binding intensity between ISUP-score for each radiopharmaceuticals.

Table 3 -ISUP based stratification and statistical analysis of samples for each target. Delta % ± Standard deviation (number of sample). Non-parametric one-way ANOVA (Kruskal-Wallis test). p < 0.05 was considered significant.

Overall, binding of [ 111 In]In-PSMA-617 is high in all ISUP groups. However, it is interesting to see that some sample do not or bind weakly [ 111 In]In-PSMA-617 (9%). Therefore, the search for novel targets is needed. In this content, we here report the number of samples for which binding intensity of a radiopharmaceutical is at least equal to that than [ 111 In]In-PSMA-617 (Table 4), six for To illustrate these results, three different cases are presented in Pictures 2, 3 and 4.

ISUP GRP-R NTS1 SST2 NTS2 CXCR4 1 1 1 2 1 2 2 0 0 0 1 0 3 0 2 1 1 0 4 0 3 0 0 0 5 1 0 0 1 1 Total 2 6 3 4 3 
73 Picture 2 -Comparison between PSMA, GRP-R, NTS1, NTS2 and SST2 on an ISUP-1 sample.

The red line drawing on HES slice corresponds to the tumoral area. There is a well detection of tumoral area for each target: Delta = 92% for PSMA, 90% for GRP-R, 67% for NTS1, 92% for NTS2 and 47% for SST2.

Picture 3 -Comparison between PSMA, GRP-R, NTS1, NTS2 and SST2 on an ISUP-5 sample.

The red line drawing on HES slice corresponds to the tumoral area. There is a well detection of tumoral area for each target: Delta = 45% for PSMA, 40% for NTS1, 95% for NTS2 and 40% for SST2. The Delta is not available for GRP-R. The red line drawing on HES slice corresponds to the tumoral area. PSMA, GRP-R and NTS1 samples shown no uptake on tumoral area. Contrarily, NTS2, SST2 and CXCR4 shown a strong tumoral uptake. Delta = 0% for PSMA, 0% for GRP-R, 0% for NTS1, 71% for NTS2 and 100% for CXCR4.

Discussion

Several radiopharmaceuticals have been developed to help staging of prostate cancer.

11 C-Acetate, marking lipid metabolism, cannot reliably distinguish benign prostatic hyperplasia from prostate tumors. Moreover, the radiolabeled amino-acid 18 F-FABC ( 18 F-Flucicovine) did not show good diagnostic performances for characterization of primary lesions (20). Finally, 11 C/ 18 F-Choline, also marking lipid metabolism, showed lower sensitivity than mpMRI for primary detection of prostate cancer (21). Thus, improvements in current molecular imaging of prostate cancer appear necessary for initial assessment of the aggressiveness of the primary tumor.

PSMA and GRP-R have been investigated for initial staging of prostate cancer. In a prospective study enrolling 56 intermediate grade prostate cancer patients before The performances of [ 68 Ga]Ga-RM2 PET/CT imaging did not significantly differ compared to mpMRI in terms of sensitivity, specificity, and accuracy (22).

Our previous study confirm this results as [ 68 Ga]-PSMA-617 PET/CT was useful to depict higher ISUP score lesions and [ 68 Ga]Ga-RM2 PET/CT has higher detection rate for low-ISUP tumors (8). In the lesion-based analysis (including lesions <0.1cc), [ 68 Ga]Ga-PSMA-617 PET/CT detected 74.3% of all tumor lesions and [ 68 Ga]Ga-RM2 PET/CT detected 78.1%.

However, paired examinations showed negative uptake in 15.6% of lesions by both modalities.

Therefore, the objective of this work was to explore new targets to detect these unseen lesions.

Results from this molecular imaging study were consolidated by GRP-R-, PSMA-and NTS1-immunohistochemistry conducted on surgical samples. The immunochemistry study confirm the interest for NTS1 because all negative PSMA staining were strongly positive for NTS1. Moreover all negative NTS1 staining (37.5%) were positive for PSMA staining and positive GRP-R staining for five patients (31%). Our result consolidate a previous study demonstrating that PSMA-negative samples from Gleason score 5, 6, or 7 were all NTS1positive (23). Thus, the interest of NTS1 could be greater than GRP-R in low histologic grade tumours but comparison with GRP-R is needed. Our work also provides a comparison of NTS1 and GRP-R expression in case of PSMA-negative samples. NTS1 was more expressed than GRP-R in case of PSMA-negativity. However, no NTS1-radiopharmaceuticals have shown interesting results when applied to humans yet (24). Works are ongoing to find stabilized NTS1analogues suitable for imaging (15,25). These new data should be considered with caution as IHC results does not necessarily translate into similar findings in vivo.

With this in mind we performed a retrospective micro-imaging study comparing PSMA, GRP-R, NTS1 but also NTS2, SST2 and CXCR4 expression using specific radiopharmaceuticals, more representative of the in vivo behavior. Overexpression of the NTS2 receptor in prostate cancer have been reported : an in-vitro study has assessed the potential use of NTS2 receptor as targets by analyzing them expression patterns in human prostate cell lines and primary prostate cell cultures : NTS2 was found in cells with luminal phenotype (26). Others studies are needed to confirm these results. SST2 is also overexpressed on prostate cancer, especially in case of neuroendocrine differentiation (10,27). CXCR4 overexpression have also been report in prostate cancer. Studies reported that the CXCR4 is a key regulator of tumor dissemination and play a role in the maintenance of prostate cancer cells (11). An in-vitro study comparing adjacent normal endothelial cells to prostate tumor vasculature highlight CXCR4 as a potential novel target to interfere with prostate cancer angiogenesis (28).

Our work confirms (again) the large superiority of PSMA for the detection of intraprostatic lesions, with a significant higher binding of Therefore, targeting the PSMA at initial staging has now entered into guidelines [START_REF] Wang | Preparation of 68 Ga-PSMA-11 with a Synthesis Module for Micro PET-CT Imaging of PSMA Expression during Prostate Cancer Progression[END_REF].

However, alternative targets may be necessary in the event of its negativity. In a previous study enrolling fifty newly diagnosed patient with prostate cancer, the [ 68 Ga]Ga-PSMA-617 PET/CT was negative in 12.5% (30). Targeting the GRP-R is expected to cover these limitations of PSMA (8). In our work, in the ISUP score 1, binding of Overall the most interesting targets to cover PSMA-negative lesions appeared to be NTS1 and NTS2, with respectively 4 and 6 cases with superior or equivalent detection than PSMA covering all ISUP scores. It is interesting to note that combining PSMA and NTS1/NTS2

allow to detect all intraprostatic lesions. Therefore, this work highlights the role of neuropeptide receptors (mainly neurotensin receptors) in the physiopathology of prostate cancer.

Improved detection of lesions allows better mapping of prostate tumor pathology which is necessary for biopsy-guiding to decrease discordance rate of staging on biopsies and final staging on prostatectomy samples. Finally, the possibility of precision detection and characterization of intra-prostatic lesions opens new avenues for radiotherapy planning and/or focal treatments.

Finally limitations of our study are: 1) the exclusion of several samples due to technical problems (high background noise, degradation of biological tissue during binding assay); 2) only high risk samples were represented in this study. 3) the clinical outcome of patient for whom samples have been used in this study is not known, and we could not assess the prognostic value of each radiopharmaceutical and therefore their role in the follow-up of patients

Conclusion

In this work, we have compared GRP-R, PSMA, NTS1, NTS2, SST2 and CXCR4 expression in vitro on primary prostate cancer samples. Our results confirm that PSMA remains the best target in tumor detection at initial staging, especially for high grade lesions.

Interestingly, targeting NTS1 and NTS2 allow to detect all PSMA-negative lesions more precisely than GRP-R. Future in-vivo prospective studies must confirm these data.

The Gastrin-Releasing Peptide Receptor (GRPR, also named BB2) is a G-protein coupled receptor of the bombesin family. Its over-expression on the membrane of tumor cells offers the opportunity of a selective targeting, using suitable radiolabelled bioconjugates, for positron emission tomography (PET) imaging and targeted radionuclide therapy (TRT). Tumors that can be targeted with GRPR-based radiotracers are notably, prostate cancer, breast cancer, lung cancer and colorectal cancer among others [1]. We have recently studied, using immunohistochemistry, the expression of GRPR ina large series of primary breast cancers and found that GRPR was overexpressed in 83.2% of ER-positive tumors but only in 12% of ER-negative tumors (p < 0.00001) [2]. When examined in molecular subtypes, GRPR is over-expressed in 86.2% of luminal-A and 82.8% of luminal-B HER2 negative tumors while triple negative breast cancers and HER2-enriched phenotypes exhibit GRPR over-expression in only 7.8% and 21.3% of cases. Importantly, lymph nodes metastases of GRPR-positive tumors also showed GRPR overexpression [2]. The association between GRPR and ER has also been documented at mRNA level by Dalm and colleagues [3]. Recently, GRP-R antagonists radiolabelled for PET imaging, demonstrated promising results in breast cancer patients. For example, in a small pilot study that used 68 Ga-SB3, metastases were successfully visualized in 4 out of 6 patients [4]. In another study, 68 Ga-RM2 could image with high contrast 13/18 primary breast tumors and detected metastatic lesions [5]. In a more recent study conducted in 34 women with suspected breast cancer, a novel GRPR antagonist, 68 Ga-NOTA-RM26, was able to delineate primary breast tumors in 29/34 patients and lymph nodes metastases in 15/18 patients with node-positive disease [6]. Comparison of breast cancer imaging using GRP-R based radioantagonists and 18 F-FDG is now needed to elucidate the place of GRP-R in the complex landscape of breast cancer imaging. This in vitro study aimed to assess the binding of 18 F-FDG and that of the GRPR antagonist 68 Ga-RM2 on representative breast cancer samples.

Materials and methods

Breast cancer samples

This study was approved by our institutional review board "Institut Bergonie ´Groupe Sein". The project and data collection were performed according to the national French commission on informatics and liberty (CNIL). Prior to surgery, patients had given written consent to the use of part of the tumor material for research, after diagnostic procedures had been performed. Fourteen samples of formalin-fixed, paraffin-embedded breast cancer tissues (10 primary tumors and 4 associated metastatic lymph nodes) were retrospectively selected at Institut Bergonie ´. Sample characteristics' are presented in Table 1. No patients had received neoadjuvant hormone therapy or chemotherapy. For each case, 6 successive slices were used: 1 for HES staining, 1 for GRP-R immunohistochemistry and 4 for micro-imaging of tissue radioactivity (one slice per radiopharmaceutical for total binding and one slice per radiopharmaceutical for non-specific binding). GRP-R immunohistochemistry was carried-out as previously described [2]. Immunohistochemistry. IHC analyses were performed on 3μm tumor sections using specific antibodies directed against ER, PR, HER2/neu, Ki-67 and GRPR. All immunohistochemical techniques were performed on a Roche Ventana Benchmark ultra-automat. Details of antibody clones, manufacturers, dilutions used, incubation times, pretreatment buffers and staining kits are summarized in Table 2.

Nuclear staining was assessed for ER and PR. A negative ER and/or PR status was defined by the presence of less than 1% of positive tumor cells. HER2/neu staining was scored according to the ASCO/CAP 2013 recommendations [7]. Ki-67 index was assessed semi-85 quantitatively and was considered low when 19% or less of tumor cell nuclei were stained and high when 20% or more tumor cell nuclei were stained. Molecular subtypes of breast cancers were derived from immunohistochemical markers (based on ER status, progesterone receptor PgR status, Ki-67 labeling index and HER2 status) according to St Gallen consensus [8] and Maisonneuve classification [9]. Molecular subtypes were defined as follows: Luminal A-like (HER2-, ER 1% and Ki-67 < 14% or Ki-67 ranging from 14% to 19% and PgR 20%); Luminal B-like HER2-(HER2-, ER 1% and Ki-67 20% or Ki-67 14%-19% and PgR < 20%); Luminal B-like HER2+ (HER2+, ER 1%); HER-2 enriched (HER2+, ER = 0% and PgR = 0%); Triple-negative (ER = 0%, PgR = 0%, HER2-).

Results for GRP-R immunohistochemistry were expressed as previously described [2]. An experimented pathologist (GMG) quantified GRP-R expression and manually drew tumoral regions on the HES slice for quantification.

68

Ga-RM2 radiosynthesis and quality controls. Radiolabelling experiments were performed on an automated synthetisor (GE FastLab, GE Healthcare, GEMS Benelux, Belgium). Briefly, 40μg of RM2 (Life Molecular Imaging) was heated at 90˚C during 5min using microwaves with 1.1 mL 68 

Belgium) and 5mg of ascorbic acid. The raw solution was then purified on a C 18 cartridge (WAT023501) preconditioned with 1mL ethanol (Merck) and 5 mL water (GE Healthcare). The final product was then eluted with 1 mL ethanol and formulated in PBS. 68 Ga-RM2 was checked for radiochemical purity using HPLC (Phenomenex Luna C 18 ; 250mm x 4.6mm x 5μm; 2.5 mL/min, λ = 220nm). The analytical HPLC system used was a JASCO system with ChromNAV software, a PU-2089 Plus quaternary gradient pump, a MD-2018 Plus photodiode array detector and Raytest Gabi Star detector. Amount of 68 Ga-RM2 was determined by UV-HPLC by linear regression of the calibration curve established using the reference compound nat Ga-RM2 (Life Molecular Imaging).

Tracer incubation and tissular micro-imaging. After dewaxing, rehydratation and unmasking, samples were pre-incubated during 10min at 37˚C in Tris-HCl buffer at pH 7.4. Then, binding solution containing 5nM of 68 Ga-RM2 or 1MBq (amount of 18 F-FDG is not determined by the supplier) of 18 F-FDG in Tris-HCl buffer pH 8.2, containing 1% of BSA (Sigma-Aldrich), 40μg/mL of bacitracin (Sigma-Aldrich) and 10nM of MgCl 2 (Sigma-Aldrich) was applied. To assess non-specific binding, 1μM of reference compounds nat Ga-RM2 or nat F-FDG was added in adjacent slices. Samples were then incubated at 37˚C for 2 hours. Afterwards, samples were rinsed 5 times during 8min in cold Tris-HCl buffer at pH 8.2 with 0.25% of BSA, 2 times during 8 minutes in cold Tris-HCl buffer at pH 8.2 without BSA and finally 2 times during 5 minutes in distilled water. Finally, samples were dried using air stream and were imaged using a beta imager 2000 (Biospace Lab).

Signal quantification. The M3Vision software was used for signal quantification. Total binding and non-specific binding were determined using the region of interest (ROI) method. First, a manual fusion by affine transformation of homologous structures was performed using the HES slice to match the radioactivity distribution to histology. Afterwards, on the total binding image ( 68 Ga-RM2 or 18 F-FDG alone) a first ROI (tumoral ROI) was placed on the tumoral zone and a second ROI (noise ROI), corresponding to noise, was placed around the tissue. Then, the same ROIs were applied on quantitative images from adjacent slices representing non-specific binding ( 68 Ga-RM2 or 18 F-FDG plus excess of reference compound) to define non-specific binding. Finally, data were exported on Excel software for processing. Parameters "Signal to Noise Ratio (SNR)" and "Delta" were then calculated. SNR was defined as the signal in tumoral ROI minus signal in noise ROI. Delta was calculated as follow:

Delta % Ö Ü à
SNRtotal binding SNRnon specific binding SNRtotal binding x 100

Statistical analysis. Differences between mean values were assessed using non parametric t-test. A P-value of less than 0.05 was considered statistically significant. Statistical analysis was performed using GraphPad Prism software v 6.01.

Retrospective analysis of 18 F-FDG PET/CT. We retrospectively analyzed pre-therapeutic 18 F-FDG PET/CT performed at the Nuclear Medicine Department of Institut Bergonie ´. PET/ CT had been performed before surgery in only 2 patients, corresponding to tissue samples 1 and 5 in Table 1. 18 F-FDG uptake was measured as SUV max in a VOI drawn on the breast tumor.

Results

68

Ga-RM2 radiosynthesis 68 Ga-RM2 was obtained at a mean specific activity of 47.3 ± 16.7 GBq/μmol and a mean radiochemical purity of 99.52 ± 0.18% suitable for in vitro experiments.
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Comparison of 68 Ga-RM2 binding and GRP-R immunohistochemistry

As a validation step we assessed whether tissular micro-imaging may accurately reflect IHC results. We stratified samples according to their GRP-R status determined by IHC and our results showed that the mean 68 Ga-RM2 delta was significantly higher in GRP-R expressing tumors than in GRP-R-negative tumors (33.93 ± 17.55% vs 0.0 ± 0.0%; P = 0.022).

68

Ga-RM2 and 18 F-FDG bindings Qualitative analysis. Qualitative analysis showed a good signal-to-noise ratio, and a binding in agreement with GRPR IHC with clear differences between total and non-specific bindings (Fig 1).

Quantitative analysis: Association between 68 Ga-RM2 and 18 F-FDG bindings and biological data. There was a significantly higher specific binding of 68 Ga-RM2 in the ER + group vs ER -tumors (45.31 ± 13.23% vs 14.32 ± 9.20%; P = 0.030). Contrarily, there was a trend for lower 18 F-FDG uptake in ER + tumors (16.51 ± 28.45% vs 20.21 ± 17.77% P = 0.479).

There was also a higher specific binding of 68 Ga-RM2 in the PR + groups vs PR -tumors (43.29 ± 13.24% vs 18.18 ± 18.43%; P = 0.028). Contrarily, 18 F-FDG uptake looked similar in PR + and PR -tumors (21.70 ± 31.90% vs 21.13 ± 18.24%; P = 0.730).

A striking difference in 68 Ga-RM2 binding was seen according to the percentage of Ki-67 staining. 68 Ga-RM2 binding was significantly higher in the low Ki-67 group (49.24 ± 9.15% vs 20.62 ± 17.88%; P = 0.023). Contrarily so, there was a trend for higher 18 F-FDG uptake in the high Ki-67 group vs low Ki-67 group (25.77 ± 26.43% vs 10.40 ± 12.35%; P = 0.287).

There were no significant differences in the HER2 + and HER2 -groups for 68 Ga-RM2 or for 18 F-FDG binding (Table 3).

Quantitative analysis: Comparison of 68 Ga-RM2 and 18 F-FDG bindings. In ER + tumors, binding of 68 Ga-RM2 was largely higher than 18 F-FDG (45.31 ± 13.23% vs 16.51 ± 28.45%; P = 0.015), while in ER -tumors binding of 18 F-FDG was comparable to that of 68 Ga-RM2 (P = 0.483). Therefore, the ratio of mean 68 Ga-RM2 binding to 18 F-FDG was 3.42 in ER + tumors vs 0.71 in ER -tumors. There was also a strong trend for higher 68 Ga-RM2 binding than 18 F-FDG in PR + tumors (P = 0.089) while no differences were observed in the PR -group (P = 0.626). In these subgroups, the ratio of mean 68 Ga-RM2 binding to 18 F-FDG was 1.99 in PR + tumors vs 0.86 in PR -tumors. In tumors with low Ki-67, 68 Ga-RM2 binding was also significantly increased compared to 18 F-FDG (49.24 ± 9.15% vs 10.40 ± 12.35%; P = 0.029). There was no differences in the bindings of 68 Ga-RM2 and 18 F-FDG in tumors with high Ki-67 (P = 0.783). These differences translate in a higher ratio of mean 68 Ga-RM2 binding to 18 F-FDG in low Ki-67 tumors (4.73 vs 0.80). In HER2-tumors, the ratio of mean 68 Ga-RM2 binding to 18 F-FDG was 1.70 while in HER2+ this ratio reaches only 0.53.

We also looked for 68 Ga-RM2 binding in tumors considered negatives for 18 F-FDG. Interestingly, 68 Ga-RM2 binding was significantly higher in 18 F-FDG-negative tumors: 36.03 ± 21.31% in 18 F-FDG negative tumors vs 9.75 ± 11.06% in 18 F-FDG-positive tumors, P = 0.021, S1 Fig.

F-FDG PET/CT

Among patients studied using tissular micro-imaging, two had undergone 18 F-FDG PET/CT imaging for staging before surgery (Table 4). The first patient had a low 18 F-FDG uptake in vivo (SUV max = 2.5), a negative 18 F-FDG delta ex vivo, a high 68 Ga-RM2 delta of 37.46% and a positive GRP-R IHC. The second patient had a high 18 F-FDG uptake (SUV max = 9.2), a high 18 F-FDG delta of 42.97%, no 68 Ga-RM2 binding and a negative GRP-R IHC.
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Discussion

The correlation between GRP-R overexpression in breast cancer and estrogen receptor positivity at protein level or mRNA level has been recently highlighted [2,3]. Moreover, it has been documented that when the breast primary is GRPR-positive, lymph node metastases also show GRPR overexpression [2,3]. Several clinical pilot studies have illustrated, in vivo, the potential of GRP-R for breast cancer imaging using radiolabelled GRP-R antagonists such as 68 Ga-SB3, 68 Ga-RM2 or 68 Ga-NOTA-RM26 [4,5,6]. In some of these studies it was shown that ER-positive tumors can be visualized with high contrast [5,6]. 18 F-FDG PET/CT is also a valuable tool for staging of invasive breast cancer [10]. Highly 18 F-FDG-avid tumors are generally Elston and Ellis grade 3, have a high proliferation index and negative hormone receptor status, while HES, black lines correspond to tumoral areas), 18 F-FDG total binding fused with HES (C; 18 F-FDG), 18 F-FDG nonspecific binding fused with HES (D; 18 F-FDG + S), 18 F-FDG total binding (E; 18 F-FDG), 18 F-FDG non-specific binding (F; 18 F-FDG + S), 68 Ga-RM2 total binding fused with HES (G; 68 Ga-RM2), 68 Ga-RM2 non-specific binding fused with HES (H; 68 Ga-RM2 + S), 68 Ga-RM2 total binding (I.; 68 Ga-RM2), 68 Ga-RM2 non-specific binding (J; 68 Ga-RM2 + S). S refers to the reference compound used ( nat F-FDG for 18 F-FDG or nat Ga-RM2 for 68 Ga-RM2) to identify non-specific binding. In this sample, specific binding of 68 Ga-RM2 is strong and evident while specific binding of 18 F-FDG was overall weak and heterogeneous. https://doi.org/10.1371/journal.pone.0210905.g001 89 somewhat lower uptake can be encountered in low grade ER-positive tumors and in lobular carcinoma [10]. Indeed, imaging ER-positive breast tumors, especially the luminal-A phenotype, might be challenging using 18 F-FDG PET/CT in some patients [11]. Therefore, how GRP-R imaging would perform compared to 18 F-FDG in ER-positive breast cancer deserves investigation. We aimed to compare on breast cancer samples the binding of a radiolabelled GRP-R antagonist, 68 Ga-RM2, to that of 18 F-FDG in order to better understand the potential of GRP-R imaging as a first step before a clinical study comparing the two tracers was launched.

Results of the present study on breast cancer samples showed that GRP-R targeting would be highly relevant in breast cancer, specifically in ER-positive tumors. Mean specific binding of 68 Ga-RM2 was 45.31 ± 13.23% in ER-positive tumors and only 14.32 ± 9.20% in ER-negative tumors (P = 0.030). The opposite pattern was noted as regards 18 F-FDG bindings. As a result, the ratio of mean 68 Ga-RM2 binding to that of 18 F-FDG binding in ER + tumors was 3.42 vs 0.71 in ER -tumors. Another important finding is the high 68 Ga-RM2 binding in tumors with low Ki-67 (49.24 ± 9.15%) while tumors with high Ki-67 exhibited lower 68 Ga-RM2 binding (20.62 ± 17.88%)(P = 0.023). Also, the ratio of mean 68 Ga-RM2 to 18 F-FDG binding in tumors with low Ki-67 was significantly higher than in tumors with high Ki-67 (4.73 vs 0.80). Overall, these results suggest a role for GRP-R PET imaging that could be complementary or superior to 18 F-FDG imaging in ER-positive tumors with a low proliferation index.

Thus, 18 F-FDG PET/CT and GRP-R imaging may be complimentary for imaging breast cancer and more specifically so the ER-positive subtypes. A study comparing a GRPR targeting radiotracer and 18 F-FDG for primary staging or for restaging recurrent breast cancer would be appreciated. Another approach that could enhance tumor detection, is the possibility of a multiple targeting as demonstrated by 68 Ga-BBN RGD that targets both GRP-R and integrin α v β 3 . In a pilot study, this heterodimeric radiopharmaceutical performed better than 68 Ga-BBN (that targets only the GRP-R) in the detection of primary tumor and bone lesions in 11 patients [12]. Comparison with 18 F-FDG would also be helpful for clinicians.

Finally, GRP-R targeting opens also attractive perspectives for radiopharmaceutical therapy of this subgroup of metastatic luminal patients with antagonists labelled with beta-emitters such as the lanthanides 177 Lu [13] or 161 Tb [14,15] or with alpha emitters.

Limitations of this study, apart the number of samples and its retrospective nature, is the 18 F-FDG tissular micro-imaging which may appear questionable. Cristallographic studies at the human glucose transporter 1 (GLUT-1) revealed that glucose uptake is a 2-step mechanism involving glucose binding before active transport [16]. Moreover, enhanced 18 F-FDG uptake in tumors is not only related to overexpression of glucose transporters but also to enhanced hexokinase activity which was not assessed here. Therefore, our 18 F-FDG tissular micro-imaging is relevant (clear displacement of 18 F-FDG with reference compound) and revealed at least the 18 F-FDG binding site but may over-estimate or underestimate 18 F-FDG uptake. 

In total, our data point that GRPR targeting should be helpful for imaging breast cancer and more specifically so the ER-positive subtypes. A study comparing a GRPR targeting radiotracer and 18 F-FDG for primary staging and for restaging recurrent breast cancer is clearly needed.
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DISCUSSION GÉNÉRALE

La découverte des mécanismes impliqués dans la prolifération, la survie des cellules tumorales, le processus d'invasion et de dissémination des lésions cancéreuses a permis le développement de molécules dirigées contre des cibles spécifiques. La médecine nucléaire a tiré parti de cette possibilité, en développant des radiopharmaceutiques se dirigeant vers ces cibles et permettant d'une part de réaliser une imagerie moléculaire comme la TEP et d'autre part de proposer une alternative thérapeutique qu'est la RIV en situation métastatique. Le développement de cette approche « théranostic » est un nouvel enjeu dans le traitement personnalisé des cancers. Parmi les différentes voies de recherche, les neuropeptides et leurs récepteurs, pouvant être fortement surexprimés à la surface des cellules tumorales, offrent de nombreuses perspectives de développement. Ces cibles tumorales sont donc attractives pour le développement d'analogues (agonistes ou antagonistes) radiomarqués par des émetteurs dédiés à l'imagerie ou à la thérapie. La connaissance détaillée de la capacité de liaison des radiopharmaceutiques ciblant ces neuropeptides est essentielle avant d'envisager une injection chez l'homme. L'analyse de leur comportement in-vitro, sur des échantillons humains est donc nécessaire et la micro-imagerie sur échantillons tumoraux offre cette possibilité. L'objectif principal de ce travail de thèse était de développer l'imagerie et/ou la thérapie d'un de ces récepteurs de neuropeptide qu'est le GRP-R. Dans un premier temps, son intérêt a été évalué dans le cancer prostatique. Dans cette indication, une cible tumorale a permis de grandes avancées cliniques : le PSMA. En effet, cette cible permet aujourd'hui une imagerie moléculaire TEP avec d'excellentes performances diagnostiques. La TEP/TDM au 68 Ga-PSMA a d'ailleurs fait récemment son entrée dans les recommandations NCCN pour le bilan d'extension initial et la récidive biologique (53). Cependant, l'imagerie TEP au 68 Ga-PSMA ne détecte pas l'ensemble des lésions tumorales primitives au diagnostic initial, notamment concernant les tumeurs de faible grade. Ainsi, l'amélioration des performances diagnostiques permettrait une meilleure approche diagnostique, notamment pour le guidage biopsique, et thérapeutique, devant les développements grandissant des thérapies focales comme l'HIFU.

La première étape a donc été de réaliser une étude in-vitro, par micro-imagerie d'échantillons tumoraux prostatiques, comparant un radiopharmaceutique ciblant le PSMA ( 111 In-PSMA-617) à un radiopharmaceutique ciblant le GRP-R ( 111 In-RM2). Cette première étape nous a permis de valider l'intérêt du GRP-R dans cette indication, notamment par l'excellente détection des lésions tumorales de faible grade. Ainsi, ces deux modalités d'imagerie pourraient avoir un rôle complémentaire pour caractériser de manière exhaustive la lésion tumorale primitive. Une validation de ces résultats chez l'homme était alors nécessaire.

Une étude prospective chez l'homme a alors été réalisée, comparant l'imagerie TEP/TDM au 68 Ga-PSMA-617 à celle au 68 Ga-RM2 dans le diagnostic initial de cancer prostatique. Ces radiopharmaceutiques expérimentaux ont été synthétisés au sein de la radiopharmacie de l'unité TEP recherche de Bordeaux. Elle a obtenu pour cela les autorisations réglementaires nécessaires : autorisation ASN de détention et d'utilisation du 68 Ga, autorisation d'essai clinique par l'ANMS, autorisation du CPP et autorisation ARS de recherche biomédicale. La procédure de radiomarquage a été placée sous la responsabilité du radiopharmacien qui a reçu une délégation écrite du pharmacien gérant de la Pharmacie à Usage Intérieur. Elle a bien confirmé une complémentarité de ces deux imageries. En effet, la TEP/TDM au 68 Ga-PSMA a été plus performante dans les lésions tumorales de haut grade alors que la TEP/TDM au 68 Ga-RM2 a démontré au taux de détection plus élevée pour les tumeurs de bas grade. De plus, 20% des lésions n'ont été visualisées que par une de ces deux modalités d'imagerie. Cette double imagerie moléculaire permettrait donc une meilleure caractérisation de la tumeur prostatique primitive, utile au guidage biopsique et aux traitements focaux. En effet, elle pourrait être utilisée en cas de première série de biopsies écho-guidées négative ou de lésion antérieure. Des modèles de guidage biopsique par imagerie multimodale ont d'ailleurs été développés [START_REF] Zettinig | Multimodal image-guided prostate fusion biopsy based on automatic deformable registration[END_REF] et pourraient être utilisés. L'augmentation du nombre de TEP/IRM en France permettra, avec l'utilisation de ces radiopharmaceutiques innovants, d'améliorer encore les performances diagnostiques de l'imagerie moléculaire.

Le rôle de la TEP/TDM, notamment au 68 Ga-PSMA, présente également un intérêt dans la planification du traitement de radiothérapie. Son rôle en dehors de la récidive biologique après traitement curatif est cependant mal défini. Une étude sur 108 patients a montré une modification de la planification de radiothérapie dans 21% des cas [START_REF] Roach | The Impact of 68 Ga-PSMA PET/CT on Management Intent in Prostate Cancer: Results of an Australian Prospective Multicenter Study[END_REF]. Une autre étude sur 15 patients a montré une modification du traitement dans 33% des cas, comprenant des volumescibles ajoutés ou une escalade de dose en lien avec l'identification de lésions secondaires ganglionnaires [START_REF] Dewes | Integration of 68Ga-PSMA-PET imaging in planning of primary definitive radiotherapy in prostate cancer: a retrospective study[END_REF]. Les études comparant les performances de détection de l'IRMmp et de la TEP/TDM au 68 Ga-PSMA avant un traitement par radiothérapie ont montré la supériorité de l'imagerie TEP-PSMA mais l'IRMmp et la TEP-PSMA présentaient cependant des informations complémentaires sur la caractérisation et la localisation des lésions [START_REF] Rhee | Prostate Specific Membrane Antigen Positron Emission Tomography May Improve the Diagnostic Accuracy of Multiparametric Magnetic Resonance Imaging in Localized Prostate Cancer[END_REF][START_REF] Zamboglou | 68 Ga-HBED-CC-PSMA PET/CT Versus Histopathology In Primary Localized Prostate Cancer: A Voxel-Wise Comparison[END_REF][START_REF] Eiber | Simultaneous 68Ga-PSMA HBED-CC PET/MRI Improves the Localization of Primary Prostate Cancer[END_REF]. Aucune étude de planification de radiothérapie n'a été réalisée avec l'imagerie TEP au 68 Ga-RM2 au diagnostic initial. Elle pourrait cependant être intéressante afin de détecter l'ensemble des lésions intra-prostatiques, notamment celles de bas grade. L'irradiation focalisée des lésions intra-prostatique permettrait une meilleure préservation des organes péri-prostatiques.

Une des limites principales de l'étude est la technique de comparaison visuelle entre l'imagerie TEP et l'histologie. Des procédures de marquage des pièces anatomopathologiques de prostatectomie ont été développées afin d'améliorer la précision du recalage entre les lames histologiques et l'imagerie TEP. Un des premiers modèles a utilisé une imagerie TDM de la pièce de prostatectomie emprisonnée dans une grille dont chaque cerclage correspondait à une section axiale de la prostate où une lame histologique a été extraite, permettant un recalage précis avec l'imagerie TEP à la 11 C-Choline [START_REF] Grosu | 11C-Choline PET/pathology image coregistration in primary localized prostate cancer[END_REF]. Une autre technique intéressante de recalage consiste à imager par TDM la pièce de prostatectomie inclue dans un bloc de paraffine pour réaliser un « histoPET » qui correspond à une représentation des données d'une coupe histologique par l'application d'une matrice correspondant à la résolution TEP à laquelle un filtre gaussien a été ajouté afin de faciliter la comparaison avec l'imagerie TEP [START_REF] Zamboglou | 68 Ga-HBED-CC-PSMA PET/CT Versus Histopathology In Primary Localized Prostate Cancer: A Voxel-Wise Comparison[END_REF][START_REF] Schiller | Comparison of PET/CT and whole-mount histopathology sections of the human prostate: a new strategy for voxel-wise evaluation[END_REF]. Une autre technique ayant fait ses preuves est l'introduction de marqueurs fiduciels détectables au TDM au sein du tissu à étudier, permettant un recalage précis par transformation affine à partir de structures analogues [START_REF] Puri | A method for accurate spatial registration of PET images and histopathology slices[END_REF].

Une autre avancée actuellement à l'étude est le développement des radiopharmaceutiques marqués au Fluor-18 ciblant le PSMA et le GRP-R. En effet, les caractéristiques physiques du Fluor-18 permettent d'obtenir des images de meilleure résolution avec un meilleur contraste comparativement au Gallium-68, ce qui permettrait de détecter plus de lésions, notamment celles de petite taille. La demi-vie plus longue du Fluor-18 permettrait également de réaliser des images plus tardives donc avec un meilleur rapport signal sur bruit. De plus, l'ensemble des services de médecine nucléaire étant déjà desservis en traceurs fluorés, la commercialisation des radiopharmaceutiques en serait facilitée. Des résultats prometteurs ont été observés avec le 18 F-PSMA-1007 (63) ou avec le 18 F-DCFBC (64) pour le ciblage du PSMA.

Les résultats préliminaires des travaux de l'équipe d'A. Iagaru à l'Université de Stanford (USA) comparant l'IRMmp à la la TEP/TDM au 68 Ga-PSMA-11 et au 68 Ga-RM2 sur 11 patients dans l'optique d'un guidage biopsique montrent que cette dernière modalité d'imagerie a présenté la meilleure sensibilité (75% vs 46% avec le 68 Ga-PSMA-11 et 43% avec l'IRMmp). L'IRMmp a cependant montré la meilleure spécificité (95% vs 64% pour le 68 Ga-RM2 et 86% pour le 68 Ga-PSMA-11).

Une autre donnée intéressante de notre étude est qu'environ 16% des lésions n'ont été visualisées par aucune de ces deux techniques. Le développement d'autres radiopharmaceutiques reste donc pertinent pour augmenter encore plus la sensibilité de détection. Une nouvelle étude in-vitro de microimagerie sur échantillons de cancers prostatiques a donc été réalisée, comparant plusieurs autres récepteurs de neuropeptides comme ceux de la neurotensine (NTS1 et NTS2), de la somatostatine (SST2) ou encore d'un récepteur aux chimiokines (CXCR4). Le choix des récepteurs a été guidé par les données du laboratoire et la disponibilité des molécules pour radiomarquage. La supériorité du PSMA a une nouvelle fois été confirmée, notamment dans les tumeurs de haut grade. Une donnée particulièrement intéressante et novatrice est la capacité que semblent offrir les récepteurs NTS1 et NTS2 pour mieux déceler les lésions PSMA-négatives que ne le fait le GRP-R. notamment dans les tumeurs de bas grade. Elle permettrait d'augmenter encore les performances de détection et donc permettre un diagnostic et des thérapies focales précises. Ces pistes doivent être explorées par une étude pilote chez l'homme. Ainsi, ces neuropeptides pourrait ainsi rentrer dans la stratégie diagnostique en cas de PSMA négatif mais nécessite la poursuite des explorations et leurs études chez l'homme. De facon pragmatique, le ciblage du GRP-R est aujourd'hui possible chez l'homme avec des antagonistes radiomarqués contrairement au ciblage de NTS1 dont le ciblage chez l'homme ne donne pas encore les résultats escomptés [START_REF] Hodolic | Safety and tolerability of 68Ga-NT-20.3, a radiopharmaceutical for targeting neurotensin receptors, in patients with pancreatic ductal adenocarcinoma: the first in-human use[END_REF]. Notre équipe travaille au développement de ces analogues. Le ciblage du GRP-R a donc un encore un bel avenir devant lui. importante, une étude réalisée sur 8 femmes oligométastatiques, prétraitées et ER+, utilisant le 68 Ga-RM2, a montré que sa captation était globalement préservée dans les lésions métastatiques [START_REF] Michalski | Gastrin-Releasing Peptide Receptor Antagonist [68Ga]RM2 PET/CT for Staging of Pre-Treated[END_REF]. Enfin, le 64 Cu-SAR-BBN a également été étudié chez sept patientes atteintes d'un cancer du sein métastatique ER+/PR+/HER2+ et comparé au 18 F-FDG. Une patiente était positive au 64 Cu-SAR-BBN et négative au 18 F-FDG et quatre étaient positives au 64 Cu-SAR-BBN ainsi qu'au 18 F-FDG avec un SUVmax plus élevé pour le 64 Cu-SAR-BBN [START_REF] Wong | 64Cu-SAR-Bombesin PET-CT Imaging in the Staging of Estrogen/Progesterone Receptor Positive, HER2 Negative Metastatic Breast Cancer Patients: Safety, Dosimetry and Feasibility in a Phase I Trial[END_REF]. Ainsi, le GRPR serait une possibilité thérapeutique intéressante pour la RIV.

Le cancer du sein et le cancer prostatique ne sont pas les seuls à exprimer les récepteurs de neuropeptides. Il serait donc intéressant d'étudier leur intérêt dans des types histologiques ou les imageries moléculaires actuellement utilisées ne sont pas performante. Ainsi, une étude in-vitro de micro-imagerie comparative sur les cancers rénaux est en cours au sein de notre équipe. Celle-ci est d'autant plus importante que le cancer rénal à cellule claire présente une faible affinité pour le 18 F-FDG.

Enfin, à l'heure du développement grandissant de la radiothérapie interne vectorisée, les récepteurs des neuropeptides pourraient servir de cible et d'alternative thérapeutique, notamment dans des situations où les échecs thérapeutiques sont fréquents comme le mélanome ou les cancers ovariens. Une étude innovante a d'ailleurs réalisé des imageries TEP/TDM au 68 Ga-RM2 chez 35 patients atteints de cancers prostatiques résistants à la castration avant une éventuelle radiothérapie interne vectorisée par 177 Lu-RM2. Elle a été retenue chez 4 patients. Aucun effet secondaire n'a été identifié et un haut niveau de fixation tumorale a été obtenue avec une bonne clairance du radiopharmaceutique sur les organes sains. Le pancréas est l'organe sain ayant reçu la dose la plus importante [START_REF] Kurth | First-in-human dosimetry of gastrin-releasing peptide receptor antagonist [177Lu]Lu-RM2: a radiopharmaceutical for the treatment of metastatic castration-resistant prostate cancer[END_REF].
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Figure 1 -

 1 Figure 1 -Comparaison des séquences de la bombésine et du GRP, présentant les sept mêmes acides aminés N-terminaux.

Figure 1 -

 1 Figure 1 -Structure du PSMA et les sites de liaison des différents ligands et anticorps les plusfréquemment utilisés (30).

Figure 3 -

 3 Figure 3 -La distribution physiologique du 68 Ga-RM2 qui se répartit principalement dans le pancréas. Excrétion urinaire du radiopharmaceutique.

Fig. 1 Fig. 2

 12 Fig. 1 Comparison between 111 In-RM2 (a-c) and 111 In-PSMA (d-f) on a low-risk sample: radioactive signal (a, d), HES (c, f), and fusion images (b, e). The black line drawing corresponds to the tumoral area. There is good discrimination between tumor tissue and normal tissue on 111 In-RM2 (tumor-to-normal ratio, TNR = 1.22) as well as on 111 In-PSMA-617 (TNR = 2.09)

Fig. 3 a

 3 Fig.3a 111 In-RM2 binding in low-, intermediate-, and high-risk prostate cancer samples.111 In-RM2 binding is significantly higher in low metastatic risk compared to intermediate-or high-risk samples. b 111 In-PSMA-617 binding in low-, intermediate-, and high-risk prostate cancer samples. Binding of111 In-PSMA-617 is high in all samples with no significant differences between groups. Non-parametric one-way ANOVA (Kruskal-Wallis test). p < 0.05 was considered significant

  Ga-PSMA-617 SUVmax in the ISUP 2 subgroup (p = 0.01). Conclusion: INTRODUCTION Prostate cancer (PCa) is the most common cancer in men and the third cause of cancer-related deaths (1). The range of therapeutic options for localized PCa varies from active surveillance or focal therapy to radiation beam therapy or radical prostatectomy depending on the local extension and risk classification of tumor progression. Therefore, the initial assessment of the aggressiveness of the primary tumor is of critical importance for treatment decision making. In combination with clinical examination, PSA level, and prostatic Magnetic Resonance Imaging (MRI), the risk classification of the primary tumor mainly depends on appropriate sampling by prostatic biopsies and on precise evaluation of the International Society of Urological Pathology (ISUP) score.

  Ga-RM2 was 5.20(3.30-8.30) at 1h and 5.40(3.75- 7.90) at 2h (e β = 0.99; CI95 [0.81 -1.23); p = 0.96). For68 Ga-PSMA-617 uptake in tumor lesions, the median SUVmax was 4.20 (3.00-6.10) at 1h and 4.10 (2.90-7.30 at 2h, with no significant differences between the two acquisition times (e β = 1.00; CI95 [0.78 -1.30); p = 0.98).

  Ga-PSMA-617 was higher in ISUP ≥ 4 vs 1 (e β = 2.41; CI95 [1.65-3.50]; p < 0.0001); and ISUP ≥ 4 vs 2 (e β = 2.06; CI95 [1.46-2.91]; p = 0.002).

  This study was funded by the University Hospital of Bordeaux (grant AOI 2016, recipient CM). CM reports consulting activities for IRE Elit and research supports from IRE Elit and Life Molecular Imaging outside of the submitted work research support. No other potential conflicts of interest relevant to this article exist.

SUPPLEMENTAL FIGURE 1 .

 1 Association of GRP-R immunohistochemistry and 68 Ga-RM2 PET/CT SUVmax. Median 68 Ga-RM2 SUVmax was 6.40 in samples low for GRP-R vs 7.35 for samples positive for GRP-R (p=0.50). SUPPLEMENTAL FIGURE 2. Association of GRP-R immunohistochemistry and 68 Ga-PSMA-617 PET/CT SUVmax. Median 68 Ga-PSMA-617 SUVmax was 3.60 for PSMA-low samples and 6.80 for PSMA-positive samples (p=0.12).

  ISUP-1 : 1 cas pour le GRP-R, le NTS1 et le NTS2 et 2 cas pour le SST2. -ISUP-2 : 1 cas pour le NTS2 -ISUP-3 : 2 cas pour le NTS1 et 1 cas pour le SST2 et NTS2 -ISUP-4 : 3 cas pour le NTS1 -ISUP-5 : 1 cas pour le GRP-R, le SST2, le NTS2 et le CXCR4 Les cibles alternatives les plus intéressantes sont donc le NTS1 mais également le NTS2, avec respectivement 4 et 6 cas supérieurs ou équivalent au PSMA. La combinaison d'un ciblage du PSMA associé au ciblage NTS1/NTS2 a permis de détecter l'ensemble des lésions prostatiques. Des études prospectives in-vivo pourraient être réalisées pour confirmer ces données.

Figure 1 -

 1 Figure 1 -Example of a prostatic ISUP-5 sample with positive staining for NTS1

  111 In]In-PSMA-617 binding was significantly higher than [ 111 In]In-RM2, [ 111 In]In-JMV6659, [ 111 In]In-JMV7489 and [ 177 Lu]Lu-DOTATATE for all ISUP score (p < 0.0001).

  [ 111 In]In-JMV6659 (1 ISUP-1, 2 ISUP-3 and 3 ISUP-4), four for [ 111 In]In-JMV7489 (1 ISUP-1, 1 ISUP-2, 1 ISUP-3 and 1 ISUP-5), three for [ 177 Lu]Lu-DOTATATE (2 ISUP-1 and 1 ISUP-3), three for [ 67 Ga]Ga-pentixafor (2 ISUP-1 and 1 ISUP-5) and two for [ 111 In]In-RM2 (1 ISUP-1 and 1 ISUP-5).

8Table 5 -

 5 ISUP-3, 8 ISUP-4 and 9 ISUP-5), twenty for NTS2 (2 ISUP-1, 5 ISUP-2, 5 ISUP-3, 5 ISUP-4 and 3 ISUP-5), nineteen for SST2 (4 ISUP-1, 6 ISUP-2, 3 ISUP-3, 2 ISUP-4 and 4 ISUP-5) eight for NTS1 (2 ISUP-1, 1 ISUP-2, 3 ISUP-3 and 2 ISUP-4) and eight for CXCR4 (4 ISUP-1Number of Delta ≥ GRPR one for each target. One ISUP-2 sample with low binding of [ 111 In]In-PSMA-617 and negative binding for [ 111 In]In-RM2 was positive only for NTS2. One ISUP-5 sample with negative binding of [ 111 In]In-PSMA-617 and [ 111 In]In-RM2 was positive for SST2, NTS2 and CXCR4 (Picture -4).

Picture 4 -

 4 Comparison between PSMA, GRP-R, NTS1, NTS2 and SST2 on an ISUP-5 sample.

  PET was found to be accurate in detecting intraprostatic lesion of ISUP ≥ 2. Contrarily, the detection rate of PSMA PET was low for ISUP-1 lesions. Touijer et al., prospectively investigate [ 68 Ga]Ga-RM2 PET/CT in 16 patients before radical prostatectomy.

  [ 111 In]In-PSMA-617 than [ 111 In]In-RM2, [ 111 In]In-JMV6659, [ 177 Lu]Lu-DOTATATE and [ 111 In]In-JMV7488 for all ISUP-score groups. No significant difference was found for CXCR4 mostly due to a lack of power.

  [ 111 In]In-RM2, [ 111 In]In-JMV6659 and [ 111 In]In-JMV7488 was higher than that of [ 111 In]In-PSMA-617 in one case (the same case for [ 111 In]In-RM2 and [ 111 In]In-JMV7488, a different one for [ 111 In]In-JMV6659). In the ISUP-2 group only [ 111 In]In-JMV7488 showed higher signal than [ 111 In]In-PSMA-617. In the ISUP 3 group, two samples showed higher [ 111 In]In-JMV6659 binding than [ 111 In]In-PSMA-617, one sample showed higher binding of [ 177 Lu]Lu-DOTATATE than [ 111 In]In-PSMA-617and another sample showed also higher binding of [ 111 In]In-JMV7488 than [ 111 In]In-PSMA-617. Indeed, no statistical analysis were performed due to the low number of samples.

Fig 1 .

 1 Fig 1. Example of a luminal B breast tumor sample. Representative GRP-R IHC (A; GRPR-IHC), HES staining (B;HES, black lines correspond to tumoral areas),18 F-FDG total binding fused with HES (C; 18 F-FDG),18 F-FDG nonspecific binding fused with HES (D; 18 F-FDG + S),18 F-FDG total binding (E; 18 F-FDG),18 F-FDG non-specific binding (F; 18 F-FDG + S),68 Ga-RM2 total binding fused with HES (G; 68 Ga-RM2),68 Ga-RM2 non-specific binding fused with HES (H;68 Ga-RM2 + S),68 Ga-RM2 total binding (I.; 68 Ga-RM2),68 Ga-RM2 non-specific binding (J;68 Ga-RM2 + S). S refers to the reference compound used ( nat F-FDG for 18 F-FDG or nat Ga-RM2 for68 Ga-RM2) to identify non-specific binding. In this sample, specific binding of68 Ga-RM2 is strong and evident while specific binding of 18 F-FDG was overall weak and heterogeneous.

Table 4 . 18 F:

 418 -FDG SUV max on PET/CT imaging in two breast cancer patients according to estrogen receptor (ER) expression, Ki-67 expression, ex vivo 18 FData from 18 F-FDG PET/CT ‡ : Data from tissular micro-imaging experiments https://doi.org/10.1371/journal.pone.0210905.t004

  

  

  

  

  

  

  

Table 1

 1 Characteristics of the patients from which samples have been used in this study. nd not determined, PSA prostatespecific antigen

	Patients Age Gleason	PSA	Clinical	Pathological	Metastatic
		score	(ng/	tumoral	tumoral size:	risk
			mL)	size: cT	pT
	1	65 6 (3 + 3) 3.7	1	2c	Low risk
	2	57 6 (3 + 3) 4.38 1	2
	3	51 6 (3 + 3) 3.7	2	2
	4	49 6 (3 + 3) 4.52 2	2c
	5	56 6 (3 + 3) 4.4	2	2c
	6	63 7 (3 + 4) 10	1	2c	Intermediate
	7	66 7 (3 + 4) 10	2	2c	risk
	8	59 7 (3 + 4) 13	2	2b
	9	67 7 (3 + 4) 12.5 1	3a
	10	67 7 (3 + 4) 14	1	3a
	11	66 7 (3 + 4) 10.4 0	3a
	12	55 7 (3 + 4) 13	1	3a
	13	56 9 (4 + 5) 26	3	3a	High risk
	14	63 7 (4 + 3) 25.6 3	3b
	15	70 9 (4 + 5) 24.5 2	3b
	16	59 8 (4 + 4) 14	2	4
	17	48 7 (4 + 3) 14.28 2	3b
	18	66 7 (4 + 3) 44	2	3a
	19	53 7 (4 + 3) 20	2	3a
	20	63 7 (4 + 3) 28	2	nd

Table 2

 2 

	Statistical analysis of 111 In-PSMA-617 and 111 In-RM2
	bindings according to clinico-biological parameters	
	(pathological size, Gleason score, prostate-specific antigen
	(PSA) value, and metastatic risk). Non-parametric one-way
	ANOVA (Kruskal-Wallis test) and non-parametric t test	
	(Wilcoxon test). p < 0.05 was considered significant	
	Biological parameters n	111 In-PSMA-617 111 In-RM2	p value
	Pathological size				
	pT2	8	66.00 ± 3.65%	9.17 ± 2.17%	0.0078
	pT3&4	11 54.82 ± 4.45%	2.82 ± 1.28%	0.0010
	p value		0.105	0.161	
	Gleason score				
	6	5	64.60 ± 4.83%	14.67 ± 3.96% 0.0625
	7	12 54.50 ± 4.87%	2.58 ± 1.19%	0.0005
	8-9	3	62.33 ± 8.73%	0.0 ± 0.0%	0.0065
	p value		0.5554	0.0019	
	PSA value				
	< 10 ng/mL	5	64.60 ± 4.83%	14.67 ± 3.96% 0.0625
	≥ 10 ng/mL	15 56.07 ± 4.04%	2.07 ± 0.98%	< 0.0001
	p value		0.404	0.0012	
	Metastatic risk				
	Low	5	64.60 ± 4.83%	14.67 ± 3.96% 0.0625
	Intermediate	7	58.86 ± 4.90%	2.86 ± 1.86%	0.0156
	High	8	53.63 ± 6.44%	1.38 ± 0.94%	0.0078
	p value		0.665	0.0046	

Total 20 58.2 ± 14.82% 5.2 ± 7.65% < 0.0001

  F-FDG in breast cancer samples. PLoS One. 2019;14:e0210905. 20. Spick C, Herrmann K, Czernin J. Evaluation of prostate cancer with 11 Cacetate PET/CT. J Nucl Med. 2016;57:30S-7S. 21. Parent EE, Schuster DM. Update on 18 F-Fluciclovine PET for prostate cancer imaging. J Nucl Med. 2018;59:733-9. 22. Nitsch S, Hakenberg OW, Heuschkel M, et al. Evaluation of prostate cancer with 11 C-and 18 F-choline PET/CT: diagnosis and initial staging. J Nucl Med. 2016;57:38S-42S. 23. Liu C, Liu T, Zhang N, et al.

68 

Ga-PSMA-617 PET/CT: a promising new technique for predicting risk stratification and metastatic risk of prostate cancer patients. Eur J Nucl Med Mol Imaging. 2018;45:1852-61. 24. Touijer KA, Michaud L, Alvarez HAV, et al. Prospective study of the radiolabeled GRPR antagonist BAY86-7548 for positron emission tomography/computed tomography imaging of newly diagnosed prostate cancer. Eur Urol Oncol. 2018;2(2):166-73. 25. Woythal N, Arsenic R, Kempkensteffen C, et al. Immunohistochemical validation of PSMA expression measured by 68 Ga-PSMA PET/CT in primary prostate cancer. J Nucl Med. 2018;59:238-43. 26. Moschini M, Carroll PR, Eggener SE, et al. Low-risk prostate cancer: identification, management, and outcomes. Eur Urol. 2017;72:238-49. 27. Porcaro AB, Siracusano S, de Luyk N, et al. Low-risk prostate cancer and tumor upgrading in the surgical specimen: analysis of clinical factors predicting tumor upgrading in a contemporary series of patients who were evaluated according to the modified Gleason score grading system. Curr Urol. 2017;10:118-25. 28. Storz E, Shah A, Zettinig O, et al. PSMA-PET/MRI-guided transrectal fusion biopsy for the detection of prostate cancer. Eur Urol Suppl. 2015;14:e217. 29. Zettinig O, Shah A, Hennersperger C, et al. Multimodal image-guided prostate fusion biopsy based on automatic deformable registration. Int J Comput Assist Radiol Surg. 2015;10:1997-2007. 30. Calais J, Kishan AU, Cao M, et al. Potential impact of 68 Ga-PSMA-11 PET/CT on prostate cancer definitive radiation therapy planning. J Nucl Med. 2018;59:1714-21.

TABLE 1 . Patient characteristics'

 1 

	Variable		Total (n=22)	
	ISUP score		At diagnosis	Histopathology
		1 (Gleason 6)	5 (22.7%)	(4.5%)
		2 (Gleason 7(3+4))	6 (27.3%)	(40.9%)
		3 (Gleason 7(4+3))	4 (18.2%)	(9.1%)
		4 (Gleason 8)	2 (9.1%)	(13.6%)
		5 (Gleason > 8)	5 (22.7%)	(31.8%)
	TNM stage	T2a	19 (86.4%)	(0.0%)
		T2c	3 (13.6%)	(27.3%)
		T3a	0 (0.0%)	(50.0%)
		T3b	0 (0.0%)	(22.7%)
		N0	0 (0.0%)	(90.9%)
		N1	0 (0.0%)	(4.5%)
		Nx	22 (100.0%)	(4.5%)
	Age (y)			
		Mean (SD)	64.0 (5.9)
		Median (Q1;Q3)	65 (59;68)
		Min ; Max		52 ; 75
	PSA (ng/mL)			
		Mean (SD)		8.3 (4.0)
		Median (Q1;Q3)		7 (6;9)
		Min ; Max		3 ; 21

Ga- RM2 PET/CT.

  

	ISUP score	Median 68 Ga-RM2 SUVmax	Median 68 Ga-PSMA-617 SUVmax (Q1;Q3)
		(Q1;Q3)	
	1	3.45 (2.50;4.70)	3.00 (2.60;3.50)
	2	6.30 (5.30;7.50)	3.60 (3.40;4.50)
	3	8.30 (3.80;9.80)	6.80 (5.10;7.10)
	≥ 4	7.35 (3.25;9.05)	7.45 (5.90;12.50)

TABLE 3 . Comparison of 68 Ga-PSMA-617 and 68 Ga-RM2 uptakes to ISUP scores.

 3 

Table 1 -

 1 PSMA, GRP-R and NTS1 immunochemistry staining with IRS score according to

	Patient	ISUP score	IRS	SUVmax	IRS	SUVmax	IRS
	1	1	6	2.8	6	4.8	6
	2	2	9	4.5	3	5.1	6
	3	2	9	4.7	8	6.3	0
	4	2	0	5	4	5.3	12
	5	2	1	3.4	1	7.5	12
	6	3	12	6.8	4	8.3	1
	7	3	2	3.6	8	8.9	12
	8	4	9	2.8	6	2.4	3
	9	4	9	8.5	6	2.8	2
	10	5	12	13.3	4	7.5	2
	11	5	12	5.9	4	7.2	4
	12	5	12	12.5	2	2.8	8
	13	5	6	7.1	1	9.1	4
	14	5	12	3.7	4	10.5	12
	15	5	12	7.8	4	9	6
	16	5	12	20.4	2	3.7	1
	uptake intensity (Standard Uptake Value -SUVmax) of [ 68 Ga]Ga-PSMA-617 and [ 68 Ga]Ga-
	RM2 Positon Emission Tomography (PET) imaging.			

Study 2 : retrospective study of the expression of PSMA, GRP-R, NTS1, NTS2, SST2 and CXCR4 on the same samples of primary prostate cancer.

  

	Patient Characteristic's were resume in

Table 2 .Table 2 -

 22 Characteristics of the patients from which samples have used in this study. Nd not determited. PSA prostate specific antigen. *All patients were NxMX or N0M0 except the patient n°31 which was NxM1.

						Clinical	Pathological	
				Gleason	PSA	tumoral size	tomoral size :	
	Patients Age ISUP	score	(ng/mL)	: cT	pT	Metastatic risk
	1	67	1	6 (3+3)	3.7	1	2c	High
	2	65	1	6 (3+3)	5.26	1	2c	High
	3	57	1	6 (3+3)	4.38	1	2a	Low
	4	51	1	6 (3+3)	3.7	2	2a	Low
	5	63	1	6 (3+3)	10	1	2c	High
	6	48	1	6 (3+3)	4.51	1	2c	High
	7	56	1	6 (3+3)	4.4	2	2c	High
	8	55	1	6 (3+3)	3.7	2	2c	High
	9	70	2	7 (3+4)	10.5	1	3a	High
	10	67	2	7 (3+4)	5.65	2	2c	High
	11	57	2	7 (3+4)	6	1	3a	High
	12	66	2	7 (3+4)	10	2	2c	High
	13	59	2	7 (3+4)	13	2	2b	Intermediate
	14	66	2	7 (3+4)	14	2	2c	High
	15	67	2	7 (3+4)	14	1	3a	High
	16	66	2	7 (3+4)	10.4	0	3a	High
	17	67	2	7 (3+4)	12.5	1	3a	High
	18	55	2	7 (3+4)	13	1	3a	High
	19	49	2	7 (3+4)	14.28	2	3b	High
	20	64	3	7 (4+3)	8	1	3a	High
	21	60	3	7 (4+3)	5.67	1	3b	High
	22	66	3	7 (4+3)	4.28	2	3a	High
	23	58	3	7 (4+3)	7.6	2	3a	High
	24	71	3	7 (4+3)	6.4	2	3a	High
	25	67	3	7 (4+3)	7.6	2	2c	High
	26	63	3	7 (4+3)	28	2	nd	High
	27	63	3	7 (4+3)	25.6	3	3b	High
	28	68	3	7 (4+3)	19	2	3a	High
	29	53	3	7 (4+3)	20	2	3a	High
	30	75	4	8 (4+4)	6	3	1b	High
	31*	71	4	8 (4+4)	285	4	nd	High
	32	63	4	8 (4+4)	7	2	3a	High
	33	70	4	8 (4+4)	3.9	2	3a	High
	34	70	4	8 (4+4)	9.95	1	2c	High
	35	74	4	8 (5+3)	nd	nd	nd	High
	36	66	4	8 (4+4)	44	2	3a	High
	37	59	4	8 (4+4)	14	2	4	High
	38	73	5	9 (4+5)	10	nd	3b	High
	39	72	5	9 (4+5)	20	3	3b	High
	40	63	5	9 (4+5)	27	3	3b	High
	41	54	5	9 (4+5)	30	3	3a	High
	42	60	5	9 (4+5)	12.6	2	3a	High
	43	66	5	9 (4+5)	4.4	2	2a	High
	44	63	5	9 (5+4)	5	2	3a	High
	45	70	5	9 (4+5)	24.5	2	3b	High
	46	56	5	9 (4+5)	26	3	3a	High

Table 4 -

 4 Number of Delta ≥ PSMA one for each target. Note: ISUP5 NTS2 >> PSMA (95% vs 44%).The number of samples for which binding intensity of a radiopharmaceutical is equal or higher than [ 111 In]In-RM2 is reported in Table5. forty-three for PSMA (7 ISUP-1, 11 ISUP-2,

Table 1 . Estrogen receptor (ER), progestin receptor (PR) expression, HER2 status, Ki-67 expression, molecular phenotypes and Gastrin-Releasing Peptide Receptor (GRP-R) expression in our series of samples.

 1 GaCl 3 (GalliEo generator with nominal activity of 1850 MBq, IRE Elit,

	Sample	ER (%)	PR (%)	HER2 over-expression	Ki-67 (%)	Molecular phenotype	GRPR status
				Primary tumors			
	1	70	90	No	2	Luminal-A	Pos
	2	90	90	No	5	Luminal-A	Pos
	3	80	30	No	20	Luminal-B	Pos
	4	100	30	No	50	Luminal-B	Pos
	5	90	0	No	30	Luminal-B	Neg
	6	100	100	No	15	Luminal-B	Pos
	7		0	Yes	20	HER2-enriched	Pos
	8		0	Yes	35	HER2-enriched	Pos
	9		0	Yes	25	Molecular apocrine	Pos
	10		0	No	70	Basal	Neg
				Metastatic lymph nodes			
	11 from tumor 2	100	100	No	15	n.a.	Pos
						(not applicable)	
	12 from tumor 5	100	1	No	60	n.a.	Pos
	13 from tumor 7		0	No	50	n.a.	Pos
	14 from tumor 9		0	No	40	n.a.	Pos
	https://doi.org/10.1371/journal.pone.0210905.t001					

Table 2 . Characteristics of antibodies used in this study.

 2 

	Antibody	Clone	Supplier	Dilution	Incubation time	Unmasking	Revelation
	ER	SP1	Roche Diagnostics	Ready to use	32 min	CC1 standard (64')	UltraView Universal DAB
			(760-4605)				
	PR	1E2	Roche Diagnostics	Ready to use	12 min	CC1 short (36')	UltraView Universal DAB
			(790-4296)				
	HER2	4B5	Roche Diagnostics	Ready to use	12 min	CC1 short (36')	UltraView Universal DAB
			(790-4493)				
	Ki-67	30.9	Roche Diagnostics	Ready to use	32 min	CC1 standard (64')	UltraView Universal DAB
			(790-4493)				
	GRP-R	polyclonal	Origene Technologies Rockville, Maryland	1/800	52 min	Protease 1 (4 min)	UltraView Universal DAB

https://doi.org/10.1371/journal.pone.0210905.t002

Table 3 . 68 Ga-RM2 and 18 F-FDG bindings in breast cancer samples according to biological data. Biological data n 68 Ga-RM2 18 F-FDG P-value

 3 

	ER status				
	ER + ( 10%)	8	45.31 ± 13.23%	16.51 ± 28.45%	0.015
	ER -(<10%)	6	14.32 ± 9.20%	20.21 ± 17.77%	0.483
	P-value		0.030	0.479	
	PR status				
	PR + ( 10%)	6	43.29 ± 13.24%	21.71 ± 31.90%	0.089
	PR -(<10%)	8	18.18 ± 18.43%	21.13 ± 18.24%	0.626
	P-value		0.028	0.730	
	HER2 over-expression				
	Yes	3	16.13 ± 8.25%	30.19 ± 13.31%	0.200
	No	11	32.25 ± 21.73%	18.98 ± 26.01%	0.163
	P-value		0.280	0.269	
	Proliferation index Ki-67				
	High ( 20%)	10	20.62 ± 17.88%	25.77 ± 26.43%	0.783
	Low (<20%)	4	49.24 ± 9.15%	10.40 ± 12.35%	0.029
	P-value		0.023	0.287	

https://doi.org/10.1371/journal.pone.0210905.t003

Ga-PSMA-617 PET/CT is useful to depict higher, more clinically significant, ISUP score lesions and[START_REF] Michalski | Gastrin-Releasing Peptide Receptor Antagonist [68Ga]RM2 PET/CT for Staging of Pre-Treated[END_REF] Ga-RM2 PET/CT has higher detection rate for low-ISUP tumors. Combining PSMA-PET and GRP-R PET allows to better classify intraprostatic lesions.

www.nuclearmed.com © 2019 Wolters Kluwer Health, Inc. All rights reserved.
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Enfin, nous avons quitté le cadre du cancer prostatique pour évaluer l'apport que pourrait avoir l'imagerie du GRP-R dans le cancer du sein au vu des données immunohistochimiques d'expression du GRPR préalablement obtenues par notre équipe(2). En effet, ces dernières montraient une expression élevée du GRP-R dans les échantillons de cancer du sein ER+ et une faible expression dans les cancers du sein ER-. Nous avons ainsi réalisé une nouvelle étude comparative in-vitro par micro-imagerie d'échantillons de cancer du sein en comparant le[START_REF] Michalski | Gastrin-Releasing Peptide Receptor Antagonist [68Ga]RM2 PET/CT for Staging of Pre-Treated[END_REF] Ga-RM2 au 18 F-FDG. Cette étude a monté une supériorité du[START_REF] Michalski | Gastrin-Releasing Peptide Receptor Antagonist [68Ga]RM2 PET/CT for Staging of Pre-Treated[END_REF] Ga-RM2 sur les cas de tumeurs luminales surexprimant les récepteurs aux oestrogènes (ER+) ainsi que celles présentant un faible Ki-67. Globalement, les fixations du[START_REF] Michalski | Gastrin-Releasing Peptide Receptor Antagonist [68Ga]RM2 PET/CT for Staging of Pre-Treated[END_REF] Ga-RM2 et du18 F-FDG présentaient un schéma opposé, suggérant que le ciblage du GRP-R pouvait être une alternative à l'imagerie au18 F-FDG dans les tumeurs mammaires ER+. L'utilité et la supériorité potentielle de l'imagerie du GRPR par rapport au18 F-FDG dans un sous-groupe de patientes ont ainsi été étudiées in-vitro et méritent à présent une confrontation clinique. Dans la littérature, le[START_REF] Michalski | Gastrin-Releasing Peptide Receptor Antagonist [68Ga]RM2 PET/CT for Staging of Pre-Treated[END_REF] Ga-RM2 a visualisé 13 des 18 lésions primitives étudiées, avec une intensité de fixation élevée comparativement au tissu sain. De plus, il a été démontré qu'il était capable de détecter des lésions métastatiques[START_REF] Stoykow | Gastrin-releasing Peptide Receptor Imaging in Breast Cancer Using the Receptor Antagonist (68)Ga-RM2 And PET[END_REF]. L'analyse histopathologique des tumeurs mammaires était cependant absente. Une perspective très intéressante serait la possibilité de réaliser une RIV chez les patientes métastatiques atteintes d'un cancer du sein ER+. En effet, les antagonistes du GRP-R pouvant être marqués au Lutétium-177, ceci ouvre une nouvelle voie dans la perspective de radiothérapie interne vectorisée de ces maladies métastatiques[START_REF] Kurth | First-in-human dosimetry of gastrin-releasing peptide receptor antagonist [177Lu]Lu-RM2: a radiopharmaceutical for the treatment of metastatic castration-resistant prostate cancer[END_REF]. Par ailleurs, une expression élevée du GRPR dans les ganglions lymphatiques régionaux en cas de lésion primitive positive au GRP-R a été démontrée(2). Cependant, la plupart de ces patientes auront reçu préalablement un traitement par hormonothérapie. La forte association du GRPR et du statu ER remet donc en question la faisabilité de la RIV après hormonothérapie. Pour répondre à cette question
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Article 2 : Comparison of 68 Pour un des patients de l'étude, présentant une lésion primitive prostatique ISUP-5, la TEP/TDM au 68 Ga-PSMA a permis de détecter une lésion secondaire ganglionnaire iliaque primitive gauche, qui n'a pas été détectée avec le 68 Ga-RM2 ou la 18 F-Choline. Cette donnée va également dans le sens d'une supériorité du 68 Thus, the main objective of this study was to evaluate alternative targets to depict more intraprostatic lesions. Our strategy was based on a sequential approach. First we propectively performed NTS1 IHC in our series of patients receiving both [ 68 Ga]Ga-PSMA-617 and [ 68 Ga]Ga-RM2 before prostatectomy. In this series, PSMA and GRP-R IHC were also available (8). Next, we aimed at confirming the PSMA/GRP-R/NTS1 expression profile by a retrospective autoradiography study and also to decipher the expression of less investigated targets such as NTS2, SST2 and CXCR4.

Material and method

Patient characteristics

Study 1: Twenty-two formalin-fixed, paraffin embedded samples were prospectively available from patients enrolled in the NCT03604757 study comparing [ 68