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A comparative study of peptide-based imaging agents [ 68 Ga]Ga-PSMA-11, [ 68 Ga]Ga-AMBA, [ 68 Ga]Ga-NODAGA-RGD and [ 68 Ga]Ga-DOTA-NT-20.

Introduction

Histologically, most prostate cancers (PCas) are adenocarcinomas characterized by the glandular formation and expression of luminal differentiation biomarkers such as the androgen receptor (AR). Such cancers are thus initially androgen-dependent and can be treated by androgen deprivation therapy (ADT) if the disease is locally advanced or metastatic [START_REF] Mazaris | Molecular pathways in prostate cancer[END_REF]. Despite a good clinical response after radical prostatectomy, PCa recurs in 20-50% of cases [START_REF] Han | Biochemical (prostate specific antigen) recurrence probability following radical prostatectomy for clinically localized prostate cancer[END_REF], typically revealed by an increase of the prostate specific antigen (PSA) level in serum [START_REF] Han | Biochemical (prostate specific antigen) recurrence probability following radical prostatectomy for clinically localized prostate cancer[END_REF]. Once recurrence is suspected, the discrimination between local and distant relapse is essential in choosing the best treatment strategy. Nevertheless, conventional imaging (e.g., magnetic resonance imaging (MRI), computed tomography, bone scintigraphy) is often nonconclusive [3]. Molecular imaging using positron emission tomography/computed tomography (PET/CT) radiotracers provide opportunities to locate PCa recurrence and to deliver personalized medicine.

[ 18 F]fluorocholine ([ 18 F]FCH) is currently used in Europe for the PET imaging of PCa at initial staging or at biochemical recurrence since its diagnostic performance is superior to that of [ 18 F]fluorodeoxyglucose ([ 18 F]FDG) in this indication [4]. However, the detection rate of PCa using FCH PET remains limited, as it currently concerns only 55% of patients with biochemical recurrence and a PSA serum level between 1 and 2 ng/mL [START_REF] Wibmer | Molecular Imaging of Prostate Cancer[END_REF]. For this reason, continuing efforts have been made to evaluate other radiopharmaceuticals for the PET imaging of PCa.

Prostate-specific membrane antigen (PSMA), a transmembrane protein, is overexpressed in PCa cells and whose expression is further increased in poorly differentiated, metastatic, and hormone-refractory carcinomas. Peptide-based imaging agents targeting PSMA and currently in late stages of clinical development thus represent a major progress. Among them, the PSMA antagonist, [ 68 Ga]Ga-PSMA-11 can accurately detect 91-100% of primary prostatic lesions [START_REF] Fendler | 68Ga-PSMA PET/CT Detects the Location and Extent of Primary Prostate Cancer[END_REF] or biochemical recurrence [START_REF] Eiber | Evaluation of Hybrid (6)(8)Ga-PSMA Ligand PET/CT in 248 Patients with Biochemical Recurrence After Radical Prostatectomy[END_REF]. However, it lacks sensitivity at very low serum PSA levels, in case of biochemical recurrence, with detection rate only reaching 26% to 51% for PSA level between 0.5-1ng/mL [START_REF] Perera | Sensitivity, Specificity, and Predictors of Positive (68)Ga-Prostate-specific Membrane Antigen Positron Emission Tomography in Advanced Prostate Cancer: A Systematic Review and Meta-analysis[END_REF]. In addition, as PSMA expression is also downregulated in tumour cells with neuroendocrine differentiation (NED) [START_REF] Hansel | Shared TP53 gene mutation in morphologically and phenotypically distinct concurrent primary small cell neuroendocrine carcinoma and adenocarcinoma of the prostate[END_REF], [ 68 Ga]Ga-PSMA-11provides false negative results in lesions with NED largely negative for PSMA and AR [START_REF] Tosoian | Correlation of PSMA-Targeted (18)F-DCFPyL PET/CT Findings With Immunohistochemical and Genomic Data in a Patient With Metastatic Neuroendocrine Prostate Cancer[END_REF].

Integrin αvβ3 receptors were found to be overexpressed in human neoplastic prostate cells. They have been identified as promising targets to inhibit tumour invasion, neoangiogenesis and metastasis formation involved in PCa progression [START_REF] Zheng | Prostatic carcinoma cell migration via alpha(v)beta3 integrin is modulated by a focal adhesion kinase pathway[END_REF]. Another relevant target for the diagnostic imaging of PCa is gastrin releasing peptide receptor (GRPr), which is expressed in earlier stages of PCa [START_REF] Beer | Profiling gastrinreleasing peptide receptor in prostate tissues: clinical implications and molecular correlates[END_REF]. Similarly, expression levels of neurotensin type 1 receptor (NTSR1) are increased in malignant compared to non-malignant prostate samples [START_REF] Swift | Altered expression of neurotensin receptors is associated with the differentiation state of prostate cancer[END_REF]. Consequently, these targets have become potentially important components of PCa treatment strategies and neurotensin analogues are currently emerging as promising PET imaging agents.

To date, few published studies have directly cross-compared the above PET tracers. The aim of this work was to compare the performance of peptide-based imaging agents available in our preclinical imaging centre with established metabolic tracers for assessing PCa using PET [ 18 F]FDG and [ 18 F]FCH, [ 68 Ga]Ga-PSMA-11, [ 68 Ga]Ga-AMBA, an agonist ligand of GRPr, [ 68 Ga]Ga-NODAGA-RGD, a monomeric arginine-glycine-aspartic (RGD) peptide and [ 68 Ga]Ga-DOTA-NT-20.3, an agonist ligand of NTSR1. These radiotracers were injected to the same animals, using sequential administration, under standardized conditions. The mice all presented tumours in both shoulders, obtained after injection of two PCa cell lines with different biologic patterns: 22Rv1, which is an AR-positive cell line that expresses PSMA and PC3, an AR-negative cell line known not to express PSMA [START_REF] Evans | Noninvasive measurement of androgen receptor signaling with a positron-emitting radiopharmaceutical that targets prostate-specific membrane antigen[END_REF].

Materials and methods

Cell culture

The human PC3 cell line was purchased from the American Type Culture Collection (ATCC, Rockville, MD) and is derived from bone metastases of an adenocarcinoma grade IV [START_REF] Kaighn | Establishment and characterization of a human prostatic carcinoma cell line (PC-3)[END_REF]. CWR22Rv1 (22Rv1) is a human PCa epithelial cell line derived from a xenograft that was serially propagated in mice after castration-induced regression and relapse of the parental, androgen-dependent CWR22 xenograft (generous gift from Pr. Cussenot, Sorbonne Université) [START_REF] Sramkoski | A new human prostate carcinoma cell line, 22Rv1. In vitro cellular & developmental biology[END_REF]. Cells were grown in RPMI-1640 medium (Sigma), enriched with 10% foetal bovine serum, 5% L-glutamine and 5% penicillin-streptomycin and cultured at 37 °C in a humidified atmosphere containing 5% CO2.

PET imaging agents

[ 18 F]FDG (PetNet Solutions, Lisses France) and [ 18 F]FCH (AAA, Saint Cloud, France) were industrially produced and obtained from the department of nuclear medicine from Tenon Hospital. Radiolabelling of [ 68 Ga]Ga-PSMA-11was performed using Gaia module Elysia Raytest® and SCX kits from ABX (Radeberg Germany) for 68 Ga labelling peptides. Briefly, 10 µg (10.5 nmol) of PSMA-11 (Glu-NH-CO-NH-Lys-(Ahx)-HBED-CC, IASON GmbH) in 3 mL of acetate buffer were heated at 95 °C for 10 min after addition of 500-1000 MBq of 68 Ga 3+ . 68 Ga was obtained from a generator (GalliaPharm®, Eckert & Ziegler, Berlin, Germany) and purified before labelling via an SCX cartridge. After labelling, the product was trapped onto a C18 cartridge, eluted with 1.5 mL of ethanol in water (60% v/v), diluted with 8.6 mL of isotonic saline 0.9% and sterile filtered.

Peptides DOTA-NT-20.3 (Sorbonne University, IBPS), DOTA-AMBA (Bracco) and NODAGA-RGD (c(RGDfK); Pichem) were suspended in trace select water (Sigma) at a final concentration of 1 mg/mL. The eluate from the 68 Ge/ 68 Ga generator (1.5 mL, 150-300 MBq) was adjusted to pH=3-3.5 with sodium acetate (0.8 mol/L). The 68 Ga-labellings of DOTA-NT-20.3 (15 nmol), DOTA-AMBA (8 nmol) and NODAGA-RGD (7.8 nmol) peptides were performed using a R&D Synchrom module (Raytest, Germany) at LIMP laboratory as previously described [START_REF] Prignon | Preclinical Evaluation of (68)Ga-DOTA-NT-20[END_REF][START_REF] Provost | Comparison and evaluation of two RGD peptides labelled with (68)Ga or (18)F for PET imaging of angiogenesis in animal models of human glioblastoma or lung carcinoma[END_REF][START_REF] Prignon | Ga-AMBA and (18)F-FDG for preclinical PET imaging of breast cancer: effect of tamoxifen treatment on tracer uptake by tumor[END_REF].

The radiochemical purity (RP) was determined by reverse phase high-performance liquid chromatography (HPLC) for PET imaging agents produced by LIMP laboratory or via instant thin layer chromatography using iTLC-SG paper for [ 68 Ga]Ga-PSMA-11. The HPLC mobile phase was a mixture of H2O 0.1% TFA (A) and acetonitrile 0.1% TFA (B) and the iTLC mobile phase was methanol/isotonic saline 0.9% (1:5 v/v). Molar activity was calculated from the decay-corrected added activity of 68 Ga divided by the amount of peptide ligand.

Animal models

All animal experiments were conducted in compliance with the French laws, in application of the directive 2010/63/ EU and were approved by the "Charles Darwin" Institutional Animal Care and Use Committee of Sorbonne University, #11055. Four male swiss nude mice (Charles River, France) (5-6 weeks old) were used to perform the study analyses. The xenografted tumours were developed by subcutaneous (s.c.) injection of 4.5 x10 6 22Rv1 cells on the left shoulder and 4.5 x10 6 PC3 cells on the right shoulder of the same mouse, in a 1:1 mixture of PBS and matrigel (BD Biosciences), under the control of 1.5% isoflurane in oxygen (Minerve). The resulting tumours were measured twice a week with a calliper. The two perpendicular diameters were recorded. Tumour volume was calculated using the formula: V = π/6*l*w 2 , in which l = length and w = width, and was expressed as mean ± SEM in cm 3 . The mice were subjected to PET imaging studies when the tumours were palpable in both sides and the volume reached 200 mm 3 for PC3 and 800-900 mm 3 for 22Rv1 (4 weeks after cells implantation).

Small-animal PET imaging

Double xenografted PC3/22Rv1 tumour-bearing mice were each intravenously injected via the retro-orbitary sinus under the control of 1.5% isoflurane in oxygen (Minerve) then awake between injection of tracer and PET imaging. All mice were injected with one tracer per day. The first week, they were sequentially injected with 2.5 MBq of [ 18 F]FDG (after a fasting period of 12 hours), 4.6 MBq of [ 18 F]FCH, and 4 MBq of [ 68 Ga]Ga-PSMA-11. The following week, the sequence of injections was: 5.2 MBq of [ 68 Ga]Ga-AMBA, then 3.1 MBq of [ 68 Ga]Ga-DOTA-NT-20.3, and lastly 2.6 MBq of [ 68 Ga]Ga-NODAGA-RGD (n=4). Since the biological processes of tumour targeting are quite different for each radiotracer, image acquisitions were performed at different times after injection: 1h for [ 18 F]FDG, 20 minutes for [ 18 F]FCH, and 45 minutes for all other radiotracers (Fig. 1 and Table 1). Static acquisitions were performed for 10 minutes on a small-animal PET system (Mosaic, Philips Medical systems, Cleveland, OH, USA) under isoflurane anaesthesia. All sinograms were reconstructed in 3D Standardized Uptake Value (SUV) images and visualized as Maximum Intensity Projection (MIP) or axial slices.

Imaging analysis

Processing of reconstructed images was performed with Syntegra-Philips software (PETView; Philips Medical Systems). For each mouse, 3D volumes of interest (VOIs) were drawn manually over the tumour on whole-body decay-corrected coronal images. Tracer uptake was quantified using mean standardized uptake value (SUVmean, g/mL). SUVmean values were reported as the mean ± standard deviation (SD) at each time point for the tumour and the background. The background was defined as the area close to the tumour in axial images. The uptake ratio of tumour to background (T/B) SUVmean was calculated. Two readers not blinded to agent independently performed PET image analysis: a nuclear medicine physician with five years of experience and a 3rd grade veterinary student.

Histochemistry

NTSR1 and PSMA expression were analysed by immunohistochemistry in 22Rv1 and PC3 cell line derived prostate tumours. All tumours were fixed in 10% neutral-buffered formalin and embedded in paraffin according to standard procedures. Hematoxylin phloxine saffron (HPS) staining was performed for evaluating tissue appearance. Deparaffinized tissue sections (4 µm) were subjected to heat-induced epitope retrieval in citrate buffer (pH 6.0). The sections were incubated at room temperature for 1 hour with anti-NTSR1 (1:100; SC-7596, Santa Cruz Biotechnology®) or for 30 min with Epitopics' Rabbit monoclonal anti-Human PSMA, clone EP192 (1:100 dilution). The sections were then incubated with biotinylated anti-goat IgG (Vector laboratories, Inc and kit 127 for Ventana BenchMark XT). The antigenantibody complex was revealed with avidin-biotin-peroxidase complex, according to the manufacturer's instructions (Vectastain ABC Kit, Vector laboratories, Inc.). NTSR1 staining was done with diamino-benzidine tetrahydrochloride. All slides were counterstained with hematoxylin and then analysed by a pathologist (EC). The immunohistochemical staining was evaluated as follows: the subcellular localization of the staining was noted (cytoplasmic, membranous, nuclear), and the mean of the percentage of significantly stained cells (0 to 100%) (moderate and strong) was noted and reported as the mean ± standard deviation (SD).

Statistics

Mean comparison was evaluated using Student's t-test. A P-value less than 0.05 was considered as statistically significant.

Results

68 Ga radiolabelling and quality control

The mean duration of the entire labelling procedures was approximately 30 min, including the evaporation step. Radiochemical purity after purification of the reaction mixtures was verified to be ≥ 98% using analytical HPLC and > 95% using iTLC. Retention times (Rt) were 5.8 min, 6.1 min and 10.9 min for [ 68 Ga]Ga-AMBA, [ 68 Ga]Ga-DOTA-NT-20.3 and [ 68 Ga]Ga-NODAGA-RGD, respectively (Fig. 2). The main characteristics of the analysed radiotracers are reported in Table 1. The overall decay-corrected radiochemical yields were over 95%. Molar activity of 49, 8.2, 13.7 and 17 MBq/nmol was achieved for [ 68 Ga]Ga-PSMA-11, [ 68 Ga]Ga-AMBA, [ 68 Ga]Ga-DOTA-NT-20.3 and [ 68 Ga]Ga-NODAGA-RGD, respectively. Injected activity per mouse ranged from 1.9 to 6.6 MBq, which corresponded to a maximum injected quantity of 470 pmol.

PET imaging

At the beginning of PET imaging sessions (day 26), the mean tumour volume was smaller for PC3 than for 22Rv1 but not significantly (0.21 ± 0.02 cm 3 vs 0.88 ± 0.27 cm 3 ; p=0.08).

At the end of the first week of PET imaging sessions (day 28), the mean tumour volume reached (0.26 ± 0.02 cm 3 for PC3 vs 1.03 ± 0.28 cm 3 for 22Rv1; p=0.07). The following week, the mean tumour volume reached 0.54 ± 0.15 cm 3 for PC3 which was significantly less than 1.37 ± 0.27 cm 3 for 22Rv1 (day 32) (p=0.04). Fig. 3 shows representative MIP and axial slice from small-animal PET images of mice bearing double PCa subcutaneous xenografts. The six tracers showed renal accumulation and urinary excretion. [ 68 Ga]Ga-NODAGA-RGD showed marked abdominal distribution, with both renal and hepatobiliary clearance routes involved (Fig. 3c). [ 18 F]FCH additionally showed liver and spleen uptake (Fig. 3a) and an important retention of [ 68 Ga]Ga-PSMA-11 was observed in kidneys (Fig. 3d).

SUVmean and tumour-to-background (T/B) ratios for each tracer are given in Table 2. A very low T/B uptake ratio was observed in both tumour types with [ 18 F]FCH (0.73 +/-0.18 and 0.56 +/-0.27 for PC3 and 22Rv1 derived tumours, respectively; p=0.35), indicating poor contrast between tumour and background (Fig. 3a). Conversely, both xenograft tumours were clearly visible on [ 18 F]FDG PET images, with T/B uptake ratios higher than [ 18 F]FCH (p<0.005), and easy to differentiate from non-tumoural tissues (Fig. 3b). Transversal slice analysis found no significant difference in [ 18 F]FDG T/B uptake ratio between PC3 and 22Rv1 derived tumours (1.63 +/-0.19 vs. 1.85 +/-0.33, respectively; p=0.15) (Fig. 3g and Table 2). [ 68 Ga]Ga-NODAGA-RGD PET images were difficult to analyse as, with this compound, heterogeneous and very low contrast images were obtained (Fig. 3c), with comparable T/B uptake ratio for both tumours (p=0.10) (Table 2).

[ 68 Ga]Ga-PSMA-11 PET showed nearly no uptake in PC3 derived tumour, but high uptake in 22Rv1 derived tumours (Fig. 3d). Transversal slice analysis resulted in a T/B uptake ratio significantly lower for PC3 derived tumour compared to the 22Rv1 one (1.00+/-0.01 vs 5.06 +/-1.71, p=0.018). [ 68 Ga]Ga-AMBA PET imaging showed high uptake in PC3 derived tumour and slight uptake in 22Rv1 derived tumour (Fig. 3e), but the corresponding T/B uptake ratio (3.30 +/-1.36 and. 1.60 +/-0.61, respectively) still allowed detection of both tumours. Similarly, [ 68 Ga]Ga-DOTA-NT-20.3 PET imaging showed high uptake in PC3 derived tumour and very low uptake in 22Rv1 derived tumour (Fig. 3f), with T/B uptake ratio of 4.39 +/-1.16 and. 1.25 +/-0.22, respectively (Table 2). We found that the T/B uptake ratio was significantly higher in PC3 derived tumour compared to 22Rv1 one, for [ 68 Ga]Ga-DOTA-NT-20.3 (p=0.011) and and was higher by trend but without significance for [ 68 Ga]Ga-AMBA (p=0.082) 8 ) (Fig. 3g). For all these three imaging agents, the background was low compare to the tumour uptake, especially for [ 68 Ga]Ga-DOTA-NT-20.3, resulting in a relatively high T/B uptake ratio.

Histopathological features

Hematoxylin phloxine saffron (HPS) staining (Figure 4a and4d) revealed different morphological features of prostatic adenocarcinoma with cancerous glands recapitulating the morphologic features of normal prostatic glands/ducts, and tumour cells forming glandular structures / prostatic small cell neuroendocrine carcinoma with high-grade neuroendocrine morphology (in both or in PC3) including diffuse, solid growth pattern, high nucleus/ cytoplasm ratio, fine nuclear chromatin pattern, and frequent mitotic figures.

Immunohistochemistry staining

Immunohistochemistry analysis showed localization in the cytoplasm with membrane reinforcement for both cell lines. The mean of the percentage of significantly stained cells was obtained from one field of view of four slices for each group. It was found that 87 % +/-5.8 % of the PC3 cells were strongly or moderately NTSR1positive, while only 7.5 % +/-2.1 % of the 22Rv1 showed strongly or moderately positive results based on the criteria discussed above. There was a significant difference between these two lines (P < 0.0001). Figures 4b and4e show the representative NTSR1 immunohistochemistry staining images of PC3 and 22Rv1 cell lines tumour tissue section.

It was found that 71.3 % +/-11.1 % of the 22Rv1 cells were strongly or moderately PSMApositive, while only 3.7 % +/-2.2 % of the PC3 showed strongly or moderately positive results. There was a significant difference between these two lines (P < 0.0001). Figures 4c and4f show the representative PSMA immunohistochemistry staining images of PC3 and 22Rv1 tissue sections.

Discussion:

In this work, we investigated the uptake characteristics of six metabolic and peptide-based imaging PET tracers in a dual tumour xenografted mouse model: 22Rv1, a PSMA-positive, and PC3, a PSMA-negative prostate cancer cell line [START_REF] Evans | Noninvasive measurement of androgen receptor signaling with a positron-emitting radiopharmaceutical that targets prostate-specific membrane antigen[END_REF].

[ 18 F]FDG, the most commonly used radiotracer for routine imaging of all types of cancer, yielded low but sufficient for imaging uptake in 22Rv1 and PC3 derived tumours, suggesting poor glucose metabolism, as previously reported by others [START_REF] Emonds | Evaluation of androgen-induced effects on the uptake of [18F]FDG, [11C]choline and [11C]acetate in an androgen-sensitive and androgen-independent prostate cancer xenograft model[END_REF] and without any differences between these two PCa models.

Only few PET imaging studies have been performed to date with 18 F radiolabelled choline analogues in PCa-bearing mice, without any consensus having been reached on the optimal scanning protocol. Based on previously published dynamic data [START_REF] Schroeder | Gastrin-releasing peptide receptor-based targeting using bombesin analogues is superior to metabolism-based targeting using choline for in vivo imaging of human prostate cancer xenografts[END_REF], we performed PET scans for 10 minutes, starting 20 minutes after injection of [ 18 F]FCH. We found that the T/B ratios of [ 18 F]FCH in PC3 and 22Rv1 derived tumours was lower than [ 18 F]FDG. This result is in agreement with a previous study that reported lower efficacy of [ 18 F]FCH PET imaging compared to [ 18 F]FDG for tumour detection in hormone-dependent and hormone-independent PCa xenograft models [START_REF] Kukuk | Assessment of PET tracer uptake in hormone-independent and hormone-dependent xenograft prostate cancer mouse models[END_REF]. Noteworthy and in contrast to xenograft data however, PET in patients with PCa consistently showed higher uptake of [ 18 F]FCH relative to [ 18 F]FDG in primary and metastatic sites. This species difference in uptake of [ 18 F]FCH highlights the limitations in the murine xenograft model for representing the pathophysiology of human PCa in vivo. To explain this difference, Kukuk et al. raised the hypothesis that radiolabelled choline and choline analogues compete with a high concentration of the precursor dimethylaminoethanol, resulting in reduced uptake in small-rodent tumour models.

In this study, the tumour uptake of [ 68 Ga]Ga-NODAGA-RGD appeared to be low, and notably, showing lower T/B ratios than [ 18 F]FDG, which suggested poor angiogenesis in the PCa tumour models or low binding affinity and tumour retention of this monomeric RGD radioligand. More recently, multimeric RGD peptides were introduced with superior in vivo pharmacokinetics than most existing monomeric RGD peptides. For example, [ 18 F]FAlfatide PET was used as a molecular imaging tool to follow antiangiogenic drug therapy in PC3 and [ 18 F]F-Alfatide II PET was recently performed in patients with bone metastases [START_REF] Mi | Pilot Prospective Evaluation of (18)F-Alfatide II for Detection of Skeletal Metastases[END_REF]. However, the use of integrin ligands still has great potential in PCa therapeutics [START_REF] Mc | Integrin Inhibitors in Prostate Cancer[END_REF] and monomeric RGD based imaging agent might be valuable in patient screening and monitoring of αvβ3-targeted therapies. To improve tumour-targeting efficacy, other studies proposed bombesin-RGD heterodimer [START_REF] Yan | A new 18F-labeled BBN-RGD peptide heterodimer with a symmetric linker for prostate cancer imaging[END_REF] or heterotrimer [START_REF] Lucente | Novel (64)Cu Labeled RGD2-BBN Heterotrimers for PET Imaging of Prostate Cancer[END_REF] radiotracers using dual integrin αvβ3 and GRPr recognition, with a recent clinical first-in-human application [START_REF] Zhang | Clinical Translation of a Dual Integrin alphavbeta3-and Gastrin-Releasing Peptide Receptor-Targeting PET Radiotracer, 68Ga-BBN-RGD[END_REF].

PSMA has obviously emerged in the past decade as one of the most favourable targets for PET imaging and radionuclide based therapy [START_REF] Bouchelouche | PSMA PET and Radionuclide Therapy in Prostate Cancer[END_REF]. As expected and already reported using PSMA-based radioligands in PCa models, the tumour uptake of [ 68 Ga]Ga-PSMA-11 was high in 22Rv1 derived tumour and negative in PC3 one, well correlated with PSMA expression [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]. Similarly to Wang et al. [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], we found elevated uptake and undesired retention of [ 68 Ga]Ga-PSMA-11 in kidneys, in good agreement with the substantial PSMA expression observed in this organ in mice and in humans [START_REF] Aggarwal | Comparative study of PSMA expression in the prostate of mouse, dog, monkey, and human[END_REF]. Despite [ 68 Ga]Ga-PSMA-11 PET/CT being currently widely used in patients for the management of all stages of PCa, potential pitfalls therefore still exist in PSMA-based imaging approaches, especially due to the lack of PSMA overexpression in some primary tumours as well as the loss of PSMA expression in poorly differentiated tumour with NED [START_REF] Tosoian | Correlation of PSMA-Targeted (18)F-DCFPyL PET/CT Findings With Immunohistochemical and Genomic Data in a Patient With Metastatic Neuroendocrine Prostate Cancer[END_REF][START_REF] Chakraborty | Metastatic poorly differentiated prostatic carcinoma with neuroendocrine differentiation: negative on 68Ga-PSMA PET/CT[END_REF].

Peptide based imaging agents targeting GRPr are currently in development. Schroeder et al. showed [ 68 Ga]Ga-AMBA superiority over [ 18 F]FCH for in vivo PET imaging of human PCa xenografts, using two GRPr-expressing cell lines, PC3 which is AR-negative and does not express PSMA, and VCaP which is AR-positive and expresses PSMA [START_REF] Schroeder | Gastrin-releasing peptide receptor-based targeting using bombesin analogues is superior to metabolism-based targeting using choline for in vivo imaging of human prostate cancer xenografts[END_REF]. In agreement with their results, we observed a high uptake in PC3 derived tumours and a slight uptake in 22Rv1 derived tumours, with the advantage that [ 68 Ga]Ga-AMBA had much lower uptake than [ 18 F]FCH in most non-targeted (GRPr-negative) organs, except in pancreas. These results suggest the feasibility of GRPr PET imaging for different types of PCa tumours, whether or not they express PSMA, with high contrast and a more tissue-specific targeting than [ 18 F]FDG or [ 18 F]FCH. Moreover, GRPr agonists have strong side effects in patients and the use of an antagonist such as those based on bombesin analogies should thus be preferred. Data are encouraging regarding the potential of GRPr antagonist for the initial diagnosis of PCa [START_REF] Roivainen | Plasma pharmacokinetics, whole-body distribution, metabolism, and radiation dosimetry of 68Ga bombesin antagonist BAY 86-7548 in healthy men[END_REF][START_REF] Kahkonen | In vivo imaging of prostate cancer using [68Ga]-labeled bombesin analog BAY86-7548[END_REF][START_REF] Wieser | Positron emission tomography (PET) imaging of prostate cancer with a gastrin releasing peptide receptor antagonist--from mice to men[END_REF][START_REF] Nock | Theranostic Perspectives in Prostate Cancer with the Gastrin-Releasing Peptide Receptor Antagonist NeoBOMB1: Preclinical and First Clinical Results[END_REF][START_REF] Sah | Dosimetry and first clinical evaluation of the new 18F-radiolabeled bombesin analogue BAY 864367 in patients with prostate cancer[END_REF], for the assessment of biochemical recurrence [START_REF] Roivainen | Plasma pharmacokinetics, whole-body distribution, metabolism, and radiation dosimetry of 68Ga bombesin antagonist BAY 86-7548 in healthy men[END_REF][START_REF] Kahkonen | In vivo imaging of prostate cancer using [68Ga]-labeled bombesin analog BAY86-7548[END_REF][START_REF] Nock | Theranostic Perspectives in Prostate Cancer with the Gastrin-Releasing Peptide Receptor Antagonist NeoBOMB1: Preclinical and First Clinical Results[END_REF][START_REF] Sah | Dosimetry and first clinical evaluation of the new 18F-radiolabeled bombesin analogue BAY 864367 in patients with prostate cancer[END_REF][START_REF] Minamimoto | Pilot Comparison of (6)(8)Ga-RM2 PET and (6)(8)Ga-PSMA-11 PET in Patients with Biochemically Recurrent Prostate Cancer[END_REF], and for the theragnostic approach [START_REF] Dalm | 68Ga/ 177Lu-NeoBOMB1, a Novel Radiolabeled GRPR Antagonist for Theranostic Use in Oncology[END_REF]. The lack of salivary or lacrimal gland uptake and the low hepatobiliary clearance give them an advantage. The high pancreatic uptake may however be of concern as it would impede the theranostic approach.

The association between GRPr expression and tumour grade and stage is not clear. Some previous studies [START_REF] Beer | Profiling gastrinreleasing peptide receptor in prostate tissues: clinical implications and molecular correlates[END_REF][START_REF] Markwalder | Gastrin-releasing peptide receptors in the human prostate: relation to neoplastic transformation[END_REF] showed that GRPr expression is low in high Gleason-rated prostate cancer and is only highly expressed in 40% of prostate metastases. However, it has been proposed that imaging with GRPr and PSMA ligands could be complementary [START_REF] Iagaru | Will GRPR Compete with PSMA as a Target in Prostate Cancer? Journal of nuclear medicine : official publication[END_REF]. In future studies, it would be interesting to continue to investigate the targeting performance of GRPr antagonists particularly for PET imaging of PSMA negative PCa [START_REF] Minamimoto | Pilot Comparison of (6)(8)Ga-RM2 PET and (6)(8)Ga-PSMA-11 PET in Patients with Biochemically Recurrent Prostate Cancer[END_REF][START_REF] Lesche | Preclinical evaluation of BAY 1075553, a novel (18)F-labelled inhibitor of prostate-specific membrane antigen for PET imaging of prostate cancer[END_REF].

Neurotensin type 1 receptor (NTSR1) may also be an interesting target for the imaging of PCa. The NTSR1 protein was found to be expressed in prostate cancer cell lines, but not in normal prostate epithelial ones [START_REF] Valerie | Inhibition of neurotensin receptor 1 selectively sensitizes prostate cancer to ionizing radiation[END_REF]. The level of NTSR1 expression was associated with tumour differentiation [START_REF] Swift | Altered expression of neurotensin receptors is associated with the differentiation state of prostate cancer[END_REF]. In our study, we analysed the uptake characteristics of tracers in the PC3 cell line, an androgen independent cell line derived from a bone metastasis of a highgrade prostate adenocarcinoma, which turned out to be PSMA negative. In this cell line, we demonstrated prominent tumour uptake and high T/B contrast using [ 68 Ga]Ga-AMBA and [ 68 Ga]Ga-DOTA-NT-20.3, which thus makes these compounds promising alternatives to 68 Ga-PSMA PET. These results were backed by Wang et al. [START_REF] Wang | Development of [(18)F]AlF-NOTA-NT as PET Agents of Neurotensin Receptor-1 Positive Pancreatic Cancer[END_REF] who proposed a fluorineneurotensin PET agent ([ 18 F]F-AlF-NOTA-NT) also investigated in PC3 model and confirmed tumour accumulation of the tracer 1h post injection. NTS and neurotensin receptors has been reported to be involved in an alternative growth pathway developed by advanced PCa deprived of androgens [START_REF] Sehgal | Neurotensin is an autocrine trophic factor stimulated by androgen withdrawal in human prostate cancer[END_REF] and to have a role in the development of castration-resistant prostate cancer with NED. Inhibiting NTSR1 pathway was even identified as a possible strategy to prevent this onset [START_REF] Zhu | Neurotensin and its receptors mediate neuroendocrine transdifferentiation in prostate cancer[END_REF].

In another very recent study [START_REF] He | Evaluation of neurotensin receptor 1 as potential biomarker for prostate cancer theranostic use[END_REF], He et al. evaluated the expression profile of NTSR1, PSMA and GRPr in patient tissues: NTSR1 showed high or moderate expression in 91.8% of PCa tissue, compared with PSMA (86.7%) and GRPr (65.3%). All examined PSMA-negative tissues showed positive NTSR1 expression, suggesting the potential complementary role of NTSR1 targeted imaging or therapy. These results altogether provide an even stronger rationale for the development of NTSR1 targeted agents in PCa especially for PSMA negative.

Conclusions:

In the androgen independent cell line PC3, derived from a bone metastasis of a high-grade PCa, we obtained good tumour uptake and high tumour-to-background contrast using [ 68 Ga]Ga-AMBA and [ 68 Ga]Ga-DOTA-NT-20.3. These agents thus appeared to be promising alternatives to [ 68 Ga]Ga-PSMA-11. This work therefore demonstrates that GRPr and especially NTSR1 could represent viable alternative target for diagnostic or therapeutic applications for PCa with limited PSMA expression levels. More preclinical and clinical studies will follow to explore this potential.
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Table 1

Radiolabeling and in vivo characteristics of reported PET radiotracers Table 2 PET imaging analysis (SUVmean in tumors and uptake ratio (T/B)) of reported radiotracers. p values between PC3 and 22Rv1 uptake ratio (T/B).
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 234 Figure 2 HPLC analysis of PET radiotracers produced at LIMP: [ 68 Ga]Ga-AMBA (Rt = 5.8 minutes), [ 68 Ga]Ga-DOTA-NT-20.3 (Rt = 6.1 minutes), [ 68 Ga]Ga-NODAGA-RGD (Rt = 10.9 minutes). The HPLC gradient was as follows: 0-20 min 60% A, 40% B, (flow 2 mL/min), 0-20 min 20% A, 80% B, (flow 2 mL/min) and 0-16 min 40% A, 60% B, (flow 1 mL/min) for [ 68 Ga]Ga-AMBA, [ 68 Ga]Ga-DOTA-NT-20.3 and [ 68 Ga]Ga-NODAGA-RGD, respectively. HPLC: High Performance Liquid Chromatography; PET: Positron Emission Tomography; LIMP : Laboratoire d'Imagerie Moléculaire Positonique; Rt: Retention time

  

  

  

  

  

Acknowledgements

The authors gratefully thank Fatiha Merabtene for the technical assistance in histology (Plateforme d'histomorphologie, Sorbonne Université, UMS30) and Christophe Piesse for peptide synthesis (Sorbonne Université, CNRS, Institut de Biologie Paris-Seine, IBPS, plateforme d'Ingénierie des Protéines, F-75252 Paris, France)

Authors' contributions

CP, JZY and AP planned and conducted the experiments. CP, AP and TR performed the radiosynthesis. JZY and MP analysed the PET images. EC and CR performed the histochemistry experiments. AP and JZY wrote the manuscript. GCT, FM, RRP, OC and JNT participated in the design of the experiments and reviewed the manuscript.