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Le ciblage du Prostate-Specific Membrane Antigen (PSMA) connait un essor majeur ces dernières années dans la prise en charge de patients atteints de cancer de la prostate à divers stades cliniques. Cet article de revue décrit une sélection d'inhibiteurs radiomarqués du PSMA présentant des propriétés radiopharmaceutiques optimisées pour l'imagerie et/ou la thérapie PSMA, cancer de la prostate, imagerie, thérapie

The Prostate Specific Membrane Antigen (PSMA)

The Prostate Specific Membrane Antigen (PSMA) is a transmembrane glycoprotein with an extracellular enzymatic function which hydrolyzes N-acetyl-L-aspartyl-L-glutamate (NAAG) in N-acetylaspartate and glutamate. Therefore, PSMA is also known as neuropeptidase glutamate carboxypeptidase II (GCPII) or folate hydrolase I (FOHI) [START_REF] Pinto | Prostate-specific membrane antigen: a novel folate hydrolase in human prostatic carcinoma cells[END_REF]. It is physiologically expressed in normal prostatic epithelium and is over-expressed in almost all prostate cancer particularly in metastatic stages [START_REF] Silver | Prostate-specific membrane antigen expression in normal and malignant human tissues[END_REF]. Elucidation of the co-crystallized structure of PSMA with a substrate and an inhibitor has demonstrated electrostatic interactions between carboxylic acids from aspartic and glutamic residues and aminoacids Arg 534 /Arg 536 and Asn 519 of PSMA.

Moreover, an hydrophobic accessory pocket may also be exploited to design inhibitors [START_REF] Barinka | Interactions between Human Glutamate Carboxypeptidase II and Urea-Based Inhibitors: Structural Characterization[END_REF].

The glutamate-urea-lysine (Glu-Urea-Lys) pattern is today known as an highly efficient PSMA inhibitory sequence [START_REF] Kozikowski | Design of Remarkably Simple, Yet Potent Urea-Based Inhibitors of Glutamate Carboxypeptidase II (NAALADase)[END_REF]. The main challenge to target PSMA in nuclear medicine has been to add structural modifications to inhibitors in order to design radiopharmaceuticals while maintaining inhibitory properties (Figure 1).
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Radiolabelling with halogens

First strategies were focused on the development of radio-halogenated PSMA inhibitors thanks to the introduction of a phenyl group (halogen insertion is in para-position by iodostennalytion) leading to the discovery and characterization of 123 I/ 131 I-MIP 1095 [START_REF]A Series of Halogenated Heterodimeric Inhibitors of Prostate Specific Membrane Antigen (PSMA) as Radiolabeled Probes for Targeting Prostate Cancer[END_REF]. The latter has radiopharmaceutical properties enabling excellent PSMA targeting (Table 1).

Although abandoned during many years, increasing interest is noted regarding TRT using 131 I-MIP 1095 and pre therapeutic PET imaging using the diagnostic companion 124 I-MIP 1095 [START_REF] Zechmann | Radiation dosimetry and first therapy results with a 124 I/ 131 I-labeled small molecule (MIP-1095) targeting PSMA for prostate cancer therapy[END_REF].

Experience gained during the development of 123 / 131 I-MIP 1095 has been capitalized to design a second generation of PSMA inhibitors radiolabelled with 99m Tc. This generation exhibit lower lipophilicity thanks to the introduction of more polar imidazole moieties decreasing hepatic uptake. 99m Tc-MIP 1404 has emerged from the variety of 99m Tc-PSMA inhibitors developed (Table 1). It also pawes the way of 188 Re/ 186 Re-based TRT because of similar chemical behavior of technetium and rhenium isotopes.
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Radiolabelling with metallic isotopes ( 99m Tc is excluded)

The increasing availability of 68 Ga has favored PSMA PET/CT imaging. The lead-compound at the beginning of this expansion was PSMA-11 (or HBED-CC-PSMA). Besides the inhibitory sequence Glu-Urea-Lys, this compound bears the HBED-CC acyclic chelate able to efficiently bind 68 Ga at room temperature and high yields. This chelate brings also a benzene moiety favoring hydrophobic interactions with the accessory PSMA pocket [START_REF] Eder | Novel Preclinical and Radiopharmaceutical Aspects of [ 68 Ga]Ga-PSMA-HBED-CC: A New PET Tracer for Imaging of Prostate Cancer[END_REF]. However, the HBED-CC chelate does not allow introduction of trivalent radiolanthanides such as 177 Lu 3+ , 90 Y 3+ , 225 Ac 3+ …. Thus, other PSMA inhibitors bearing DOTA macrocycle (or derivative) well suited for gallium and lanthanides chemistry have been developed such as PSMA-617 or PSMAI&T [START_REF] Eder | Novel Preclinical and Radiopharmaceutical Aspects of [ 68 Ga]Ga-PSMA-HBED-CC: A New PET Tracer for Imaging of Prostate Cancer[END_REF][START_REF] Chatalic | Towards Personalized Treatment of Prostate Cancer: PSMA I&T, a Promising Prostate-Specific Membrane Antigen-Targeted Theranostic Agent[END_REF] which exhibit similar targeting properties than 68 Ga-PSMA-11 (Table 1).

The key structural element of PSMA 617 is the design of its linker which triggers binding and internalization through interaction of the rigid part (tranexamic acid) and aromatic (2naphtylalanine) amino acid with rigid parts of the PSMA binding site.

Alternatives to 68 Ga-PSMA inhibitors

An important milestone for the development of 68 Ga molecular imaging agents is the availability of 68 Ga-generators due to a global tension on European and North American compared with 68 Ga (longer half-live and lower positron range) which may result in possibly better PET/CT images notably for small lesions [START_REF] Grubmüller | 64 Cu-PSMA-617 PET/CT Imaging of Prostate Adenocarcinoma: First In-Human Studies[END_REF]. 18 F-DCFPyL [START_REF] Chen | {1-Carboxy[END_REF] and 18 F-PSMA-1007 [START_REF] Cardinale | Preclinical Evaluation of 18 F-PSMA-1007, a New Prostate-Specific Membrane Antigen Ligand for Prostate Cancer Imaging[END_REF][START_REF] Giesel | F-18 labelled PSMA-1007: biodistribution, radiation dosimetry and histopathological validation of tumor lesions in prostate cancer patients[END_REF] have been developed in this context. 18 F-PSMA-1007 was design to mimic the behavior of PSMA-617 and was obtained by using the 6-18 F-fluoronicotinic acid 2,3,5,6tetrafluorophenylester (6-18 F-F-Py-TFP) prosthetic group which reacts with the precursor of PSMA-617 described by Benesova et al [START_REF] Cardinale | Preclinical Evaluation of 18 F-PSMA-1007, a New Prostate-Specific Membrane Antigen Ligand for Prostate Cancer Imaging[END_REF]. 18 F-DFCPyL was design in analogy to some radioiodinated PSMA-inhibitors and uses the Glu-C(O)-Lys binding moiety and the 18 Ffluoropyridyl substituent [START_REF] Chen | {1-Carboxy[END_REF]. Main radiopharmaceuticals properties are shown in Table 1.

Targeted radionuclide therapy

After the recognized success of 177 Lu-DOTATATE (Lutathera®) for the treatment of midgut neuroendocrine tumors [START_REF] Strosberg | Phase 3 Trial of 177Lu-Dotatate for Midgut Neuroendocrine Tumors[END_REF], a new wave of targeted treatments arise with PSMA for metastatic prostate cancer patients. Radiopharmaceuticals that can be used for TRT needs the chelation of trivalent therapeutic emitters (for (now a Novartis® company) is also available for radiolabeling with 177 Lu for TRT of metastatic prostate cancer patients under the nominative temporary authorization of use status [START_REF] Morgat | Etat actuel de l'utilisation en essais cliniques de molécules radiomarquées au 68 Ga en France. Exemple du site de Bordeaux[END_REF]. Any other precursors that would be used in humans must be within a clinical trial procedure (Figure 1).

regulatory status of radiolabelled PSMA inhibitors in France The

  177 Lu 3+ , 90 Y 3+ , 225 Ac 3+ …radiolabelling) or availability of SPECT radiopharmaceutical targeting PSMA may improve the spreading of this new imaging modality in prostate cancer, today restricted to highly specialized centers equipped with PET and 68 Ga.18 F-PSMA inhibitors are also important tools to further develop PSMA imaging at the light of difficulties encountered in 68 Ga-generator supplying and because of the strict coordination needed between radiopharmacy and patient arrival when using68 Ga. Given the plethora of radiolabelled PSMA inhibitors developed in the literature, it is important to discuss the regulatory status of these agents to envision their possible uses in patients. Nowadays in France, the PSMA-11 precursor (from IASON GmbH only; prefilled at 10 µg in acetate form) is available under the nominative temporary authorization of use for recurrent prostate cancer patients with negative or inconclusive 18 F-FCholine PET/CT or 18 F-Fluciclovine PET/CT. We regret the absence of PSMA-11 under a validated kit-based formulation to disseminate PSMA PET/CT beyond centers equipped with automated synthetizors for 68 Ga-radiolabelling. Recently, the PSMA-617 precursor from Endocyte®

	iodine chemistry (for 131 I radiolabelling) or technetium/rhenium chemistry (for 186 Re / 188 Re
	radiolabelling). Therefore, MIP 1095, MIP 1404, PSMA-617 and PSMA-I&T are suitable
	precursors for PSMA-based TRT.
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Figure 1

Chemical structures of selected radiolabelled PSMA inhibitors : cell lines used for the determination of uptake are reported into brackets for better comparison § : the possibility of radiolabelling with a therapeutic emitter is marked by "yes" or "no". If "yes" and if studied in humans, the radionuclide is mentioned. nr: not reported

Structures chimiques des principaux inhibiteurs radiomarqués du PSMA