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Abstract

:

Simple Summary


Neuroblastoma (NB), especially at an advanced stage, still represents a challenge for physicians. Radiotheranostics combines diagnosis and therapy into a unique approach utilizing a radiopharmaceutical pair, one labeled with a nuclide suitable for imaging and the other bound to a nuclide emitting particles for therapy, both directed towards specific molecular signatures associated with tumors. As far as it concerns NB, metaiodobenzylguanidine (MBG) labeled with 123I or 131I represents an emblematic example of radiotheranostics and has been applied in clinical practice with encouraging results. The aim of the present review is not only to cover the more consolidated utilization of MIBG in NB management but also to discuss the emerging role of other theranostic approaches, such as those based on targeted alpha therapy or peptide receptor radionuclide therapy with 177Lu-DOTATATE or 67Cu-SarTATE.




Abstract


Neuroblastoma (NB) represents the most common extracranial tumor of childhood. Prognosis is quite variable, ranging from spontaneous regression to aggressive behavior with wide metastatization, high mortality, and limited therapeutic options. Radiotheranostics combines a radiopharmaceutical pair in a unique approach, suitable both for diagnosis and therapy. For many years, metaiodobenzylguanidine (MIBG), labeled with 123I for imaging or 131I for therapy, has represented the main theranostic agent in NB, since up to 90% of NB incorporates the aforementioned radiopharmaceutical. In recent years, novel theranostic agents hold promise in moving the field of NB radiotheranostics forward. In particular, SarTATE, consisting of octreotate targeting somatostatin receptors, has been applied with encouraging results, with 64Cu-SARTATE being used for disease detection and with 67Cu-SARTATE being used for therapy. Furthermore, recent evidence has highlighted the potential of targeted alpha therapy (TAT) for treating cancer by virtue of alpha particles’ high ionizing density and high probability of killing cells along their track. On this path, 211At-astatobenzylguanidine (MABG) has been developed as a potential agent for TAT and is actually under evaluation in preclinical NB models. In this review, we performed a web-based and desktop literature research concerning radiotheranostic approaches in NB, covering both the radiopharmaceuticals already implemented in clinical practice (i.e.,123/1311-MIBG) and those still in a preliminary or preclinical phase.
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1. Introduction


Neuroblastoma (NB) represents the most common extracranial tumor in childhood and can arise anywhere along the sympathetic chain, although adrenal glands represent its most common location [1]. It accounts for 12–15% of all cancer-related death at pediatric ages, with 40% of patients being younger than 1 year while less than 5% being older than 10 years [2].



One of the most characteristic hallmarks of NB is its clinical heterogeneity. Its manifestation is strictly related to primary tumor location, ranging from absent or mild symptoms in the case of a localized mass to severely debilitating systemic symptoms in the case of metastatic disease [3]. Abdominal pain or discomfort, often associated with an abdominal mass detectable at physical examination, is a common presentation of adrenal NB. More rarely, an abdominal mass can cause intestinal obstruction or compression of neighboring organs such as the bladder. Cervical or thoracic NB can be a determinant of trachea deviation or other syndromes, such as superior vena cava syndrome or Horner’s syndrome (ptosis, miosis, and anhydrosis). The involvement of regional lymph nodes can be found in about 35% of NB patients with localized disease. When hematogenous spread occurs, the bones (metaphyseal, skull, and orbital bones), bone marrow, and liver are the most common sites of colonization. Localization to the orbital region can entail periorbital ecchymosis (raccoon eyes), proptosis, and visual impairment. Paraneoplastic syndromes have been reported in NB, mainly consisting of secretory diarrhea (due to the production of vasoactive intestinal peptide) and opsoclonus myoclonus ataxia syndrome (OMS) [4].



As far as it concerns genetic aspects, activating mutations in the tyrosine kinase domain of the anaplastic lymphoma kinase (ALK) oncogene has been found in the majority of hereditary NB [5]. Children affected by both familial or sporadic NB in association with congenital central hypoventilation syndrome and Hirschsprung’s disease have been reported to bear loss-of-function mutations in the homeobox gene PHOX2B [6]. Therefore, a genetic test for ALK and PHOX2B mutations has been proposed in patients with a family history of NB. It has to be underlined that, since 1980s, the MYCN oncogene has emerged as one of the most relevant genetic signatures associated with NB, since extremely high-level amplifications at chromosome band 2p24 have been found in about 20% of NB cases. Furthermore, MYCN amplification was found to be associated with clinical outcome; therefore, it is routinely utilized in patients’ pre-treatment stratification [7].



Several efforts have been made to develop a risk-classification algorithm for children with newly diagnosed NB, based on different clinical variables (e.g., age and tumor stage). Among the clinical features, age of NB onset is particularly impactful, since it has been considered a surrogated of tumor biological characteristics and younger age is associated with a more favorable outcome. International Neuroblastoma Staging System (INSS) is widely used in clinical practice for patients’ risk stratification, as shown in Table 1.



The biological heterogeneity and complexity of NB entails a dichotomization in therapeutic approaches. In patients with more favorable clinical features, the trend over years has been represented by a reduction in therapeutic intensity. On the contrary, clinical evidence has demonstrated that an intense chemoradiotherapic approach is required in NB children with more aggressive features. In particular, the treatment approaches in the case of high-risk NB can be categorized in three phases: induction of remission, consolidation of the remission, and finally a maintenance phase aimed at eradicating minimal residual disease [8].



In the following, the applications of radiotheranostics in NB management is covered, considering both those already implemented in clinical practice and those still in a preclinical phase.




2. Radiotheranostic Approaches to Neuroblastoma


Theranostics is a new clinical practice through which diagnosis and therapy are facilitated and higher efficiency is gained. Metaiodobenzylguanidine (MIBG) is an example of theranostics, as it is used for the diagnosis, staging, and monitoring of therapeutic response, and when labeled with 131I, it is utilized for the treatment of MIBG-sensible neuroendocrine tumors, such as NB [9].



MIBG scan’s sensitivity and specificity go up to 90% and 100% [10], thus making it is the first-line nuclear imaging used for the initial staging of NB, response monitoring, surveillance, and follow-up as well as for the selection of patients who can apply for 131I-MIBG therapy [11]. 131I-MIBG therapy has been utilized in stage III and IV NB with avid uptake in MIBG scans with 123I and 131I as well as in palliative metastasis-related pain control for patients who cannot receive Peptide Receptor Radionuclide Therapy (PRRT) [12].



131I-MIBG permits measurements of whole-body clearance through its long half-life (8.02 days), while 123I-MIBG is better for tumor dosimetry because 123I has better imaging properties due to the lower photopeak. Ideally, it would be optimal to include both 123I-MIBG and 131I-MIBG data in clinical studies for provisional dosimetry, as 123I-MIBG data mainly shows the blood clearance phase while delayed images of the 131I-MIBG scans reflect the second slower component of clearance [13].



Since both unlabeled 123I and 131I are incorporated in the thyroid gland, thyroid blockage should begin 24–48 h before therapy and should continue for 10–15 days post-therapy. KClO4 may be used as a standalone or with stable iodine to ease 131I washout from the thyroid in order to prevent unneeded irradiation to the gland [14].



18F-fluorodeoxyglucose (FDG) positron-emission tomography (FDG PET/CT) has been found superior to 123I-MIBG for the imaging of NB at early stages (I and II), before stem-cell transplantation or before surgery. However, 123I-MIBG is superior in the evaluation of stage IV NB because of the better visualization of bone or marrow metastases. False positive/negative results may occur because of normal FDG uptake in the bowel, bone marrow, thymus, etc. Furthermore, FDG PET/CT performs better than the 131I-MIBG scan for the detection of metastatic lymph-nodes [15].



PET/CT with 68Ga-DOTA-peptides (i.e., 68Ga-DOTATOC, DOTANOC, and DOTATATE) were useful in evaluating patients with relapsed or refractory NB who are eligible for radiolabeled somatostatin analogues therapy, since it has been demonstrated that somatostatin receptors, especially subtype 2, are overexpressed in about 60–90% of NBs.



A solid alternative to DOTA compounds is 18F-3,4-dihydroxy-phenyl-alanine (DOPA), although its role in the different phases of NB management (i.e., diagnosis, staging, and restaging after therapy) has still yet to be fully addressed. Patients must fast 4 h before injection, and images are acquired about one hour after administration. PET/CT with 18F-DOPA performs better than 123I-MIBG in detecting soft tissue and osteomedullary lesions, with an increase in lesion detection after CHT [11]. Compared with 123I-MIBG scintigraphy, PET/CT with 18F-DOPA has higher sensitivity (100% vs. 75%) and substantially similar specificity.



With regard to 18F-FDG, 18F-DOPA has also a higher sensibility (97.4% vs. 86.8%) and specificity (87.5% vs. 62.5%) [16].



11C-meta-hydroxyephedrine (11C-mHED) imaging has the advantage of short half-life (20 min), thus reducing radiation exposure. Although sensibility and specificity compared with 123I-MIBG are still to be determined because of the lack of studies [11], 11C-mHED successfully images tumors with sympathetic nervous system derivation with high sensibility and specificity [15].




3. 123I and 131I-MIBG Radiotheranostics


3.1. Uptake Mechanism, Biodistribution, and Contraindications


MIBG is an analogue of guanethidine; thanks to its similarities to norepinephrine, it is taken up by the neuroendocrine cells through an active mechanism (see Figure 1). The uptake of MIBG into the cell is mediated by active sodium and an energy-dependent amine transportation system. It is then stored inside neurosecretory storage granules. Small amounts are also present in the cytoplasm. Its storage in neurosecretory granules is the basis of 123/131I-MIBG theranostics.



MIBG cannot be metabolized by the human body; therefore, it is eliminated by the kidneys through glomerular filtration: 50% of the administered activity is eliminated through urine within the first 24 h and the rest is eliminated in about 4 days. The physiological distribution of MIBG includes the salivary glands; myocardium; large intestines; bladder; liver; and, to a lesser extent, the nasal mucosa, gall bladder, colon, uterus, and brown adipose tissue, especially in supraclavicular and axillary regions. Faint visualization of the adrenal glands may be appreciated 48–72 h post 131I-MIBG injection in about 15% of patients and in about 75% of patients post 123I-MIBG [17].



False negatives in NB are mainly due to pharmacological interfering. Drugs such as labetalol, cocaine, amphetamine, tramadol, antidepressants, and calcium channel blockers are known to interfere with uptake and biodistribution. Haloperidol, flupentixol, and fluphenazine must be adequately discontinued (at least 24 h) before the exam. Food containing catecholamine, vanillin, blue cheese, and chocolate may also interfere and therefore must be avoided before the exam. Brown adipose tissue uptake, patient’s movement, necrosis, non-functioning tumors, and tumors with SDH-B gene mutations may also produce false negatives. Skeletal uptake must be considered pathological.



As previously mentioned, an accurate thyroid blockage must be ensured. An incorrect thyroid blockage may lead to MIBG thyroid uptake and false positives [17].



Drugs such as neuroleptics, sympathomimetics, and tricyclic antidepressants should be stopped, as they might alter MIBG uptake. Sensitivity is higher for 131I-MIBG scans, as the longer half-time (8 days) allows for delayed images, although its higher photopeak (364 keV) might not be adequate for most gamma cameras. It is administered over a 15–60 min period either by gravity drip or shielded infusion to avoid hypertensive side effects. Blood pressure monitoring and pre-therapy antiemetic drugs as well as proper hydration are recommended to promote 131I renal excretion, thus reducing patient radiation [12].



MIBG has been labeled with several iodine radioisotopes: 123I, 131I, and 124I. 123I-MIBG has a half-life of 13 h and 159 keV gamma emission, resulting in high-quality images and lower radiation. Image acquisition should be performed within 24 h post-injection. SPECT/CT may also be performed for a better and more specific diagnosis. 131I-MIBG used in therapy has a half-life of 8 days, 364 keV gamma emission, and 606 keV beta emission. Image acquisition should be performed within 24–48 h post-injection. It is advisable to acquire late imaging to resolve doubtful uptake in the bowel or kidneys. 124I-MIBG is a new PET tracer in neuroendocrine tumor (NET) imaging. It has a half-life of 4.2 days. It provides a better volume estimation of the tumor, and it is used to better plan 131I-MIBG doses for therapy [18].



Absolute contraindications for MIBG therapy are dialysis and a life expectancy of fewer than 3 months. Whenever bone pain is present, MIBG may be used as last-line therapy. GFR < 30 mL/min and urinary failure as well as breastfeeding and pregnancy are relative contraindications [17,19].




3.2. Technical Aspects of MIBG Radiotheranostics


Due to many factors, such as different target volumes, diverse MIBG uptake, and lack of measurements during therapy as well as the wide range of doses used, exact dosimetry is often hard to establish. A German group worked out therapeutic whole-body exposures ranging from 1.75 to 2.5 Gy and tumor doses between 5–55 Gy after administering 444 MBq/kg [21]. Since 131I-MIBG is cleared through urine, the bladder receives a high radiation dose, with a mean bladder catheters’ dose of 27 Gy or 11 cGy/mCi of 131I-MIBG injected. Monotherapy accomplishes responses in 18–66% of relapsed/refractory patients at doses >0.04 GBq/kg. Lower doses achieve 31–35.7% objective response rates, with significant lowering of pain. A study with a dosage ranging from 0.1 to 0.7 GBq/kg found a better response rate on the higher end. Two-dose administration does not improve response rates significantly [22]. The administered dose is limited mainly by the possibility of red marrow irradiation leading to hematological toxicities. This can be screened by repeated blood withdrawals, before and after therapy, but in order to prevent staff irradiation, studies show that whole-body dosimetry is correlated to red marrow toxicities. The recommended measurement system is a Geiger–Muller counter, although any system implemented should be able to determine activities ranging from 10 MBq to 30 GBq [14].



An imaging study prior to 131I-MIBG therapy can be carried out also through PET/CT with MIBG labeled with the positron emitter 124I nuclide (124I-MIBG). 124I-MIBG PET imaging, although characterized by higher spatial resolution, has the drawback of relevant irradiation. The effective dose is about 10 times higher in PET than in scintigraphy (0.25 mSv/MBq vs. 0.019 mSv/MBq), with most of the dose being absorbed in the salivary glands, heart wall, and liver [23]. This may be counterbalanced by lowering the amount of dose injected and by prolonging scanning time. Using a low dose protocol, the effective dose of 124I-MIBG can be reduced to twice the dose of 123I-MIBG imaging (1.05 MBq/kg vs. 5.2 MBq/kg) [24].



Normal 131I-MIBG biodistribution has been already described. When not properly blocked, the thyroid may be visible. Adrenal glands are uncommonly observed, while the cerebellum and basal ganglia may be seen in late scans in the absence of disease [25]. 131I-MIBG scan is performed 1 or 2 days after dose administration and may be repeated after a further 72 h, while 123I-MIBG scans are performed 20 to 24 h post-injection. Delayed images are useful in defining equivocal findings in early scans. 131I-MIBG whole-body scan is acquired at the speed of 4 cm/s for both anterior and posterior static views of each body segment: head, neck, chest, abdomen, pelvis, and upper and lower extremities [26]



Physiological 123I-MIBG uptake is similar to its therapeutic counterpart: in salivary glands, nasal mucosa, heart, liver, bowels, and urinary tract. The spleen might have mild uptake while lung activity may be present in the case of airway disease. Non-optimal thyroid blockage may result in thyroid uptake. 123I-MIBG scans require a low-medium energy collimator (159 keV photopeak). Low energy collimators may cause noise and image blurring because of high energy photons that penetrate septa, thus making medium energy collimators a better choice for planar imaging and single-photon emission computed tomography (SPECT) [25]. 123I-MIBG acquisition may be performed using static (>500 kcounts or 10 min) or whole-body (5cm/min) images. Seventy-five to 100 kcount spot views for limbs may be enough. Spot views are often superior to total-body scans especially in low count regions as far as contrast and resolution are concerned. The acquisition should be started at the abdomen with a 256 × 256 matrix with 2mm size pixels or a 128 × 128 matrix with zoom. At 24 h after injections, urine makes up 50% of the administered activity, thus showing high uptake in the bladder and urinary tract; at 48 h, 70–90% of the residual activity is recovered [26].




3.3. Curie and SIOPEN Scoring Systems


MIBG scans can be evaluated through standardized semiquantitative scoring systems to assess the extent of disease and the response to chemotherapy. Such scoring systems might help identify patients with NB who might be resistant to therapy as well as those who might benefit from more aggressive or alternative therapies. These systems attempt to establish a standardized methodology for prognosis, diagnosis, and therapy in patients with NB. Two of the most used scoring systems are the Curie and the SIOPEN methods [9]. The Curie method is the current standard used to assess the treatment after successive 123I-MIBG. This scoring algorithm consists of dividing the body into ten sections (with tenth being soft tissues), with each section scoring for MIBG avidity from 0 to 3. The worse outcome is seen in patients with a score > 2 following induction chemotherapy rather than those with ≤2. There is no correlation between scoring at diagnosis and survival [27].



The Curie score divides the body into ten segments, nine bones, and one soft tissue. Each bone segment is given a score, as shown in Table 2.



Bone lesions within each segment are scored as 0 for no MIBG-avid lesions, 1 for one distinct MIBG-avid lesion, 2 for two or more distinct MIBG-avid lesions, and 3 when there is MIBG uptake in greater than 50% of an entire segment. As far as it concerns the score system of soft tissue lesions, 1 is for a single MIBG-avid soft tissue lesion, 2 is for two or more MIBG-avid soft tissue lesions, and a score of 3 is given when a single soft tissue lesion occupies more than 50% of a region. The maximum summed score is 30.



The International Society of Pediatric Oncology European Neuroblastoma Research Network (SIOPEN) scoring method divides the body into 12 bone segments; each segment is given a score of 0–6: one, two, or three for distinct MIBG-avid lesions; four when there is less than 50% diffuse MIBG uptake in a segment; 5 when there is between 50% and 95% MIBG uptake in a segment; and 6 when there is 100% diffuse MIBG uptake throughout the segment, for a maximum summed score of 72.




3.4. MIBG Imaging and Therapy in NB: Clinical Results


123/131I-MIBG scintigraphy is one of the most important tools of imaging for diagnosing, staging, and restaging of refractory NB. Its vast utilization is due to its avidity to more than 90% of NBs. MIBG scintigraphy in NB has a sensitivity of 85–96% and a specificity of 95–99%. MIBG scintigraphy has shown superiority with respect to FDG PET/CT and magnetic resonance (MRI) as it is not affected by post-treatment changes. MIBG scan has a sensibility of 94% for bone relapses while FDG has a sensibility of only 43%.



An early start to therapy is necessary to avoid negative outcomes and prognosis. Studies in patients with relapsed or refractory NB using a combination of 131I-MIBG with myeloablative regimens such as CHT agents, some of which with radiation sensitizing properties, or with biologic agents, have reported response rates of 30–40%. Taking into account the aforementioned response rates and low non-hematologic toxicity, several clinical trials have incorporated therapy with 131I-MIBG into the early management of patients with high-risk NB [28]. It has been reported that the combination of 131I-MIBG therapy, chemotherapy, and then afterward the use of autologous stem cell transplant avoids the development of resistant tumor clones [9].



As far as it concerns the use of 131I-MIBG as a front-line therapy, de Kraker et al. assessed the response rate to 131I-MIBG treatment as induction therapy in 44 high-risk NB patients, 41 of whom received 2 cycles at fixed of 7.4 and 3.7 GBq. 131I-MIBG induction therapy was followed by surgery, when feasible, or by chemotherapy and surgery [29]. The authors found a response rate of 66%, with 17 patients requiring additional chemotherapy before surgery.



Another interesting study on the utilization of 131I-MIBG as an upfront consolidation approach has been performed by Feng and colleagues [30] who enrolled 24 patients with high risk NB, without evidence of progressive disease after completion of the induction phase, administered with 131I-MIBG together with myeloablative chemotherapy before hematopoietic stem cell transplantation. Of note, 3 of 13 patients who were in partial response (PR) before 131I-MIBG treatment achieved either complete response (CR) (n = 1) or very good partial response (VGPR) (n = 2) after transplantation; furthermore, subjects showing CR or VGPR presented a significant benefit at 5-year survival analysis.



In a cohort of patients affected by MIBG-avid high-risk NB, tolerability and feasibility of induction chemotherapy followed by 131I-MIBG therapy and myeloablative busulfan/melphalan (Bu/Mel) have been assessed by Weiss and colleagues [31]. Among the enrolled patients, 49 received 131I-MIBG therapy after induction chemotherapy while 37 were administered the combination 131I-MIBG plus Bu/Mel. The 131I-MIBG and 131I-MIBG plus Bu/Mel feasibility rates at the 15 mCi/kg dose level resulted in 96.7% and 81.0%, respectively.



In light of the above, there is a growing scientific evidence indicating that 131I-MIBG can be considered a relevant tool for the management of high-risk NB. Nevertheless, further studies are required to better the define which place this approach should take up with respect to the different phases of NB treatment to optimize its effectiveness.




3.5. MIBG-Based Targeted Alpha Therapy


Although therapy with 131I-MIBG has been demonstrated to be effective in NB, only 30–40% of patients respond to it and, after a variable interval of time, relapse often occurs. This evidence triggered researchers to develop further MIBG-based radiocompounds suitable for targeted alpha therapy (TAT). Meta-211At-astatobenzylguanidine (MABG) emits alpha particles for targeted radiotherapeutic use [32]. Targeted alpha therapy (TAT) has the advantage of targeting and emitting therapeutic doses to single cancer cells while reducing the uptake of normal tissues, resulting in high efficacy with low toxicity; furthermore, alpha particles can produce clustered DNA damage due to their high density of ionization, independent from cell oxygenation status and cycle phase [33]. Its sensitive discrimination between healthy and targeted cancer tissues results in fewer toxic side-effects than most conventional chemotherapeutic drugs.



211At-astatobenzylguanidine, being an alpha particle emitter, has both a short path length and a higher linear energy transfer to induce clustered double-strand breaks, an upgrade compared with 131I-MIBG, which emits beta particles that cannot target microscopic deposits due to their long path length. 211Astatine (211Ast) has a half-life of 7.2 h, emits 1 alpha particle per decay, and has an average energy of 6.8 MeV per alpha particle and a tissue range of 55–80 micron.



A study conducted by the Duke University Medical Center has demonstrated an excellent radiochemical efficacy for MABG, demonstrating its cytotoxicity towards human neuroblastoma cells in vitro and in mice bearing human neuroblastoma xenografts [34,35]. According to previously cited papers, tumor uptake of MABG seemed to peak around 4 h and remained constant throughout the 24 h observation period; furthermore, the tumor uptake of MABG was significantly higher than that of MIBG (p < 0.05). The tumor-to-tissue ratio was similar during the initial time frame; however, by 24 h, MIBG showed a much higher tumor selectivity.



MABG tissue uptake was 2–5 times higher than that of MIBG in the lung, spleen, stomach, and heart, with this higher off-target uptake most probably due to the higher lipophilicity of the astatinated agent. However, the authors demonstrated that the administration of “cold” (i.e., unlabeled) MIBG can increase the incorporation of MABG in tumors by also reducing non-specific uptake in normal tissues, such as the heart. Moreover, the use of tetrabenazine, a vesicular uptake inhibitor, can further reduce heart uptake by 30% without affecting tumor tracer incorporation.



Table 3 summarized the different MIBG-based radiocompounds with their physical and biomedical properties. Figure 2 shows an example of 123I-MIBG scan in a NB patient.





4. Somatostatin Receptor-Targeted Theranostics


One of the most relevant aspect of NB is represented by its derivation from neural crest and its capability to synthesize several neurotransmitters, among which includes somatostatin. Somatostatin is an endogenous peptide, produced by several tissue and cells in the body, particularly in the nervous central system and in the digestive tract, and plays various functions, mainly inhibiting hormones’ secretion, gastro-intestinal activity, and tissue growth and proliferation [36].



Somatostatin receptors (ssr), divided into five subgroups (ssr1-5), belong to the G-protein coupled receptor family and are found in many tissue and organs. In particular, subtype 2 (ssr-2) was found overexpressed by neuroendocrine tumors (NET) of the bronco-pulmonary and gastrointestinal tract [37].



Peptide receptor radionuclide therapy (PRRT) with radiolabeled somatostatin analogues has been successfully introduced in clinical practice for the treatment of NET and, after the randomized phase 3 clinical trial “Netter-1”, Lutathera® (i.e., 177Lu-DOTATATE), consisting of 4 cycles of 7,400 MBq each with a recommended interval between each administration of 8 weeks, has been approved by the Food and Drug Administration (FDA) and European Medicines Agency (EMA) for the treatment of gastrointestinal NET in adults [38].



The radionuclide 177Lu presents some characteristics particularly adequate for theranostics, since it emits beta particles with an Emax = 497 keV for therapy and gamma photons (i.e., 208 keV and 113 keV) for imaging. Its beta particles have a short range in matter (mean range of 0.7 mm and maximum range of 2.1 mm in soft tissue), suitable for treating small tumors.



As early as in 1994, it has been demonstrated through autoradiography and immunohistochemistry (IHC) that up to 77–89% of NB expresses ssr and that a loss of ssr expression during tumor progression represents a negative prognostic factor [39]. The evidence of ssr-2 expression by NB paved the way to possible theranostic applications. For many years, 111In-pentetreotide, a radiolabeled somatostatin analogue with high affinity for ssr-2, has been widely used for the diagnosis and monitoring of responses to treatments of neuroendocrine tumors [40]. More recently, three radiocompounds binding to ssr with high affinity and labeled with the positron emitter 68Ga, the already mentioned 68Ga-DOTA-peptides, have been successfully introduced in clinical practice for the imaging of NET through PET/CT technology.



In a study performed by Gains et al., eight patients affected by relapsed or therapy-refractory NB were submitted to PET/CT with 68Ga-DOTATATE to identify eventual sites of disease with positive expression of ssr-2 [41]. Among the initially enrolled patients, all six subjects exhibited 68Ga-DOTATATE avid lesions and therefore were submitted to PRRT, with two or three administrations of 177Lu-DOTATATE at a median interval of 9 weeks and a median administered activity of 7.3 GBq. Their responses to PRRT according to radiological criteria (i.e., RECIST) were stable disease in five patients, while one subject presented progressive disease. As far as it concerns toxicity, grade 3 thrombocytopenia was registered in three cases and grade 4 was registered in one patient. These encouraging results showed the feasibility of a theranostic approach, combining PET/CT with 68Ga-DOTA-peptide and PRRT in NB patients but were limited by the small cohort of subjects and by the lack of a customized dosimetric approach.



Kong and collaborators utilized PET/CT with 68Ga-DOTATATE to assess srr-2 expression in children affected by NB and correlated PET/CT’s results with those obtained through HIC carried out on tumor or bone marrow [42]. In all eight subjects enrolled in the study, PET/CT was performed for restaging after therapy (i.e., chemotherapy and 131I-MIBG therapy) and was positive in all patients. Of note, in six out of the eight subjects, the grade of tracer uptake in lesions was superior to the background activity measured on hepatic parenchyma, and therefore, children were considered suitable for PRRT. In the remaining two patients, a faint 68Ga-DOTATATE uptake was registered in tumor sites and PRRT was not considered suitable. Of note, the PET/CT’s results correlated with those obtained by HIC. Among the six patients eligible for PRRT, four were finally submitted to treatment: of note, the authors utilized different radiopharmaceuticals suitable for this aim. Aside from the already mentioned 177Lu-DOTATATE, they utilized both 90Y-DOTATATE and 111In-DOTATATE. Of note, 90Y represents a radionuclide widely used in clinical practice, characterized by an energy max of 2.27 MeV, a range max of 11 mm, and half-life of 64 h. Since it is generally considered a pure beta-emitter, it cannot be used for the imaging counterpart. On the other side, 111In-DOTATE entails the emission of Auger electrons, but this approach is not satisfying since Auger electrons need to be extremely close to a tumor cell’s nucleus to exert their anti-tumoral activity [43]. It has to be highlighted that, in the report from Kong’s group, all NB patients showed objective responses after having received PRRT with these three different radiopharmaceuticals.



Another interesting research in the field was recently published by Fathpour et al., who evaluated the feasibility of PRRT with 177Lu-DOTATATE in 14 children with histologically proven and therapy-refractory NB, some of whom had previously received chemotherapy [44]. All subjects were submitted to PET/CT with 68Ga-DOTATATE, which resulted positive in 10 out of 14 cases and detected a median number of 2 lesions per patient. Five children underwent PRRT for a total number of 19 PRRT cycles (i.e., an average number of 3.8 cycles for patient), with an administered activity of 66.4 GBq for each therapeutic session. After PRRT, two patients had complete responses, followed by relapse a few months later, one child had a partial response, and two subjects experienced progressive disease: the Kaplan–Meier analysis showed an overall survival of 14.5 months.



Although they are interesting and encouraging, these preliminary clinical results on PRRT with 177Lu-DOTATATE deserve further considerations. First, in the majority of the aforementioned cited papers, the patient populations were highly heterogeneous both for previously received treatments and individual prognostic factors (such as number of metastases, DNA index, MYCN gene amplifications, etc.). Second, research performed until now lacked a precise provisional and individualized dosimetry, since standard activity cannot work properly in the case of pediatric patients, and toxicity, especially as far as it concerns critical organs (i.e., kidneys), remains a serious challenge.



A Novel Class of Somatostatin Receptor Ligands: 64Cu/67Cu-SarTATE


One of the most crucial issues of PRRT, especially in the case of pediatric patients, is represented by the need to obtain an accurate estimation of the dose delivered to tumors and to healthy organs. The short half-life of 68Ga radionuclide (i.e., 68 min) hampers an accurate biodistribution and tissue clearance study through PET/CT before 177Lu-DOTATATE PRRT.



To overcome this limitation, several efforts have been made to develop somatostatin analogues labeled with several radioisotopes of the nuclide Cu (i.e., 64Cu and 67Cu). 64Cu, in fact, presents a longer half-life (i.e., 12.7 h) and, in virtue of its positron emission, can be utilized for dosimetric and biokinetic studies to select and plan the use for PRRT through its beta-emitter companion 67Cu. Several somatostatin analogues, labeled with Cu-radioisotopes through the macrobicyclic hexaamine cage ligands, termed “sarcophagines” (sar), have been synthesized. This novel class of complexes, namely 67/64Cu-SarTATE, is extremely promising in the field of NB theranostics [45]. The labeling process can be carried out at room temperature, and when compared with 64Cu-DOTATATE, 64Cu-SarTATE has demonstrated excellent and selective binding to ssr-2 expressing tumors at 2 h post-injection. Most importantly, while 64Cu-DOTATATE uptake in tumors decreases at 24 h, the incorporation of 64Cu-SarTATE remains stable, with higher target-to-background contrast at later time points. It has to be highlighted that 64Cu-SarTATE presented lower accumulation in non-target organs such as the kidneys, liver, and lungs with respect to 64Cu-DOTATATE.



The first-in-human use of 64Cu-SarTATE has been recently reported by Hicks and colleagues in a clinical trial including 10 patients and aimed to assess, as a primary endpoint, the safety profile of the radiocompound and, as a secondary endpoint, its diagnostic performance respect to 68Ga-DOTATATE [46]. The enrollment criteria were an age of 18 years-old or older, a life expectancy of at least 8 weeks, biopsy-proven NET, and at least 1 site of ssr-2 expressing lesion as assessed through 68Ga-DOTATATE PET/CT.



At days 1 and 2 of the study protocol, PET/CT was performed after 30 min, 1 h, 4 h and 24 h after 64Cu-SarTATE administration plus safety assessment. No significant adverse reactions were registered, except for mild infusion-related events in three subjects. Of note, 64Cu-SarTATE showed intense accumulation in tumor lesions at each time point of acquisition, with comparable or superior detection rates (i.e., number of lesions detected) with respect to 68Ga-DOTATATE, especially in the liver. Figure 3 illustrates the diagnostic performance of 64Cu-SarTATE with respect to 68Ga-DOTATATE in NET metastatic patients.



These preliminary results, although limited by the small cohort of patients and specifically referring to an adult population, encouraged further studies to better define the role of 64Cu-SarTATE in NB, especially with regards to the possibility of utilizing PET/CT for personalized provisional dosimetry before PRRT with 67Cu-SarTATE, thanks to the prolonged half-life of the diagnostic radiocompound allowing us to perform PET/CT at different time points, thus determining the in vivo estimation of SarTATE’s biodistribution and clearance. An example of PET/CT with 64Cu-SarTATE is reported in Figure 4.



As far as it concerns the therapeutic counterpart, 67Cu-SarTATE has been tested in animal models with satisfying results: Cullinane et al. administered subcutaneous xenografts with saline, 177Lu-LuTATE, or 67CuSarTATE to different groups of mice bearing AR42J (high ssr2-expressing). The mice were monitored weekly for tumor growth, and percentage tumor growth inhibition was calculated for each group [47].



PET/CT was performed before PRRT through the injection of 64Cu-SarTATE with excellent tumor-to-background ratios in ssr-2 positive tumors at 1 h and 4 h, with the kidneys and lungs being other organs of significant tracer accumulation aside from tumors. Subsequently, the mice were randomized in the aforementioned three groups and received therapy: both 177LuTATE and 67Cu-SarTATE were capable, with equivalent effectiveness to determine a significant reduction in tumor growth with respect to the control group. Furthermore, the fractioned delivery of 67Cu-SarTATE in two administrations was more effective at prolonging survival in comparison with the administration of a single dose.



Another interesting study confirmed the effectiveness of 67Cu-SarTATE in treating minimal residual disease in a preclinical model of hepatic metastases from NB. One of the most crucial challenges in NB management is represented by relapse after initial response to chemotherapy. In the majority of cases, recurrent disease arises from minimal residual lesion after chemotherapy [48]. Therefore, Dearling and colleagues investigated the potential of the theranostic pair 64Cu/67Cu-SarTATE in mice bearing orthotopic xenografts of NB tumors (i.e., IMR32 cells). After the administration of 64Cu-SarTATE, biodistribution studies were performed by microPET and ex vivo analysis. Furthermore, the mice were divided in groups and administered with 67Cu-SarTATE or saline (controls) at 2 or 4 weeks after tumor implantation. Of note, only the treatment performed at 2 weeks after tumor inoculation was effective at extending the mice’s survival with respect to the control groups, therefore suggesting that PRRT with 67Cu-SarTATE might be a valuable tool to control small tumors.



It has to be highlighted that further information on the potential of PRRT through 67Cu-SarTATE is expected to be provided by the results of the ongoing clinical trial NCT04023331, a phase I/II clinical trial aimed at assessing the highest safe dose of 67Cu-SarTATE in high-risk NB. Table 4 summarized the main applications of PRRT in NB.





5. Future Directions


NB represents a multifaceted disease, requiring a patients’ tailored approach. In this scenario, research on further biomarkers associated with NB is warmly welcome. In recent years, disialoganglioside (GD2) has emerged as a potential novel target for radiotheranostic applications. GD2 is a sialic acid-containing glycosphingolipid found on neuronal cells and strongly overexpressed by NB, containing a lipid domain inserted into the plasma membrane and a glycan extracellular domain [49]. The extracellular domain, being exposed towards the extracellular space, is particularly suitable for theranostic approaches, since it can easily bind to ligands. Dinutuximab is a monoclonal antibody, directed towards the GD2 extracellular domain, approved by the FDA for the therapeutic management of high-risk NB [50].



In a recently published paper, Zhang et al. investigated the tumor targeting and biodistribution of an 131I-labeled chimeric GD2-antibody clone 14/18 (131I-GD2-ch14.18) in patients bearing GD2-positive tumors at an advanced stage [51]. Twenty patients, among whom nine were affected by NB, were enrolled: all subjects were intravenously administered with 131I-GD2-ch14.18 and were subsequently imaged through planar scintigraphy at different time points. Furthermore, blood samples were withdrawn from four participants, and a dedicated software was utilized to carry out the doses delivered to tumors and organs. The overall tumor-targeting rate at a per-patient analysis resulted in 65%. Specifically regarding NB, six out of nine patients (66.6%) presented 131I-GD2-ch14.18 incorporation. It has to be highlighted that a kinetic study demonstrated that an acceptable tumor-to-background ratio can be achieved at day 2 after administration, with the bone marrow dose being calculated at 0.07–0.47 mGy/MBq while the blood dose was at 1.1–4.7 mGy/MBq. Noteworthily, one of the NB patients, showing particularly intense tracer uptake was submitted to radioimmunotherapy (RIT) using high activity of 131I-GD2-ch14.18, achieving disease stability at subsequent follow-up.



The aforementioned results, although promising, must be interpreted with caution, since further studies need to be performed in order to better define the theranostic potential of GD2-directed approaches, especially as far as it concerns toxicity profiles.




6. Conclusions


In spite of the many advances in diagnosis and therapy, high-risk NB remains challenging in pediatric oncology. In this scenario, theranostic approaches, providing the opportunity to detail specific molecular signatures expressed by NB (such as the norepinephrine transporter for MIBG or the somatostatin receptors for PRRT), hold promise as a powerful tool. 123I/131I-MIBG theranostics for NB is unique because of its uptake mechanism similar to that of norepinephrine and has been successfully applied in clinical practice. A novel radiopharmaceutical, 211At-MABG, an alpha-emitter, similar to MIBG, is taken up by an active uptake process and has shown strong antitumoral effects due to high linear energy transfer. Nevertheless, in spite of promising preliminary results, MABG is still far from passing from “bench to bedside”. Several issues remain to be defined, especially as far as it concerns radiation burden delivered to non-target organs (i.e., bone marrow and kidneys).



On the other hand, PRRT through the theranostic pair 68Ga/177Lu-DOTATE has been recently implemented in the management of NB. Nevertheless, the relatively short half-life of 68Ga-radionuclide does not allow for an in vivo kinetic analysis through PET imaging at different time points, mandatory for an accurate provisional dosimetry.



On this path, the emerging theranostic companions 64Cu/67Cu-SarTATE might be a gamechanger, since they offer the opportunity to perform an accurate dosimetric evaluation in order to obtain a tailored radionuclide therapy for each pediatric NB patient.
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Figure 1. Schematic representation of MIBG uptake through norepinephrine transporters. (Copyright ©, Streby et al. Pediatr Blood Cancer. 2015, 62, 5–11) [20]. 
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Figure 2. 123I-MIBG scan in a pediatric patient. Whole body in anterior (A) and posterior (B) projections at 24 h shows tracer physiological uptake in salivary glands, heart, liver, and bladder, evident also by the spot detailed views ((C) anterior; (D) posterior). No areas of pathological uptake are evident. 






Figure 2. 123I-MIBG scan in a pediatric patient. Whole body in anterior (A) and posterior (B) projections at 24 h shows tracer physiological uptake in salivary glands, heart, liver, and bladder, evident also by the spot detailed views ((C) anterior; (D) posterior). No areas of pathological uptake are evident.



[image: Onco 01 00011 g002]







[image: Onco 01 00011 g003 550] 





Figure 3. CL01-trial. High lesion contrast on 64Cu-SarTATE images at 4 h (right) better defines regional nodal disease than 68Ga-DOTATATE images at 1 h (left) in patients with pancreatic primitive neuroendocrine tumors (Images courtesy of Clarity Pharmaceuticals). 
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Figure 4. Neuroblastoma trial. On the left, a coronal SPECT view with 123I-MIBG in a metastatic NB (A) is reported; on the right, the same patient is imaged through PET with 64Cu-SarTATE (B) (Images courtesy of Clarity Pharmaceuticals). 
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Table 1. The International Neuroblastoma Staging System (INSS) for staging NB.
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	Internation Neuroblastoma Staging System INSS





	Stage 1: localized tumor with complete grossexcision with residual microscopic disease; negative ipsilateral lymph node for tumor



	Stage 2A: localized tumor with non-complete gross excision; negative ipsilateral lymphnode for tumor



	Stage 2B: localized tumor with or without complete gross excision; positive ipsilateral lymph node for tumor; enlarged contralateral lymphnodes should be histologically negative



	Stage 3: Unresectable unilateral tumor crossing the midline with or without regional lymphnode involvement, or localized unilateral tumor with contralateral regional lymphnode involvement or midline tumor with bilateral extension by infiltration (unresectable) or by lymphnode involvement



	Stage 4: Primary tumors with distan tlymphnode dissemination, as well as bone, bone marrow, liver, skin, or other organs



	Stage 4S: Stages 1, 2A, or 2B primary tumor in patients with less than one year of age with dissemination limited to the skin, liver, or bone marrow (<10% malignant cells)
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Table 2. Curie and SIOPEN scoring in NB.
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	Curie Scoring
	SIOPEN Scoring





	10 segments
	12 segments (no soft tissue)



	Each segment scored 0–3
	Each segments scored 0–6



	Summed max score = 30
	Summed max score = 72



	Ske1etal scoring

1 = distinct lesion

2 = 2 distinct lesions

3 = ≥50% of a segment
	1 = 1 distinct lesion

2 = 2 distinct lesions

3 = 3 distinct lesions

4 = >3 lesions or <50% diffuse

5 = 50–95% diffuse uptake

6 = 100% diffuse uptake



	Soft tissue (ST) scoring

1 = 1 MIBG avid ST lesion

2 = >1 MIBG avid ST lesion

3 = ≥50% of a region (chest/abdomen-pelvis)
	Soft tissue (ST) scoring

Soft tissue scores analyzed separately
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Table 3. Different MIBG-based radiocompounds and their applications.
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	Radiopharmaceutical
	Physical Properties
	Applications
	Comments





	123I-MIBG
	Half-life: 13.2 h

Decay: electron capture

Emission: 159-keV photon
	Imaging with gamma-camera and SPECT
	No beta-particle emission; it allows for diagnostic studies and images’ scoring via the Curie or Siopen methods.



	124I-MIBG
	Half-life: 4.2 days

Decay: positron emission (23%)

Emission: 819 keV (mean β + energy)
	Imaging with PET/CT
	Long half-life allows for biodistribution and clearance study; however, the complex decay scheme and relative low abundance of positron emission hampers its clinical use. Furthermore, it entails a higher irradiation.



	131I-MIBG
	Half-life: 8.02 days

Decay: beta and gamma-emission

Beta emission: 0.606 MeV

Gamma emission: 364 MKeV
	Imaging with gamma-camera

Targeted radionuclide therapy
	It allows for imaging, although it is characterized by relatively low spatial resolution due to high-energy photons. It can be used for Curie or Siopen scoring and is applied for therapy.



	211At-MABG
	Half-life: 7.2 h

Decay: alpha

Emission: 6.8 MeV
	Targeted Alpha Therapy
	It has been tested in animal models, showing relevant antitumoral effects.
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Table 4. Main manuscripts focusing on PRRT applications in NB.
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	Reference/Year
	Setting
	Theranostic Pairs
	Comments





	Gains et al. (2011) [41]
	Clinical
	68Ga/177Lu-DOTATATE
	PET-guided PRRT can have a role in the treatment of relapsing/therapy-refractory NB



	Kong et al. (2016) [42]
	Clinical
	68Ga/177Lu/111In/90Y-DOTATATE
	PET-guided PRRT, exploiting both beta (90Y and 177Lu) and Auger (111In) emission, determined objective response in NB patients



	Fathpour et al. (2021) [44]
	Clinical
	68Ga/177Lu-DOTATATE
	PET-guided PRRT was effective in three out of five NB patients, with overall survival of 14.5 months



	Hicks et al. (2019) [46]
	Clinical
	64Cu-SarTATE
	PET/CT with 64Cu-SarTATE was as sensitive as that with 68Ga-DOTATE for the detection of lesions from NET, also allowing dosimetric studies due to 64Cu longer half-life



	Cullinane et al. (2020) [47]
	Preclinical
	177Lu-TATE/67Cu-SarTATE
	PRRT with both 177Lu-TATE and 67Cu-SarTATE was effective at reducing the tumor growth in mice bearing ssr-2 positive tumors



	Dearling et al. (2021) [48]
	Preclinical
	64Cu/67Cu-SarTATE
	PET/CT with 64Cu-SarTATE was used to image mice bearing orthotopic metastases from NB. The therapeutic companion 67Cu-SarTATE resulted effective in lesions of small dimensions
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