

[image: image1]
New Frontiers in Molecular Imaging Using Peptide-Based Radiopharmaceuticals for Prostate Cancer












	
	REVIEW
published: 01 December 2020
doi: 10.3389/fchem.2020.583309






[image: image2]

New Frontiers in Molecular Imaging Using Peptide-Based Radiopharmaceuticals for Prostate Cancer

Xin Li1, Huawei Cai1, Xiaoai Wu1, Li Li1, Haoxing Wu2* and Rong Tian1*


1Department of Nuclear Medicine, West China Hospital, Sichuan University, Chengdu, China

2Department of Nuclear Medicine, Frontiers Science Center for Disease-Related Molecular Network, National Clinical Research Center for Geriatrics, West China Hospital and West China School of Medicine, Sichuan University, Chengdu, China

Edited by:
Sara Pellegrino, University of Milan, Italy

Reviewed by:
Steven Ballet, Vrije University Brussel, Belgium
 Weizhi Wang, University of Chinese Academy of Sciences, China

*Correspondence: Rong Tian, rongtiannuclear@126.com
 Haoxing Wu, haoxingwu@scu.ed.cn

Specialty section: This article was submitted to Chemical Biology, a section of the journal Frontiers in Chemistry

Received: 14 July 2020
 Accepted: 27 October 2020
 Published: 01 December 2020

Citation: Li X, Cai H, Wu X, Li L, Wu H and Tian R (2020) New Frontiers in Molecular Imaging Using Peptide-Based Radiopharmaceuticals for Prostate Cancer. Front. Chem. 8:583309. doi: 10.3389/fchem.2020.583309



The high incidence of prostate cancer (PCa) increases the need for progress in its diagnosis, staging, and precise treatment. The overexpression of tumor-specific receptors for peptides in human cancer cells, such as gastrin-releasing peptide receptor, natriuretic peptide receptor, and somatostatin receptor, has indicated the ideal molecular basis for targeted imaging and therapy. Targeting these receptors using radiolabeled peptides and analogs have been an essential topic on the current forefront of PCa studies. Radiolabeled peptides have been used to target receptors for molecular imaging in human PCa with high affinity and specificity. The radiolabeled peptides enable optimal quick elimination from blood and normal tissues, producing high contrast for positron emission computed tomography and single-photon emission computed tomography imaging with high tumor-to-normal tissue uptake ratios. Owing to their successful application in visualization, peptide derivatives with therapeutic radionuclides for peptide receptor radionuclide therapy in PCa have been explored in recent years. These developments offer the promise of personalized, molecular medicine for individual patients. Hence, we review the preclinical and clinical literature in the past 20 years and focus on the newer developments of peptide-based radiopharmaceuticals for the imaging and therapy of PCa.
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INTRODUCTION

Prostate cancer (PCa) is the most common sex-related malignancy and second most common cause of mortality after lung cancer, accounting for 10% of all tumors in men (Siegel et al., 2020). In 2020, the American Cancer Society estimated 191,930 new cases of PCa in the United States, with PCa alone accounting for nearly 1 in 5 new diagnoses (Siegel et al., 2020). It is known that prostate tumors arise primarily in the peripheral zone (PZ) of the prostate and 20–30% often originated in the transition zone (TZ). During the early stages, patients with PCa lack specific clinical symptoms, and if they appear, the tumor is no longer resectable, and patients are at an advanced stage. PCa can be localized and advanced depending upon its metastasis via the lymphatic system and invade into the bones. The exact pathogenesis of PCa is still unknown, although some cases may remain ambiguous, and various factors, such as age, genetics, environmental toxins, chemical hazards, and radiations, have to be considered. Various lines of clinical evidence strongly support that proper early detection and accurate staging would significantly improve patient prognosis and the 5-year survival rate before the lesions become metastatic (DeSantis et al., 2019; Siegel et al., 2019).

Prostate-specific antigen (PSA) is generally used as an important clinical marker of early diagnosis, clinical stage, and postoperative observation for PCa because the PSA levels can rise before the presence of detectable PCa recurrence (Dall'oglio et al., 2005; Van Poppel et al., 2006). Unfortunately, this marker does not help localize and differentiate the disease. Transrectal ultrasound (TRUS) guided biopsy has been validated in prostate enhanced detection. Nearly 20% of the patients are reported to have positive results in repeated biopsies (Singh et al., 2004). Recently, interest has been growing in multiparametric magnetic resonance imaging (MP-MRI), which comprises T2-weighted sequences and several functional sequences, because no single MRI sequence adequately detects PCa (Yoo et al., 2015). Although the ideal set of sequences has not been determined, the role of MP-MRI has been expanded in PCa detection, staging, localization, and guiding biopsy. Molecular imaging plays a crucial role to detect clinically significant cancer foci. Compared with conventional PCa detection methods, such as digital rectal examination (DRE), PSA, ultrasonic imaging, and MP-MRI, targeted molecular imaging using radionuclide-labeled drugs provides not only anatomical information but also molecular, metabolic information on the whole-body scale and includes positron emission tomography/computed tomography (PET/CT) and single-photon emission computed tomography/computed tomography (SPECT/CT) (Vargas et al., 2015; Wibmer et al., 2016).

Overexpressed prostate tumor-specific receptors are detected on the cell surface and play an important role in different stages of carcinogenesis and metastasis. The classes of ligands for these receptors are peptides and their analogs, which act as important hormones, neurotransmitters, cytokines, and growth factors, and show high specificity and binding affinity to their receptors, providing a basis for targeted diagnosis and therapy. Peptides can be easily designed and produced to duplicate the critical region of the natural receptor ligand, thus achieving high specificity. With the relatively smaller structure than antibodies, peptides show rapid tissue penetration, fast clearance, low antigenicity, and easy radiolabeling ability (Ambrosini et al., 2011; Graham and Menda, 2011). Thus, radiolabeled receptor-avid peptides have been recognized as an effective strategy for molecular diagnosis and therapy in cancer treatments (Chatalic et al., 2015; Ceci et al., 2017). In this review, we summarize the newer developments of peptide-based radiopharmaceuticals for the imaging and therapy of PCa.



DESIGN OF PEPTIDE-BASED RADIOPHARMACEUTICALS FOR IMAGING AND THERAPY

It is known that the multi-disciplines research on molecular imaging is instructive for precise diagnosing, staging, restaging, and effective treatment of PCa. As promising molecular imaging probes, peptide-based radiopharmaceuticals have made significant progress in the fields of imaging, image-guided therapy, treatment prognosis, and treatment monitoring. Design and development of peptide-based radiopharmaceuticals for targeted molecular imaging or therapy in oncology include radionuclides with appropriate emission characteristics, metal complexing agents, pharmacokinetic modifiers, and receptor-specific targeting peptides (Figure 1). Ideally, blood clearance, receptor binding kinetics, and excretion route should be taken into account, which could affect desirable radiopeptide pharmacology (Mohtavinejad et al., 2020). For molecular imaging using radiopeptides, this is necessary in order to achieve a sufficient diagnostic signal-to-noise ratio, in an acceptable acquisition time (Sun et al., 2017). Residence time of the radiotracer in blood should be minimal, yet long enough for the agent to have its highest target uptake. It is well-established that peptide targeting ligands are beneficial in achieving high signal-to-noise ratio due to rapid renal excretion, which allowed reduction of non-specific background blood-pool and organ activity.


[image: Figure 1]
FIGURE 1. Schematic presentation of the components for peptide-based radiopharmaceuticals design.


When choosing a radionuclide for the peptide-based radiopharmaceuticals, regardless of the strategy, there will be major considerations including the half-life, the emission profile, the method of production, and the means and ease by which the radionuclide may be chemically attached. The half-life should be appropriate enough to allow for synthesis, purification, transport, administration to the patient, and localization to target organs (Mather, 2007). These characteristics allow for optimal imaging and treatment in the half-life in a matter of a few hours. Radionuclides for peptide-based radiopharmaceuticals of PCa are listed in Table 1. Useful nuclear properties of radionuclides for optimal imaging resolution are gamma rays (γ) with energies between 100 and 200 keV for scintigraphy or SPECT imaging and positrons (β+) that produce annihilation radiation with an energy of a few 100 keV for PET imaging. For therapy, the effective emissions include beta minus particles (β−) and alpha particles (α++) (Stott Reynolds et al., 2018). The physical half-life of the radionuclide for a therapeutic application has to be adjusted to the retention time.


Table 1. Properties of radionuclides used for peptide-based radiopharmaceuticals labeling (IT, isomeric transition; EC, electron capture).
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The stability of radiopharmaceuticals can be improved by using chelating agents for radionuclide labeling (Lucia Tornesello et al., 2017). The chemical structures of typical chelators have been shown in Figure 2. The radionuclide may disengage from the peptide without an appropriate metal chelator, resulting in excessive imaging background signal and toxicity to non-target tissues. The choice of appropriate chelators depends mostly upon the properties of the radionuclide and the ease of the conjugation chemistry (Tornesello et al., 2017). Furthermore, two broad issues clearly need to be considered, namely, kinetic and thermodynamic stability of the metal complex. Improper selection of chelating agents or poor location for attachment can decrease the binding affinity or selectivity of radiopharmaceuticals.


[image: Figure 2]
FIGURE 2. Chemical structures of typical chelators.


The linkers are commonly used as flexible linkers for the radiometal complex–peptide conjugates. The linkers by influencing the size, shape, solubility, stability, and molecular weight of the chemical structures directly support the performance of the entire radiopharmaceuticals. Moreover, the linkers affect the pharmacodynamics, affinity, and mode of excretion of the bioconjugate (Evans et al., 2020). The pharmacological behavior of radiopharmaceutical can be affected by insertion of a linking moiety as a pharmacokinetic modifier. Insertion of amino acid or aliphatic linkers between the two usually does not significantly reduce receptor binding affinity (Abbasi Gharibkandi et al., 2020). For one thing, the shorter, more polarizable linkers tend to render a more hydrophilic radioligand with primary excretion via the renal-urinary pathway, for another long-chained aliphatic linkers tend to produce more hydrophobic radiopeptides with unfavorably slow clearance via the hepatobiliary pathway. The peptide-based targeting radiopharmaceuticals can be used to detect not only the locations of the primary tumor but also the areas of metastasis, providing strong motive and helpful information for the continued development.



BOMBESIN AND GRPR AGONISTS

The amphibian bombesin (BBN) is a natural tetradecapeptide (pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2) that was first isolated from the skin of the European frog Bombina bombina in 1971 (Figure 3). It is an analog of mammalian gastrin-releasing peptide (GRP), neuromedin B (NMB), and neuromedin C (NMC), which share a homologous 7-amino acid amidated C-terminal sequence, Trp-Ala-Val-Gly-His-Leu-Met-NH2 (-WAVGHLM-NH2) (Morgat et al., 2014; Ferreira et al., 2017). BBN is widely distributed in both peripheral tissues and the nervous system, particularly in the gastrointestinal tract (Moreno et al., 2016), and exhibits various functions by activating four subtypes of bombesin receptors (BBRs)—neuromedin B receptor (BB1R or NMBR), gastrin-releasing peptide receptor (BB2R or GRPR), orphan receptor (BB3R), and amphibious receptor (BB4R). Among the BBRs, PCa cells only express GRPR (Maffioli et al., 2015; Qiao et al., 2016). NMBR and BB3R are not expressed in PCa and are rarely found in other cancers. GRP is a regulatory peptide that plays modulatory roles in the brain, gastrointestinal tract, vascular system, and endocrine system via specific high-affinity GRPRs. GRP belongs to the subgroup of regulatory peptides known as bombesin-related peptides. GRP is a potent epithelial mitogen that is a 27-amino acid peptide (Ala-Pro-Val-Ser-Val-Gly-Gly-Thr-Val-Leu-Ala-Lys-Met-Try-Pro-Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH2), which is essential for high specificity and affinity binding to GRPR. GRPR functions through a G protein-coupled, 7-transmembrane receptor and is present at low levels in physiologically normal organs; however, it is often overexpressed in various malignancies, including PCa, lung cancer, breast cancer, colon cancer, ovarian cancer, pancreatic cancer, renal cell cancer, and various central nervous system (CNS)/neural tumors (Smith et al., 2005; Elshafae et al., 2016). GRPR was shown to be expressed in almost 100% of prostate tumors by PCR, immunohistochemistry, and radionuclide binding assays of clinical samples (Korner et al., 2014; Accardo et al., 2016). Primary PCa often overexpresses GRPR at significantly higher levels than non-neoplastic prostate glands. GRPR expression is closely related to neoplastic transformation, cell migration, proliferation, and invasion (Varasteh et al., 2013). Preclinical data have indicated that the GRPR-positive lesion structure is histopathologically different from the surrounding GRPR-negative normal tissue. Additionally, GRPR-positive cells are polymorphic and large and have more hyperchromatic nuclei than GRPR-negative cells (Mansi et al., 2013). Therefore, using GRPR ligand analogs is an attractive strategy for the targeted molecular diagnosis and treatment of PCa.


[image: Figure 3]
FIGURE 3. Typical bombesin and GRPR agonists developed as radiopharmaceuticals.


The above results have increased the interest in bombesin analogs to image and treat PCa. In 2003, Scopinaro et al. (2003) modified the [Leu13] BBN(1–14) in its N-terminus to directly bind 99mTc (99mTc-BN) (Table 2). The literature revealed that 99mTc-BN SPECT could detect PCa and positive pelvic lymph nodes. Ten patients (two with benign adenoma and eight with PCa) with disease confirmed by biopsy received 185 MBq of 99mTc-BN and were subjected to SPECT. In that study, high uptake inside the prostatic fossa in all eight PCa patients was detected by true positive SPECT scans. In particular, the invasion of the obturator nodes was checked in 3 of 8 patients. Later, the team conducted another clinical trial in the PCa staging of 14 patients (De Vincentis et al., 2004). The clinical data suggested that 99mTc-BN is a potential SPECT imaging candidate to detect primary PCa and loco-regional node involvement. Clinical studies have reported the use of bombesin and analogs labeled with radionuclide (99mTc or 68Ga) to image metastasized prostate, breast, and gastrointestinal stromal tumors (Schroeder et al., 2009). In order to improve the stability of radiopharmaceuticals, the linkers and corresponding labeling methods were changed. Stabilized 4,7-lanthionine-BBN and 2,6-lanthionine-BBN peptides rapidly radiolabeled with 18F have been utilized. Carlucci et al. (2015) developed two novel Al18F-labeled BBN analogs, Al18F-NOTA-4,7-lanthionine-BBN and Al18F-NOTA-2,6-lanthionine-BBN, with good radiochemical yield (>95%) and specific activity (≥63 and ≥88 GBq/μmol) for GRPR-positive tumor imaging. In PC-3 xenograft PCa models, the tumor uptake of both radiopharmaceuticals (0.82 ± 0.23 and 1.40 ± 0.81% ID/g at 2 h p.i.) was evaluated by micro-PET (Table 3). The results showed that Al18F-NOTA-2,6-lanthionine-BBN might be a valuable radiotracer for human clinical translation. Chelators serve not only to chelate and stabilize radionuclides but also to tether them to other molecules via a chemically active functional group without causing undesirable changes in biodistribution, target binding, and pharmacokinetic. Kim et al. (2015) developed clinically translatable BBN analog-based radiopharmaceuticals for the PET imaging of GRPR-overexpressed tumors. In that study, the chelator 1,4,7-triazacyclononane, 1-glutaric acid-4,7 acetic acid (NODAGA) was used to radiolabel BBN analogs and modified galacto-BBN analogs with 64Cu. The preclinical studies identified that 64Cu-NODAGA-galacto-BBN had higher tumor uptake (3.26 ± 0.53 vs. 1.62 ± 0.23% ID/g at 1 h p.i.) and low liver uptake (1.13 ± 0.19 vs. 2.69 ± 0.69% ID/g at 1 h p.i.). These characteristics led to 64Cu-NODAGA-galacto-BBN as a promisingly novel PET probe for GRPR-positive PCa.


Table 2. Peptide-based radiopharmaceuticals targeting GRPR evaluated in human prostate cancer.
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Table 3. Peptide-based radiopharmaceuticals targeting GRPR evaluated in prostate cancer, preclinical, and experimental study models.
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To increase the tumor uptake of BBN-based radiotracers, the modification of amino acid side chains has been explored (Zhang et al., 2004). Surprisingly, AMBA (DO3A-CH2CO-G-(4-aminobenzoyl)-QWAVGHLM-NH2), a BBN-related peptide agonist, is a potent 68Ga-radiolabeled GRPR agonist in different malignancies (Baum et al., 2007; Zhang-Yin et al., 2020) and has been used for treatment when labeled with 177Lu. Maddalena et al. demonstrated that 177Lu-AMBA, which binds to GRPR in LNCaP and DU145 cell lines with high affinity (0.53 ± 0.10 and 0.65 ± 0.20 nM), has radiotherapeutic efficacy and decreased proliferation in LNCaP and DU145 models (Maddalena et al., 2009). However, compared with 111In-radiolabeled AMBA (111In-AMBA) (Ho et al., 2011), this tracer showed high tumor uptake (6.35 ± 2.23 vs. 2.24 ± 0.66% ID/g at 1 h p.i.) and a tumor-to-normal tissue ratio in PC-3 xenograft PCa models. The imaging of radiolabeled AMBA indicated the staging of PCa for determining the therapeutic approach and monitoring the therapeutic efficacy. Based on the C-terminal 7–14 amino acids, the peptides for GRPR imaging showed tumor localization with high specificity. More recently, substantial research efforts have been made toward backbone modification. RP527 is an octapeptide (Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2) derived from bombesin, and a Gly-5-Ava linker was modified to the N-terminus for tripeptide N3S chelator [dmgly-L-ser-L-cys(acm)] conjugation to form a stable complex with 99mTc. In a clinical study, 99mTc-RP527 SPECT exhibited specific tumor localization and superior imaging characteristics in four patients with metastatic PCa (Van de Wiele et al., 2000). During the same period, Van de Wiele et al. (2001) studied the biodistribution of 99mTc-RP527 in GRPR-expressing human malignancies. SPECT imaging showed rapid hepatobiliary excretion and high tumor retention, resulting in high-contrast imaging and low background. To optimize the tumor-targeting properties of the radiolabeled BBN(7–14) moiety, Valverde et al. (2016) improved the metabolic stability and tumor uptake of GRPR-specific via radiolabeling [Nle14]BBN(7–14) derivatives by means of structural modifications of the peptide vector. Modifications of the C-terminus revealed that Hms (homoserine methyl ether, methoxinine) is a suitable substitute for methionine, and N-terminal variations revealed that an additional (aliphatic or aromatic) amino acid in position 6 enhanced blood plasma stability. Insertion of a 1,4-disubstituted 1,2,3-triazoles as a stable amide bond mimic at position Gly11-His12 displayed high stabilities in blood plasma (Valverde et al., 2014, 2015; Accardo et al., 2016; Maina et al., 2017a). In these studies, radiolabeling peptidotriazoles improved stability in vitro and increased tumor uptake in vivo.

Lane et al. (2010) evaluated a series of pharmacokinetic-modifying linkers of peptides based on NOTA-based BBN(7–14)-NH2 conjugated with 64Cu. In micro-PET/CT images, the eight-carbon linker showed higher tumor uptake (3.59 ± 0.73% ID/g at 1 h p.i.) and faster renal clearance (3.79 ± 1.09% ID/g at 1 h p.i.). To alleviate excessive and persistent accumulation of copper, bombesin-based imaging agents might be radiolabeled with 68Ga (Fischer et al., 2015; Liolios et al., 2018). Compared with 64Cu-NO2A-(8-Aoc)-BBN, the shorter and more hydrophilic pharmacokinetic modifier, AMBA, produced superior PET imaging with minimal accumulation in collateral tissue. The first generations of BBN analog-based radiopharmaceuticals were GRPR agonists derived from the C-terminal fragments of bombesin. GRPR agonists are internalized into tumor cells. Compared with non-modified peptides, truncated peptides present some advantages of chemical synthesis at lower cost and time. More importantly, the removal of amino acid residues increases the biological half-life and stability in vivo (Schottelius and Wester, 2009). Unfortunately, the rapid metabolic degradation of BBN-based radiotracers affects their tumor-targeting capability, limiting their application in medicine.



GRPR ANTAGONISTS

Currently, various BBN analog-based radiopharmaceuticals have been used for diagnosis, staging, evaluation, and peptide receptor radionuclide therapy (PRRT) in PCa patients (Schroeder et al., 2009). Several preclinical and clinical literature sources have revealed that non-internalizing GRPR radioantagonists could successfully target and are sufficiently retained in overexpressed GRPR tumor lesions while rapidly clearing from physiologic tissues and organs (Maina et al., 2016; Baratto et al., 2018). The pharmacokinetics in vivo and inherent biosafety of GRPR radioantagonists are superior to their agonist counterparts (Maina and Nock, 2017; Maina et al., 2017b; Baratto et al., 2018). Compared with the corresponding radiolabeled agonist, antagonists of GRPR without internalizing or activating it were able to recognize more binding sites than agonists and had an even better tumor uptake and retention in GRPR positive tumors (Stott Reynolds et al., 2018). Current studies have been shifted from GRPR radioagonists to new improved GRPR antagonist candidates with potential clinical translation.

More recently, one of the most promising antagonists, among various GRPR antagonists, is d-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (RM26) for PCa imaging and treatment (Valverde et al., 2014; Zhang et al., 2018). The GRPR antagonist RM26 with high affinity was formed by the backbone modification of BBN analogs (Figure 4) (Coy et al., 1988). The application of 68Ga-labeled RM26 in PET/CT imaging would have remarkable value in detecting both primary PCa and metastases. Recently, another clinical study reported that 68Ga-RM26 PET has remarkable diagnostic value in both primary PCa and metastasis patients due to its safety and significant efficiency (Zhang et al., 2018). Generally, antagonists exhibit higher GRPR binding affinity than their corresponding agonists. Cheng et al. (2018) compared 68Ga-labeled BBN(7–14) and 68Ga-NOTA-PEG3-RM26 for the PET imaging of PCa. 68Ga-NOTA-PEG3-RM26, a promising PET tracer, showed higher tumor uptake (3.31 ± 0.68 vs. 2.40 ± 0.38% ID/g at 1 h p.i.) and favorable pharmacokinetics in PC-3 tumor-bearing mice. These characteristics led to high image contrast and identified RM26 as a potential antagonist for PET imaging and therapy. Changing PEG chain length had little effect on improving the tumor-to-background ratio, and PEG2, PEG3, and PEG4 linkers displayed similarly high tumor uptake and low kidney radioactivity uptake (Varasteh et al., 2014, 2015; Gourni et al., 2015). Additionally, this RM26 peptide showed superior characteristics for SPECT imaging when labeled with 111In, cobalt-55 (55Co), and cobalt-57 (57Co) (Mitran et al., 2016, 2017, 2019). Copper-64 (64Cu, beta+, Emax = 0.656 MeV; gamma, 10%; T1/2 = 16.7 h) is also an ideal positron-emitting radionuclide for PET diagnosis. More recently, Mansour et al. (2018) investigated the potential of a novel radiopharmaceutical, 64Cu-DOTHA2-PEG-RM26, to develop other 64Cu-labeled peptide-derived PET radioagents. In this study, 64Cu-DOTHA2-PEG-RM26 showed rapid blood clearance (from 4.42 ± 2.85% ID/g at 30 min to 0.15 ± 0.08% ID/g at 120 min), rapid renal clearance (from 8.5 ± 13.6% ID/g at 30 min to 1.03 ± 0.24% ID/g at 120 min), and specific tumor uptake (4.14 ± 0.96% ID/g at 1 h p.i.) in PC-3 tumors. This suitable biodistribution of the 64Cu-labeled peptides led to high contrast of PET images for clinical practice. Another novel GRPR antagonist, (64Cu-4,11-bis (carboxymethyl)-1,4,8,11-tetraazabicyclo(6.6.2) hexadecane)-PEG4-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (64Cu-CB-TE2A-AR06), showed very favorable characteristics, making it a promising radiopharmaceutical for PCa detection, staging, active surveillance, and radionuclide therapy. Wieser et al. (2014) reported that the PET/CT radiotracer 64Cu-CB-TE2A-AR06 showed favorable tumor-to-normal organ ratios in four patients with newly diagnosed PCa. Besides, SCH1 is a novel BN analog based on a modified RM26 peptide. In PC-3 cells, 68Ga-NODAGA-SCH1 exhibited favorable target binding affinity (3.50 ± 0.85 nM), high tumor uptake (6.20 ± 0.53% ID/g at 2 h p.i.), and high tumor/muscle contrast (16.6 ± 1.50 at 2 h p.i.). These in vivo imaging properties make it a potent candidate for visualized PET images. Sun et al. (2016) designed NODAGA-SCH1 radiolabeled with 68Ga (68Ga-NODAGA-SCH1) to evaluate the value for translation into the clinical PET/CT imaging of PCa patients.


[image: Figure 4]
FIGURE 4. Typical GRPR antagonists developed as radiopharmaceuticals.


The statin-based BBN analog RM26 was developed by the modification of C-terminal residues of GRPR agonists. A DOTA-Gly-benzoyl group was added to the C-terminus to form DOTA-Gly-benzoyl-d-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2 (RM1). To evaluate this antagonist as a SPECT imaging agent for GRPR, 111In was attached to RM1 to form 111In-RM1 in a rodent model. In PC-3 bearing mice, Mansi et al. (2009) reported that the antagonist RM1 demonstrated higher tumor uptake (14.24 ± 1.75% ID/g at 1 h p.i.) and more specific accumulation than the agonist in the tumors. Chatalic et al. (2014) reported three novel GRPR-targeted radiotracers, Al18F-JMV5132, 68Ga-JMV5132, and 68Ga-JMV4168 [JMV5132 is NODA-MPAA-βAla-βAla-[H-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2], JMV4168 is DOTA-βAla-βAla-[H-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2]]. These new PET radiotracers showed comparable high, specific accumulation (4.96 ± 1.20, 4.73 ± 0.68, and 4.46 ± 0.33% ID/g at 1 h p.i.) and fast blood clearance (0.05 ± 0.01, 0.19 ± 0.13, and 0.09 ± 0.04% ID/g at 2 h p.i.) in GRPR-positive PC-3 tumors. However, the successful application of GRPR antagonist-based peptides in nuclear imaging and therapy is hampered by their fast degradation in vivo with neutral endopeptidase (NEP). Interestingly, the coinjection of phosphoramidon (PA), an NEP inhibitor, may be beneficial to enhance the diagnostic sensitivity and therapeutic efficacy (Chatalic et al., 2016).

A new GRPR peptide antagonist RM2, 4-amino-1-carboxymethyl-piperidine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2, was developed by Mansi et al. (2011). The antagonist RM2 has been found to have a higher affinity for GRPR than RM1 and has been labeled with 68Ga for PET imaging (Mansi et al., 2011). In a phase II study, the highly specific targeting of GRPR-expressing tumors and favorable pharmacokinetics have demonstrated the potential of 68Ga-RM2 as a prospective PET radiotracer (Iagaru, 2017). Comparison of PET/CT with histology as a gold standard indicated that 68Ga-RM2 has high sensitivity, specificity, and accuracy to detect, stage, and restage PCa patients (Kahkonen et al., 2013). Wieser et al. (2017) explored the diagnostic value of 68Ga-RM2 in a selected population of PCa patients with biochemical recurrence (BCR). In this retrospective study, 68Ga-RM2-PET/CT showed at least one region with focal pathological uptake in 10 of 16 patients (62.5%): 4 patients with local relapse, 4 patients with lymph node metastases, 1 patient with bone metastases, and 1 patient with lung metastasis. Additionally, PET imaging showed that 68Ga-RM2 has distinct biodistributions in patients with BCR of PCa (Minamimoto et al., 2016). More recently, Minamimoto et al. (2018) enrolled 32 men with BCR of PCa and observed that 68Ga-RM2 PET/CT identified recurrent lesions in 23 of 32 patients (detection rate = 71.8%). High uptake in multiple cancer lesions identified 68Ga-RM2 as a potential radiopharmaceutical for the localization of PCa patients with BCR. 177Lu-RM2 is suitable for the targeted treatment of metastatic castration-resistant prostate cancer (CRPC) in clinical trials. The radiopharmaceutical showed high tumor uptake and rapid clearance from normal organs (Kurth et al., 2020). RM2-PET not only showed better delineation of the gross tumor volume and distinct regions of PCa but also benefited from the information given by radiotracers targeting GRPR (Fassbender et al., 2019, 2020; Touijer et al., 2019; Baratto et al., 2020).

The PET tracer-based GRPR radioantagonist 68Ga-DOTA-p-aminomethyl aniline-diglycolic acid-D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-NHEt (68Ga-SB3) has shown excellent tumor localizing efficacy and pharmacokinetics in animals and patients with prostate and breast cancers (Maina et al., 2016; Lymperis et al., 2018). Lymperis et al. (2018) also switched 68Ga to the 111In/177Lu label on radiopeptides. The GRPR targeting of 111In- and 177Lu-SB3 was inferior to that of 68Ga-SB3 in animal models, restricting the clinical diagnostic applications of SB3. In the quest for radioligands with higher stability and potency, Nock et al. (2017) developed a novel GRPR antagonist NeoBOMB1, in which the C-terminal Leu13-Met14-NH2 dipeptide of SB3 to Sta13-Leu14-NH2 is replaced, displaying improved affinity for the GRPR and superior tumor localizing efficacy in rodent models and patients. Several studies have developed GRPR antagonist-based peptides labeled with different radionuclides, including 67/68Ga, 111In, and 177Lu (Dalm et al., 2017; Kaloudi et al., 2017). These NeoBOMB1-based radiopharmaceuticals, which specifically bound to the surface of PCa cells, displayed excellent tumor uptake and favorable pharmacokinetics. These beneficial features led to successful visualization in tumor lesions and high-contrast PET imaging.

PCa is one of the few neoplasms that is not well-served by conventional 18F-fluorodeoxyglucose (FDG) PET (Weber, 2014; Schuster et al., 2016; Bednarova et al., 2017). The new bombesin analog MJ9 (H-4-amino-1-carboxymethyl-piperidine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2), which originates from GRPR antagonists with a higher binding affinity and a longer retention time, has received much attention in recent years as a promising preclinical candidate (Gourni et al., 2014). In 2015, 18F-AmBF3-MJ9, a novel radiofluorinated derivative of bombesin targeting GRPR, was used for PET imaging in a PC-3 PCa xenograft model (Pourghiasian et al., 2015). The tumor uptake values of 18F-AmBF3-MJ9 were 1.37 ± 0.2% ID/g at 1 h p.i. and 2.20 ± 0.13% ID/g at 2 h p.i. These preclinical data suggest that low background uptake and excellent tumor visualization lead to high-contrast images. Currently, 68Ga-NOTA-MJ9 is in phase I clinical studies. In the same year, a clinical study (Sah et al., 2015) reported the first-in-man study of the 18F-radiolabeled potent synthetic GRPR antagonist 3-cyano-4-18F-fluorobenzoyl-Ala(SO3H)-Ala(SO3H)-Ava-Gln-Trp-Ala-Val-NMeGly-His-Sta-Leu-NH2 (BAY 86-4367), which is used for PET imaging in patients with primary and recurrent PCa. The 10 patients (5 with primary PCa and 5 with PSA recurrence after radical prostatectomy) received intravenous administration of 302 ± 11 MBq of BAY 86-4367. The PET imaging results showed that 3 of 5 patients with primary PCa showed positive tumor delineation in the prostate, and that 2 of 5 patients with BCR showed a lesion suggestive of recurrence. The 18F-labeled BAY 86-4367, which successfully delineated tumors in patients, exhibited high tumor-to-background and malignant-to-normal prostate tissue ratios.

In summary, these peptide-based radiopharmaceuticals, which retain binding specificity to GRPR, demonstrated high yields, high stability, high tumor uptake, and rapid clearance of radioactivity from blood or physiologic non-GRPR-expressing organs in rodent models and humans. Beyond the above successes, many candidates of GRPR radiopeptides have demonstrated limitations in clinical research or have not yet been translated into clinical settings. For example, 99mTc-HYNIC(tricine/TPPTS)-Aca-Bombesin(7–14) (99mTc-HABBN) was found to be hampered by an unexpected low metabolic stability in vivo. 99mTc-HABBN SPECT/CT imaging failed to detect PCa in patients with biopsy-proven disease (Ananias et al., 2013). As appreciation for GRPR in PCa deepens, radiotherapy and imaging using radiolabeled peptides hold great promise for PCa.



DUAL-TARGETING GRPR PROBES

Dual or multiple-targeting probes can recognize multiple targets, which have the advantages of better sensitivity to imaging and radiotherapy in the presence of target heterogeneity, in contrast to single-targeting probes. More recent targets of interest to αVβ3 integrin have been used to target αVβ3 receptors on tumor cells and the neovasculature. Bandara et al. (2018) developed a dual-target theranostic agent that can target GRPR and αVβ3 integrin. In that study, 86Y or 90Y-labeled RGD-Glu-[DO3A]-6-Ahx-RM2 peptide showed high binding affinity for GRPR (IC50 = 5.65 ± 0.00 nM) in PC-3 cells. The preclinical studies of RGD-Glu-(90Y-DO3A)-6-Ahx-RM2 identified high tumor uptake and retention of radiopharmaceuticals (8.70 ± 0.35% ID/g at 1 h p.i., 5.28 ± 0.12% ID/g at 24 h p.i.) in PC-3 tumor-bearing mice. The RGD-Glu-(86Y-DO3A)-6-Ahx-RM2 and RGD-Glu-(90Y-DO3A)-6-Ahx-RM2 matched-pair conjugates exhibited favorable pharmacokinetic profiles and improved sensitivity to detect PCa cells using micro-PET. Furthermore, 111In, 64Cu, and 177Lu can also be used to label these probes (Durkan et al., 2014; Stott Reynolds et al., 2015).

In 2017, the first-in-human application of the 68Ga-labeled heterodimeric peptide BN-RGD targeting both αVβ3 integrin and GRPR for the clinical diagnostic imaging in PCa patients was introduced by Zhang et al. (2017) (Figure 5). In that study, 5 healthy volunteers (4 men and 1 woman) and 13 patients (4 newly diagnosed and 9 post-therapy) received a typical 130 MBq (3.5 mCi) injected dose of 68Ga-BBN and then were exposed to a radiation dose of 2.90 mSv with no side effects. In 13 recruited patients with PCa, 68Ga-BBN-RGD PET/CT detected 3 of 4 primary tumors (SUVmax = 4.46 ± 0.50), 14 metastatic lymph nodes (SUVmax = 6.26 ± 2.95), and 20 bone lesions (SUVmax = 4.84 ± 1.57). This study indicated that 68Ga-BBN-RGD is safe and well-tolerated, and its use in PET/CT would provide tumor staging information and a monitoring response of bone metastases in PCa patients. Moreover, Lucente et al. (2018) developed a novel 64Cu-radiolabeled RGD2-BBN heterotrimer E[c(RGDyK)]2-PEG3-Glu-(Pro-Gly)12-BBN(7-14)-NH2(RGD2-PG12-BBN) for PET imaging of PCa.
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FIGURE 5. Schematic illustration of a new series of BRLs targeting PSMA and GRPR for improved PET imaging of PCa. Reprinted from Ananias et al. (2013) with permission.


Some of the most promising PET radiotracers currently in evaluation target prostate-specific membrane antigen (PSMA), which is overexpressed in PCa tissues compared with that in normal tissues and tends to increase with the degree of aggressiveness and metastatic potential of PCa. Bandari et al. (2014) developed 64Cu-radiolabeled DUPA-6-Ahx-(NODAGA)-5-Ava-BBN(7–14)NH2, which is the first example of a dual GRPR/PSMA-targeting radioligand for the molecular imaging of prostate tumors. In 2016, Liolios et al. (2016) reported a new series of bispecific radioligands (BRLs) targeting PSMA and GRPR both expressed on PCa cells. They developed a BBN analog (H2N-PEG2-[d-Tyr6, β-Ala11, Thi13, Nle14] BBN(6–14)) that specifically binds to GRPR and a peptidomimetic urea of the pseudoirreversible PSMA inhibitor (Glu-ureido-Lys) that binds to PSMA. The two pharmacophores were linked by amino acid linkers comprising positively charged His (H) and negatively charged Glu (E) via copper(I)-catalyzed azide–alkyne cycloaddition to the bis (tetrafluorophenyl) ester of the chelating agent HBED-CC. The study showed that 68Ga-HEn (n = 0–3) could synergistically target PSMA and GRPR on LNCaP and PC-3 PCa cells and tumor xenografts. In particular, 68Ga-HE2 improved the tumor-to-normal organ ratios in LNCaP tumor-bearing mice and significantly reduced uptake in normal organs. The bispecific targeting abilities and optimized pharmacokinetics of the BRLs could lead to further application in the clinic as sensitive radiotracers for PET/CT imaging of PCa. The radiolabeled heterobivalent peptidic ligands (HBPLs), which can bind different receptors, are highly interesting tumor imaging agents because they can improve tumor targeting for PCa in contrast to single-targeting probes. A similar study was carried out by Eder et al. (2014).

Two natural hormone peptide receptors, GRP and Y1, show upregulated expression in most breast cancer and PCa cases. Ghosh et al. (2017) developed a gadolinium-153 (153Gd)-labeled heterobivalent dual-targeting probe that can bind both GRP and Y1 receptors, t-BBN/BVD15-DO3A, where the GRPR ligand J-G-Abz4-QWAVGHLM-NH2 and Y1 receptor ligand INP-K [ε-J-(α-DO3A-ε-DGa)-K] YRLRY-NH2 were coupled. In vitro, the metabolic degradation of t-BBN/BVD15-DO3A is significantly slower than that of single-targeting probes in mouse and human serum at 37°C. The competitive displacement cell binding assay showed that the dual-target probe has strong affinity for GRP receptors in T-47D cells (IC50 value = 18 ± 0.7 nM) and Y1 receptors in MCF7 cells (IC50 value = 80 ± 11 nM). Recently, Lindner et al. (2018) reported a dual-targeting GRPR probe and vasoactive intestinal peptide receptor subtype 1 (VPAC1R) probe and radiolabeled different HBPLs comprising BBN(7–14) and PACAP-27 with 68Ga. The study indicated that the dual-targeting radiopharmaceuticals could bind to their target receptors, contributing to tumor cell uptake in different PCa cell lines (PC-3, DU-145, and VCaP cells).



SOMATOSTATIN ANALOGS

Somatostatin is a small cyclic neuropeptide of 14 or 28 amino acids that is present in neurons and endocrine cells and functions as an inhibitive peptide with exocrine, endocrine, and autocrine activities. The inhibitory function of somatostatin on organs and tissues is likely mediated by various somatostatin receptors (SSTRs). The SSTR has five known subtypes (SSTR 1–5), and subtype 2 (SSTR 2) is thought to be most closely related to tumors. Although the multiple subtypes may be frequently located in the same cell, the binding of available somatostatin analogs to various SSTR subtypes shows significant differences.

The normal prostate comprises stromal and epithelial components. The epithelial compartment contains luminal epithelial cells, basal cells, and a few neuroendocrine cells, which regulate the growth, differentiation, and secretion of the prostate gland. In the advanced stages of PCa, the number of neuroendocrine cells increases, especially in hormonally treated and hormone-refractory (androgen-independent) PCa. The absence of neuroendocrine cells in PCa is correlated with a favorable prognosis, and neuroendocrine differentiation in tumor specimens predicts a more accurate survival rate than the Gleason score in PCa. Neuroendocrine-differentiated prostate cancer (NEPC) is an uncommon pathophysiological condition, accounting for 0.5–2.0% of all PCa cases. However, focal NEPC occurs in 10–100% of localized prostate adenocarcinomas, and the incidence increases as the disease progresses. Neuroendocrine differentiation, carrying important prognostic information, is most frequently observed during the advanced stages of PCa (Usmani et al., 2019). Due to NEPC in some PCa patients, radiolabeled somatostatin analogs are valuable for their PCa screening and therapy.

Naturally occurring somatostatin has very low metabolic stability in vivo. Accordingly, various synthetic somatostatin agonists (Figure 6) are available to study the biochemical properties of PCa with neuroendocrine differentiation, but the earliest and most widely used radiolabeled analog of somatostatin is 111In-DTPA-octreotide (octreoscan), which has been approved by the U.S. Food and Drug Administration (FDA) in 1994. 111In-DTPA-octreotide has specific high affinity for SSTR 2 and shows promising imaging applications in SSTR 2-expressing tumors (Behr et al., 2001). In a subgroup of 26 patients, octreotide scintigraphy was used to assess the neuroendocrine pattern in CRPC to select potential responders to target therapies (Table 4) (Matei et al., 2012). Additionally, Nilsson et al. (1995) reported clinical research approximately 111In-DTPA-octreotide imaging for metastatic hormone-refractory prostatic cancer (HRPC). Thirty-one patients were investigated scintigraphically using octreoscan, and 128 of 346 lesions confirmed by 99mTc-HDP were visualized using the octreoscan technique, accounting for a 37% detection rate. The biopsies of eight patients displayed a low density of SSTRs localized on tumor cells. Notably, high uptake was detected in almost all known bone metastasis involving specific host-tissue recognitions of circulating PCa cells on 99mTc-octreotide scintigraphy (which detects SSTR 2). On SSTR scintigraphy with octreotide, only 3 of 19 patients showed sites consistent with increased uptake detected by 99mTc bone scintigraphy (Koutsilieris et al., 2007). In nude mice bearing experimental human PCa cells, Thakur et al. (1997) found higher uptake of a c-radiolabeled somatostatin analog. Low doses of octreoscan can also be given to visualize SSTR-positive tumors in patients with PCa. Efforts are being made to assess the efficacy of high-dose octreoscan in PCa treatment. The radiolabeled octreoscan scintigraphy was approved by the FDA for patients with neuroendocrine tumors. Since then, 111In-octreotide has also been used to localize and stage SSTR-positive tumors. Subsequently, clinical studies have shown that 111In-octreotide is promising for the treatment of various SSTR-positive tumors (Spieth et al., 2002). However, due to lower SSTR 2 expression in most prostate malignancies, diagnostic radiolabeled somatostatin analog scintigraphy or PRRT is not commonly applied for PCa patients (Liu, 2006).
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FIGURE 6. The labeled ligands of somatostatin analogs for prostate cancer diagnosis and treatment.



Table 4. Peptide-based radiopharmaceuticals targeting SSTR evaluated in human prostate cancer.
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Compared with diethylene triamine pentaacetate acid (DTPA), the chelator 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) shows higher binding affinity and better in vivo stability for somatostatin analogs, allowing the chelation of beta-emitting radionuclides, such as 90Y, for PRRT. Virgolini et al. (1998) reported the clinical use of another somatostatin analog, lanreotide, which also binds to human somatostatin receptor (hSSTR) subtypes 2–5 with high affinity. In that study, the PCa patient was administered 111In-DOTA-lanreotide to evaluate the response of 90Y-DOTA-lanreotide radiotherapy. The second somatostatin analog labeled with 90Y and applied to PRRT was more lipophilic. It has a high affinity for SST5 and an affinity for SST2 comparable to that of octreotide. The tumor sites were visualized after the injection of 111In-DOTA-lanreotide. The radiation-absorbed dose was 1.2 mGy/MBq for primary tumors and their metastatic lesions. The absorbed radiation dose of 111In-DOTA-lanreotide in tumors was significantly higher (ratio 2.25 ± 0.60; P < 0.01) than that of 111In-DTPA-octreotide. However, no further details about the radiotherapeutic response in this patient with PCa were discussed. During the 72-h observation period, no side effects were recorded after 111In-DOTA-lanreotide administration.

PET imaging of somatostatin analogs labeled with gallium-68 has shown superiority over other modalities in neuroendocrine-like tumor imaging (Kamaleshwaran et al., 2017). Previously, the radioactive imaging tracer octreoscan was extensively used in SPECT imaging to study the different biochemical properties of the differentiation of neuroendocrine tumors (di Sant'Agnese, 2001). Compared with DTPA, the chelator DOTA showed higher affinity binding for beta-emitting radionuclides and somatostatin analogs. The increased availability of 68Ga-radiolabeled PET tracers has allowed promising PET/CT imaging for tumors with SSTRs (Giovacchini et al., 2017). PET represents better spatial resolution and sensitivity than SPECT; thus, a series of positron-emitting radiopeptide drugs for SSTRs was developed using coordination chemistry. Gallium-68 (beta+, Emax = 1.92 MeV; gamma, 11%; T1/2 = 68 min) was introduced as 68Ga-DOTA-1-NaI3-octreotide (68Ga-DOTA-NOC) for PET/CT guiding management (Parida et al., 2018). Usmani et al. (2017) reported a 62-year-old man with metastatic PCa and androgen blockade treatment. The PSA level of the patients was only 0.049 ng/ml, the 18F-NaF and 68Ga-PSMA PET/CT scans were negative, and the 68Ga-DOTA-NOC scan imaged multiple somatostatin-avid hepatic and lymph node metastases. Compared with DOTA-NOC, the substitution of the DOTA-(Tyr3)-octreotide (DOTA-TOC) phenylalanine residue at position 3 by tyrosine increased the hydrophilicity and affinity for SST2, leading to higher uptake in SST2-positive tumors (Kwekkeboom et al., 1999). To assess the expression of DOTA-TOC-affine SSTR in advanced PCa and its bone metastases, 20 patients underwent bone scintigraphy with 68Ga-DOTA-TOC PET/CT (Luboldt et al., 2010). Thirteen patients had focal metastases, in which 64 of 216 metastases were visualized, and 6 patients with diffuse metastases were observed on PET imaging. Additionally, one PCa patient with a neuroendocrine metastasis showed no correlation on PET. The occurrence and localization of SSTRs in the prostate remains unclarified, and the presence of SSTRs in CRPC needs further explanation. Currently, one phase III clinically diagnostic trial was conducted to study the overexpression of SSTRs in CRPC patients by PET/CT after the injection of 68Ga-DOTA-NOC. The localizations of increased uptake, corresponding to metastasis detected by other methods, were considered SSTR-expressing metastases. False-positive SSTR expression with suspicious uptake could not be confirmed by other radiological examinations. Furthermore, metastatic lesions lacking the uptake of radiopharmaceuticals were considered to be non-SSTR expressing. The preliminary results showed that 2 of 6 patients had variable SSTR expression among the 67 patients with existing metastases (Savelli et al., 2015).

The somatostatin analog DOTA-(Tyr3)-octreotate (DOTA-TATE), in which the C-terminal threoninol is replaced with the natural amino acid threonine, has a nine-fold higher affinity for the SSTR subtype 2 than the DOTA-TOC; therefore, new radiopharmaceuticals have been developed (Acar and Kaya, 2019; Assadi and Ahmadzadehfar, 2019; Assadi et al., 2019; Dos Santos et al., 2019). Gofrit et al. (2017) used 68Ga-DOTA-TATE to evaluate CRPC patients with NED. Each patient received the administration of 68Ga-DOTA-TATE (120–200 MBq). In 12 participants, PET/CT imaging showed at least 1 patient with blastic metastasis exhibiting specific uptake of 68Ga-DOTA-TATE (SUVmax = 5.3 ± 2.3), 6 patients demonstrating moderately high uptake (SUVmax >5), and 4 patients with lytic bone lesions or lymph node metastases indicating uptake of the tracer (SUVmax = 7.2 ± 3.2). Patients with multiple bone metastases had significantly higher SUVmax values than those with few metastases (SUVmax 5.8 vs. 3.8, P = 0.05). Prospective comparison of the detection rates of 68Ga-DOTA-TATE and 11C-choline PET/CT in PCa patients with BCR was used to evaluate the targeted therapy and diagnosis of SSTR expression. Dos Santos et al. (2018) analyzed 64 patients with BCR and found that the total detection rates per patient were 48.43% for 68Ga-DOTA-TATE and 46.87% for 11C-choline. The SUVmax of 11C-choline was higher than that of 68Ga-DOTA-TATE, whereas the sensitivity and specificity values per patient were the same. Moreover, DOTA-TATE labeling with the beta- and gamma-emitting radionuclide lutetium-177 (177Lu) demonstrated favorable advantages for radiotherapy regarding the tumor extinction and survival period in a rat model (Breeman et al., 2003). Additionally, another cyclic somatostatin analog, RC-160, was successfully labeled with rhenium-188 (188Re), a beta- and gamma-emitting radionuclide (beta-, Emax = 2.12 MeV; gamma-, 10%; T1/2 = 16.7 h), and was evaluated in nude mice bearing xenografts of human prostate adenocarcinoma for its therapeutic potential by Zamora et al. (1996, 1997). 188Re-RC-160 was selectively retained in both DU-145 and PC-3 tumors following direct intratumor injection over 24 h, indicating a dose-dependent therapeutic response. However, scant literature exists about this cyclic peptide in recent decades, and no translational trials have been reported (Bender et al., 1997). All clinically relevant agonists tested so far (octreotide, lanreotide, and vapreotide) are selective for SSTR 2, less potent for SSTR 3/SSTR 5, and inactive for SSTR 1 and SSTR 4. Therefore, radioactive somatostatin analogs might be useful in screening and subsequent treatment of NEPC.



NATRIURETIC PEPTIDE ANALOGS

Natriuretic peptides, including atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and type-C natriuretic peptide (CNP), constitute a family of distinctly genetic hormone peptides that share common cell surface membrane receptors. Normally, ANP and BNP are generated by atrial and ventricular myocytes, whereas CNP is secreted from the vascular endothelium and male genital glands. Most of the physiological effects of natriuretic hormone peptides are mediated by the interaction with the specific high-affinity natriuretic peptide receptor A (NPR-A) and low-affinity natriuretic peptide receptor C (NPR-C) on the cell surface. The existence of NPR-A in PCa cells was first confirmed in 2005. Wang et al. (2011) demonstrated that NPR-A is overexpressed on tumorigenic mouse and human PCa cells. In human PCa tissues, NPR-A expression showed a positive correlation with clinical staging. Moreover, the apoptosis of PCa cells was induced by the downregulation of NPR-A with an NPR-A inhibitor (iNPR-A). For example, TRAMP-C1 xenografts failed to grow in mice implanted with PCa cells lacking NPR-A. After iNPR-A treatment, the tumor burden and expression of macrophage migration inhibitory factor (MIF) in mice were reduced. Collectively, these results suggest that NPR-A, which partly promotes PCa development, is a potential prognostic and therapeutic target for PCa. NPR-C accounts for a large population (>95%) of all natriuretic peptide receptors. Interestingly, NPR-C has also been identified in PCa cells, and its gene expression in a mouse xenograft model has also been confirmed. Therefore, imaging the upregulation of NPR-C could determine a powerful target for early detection in a PCa model.

Currently, the most common radiopharmaceutical for PET/CT imaging in the clinic, 18F-fluoro-2-deoxy-2-D-glucose (18F-FDG), is not effective in the diagnosis and localization of PCa because of its glucose-independent metabolism. Other radiotracers used for clinical research, such as 18F/11C-choline and 11C-acetate, have shown fast renal clearance and low tumor uptake, which may limit the potential for translational research. Moreover, none of these radiotracers are PCa specific. Nanoparticles, owing to the unique physicochemical properties, such as pharmacokinetics, targeting efficiency and specificity, have been widely used for oncological diagnosis and therapy including PCa. In a preclinical study, Pressly et al. (2013) reported that the presence of NPR-C in PCa tissues, confirmed by immunohistochemistry staining, has been exploited to establish a new nanoagent for PET imaging by synthesizing an amphiphilic comb-like nanoparticle containing C-atrial natriuretic factor (CANF) with copper-64 (64Cu) radiolabeling for NPR-C targeting (Figure 7). Compared with the non-targeted 64Cu-Comb nanoparticles, the pharmacokinetics of 64Cu-CANF-Comb showed a superior biodistribution profile and an optimized in vivo profile. In the CWR22 PCa tumor mode, PET imaging showed that 64Cu-CANF-Comb is characterized by high blood pool retention, low renal clearance, enhanced tumor uptake, and decreased hepatic burden in contrast to the non-targeted 64Cu-Comb. Compared with the other reported PCa PET radiotracers, 64Cu-CANF-Comb showed a sufficient T/M ratio (21.0 ± 3.4, n = 6–8) and a higher T/K ratio (2.3 ± 0.2, n = 6–8) at 24 h. Thus, 64Cu-CANF-Comb, which targets NPR-C in vivo with high sensitivity and specificity, may be a candidate for PCa PET imaging.
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FIGURE 7. (A) Synthesis and subsequent assembly into nanoparticles. (B) PET/CT imaging of 64Cu-CANF-Comb, 64Cu-CANF-Comb blocking, and 64Cu-Comb in a CWR 22 tumor at 24 h p.i. (C) Quantitative tumor uptake SUVs and (D) tumor/muscle ratios of 64Cu-Comb, 64Cu-CANF-Comb, and 64Cu-CANF-Comb blocking in a CWR 22 tumor. Reprinted from Pressly et al. (2013) with permission.




OTHER PEPTIDES

Other regulatory peptide analogs have the potential for radiolabeling and indicate advantages in PCa imaging and therapy. Neurotensins (NTs) are secreted by neuroendocrine-like prostate cells and demonstrate various physiological effects. Recently, overexpressed neurotensin receptors (NTRs) were suggested to be responsible for PCa proliferation and progression. Importantly, neurotensin receptor 1 (NTR 1) was found to be expressed and activated in aggressive PCa cells but not in normal cells (Taylor et al., 2012). Thus, the high incidence of NTR 1 in PCa makes it a promising target for therapy and prognosis. Neurotensin-derived factors act on PCa cells to stimulate pro-survival signaling and describe a novel mechanism of crosstalk between NE-derived factors and insulin-like growth factor 1 (IGF-1R) (DaSilva et al., 2013). Radiotherapy focusing on NTR 1 in PCa has become potentially important components of PCa treatment strategies. Deng et al. (2017) studied the PET imaging of PCa models using 64Cu-AmBaSar-NT, 64Cu-DOTA-NT, and 64Cu-NOTA-NT, and all the 64Cu-labeled neurotensin analogs retained high tumor uptake in PC-3 xenografts.

Androgen receptor (AR) and its regulated physiological pathways are central to the initiation and progression of PCa. As a member of the nuclear steroid receptor family and a transcription factor, its structure has three different functional domains—the ligand-binding domain (LBD), DNA-binding domain (DBD), and transactivation domain (TAD). Due to various factors, the clinical drugs targeting the DBD and TAD have not yet been approved, whereas all clinically active drugs against PCa target the AR-LBD (Elshan et al., 2018). Importantly, the activity of AR correlates with the growth of CRPC (Coutinho et al., 2016). Consequently, the ligands interacting with AR are potentially diagnostic and are therapeutic targets for both hormone-dependent diseases and CRPC. As a seminal plasma protein, semenogelin I (SgI) functions as an AR coactivator. At the same time, the LxxLL (L = leucine, x = any amino acid) motif in AR coregulators has been proven to mediate specific interactions with AR. Li et al. (2018) found that the LxxLL motif of SgI may be a promising therapeutic target for both androgen-sensitive cancer and CRPC. Moreover, the peptide B-8R killed both androgen-dependent and -independent PCa cells expressing soluble guanylyl cyclase α1 (sGCα1), which promoted the survival and growth of PCa cells and induced the apoptosis of PCa cells. Thus, the peptide B-8R may be a potential target against PCa cells (Zhou et al., 2017). The calcitonin peptide family plays a critical role in PCa and its bone metastasis (Warrington et al., 2017). A recent study showed convincing evidence for the important role of calcitonin peptides and receptors in PCa and as a promising prognostic target (Aljameeli et al., 2016, 2017).

The fast-increasing use of PET with PSMA ligand for the imaging of BCR has led to changes in radionuclide therapy. Importantly, PSMA is overexpressed on the surface of cells and is positively associated with PCa progression (Silver et al., 1997; Chang, 2004). PSMA is a 100-kDa type II transmembrane glycoprotein belonging to the M28 peptidase family that binds to its ligands as a dimer before internalization through clathrin-coated pits on the cellular membrane. The structure and function of PSMA are homologous to those of glutamate carboxypeptidase, such as N-acetyl-L-aspartyl-L-glutamate (NAAG). Early studies of PSMA inhibitors focused on the peptide analogs of NAAG. Unfortunately, most of these analogs showed low affinity in preclinical and clinical research (Lütje et al., 2015; Diao et al., 2019). Among the PSMA ligands, the small-molecular inhibitor, which shows excellent affinity and sufficient specificity to PSMA, exhibits the most promising effects for PCa diagnosis and treatment (Lenzo et al., 2018).



CONCLUSIONS AND FUTURE PERSPECTIVES

Great efforts have been made in the development of peptide-based radiopharmaceuticals for PCa diagnosis and radiotherapy. With the help of coordination chemistry and newly designed chelators, many radiopeptides have been developed. Promising results in preclinical studies have been obtained regarding the biodistribution, tumor-to-organ ratio, ideal imaging contrast, and therapeutic response. The most effective members were carefully selected for clinical studies and produced high contrast and sensitivity for SPECT/CT or PET/CT imaging, as well as provided a valuable therapeutic index for PRRT in PCa.

In the past few decades, researches focusing on the development of radiolabeled peptides for PCa have been in the ascendant, but only a few radiopharmaceuticals have been translated into clinical trials. Desirable peptide-based targeting radiopharmaceuticals can bind special target receptors with high affinity, be quickly cleared from the blood and non-target tissues, and have minimal immunogenicity. Unfortunately, the drawback of targeting peptides may be that the metabolic stability needs to be improved. Currently, the peptide-based radiopharmaceuticals have ushered in a new prospect of increasingly sensitive and specific molecular targeting for PCa patients with primary and metastatic lesions, but the binding affinity, stability in vivo, and pharmaceutical kinetics of radiolabeled peptides are still needed to be improved. With the emergence of newly developed peptide analogs, radiotherapy using radiolabeled peptides holds great promise in the treatment of cancer, especially when used in conjunction with other therapy modalities in the future.

Because of the non-specificity and heterogenous nature of PCa, the diagnosis and therapy of PCa is one of the most challenging tasks facing a large gap. In the past 40 years, precision molecular imaging via radiopharmaceutical has addressed primary medical gaps, including the early diagnosis of small lesions and specific biomarker expression. In particular, the dynamic changes in biomarkers were monitored for high-risk patients during disease progression and therapy. In summary, these developments in peptide-based imaging and therapy might be useful to better understand the nature of PCa and contribute to designing more sensitive and accurate imaging agents to detection and evaluate PCa and help physicians select optimal therapy plans.
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ABBREVIATIONS

PCa, prostate cancer; PSA, prostate-specific antigen; PET, positron emission tomography; SPECT, single-photon emission computed tomography; CT, computed tomography; BBR, bombesin receptor; BBN, pGlu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2; GRPR, gastrin-releasing peptide receptor; GRP, Ala-Pro-Val-Ser-Val-Gly-Gly-Thr-Val-Leu-Ala-Lys-Met-Try-Pro-Arg-Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH2; NODAGA, 1,4,7-triazacyclononane, 1-glutaric acid-4,7 acetic acid; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; DTPA, diethylene triamine pentaacetate acid; AMBA, (DO3A-CH2CO-G-(4-aminobenzoyl)-QWAVGHLM-NH2); RP527, Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH2; RM26, d-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2; RM1, Gly-benzoyl-d-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2; RM2, 4-amino-1-carboxymethyl-piperidine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2; SB3, p-aminomethyl aniline-diglycolic acid-D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-NHEt; MJ9, H-4-amino-1-carboxymethyl-piperidine-D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2; PSMA, prostate-specific membrane antigen; SSTR, somatostatin receptor; DOTA-NOC, DOTA-1-NaI3-octreotide; DOTA-TOC, DOTA-(Tyr3)-octreotide; DOTA-TATE, DOTA-(Tyr3)-octreotate; HRPC, hormone-refractory prostatic cancer; NPR, natriuretic peptide receptor; AR, androgen receptor.
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