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Abstract

:

Among all existing radionuclides, only a few are of interest for therapeutic applications and more specifically for targeted alpha therapy (TAT). From this selection, actinium-225, astatine-211, bismuth-212, bismuth-213, lead-212, radium-223, terbium-149 and thorium-227 are considered as the most suitable. Despite common general features, they all have their own physical characteristics that make them singular and so promising for TAT. These radionuclides were largely studied over the last two decades, leading to a better knowledge of their production process and chemical behavior, allowing for an increasing number of biological evaluations. The aim of this review is to summarize the main properties of these eight chosen radionuclides. An overview from their availability to the resulting clinical studies, by way of chemical design and preclinical studies is discussed.
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1. Introduction


Nuclear medicine is a discipline whose applications can have two different purposes: imaging, with visualization of a radionuclide distribution in the organism, or therapy, with specific irradiation of malignant cells. Whatever the intended application, it is mainly based on the administration of drugs defined as radiopharmaceuticals. These radioactive tracers are usually made up of: a radioactive moiety (a unit involving a radionuclide) whose radiations allow localization (γ or β+ emitters) or destruction of targeted cells (α, β− or electron Auger emitters); and a molecule to carry it to the target. Unlike imaging that uses radionuclides emitting highly penetrating radiations, radiotherapy favors those that strongly interact with matter leading to low penetration. In that case, α, β− or Auger electron emitters are used to lead to death of malignant cells. This radiopharmaceutical design is at the center of the general concept of targeted radionuclide therapy (TRT) gathering several promising methods such as peptide receptor radionuclide therapy (PRRT) or radioimmunotherapy (RIT) using more specifically β-emitters or α-emitters [1]. The nature of the emitted particle is essential because it has an influence on the induced biological effect. This difference is illustrated by two main features of emitted particle: the path length and the linear energy transfer (LET) [2]. From a biological point of view, irradiation of cells results in direct (by energy transfer, as DNA damage and cross-fire effect) and indirect cellular mechanisms (reactive oxygen species (ROS) generated by water radiolysis and radiation-induced bystander effect (RIBE) described as the spread of signals from irradiated to neighboring cells inducing apoptosis of cells that are not directly exposed to ionizing radiations or an immune response known as abscopal effect) [3,4]. All these possible biological damages result in a relative biological effectiveness (RBE), an essential factor for dosimetry calculations necessary to estimate radiobiological effects. RBE is defined as the ratio of the doses required by two radiations to achieve the same biological response. This value is often calculated from a standard dose, usually of external beam radiation, in relation to other ionizing particles. Consequently, the RBE depends on several parameters such as the particle type, absorbed dose or tissue type, and allows to compare two modalities and better estimate the therapeutic potential for the same application [5].



The low LET (0.2 keV.µm−1) of β− emitters reflects the low amount of energy transferred per unit of distance from the ionizing radiations to the targeted tissues, mainly resulting in DNA single strain breaks with a higher probability for the cell to repair the damages. Consequently, a high number of β− particles is necessary in order to saturate cellular repair mechanism or to cause multiple DNA single strain breaks that will have the same effect as DNA double strain breaks (DSBs) and induce cell death. In addition to this direct ionization, irradiation with β− particles has also indirect effects with the increase of intracellular ROS concentration (oxidative stress) that have also an impact on biomolecules such as lipids, proteins and especially DNA. Moreover, the long path length (1–10 mm) of the emitted electron provides the advantage of allowing to remotely irradiate non-targeted malignant cells especially in large tumor mass. This phenomenon is named crossfire effect. The mechanism of action demonstrated a real interest for macroscopic or heterogeneous tumors even if the particle can also be released out of the tumor and potentially reach healthy tissues. This method is not adapted for microscopic or disseminated cell clusters [2,5]. α-emitters, with high LET (about 100 keV.µm−1) and a path length around 50–100 µm, have a high ionization potential associated to high energy (2–10 MeV). The mass and charge (+2) of the emitted 4He nucleus directly impact DNA, leading to a significantly higher DSBs probability than β-emitters, inducing a higher cytotoxicity. Besides, this short path length also reduces irradiation of surrounding healthy cells, which can been seen as an advantage in terms of treatment toxicity [5,6]. These specificities made them efficient for the treatment of small tumors or disseminated metastases and isolated cancer cells [7,8,9]. Among all the existing α-emitters, only few have suitable properties for a potential clinical application. Availability as well as short half-lives of some radionuclides of interest were often an obstacle to targeted alpha therapy (TAT) development. However, for a few years, a better general knowledge of these emitters, especially regarding production processes, radiochemistry or even new biomarkers, has resulted in a growing interest for therapy using α-emitters.



Several reviews have already reported the advances as well as the global trends on α-emitters which were considered at that time [10,11,12,13]. In addition to the update, this review gives a wider overview of most promising α-emitters from their production pathways and availability to the latest clinical studies, by way of (radio) chemical design and preclinical investigations. The main idea is to provide as many elements as possible in order to evaluate the potential interest of these α-emitters in order to better understand the future of TAT.




2. Actinium-225


Actinium is the first element of the actinide series, and among its 32 known isotopes, only 228Ac and 227Ac occur naturally as part of the decay chains of 232Th and 235U, respectively. 227Ac is the most abundant isotope, exhibiting a long half-life of 21.7 years and decaying mainly through β− emissions. 228Ac is also a β− emitter and is extremely rare. 225Ac is part of the 237Np decay chain which has disappeared in Nature but was recreated artificially. 225Ac exhibits features that have made it a promising candidate in nuclear medicine applications. It has a half-life of 9.9 days. Its disintegration follows a six-step decay chain to reach stable nuclei, that generates multiple alpha particles contributing to increasing its potential cytotoxicity in comparison with other α-emitters (Figure 1). Besides, with the γ-emission of some of its daughter nuclides such as 221Fr or 213Bi, it provides the possibility to trace it after injection. Nevertheless, it has to be mentioned that these radiations make the reaction monitoring difficult and the secular equilibrium has to be reached before one can measure a reliable radiochemical yield (at least 6 h).



2.1. Production


225Ac can be recovered from the long decay process of 233U (159,200 years), 229Th (7340 years) and 225Ra (14.9 days). Given the very long half-life of these isotopes, 225Ac can only be obtained in intervals of 6 to 8 weeks and with regular purification processes (ion exchange chromatography columns) in order to remove other daughter nuclides. Currently, the demand in 225Ac is met by 229Th systems from 233U produced in the 1960s and early 1970s (by neutron irradiation of 232Th) in nuclear research programs, especially as weapon material or power reactor fuel (mainly in the US). However, at the end of the 1970s, the thorium fuel cycle was abandoned in favor of plutonium-fueled fast reactors and an important stockpile of 233U was stored. It was only recently that it has been possible to use this excess of 233U in order to supply 225Ac and 213Bi for medical applications, but, with the increasing interest in these nuclides, this method alone will not be able to satisfy the growing demand. To overcome availability issues, new production routes have been developed. In addition to direct production routes, 225Ac can also be isolated after decay of its three parent isotopes 233U, 229Th and 225Ra. Overall, these alternatives are divided into three general methods: production of 229Th, production of 225Ac and 225Ra from 226Ra or production of 225Ac and 225Ra from irradiation of 232Th or uranium [14,15,16].



Among them, some production routes turned out to be interesting for the large-scale development of 225Ac. First, with direct production of 229Th, through the exposure of 226Ra, 228Ra or 227Ac targets to intense fluxes of thermal neutrons. Even if they all showed the possibility to generate 229Th, co-production of 228Th (difficult to separate from 229Th) from 226Ra and 227Ac targets as well as the low yield obtained from 228Ra targets are limitations that have to be overcome for a consequent contribution in the 225Ac production. We should also note that the long half-life of 229Th is a parameter that is not supportive of this method [17,18]. Secondly, proton irradiation of 226Ra targets via the 226Ra(p,2n)225Ac nuclear reaction in a low-energy cyclotron is one of the most promising routes. With a proton energy beam around 16 MeV, this method showed high production yields from a simple procedure and with high purity, without production of long-lived actinium isotopes. Nevertheless, some disadvantages include the lack of routine experience with 226Ra targets and the need to handle 222Rn daugther, a radioactive gas, with a half-life of 3.82 d [19,20]. This also holds true for the photoproduction route, a promising alternative that uses 226Ra target irradiated with gamma rays produced by bremsstrahlung [21]. Finally, another method that has also received attention is the irradiation of 238U or 232Th targets [22,23,24] with high energy protons (spallation of 238U or 232Th with >100 MeV proton bombardment) following 238U(p,x)225Ac or 232Th(p,x)225Ac reactions. While this route allows the production of several GBq of 225Ac with large accelerators, the spallation reaction of 232Th is often preferred, especially due to the easier handling and absence of fissile elements co-production. Multiple chemical purification steps are necessary to remove impurities mainly due to co-production of radionuclides, while the simultaneous co-production of 227Ac is problematic as its half-life is 21.7 y. Even if the presence of 227Ac was identified, it is estimated that the low ratio (0.1–0.2% of the relative activity of 225Ac) do not impact dosimetry although this remains to be confirmed by toxicity studies before clinical use. However, waste management remains a major concern due to 227Ac long half-life and will require strategies with potentially elevated associated costs. Interestingly, additional purification processes such as isotope separation (Isotope Separation On-Line, ISOL at TRIUMF) or a production route from 225Ra generated after proton irradiation of 232Th, have emerged recently, allowing a decrease in 227Ac content and thus the recovery of 225Ac with higher purity [25,26].



Whether by 233U decay or by one of the other production routes mentioned above, sources of 229Th as generators is the main process for providing 225Ac, representing currently more than 95% of worldwide production. More precisely, after extraction of 229Th and dissolution in 8 M HNO3, a first step using anion exchange resins such as MP1, AG1 × 8 or Dowex 1 × 8 allows the separation of mixtures of 225Ac and 225Ra. Isolation of 225Ac is then performed by a second step, either with a cation exchange column [27], solid phase extraction chromatography [17] or a combination of anion and cation exchange resins [28]. These strategies result in the recovery of 225Ac in high yields (80–95%) and with high radionuclidic purity for a use in preclinical and clinical trials.



Currently, 229Th generator systems are the only method to provide this radionuclide on a routine basis. General interest in 225Ac is continuously increasing to the point that it is estimated that the worldwide demand will be multiplied by at least two or three each coming year. Existing 233U stocks are being made available by the US Department of Energy to the TerraPower company (Bellevue, WA, USA) in order to further increase the availability of generator-based 225Ac. Even if other interesting options for 225Ac production appeared, further work as well as consequent investment in infrastructure and equipment will be necessary before scaled-up production is observed.




2.2. Radiolabeling Chemistry


All actinium isotopes are unstable and available in limited amounts, which negatively impacts any progress in the study of this element’s coordination chemistry. However, with a [Rn] 6d1 7s2 electronic configuration, actinium is commonly found in aqueous solution in the (+III) oxidation state like other actinides or rare earth elements. These trivalent ions are highly charged entities that interact only in an electrostatic manner, resulting in hard acceptor properties according to Pearson’s hard and soft acids and bases (HSAB) theory. Therefore, for an efficient actinium complexation, the ligand has to contain hard coordination sites such as oxygen or nitrogen Lewis bases. For the same reasons, the coordination number is ruled by the size of the corresponding cation or anion. Ac(III) is described as having a large cationic radius of 1.12 Å and thus to be more adapted to polydentate ligands with high denticity from 8 up to 12.



The macrocycle 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) has amply demonstrated its efficiency for complexation of many metallic trivalent ions. Well-known in terms of reaction conditions but also by regulatory authorities, it was naturally studied for 225Ac chelation. In addition to a fast clearance from blood, the biodistribution profile of 225Ac-DOTA complex showed a low uptake in liver and bones, target organs of free 225Ac, which validated a promising in vivo stability at the preclinical stage [29]. These encouraging first results led to the development of functionalized DOTA derivatives such as p-SCN-Bn-DOTA or MeO-DOTA-NCS, allowing conjugation to biomolecules via the lysine residues of antibodies. However, the reaction conditions required for quantitative complexation of 225Ac (50–60 °C for 30–60 min) is not compatible with proteins which has resulted in the development of a two-step radiolabeling procedure [30]. Although this method showed a clear reliability and has been reported for the labeling of several antibodies, low overall radiochemical yields (RCYs) attributed to a degradation of the isothiocyanate function after the heating step were noticed. Consequently, a more specific two-step method based on Michael addition of a maleimide derivative on cysteine residues emerged, allowing a gain in efficiency [31]. In comparison to these procedures, a real step forward was made later with the report of a direct labeling approach with improved RCYs and specific activity but also that is applicable under milder reaction conditions [32]. However, despite many advantages, this method provided a grafting more than 10 chelators per antibody that can be problematic as it could affect the immunoreactivity of some modified antibodies. It has to be noticed that another two-step procedure based on an inverse electron demand Diels-Alder (IEDDA) click reaction between a DOTA-tetrazine derivative and a trans-cyclooctene antibody conjugate was recently described [33]. In addition to a very short reaction time, promising RCYs and in vivo stability, the potential use in classic RIT and especially in pretargeted α-radioimmunotherapy (PRIT) was clearly demonstrated and could open new prospects [34].



Nevertheless, some studies have raised questions about DOTA-actinium complex’s thermodynamic stability attributed to the chelating cavity of DOTA macrocycle that may not be adapted to the large size of 225Ac(III) ion resulting in potential transmetalation with other ions [29,30]. In vivo evaluations of other possible ligands such as acyclic derivatives (ethylenediaminetetraacetic acid, EDTA or trans-cyclohexyl diethylenetriaminepentaacetic acid, CHX-A’’-DTPA) were not good options as they demonstrated a lack of kinetic inertness [29,35]. Despite promising stability of complex formed with HEHA macrocycle (1,4,7,10,13,16-hexaazacyclohexadecane-N,N′,N″,N‴,N″″,N″″′-hexaacetic acid), results were disappointing after functionalization (HEHA-NCS) [36,37].



New chelating agents based on structures bearing picolinic acid arms [25,38,39] including aza-crown-ether macrocycles [40,41] have recently emerged for complexation of 225Ac (Figure 2). Among all the reported chelators, the 18-membered macrocycle macropa [40], the new “crown” aza-macrocycle [41] and the undecadentate pyridyl-based H4py4pa [39] showed an efficient complexation at room temperature as well as an interesting stability against competing ions or in serum. After conjugation to a peptide or an antibody of interest, they all showed a promising in vivo stability highlighted by a high uptake in tumor and a low accumulation in other organs such as liver or bones.




2.3. Preclinical Studies


Beyond the stability brought by the chelating unit towards 225Ac, an aspect that has to be taken into consideration is the outcome of 225Ac daughters after in vivo administration. As mentioned before, 225Ac generates several α particles that raise concerns. Indeed, in addition to potential irradiation of non-targeted tissues, release of these daughter nuclides in vivo can result in unwanted toxicity [42]. Generally, daughters are released from the chelating agent and pass into the bloodstream before it accumulates in the targeted organs. Daughter nuclides of 225Ac that have sufficient half-life and decay by alpha emission are 231Fr and 213Bi that were reported to have affinity for kidneys and possibly lead to renal toxicity [43]. Nevertheless, this recoil phenomenon can be limited by a fast internalization in the targeted cells or a local administration of 225Ac-radioconjugate or by sequestration of the nuclide in nanoparticles. This cascade decay was at the origin of the concept of atomic in vivo nanogenerator for TAT [44].



Production routes as well as chemistry aspects previously presented are detailed in two complete and recent reviews dedicated to 225Ac [15,45]. Section 2.2 clearly illustrated that DOTA macrocycle appears as the better compromise for 225Ac chelation as evidenced by the fact that it is the only chelating agent used in current clinical trials. Nonetheless, a wide range of chelators were developed for 225Ac and even if only a few have demonstrated appropriate features for a potential use in TAT, many preclinical evaluations were reported. A non-exhaustive list of studies published in the past five years is presented in Table 1. The aim of this summary is to give a detailed overview of the recent advances with 225Ac mentioning the pathology model as well as the target studied, the chelating agent selected and the level of investigations. However, much more attention was given to 225Ac-immunoconjugates that succeed to be evaluated in clinical phase (see next section).




2.4. Clinical Evaluation


Acute myeloid leukemia (AML) is a hematologic malignancy characterized by an uncontrolled proliferation of abnormal myeloid blasts unable to differentiate into healthy mature cells. Unlike normal cells, myeloid cells are characterized by the expression of specific targets such as CD33, a sialic acid transmembrane receptor, and CD45, a protein tyrosine phosphatase, both involved in modulation of immune cell functions [9]. Lintuzumab (or HuM195) is a humanized mAb that has emerged as a promising vector for targeting CD33 with high affinity and without specific immunogenicity. First reported with 213Bi, investigations of lintuzumab labeled with 225Ac started with a study in cynomolgus monkeys in order to evaluate pharmacokinetics and toxicity of the radioimmunoconjugate. No significant toxicity was noticed after administration of 28 kBq/kg while cumulative doses in the 215–370 kBq/kg range revealed signs of impact on hematologic and renal functions (mainly related to redistribution of daughter nuclides) [63]. This work was followed by the first clinical investigation against AML through a dose escalation study. 18 patients received a single administration of 225Ac-lintuzumab at doses of 18.5, 37, 74, 111 and 148 kBq/kg. Even if a clear reduction of marrow blasts was noticed for all doses, more or less pronounced myelosuppression was reported as most common toxicity symptom, and the maximum tolerated dose was determined to be 111 kBq/kg [64]. From these first results, investigations were pursued in a phase II trial in patients with untreated AML and treated with two administrations of 55 or 74 kBq/kg [65]. Other phase I dose-escalation were also performed from fractionated doses of 225Ac-lintuzumab in combination with low-dose cytarabine (a chemotherapy agent for inhibition of cells proliferation by interaction with DNA) [66] or associated with venetoclax, a BCL-2 inhibitor inducing cells apoptosis [67] (NCT03867682).



Prostate-specific membrane antigen (PSMA) is a type II membrane glycoprotein highly expressed in prostate cancer cells. This promising target is involved in a large majority of 225Ac investigations, especially with 225Ac-PSMA-617. This radioconjugate is based on a glutamate-urea-lysine sequence known as a PSMA inhibitor (with internalization), a naphtylic linker to favor tumor uptake as well as renal clearance, and DOTA as chelating agent [68,69]. Several clinical evaluations in advanced stages showed that treatment cycles with adapted administered doses (8 to 4 MBq), resulted in a significant therapeutic effect highlighted by a large decrease in tumor evolution markers (prostate-specific antigen (PSA), alkaline phosphatase) and appeared as the best balance between possible toxicity and tumor response [70]. More details about the work reported with 225Ac-PSMA-617 can be found in Kratochwil’s recent review [71], the therapeutic potential of this treatment is real and further evaluation, especially a phase I dose escalation combined with DNA damage repair inhibitors is still ongoing (NCT04597411) [72]. It has to be mentioned that a similar radioligand, 225Ac-PSMA-I&T, was recently tested in clinical applications in the same model, in patients after 177Lu-PSMA-617 treatment failure [73,74].



An alternative to the potential limitations encountered with radioligand therapy would be to evaluate 225Ac-labeled Ab. For this reason, J591, a mAb well known to bind with high affinity an extracellular domain of PSMA that is different of PSMA-617 moiety, is interesting. 225Ac-J591 is currently studied in a phase I dose-escalation in order to determine the dose-limiting toxicity as well as the maximum tolerated dose [75] (NCT03276572). Two other clinical trials are in the recruiting phase with the aim to evaluate the possibility of treatment with multiple or fractionated dose of 225Ac-J591 (NCT04576871, NCT04506567). PSMA has been widely targeted with 225Ac or others α emitters such as 213Bi or 227Th. A very recent review provides a detailed overview of this work [76].



Finally, PSMA is not the only target to be investigated for treatment of prostate cancer and other pathways upregulated by androgen receptors are also appropriate. These receptors were described to be involved in regulation of genes responsible for DNA damage repair mechanisms that could possibly result in resistance of cancer cells. Human kallikrein peptidase 2 (hK2), a specific enzyme structurally quite similar to PSA and whose expression is governed by androgen receptor, emerged as a specific and promising marker [77]. The specific monoclonal antibody (mAb) hu11B6 radiolabeled with 225Ac was recently reported in an interesting mechanism of action towards hK2. Indeed, due to internalization of 225Ac-hu11B6 after binding to hK2, α radiations induce DNA damage to cancer cells, resulting in activation of androgen receptor for DNA repair [78]. It also leads to the activation of KLK2, gene coding for hK2 production, resulting in enzyme production. Therefore, the increase in hK2 levels favors cells targeting by 225Ac-hu11B6 and this phenomenon was highlighted in in vivo experiments with an increasing uptake in tumors over time [79]. This strategy is to object of a clinical evaluation, recruitment started for a phase I study in order to validate the promising preclinical results in patients (NCT04644770).



Neuroendocrine tumors (NETs) are characterized by an abnormal proliferation of hormone producing cells that can possibly develop in privileged sites such as gastrointestinal tract, pancreas or lungs. These tumors are well known to overexpress somatostatin receptors in comparison with healthy tissues, which represents an interesting biomarker for peptide receptor radionuclide therapy. In the case of 225Ac, it started with 225Ac-DOTATOC evaluated in a rat pancreas NETs (AR42J cells) model. Activities up to 20 kBq showed a significant effect on tumor growth with only negligible long-term toxicity on kidneys when higher dose (30–125 kBq) also had tumor effect but were associated to histopathological changes in kidneys. In comparison with 177Lu-DOTATOC (doses of 450 kBq and 1 MBq), even if no toxicity was observed, treatment efficacy was clearly lower [80]. The first clinical study in 34 patients with progressive NET validated the results observed in preclinical phase and allowed to determine that, for a single cycle, the maximum tolerated dose was of 40 MBq. Despite positive conclusions and good tolerability, further investigations are necessary to clarify the treatment protocol [81]. 225Ac-DOTATATE, an analogue compound, was also recently studied in patients with stable or progressive disease after treatment with 177Lu-DOTATATE [82].



Substance P (SP) is a neuropeptide known as a natural ligand of transmembrane neurokinin type-1 receptor (NK-1) overexpressed in glioblastoma multiforme (GMB). 225Ac-DOTA-SP was evaluated in human glioblastoma cell lines and demonstrated promising effects on cell viability by induction of apoptosis [83]. A clinical phase is ongoing in patients with glioma, and first results showed a positive tumor response after intratumoral administration [84].



Finally, based on similar approaches than 225Ac-radioimunoconjugates presented above, 225Ac-FPI-1434 is under investigation in a phase I trial with the aim to determine tolerability, pharmacokinetic and treatment efficacy in patients with advanced solid tumors. This therapeutic agent is based on a humanized mAb (AVE1642) with recognition properties to type I insulin-like growth factor receptor (IGF-1R), a tyrosine kinase receptor overexpressed in solid tumors such as breast, prostate or non-small lung cancer (NCT03746431).





3. Astatine-211


Astatine is often reported as the rarest natural element on Earth, and exhibits 32 isotopes, none of them being stable. Even if most of these isotopes are α-emitters, only 211At exhibits suitable physical properties for TRT. It decays with a half-life of 7.21 h and following a dual branch process resulting in the emission of 5.9 and 7.5 MeV α particles as well as X-rays (77–92 keV). Whatever the branch, one alpha particle is emitted, qualifying 211At as a 100% α-emitter. It is interesting to notice that potential radiotoxicity of 211At daughters’ is negligible; especially because of the short half-life of 211Po and the very low amount of 207Bi generated. Finally, the emission of X-rays in the adapted energy range of common γ-detectors, offers the possibility of monitoring by single photon emission computed tomography (SPECT) imaging (Figure 3).



3.1. Production


This radionuclide is cyclotron-produced by α particle bombardment of a natural 209Bi target following the 209Bi(α,2n)211At nuclear reaction which reaches a maximum cross-section at 31 MeV [85,86]. The α particles beam should have an energy between 21 and 29 MeV. Beyond 29 MeV, the co-production of 210At (8.1 h) by the 209Bi(α,3n)210At reaction makes difficult any use in pharmaceutical applications. Indeed co-production of 210At has to be avoided because it decays almost exclusively to 210Po (138.4 days), well known to be highly toxic [87]. Few cyclotrons in the world are currently able to accelerate α-beams to energies higher than 25 MeV, consequently, the availability of 211At is limited to a few nuclear medicine centers [88]. In addition, its half-life does not allow for long distance delivery, which implies that a network of producers must be set up to support the development of this radionuclide. Nevertheless, the production technology is under control and the capacity of production can be largely increased by using old cyclotrons or new ones proposed by IBA (30Xp, Julich, Polatom) or Sumitomo (several centers in Japan). Another production route mainly based on electron capture of 211Ra via a 211Rn/211At generator are being developed. The main interest of this method is to allow an increase in 211At availability by widening its distribution through the longer half-life of 211Rn (14.6 h), but also to avoid some production issues associated with the current method such as the contamination with 210At and 210Po. Despite the reported proof of concept, this alternative showed limitations, especially because of the specific and uncommon techniques required to produce 211Rn (heavy ion irradiation of 209Bi target by a 7Li beam), difficulties for the isolation of 211At from co-produced 207At and 207Po, as well as a moderate activity of 211At obtained at the end of the process [89].



After production, the irradiated target contains several isotopes such as 209Bi, 210At, 210Po and the expected 211At. A purification process is necessary to remove impurities and reach the highest 211At chemical and radiochemical purity. However, if 209Bi or 210Po residues can be eliminated by this step, it is not possible to separate 210At from 211At that is why the incident energy of the projectile is limited to 29 MeV in order to avoid 210At production. Two main purification methods were developed: (i) by dry distillation: the target is heated beyond the boiling point of 211At (337 °C) that is largely different from of the other radionuclides (1564 °C for 209Bi and 962 °C for 210Po). Vaporized 211At is carried over by a flow of nitrogen and condensed in the chosen medium [90,91]; and (ii) by wet extraction: after dissolution of the target in concentrated nitric acid, the acid phase is removed by evaporation and the dry residue containing 209Bi and 211At is dissolved in diluted nitric acid or hydrochloric acid. Pure 211At is then recovered by extraction with diisopropyl ether [92]. Both methods are reliable, resulting in high recovery yields (around 80–90%), with a duration of 20–30 min and about 1 h, respectively. However, despite the advantages of wet extraction (simple process, cheap equipment), the number of steps that require manipulation of the radioactivity during the process has long been a limitation with high activity production. Nevertheless, even if an automated process was recently developed for wet extraction, dry distillation is still widely used for purification of 211At. It is important to note that alternative methods based on the wet chemistry route were recently reported for purification and isolation of 211At, as purification on a tellurium-packed column [93], a solid-state support inert polymer resin [94] or strong anion exchange SPE spin column [95] or extraction with organic solvents such as 3-octanone or methyl isobutyl ketone [96].




3.2. Radiolabeling Chemistry


Given that no stable isotopes of astatine exist and that its availability is quite limited, some of the physicochemical properties of this element were extrapolated by analogy with iodine or predicted using theoretical methods. However, the supplementary 5f electrons of At imply that relativistic effects and especially spin-orbit coupling must be considered, impacting significantly its electronic properties and reactivity such as polarizability or electronegativity [97]. Therefore, even if similarities with iodine were clearly identified, striking differences in its chemical behavior were reported too, making it important to consider the oxidation state of At species. If some analogy with iodine was confirmed by the reactivity of the (−I) oxidation state, At− (one of the most stable form, obtained in reducing conditions), some differences have been observed with positive oxidation states (+I or +III obtained in oxidizing conditions), especially with the observation of metal-like properties [98,99]. Despite its clearly demonstrated metallic character, covalent chemistry is largely preferred for radiolabeling. From all these observations, reactions described for the preparation of astatinated molecules are mainly based on iodine radiochemistry. Besides, astatine electronic properties make the C-At bond weaker than others C-halogen bonds. (Hetero)aryl-At bonds are almost exclusively used as they are the only compounds to exhibit sufficient stability for use in vivo. Generally, labeling methods reported in the literature for radioiodination of organic compounds, often based on basic aromatic electrophilic or nucleophilic substitutions (SEAr or SNAr), remain valid for astatination. Consequently, this radiolabeling chemistry of 211At can be divided into two general approaches, the electrophilic one based on the At+ form and the nucleophilic one using the At− form. The At+ form is generated using usual oxidizing agent such as chloramines or N-halosuccinimide derivatives, but difficulties to control this species may be encountered as overoxidation to At(+III) is complicated to prevent. Classic SEAr reaction such as halodeprotonation appeared to be less efficient than with radioiodine [100] and was not adapted for application with proteins [101]. On the other hand, halodemetallation was reported to be more efficient due to the polarization of the carbon-metal bond, favoring the substitution reaction. Although initially developed with organomercuric derivatives [102], trialkylaryltin were preferred, Sn(alkyl)3 being good leaving groups associated to a lower toxicity [103]. Recently, silicon derivatives were proposed as possible alternative to stannylated compounds [104]. The other approach is based on the At− species, presented to be easier to handle due to a larger predominance domain than At+. This strategy was first tested with halogen exchange reaction, but the excess of non-separable iodinated analogue, resulting in a low specific activity, limits its scope of application [105]. The halodediazotation reaction from arenediazonium salts was also evaluated for astatination, however, the various side products generated made this method anecdotal [106,107]. A new strategy based on hypervalent iodine compounds and aryliodonium salts appeared to be promising for preparation of astatoaryl compounds, especially because of more convenient purification steps in comparison with other techniques [108]. Finally, arylboron derivatives (boronic ester or boronic acid) are also interesting since they can be used following a nucleophilic approach associated with copper catalyst [109].



Alternatively the B-At bonds were reported as exhibiting a higher bond enthalpy than aryl-At bonds. This resulted in the development of boron clusters and especially closo-decaborate, which appeared as promising candidate for astatine labeling [110].




3.3. Preclinical Studies


Regarding the specific case of protein astatination, two strategies are possible: a two-step approach (via the preparation of radiolabeled prosthetic groups) or a direct labeling of pre-modified protein. Both options require the preparation of a bifunctional precursor bearing a functional group allowing the labeling and a second one for the conjugation with the biomolecule via lysine or cysteine residues (Figure 4). N-succinimidyl-3-[211At]astatobenzoate ([211At]SAB) was largely studied as prosthetic group for conjugation to lysine residues and was also derived with a maleimide function for coupling to cystein. The main reported approaches are the use of aryltrialkylstannane derivatives [111,112], boron clusters [110] and iodonium salts [113] or labeling of pre-modified antibodies with aryltrialkylstannane function [114,115], clickable moieties [116] and boronic acid functionalization [117]. Additional details about astatine chemistry are available in several complete reviews [88,118,119].



The in vitro and in vivo stability of the astatine linkage is crucial for the development of 211At-radioconjugates. Indeed, in vivo release of astatine from astatinated biomolecules can induce toxicity to non-targeted tissues. Free astatine (At− form), just like iodine, showed a high accumulation in thyroid and stomach. Unlike iodine, other organs such as spleen and lungs also revealed quite consequent uptake, attributed to At(+I) species formed after in vivo oxidation of the released astatine. First, many investigations of 211At-radioconjugates showed a promising in vitro stability but in vivo deastatination was noticed, mainly related to the metabolism of the compound. It appeared that non-internalized or intact mAb were slowly metabolized and consequently less affected by deastatination process, while small molecules or internalized mAb (more rapidly metabolized) were more sensitive to this phenomenon [120]. Stability of 211At-derivatives remains a key point to the development of 211At, and even today, it is still necessary to find new radiolabeling strategies leading to higher astatine bond strength.



It is especially with the emergence of the [211At]SAB prosthetic group that preclinical and clinical work were really favored. Thereafter, plenty of in vitro experiments were performed mainly to evaluate the cytotoxicity and the dosimetry of the radioconjugates developed. It naturally led to a wide range of preclinical model investigations throughout various biomolecules (mainly antibodies, but also antibody derivatives such as F(ab’)2, diabodies, nanobodies or even peptides), towards specific molecular targets (HER2, CD45 or CD38) and with several astatine forms (211At-immunoconjugates, small molecules or [211At]NaAt). We report herein a non-exhaustive list of published preclinical studies involving an identified pathology model in the last five years (Table 2). This summary gives also interesting details about the most recent preclinical studies as the radiolabeling strategy used (direct radiolabeling or via prosthetic groups) as well as which targeting vector was considered.



In the following discussion, we chose to focus on 211At-radioimmunoconjugates that translated to a clinical application (see next section). Overall, most of these works resulted in promising uptake in tumors, tumors growth delay and therapeutic efficacy, confirming the interest of 211At for TAT.
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Figure 4. Structures of main prosthetic groups used for 211At radiolabeling. [211At]SAB: N-succinimidyl-3-[211At]astatobenzoate [111,113]; [211At]SAGMB: N-succinimidyl 3-[211At]astato-4-guanidinomethyl benzoate [123]; B10: maleimido-closo-decaborate(2-) derivative [110]; MSB: N-2-(maleimido)ethyl-3-(trimethylstannyl)benzamide [115]; [211At]SPC: N-succinimidyl 5-[211At]astato-3-pyridinecarboxylate [127]; m-MeATE: N-succinimidyl-3-(trimethylstannyl)-benzoate [114]; B10-NCS: isothiocyanatophenyl-closo-decaborate(2-) derivative [110]. 
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3.4. Clinical Evaluation


Glioblastoma is the most common and aggressive primary brain cancer and remains associated with a very poor clinical prognosis. Despite protocol treatments, tumor recurrence close to the primary site is often observed, with a dramatic effect on recovery. Monoclonal murine antibody 81C6 recognizes the extracellular matrix antigen tenascin overexpressed mainly in gliomas and melanomas. Initially conjugated with 131I, the corresponding radioimmunoconjugate demonstrated a real survival benefit in patients after administration in surgery-created resection cavities (SCRC) [144], which naturally led to the transposition with its astatinated analogue. 211At-81C6 was first investigated in a therapeutic study, in rats grafted with TE-671 human rhabdomyosarcoma neoplastic meningitis cell line. A specific therapeutic effect was confirmed with a significant prolongation of survival in animals treated with a single injection 440 and 670 kBq, without any sign of toxicity even after 295 days [145]. In order to favor a future clinical application, the chimeric version of 81C6 was then evaluated in another glioma model (D-54 MG human glioma xenografts). Biodistribution, dosimetry and toxicity studies confirmed the interest of ch81C6 over its murine form [146]. Data of the first Phase I clinical trial with astatinated radioimmunoconjugate for the treatment of residual central nervous system tumors (glioblastoma multiforme, anaplastic oligodendroglioma and anaplastic astrocytoma) was published in 2008. Additionally to surgery, radio- or chemotherapy, 18 patients received an injection of 211At-ch81C6 with doses from 71 to 347 MBq in SCRC. Significant prolongation of median survival was noticed from 31 weeks with the classic protocol to about 54 weeks with 211At-RIT, without any sign of dose-limiting toxicity, meaning that this treatment was well tolerated [147]. Despite this proof-of-concept of clinical application with 211At, some limitations appeared, especially related to radiolabeling issues at high activity that hampered the determination of the maximum tolerated dose. Prior to this work, a two-step procedure from [211At]SAB precursor was developed for high level preparation of 211At-ch81C6 in order to support the clinical need [148]. However, with this level of activity, effects on radiochemical or conjugation yields and immunoreactivity were observed and were attributed to α-particle radiolysis. A better comprehension of this phenomenon resulted in the development of an optimized procedure modifying some parameters such as the stannylated precursor (N-succinimidyl-3-trimethylstannylbenzoate vs. N-succinimidyl-3-tributylstannylbenzoate) or the nature of the solvent used after distillation (MeOH with N-chlorosuccinimide vs. CHCl3) [149].



Ovarian cancer is often diagnosed late, when extensive dissemination mainly localized in the peritoneal surface has already occurred. The mouse monoclonal antibody MX35 emerged as a vector of interest due to its recognition of the sodium-dependent phosphate transport protein 2b (NaPi2b), overexpressed in this type of cancer. As a first step, the radioimmunoconjugate 211At-MX35 demonstrated an interesting therapeutic effect after intraperitoneal administration for the treatment of microtumors of human ovarian cancer cell line NIH:OVCAR-3 [150]. In the perspective of a phase I trial, MX35 F(ab’)2 fragment was favored especially because of a higher diffusion into tumors in comparison with the whole Ab and a decrease in immunogenicity risk after injection to patients. Further preclinical investigations clearly confirmed a positive effect on tumor evolution after intraperitoneal injection of doses between 100 and 400 kBq of 211At-MX35 F(ab’)2 [151,152]. As an alternative treatment protocol to minimize potential systemic toxicity and optimize therapeutic effect, fractionated administration was then tested. A week interval between injections led to an increased efficacy, especially because it allows the recovery of bone marrow [153,154].



211At-MX35 F(ab’)2 has been used in a phase I study reported in 2009 for the treatment of micrometastases in recurrent ovarian carcinoma. After checking the absence of macroscopic tumor, nine patients were infused by peritoneal catheter with 22 to 101 MBq.L−1 in dialysis solution. Even if the results on the pharmacokinetics indicate that therapeutic dose can be delivered to the targeted metastases without signs of toxicity, no real conclusion on therapeutic efficacy can be drawn [155]. An extension of this phase I was continued with the inclusion of three more patients. In this study, estimation of absorbed dose was expanded to all organs and calculations of effective dose were reported. Besides, a new method for the preparation of 211At-MX35 F(ab’)2 (preconjugation of Ab fragment) allowed to increase the specific activity and administered dose (up to 215 MBq.L−1). Overall, the tendency of absorbed dose in organs and the possibility to reach effective dose are consistent with the initial work [156]. Final results after a long-term follow-up of patients for this extended Phase I were recently published. Dose escalation up to 215 MBq.L−1 were administered without any sign of radiation induced toxicity meaning that the maximum tolerated dose was not reached. However, regarding effective dose delivered, some doubts were emitted about the diffusion ability of the targeting vector. In these conditions, the risk of recurrence appeared to be non-negligible and instead increasing injected dose, an adjuvant setting was considered [157].



Leukemias (acute myeloid or acute lymphoblastic forms) are hematological malignancies that are difficult to control and existing treatments such as chemotherapy or hematopoietic cell transplantation induce only partial response. As possible alternative, 211At-BC8-B10 was developed for targeting CD45, a tyrosine phosphatase protein expressed at the surface of leukemia blast cells. Recently, a cGMP procedure and quality controls were developed for the preparation of astatinated anti-CD45 MAb in the perspective of clinical trials [158]. Recruitment of patients is in progress for Phase I/II studies to determine potential side effects as well as the most efficient dose (NCT03128034). Another investigation of 211At-BC8-B10 for the treatment of non-malignant diseases should start the recruiting phase soon (NCT04083183). Recently, two phase I trials were reported for the treatment of another hematologic malignancy, multiple myeloma. Investigations are based on OKT10, a mouse monoclonal antibody with recognizing properties for CD38, a glycoprotein expressed by malignant plasma cells. The radioimmunoconjugate 211At-OKT10-B10 previously studied in preclinical phase [130], will also move to clinical studies and will be evaluated in combination with chemotherapeutic agents such as melphalan (NCT04466475) or cyclophosphamide/fludarabine (NCT04579523).





4. Bismuth-213


Bismuth belongs to group 15 of periodic classification and exhibits 35 isotopes, most of them having short half-lives (from ns to a few minutes) and only one is considered stable, 209Bi, due to a very long half-life of 1.9 × 1019 years. Among all these isotopes, only 212Bi and 213Bi have demonstrated promising features for investigation in targeted alpha therapy.



213Bi, a daughter isotope of 225Ac, decays by α (2.2%) and β− (97.8%) emission with a half-life of 46 min. It decays to the stable 209Bi via successive decays resulting in β− emissions (0.6–2 MeV) and the emission of one α particle (5.9–8.4 MeV). The total emitted energy of 213Bi can be attributed at 90% to α-particles and can explain its more pronounced cytotoxicity. In addition, the emission of gamma rays with an energy of 440 keV offers the possibility of imaging by SPECT (Figure 1).



4.1. Production


Since 225Ac is the parent nuclide, production routes discussed in actinium section are also involved for obtaining 213Bi. Indeed, after production, 225Ac can be directly used for radiochemistry or adsorbed on a resin to build 225Ac/213Bi generators. In this case, the coproduction of 227Ac with 225Ac is not a problem and more production routes may be used. Several types of these generators were developed based on selective separation of 213Bi either using cation and anion exchange or extraction chromatography, these options were reported in a detailed review [159]. Nevertheless, the preferred system in clinical studies is based on AG MP-50 cation exchange resin. This generator was first developed by loading a cationic resin with a 225Ac chloride solution in dilute hydrochloric acid (1.5 M HCl), but under those conditions, the activity was confined to a small layer at the top of the column and induced radiolytic damage leading to elution problems. Pre-loading of 225Ac on a small amount of resin before deposit into the column decreased radiation dose induced to the resin and constant generator production [160]. The process was then slightly improved with the use of columns connected in series that allowed to work with higher activities (2.6 GBq) and minimize 225Ac parent contamination. However, this manual method implies prolonged handling steps that appear as the main limitation of this new version [161]. Finally, direct loading of 225Ac in 4M HNO3 emerged as the best option with a distribution in a larger layer of resin, using automated pump and leading to high elution yields. Due to strong affinity of Bi for halogens and in particular iodide (formation of stable anionic species BiI4−/BiI52−), 213Bi can be separated from 225Ac adsorbed on AG MP-50 resin using a 0.1 M HCl/0.1M NaI solution as eluent. This method appeared as the most efficient to get 213Bi with high purity and in a medium adapted for radiolabeling chemistry. 225Ac/213Bi generators are often loaded with initial activity between 2 to 4 GBq and the long half-life of 225Ac makes possible its use over several weeks with possible elution every 3 h [159]. In order to improve this system and still with the idea to minimize radiolytic damage to the resin, separation of 213Bi and 225Ac was recently evaluated with two inorganic Isolute resins (SCX and SCX-2). These resins are based on a silica structure grafted with benzenesulfonic acid (SCX) or propylsulfonic acid (SCX-2) moiety allowing extraction of basic compounds from aqueous solution by a cation exchange retention mechanism. Even if an efficient separation could be noticed with lower proportion of residual 225Ac after elution, this method would necessitate to use 20% more 225Ac than the needed activity as well as a higher amount of resin due to radiolysis leading to a down migration of radionuclides in the column over time [162].




4.2. Radiolabeling Chemistry


Unlike some other α-emitters, the existence of a stable isotope facilitates the understanding of bismuth chemistry. The electronic configuration of [Xe] 4f14 5d10 6s2 6p3 makes the (+III) oxidation state the most common form of Bi ion, even if (+V) species were also described in specific cases. As a hard Lewis acid, strong affinity for hard donors atoms such as oxygen or nitrogen is expected, meaning that chelating agents such as aminopolycarboxylate ligands would form stable complexes with Bi(III). First chelation work with Bi(III) has been performed with the acyclic chelator DTPA. The fast complexation kinetics as well as the high stability of the corresponding Bi(III)DTPA complex resulted in the development of C-functionalized DTPA derivatives in order to allow potential conjugation to proteins. However, in vivo stability of these precursors was not as high as expected, hampering further preclinical work. On the other hand, the trans-cyclohexyl DTPA (CHX-A″-DTPA) ligand demonstrated a very high stability attributed to the pre-organization and rigidity provided by the cyclohexyl moiety. CHX-A″-DTPA ligand emerged as the most adapted to bismuth chelation and plays a key role in the development of 213Bi [163]. The macrocyclic DOTA chelator is also appropriate for 213Bi chelation, with the formation of highly stable complexes and high kinetic inertness, but the low complexation kinetic appeared initially as a limitation for its use. Indeed, due to the short half-life of 213Bi, the reaction time is an important parameter to consider in the radiolabeling chemistry. It was not a problem with DTPA, because of the fast complexation kinetic (5 min at room temperature). But in the case of DOTA complexation, high temperature is often required as well as longer reaction time (30 min). The interest for DOTA was revived with the development of a radiolabeling process using micro waves and allowing complexation of 213Bi in only 5 min at 95 °C pH = 9 [20]. Recently, cyclen-based chelators bearing phosphonic or phosphinic arms were described to form 213Bi-complexes in suitable reaction conditions (5 min, 25 °C or 95 °C, pH = 5.5), high RCYs, with promising stability in competition with DTPA or in human plasma, but especially at lower ligand concentration than DOTA or DTPA derivatives [164]. Alternately, azacrown ether chelators with pyridine moieties showed similar results with fast complexation under mild conditions, and even if high transchelation in BSA after 3 h (around 50%) can be noticed, no apparent sign of Bi release was measured in a biodistribution study [165].




4.3. Preclinical Studies


Due to the short half-life of 213Bi, direct labeling of pre-modified proteins is favored in comparison with indirect labeling through the use of a radiolabeled prosthetic group. Therefore, among DTPA or DOTA derivatives, C-functionalized versions p-SCN-Bn-CHX-A″-DTPA or p-SCN-Bn-DOTA are currently the most used for preparation of 213Bi-radioimmunoconjugates (Figure 5). Besides, the high temperature required for the labeling of DOTA is not suitable for some sensitive proteins but can be appropriate for heat-resistant vectors such as peptides or small molecules. All of these conditions make that preparation of 213Bi-RIC has to be efficient and require a fast tumor targeting. Nonetheless, some strategies are preferred to facilitate this last aspect such as locoregional administration [166], pretargeting [167] or the use of peptides [168].



213Bi was one of the first α-emitters to be studied and the initial in vitro investigations in the beginning of the 90s have highlighted the potential of α-particles toward malignant cells. Further work in preclinical models confirmed in vivo stability of 213Bi-RIC highlighted by a higher amount of activity measured in the blood pool and no specific uptake in kidneys as expected for free bismuth [169]. Thereafter, a wide range 213Bi-RIC was developed with most often mAb as targeting agent [170,171], even if antibody fragments [172] or peptides [173] were also used. Besides, given that 225Ac and 213Bi have common physico-chemical properties, many radioimmunoconjugates were first developed with 213Bi before transposition to 225Ac. Finally, several preclinical studies were reported and the most relevant published in the past 5 years are summarized in Table 3.




4.4. Clinical Evaluation


Historically, 213Bi was the first α-emitter to reach clinical phase with the preparation of 213Bi-lintuzumab for treatment of AML. In this Phase I trial, 18 patients with relapsed or refractory AML were treated with 10.36 to 37 MBq/kg of 213Bi-lintuzumab. A rapid uptake was noticed in bone marrow, liver and spleen, which are privileged sites of leukemic cells. Absorbed dose ratios between these areas and whole body was measured to be 1000 times more important than analogue radioimmunoconjugates with β-emitters. Even if no complete remission was detected, a significant reduction of marrow blasts was noticed in 14 patients [174]. A phase I/II complementary study demonstrated that sequential administration of cytarabine before treatment with 213Bi-lintuzumab injected doses (18.5 to 46.25 MBq/kg) could induce complete remission in some patients. These results are attributed to the cytarabine that reduces tumor volume improving the impact of radiations of 213Bi-lintuzumab [175]. Thereafter, 213Bi-radioimmunoconjugates (213Bi-RICs) were also investigated for therapy of malignant melanoma [176] or on locoregional treatment of bladder cancer [177].



Similarly to 225Ac, peptide receptor alpha therapy was developed with 213Bi in clinical evaluation. Several phase I studies were reported with 213Bi-DOTA-SP for treatment of glioblastoma. First evaluated in two patients, local injection (catheter implanted in the tumor) of a single dose of 213Bi-DOTA-SP (375 and 825 MBq) was well tolerated and led in one case to the resection of tumor without long-term recurrence. Another investigation confirmed these first results with a high concentration of activity around the injection site. In addition, magnetic resonance (MR) imaging highlighted the fact that radiations induced necrosis and demarcation of the tumor mass allowing surgical resection. The treatment protocol was then adjusted following the tumor grade with one to seven cycles of 213Bi-DOTA-SP in 2-month intervals, in a patient cohort with glioma recurrence. In addition to a decrease in tumor volumes, these studies showed a positive effect on the median overall survival. Even if 213Bi-DOTA-SP emerged as a new option of treatment of gliomas, the short half-life of 213Bi can be a limit in the homogenous distribution in large tumors. That is in that conditions that longer half-life radioisotope such as 225Ac can be of interest [178].



213Bi-DOTATOC is another compound that has been evaluated in PRRT in patients with NETs refractory to treatment with β-emitters analogue 90Y/177Lu-DOTATOC. Seven patients were treated with cycles of increasing activities (1 to 4 GBq) every 2 months in association with the administration of a nephroprotective solution to limit radiation damage to kidneys. Imaging based on 440 keV gamma emission of 213Bi allowed to follow the biodistribution of the compound and confirmed the tumor binding as reported for DOTATOC radiolabeled with other radionuclides. Finally, positive responses were noticed in all treated patients with only limited toxicity, which allowed to demonstrated the possibility to overcome therapies resistance with TAT [173]. The analogue 213Bi-DOTATATE that could be an alternative in the same pathology model was recently reported but only in preclinical phase [179].



Finally, concerning small molecules as targeting vector, PSMA-617 that represent a major part of clinical investigations with 225Ac, was also considered with 213Bi. A first administration in a patient with metastatic castration-resistant prostate cancer (mCRPC) that was still progressive after standard therapy was reported. After treatment with two cycles of 213Bi-PSMA-617 for a cumulative dose of 592 MBq, significant effect on tumor was noticed by imaging but also by a decrease in PSA level [180]. Dosimetry calculations based on imaging of patients with 68Ga-PSMA-617 and extrapolated to 213Bi were performed. Although the estimated dose to tumor was sufficient for clinical applications and that absorbed dose by dose-limiting organs was below values measure for 225Ac-PSMA-617, the therapeutic efficacy of 213Bi-PSMA-617 appeared to be significantly lower than with the 225Ac-labeled analogue [181].
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Table 3. 213Bi preclinical studies involving an identified pathology model (non-exhaustive list).
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Preclinical Model

	
Molecular Target

	
Targeting Vector

	
Chelating Agent

	
Investigation

	
References






	
Mouse mammary cancer cells 4T1

	
Human aspartyl (asparagnyl) β-hydroxylase (HAAH)

	
PAN-622

(human mAb)

	
DTPA-maleimide

	
In vitro, biodistribution, imaging 111In-DTPA-PAN-622 and therapy study

	
[182]




	
Human ovarian cancer cells (OVCAR-3)

	
Sodium-dependent phosphate transport protein 2b (NaPi2b)

	
MX35

(murine IgG1 mAb)

	
p-SCN-Bn-CHX-A″-DTPA

	
Therapeutic efficacy, toxicity and dosimetry

	
[183]




	
Human endometrial carcinoma cell line AN3CA

	
Müllerian-inhibiting substance receptor type II (MISRII)

	
16F12

(murine mAb)

	
p-SCN-Bn-CHX-A″-DTPA

	
Biodistribution, dosimetry, toxicity, therapy study in comparison with 177Lu-16F12

	
[184]




	
In vitro and therapy study in comparison with 212Pb-

	
[185]




	
Murine B16-F10 melanoma model

	
Extracellular melanin

	
8C3

(murine mAb)

	
p-SCN-Bn-CHX-A″-DTPA

	
Biodistribution, imaging and therapy study

	
[186]




	
Humanized 8C3 (h8C3)

	
p-SCN-Bn-CHX-A″-DTPA

	
Biodistribution, imaging, dosimetry and therapy study in comparison with 177Lu-h8C3

	
[187]




	
Cloudman S91 murine melanoma

	
Therapy study in combination with anti-PD1 mAb

	
[188]




	
Human ovarian cancer cell line SKOV-3 and luciferase analogue (SKOV3.IP1)

	
HER2

	
2Rs15d

(nanobody)

	
p-SCN-Bn-CHX-A″-DTPA

	
In vitro, biodistribution, imaging, dosimetry and therapy study

	
[172]




	
Blastomyces dermatitidis

(fungal infection)

	
(1→3)-β-glucan

	
400-2

	
p-SCN-Bn-CHX-A″-DTPA

	
Toxicity and therapy study in dogs

	
[189]




	
Human melanoma cell lines M113WT and M113PD−L1+

	
PD-L1

	
Anti-hPD-L1 mAb

	
p-SCN-Bn-CHX-A″-DTPA

	
Imaging with 64Cu, therapeutic study and toxicity

	
[171]











5. Bismuth-212


212Bi arises from the decay sequence of 228Th (1.9 y) and results in 208Tl (3.1 min) via 36% of α-emission and by 64% to 212Po (0.3 µs) after β−-emission, both daughters leading to stable 208Pb. 208Tl decay occurs through high energy γ-emission (2.6 MeV), which necessitates adapted protection for all the handling phases. Like 213Bi, 212Bi exhibits a short half-life (60.6 min) which requires rapid targeting as well as efficient production of radiolabeled carrier molecules. On the other hand, in vivo release issues regarding 212Bi daughter radionuclides are negligible due to the short decay chain of 212Bi to stable 209Bi and the short half-lives of the daughters induced (Figure 6).



5.1. Production


212Bi can be directly recovered from parent radionuclides 228Th or 224Ra, both being daughters of 232Th decay chain. The main production route of 228Th is by extraction and purification after natural disintegration of aging 232Th [190]. Thereafter, 228Th is adsorbed as nitrate complexes on an anion-exchanger column and used as basis for 224Ra/212Bi generator. In these conditions, separation of the direct daughter 224Ra is possible and the eluate is then adsorbed on AG-MP-50, a microporous organic cation-exchange resin, forming the 212Bi generator. 212Bi can be selectively eluted with diluted HCl (1–0.25 M) or HI (0.05–0.2 M) solutions with low levels of 212Pb contamination [191]. In addition to activity levels around 0.7 GBq that can be reached in a production cycle, this method is the only one to be considered as reliable enough for continuous availability of 212Bi. Other 228Th based generators with deposition on a column of Na2TiO3 [192] or by incorporation into barium stearate were also developed [193]. Both routes use the short half-life daughter 220Rn, either by elution with water into a reservoir, or by vapor condensation into a collection chamber. However, production yields were greatly influenced by radiolytic damages on the purification column or on Ba stearate and did not provide sufficient activity to carry out further radiochemical or preclinical experiments.




5.2. Radiolabeling Chemistry


Both bismuth radioisotopes exhibit identical physico-chemical properties, consequently, the radiolabeling chemistry presented previously for 213Bi is also valid and the same chelating agents are used. DTPA or DOTA derivatives were often used to form stable complexes with 212Bi [163].




5.3. Preclinical Studies


212Bi was also early investigated in preclinical investigations, especially after validation of stable conjugation of 212Bi-DTPA to anti-Tac mAb as well as a high cytotoxicity toward human interleukin 2 (IL-2) receptor positive T-cell leukemia line [194]. This effect of 212Bi was also confirmed in several in vitro studies and promoted its interest for specific therapy with α-emitters [195,196]. The tendency was verified after evaluation in murine models of human colon carcinoma [197] or myeloma tumors demonstrated a significant impact on tumor evolution [198]. Later, the possibility to extend 212Bi half-life was considered using its direct parent radionuclide 212Pb. This approach based on the use of 212Pb as an in vivo generator of 212Bi clearly demonstrated an effect on tumor evolution without noticeable signs of toxicity [199]. This indirect source of α particles is currently favored instead of the direct use 212Bi and may explain why no clinical phase was started.





6. Lead-212


Lead is often presented as the heaviest stable element in the periodic classification and exhibits four stable isotopes: 204Pb, 206Pb, 207Pb and 208Pb. Among its 38 reported isotopes, five would have appropriate properties for detection (203Pb, 210Pb, 211Pb, 212Pb, 214Pb) but only two are suitable for clinical application, in imaging with 203Pb (SPECT) and therapy with 212Pb. 212Pb is a β-emitter but its interest in TAT comes from the fact that its first daughter is 212Bi (Figure 6). The short half-life of 212Bi can be overcome by using 212Pb in vivo generator of 212Bi.



6.1. Production


As parent radionuclide of 212Bi, 212Pb is also produced following the 228Th decay sequence and can be obtained in quite similar 228Th or 224Ra-based generators. In these systems, the nature of the ion exchange resin and the elution conditions will be the only differences to allow selective separation of 212Pb in comparison with 212Bi production. In 228Th/212Pb production route, 228Th is adsorbed onto a cation exchange resin (Dowex-50 × 8) in diluted 0.01M HCl. After decay, 212Pb and 212Bi can be selectively eluted from the column either by 1M HCl (or 0.5M HI) or 0.5M HCl, respectively [200]. Other 228Th generators mentioned in the 212Bi section could allow the recovery of 212Pb, but the problems discussed previously are also a limit for 212Pb production. 224Ra generators are another option as source of 212Pb. As discussed previously, 212Bi can be eluted from AG-MP-50 resin with diluted HCl or HI, but 212Pb can be eluted using higher acid concentration of 2M HCl. The generator eluate is then evaporated and digested several times with 8M HNO3 and finally extracted with diluted 0.1M HNO3. After pH adjustment to 5–5.5 with 5M NH4OAc, the resulting media can be used for radiolabeling [201]. With this method, between 75 and 90% of the eluted 212Pb can be extracted at the end of the process. On the other hand, the generator has to be replaced after one or two weeks due to the short half-life of 224Ra.



Alternative strategies based on new supports for 224Ra generator allowing an easier separation of 212Pb were recently reported. The use of actinide resin (AC or DIPEX® resin) showed the possibility to directly eluate 224Ra from a 228Th/224Ra generator. A supplementary purification step on actinide resin results in the isolation of 224Ra in 1M HCl. After evaporation, dissolution in 0.1M HCl and neutralization with 0.5M NH4OAc, the corresponding 224Ra generator solution in equilibrium with progeny is used for radiolabeling [202]. The use of a Pb-selective extraction resin (constituted of 18-crown-6 ether derivative) is another option for purification of 212Pb, washing with 2M HCl is performed to remove other metallic ions and the 212Pb2+ are directly eluted in acetate buffer pH = 6 [203]. Lastly, 224Ra was described to be separated in 0.1M HNO3 from parent radionuclides 228Th or 232U using a bis(2-ethylhexyl) hydrogen phosphate-polytetrafluoroethylene (HDEHP-PTFE) material. After adsorption of 224Ra on a cation exchange resin (Dowex 50Wx12), it is possible to selectively eluate 212Bi in 0.75M HCl or 212Pb in 2M HCl [204].




6.2. Radiolabeling Chemistry


Lead belongs to group 14 of the periodic table and is classified as a post-transition metal with a weak metallic character. Its [Xe] 4f14 5d10 6s2 6p2 7s2 electronic configuration makes the (+II) oxidation state predominant and to a lesser extend the (+IV) oxidation state. As a borderline acid according to Pearson’s HSAB principle, Pb(II) ion exhibits affinity for donor atoms as nitrogen and oxygen. Even if coordination properties are quite similar to Bi(III), DOTA-based chelators demonstrated a superiority for complexation of Pb(II) in comparison with acyclic chelating agents. The stability of Pb(II)-DOTA was especially validated with in vivo experiments after conjugation to a mAb [205]. However, despite the high stability of the association Pb(II)-DOTA, investigations of the chemical integrity of 212Pb-DOTA complex revealed that around 36% of 212Bi induced by natural decay of 212Pb was released out of the chelator [206]. Besides, in vivo experiments with 212Pb-labeled mAb showed that despite a clear tumor accumulation, internalization of 212Pb-immunoconjugate under acidic intracellular conditions causes release of 212Pb resulting in severe bone marrow toxicity [207]. Thereafter, carboxylate arms of DOTA chelator were substituted by carbamoyl methyl pendent, described to form metal complexes inert to metal release. The resulting TCMC macrocycle (1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) was developed to specifically chelate Pb(II) ion, and appeared to be more stable than Pb(II)-DOTA and especially at lower pH. The C-functionalized version p-SCN-Bn-TCMC allowed the preparation of TCMC mAb immunoconjugates, and is currently the main structure used for studies with 212Pb [208] (Figure 7). Recently, cyclen-based macrocycles with pyridine arms were compared to the two standard of Pb(II) chelation. The structure DOTA-3Py showed similar results than DOTA or p-SCN-Bn-TCMC in terms of chelator concentration, RCYs as well as stability in human serum and emerged as a possible alternative for Pb(II) chelation [209].




6.3. Preclinical Studies


Despite the stability problems with DOTA discussed above, evaluation of 212Pb-103A for the treatment of Rauscher leukemia virus (RVB3) validated tumor targeting with 212Pb-RIC, highlighted by a high tumor uptake (58% of the ID/g). Nevertheless, the release of 212Pb out of the tumor site and distributed in bones led to a severe bone marrow toxicity that did not allow determination of a therapeutic dose without lethal effects [207]. On the other hand, another investigation for targeting HER2 oncoprotein on ovarian tumors with 212Pb-AE1-mAb also resulted in similar toxicity for high doses (0.93–1.48 MBq), but in a complete response in all treated animal after administration of 0.37–0.74 MBq without marked signs of toxicity [199]. However, the therapeutic effect was more marked in small tumors and nearly no inhibition on tumor growth was noticed in larger tumor.



The emergence of TCMC chelating agent led to the development of 212Pb-RIC and especially to 212Pb-TCMC-trastuzumab that demonstrated promising preclinical results and rapidly reached the clinical phase. A complete strategy from 212Pb production to the labeling of proteins was also reported and allowed to facilitate accessibility to 212Pb-RIC and clearly contributes to the increasing interest of 212Pb in TAT [201]. Based on these principles, two preclinical studies were recently described with 212Pb-225.28 for the targeting of chondroitin sulfate proteoglycan 4 (CSPG4) overexpressed in triple-negative breast cancer and 212Pb-376.96 to the protein B7-H3 (CD276) in human pancreatic ductal adenocarcinoma (PDAC). Both 212Pb-RIC showed promising in vitro results with inhibition of cell lines survival and this tendency was confirmed in in vivo experiments with a high tumor uptake resulting in a positive effect on tumor growth in their respective model [210,211]. Similar results were also described in CD37 positive leukemia and lymphoma models with up to 90% survival of animals after treatment with a single injection of 212Pb-NNV003 [212].



Theranostic approaches are based on a unique radiopharmaceutical that can be used for both imaging and therapy. When the pair of radionuclides is different, a difference is often noticed in the biodistribution profile of the RIC, but the use of matched-pair radioisotopes allows to minimize this phenomenon. In that context, 203Pb/212Pb pair is of interest and is currently being developed with the publication of an increasing number of preclinical studies. First, 203Pb and 212Pb-radioconjugates were respectively studied for comparison of tissue distribution as potential agent for SPECT imaging and for evaluation of therapeutic efficacy, after association with panitumumab F(ab’)2 fragment and Mmelanocortin 1 receptor targeted peptide (MC1L) [213,214]. Thereafter, with the increasing interest for PSMA as promising target for TRT of prostate cancer, PSMA ligands were prepared for chelation of 203/212Pb. These structures were globally based on the glutamate-urea-lysine sequence known as PSMA inhibitor as well as on functionalized TCMC or DO3AM chelating agents [215,216,217]. The resulting 212Pb-NG001, 203Pb-CA012 and 203Pb-L2 ligands showed a specific tumor uptake in animals with PSMA-positive tumors. Further investigations with 212Pb-NG001 and 212Pb-L2 demonstrated a positive effect on tumor evolution even if kidneys appeared to be the dose-limiting organ, that point requiring a long-term toxicity evaluation [216,217]. 203Pb versions of other PSMA ligands (L1–L5) were tested in small animals for SPECT imaging and allowed tumor visualization consistent with tissue distribution experiments [217]. 203Pb-CA012 was also investigated for imaging in biodistribution study, and was administered in two patients with mCRPC for additional dosimetry estimation of therapeutic dose of 212Pb-CA012 [215].




6.4. Clinical Evaluation


Trastuzumab is a humanized mAb well known to have recognition properties against HER2, a transmembrane tyrosine kinase receptor protein overexpressed in epithelial tumors found in breast, ovarian, pancreatic or colorectal cancers. Already studied with 213Bi, the corresponding 213Bi-RIC showed encouraging results in a peritoneal model of pancreatic and ovarian cancer. But in some cases, the need to increase the injected dose to get a clear therapeutic effect on animal survival was attributed to the short half-life of 213Bi that did not allow a sufficient irradiation time of tumor cells. Consequently, trastuzumab was radiolabeled with 212Pb as in vivo generator of 212Bi to overcome the difference of half-life between the protein and the radionuclide. 212Pb-TCMC-trastuzumab clearly resulted in a significant improvement in survival of animals bearing LS-174T xenografts after intraperitoneal administration of 0.37 MBq (19 vs. 56 days). Median survival was even more improved after multiple injections (up to 3 × 0.37 MBq) at one-month interval (110 days) [218]. Combination with chemotherapy agent as gemcitabine [219], paclitaxel [220] or carboplatin [221] also demonstrated a substantial increase in median survival. These promising data rapidly led to the first phase I study with 212Pb-TCMC-trastuzumab in which five dose levels were administered intraperitoneally to patients with primary or recurrent ovarian cancer. Pharmacokinetics data revealed that most of the injected activity remains in the peritoneal cavity, only low redistribution was measured in blood stream and none in other organs. Efficacy of this treatment protocol was highlighted by a reduction of tumor mass as well as the stabilization of tumor progression. The treatment was globally well tolerated, only little toxicity was noticed with some adverse event and no signs of myelosuppression or immune response were detected [222]. Further work on long-term monitoring of the treated patients allowed to confirm that no late toxicity could appear. Besides, a detailed study of several tumor markers identified that TAG-72 serum levels could be a good indicator of tumor response after treatment [223].



212Pb-DOTAMTATE (AlphaMedixTM) constituted of a TCMC chelating cavity conjugated to the somatostatin analogue octreotate was developed for PRRT of NETs. Preclinical evaluations showed promising results with high uptake in tumor and a full survival in treated animals with doses of 0.74 MBq. Treatment fractionation as well as association with a chemotherapy agent allowed to improve the therapeutic effect of 212Pb-DOTAMTATE [224]. These encouraging data led to the start of a clinical trial in PRRT naïve-patients with somatostatin receptor positive NETs. Thirteen patients were included in this phase I evaluation in which three treatment cycles every 8-weeks demonstrated a positive response highlighted by a decrease in tumor size and a well-tolerated treatment with only moderate side effects, even at the highest doses (NCT03466216) [225].





7. Radium-223


Radium is an alkaline earth metal originating from the decay process of 235U, 238U or 232Th. Among its 33 known isotopes, only four occur naturally: 228Ra (5.75 y) and 224Ra (3.63 d) from 232Th, 226Ra (1600 y) the most abundant, from 238U (stable) and 223Ra (11.4 d) from 235U (703,800,000 y). 223Ra and 224Ra are both α-emitters but the decay chain of 224Ra includes daughter nuclides such as 220Rn (56 s) and 212Pb (10.6 h) with non-negligible half-lives that could be problematic because of their potential redistribution in the whole organism. Therefore, 224Ra has been much less investigated than 223Ra, mainly for treatment of noncancerous bone diseases, encapsulation in particles or as generator of 212Pb.



223Ra decays to 219Rn (3.96 s), 215Po (1.78 ms), 211Pb (36.1 min), 211Bi (2.14 min), 207Tl (4.77 min) or 211Po (0.52 s) and stable 207Pb. This long disintegration sequence generates four high energy α particles, two β- particles and γ rays conducing to a total energy emitted around 28 MeV. The cascade of α particles generated (around 96% of the total energy) allows to increase the radiation dose received by the targeted tissues, whereas low energy γ component (269 keV) is of interest for monitoring (Figure 8).



7.1. Production


Whereas 223Ra can be recovered from decay of 235U (or one of its daughter nuclide) through the cascade 235U, 231Th (25.5 h), 231Pa (3.28 × 104 y), 227Ac (21.7 y) and 227Th (18.7 d), this approach based either on the exploitation of natural uranium ore (composed of 0.7% of 235U) or on its daughter 231Pa, remains quite limited. Another possibility is from 227Ac decay, which substantially improved 223Ra availability especially through the development of 227Ac-227Th-223Ra generator. The 227Ac necessary for this procedure is mainly produced by thermal neutron irradiation of 226Ra targets following the 226Ra (n,γ)227Ra—227Ac reaction (in nuclear reactor) [226,227] or to a lesser extent by proton irradiation of natural 232Th targets. For this latter method, a 10-day irradiation using an intense proton beam of 800 MeV demonstrated the possibility to generate 227Ac through the 232Th (p,x)227Ac reaction. In these irradiation conditions, it has to be mentioned that direct production of 223Ra (232Th (p,x)223Ra reaction) and production of 227Th (232Th (p,x)227Th reaction) are also possible [22]. Similar work was also reported from proton irradiation with a lower energy (90–135 MeV) and confirmed the interest in 227Th production whereas direct production of 223Ra in those conditions was not significant [228]. However, despite these few production routes, accessibility of 227Ac and 227Th is still limited and others alternatives based on recycling of actinium/beryllium neutron source [229] or by treatment of production waste generated after cyclotron production of 225Ac [230] were also reported.



Beyond production route of 223Ra, separation of the 227Ac-227Th-223Ra mixture is also an important step in order to recover 223Ra with an appropriate purity for biomedical applications. The difference in electrical charge between 227Ac3+, 227Th4+ and 223Ra2+ cations results in the formation of negatively charged species with nitrate ions that facilitate their separation by using ion exchanger materials. In the first reported method, a mixture of 227Ac and 227Th in 1M HCl isolated from a 231Pa solution was deposited on a column packed with a strong anion-exchange resin based on P,P’-di(2-ethylhexyl)methanediphosphonic acid moiety (Dipex-2). While 227Ac and 227Th are selectively retained, 223Ra can be recovered with 1M HNO3 and concentrated on an AG 50W-X12 cation exchange resin to be recovered in 8M HNO3, evaporated to dryness and dissolved in a sodium chloride/sodium citrate solution before use [231]. Other purification processes by anion exchange in a methanol/water nitric acid solution were also developed, using an AG1-X8 column allowing the selective separation of 223Ra (with a 4:1 MeOH/1M HNO3 mixture), 227Ac (with 8M HNO3) or 227Th (with 0.5M HCl) [229], or a Dowex 1 × 8 resin for recovering 223Ra (with a 4:1 MeOH/2M HNO3 mixture) [230]. An alternative method was reported which consisted in the isolation of 223Ra after elution on a Dowex 1 × 8 resin with a 4:1 MeOH/0.7M HNO3 mixture, then using a strong cation exchange column with Dowex 50 × 8 in order to carry out 223Ra in an EDTA-saline solution (Na2EDTA-NaCl at pH = 7.4–8) allowing a direct administration after purification [232].



It has to be mentioned that 227Th is also obtained from 227Ac decay and that similar methodology is often used for separation from residual 227Ac or daughters such as 223Ra. Usually, the corresponding mixture in solution in 7M HNO3 is deposited on an AG1 × 8 anion exchange chromatography resin, and 227Th is selectively retained when other radionuclide have eluted from the column. 227Th is then recovered in 12M HCl, evaporated to dryness before dissolution in 0.1M HNO3 to be used for radiochemistry [233]. The ability to purify 227Th from daughters or residual 227Ac was also demonstrated by other unusual methods such as extraction chromatography columns (TEVA or UTEVA resins) [234] or micro-spin column with cation exchange resin for a direct elution in buffers compatible with antibody radiolabeling [235,236] (see the Thorium section).




7.2. Radiolabeling Chemistry


Radium belongs to group 2 of the periodic table and consequently exhibits similar chemical properties to its lighter homologues magnesium, calcium and barium. With a [Rn] 7s2 electronic configuration, the corresponding divalent cation Ra2+ is the only species formed. Concerning its potential chelation, as a hard acceptor, a more pronounced affinity to hard donor atoms such as oxygen is expected. However, only few chelating agents including DOTA, Kryptofix 2.2.2 or calix [4]-tetraacetic acid have been studied for chelation of 223Ra2+ [237,238]. Even if the latter demonstrated the ability to form the most stable complex, it remains anecdotal and coordination chemistry of radium is still quite limited. Consequently, the lack of an efficient chelating agent do not allow conjugation to biomolecules as other α-emitters, and even if retention in structures such as nanoparticles is possible, 223Ra is mainly used in its chlorine salt form [223Ra]RaCl2.




7.3. Preclinical Studies


Bone tissues are mainly composed of osteoblasts which are cells involved in bone formation by production of the mineral component hydroxyapatite Ca10(PO4)6(OH)2, and osteoclasts which are cells involved in bone degradation. In healthy bone tissues, a balance between osteoblasts and osteoclasts allows regular bone regeneration, but in the case of bone metastases, cancer cells disturb this cycle and favor the production of osteoblasts. The stimulation of osteoblasts creates zones of high consumption of substrates necessary for the formation of hydroxyapatite [239,240]. Due to its chemical properties similar to calcium, Ra2+ naturally targets this mineral component, being incorporated by substitution with calcium ion in the bone matrix. Under those conditions, a supply of radium would increase its possible inclusion into hydroxyapatite. Consequently, conjugated to its bone-seeking properties, radiations of 223Ra appeared as a promising option for therapy of skeletal metastases [241].



The first in vivo investigations confirmed the potential of 223Ra with a rapid clearance from blood and soft tissues by intestinal absorption, as well as a significant accumulation and retention on bone surfaces. The evaluation in nude rats grafted with MT-1 cells, a breast cancer cell line known to cause skeletal metastases, was the first to highlight the antitumor effect of 223Ra [242]. Significant survival was observed in animals treated with activities ≥10 kBq (corresponding to 100 kBq/kg) without any signs of toxicity (on bone marrow or body weight loss). In comparison with commercial β-emitters bone-seekers such as 89SrCl2 (Metastron) or 153Sm-EDTMP (Quadramet), a higher selective uptake was noted for 223Ra2+. Even if an accumulation in some soft tissues such as spleen or kidneys was also measured, the high specificity of 223Ra could allow to decrease the injected dose in order to minimize this effect. Besides, due to the lower cross-fire effect of α particles, the radiation dose is more localized to bone surface and allows to better preserve bone marrow compared to β-emitters [243]. A complementary work for the evaluation of potential toxicity of 223Ra was performed in mice after intravenous administration of high dose levels (1250, 2500 or 3750 kBq/kg). This study pointed out the tolerance of bone tissues to these levels of radiation with only a low dose-related effect on hematopoietic cells [244].



After in vivo administration of 223Ra, questions about the outcome of decay products can naturally be raised. The long half-life of 223Ra allows a deeper inclusion into bone mineral, in a greater proportion, and an elimination of the fraction that has not been fixed (avoiding irradiation of soft tissues). In these conditions, redistribution of daughter nuclides is minimized because they become trapped in bone tissues. Besides, the short half-life of the first daughter 219Rn (3.96 s) is also an element for fewer chances of migration out of the bone. That is for these reasons that 223Ra was mainly favored in regards to 224Ra that exhibits a half-life of 3.63 days and decays to 220Rn with a half-life of 56s. Animals experiments with 224Ra showed that a significant fraction of 220Rn diffused away from bone site, when redistribution was only estimated below 1% of the total activity in bone for 223Ra [245,246]. Nevertheless, 224Ra shows interesting therapeutic properties and was one of the first α-emitters to be used in clinical application for treatment of ankylosing spondylitis for a while, but questions about the dose administered as well as doubts about the development of others malignancies in treated patients resulted to the market withdrawal of 224Ra dichloride [247,248]. Unlike 223Ra, 224Ra appears no longer in use under its dichloride form, however, it has been described as generator of 212Pb/212Bi [202], or in others strategies to prevent redistribution phenomenon described above by use of 224Ra in solution with a chelating agent EDTMP for retention of 212Pb [249] or by encapsulation in microparticles [250] or liposomes [251].




7.4. Clinical Evaluation


In early-stage prostate cancer, tumor cells are only located in the prostate and can be more easily treated by surgery, external beam radiations or brachytherapy. When advanced phases are diagnosed, metastatic dissemination in bone tissues is frequently observed, and others treatment options such as chemotherapy or more often hormone therapies are applied. This latter strategy allows to slow cancer cells growth and limit the spread of metastases by the use of blocking agents of androgenic hormones production. Unfortunately, in most cases, malignant cells develop a resistance to this form of treatment meaning that the pathology evolves to a mCRPC. That is in this specific model of bone metastases in mCRPC that 223RaCl2 was mainly evaluated.



The promising results shown by 223Ra in the preclinical phase resulted rapidly in a phase I study in 25 patients with bone metastases from breast and prostate cancer. Single injections of several dosage levels (46, 93, 163, 213 and 250 kBq/kg) were administered to patients and showed a clear effect on bone metastases evolution, especially on the reduction of alkaline phosphatase, a marker of bone cancer development. As conclusion, a median survival of patients was evaluated to be over 20 months and a phase II study was considered. Only reversible myelosuppression and mild to moderate side effects including diarrhea, bone pain or fatigue were noticed [252]. More specific studies on pharmacokinetic and biodistribution aspects confirmed the first tendency observed with a rapid blood clearance, low hematologic toxicity and a clear effect on several biomarkers of tumor evolution such as PSA, alkaline phosphatase and serum N-telopeptides [253]. A phase II randomized study evaluated the combination of external-beam radiotherapy with multiple injections of 223Ra (4 × 50 kBq/kg) every four weeks in 64 patients with mCRPC. Like the phase I conclusions, a significant effect was also noticed on blood biomarkers (decrease in alkaline phosphatase and PSA concentrations). This treatment option also allowed the prevention of skeletal-related events (complication due to bone metastases such as bone pain, risk of death…) still without detection of signs of toxicity. From these results, the possibility to increase the injected dose and to extend the treatment duration were mentioned in order to improve the response [254]. After that, the Phase III ALpharadin in SYMptomatic Prostate CAncer patients (ALSYMPCA) study with a large cohort of patients with mCRPC (n = 921) was started to definitively validate the promising results from the previous phases. In this work, an improvement of overall survival of 3.8 months was determined with a decrease of 30% in risk of death in comparison with placebo group. Finally, it confirmed the interest in 223Ra treatment and also opened new prospects for a possible association with chemotherapy agent [255,256].



Following these clinical evaluation phases, 223RaCl2 (Xofigo®; Bayer AG, Berlin, Germany) was validated by FDA in 2013 for treatment of bone metastases in cases of mCRPC, and became the first radiopharmaceutical approved for TAT. As mentioned above, due to its different mechanism of action in comparison with chemotherapy agents, the possibility of an association could offer a better treatment efficiency. Several combinations are currently studied in phase I or phase II trials, especially with enzalutamide (an androgen receptor signaling inhibitor, NCT03305224), pembrolizumab (a monoclonal antibody against PD1 protein, NCT03093428), niraparib or olaparib (both are inhibitors of poly-ADP-ribose polymerase, NCT03076203 or NCT03317392). Even if advanced prostate cancer is the main pathology targeted with 223Ra, this radionuclide is under investigation in others pathologies associated with bone metastases such as breast or renal cancer [257,258]. The work on clinical applications with 223Ra is considerable and detailed reviews can provide more information about the global state of art on 223Ra but also on the ongoing clinical trials [259,260,261].





8. Terbium-149


Terbium is a rare-earth metal with only one stable isotope, 159Tb, whose physico-chemical properties are interesting for the development of fluorescent complexes. This element is also described as the “Swiss army knife of nuclear medicine” because among its thirty-six isotopes reported, four of them exhibit suitable properties to cover all modalities in nuclear medicine: 152Tb (17.5h, Eβ+ = 1.08 MeV) for positron emission tomography (PET) [262,263], 155Tb (5.32d, Eγ = 86.55 keV) for SPECT and Auger electron therapy [264], 149Tb (4.1h, Eα = 3.97 MeV) and 161Tb(6.89 d, Eβ- = 0.154 MeV) for therapy [265,266]. 149Tb decays to several radiolanthanides by emission of low energy α (3.97 MeV, 17%), electron capture (76%), and β+ particles emission (730 keV, 7%), making it interesting for TAT and a possible follow-up by PET. It has to be mentioned that the potential radiotoxicity of the daughter isotopes (long half-life) generated is still to be determined (Figure 9).



8.1. Production


Three main production routes have been reported: (i) via the 152Gd(p,4n)149Tb reaction [267,268,269]. This light particle induced reaction on 152Gd requires a proton energy beam of around 50 MeV and can be performed in commercial high energy cyclotrons (70 MeV). In addition to high production yields able to supply a possible clinical use, the conditions of production are quite easily available, making this route very promising. However, the main drawback of this method is that natural Gd is not adapted for the production and the material used has to be highly enriched for a more efficient production process [270]; (ii) via the 181Ta(p,spall)149Tb reaction followed by mass separation. 149Tb is often produced using spallation reaction of high-energy protons (1.4 GeV) to a tantalum target. This method is also very reliable and could allow to produce large quantities of 149Tb (Ci level) [267]. The main drawback is the cost of high-energy accelerator and the current limited efficacy of mass separation; (iii) via heavy ion induced nuclear reactions. Among this category, the indirect route consists in the irradiation of a neodymium target by a 12C-ion beam generating 149Dy (4.20 min) that decay to 149Tb (142Nd(12C,5n) 149Tb reaction) and the direct route is the 141Pr(12C,4n)149Tb reaction. Even if the indirect route showed more interesting yields than the direct one, production yields and radiochemical purity reported were very low in comparison with the two first routes mentioned. Besides, the availability of accelerators equipped with a 12C-ion beam is quite limited [267,271,272].



Recently, another production route based on the irradiation of an 151Eu target with a 3He-ion beam via the 151Eu(3He,5n)149Tb reaction was reported. The advantages are a wider availability of the target material (151Eu is more abundant than 152Gd) and a much easier radiochemical process with the possibility to remove 151Eu after irradiation in aqueous solution as a 151Eu(II) species. However, the main limitation is the ability to have access to an equipment with a high intensity 3He-beam [273,274,275].



Whatever the production route, reactions are nonspecific and induce contaminations by others terbium isotopes (such as 150Tb and 151Tb), daughter isotopes (145Eu or 149Gd) or byproducts (133Ce or 133La), that cannot be removed by conventional purification methods. The isotope separation process (high precision mass spectrometry, ISOLDE facility at CERN) is currently used to get 149Tb with high purity. During or after irradiation, radiolanthanides spread out of the target by heating and are ionized before separation according to their mass-to-charge ratio using online mass separator or off-line system respectively. The radionuclide of interest are recovered on aluminum or zinc coated gold foils (inert support) that are then dissolved in hydrochloric or nitric acid. Then, the resulting solution is adsorbed on a cation exchange resin that allows for separation of isotopes by slow elution with α-hydroxyisobutyric acid. Finally, the radionuclide is obtained in an appropriate media for radiochemistry.




8.2. Radiolabeling Chemistry


Generally, lanthanides are found in the (+III) oxidation state in solution. Chemical properties of Ln3+ ions are mainly ruled by the 4f valence electrons. Being hard acceptor species, the chelating agent should be comprised of hard coordination sites (oxygen or nitrogen Lewis bases) like carboxylic acid, phosphonates, amine or amine derivatives. Consequently, multidentate acyclic (DTPA derivatives) or macrocyclic (DOTA derivatives) chelators are appropriate for a stable coordination of this radioisotope. DTPA is one of the first acyclic chelator that has been studied in radiochemistry and that has demonstrated adequate chelation properties with many (radio)metals. However, it was overtaken in terms of stability by a second generation of derivatives such as CHX-A″-DTPA (stability improved by the rigidity brought with cyclohexane moiety) even if they are still considered as less stable than complexes from DOTA macrocycle. Therefore, functionalized derivatives p-SCN-CHX-A″-DTPA and p-SCN-Bn-DOTA were preferred in preclinical studies with 149Tb.




8.3. Preclinical Studies


It was in the 90s, with the emergence of interest in α-emitters that the real potential of 149Tb was detected and its development encouraged [276]. While 213Bi was already in clinical trials, and was presented as a reference, a comparative study reported the targeting of a mutated E-cadherin adhesion protein (d9) only expressed in gastric cancers. Both 149Tb and 213Bi-radioconjugates showed similar immunoreactivity fractions (respectively 30% and 35%), as well as a very low internalization rate. Despite some differences in isotopes properties (half-lives, decay chain, or LET), a clear effect on cells proliferation (MDA MB 435S human breast cancer cells transfected with mutated d9 E-cad) was observed with both immunoconjugates [277].



The same chelating unit was then associated with the monoclonal antibody rituximab (149Tb-rituximab) for the targeting of CD20 receptors expressed at the surface of B cells in Non-Hodgkin Lymphoma (NHL) or chronic lymphocytic leukemia. For this first preclinical study, a lethal number of Daudi cells (derived from a human Burkitt lymphoma) were xenografted into severely combined immune-deficient mice. 149Tb-rituximab was injected three days after grafting in order to specifically target the circulating single cancer cells. Treatment with a single injection of 5.5 MBq of 149Tb-rituximab demonstrated a significant increase in survival (around 89%) over 120 days, with no signs of toxicity in comparison with control groups. Besides, this study also provided information about the in vivo fate of 149Tb daughter nuclides. At early time points the majority of the radioactivity was located in organs with high blood pool such as spleen, heart, kidney and also liver. However, after four months, more than 70% of the initial dose was excreted and the resulting radioactivity from daughter nuclei was measured in bone tissue and liver, as expected for free lanthanide. Authors suggested that the injection of chelating agents such as EDTA or DTPA just after treatment could reduce this amount [278].



149Tb as well as its three others isotopes of interest 152Tb for PET, 155Tb for SPECT and 161Tb for therapy with low energy α particles, were the object of an interesting investigation in which a new construct (cm09) was developed including a DOTA as chelating moiety, associated to folic acid as vector for targeting folate receptor-positive cancer cells (involved in many types of cancers such as breast, colorectal, renal or ovarian cancer) and to 4-(p-iodophenyl) butyric acid, to enhance affinity with human serum albumin for extending the blood half-life of the conjugate [279]. 161Tb being more easily available, most of the experiments (stability in human serum, in vitro and in vivo) were done with this isotope and 149Tb was used only in the therapy study. An increasing uptake in tumor over 24 h as well as a fast global clearance resulting in high tumor to background ratios were observed in the biodistribution study. The only drawback detected was a quite high and prolonged uptake in kidneys. Therapy study was performed with two injections of 149Tb-cm09, 1.1 MBq at day 0 and 1.3 MBq at day 4 or a single injection of 161Tb-cm09, with 11 MBq activity calculated to get a quite similar absorbed dose in tumor in comparison with 149Tb-cm09. A prolonged survival time was observed in both protocols even if the effect seemed to be slightly clearer with 161Tb-cm09. However, some limiting factors of this study (such as availability of 149Tb or limited number of animals involved) do not allow to conclude on the real effect of these two radioconjugates. On the other hand, 152Tb-cm09 and 155Tb-cm09 allowed researchers to get satisfying images of xenografted tumors in mice in PET and SPECT modalities, respectively. Using exactly the same probe and element, this work demonstrated the possibility to perform imaging, but especially therapy offering alternatively α (for single cells) or β− (large tumors) particles or even to consider a cocktail for a better efficacy. Overall, it confirmed the potential of these four terbium isotopes for clinical applications [279]. In order to support these first results, supplementary experiments were published few years later. The radiosynthesis and stability of 149Tb-cm09 as well as in vitro effect (activity dependent inhibition) on viability human KB cancer cells via folate receptor specificity, were validated. Concerning the therapy part, a quite different procedure was selected with a single injection of 1.5 or 2.2 MBq of 149Tb-cm09 in mice bearing KB tumor model. It resulted in an inhibition of tumor growth of 62% and 85% leading to an increase in the survival time of 45% and 105%, respectively. No particular toxicity was observed in blood plasma parameters even in the kidneys, an organ that showed a non-negligible uptake in the previous study. Despite these encouraging results, more toxicity data about the impact of 149Tb-cm09 on kidneys are necessary. Dosimetric calculations showed that absorbed dose by the tumor in the two groups treated with 149Tb-cm09 was slightly lower than the calculated dose for 10 MBq of 161Tb-cm09 (19 or 26 Gy vs. around 33 Gy) tested in the first series of experiments. Potential absorbed dose and observed effect on tumor growth indicate an improved impact of alpha therapy in comparison with beta. However, it is obvious that this tendency must be confirmed with further investigations involving similar dose of 149Tb- and 161Tb-radioconjugates [280].



Finally, as with 225Ac or 213Bi, 149Tb was recently investigated for the treatment of metastatic castration-resistant prostate cancer (mCRPC) using the small ligand PSMA-617 [281]. Even if 225Ac-PSMA-617 and 213Bi-PSMA-617 showed very promising results, 149Tb exhibits interesting physical properties as an intermediate half-life and especially, a decay chain without the emission of additional α that could result in irradiation of non-targeted tissues.



Based on 177Lu-PSMA-617 biodistribution data, calculations of the distribution in tumor, blood kidneys and liver as well as corresponding ratios resulted in values generally higher than with 213Bi-PSMA-617, but quite lower than 225Ac-PSMA-617. Estimations of the absorbed dose of 149Tb-PSMA-617 to tumor appeared to be higher than that of 177Lu-PSMA-617. This tendency was similar with the dose to kidney estimated about 10 times higher than with 177Lu-PSMA-617. Nevertheless, this dose remains below the well-tolerated limit of 23 Gy reported in previous therapy study with 177Lu and could correspond to an equivalent of six injections of 6 MBq of 149Tb-PSMA-617. The therapeutic study was led on mice xenografted with transduced PC-3 human prostate cancer cells (PC-3 PIP) to express high levels of PSMA. The procedure was performed with four groups: a control group, a group receiving a single injection of 6 MBq of 149Tb-PSMA-617, a group with 2 × 3 MBq of 149Tb-PSMA-617 at day 0 and day 1, and the last group with 2 × 3 MBq of 149Tb-PSMA-617 at day 0 and day 3. In comparison with control group, a significant delay in tumor growth as well as an increased median survival were observed for treated mice, even if a better effect was noticed for groups that received a fractionated dose. No sign of toxicity was measured in blood plasma parameters, body weight or organ mass in all tested groups.



β+ particles emission of 149Tb makes the 149Tb-conjugates particularly interesting for imaging. The proof-of-concept of this “alpha-PET” approach was demonstrated with 149Tb-DOTANOC in mice xenografted with pancreatic cell lines and resulted in high quality PET images [282]. It has been further developed in this study with the injection of 5 MBq of 149Tb-PSMA-617 in mice with PC-3 PIP tumors. A selective accumulation was noticed in tumors and concerning normal tissues, high uptake in bladder (due to the renal excretion) and to lesser extend in kidneys. The possibility of the use of 149Tb-radio(immune)conjugates in PET imaging is a real advantage over others α emitters [281].



Overall, 149Tb demonstrated an obvious potential for TAT. However, its availability is the main limitation to its wide development especially because the technology necessary for its production (high energy accelerators and mass separation system) is specific and still needs improvements to reach the potential needs. This partly explains why only few preclinical studies were reported and to our knowledge, no clinical trials have started yet.





9. Thorium-227


Thorium is a metal of the actinide series whose isotopes are all radioactive. Natural thorium exists almost exclusively as 232Th and to a lesser extend 230Th. Thorium isotopes exhibit mostly very short (few μs or ms) or long (few years) half-lives and only two exhibit a potential for TAT: 226Th (30.6 min) and 227Th (18.7 days). Nevertheless, due to a difficult production process (from 230U decay), availability of 226Th remains presently anecdotal with respect to the amount needed for research, and 227Th emerged as the most promising candidate.



9.1. Production


As reported in previous section, 227Th is the precursor of 223Ra through the emission of a 5.9 MeV α-particle. Therefore, decay characteristics, properties as well as production routes detailed for 223Ra are also valid for 227Th.




9.2. Radiolabeling Chemistry


The electron configuration of Th is [Rn]6d27s2. Consequently, Th(IV) is the only stable oxidation state in aqueous medium. Similarly to 223Ra, free 227Th exhibits appropriate characteristics for incorporation into hydroxyapatite, resulting in a natural affinity for bones. Unfortunately, its use as a bone targeting agent is not appropriate because of uptake in soft tissues such as kidneys (renal clearance), liver or spleen. On the other hand, unlike 223Ra, 227Th can form stable complexes with appropriate chelating agents. In order to better manage thorium radiations, its association with phosphonate derivatives that are well known to have similar targeting abilities to bone tissue were investigated first. 227Th-complexes with polyphosphonate ligands such as diethylene triamine N,N′,N″-penta(methylene)phosphonic acid (DTMP), 1,4,7,10-tetraazacyclododecane N,N′,N″,N‴-1,4,7,10-tetra(methylene)phosphonic acid (DOTMP) and ethylenediamine-tetramethylenephosphonic acid (EDTMP) demonstrated a high and selective bone uptake, quite long retention in bones as well as promising in vivo stability [233,283].



Like other radionuclides, Th(IV) is stably chelated by DOTA, allowing for conjugation to a biomolecule from a functionalized DOTA. This method was largely applied to 227Th using p-isothiocyanatobenzyl-DOTA. Early studies reported the preparation of 227Th-DOTA complex at pH = 5.5 and 55 °C for 40 min followed by the conjugation step with two different antibodies (rituximab and trastuzumab). This two-step procedure showed overall radiochemical yields from 6% to 17% with at least 1 mg of antibody [284]. This procedure reflects issues usually encountered with DOTA-based chelating agents, namely use of an elevated temperature incompatible with heat-sensitive proteins and which implies a two-step procedure. Consequently, it was necessary to make the radiolabeling procedure more efficient and particularly workable at milder reaction conditions (i.e., room temperature).



Inspired from siderophores (natural chelators with high affinity for iron), many synthetic analogs were developed for the chelation of actinides ions for applications as in vivo decorporation agents. The hydroxypyridinone moiety (HOPO) emerged as one of the most efficient chelating unit for binding actinides. More precisely, the 1,2-HOPO or 3,2-HOPO isomers are of interest and allow to get a promising range of chelators after grafting on a polyamine scaffold. Several polydentate HOPO ligands demonstrated their efficacy and selectivity for chelation of some lanthanides and actinides as well as low in vivo toxicities [285,286,287]. Thorium complexes confirmed interesting chelation properties with high stability constant [288,289]. This preliminary work resulted in the development of the octadentate ligand 3-hydroxy-N-methyl-2-pyridinone (Me-3,2-HOPO) bearing a carboxylic arm for conjugation to biomolecules. In addition to a faster and more efficient 227Th complexation than DOTA, complex showed fast and complete blood elimination after 24h, excretion through the hepatobiliary system, and more importantly, no significant radiation dose to bones, sign of a good in vivo stability [290,291]. This new chelating agent makes possible the direct labeling of modified antibodies after conjugation to ε-amino groups of lysine residues with usually around one ligand grafted per antibody [292]. Grafting of chelating unit as well as radiolabeling did not impact the recognition properties of the antibody and the resulting 227Th-immunoconjugate demonstrated a high in vitro stability over at least 48h. It has to be mentioned that from 2016 the use of this chelator was favored for preclinical and clinical studies.



A comparative study of chelating agents containing HOPO or picolinic acid (pa) moieties was recently reported for possible complexation of 226Th. Chelation properties of octadentate HOPO ligands were confirmed and octadentate or undecadentate pa ligands appeared as potential chelators for thorium by demonstrating high radiolabeling yields and interesting stability of the corresponding complexes [293].




9.3. Preclinical Studies


First preclinical evaluations were performed with 227Th-p-benzyl-DOTA-rituximab (or 227Th-rituximab) for the targeting of CD20 receptors expressed at the surface of B cells in Non-Hodgkin lymphoma (NHL) or leukemia. Further investigations validated properties of 227Th-rituximab towards several CD20 positive lymphoma cell lines (Raji, Rael and Daudi cells) [284,294,295]. Association with trastuzumab (Herceptin®) for the targeting of human epidermal growth factor receptor-2 (HER2/neu), a tyrosine kinase receptor that is overexpressed in more malignant forms of metastatic breast or ovarian cancers, represents another consequent part of 227Th investigations. Other reports include 227Th-p-benzyl-DOTA-trastuzumab (or 227Th-trastuzumab) on HER2-expressing cell lines from breast and ovarian cancer models [296,297,298].



La protein is involved in important biological processes such as transcription and translation. After DNA damage induced by radiations or drugs, this protein is highly expressed by cells in late stages of apoptosis and appeared as a promising target for necrotic tumor cells. Conjugated to the La-specific murine mAb DAB4 (APOMAB®), administration of 227Th-DOTA-DAB4 as monotherapy or in combination with chemotherapy (gemcitabine and cisplatin) was studied in mice bearing Lewis Lung 2 tumors. While monotherapy showed a moderate antitumor activity, association of treatments resulted in higher responses whatever the injected dose of 227Th-DAB4 (5, 10 or 20 kBq). These interesting results being explained by a “cascade reaction” with an effect of chemotherapy leading to cells in apoptosis process, easier to target with 227Th-DAB4 [299].



Thereafter, a new generation of 227Th-RIC emerged with the development of a more efficient chelating unit bearing 3,2-HOPO moieties. Associated to the humanized mAb lintuzumab, the corresponding targeted 227Th conjugate (227Th-lintuzumab or CD33-TTC) was studied for the targeting of CD33, a sialic acid transmembrane receptor expressed in blood cancers and especially acute myeloid leukemia. Therapeutic efficacy of 227Th-lintuzumab (or CD33-TTC) in subcutaneous or disseminated HL-60 model was first investigated [292]. Among the wide range of biomarkers targeted, CD70, a transmembrane glycoprotein from the tumor necrosis factor (TNF) family naturally expressed in T-cells, deserved to be mentioned. Its receptor-ligand interaction with CD27 is known to play a key role in immune response. Overexpression of CD70 receptor was associated to the development of lymphomas or even solid cancers such as renal cell carcinoma. Dose escalation in 786-O xenografted mice showed promising results with a significant antitumor activity illustrated by an increase in median survival and with minimum 60% of animals still alive in all groups after the study time (131 days) [300]. Finally, fibroblast growth factor receptor 2 (FGFR2) is a cell-surface receptor tyrosine kinase participating in physiological processes such as proliferation, differentiation and survival through signalization pathways for tissue repair. This receptor was described to be largely overexpressed in several solid tumor cancer types such as gastric cancer, colorectal or triple-negative breast cancer. Recently, treatment with FGFR2-TTC conjugate associated with ataxia telangiectasia and Rad3-related inhibitor (ATRi) was reported. Combinations of ATRi and FGFR2-TTC were evaluated on several cancer cell lines from breast (MFM-223 and SUM52-PE), colorectal (NCI-H716), and gastric cancer (KATO-III and SNU-16) [301] (Figure 10).




9.4. Clinical Evaluation


Mesothelin (or MSLN) is a glycoprotein anchored to the surface of mesothelial cells, mainly localized in serous cavities of the body as pleura, peritoneum or pericardium. Whereas its expression is limited in normal conditions, it is overexpressed in many cancers including malignant mesothelioma, pancreatic cancer, ovarian cancer or lung and breast cancers. Recently, a MSLN-TTC (BAY2287411) developed from anetumab, a humanized anti-mesothelin mAb, was evaluated in several cancer models. In vitro study performed on 12 MSLN-positive cell lines showed a correlation between the level of surface expression and measured IC50. Further experiments on OVCAR-3 cells illustrated the mode of action of MSLN-TTC such as inducing DSBs (validated by detection of a phosphorylated form of H2A histone family member X), production of reactive oxygen species due to ionizing radiation, as well as G2-M cell-cycle arrest, all these phenomena leading to cytotoxicity. Biodistribution and efficacy studies were performed on cell-line derived xenograft (CDX) and patient-derived xenograft (PDX) models. Based on doses of 100, 250 and 500 kBq/kg, tumor uptake and growth response increased with the level of MSLN of studied cell lines. Fractionation of 500 kBq/kg into 2 × 250 or 4 × 125 kBq/kg showed a similar impact on tumor growth than single dose treatment, even if the response was slower due to the lower effective dose received by the tumor [302]. Combination of MSLN-TTC conjugate with DNA damage response inhibitors was recently reported, the idea being to prevent activation of DNA repair mechanisms in order to maximize damages induced by MSLN-TTC leading to cell cycle arrest. Even if the four inhibitors demonstrated a synergistic effect on several cancer cell lines, impact was more pronounced for ATRi and polyadenosine diphosphate ribose polymerase inhibitor (PARPi). Consequently, treatment strategy with both inhibitors was evaluated in vivo on mice with OVCAR-3 xenografts since a strongest synergy was measured for this cell line. Association of ATRi (40 mg/kg) + 100 kBq/kg gave a similar response on growth inhibition than a single dose of 250 kBq/kg, when effect of PARPi (50 mg/kg) + 100 kBq/kg was not significantly different than single injection of 100 kBq/kg. This can be explained by a different mode of action of PARP that is related to single-strand-breaks repair whereas ATR acts directly on DSBs. Consequently, results are not surprising since α-particles are known to cause mainly direct DSBs. Then, in further experiments on OVCAR-8 cell line (lower level expression of MSLN receptors and more rapid growth rate), similar moderate percentage of inhibition were measured for monotherapy with 3 × 200 kBq/kg of MSLN-TTC or ATRi (40 mg/kg). On the other hand, combination of both treatments resulted in a clear synergistic effect on growth inhibition [303].



The HER2 receptor, previously presented as target of 227Th-trastuzumab, was also recently studied with the new generation of HER2-TTC. As mentioned before, after being submitted to radiations, cells activate DNA repair mechanisms and especially enzymes binding to single-strand DNA in order to restore double-strand DNA as poly ADP ribose polymerase 1 (PARP-1) and PARP-2. Investigations were conducted with HER2-TTC to promote DNA damages in combination with PARP inhibitors (PARPi) to limit cellular response. The HER2-TTC/PARPi combination was evaluated on colorectal adenocarcinoma HER-2 positive cell line DLD-1 parental and DLD-1 BRCA2 −/− with an inactivation of BRCA2, a gene involved in DNA DSBs repair. Deficient BRCA2 −/− cells appeared to be more sensitive to monotherapy with PARPi (olaparib) or HER2-TTC in comparison with DLD-1 parental cell line. This tendency was confirmed in tests with combined treatment in which synergic effect was measured for DLD-1 BRCA −/ cell line while only additive effect was determined for DLD-1. In vivo study after intravenous injection of 120, 300 or 600 kBq/kg of HER2-TTC illustrated a dose-dependent tumor growth inhibition in both cell lines. It has to be mentioned that effect of 600 kBq/kg was more pronounced in DLD-1 BRCA2 −/−, traducing a higher sensitivity to HER2-TTC. Monotherapy with PARPi (25 or 50 mg/kg) also led to an anti-tumor effect only on the DLD-1 BRCA2 −/− cell line. Similarly, combination of PARPi with 120 kBq/kg (that demonstrated a low effect as monotherapy) or 300 kBq/kg HER2-TTC appeared to be synergistic effect on tumor growth but not for parental DLD-1 cell line [304].



The last targeted thorium-227 conjugate reported was towards PSMA or more specifically, glutamate carboxypeptidase II (GPCII) regulated by folate hydrolase 1 (FOLH1) gene and specific of prostate cancer cells (including in mCRPC). The corresponding efficacy study from administration of 75, 150 or 300 kBq/kg (antibody amount fixed at 0.43 mg/kg) of PSMA-TTC (BAY2315497) demonstrated a significant antitumor effect. As a mimic of advanced stage of prostate cancers, further experiments were conducted on castration resistant models (MDA-PCa-2b, 22Rv1 and C4-2). Even if higher doses of PSMA-TTC (100, 250 and 500 kBq/kg) with lower antibody dose (0.14 mg/kg) were injected, a marked effect on growth inhibition was also observed and appeared as independent of the evolution of cancer cells. Others tests on PDX with ST1273, enzalutamide-resistant KUCaP-1 and LuCaP 86.2 models followed the same tendency with a clear effect on growth inhibition resulting in partial or even complete response after treatment with 500, 300 and 300 kBq/kg, respectively. Complementary experiments revealed that the total antibody dose injected (500 kBq/kg with 0.14, 0.75 or 5 mg/kg) had no influence on distributions (with 0.14 or 0.75 mg/kg) or induced a decrease in tumor uptake (with 5 mg/kg only). Simultaneously, treatment fractionation (4 × 125 kBq/kg or 2 × 250 kBq/kg) appeared to result in similar effects on tumor growth whatever the protocol used [305].



Bayer AG has a strong presence in the development of 227Th radioimmunoconjugates and is at the origin of all classified clinical trials. The first Phase I concerning evaluations of dose-escalation, tolerability and maximum tolerated dose of BAY1862864 (227Th-epratuzumab) in refractory CD22-positive non-Hodgkin lymphoma, started in November 2015. This study was complete in November 2019 and results have not been reported to date (NCT02581878). The promising preclinical data presented previously for the last three 227Th-RIC allowed them to achieve clinical research stage. Phase I recruitment opened in April 2018 and is still ongoing until the end of 2024 for BAY2287411 (or MSLN-TTC) investigated in patients with solid tumors expressing mesothelin (NCT03507452). For BAY2701439 (or HER2-TTC), developed to target cancers with HER2 expression as breast cancer or gastric cancer, a Phase I opened in November 2019 and is expected to end by 2026 (NCT04147819). Finally, Phase I for BAY2315497 (or PSMA-TTC) started in December 2018, in patients with mCRPC and should end in 2023 (NCT03724747).



In this part, we reported a global overview of the potential of 227Th other recent reviews dedicated to this radionuclide can provide additional information [306,307,308].





10. Conclusions


This review provides a detailed summary of most promising α-emitters describing each step of the investigations with α-emitters from the production, physico-chemical properties, preclinical studies to finish by the reported clinical evaluations.



To summarize, the development of 225Ac can be clearly noticed at all levels of the process leading to clinical applications. Despite some problems to supply the actual demand, alternative production routes would allow to improve its availability over the next few years. As in radiochemistry, an increasing number of chelating agents are being reported for stable coordination of 225Ac, that naturally facilitate the preparation of 225Ac-radioconjugates. At the moment, 225Ac seems to be ahead in comparison with other α-emitters. The interest of Big Pharma on 225Ac is also due to its 9.9 d half-life that allows for centralized production at the level of a continent. Its daughter 213Bi was the first α-emitter to reach clinical evaluations, and naturally, future production is directly linked to that of 225Ac. Nevertheless, chemistry of Bi is well known and 213Bi exhibit a limited but efficient range of chelating agent. 213Bi has been widely studied and showed promising results in preclinical studies even if its short half-life is a hindrance to further development. New production routes of 225Ac, in particular those where 227Ac is coproduced, are well adapted to 225Ac/213Bi generator which will allow a greater availability of this radionuclide. The analogue 212Bi was also a precursor among investigated α-emitters, but once again, the short half-life limited studies with pure 212Bi and the use of its parent 212Pb as an in vivo generator was globally preferred. The potential problems for accessibility to 212Pb are currently being solved, especially with the strategy of Orano Med (Bessines-sur-Gartempe, France), which decided to increase its production capacities with a larger stock of 232Th. The chemistry of 212Pb is also well documented and the few chelators that were reported are efficient for its chelation and the prevention of 212Bi release, facilitating the translation to preclinical and even clinical evaluations. Besides, the possible theranostic application with 203Pb isotopes is another argument supporting the development of 212Pb. From its physio-chemical properties, 211At often appears as one of the most promising α-emitters. Despite the fact that astatine chemistry in one of the less investigated, some alternatives allowed the development of methods resulting in several preclinical studies among which few were translated to clinical phase. Astatine availability has long been a limit to its development, nevertheless, this tendency is reversing and will have a promising impact all along 211At-radioconjugates conception. Currently, whether on international or European levels, interest for 211At is growing and research teams are structuring into three major networks: USA (DOE), Japan and Europe. In parallel, private companies are either making accelerators for alpha particle available or directly investing in 211At production. Unlike many other α-emitters, the availability of 223Ra was not an impediment to its study and conjugated to the use of a simple chemical form, it probably favored the interest for this radionuclide. In addition, the promising results noticed during preclinical and clinical phases in mCRPC cases have increased its potential for radiotherapy. Since 2010, publications on work with 223Ra really increased and represent now more than 75% of the clinical studies involving an α-emitter. However, at present, the difficulty of making stable compounds with 223Ra leads the community to move to 227Th. 149Tb is probably the α-emitter with the most challenging production method leading to a very limited availability. However, in terms of chemistry, suitable agents are described for lanthanide chelation and the resulting complexes demonstrated promising preclinical data. Besides, the possible association of 149Tb with other terbium radioisotopes exhibiting appropriate features for both imaging and therapy represents a non-negligible interest. Finally, despite a production process allowing a subsequent level of 227Th, its availability remains limited to few research groups in the world. Nevertheless, the chemistry of actinides is quite well understood and has resulted in the development of efficient chelating agents for 227Th. Studied in a wide range of pathologies, the resulting targeted 227Th-conjugates demonstrated a clear efficacy in preclinical investigations. Even if access to this radionuclide is difficult and that few 227Th-RIC were actually developed, most of them demonstrated promising results and reached clinical phase studies. 227Th may not be the most popular or the most developed of all α-emitters, but it is obvious that it shows a non-negligible potential.



In conclusion, all α-emitters have both their own advantages and disadvantages and none has demonstrated a great superiority compared to others. However, the recent work highlighted the increasing interest for 225Ac, 211At or 213Bi. Concerning 212Bi, its use was overtaken by 212Pb that is also emerging for TAT. Despite a clear impact on the development of TAT, 223Ra is well-known and now routinely used but may not be at the origin of important innovation in that domain. Other α-emitters as such 149Tb or 227Th also showed very promising results, but their availability remains limited, slowing their development. These α-emitters are all assets for the development of TAT and provide new therapeutic opportunities for the future.







Author Contributions


R.E. prepared the manuscript draft, R.E., F.H., F.G. performed review and editing, M.C., F.H., F.G., J.-F.G. provided supervision. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the French National Agency for Research called “Investissements d’Avenir”, Equipex Arronax-Plus (ANR-11-EQPX-0004), Labex IRON (ANR-11-LABX-18-01), ISITE NExT (ANR-16-IDEX-0007) and INCa-DGOS-Inserm_12558. This review was also funded by the horizon 2020 Framework Programme of the European Union under the COST Action NOAR “Network for Optimized Astatine labeled Radio-pharmaceuticals” (CA19114) and has been validated by Nuclear Medicine Europe association (NMEu) associated to this work.




Institutional Review Board Statement


Not Applicable.




Informed Consent Statement


Not Applicable.




Data Availability Statement


Not Applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sgouros, G.; Bodei, L.; McDevitt, M.R.; Nedrow, J.R. Radiopharmaceutical Therapy in Cancer: Clinical Advances and Challenges. Nat. Rev. Drug Discov. 2020, 19, 589–608. [Google Scholar] [CrossRef]

	



Kassis, A.I.; Adelstein, S.J. Radiobiologic Principles in Radionuclide Therapy. J. Nucl. Med. 2005, 46, 4S. [Google Scholar]

	



Pouget, J.-P.; Lozza, C.; Deshayes, E.; Boudousq, V.; Navarro-Teulon, I. Introduction to Radiobiology of Targeted Radionuclide Therapy. Front. Med. 2015, 2. [Google Scholar] [CrossRef]

	



Pouget, J.-P.; Georgakilas, A.G.; Ravanat, J.-L. Targeted and Off-Target (Bystander and Abscopal) Effects of Radiation Therapy: Redox Mechanisms and Risk/Benefit Analysis. Antioxid. Redox Signal. 2018, 29, 1447–1487. [Google Scholar] [CrossRef]

	



Sgouros, G.; Roeske, J.C.; McDevitt, M.R.; Palm, S.; Allen, B.J.; Fisher, D.R.; Brill, A.B.; Song, H.; Howell, R.W.; Akabani, G.; et al. MIRD Pamphlet No. 22 (Abridged): Radiobiology and Dosimetry of -Particle Emitters for Targeted Radionuclide Therapy. J. Nucl. Med. 2010, 51, 311–328. [Google Scholar] [CrossRef] [PubMed]

	



Baidoo, K.E.; Yong, K.; Brechbiel, M.W. Molecular Pathways: Targeted-Particle Radiation Therapy. Clin. Cancer Res. 2013, 19, 530–537. [Google Scholar] [CrossRef] [PubMed]

	



Aghevlian, S.; Boyle, A.J.; Reilly, R.M. Radioimmunotherapy of Cancer with High Linear Energy Transfer (LET) Radiation Delivered by Radionuclides Emitting α-Particles or Auger Electrons. Adv. Drug Deliv. Rev. 2017, 109, 102–118. [Google Scholar] [CrossRef] [PubMed]

	



Tafreshi, N.K.; Doligalski, M.L.; Tichacek, C.J.; Pandya, D.N.; Budzevich, M.M.; El-Haddad, G.; Khushalani, N.I.; Moros, E.G.; McLaughlin, M.L.; Wadas, T.J.; et al. Development of Targeted Alpha Particle Therapy for Solid Tumors. Molecules 2019, 24, 4314. [Google Scholar] [CrossRef] [PubMed]

	



Jurcic, J.G. Targeted Alpha-Particle Therapy for Hematologic Malignancies. Semin. Nucl. Med. 2020, 50, 152–161. [Google Scholar] [CrossRef] [PubMed]

	



Huclier-Markai, S.; Alliot, C.; Varmenot, N.; Cutler, S.C.; Barbet, J. Alpha-Emitters for Immuno-Therapy: A Review of Recent Developments from Chemistry to Clinics. Curr. Top. Med. Chem. 2013, 12, 2642–2654. [Google Scholar] [CrossRef]

	



Poty, S.; Francesconi, L.C.; McDevitt, M.R.; Morris, M.J.; Lewis, J.S. α-Emitters for Radiotherapy: From Basic Radiochemistry to Clinical Studies—Part 1. J. Nucl. Med. 2018, 59, 878–884. [Google Scholar] [CrossRef] [PubMed]

	



Poty, S.; Francesconi, L.C.; McDevitt, M.R.; Morris, M.J.; Lewis, J.S. α-Emitters for Radiotherapy: From Basic Radiochemistry to Clinical Studies—Part 2. J. Nucl. Med. 2018, 59, 1020–1027. [Google Scholar] [CrossRef]

	



Makvandi, M.; Dupis, E.; Engle, J.W.; Nortier, F.M.; Fassbender, M.E.; Simon, S.; Birnbaum, E.R.; Atcher, R.W.; John, K.D.; Rixe, O.; et al. Alpha-Emitters and Targeted Alpha Therapy in Oncology: From Basic Science to Clinical Investigations. Target. Oncol. 2018, 13, 189–203. [Google Scholar] [CrossRef] [PubMed]

	



Engle, J.W. The Production of Ac-225. Curr. Radiopharm. 2018, 11, 173–179. [Google Scholar] [CrossRef]

	



Robertson, A.K.H.; Ramogida, C.F.; Schaffer, P.; Radchenko, V. Development of225 Ac Radiopharmaceuticals: TRIUMF Perspectives and Experiences. Curr. Radiopharm. 2018, 11, 156–172. [Google Scholar] [CrossRef] [PubMed]

	



Bruchertseifer, F.; Kellerbauer, A.; Malmbeck, R.; Morgenstern, A. Targeted Alpha Therapy with Bismuth-213 and Actinium-225: Meeting Future Demand. J. Label. Compd. Radiopharm. 2019, 62, 794–802. [Google Scholar] [CrossRef] [PubMed]

	



Apostolidis, C.; Molinet, R.; Rasmussen, G.; Morgenstern, A. Production of Ac-225 from Th-229 for Targeted α Therapy. Anal. Chem. 2005, 77, 6288–6291. [Google Scholar] [CrossRef] [PubMed]

	



Hogle, S.; Boll, R.A.; Murphy, K.; Denton, D.; Owens, A.; Haverlock, T.J.; Garland, M.; Mirzadeh, S. Reactor Production of Thorium-229. Appl. Radiat. Isot. 2016, 114, 19–27. [Google Scholar] [CrossRef]

	



Apostolidis, C.; Molinet, R.; McGinley, J.; Abbas, K.; Möllenbeck, J.; Morgenstern, A. Cyclotron Production of Ac-225 for Targeted Alpha Therapy11Dedicated to Prof. Dr. Franz Baumgärtner on the Occasion of His 75th Birthday. Appl. Radiat. Isot. 2005, 62, 383–387. [Google Scholar] [CrossRef]

	



Morgenstern, A.; Apostolidis, C.; Kratochwil, C.; Sathekge, M.; Krolicki, L.; Bruchertseifer, F. An Overview of Targeted Alpha Therapy with 225 Actinium and 213 Bismuth. Curr. Radiopharm. 2018, 11, 200–208. [Google Scholar] [CrossRef] [PubMed]

	



Beyer, G.J.; Bergmann, R.; Schomäcker, K.; Rösch, F.; Schäfer, G.; Kulikov, E.V.; Novgorodov, A.F. Comparison of the Biodistribution of 225Ac and Radio-Lanthanides as Citrate Complexes. Isot. Environ. Health Stud. 1990, 26, 111–114. [Google Scholar] [CrossRef]

	



Weidner, J.W.; Mashnik, S.G.; John, K.D.; Ballard, B.; Birnbaum, E.R.; Bitteker, L.J.; Couture, A.; Fassbender, M.E.; Goff, G.S.; Gritzo, R.; et al. 225Ac and 223Ra Production via 800MeV Proton Irradiation of Natural Thorium Targets. Appl. Radiat. Isot. 2012, 70, 2590–2595. [Google Scholar] [CrossRef] [PubMed]

	



Engle, J.W.; Mashnik, S.G.; Weidner, J.W.; Wolfsberg, L.E.; Fassbender, M.E.; Jackman, K.; Couture, A.; Bitteker, L.J.; Ullmann, J.L.; Gulley, M.S.; et al. Cross Sections from Proton Irradiation of Thorium at 800 MeV. Phys. Rev. C 2013, 88, 014604. [Google Scholar] [CrossRef]

	



Griswold, J.R.; Medvedev, D.G.; Engle, J.W.; Copping, R.; Fitzsimmons, J.M.; Radchenko, V.; Cooley, J.C.; Fassbender, M.E.; Denton, D.L.; Murphy, K.E.; et al. Large Scale Accelerator Production of 225Ac: Effective Cross Sections for 78–192 MeV Protons Incident on 232Th Targets. Appl. Radiat. Isot. 2016, 118, 366–374. [Google Scholar] [CrossRef] [PubMed]

	



Ramogida, C.F.; Robertson, A.K.H.; Jermilova, U.; Zhang, C.; Yang, H.; Kunz, P.; Lassen, J.; Bratanovic, I.; Brown, V.; Southcott, L.; et al. Evaluation of Polydentate Picolinic Acid Chelating Ligands and an α-Melanocyte-Stimulating Hormone Derivative for Targeted Alpha Therapy Using ISOL-Produced 225Ac. EJNMMI Radiopharm. Chem. 2019, 4, 21. [Google Scholar] [CrossRef]

	



Robertson, A.K.H.; McNeil, B.L.; Yang, H.; Gendron, D.; Perron, R.; Radchenko, V.; Zeisler, S.; Causey, P.; Schaffer, P. 232Th-Spallation-Produced 225 Ac with Reduced 227 Ac Content. Inorg. Chem. 2020, 59, 12156–12165. [Google Scholar] [CrossRef]

	



Boll, R.A.; Malkemus, D.; Mirzadeh, S. Production of Actinium-225 for Alpha Particle Mediated Radioimmunotherapy. Appl. Radiat. Isot. 2005, 62, 667–679. [Google Scholar] [CrossRef]

	



Kotovskii, A.A.; Nerozin, N.A.; Prokof’ev, I.V.; Shapovalov, V.V.; Yakovshchits, Y.A.; Bolonkin, A.S.; Dunin, A.V. Isolation of Actinium-225 for Medical Purposes. Radiochemistry 2015, 57, 285–291. [Google Scholar] [CrossRef]

	



Deal, K.A.; Davis, I.A.; Mirzadeh, S.; Kennel, S.J.; Brechbiel, M.W. Improved in Vivo Stability of Actinium-225 Macrocyclic Complexes. J. Med. Chem. 1999, 42, 2988–2992. [Google Scholar] [CrossRef]

	



McDevitt, M.R.; Ma, D.; Simon, J.; Frank, R.K.; Scheinberg, D.A. Design and Synthesis of 225Ac Radioimmunopharmaceuticals. Appl. Radiat. Isot. 2002, 57, 841–847. [Google Scholar] [CrossRef]

	



Antczak, C.; Jaggi, J.S.; LeFave, C.V.; Curcio, M.J.; McDevitt, M.R.; Scheinberg, D.A. Influence of the Linker on the Biodistribution and Catabolism of Actinium-225 Self-Immolative Tumor-Targeted Isotope Generators. Bioconjug. Chem. 2006, 17, 1551–1560. [Google Scholar] [CrossRef]

	



Maguire, W.F.; McDevitt, M.R.; Smith-Jones, P.M.; Scheinberg, D.A. Efficient 1-Step Radiolabeling of Monoclonal Antibodies to High Specific Activity with 225Ac for α-Particle Radioimmunotherapy of Cancer. J. Nucl. Med. 2014, 55, 1492–1498. [Google Scholar] [CrossRef]

	



Poty, S.; Membreno, R.; Glaser, J.M.; Ragupathi, A.; Scholz, W.W.; Zeglis, B.M.; Lewis, J.S. The Inverse Electron-Demand Diels–Alder Reaction as a New Methodology for the Synthesis of 225 Ac-Labelled Radioimmunoconjugates. Chem. Commun. 2018, 54, 2599–2602. [Google Scholar] [CrossRef]

	



Poty, S.; Carter, L.M.; Mandleywala, K.; Membreno, R.; Abdel-Atti, D.; Ragupathi, A.; Scholz, W.W.; Zeglis, B.M.; Lewis, J.S. Leveraging Bioorthogonal Click Chemistry to Improve 225 Ac-Radioimmunotherapy of Pancreatic Ductal Adenocarcinoma. Clin. Cancer Res. 2019, 25, 868–880. [Google Scholar] [CrossRef]

	



Davis, I.A.; Glowienka, K.A.; Boll, R.A.; Deal, K.A.; Brechbiel, M.W.; Stabin, M.; Bochsler, P.N.; Mirzadeh, S.; Kennel, S.J. Comparison of 225actinium Chelates: Tissue Distribution and Radiotoxicity. Nucl. Med. Biol. 1999, 26, 581–589. [Google Scholar] [CrossRef]

	



Chappell, L.L.; Deal, K.A.; Dadachova, E.; Brechbiel, M.W. Synthesis, Conjugation, and Radiolabeling of a Novel Bifunctional Chelating Agent for 225 Ac Radioimmunotherapy Applications. Bioconjug. Chem. 2000, 11, 510–519. [Google Scholar] [CrossRef]

	



Kennel, S.J.; Chappell, L.L.; Dadachova, K.; Brechbiel, M.W.; Lankford, T.K.; Davis, I.A.; Stabin, M.; Mirzadeh, S. Evaluation of 225 Ac for Vascular Targeted Radioimmunotherapy of Lung Tumors. Cancer Biother. Radiopharm. 2000, 15, 235–244. [Google Scholar] [CrossRef] [PubMed]

	



Comba, P.; Jermilova, U.; Orvig, C.; Patrick, B.O.; Ramogida, C.F.; Rück, K.; Schneider, C.; Starke, M. Octadentate Picolinic Acid-Based Bispidine Ligand for Radiometal Ions. Chem. Eur. J. 2017, 23, 15945–15956. [Google Scholar] [CrossRef]

	



Li, L.; Rousseau, J.; de Guadalupe Jaraquemada-Peláez, M.; Wang, X.; Robertson, A.; Radchenko, V.; Schaffer, P.; Lin, K.-S.; Bénard, F.; Orvig, C. 225Ac-H4 Py4pa for Targeted Alpha Therapy. Bioconjug. Chem. 2020. [Google Scholar] [CrossRef]

	



Thiele, N.A.; Brown, V.; Kelly, J.M.; Amor-Coarasa, A.; Jermilova, U.; MacMillan, S.N.; Nikolopoulou, A.; Ponnala, S.; Ramogida, C.F.; Robertson, A.K.H.; et al. An Eighteen-Membered Macrocyclic Ligand for Actinium-225 Targeted Alpha Therapy. Angew. Chem. Int. Ed. 2017, 56, 14712–14717. [Google Scholar] [CrossRef]

	



Yang, H.; Zhang, C.; Yuan, Z.; Rodriguez-Rodriguez, C.; Robertson, A.; Radchenko, V.; Perron, R.; Gendron, D.; Causey, P.; Gao, F.; et al. Synthesis and Evaluation of a Macrocyclic Actinium-225 Chelator, Quality Control and In Vivo Evaluation of 225 Ac-crown-αMSH Peptide. Chem. Eur. J. 2020, 26, 11435–11440. [Google Scholar] [CrossRef] [PubMed]

	



de Kruijff, R.; Wolterbeek, H.; Denkova, A. A Critical Review of Alpha Radionuclide Therapy—How to Deal with Recoiling Daughters? Pharmaceuticals 2015, 8, 321–336. [Google Scholar] [CrossRef]

	



Singh Jaggi, J.; Kappel, B.J.; McDevitt, M.R.; Sgouros, G.; Flombaum, C.D.; Cabassa, C.; Scheinberg, D.A. Efforts to Control the Errant Products of a Targeted In Vivo Generator. Cancer Res. 2005, 65, 4888–4895. [Google Scholar] [CrossRef]

	



Roscher, M.; Bakos, G.; Benešová, M. Atomic Nanogenerators in Targeted Alpha Therapies: Curie’s Legacy in Modern Cancer Management. Pharmaceuticals 2020, 13, 76. [Google Scholar] [CrossRef]

	



Thiele, N.A.; Wilson, J.J. Actinium-225 for Targeted α Therapy: Coordination Chemistry and Current Chelation Approaches. Cancer Biother. Radiopharm. 2018, 33, 336–348. [Google Scholar] [CrossRef]

	



Yoshida, T.; Jin, K.; Song, H.; Park, S.; Huso, D.L.; Zhang, Z.; Liangfeng, H.; Zhu, C.; Bruchertseifer, F.; Morgenstern, A.; et al. Effective Treatment of Ductal Carcinoma in Situ with a HER-2-Targeted Alpha-Particle Emitting Radionuclide in a Preclinical Model of Human Breast Cancer. Oncotarget 2016, 7, 33306–33315. [Google Scholar] [CrossRef]

	



Pruszynski, M.; D’Huyvetter, M.; Bruchertseifer, F.; Morgenstern, A.; Lahoutte, T. Evaluation of an Anti-HER2 Nanobody Labeled with 225 Ac for Targeted α-Particle Therapy of Cancer. Mol. Pharm. 2018, 15, 1457–1466. [Google Scholar] [CrossRef]

	



Puttemans, J.; Dekempeneer, Y.; Eersels, J.L.; Hanssens, H.; Debie, P.; Keyaerts, M.; Windhorst, A.D.; van der Aa, F.; Lecocq, Q.; Breckpot, K.; et al. Preclinical Targeted α- and Β-Radionuclide Therapy in HER2-Positive Brain Metastasis Using Camelid Single-Domain Antibodies. Cancers 2020, 12, 1017. [Google Scholar] [CrossRef]

	



Pandya, D.N.; Hantgan, R.; Budzevich, M.M.; Kock, N.D.; Morse, D.L.; Batista, I.; Mintz, A.; Li, K.C.; Wadas, T.J. Preliminary Therapy Evaluation of 225 Ac-DOTA-c(RGDyK) Demonstrates That Cerenkov Radiation Derived from 225 Ac Daughter Decay Can Be Detected by Optical Imaging for In Vivo Tumor Visualization. Theranostics 2016, 6, 698–709. [Google Scholar] [CrossRef]

	



Sattiraju, A.; Sai, K.K.S.; Xuan, A.; Pandya, D.N.; Almaguel, F.G.; Wadas, T.J.; Herpai, D.M.; Debinski, W.; Mintz, A. IL13RA2 Targeted Alpha Particle Therapy against Glioblastomas. Oncotarget 2017, 8, 42997–43007. [Google Scholar] [CrossRef]

	



Nedrow, J.R.; Josefsson, A.; Park, S.; Bäck, T.; Hobbs, R.F.; Brayton, C.; Bruchertseifer, F.; Morgenstern, A.; Sgouros, G. Pharmacokinetics, Microscale Distribution, and Dosimetry of Alpha-Emitter-Labeled Anti-PD-L1 Antibodies in an Immune Competent Transgenic Breast Cancer Model. EJNMMI Res. 2017, 7, 57. [Google Scholar] [CrossRef]

	



Kelly, J.M.; Amor-Coarasa, A.; Ponnala, S.; Nikolopoulou, A.; Williams, C.; Thiele, N.A.; Schlyer, D.; Wilson, J.J.; DiMagno, S.G.; Babich, J.W. A Single Dose of 225 Ac-RPS-074 Induces a Complete Tumor Response in an LNCaP Xenograft Model. J. Nucl. Med. 2019, 60, 649–655. [Google Scholar] [CrossRef]

	



Thorek, D.L.J.; Ku, A.T.; Mitsiades, N.; Veach, D.; Watson, P.A.; Metha, D.; Strand, S.-E.; Sharma, S.K.; Lewis, J.S.; Abou, D.S.; et al. Harnessing Androgen Receptor Pathway Activation for Targeted Alpha Particle Radioimmunotherapy of Breast Cancer. Clin. Cancer Res. 2019, 25, 881–891. [Google Scholar] [CrossRef]

	



Solomon, V.R.; Alizadeh, E.; Bernhard, W.; Hartimath, S.V.; Hill, W.; Chekol, R.; Barreto, K.M.; Geyer, C.R.; Fonge, H. 111 In- and 225 Ac-Labeled Cixutumumab for Imaging and α-Particle Radiotherapy of IGF-1R Positive Triple-Negative Breast Cancer. Mol. Pharm. 2019, 16, 4807–4816. [Google Scholar] [CrossRef]

	



Tafreshi, N.K.; Tichacek, C.J.; Pandya, D.N.; Doligalski, M.L.; Budzevich, M.M.; Kil, H.; Bhatt, N.B.; Kock, N.D.; Messina, J.L.; Ruiz, E.E.; et al. Melanocortin 1 Receptor–Targeted α-Particle Therapy for Metastatic Uveal Melanoma. J. Nucl. Med. 2019, 60, 1124–1133. [Google Scholar] [CrossRef]

	



Tichacek, C.J.; Tafreshi, N.K.; Kil, H.; Engelman, R.W.; Doligalski, M.L.; Budzevich, M.M.; Gage, K.L.; McLaughlin, M.L.; Wadas, T.J.; Silva, A.; et al. Biodistribution and Multicompartment Pharmacokinetic Analysis of a Targeted α Particle Therapy. Mol. Pharm. 2020, 17, 4180–4188. [Google Scholar] [CrossRef] [PubMed]

	



Cortez, A.; Josefsson, A.; McCarty, G.; Shtekler, A.E.; Rao, A.; Austin, Z.; Nedrow, J.R. Evaluation of [225Ac]Ac-DOTA-Anti-VLA-4 for Targeted Alpha Therapy of Metastatic Melanoma. Nucl. Med. Biol. 2020, 88–89, 62–72. [Google Scholar] [CrossRef]

	



Lakes, A.L.; An, D.D.; Gauny, S.S.; Ansoborlo, C.; Liang, B.H.; Rees, J.A.; McKnight, K.D.; Karsunky, H.; Abergel, R.J. Evaluating 225 Ac and 177 Lu Radioimmunoconjugates against Antibody–Drug Conjugates for Small-Cell Lung Cancer. Mol. Pharm. 2020, 17, 4270–4279. [Google Scholar] [CrossRef]

	



Cheal, S.M.; McDevitt, M.R.; Santich, B.H.; Patel, M.; Yang, G.; Fung, E.K.; Veach, D.R.; Bell, M.; Ahad, A.; Vargas, D.B.; et al. Alpha Radioimmunotherapy Using 225 Ac-Proteus-DOTA for Solid Tumors-Safety at Curative Doses. Theranostics 2020, 10, 11359–11375. [Google Scholar] [CrossRef] [PubMed]

	



Watabe, T.; Liu, Y.; Kaneda-Nakashima, K.; Shirakami, Y.; Lindner, T.; Ooe, K.; Toyoshima, A.; Nagata, K.; Shimosegawa, E.; Haberkorn, U.; et al. Theranostics Targeting Fibroblast Activation Protein in the Tumor Stroma: 64 Cu- and 225 Ac-Labeled FAPI-04 in Pancreatic Cancer Xenograft Mouse Models. J. Nucl. Med. 2020, 61, 563–569. [Google Scholar] [CrossRef]

	



Qin, Y.; Imobersteg, S.; Blanc, A.; Frank, S.; Schibli, R.; Béhé, M.P.; Grzmil, M. Evaluation of Actinium-225 Labeled Minigastrin Analogue [225Ac]Ac-DOTA-PP-F11N for Targeted Alpha Particle Therapy. Pharmaceutics 2020, 12, 1088. [Google Scholar] [CrossRef] [PubMed]

	



Bell, M.M.; Gutsche, N.T.; King, A.P.; Baidoo, K.E.; Kelada, O.J.; Choyke, P.L.; Escorcia, F.E. Glypican-3-Targeted Alpha Particle Therapy for Hepatocellular Carcinoma. Molecules 2020, 26, 4. [Google Scholar] [CrossRef] [PubMed]

	



Miederer, M.; McDevitt, M.; Sgouros, G.; Kramer, K.; Cheung, N.-K.; Scheinberg, D. Pharmacokinetics, Dosimetry, and Toxicity of the Targetable Atomic Generator, 225Ac-HuM195, in Nonhuman Primates. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2004, 45, 129–137. [Google Scholar]

	



Jurcic, J.G.; Rosenblat, T.L.; McDevitt, M.R.; Pandit-Taskar, N.; Carrasquillo, J.A.; Chanel, S.M.; Zikaras, K.; Frattini, M.G.; Maslak, P.M.; Cicic, D.; et al. Targeted Alpha-Particle Nano-Generator Actinium-225 (225Ac)-Lintuzumab (Anti-CD33) in Acute Myeloid Leukemia (AML). Clin. Lymphoma Myeloma Leuk. 2013, 13, S379–S380. [Google Scholar] [CrossRef]

	



Atallah, E.; Berger, M.; Jurcic, J.; Roboz, G.; Tse, W.; Mawad, R.; Rizzieri, D.; Begna, K.; Orozco, J.; Craig, M.; et al. A Phase 2 Study of Actinium-225 (225Ac)-Lintuzumab in Older Patients with Untreated Acute Myeloid Leukemia (AML). J. Med. Imaging Radiat. Sci. 2019, 50, S37. [Google Scholar] [CrossRef]

	



Jurcic, J.G.; Levy, M.Y.; Park, J.H.; Ravandi, F.; Perl, A.E.; Pagel, J.M.; Smith, B.D.; Estey, E.H.; Kantarjian, H.; Cicic, D.; et al. Phase I Trial of Targeted Alpha-Particle Therapy with Actinium-225 (225Ac)-Lintuzumab and Low-Dose Cytarabine (LDAC) in Patients Age 60 or Older with Untreated Acute Myeloid Leukemia (AML). Blood 2016, 128, 4050. [Google Scholar] [CrossRef]

	



Garg, R.; Allen, K.J.H.; Dawicki, W.; Geoghegan, E.M.; Ludwig, D.L.; Dadachova, E. 225Ac-Labeled CD33-Targeting Antibody Reverses Resistance to Bcl-2 Inhibitor Venetoclax in Acute Myeloid Leukemia Models. Cancer Med. 2021, 10, 1128–1140. [Google Scholar] [CrossRef]

	



Benešová, M.; Schafer, M.; Bauder-Wust, U.; Afshar-Oromieh, A.; Kratochwil, C.; Mier, W.; Haberkorn, U.; Kopka, K.; Eder, M. Preclinical Evaluation of a Tailor-Made DOTA-Conjugated PSMA Inhibitor with Optimized Linker Moiety for Imaging and Endoradiotherapy of Prostate Cancer. J. Nucl. Med. 2015, 56, 914–920. [Google Scholar] [CrossRef]

	



Benešová, M.; Bauder-Wüst, U.; Schäfer, M.; Klika, K.D.; Mier, W.; Haberkorn, U.; Kopka, K.; Eder, M. Linker Modification Strategies to Control the Prostate-Specific Membrane Antigen (PSMA)-Targeting and Pharmacokinetic Properties of DOTA-Conjugated PSMA Inhibitors. J. Med. Chem. 2016, 59, 1761–1775. [Google Scholar] [CrossRef]

	



Sathekge, M.; Bruchertseifer, F.; Vorster, M.; Lawal, I.O.; Knoesen, O.; Mahapane, J.; Davis, C.; Reyneke, F.; Maes, A.; Kratochwil, C.; et al. Predictors of Overall and Disease-Free Survival in Metastatic Castration-Resistant Prostate Cancer Patients Receiving 225 Ac-PSMA-617 Radioligand Therapy. J. Nucl. Med. 2020, 61, 62–69. [Google Scholar] [CrossRef]

	



Kratochwil, C.; Haberkorn, U.; Giesel, F.L. 225Ac-PSMA-617 for Therapy of Prostate Cancer. Semin. Nucl. Med. 2020, 50, 133–140. [Google Scholar] [CrossRef]

	



Kratochwil, C.; Giesel, F.L.; Heussel, C.-P.; Kazdal, D.; Endris, V.; Nientiedt, C.; Bruchertseifer, F.; Kippenberger, M.; Rathke, H.; Leichsenring, J.; et al. Patients Resistant Against PSMA-Targeting α-Radiation Therapy Often Harbor Mutations in DNA Damage-Repair–Associated Genes. J. Nucl. Med. 2020, 61, 683–688. [Google Scholar] [CrossRef] [PubMed]

	



Ilhan, H.; Gosewisch, A.; Böning, G.; Völter, F.; Zacherl, M.; Unterrainer, M.; Bartenstein, P.; Todica, A.; Gildehaus, F.J. Response to (225)Ac-PSMA-I&T after Failure of Long-Term (177)Lu-PSMA RLT in MCRPC. Eur. J. Nucl. Med. Mol. Imaging 2020, 1–2. [Google Scholar] [CrossRef]

	



Zacherl, M.J.; Gildehaus, F.J.; Mittlmeier, L.; Boening, G.; Gosewisch, A.; Wenter, V.; Schmidt-Hegemann, N.-S.; Belka, C.; Kretschmer, A.; Casuscelli, J.; et al. First Clinical Results for PSMA Targeted Alpha Therapy Using 225Ac-PSMA-I&T in Advanced MCRPC Patients. J. Nucl. Med. 2020. [Google Scholar] [CrossRef]

	



Tagawa, S.T.; Osborne, J.; Niaz, M.J.; Vallabhajosula, S.; Vlachostergios, P.J.; Thomas, C.; Molina, A.M.; Sternberg, C.N.; Singh, S.; Fernandez, E.; et al. Dose-Escalation Results of a Phase I Study of 225Ac-J591 for Progressive Metastatic Castration Resistant Prostate Cancer (MCRPC). J. Clin. Oncol. 2020, 38, 114. [Google Scholar] [CrossRef]

	



Juzeniene, A.; Stenberg, V.Y.; Bruland, Ø.S.; Larsen, R.H. Preclinical and Clinical Status of PSMA-Targeted Alpha Therapy for Metastatic Castration-Resistant Prostate Cancer. Cancers 2021, 13, 779. [Google Scholar] [CrossRef]

	



Vilhelmsson Timmermand, O.; Larsson, E.; Ulmert, D.; Tran, T.A.; Strand, S. Radioimmunotherapy of Prostate Cancer Targeting Human Kallikrein-Related Peptidase 2. EJNMMI Res. 2016, 6, 27. [Google Scholar] [CrossRef]

	



McDevitt, M.R.; Thorek, D.L.J.; Hashimoto, T.; Gondo, T.; Veach, D.R.; Sharma, S.K.; Kalidindi, T.M.; Abou, D.S.; Watson, P.A.; Beattie, B.J.; et al. Feed-Forward Alpha Particle Radiotherapy Ablates Androgen Receptor-Addicted Prostate Cancer. Nat. Commun. 2018, 9, 1629. [Google Scholar] [CrossRef]

	



Bicak, M.; Lückerath, K.; Kalidindi, T.; Phelps, M.E.; Strand, S.-E.; Morris, M.J.; Radu, C.G.; Damoiseaux, R.; Peltola, M.T.; Peekhaus, N.; et al. Genetic Signature of Prostate Cancer Mouse Models Resistant to Optimized HK2 Targeted α-Particle Therapy. Proc. Natl. Acad. Sci. USA 2020, 117, 15172–15181. [Google Scholar] [CrossRef] [PubMed]

	



Miederer, M.; Henriksen, G.; Alke, A.; Mossbrugger, I.; Quintanilla-Martinez, L.; Senekowitsch-Schmidtke, R.; Essler, M. Preclinical Evaluation of the α-Particle Generator Nuclide 225Ac for Somatostatin Receptor Radiotherapy of Neuroendocrine Tumors. Clin. Cancer Res. 2008, 14, 3555. [Google Scholar] [CrossRef]

	



Kratochwil, C.; Bruchertseifer, F.; Giesel, F.; Apostolidis, C.; Haberkorn, U.; Morgenstern, A. Ac-225-DOTATOC—An Empiric Dose Finding for Alpha Particle Emitter Based Radionuclide Therapy of Neuroendocrine Tumors. J. Nucl. Med. 2015, 56, 1232. [Google Scholar]

	



Ballal, S.; Yadav, M.; Bal, C. Early Results of 225Ac-DOTATATE Targeted Alpha Therapy in Metastatic Gastroenteropancreatic Neuroendocrine Tumors: First Clinical Experience on Safety and Efficacy. J. Nucl. Med. 2019, 60, 74. [Google Scholar]

	



Majkowska-Pilip, A.; Rius, M.; Bruchertseifer, F.; Apostolidis, C.; Weis, M.; Bonelli, M.; Laurenza, M.; Królicki, L.; Morgenstern, A. In Vitro Evaluation of 225 Ac-DOTA-Substance P for Targeted Alpha Therapy of Glioblastoma Multiforme. Chem. Biol. Drug Des. 2018, 92, 1344–1356. [Google Scholar] [CrossRef] [PubMed]

	



Krolicki, L.; Bruchertseifer, F.; Morgenstern, A.; Kunikowska, J.; Koziara, H.; Królicki, B.; Jakuciński, M.; Pawlak, D.; Apostolidis, C.; Rola, R.; et al. Safety and Therapeutic Efficacy of 225Ac-DOTA-Substance P for Therapy of Brain Tumors. J. Med. Imaging Radiat. Sci. 2019, 50, S91–S92. [Google Scholar] [CrossRef]

	



Corson, D.R.; MacKenzie, K.R.; Segrè, E. Astatine: The Element of Atomic Number 85. Nature 1947, 159, 24. [Google Scholar] [CrossRef]

	



Larsen, R.H.; Wieland, B.W.; Zalutsky, M.R. Evaluation of an Internal Cyclotron Target for the Production of 211At via the 209Bi (α,2n)211 at Reaction. Appl. Radiat. Isot. 1996, 47, 135–143. [Google Scholar] [CrossRef]

	



Zalutsky, M.R.; Pruszynski, M. Astatine-211: Production and Availability. Curr. Radiopharm. 2011, 4, 177–185. [Google Scholar] [CrossRef]

	



Lindegren, S.; Albertsson, P.; Bäck, T.; Jensen, H.; Palm, S.; Aneheim, E. Realizing Clinical Trials with Astatine-211: The Chemistry Infrastructure. Cancer Biother. Radiopharm. 2020, 35, 425–436. [Google Scholar] [CrossRef]

	



Crawford, J.R.; Yang, H.; Kunz, P.; Wilbur, D.S.; Schaffer, P.; Ruth, T.J. Development of a Preclinical 211Rn/211At Generator System for Targeted Alpha Therapy Research with 211At. Nucl. Med. Biol. 2017, 48, 31–35. [Google Scholar] [CrossRef]

	



Lindegren, S.; Bäck, T.; Jensen, H.J. Dry-Distillation of Astatine-211 from Irradiated Bismuth Targets: A Time-Saving Procedure with High Recovery Yields. Appl. Radiat. Isot. 2001, 55, 157–160. [Google Scholar] [CrossRef]

	



Ooe, K.; Watabe, T.; Shirakami, Y.; Ichimura, S.; Obata, H.; Ikeda, T.; Zhang, Z.J.; Nagata, K.; Toyoshima, A.; Yoshimura, T.; et al. Dissolution of Dry Distilled At-211 with Non-Toxic Aqueous Solutions. J. Nucl. Med. 2019, 60, 632. [Google Scholar]

	



Bourgeois, M.; Guerard, F.; Alliot, C.; Mougin-Degraef, M.; Rajerison, H.; Remaud-Le Saëc, P.; Davodeau, F.; Chérel, M.; Gestin, J.-F.; Barbet, J.; et al. Feasibility of the Radioastatination of a Monoclonal Antibody with Astatine-211 Purified by Wet Extraction. J. Label. Compd. Radiopharm. 2008, 51, 379–383. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Hamlin, D.K.; Chyan, M.-K.; Morscheck, T.M.; Ferrier, M.G.; Wong, R.; Wilbur, D.S. Investigation of a Tellurium-Packed Column for Isolation of Astatine-211 from Irradiated Bismuth Targets and Demonstration of a Semi-Automated System. Sci. Rep. 2019, 9, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Woen, D.H.; Eiroa-Lledo, C.; Akin, A.C.; Anderson, N.H.; Bennett, K.T.; Birnbaum, E.R.; Blake, A.V.; Brugh, M.; Dalodière, E.; Dorman, E.F.; et al. A Solid-State Support for Separating Astatine-211 from Bismuth. Inorg. Chem. 2020, 59, 6137–6146. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, S.; Sasaki, I.; Watanabe, S.; Higashi, T.; Ishioka, N.S. A Simple Isolation of 211At Using an Anion-Exchange Spin Column Method. J. Radioanal. Nucl. Chem. 2020, 326, 1399–1404. [Google Scholar] [CrossRef]

	



Burns, J.D.; Tereshatov, E.E.; McCarthy, M.A.; McIntosh, L.A.; Tabacaru, G.C.; Yang, X.; Hall, M.B.; Yennello, S.J. Astatine Partitioning between Nitric Acid and Conventional Solvents: Indication of Covalency in Ketone Complexation of AtO+. Chem. Commun. 2020, 56, 9004–9007. [Google Scholar] [CrossRef] [PubMed]

	



Galland, N.; Montavon, G.; Questel, J.-Y.L.; Graton, J. Quantum Calculations of At-Mediated Halogen Bonds: On the Influence of Relativistic Effects. New J. Chem. 2018. [Google Scholar] [CrossRef]

	



Ludwig, R.; Fischer, S.; Dreyer, R.; Jacobi, R.; Beger, J. Complex Formation Equilibria between Astatine(I) and Sulphur-Containing Chelating Ligands. Polyhedron 1991, 10, 11–17. [Google Scholar] [CrossRef]

	



Sergentu, D.-C.; Teze, D.; Sabatié-Gogova, A.; Alliot, C.; Guo, N.; Bassal, F.; Silva, I.D.; Deniaud, D.; Maurice, R.; Champion, J.; et al. Advances on the Determination of the Astatine Pourbaix Diagram: Predomination of AtO(OH)2− over At− in Basic Conditions. Chem. Eur. J. 2016, 22, 2964–2971. [Google Scholar] [CrossRef]

	



Norseev, Y. Synthesis of Astatine-Tagged Methylene Blue, a Compound for Fighting Micrometastases and Individual Cells of Melanoma. J. Radioanal. Nucl. Chem. 1998, 237, 155–158. [Google Scholar] [CrossRef]

	



Visser, G.W.M.; Diemer, E.L.; Kaspersen, F.M. The Preparation and Stability of Astatotyrosine and Astato-Iodotyrosine. Int. J. Appl. Radiat. Isot. 1979, 30, 749–752. [Google Scholar] [CrossRef]

	



Visser, G.W.M.; Diemer, E.L.; Kaspersen, F.M. The Preparation and Stability of 211At-Astato-Imidazoles. Int. J. Appl. Radiat. Isot. 1980, 31, 275–278. [Google Scholar] [CrossRef]

	



Milius, R.A.; McLaughlin, W.H.; Lambrecht, R.M.; Wolf, A.P.; Carroll, J.J.; Adelstein, S.J.; Bloomer, W.D. Organoastatine Chemistry. Astatination via Electrophilic Destannylation. Int. J. Rad. Appl. Instrum. A 1986, 37, 799–802. [Google Scholar] [CrossRef]

	



Watanabe, S.; Azim, M.A.-U.; Nishinaka, I.; Sasaki, I.; Ohshima, Y.; Yamada, K.; Ishioka, N.S. A Convenient and Reproducible Method for the Synthesis of Astatinated 4-[211At]Astato-L-Phenylalanine via Electrophilic Desilylation. Org. Biomol. Chem. 2018, 17, 165–171. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, G.J.; Walte, A.; Sriyapureddy, S.R.; Grote, M.; Krull, D.; Korkmaz, Z.; Knapp, W.H. Synthesis and Analysis of 2-[211At]-l-Phenylalanine and 4-[211At]-l-Phenylalanine and Their Uptake in Human Glioma Cell Cultures in-Vitro. Appl. Radiat. Isot. 2010, 68, 1060–1065. [Google Scholar] [CrossRef]

	



Meyer, G.J.; Roessler, K.; Stoecklin, G. Reaction of Aromatic Diazonium Salts with Carrier-Free Radioiodine and Astatine. Evidence for Complex Formation. J. Am. Chem. Soc. 1979, 101, 3121–3123. [Google Scholar] [CrossRef]

	



Visser, G.W.; Diemer, E.L. The Reaction of Astatine with Aromatic Diazonium Compounds. Radiochem. Radioanal. Lett. 1982, 51, 135. [Google Scholar]

	



Guérard, F.; Lee, Y.-S.; Baidoo, K.; Gestin, J.-F.; Brechbiel, M.W. Unexpected Behavior of the Heaviest Halogen Astatine in the Nucleophilic Substitution of Aryliodonium Salts. Chem. Eur. J. 2016, 22, 12332–12339. [Google Scholar] [CrossRef]

	



Reilly, S.W.; Makvandi, M.; Xu, K.; Mach, R.H. Rapid Cu-Catalyzed [211At]Astatination and [125I]Iodination of Boronic Esters at Room Temperature. Org. Lett. 2018, 20, 1752–1755. [Google Scholar] [CrossRef]

	



Wilbur, D.S.; Chyan, M.-K.; Nakamae, H.; Chen, Y.; Hamlin, D.K.; Santos, E.B.; Kornblit, B.T.; Sandmaier, B.M. Reagents for Astatination of Biomolecules. 6. An Intact Antibody Conjugated with a Maleimido-Closo-Decaborate(2-) Reagent via Sulfhydryl Groups Had Considerably Higher Kidney Concentrations than the Same Antibody Conjugated with an Isothiocyanato-Closo-Decaborate(2-) Reagent via Lysine Amines. Bioconjugate Chem. 2012, 23, 409–420. [Google Scholar] [CrossRef]

	



Zalutsky, M.R.; Garg, P.K.; Friedman, H.S.; Bigner, D.D. Labeling Monoclonal Antibodies and F(Ab’)2 Fragments with the Alpha-Particle-Emitting Nuclide Astatine-211: Preservation of Immunoreactivity and in Vivo Localizing Capacity. Proc. Natl. Acad. Sci. USA 1989, 86, 7149–7153. [Google Scholar] [CrossRef]

	



Yordanov, A.T.; Garmestani, K.; Zhang, M.; Zhang, Z.; Schwarz, U.P.; Yao, Z.; Gansow, O.A.; Plascjak, P.S.; Eckelman, W.C.; Waldmann, T.A.; et al. Preparation and in Vivo Evaluation of Linkers for 211At Labeling of Humanized Anti-Tac. Nucl. Med. Biol. 2001, 28, 845–856. [Google Scholar] [CrossRef]

	



Guérard, F.; Navarro, L.; Lee, Y.-S.; Roumesy, A.; Alliot, C.; Chérel, M.; Brechbiel, M.W.; Gestin, J.-F. Bifunctional Aryliodonium Salts for Highly Efficient Radioiodination and Astatination of Antibodies. Bioorg. Med. Chem. 2017, 25, 5975–5980. [Google Scholar] [CrossRef]

	



Lindegren, S.; Frost, S.; Bäck, T.; Haglund, E.; Elgqvist, J.; Jensen, H. Direct Procedure for the Production of 211At-Labeled Antibodies with an Epsilon-Lysyl-3-(Trimethylstannyl)Benzamide Immunoconjugate. J. Nucl. Med. 2008, 49, 1537–1545. [Google Scholar] [CrossRef]

	



Aneheim, E.; Gustafsson, A.; Albertsson, P.; Bäck, T.; Jensen, H.; Palm, S.; Svedhem, S.; Lindegren, S. Synthesis and Evaluation of Astatinated N-[2-(Maleimido)Ethyl]-3-(Trimethylstannyl)Benzamide Immunoconjugates. Bioconjug. Chem. 2016, 27, 688–697. [Google Scholar] [CrossRef]

	



Navarro, L.; Berdal, M.; Chérel, M.; Pecorari, F.; Gestin, J.-F.; Guérard, F. Prosthetic Groups for Radioiodination and Astatination of Peptides and Proteins: A Comparative Study of Five Potential Bioorthogonal Labeling Strategies. Bioorg. Med. Chem. 2019, 27, 167–174. [Google Scholar] [CrossRef] [PubMed]

	



Berdal, M.; Gouard, S.; Eychenne, R.; Marionneau-Lambot, S.; Croyal, M.; Faivre-Chauvet, A.; Chérel, M.; Gaschet, J.; Gestin, J.-F.; Guérard, F. Investigation on the Reactivity of Nucleophilic Radiohalogens with Arylboronic Acids in Water: Access to an Efficient Single-Step Method for the Radioiodination and Astatination of Antibodies. Chem. Sci. 2021, 12, 1458–1468. [Google Scholar] [CrossRef]

	



Guérard, F.; Gestin, J.-F.; Brechbiel, M.W. Production of [211At]-Astatinated Radiopharmaceuticals and Applications in Targeted α-Particle Therapy. Cancer Biother. Radiopharm. 2013, 28, 1–20. [Google Scholar] [CrossRef]

	



Meyer, G.-J. Astatine. J. Label. Compd. Radiopharm. 2018, 61, 154–164. [Google Scholar] [CrossRef] [PubMed]

	



Wilbur, D.S. [211At]Astatine-Labeled Compound Stability: Issues with Released [211At]Astatide and Development of Labeling Reagents to Increase Stability. Curr. Radiopharm. 2008, 1, 144–176. [Google Scholar] [CrossRef]

	



Dekempeneer, Y.; Bäck, T.; Aneheim, E.; Jensen, H.; Puttemans, J.; Xavier, C.; Keyaerts, M.; Palm, S.; Albertsson, P.; Lahoutte, T.; et al. Labeling of Anti-HER2 Nanobodies with Astatine-211: Optimization and the Effect of Different Coupling Reagents on Their in Vivo Behaviour. Mol. Pharm. 2019. [Google Scholar] [CrossRef]

	



Li, H.K.; Morokoshi, Y.; Nagatsu, K.; Kamada, T.; Hasegawa, S. Locoregional Therapy with α-Emitting Trastuzumab against Peritoneal Metastasis of Human Epidermal Growth Factor Receptor 2-Positive Gastric Cancer in Mice. Cancer Sci. 2017, 108, 1648–1656. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.; Vaidyanathan, G.; Koumarianou, E.; Kang, C.M.; Zalutsky, M.R. Astatine-211 Labeled Anti-HER2 5F7 Single Domain Antibody Fragment Conjugates: Radiolabeling and Preliminary Evaluation. Nucl. Med. Biol. 2018, 56, 10–20. [Google Scholar] [CrossRef] [PubMed]

	



Watabe, T.; Kaneda-Nakashima, K.; Liu, Y.; Shirakami, Y.; Ooe, K.; Toyoshima, A.; Shimosegawa, E.; Fukuda, M.; Shinohara, A.; Hatazawa, J. Enhancement of Astatine-211 Uptake via the Sodium Iodide Symporter by the Addition of Ascorbic Acid in Targeted Alpha Therapy of Thyroid Cancer. J. Nucl. Med. 2019. [Google Scholar] [CrossRef]

	



Makvandi, M.; Lieberman, B.P.; LeGeyt, B.; Hou, C.; Mankoff, D.A.; Mach, R.H.; Pryma, D.A. The Pre-Clinical Characterization of an Alpha-Emitting Sigma-2 Receptor Targeted Radiotherapeutic. Nucl. Med. Biol. 2016, 43, 35–41. [Google Scholar] [CrossRef]

	



Li, H.K.; Hasegawa, S.; Nakajima, N.I.; Morokoshi, Y.; Minegishi, K.; Nagatsu, K. Targeted Cancer Cell Ablation in Mice by an α-Particle-Emitting Astatine-211-Labeled Antibody against Major Histocompatibility Complex Class I Chain-Related Protein A and B. Biochem. Biophys. Res. Commun. 2018. [Google Scholar] [CrossRef]

	



Zhao, B.; Qin, S.; Chai, L.; Lu, G.; Yang, Y.; Cai, H.; Yuan, X.; Fan, S.; Huang, Q.; Yu, F. Evaluation of Astatine-211-Labeled Octreotide as a Potential Radiotherapeutic Agent for NSCLC Treatment. Bioorg. Med. Chem. 2018, 26, 1086–1091. [Google Scholar] [CrossRef]

	



Li, H.K.; Sugyo, A.; Tsuji, A.B.; Morokoshi, Y.; Minegishi, K.; Nagatsu, K.; Kanda, H.; Harada, Y.; Nagayama, S.; Katagiri, T.; et al. α-Particle Therapy for Synovial Sarcoma in the Mouse Using an Astatine-211-Labeled Antibody against Frizzled Homolog 10. Cancer Sci. 2018, 109, 2302–2309. [Google Scholar] [CrossRef]

	



Ohshima, Y.; Sudo, H.; Watanabe, S.; Nagatsu, K.; Tsuji, A.B.; Sakashita, T.; Ito, Y.M.; Yoshinaga, K.; Higashi, T.; Ishioka, N.S. Antitumor Effects of Radionuclide Treatment Using α-Emitting Meta-211At-Astato-Benzylguanidine in a PC12 Pheochromocytoma Model. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 999–1010. [Google Scholar] [CrossRef] [PubMed]

	



O’Steen, S.; Comstock, M.L.; Orozco, J.J.; Hamlin, D.K.; Wilbur, D.S.S.; Jones, J.C.; Kenoyer, A.; Nartea, M.E.; Lin, Y.; Miller, B.W.; et al. The Alpha Emitter Astatine-211 Targeted to CD38 Can Eradicate Multiple Myeloma in a Disseminated Disease Model. Blood 2019. [Google Scholar] [CrossRef]

	



Makvandi, M.; Lee, H.; Puentes, L.N.; Reilly, S.W.; Rathi, K.S.; Weng, C.-C.; Chan, H.S.; Hou, C.; Raman, P.; Martinez, D.; et al. Targeting PARP-1 with Alpha-Particles Is Potently Cytotoxic to Human Neuroblastoma in Preclinical Models. Mol. Cancer Ther. 2019. [Google Scholar] [CrossRef]

	



Dabagian, H.; Taghvaee, T.; Martorano, P.; Martinez, D.; Samanta, M.; Watkins, C.M.; Chai, R.; Mansfield, A.; Graham, T.J.; Maris, J.M.; et al. PARP Targeted Alpha-Particle Therapy Enhances Response to PD-1 Immune-Checkpoint Blockade in a Syngeneic Mouse Model of Glioblastoma. ACS Pharmacol. Transl. Sci. 2021, 4, 344–351. [Google Scholar] [CrossRef]

	



Ogawa, K.; Takeda, T.; Mishiro, K.; Toyoshima, A.; Shiba, K.; Yoshimura, T.; Shinohara, A.; Kinuya, S.; Odani, A. Radiotheranostics Coupled between an At-211-Labeled RGD Peptide and the Corresponding Radioiodine-Labeled RGD Peptide. ACS Omega 2019, 4, 4584–4591. [Google Scholar] [CrossRef]

	



Bäck, T.A.; Jennbacken, K.; Hagberg Thulin, M.; Lindegren, S.; Jensen, H.; Olafsen, T.; Yazaki, P.J.; Palm, S.; Albertsson, P.; Damber, J.-E.; et al. Targeted Alpha Therapy with Astatine-211-Labeled Anti-PSCA A11 Minibody Shows Antitumor Efficacy in Prostate Cancer Xenografts and Bone Microtumors. EJNMMI Res. 2020, 10, 10. [Google Scholar] [CrossRef] [PubMed]

	



Aoki, M.; Zhao, S.; Takahashi, K.; Washiyama, K.; Ukon, N.; Tan, C.; Shimoyama, S.; Nishijima, K.; Ogawa, K. Preliminary Evaluation of Astatine-211-Labeled Bombesin Derivatives for Targeted Alpha Therapy. Chem. Pharm. Bull. 2020, 68, 538–545. [Google Scholar] [CrossRef]

	



Watabe, T.; Kaneda-Nakashima, K.; Shirakami, Y.; Liu, Y.; Ooe, K.; Teramoto, T.; Toyoshima, A.; Shimosegawa, E.; Nakano, T.; Kanai, Y.; et al. Targeted Alpha Therapy Using Astatine (211At)-Labeled Phenylalanine: A Preclinical Study in Glioma Bearing Mice. Oncotarget 2020, 11, 1388–1398. [Google Scholar] [CrossRef] [PubMed]

	



Ohshima, Y.; Suzuki, H.; Hanaoka, H.; Sasaki, I.; Watanabe, S.; Haba, H.; Arano, Y.; Tsushima, Y.; Ishioka, N.S. Preclinical Evaluation of New α-Radionuclide Therapy Targeting LAT1: 2-[211At]Astato-α-Methyl-L-Phenylalanine in Tumor-Bearing Model. Nucl. Med. Biol. 2020, 90–91, 15–22. [Google Scholar] [CrossRef]

	



Kaneda-Nakashima, K.; Zhang, Z.; Manabe, Y.; Shimoyama, A.; Kabayama, K.; Watabe, T.; Kanai, Y.; Ooe, K.; Toyoshima, A.; Shirakami, Y.; et al. A-Emitting Cancer Therapy Using 211 At-AAMT Targeting LAT1. Cancer Sci. 2021, 112, 1132–1140. [Google Scholar] [CrossRef] [PubMed]

	



Xie, L.; Hanyu, M.; Fujinaga, M.; Zhang, Y.; Hu, K.; Minegishi, K.; Jiang, C.; Kurosawa, F.; Morokoshi, Y.; Li, H.K.; et al. 131 I-IITM and 211 At-AITM: Two Novel Small-Molecule Radiopharmaceuticals Targeting Oncoprotein Metabotropic Glutamate Receptor 1. J. Nucl. Med. 2020, 61, 242–248. [Google Scholar] [CrossRef] [PubMed]

	



Gouard, S.; Maurel, C.; Marionneau-Lambot, S.; Dansette, D.; Bailly, C.; Guérard, F.; Chouin, N.; Haddad, F.; Alliot, C.; Gaschet, J.; et al. Targeted-Alpha-Therapy Combining Astatine-211 and Anti-CD138 Antibody in a Preclinical Syngeneic Mouse Model of Multiple Myeloma Minimal Residual Disease. Cancers 2020, 12, 2721. [Google Scholar] [CrossRef]

	



Oriuchi, N.; Aoki, M.; Ukon, N.; Washiyama, K.; Tan, C.; Shimoyama, S.; Nishijima, K.; Takahashi, K.; Ito, H.; Ikezoe, T.; et al. Possibility of Cancer-Stem-Cell-Targeted Radioimmunotherapy for Acute Myelogenous Leukemia Using 211At-CXCR4 Monoclonal Antibody. Sci. Rep. 2020, 10, 6810. [Google Scholar] [CrossRef] [PubMed]

	



Palm, S.; Bäck, T.; Aneheim, E.; Hallqvist, A.; Hultborn, R.; Jacobsson, L.; Jensen, H.; Lindegren, S.; Albertsson, P. Evaluation of Therapeutic Efficacy of 211At-Labeled Farletuzumab in an Intraperitoneal Mouse Model of Disseminated Ovarian Cancer. Transl. Oncol. 2021, 14, 100873. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Chyan, M.-K.; Hamlin, D.K.; Nguyen, H.; Vessella, R.; Wilbur, D.S. Evaluation of Radioiodinated Protein Conjugates and Their Potential Metabolites Containing Lysine-Urea-Glutamate (LuG), PEG and Closo-Decaborate(2-) as Models for Targeting Astatine-211 to Metastatic Prostate Cancer. Nucl. Med. Biol. 2021, 92, 217–227. [Google Scholar] [CrossRef] [PubMed]

	



Reardon, D.A.; Zalutsky, M.R.; Akabani, G.; Coleman, R.E.; Friedman, A.H.; Herndon, J.E.; McLendon, R.E.; Pegram, C.N.; Quinn, J.A.; Rich, J.N.; et al. A Pilot Study: 131I-Antitenascin Monoclonal Antibody 81c6 to Deliver a 44-Gy Resection Cavity Boost. Neuro Oncol. 2008, 10, 182–189. [Google Scholar] [CrossRef]

	



Zalutsky, M.R.; McLendon, R.E.; Garg, P.K.; Archer, G.E.; Schuster, J.M.; Bigner, D.D. Radioimmunotherapy of Neoplastic Meningitis in Rats Using an Alpha-Particle-Emitting Immunoconjugate. Cancer Res. 1994, 54, 4719–4725. [Google Scholar]

	



Zalutsky, M.R.; Stabin, M.G.; Larsen, R.H.; Bigner, D.D. Tissue Distribution and Radiation Dosimetry of Astatine-211-Labeled Chimeric 81C6, an α-Particle-Emitting Immunoconjugate. Nucl. Med. Biol. 1997, 24, 255–261. [Google Scholar] [CrossRef]

	



Zalutsky, M.R.; Reardon, D.A.; Akabani, G.; Coleman, R.E.; Friedman, A.H.; Friedman, H.S.; McLendon, R.E.; Wong, T.Z.; Bigner, D.D. Clinical Experience with Alpha-Particle Emitting 211At: Treatment of Recurrent Brain Tumor Patients with 211At-Labeled Chimeric Antitenascin Monoclonal Antibody 81C6. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 2008, 49, 30–38. [Google Scholar] [CrossRef]

	



Zalutsky, M.R.; Zhao, X.G.; Alston, K.L.; Bigner, D. High-Level Production of Alpha-Particle-Emitting (211)At and Preparation of (211)At-Labeled Antibodies for Clinical Use. J. Nucl. Med. 2001, 42, 1508–1515. [Google Scholar]

	



Vaidyanathan, G.; Pozzi, O.R.; Choi, J.; Zhao, X.-G.; Murphy, S.; Zalutsky, M.R. Labeling Monoclonal Antibody with α-Emitting 211At at High Activity Levels via a Tin Precursor. Cancer Biother. Radiopharm. 2020, 35, 511–519. [Google Scholar] [CrossRef]

	



Elgqvist, J.; Andersson, H.; Back, T.; Hultborn, R.; Jensen, H.; Karlsson, B.; Lindegren, S.; Palm, S.; Warnhammar, E.; Jacobsson, L. Therapeutic Efficacy and Tumor Dose Estimations in Radioimmunotherapy of Intraperitoneally Growing OVCAR-3 Cells in Nude Mice with 211At-Labeled Monoclonal Antibody MX35. J. Nucl. Med. 2005, 46, 1907–1915. [Google Scholar]

	



Elgqvist, J.; Andersson, H.; Bernhardt, P.; Back, T.; Claesson, I.; Hultborn, R.; Jensen, H.; Johansson, B.; Lindegren, S.; Olsson, M. Administered Activity and Metastatic Cure Probability during Radioimmunotherapy of Ovarian Cancer in Nude Mice with 211At-MX35 F(Ab′)2. Int. J. Radiat. Oncol. 2006, 66, 1228–1237. [Google Scholar] [CrossRef] [PubMed]

	



Elgqvist, J.; Andersson, H.; Back, T.; Claesson, I.; Hultborn, R.; Jensen, H.; Johansson, B.R.; Lindegren, S.; Olsson, M.; Palm, S.; et al. α-Radioimmunotherapy of Intraperitoneally Growing OVCAR-3 Tumors of Variable Dimensions: Outcome Related to Measured Tumor Size and Mean Absorbed Dose. J. Nucl. Med. 2006, 47, 1342–1350. [Google Scholar]

	



Elgqvist, J.; Andersson, H.; Jensen, H.; Kahu, H.; Lindegren, S.; Warnhammar, E.; Hultborn, R. Repeated Intraperitoneal α-Radioimmunotherapy of Ovarian Cancer in Mice. J. Oncol. 2010, 2010. [Google Scholar] [CrossRef] [PubMed]

	



Bäck, T.A.; Chouin, N.; Lindegren, S.; Kahu, H.; Jensen, H.; Albertsson, P.; Palm, S. Cure of Human Ovarian Carcinoma Solid Xenografts by Fractionated [211At] Alpha-Radioimmunotherapy: Influence of Tumor Absorbed Dose and Effect on Long-Term Survival. J. Nucl. Med. 2017, 58, 598–604. [Google Scholar] [CrossRef]

	



Andersson, H.; Cederkrantz, E.; Bäck, T.; Divgi, C.; Elgqvist, J.; Himmelman, J.; Horvath, G.; Jacobsson, L.; Jensen, H.; Lindegren, S.; et al. Intraperitoneal α-Particle Radioimmunotherapy of Ovarian Cancer Patients: Pharmacokinetics and Dosimetry of 211At-MX35 F(Ab’)2-A Phase I Study. J. Nucl. Med. 2009, 50, 1153–1160. [Google Scholar] [CrossRef] [PubMed]

	



Cederkrantz, E.; Andersson, H.; Bernhardt, P.; Bäck, T.; Hultborn, R.; Jacobsson, L.; Jensen, H.; Lindegren, S.; Ljungberg, M.; Magnander, T.; et al. Absorbed Doses and Risk Estimates of 211At-MX35 F(Ab’)2 in Intraperitoneal Therapy of Ovarian Cancer Patients. Int. J. Radiat. Oncol. 2015, 93, 569–576. [Google Scholar] [CrossRef] [PubMed]

	



Hallqvist, A.; Bergmark, K.; Bäck, T.A.; Andersson, H.; Dahm-Kähler, P.; Johansson, M.; Lindegren, S.; Jensen, H.; Jacobsson, L.; Hultborn, R.; et al. Intraperitoneal Alpha-Emitting Radio Immunotherapy with Astatine-211 in Relapsed Ovarian Cancer; Long-Term Follow-up with Individual Absorbed Dose Estimations. J. Nucl. Med. 2019. [Google Scholar] [CrossRef]

	



Li, Y.; Hamlin, D.K.; Chyan, M.-K.; Wong, R.; Dorman, E.F.; Emery, R.C.; Woodle, D.R.; Manger, R.L.; Nartea, M.; Kenoyer, A.L.; et al. CGMP Production of Astatine-211-Labeled Anti-CD45 Antibodies for Use in Allogeneic Hematopoietic Cell Transplantation for Treatment of Advanced Hematopoietic Malignancies. PLoS ONE 2018, 13, e0205135. [Google Scholar] [CrossRef] [PubMed]

	



Morgenstern, A.; Bruchertseifer, F.; Apostolidis, C. Bismuth-213 and Actinium-225–Generator Performance and Evolving Therapeutic Applications of Two Generator-Derived Alpha-Emitting Radioisotopes. Curr. Radiopharm. 2012, 5, 221–227. [Google Scholar] [CrossRef]

	



McDevitt, M.R.; Finn, R.D.; Sgouros, G.; Ma, D.; Scheinberg, D.A. An 225Ac/213Bi Generator System for Therapeutic Clinical Applications: Construction and Operation. Appl. Radiat. Isot. 1999, 50, 895–904. [Google Scholar] [CrossRef]

	



Ma, D.; McDevitt, M.R.; Finn, R.D.; Scheinberg, D.A. Breakthrough of 225Ac and Its Radionuclide Daughters from an 225Ac/213Bi Generator: Development of New Methods, Quantitative Characterization, and Implications for Clinical Use. Appl. Radiat. Isot. 2001, 55, 667–678. [Google Scholar] [CrossRef]

	



Moore, M.A.; Counce, R.M.; Watson, J.S.; Hall, H. The Performance of Two Silica Based Ion Exchange Resins in the Separation of 213Bi from Its Parent Solution of 225Ac. Appl. Radiat. Isot. 2018, 141, 68–72. [Google Scholar] [CrossRef]

	



Hassfjell, S.; Brechbiel, M.W. The Development of the α-Particle Emitting Radionuclides 212 Bi and 213 Bi, and Their Decay Chain Related Radionuclides, for Therapeutic Applications. Chem. Rev. 2001, 101, 2019–2036. [Google Scholar] [CrossRef] [PubMed]

	



Šimeček, J.; Hermann, P.; Seidl, C.; Bruchertseifer, F.; Morgenstern, A.; Wester, H.-J.; Notni, J. Efficient Formation of Inert Bi-213 Chelates by Tetraphosphorus Acid Analogues of DOTA: Towards Improved Alpha-Therapeutics. EJNMMI Res. 2018, 8, 78. [Google Scholar] [CrossRef]

	



Egorova, B.V.; Matazova, E.V.; Mitrofanov, A.A.; Aleshin, G.Y.; Trigub, A.L.; Zubenko, A.D.; Fedorova, O.A.; Fedorov, Y.V.; Kalmykov, S.N. Novel Pyridine-Containing Azacrownethers for the Chelation of Therapeutic Bismuth Radioisotopes: Complexation Study, Radiolabeling, Serum Stability and Biodistribution. Nucl. Med. Biol. 2018, 60, 1–10. [Google Scholar] [CrossRef]

	



Pfost, B.; Seidl, C.; Autenrieth, M.; Saur, D.; Bruchertseifer, F.; Morgenstern, A.; Schwaiger, M.; Senekowitsch-Schmidtke, R. Intravesical α-Radioimmunotherapy with 213Bi-Anti-EGFR-MAb Defeats Human Bladder Carcinoma in Xenografted Nude Mice. J. Nucl. Med. 2009, 50, 1700. [Google Scholar] [CrossRef]

	



Yao, Z.; Zhang, M.; Garmestani, K.; Axworthy, D.B.; Mallett, R.W.; Fritzberg, A.R.; Theodore, L.J.; Plascjak, P.S.; Eckelman, W.C.; Waldmann, T.A.; et al. Pretargeted α Emitting Radioimmunotherapy Using 213Bi 1,4,7,10-Tetraazacyclododecane N,N′,N″,N‴-Tetraacetic Acid-Biotin. Clin. Cancer Res. 2004, 10, 3137. [Google Scholar] [CrossRef] [PubMed]

	



Wild, D.; Frischknecht, M.; Zhang, H.; Morgenstern, A.; Bruchertseifer, F.; Boisclair, J.; Provencher-Bolliger, A.; Reubi, J.-C.; Maecke, H.R. Alpha- versus Beta-Particle Radiopeptide Therapy in a Human Prostate Cancer Model (213Bi-DOTA-PESIN and 213Bi-AMBA versus177Lu-DOTA-PESIN). Cancer Res. 2011, 71, 1009. [Google Scholar] [CrossRef]

	



Nikula, T.K.; McDevitt, M.R.; Finn, R.D.; Wu, C.; Kozak, R.W.; Garmestani, K.; Brechbiel, M.W.; Curcio, M.J.; Pippin, C.G.; Tiffany-Jones, L.; et al. Alpha-Emitting Bismuth Cyclohexylbenzyl DTPA Constructs of Recombinant Humanized Anti-CD33 Antibodies: Pharmacokinetics, Bioactivity, Toxicity and Chemistry. J. Nucl. Med. 1999, 40, 166. [Google Scholar] [PubMed]

	



Cherel, M.; Gouard, S.; Gaschet, J.; Sai-Maurel, C.; Bruchertseifer, F.; Morgenstern, A.; Bourgeois, M.; Gestin, J.-F.; Bodere, F.K.; Barbet, J.; et al. 213Bi Radioimmunotherapy with an Anti-MCD138 Monoclonal Antibody in a Murine Model of Multiple Myeloma. J. Nucl. Med. 2013, 54, 1597–1604. [Google Scholar] [CrossRef]

	



Capitao, M.; Perrin, J.; Simon, S.; Gouard, S.; Chouin, N.; Bruchertseifer, F.; Morgenstern, A.; Rbah-Vidal, L.; Chérel, M.; Scotet, E.; et al. Anti-Tumor Efficacy of PD-L1 Targeted Alpha-Particle Therapy in a Human Melanoma Xenograft Model. Cancers 2021, 13, 1256. [Google Scholar] [CrossRef] [PubMed]

	



Dekempeneer, Y.; Caveliers, V.; Ooms, M.; Maertens, D.; Gysemans, M.; Lahoutte, T.; Xavier, C.; Lecocq, Q.; Maes, K.; Covens, P.; et al. Therapeutic Efficacy of 213 Bi-Labeled SdAbs in a Preclinical Model of Ovarian Cancer. Mol. Pharm. 2020, 17, 3553–3566. [Google Scholar] [CrossRef]

	



Kratochwil, C.; Giesel, F.L.; Bruchertseifer, F.; Mier, W.; Apostolidis, C.; Boll, R.; Murphy, K.; Haberkorn, U.; Morgenstern, A. 213Bi-DOTATOC Receptor-Targeted Alpha-Radionuclide Therapy Induces Remission in Neuroendocrine Tumours Refractory to Beta Radiation: A First-in-Human Experience. Eur. J. Nucl. Med. Mol. Imaging 2014, 41, 2106–2119. [Google Scholar] [CrossRef]

	



Jurcic, J.G.; Larson, S.M.; Sgouros, G.; McDevitt, M.R.; Finn, R.D.; Divgi, C.R.; Ballangrud, Å.M.; Hamacher, K.A.; Ma, D.; Humm, J.L.; et al. Targeted α Particle Immunotherapy for Myeloid Leukemia. Blood 2002, 100, 1233–1239. [Google Scholar] [CrossRef]

	



Rosenblat, T.L.; McDevitt, M.R.; Mulford, D.A.; Pandit-Taskar, N.; Divgi, C.R.; Panageas, K.S.; Heaney, M.L.; Chanel, S.; Morgenstern, A.; Sgouros, G.; et al. Sequential Cytarabine and α-Particle Immunotherapy with Bismuth-213–Lintuzumab (HuM195) for Acute Myeloid Leukemia. Clin. Cancer Res. 2010, 16, 5303–5311. [Google Scholar] [CrossRef] [PubMed]

	



Allen, B.J.; Singla, A.A.; Rizvi, S.M.A.; Graham, P.; Bruchertseifer, F.; Apostolidis, C.; Morgenstern, A. Analysis of Patient Survival in a Phase I Trial of Systemic Targeted α-Therapy for Metastatic Melanoma. Immunotherapy 2011, 3, 1041–1050. [Google Scholar] [CrossRef] [PubMed]

	



Autenrieth, M.E.; Seidl, C.; Bruchertseifer, F.; Horn, T.; Kurtz, F.; Feuerecker, B.; D’Alessandria, C.; Pfob, C.; Nekolla, S.; Apostolidis, C.; et al. Treatment of Carcinoma in Situ of the Urinary Bladder with an Alpha-Emitter Immunoconjugate Targeting the Epidermal Growth Factor Receptor: A Pilot Study. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 1364–1371. [Google Scholar] [CrossRef]

	



Królicki, L.; Kunikowska, J.; Bruchertseifer, F.; Koziara, H.; Królicki, B.; Jakuciński, M.; Pawlak, D.; Rola, R.; Morgenstern, A.; Rosiak, E.; et al. 225Ac- and 213Bi-Substance P Analogues for Glioma Therapy. Semin. Nucl. Med. 2020, 50, 141–151. [Google Scholar] [CrossRef]

	



Chan, H.S.; Konijnenberg, M.W.; Daniels, T.; Nysus, M.; Makvandi, M.; de Blois, E.; Breeman, W.A.; Atcher, R.W.; de Jong, M.; Norenberg, J.P. Improved Safety and Efficacy of 213Bi-DOTATATE-Targeted Alpha Therapy of Somatostatin Receptor-Expressing Neuroendocrine Tumors in Mice Pre-Treated with l-Lysine. EJNMMI Res. 2016, 6, 83. [Google Scholar] [CrossRef]

	



Sathekge, M.; Knoesen, O.; Meckel, M.; Modiselle, M.; Vorster, M.; Marx, S. 213Bi-PSMA-617 Targeted Alpha-Radionuclide Therapy in Metastatic Castration-Resistant Prostate Cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1099–1100. [Google Scholar] [CrossRef] [PubMed]

	



Kratochwil, C.; Schmidt, K.; Afshar-Oromieh, A.; Bruchertseifer, F.; Rathke, H.; Morgenstern, A.; Haberkorn, U.; Giesel, F.L. Targeted Alpha Therapy of MCRPC: Dosimetry Estimate of 213Bismuth-PSMA-617. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Revskaya, E.; Jiang, Z.; Morgenstern, A.; Bruchertseifer, F.; Sesay, M.; Walker, S.; Fuller, S.; Lebowitz, M.S.; Gravekamp, C.; Ghanbari, H.A.; et al. A Radiolabeled Fully Human Antibody to Human Aspartyl (Asparaginyl) β-Hydroxylase Is a Promising Agent for Imaging and Therapy of Metastatic Breast Cancer. Cancer Biother. Radiopharm. 2017, 32, 57–65. [Google Scholar] [CrossRef]

	



Gustafsson-Lutz, A.; Bäck, T.; Aneheim, E.; Hultborn, R.; Palm, S.; Jacobsson, L.; Morgenstern, A.; Bruchertseifer, F.; Albertsson, P.; Lindegren, S. Therapeutic Efficacy of α-Radioimmunotherapy with Different Activity Levels of the 213Bi-Labeled Monoclonal Antibody MX35 in an Ovarian Cancer Model. EJNMMI Res. 2017, 7, 38. [Google Scholar] [CrossRef]

	



Deshayes, E.; Ladjohounlou, R.; Le Fur, P.; Pichard, A.; Lozza, C.; Boudousq, V.; Sevestre, S.; Jarlier, M.; Kashani, R.; Koch, J.; et al. Radiolabeled Antibodies Against Müllerian-Inhibiting Substance Receptor, Type II: New Tools for a Theranostic Approach in Ovarian Cancer. J. Nucl. Med. 2018, 59, 1234–1242. [Google Scholar] [CrossRef]

	



Ladjohounlou, R.; Lozza, C.; Pichard, A.; Constanzo, J.; Karam, J.; Le Fur, P.; Deshayes, E.; Boudousq, V.; Paillas, S.; Busson, M.; et al. Drugs That Modify Cholesterol Metabolism Alter the P38/JNK-Mediated Targeted and Nontargeted Response to Alpha and Auger Radioimmunotherapy. Clin. Cancer Res. 2019, 25, 4775–4790. [Google Scholar] [CrossRef]

	



Nosanchuk, J.D.; Jeyakumar, A.; Ray, A.; Revskaya, E.; Jiang, Z.; Bryan, R.A.; Allen, K.J.H.; Jiao, R.; Malo, M.E.; Gómez, B.L.; et al. Structure-Function Analysis and Therapeutic Efficacy of Antibodies to Fungal Melanin for Melanoma Radioimmunotherapy. Sci. Rep. 2018, 8, 5466. [Google Scholar] [CrossRef]

	



Allen, K.J.H.; Jiao, R.; Malo, M.E.; Frank, C.; Fisher, D.R.; Rickles, D.; Dadachova, E. Comparative Radioimmunotherapy of Experimental Melanoma with Novel Humanized Antibody to Melanin Labeled with 213Bismuth and 177Lutetium. Pharmaceutics 2019, 11, 348. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, R.; Allen, K.J.H.; Malo, M.E.; Rickles, D.; Dadachova, E. Evaluating the Combination of Radioimmunotherapy and Immunotherapy in a Melanoma Mouse Model. Int. J. Mol. Sci. 2020, 21, 773. [Google Scholar] [CrossRef] [PubMed]

	



Helal, M.; Allen, K.J.H.; Burgess, H.; Jiao, R.; Malo, M.E.; Hutcheson, M.; Dadachova, E.; Snead, E. Safety Evaluation of an Alpha-Emitter Bismuth-213 Labeled Antibody to (1→3)-β-Glucan in Healthy Dogs as a Prelude for a Trial in Companion Dogs with Invasive Fungal Infections. Molecules 2020, 25, 3604. [Google Scholar] [CrossRef]

	



Mirzadeh, S. Generator-Produced Alpha-Emitters. Appl. Radiat. Isot. 1998, 49, 345–349. [Google Scholar] [CrossRef]

	



Atcher, R.W.; Friedman, A.M.; Hines, J.J. An Improved Generator for the Production of 212Pb and 212Bi from 224Ra. Int. J. Rad. Appl. Instrum. A 1988, 39, 283–286. [Google Scholar] [CrossRef]

	



Zucchini, G.L.; Friedman, A.M. Isotopic Generator for 212Pb and 212Bi. Int. J. Nucl. Med. Biol. 1982, 9, 83–84. [Google Scholar] [CrossRef]

	



Hassfjell, S. A 212Pb Generator Based on a 228Th Source. Appl. Radiat. Isot. 2001, 55, 433–439. [Google Scholar] [CrossRef]

	



Kozak, R.W.; Atcher, R.W.; Gansow, O.A.; Friedman, A.M.; Hines, J.J.; Waldmann, T.A. Bismuth-212-Labeled Anti-Tac Monoclonal Antibody: Alpha-Particle-Emitting Radionuclides as Modalities for Radioimmunotherapy. Proc. Natl. Acad. Sci. USA 1986, 83, 474. [Google Scholar] [CrossRef] [PubMed]

	



Kurtzman, S.H.; Russo, A.; Mitchell, J.B.; DeGraff, W.; Sindelar, W.F.; Brechbiel, M.W.; Gansow, O.A.; Friedman, A.M.; Hines, J.J.; Gamson, J.; et al. 212Bismuth Linked to an Antipancreatic Carcinoma Antibody: Model for Alpha-Particle-Emitter Radioimmunotherapy2. JNCI J. Natl. Cancer Inst. 1988, 80, 449–452. [Google Scholar] [CrossRef]

	



Black, C.; Atcher, R.; Barbet, J.; Brechbiel, M.; Holton, O., III; Hines, J.; Gansow, O.; Weinstein, J. Selective Ablation of B Lymphocytes in Vivo by an Alpha Emitter, 212bismuth, Chelated to a Monoclonal Antibody. Antib. Immunoconjug. Radiopharm. 1988, 1, 43–53. [Google Scholar]

	



Simonson, R.B.; Ultee, M.E.; Hauler, J.A.; Alvarez, V.L. Radioimmunotherapy of Peritoneal Human Colon Cancer Xenografts with Site-Specifically Modified 212Bi-Labeled Antibody. Cancer Res. 1990, 50, 985s. [Google Scholar]

	



Hartmann, F.; Horak, E.M.; Garmestani, K.; Wu, C.; Brechbiel, M.W.; Kozak, R.W.; Tso, J.; Kosteiny, S.A.; Gansow, O.A.; Nelson, D.L.; et al. Radioimmunotherapy of Nude Mice Bearing a Human Interleukin 2 Receptor α-Expressing Lymphoma Utilizing the α-Emitting Radionuclide-Conjugated Monoclonal Antibody 212Bi-Anti-Tac. Cancer Res. 1994, 54, 4362. [Google Scholar] [PubMed]

	



Horak, E.; Hartmann, F.; Garmestani, K.; Wu, C.; Brechbiel, M.; Gansow, O.A.; Landolfi, N.F.; Waldmann, T.A. Radioimmunotherapy Targeting of HER2/Neu Oncoprotein on Ovarian Tumor Using Lead-212-DOTA-AEl. J. Nucl. Med. 1997, 38, 1944. [Google Scholar]

	



Narbutt, J.; Bilewicz, A. Gamma Emitting Radiotracers 224Ra, 212Pb and 212Bi from Natural Thorium. Appl. Radiat. Isot. 1998, 49, 89–91. [Google Scholar] [CrossRef]

	



Baidoo, K.E.; Milenic, D.E.; Brechbiel, M.W. Methodology for Labeling Proteins and Peptides with Lead-212 (212Pb). Nucl. Med. Biol. 2013, 40, 592–599. [Google Scholar] [CrossRef]

	



Westrøm, S.; Generalov, R.; Bønsdorff, T.B.; Larsen, R.H. Preparation of 212 Pb-Labeled Monoclonal Antibody Using a Novel 224 Ra-Based Generator Solution. Nucl. Med. Biol. 2017, 51, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Zhang, X.; Quinn, T.P.; Lee, D.; Liu, D.; Kunkel, F.; Zimmerman, B.E.; McAlister, D.; Olewein, K.; Menda, Y.; et al. Automated Cassette-Based Production of High Specific Activity [ 203/212 Pb]Peptide-Based Theranostic Radiopharmaceuticals for Image-Guided Radionuclide Therapy for Cancer. Appl. Radiat. Isot. 2017, 127, 52–60. [Google Scholar] [CrossRef] [PubMed]

	



Pruszyński, M.; Walczak, R.; Rodak, M.; Bruchertseifer, F.; Morgenstern, A.; Bilewicz, A. Radiochemical Separation of 224Ra from 232U and 228Th Sources for 224Ra/212Pb/212Bi Generator. Appl. Radiat. Isot. 2021, 172, 109655. [Google Scholar] [CrossRef] [PubMed]

	



Pippin, C.G.; McMurry, T.J.; Brechbiel, M.W.; McDonald, M.; Lambrecht, R.; Milenic, D.; Roselli, M.; Colcher, D.; Gansow, O.A. Lead(II) Complexes of 1,4,7,10-Tetraazacyclododecane-N,N′,N″,N‴-Tetraacetate: Solution Chemistry and Application to Tumor Localization with 203Pb Labeled Monoclonal Antibodies. Inorg. Chim. Acta 1995, 239, 43–51. [Google Scholar] [CrossRef]

	



Mirzadeh, S.; Kumar, K.; Gansow, O.A. The Chemical Fate of 212Bi-DOTA Formed by β- Decay of 212Pb(DOTA)2-. Radiochim. Acta 1993, 60, 1–10. [Google Scholar] [CrossRef]

	



Ruble, G.; Wu, C.; Squire, R.A.; Gansow, O.A.; Strand, M. The Use of 212Pb-Labeled Monoclonal Antibody in the Treatment of Murine Erythroleukemia. Int. J. Radiat. Oncol. 1996, 34, 609–616. [Google Scholar] [CrossRef]

	



Chappell, L.L.; Dadachova, E.; Milenic, D.E.; Garmestani, K.; Wu, C.; Brechbiel, M.W. Synthesis, Characterization, and Evaluation of a Novel Bifunctional Chelating Agent for the Lead Isotopes 203Pb and 212Pb. Nucl. Med. Biol. 2000, 27, 93–100. [Google Scholar] [CrossRef]

	



McNeil, B.L.; Robertson, A.K.H.; Fu, W.; Yang, H.; Hoehr, C.; Ramogida, C.F.; Schaffer, P. Production, Purification, and Radiolabeling of the 203Pb/212Pb Theranostic Pair. EJNMMI Radiopharm. Chem. 2021, 6, 6. [Google Scholar] [CrossRef]

	



Kasten, B.; Oliver, P.; Kim, H.; Fan, J.; Ferrone, S.; Zinn, K.; Buchsbaum, D. 212Pb-Labeled Antibody 225.28 Targeted to Chondroitin Sulfate Proteoglycan 4 for Triple-Negative Breast Cancer Therapy in Mouse Models. Int. J. Mol. Sci. 2018, 19, 925. [Google Scholar] [CrossRef]

	



Kasten, B.B.; Gangrade, A.; Kim, H.; Fan, J.; Ferrone, S.; Ferrone, C.R.; Zinn, K.R.; Buchsbaum, D.J. 212Pb-Labeled B7-H3-Targeting Antibody for Pancreatic Cancer Therapy in Mouse Models. Nucl. Med. Biol. 2018, 58, 67–73. [Google Scholar] [CrossRef] [PubMed]

	



Maaland, A.F.; Saidi, A.; Torgue, J.; Heyerdahl, H.; Stallons, T.A.R.; Kolstad, A.; Dahle, J. Targeted Alpha Therapy for Chronic Lymphocytic Leukaemia and Non-Hodgkin’s Lymphoma with the Anti-CD37 Radioimmunoconjugate 212Pb-NNV003. PLoS ONE 2020, 15, e0230526. [Google Scholar] [CrossRef]

	



Milenic, D.E.; Kim, Y.-S.; Baidoo, K.E.; Wong, K.J.; Barkley, R.; Delgado, J.; Brechbiel, M.W. Exploration of a F(Ab′) 2 Fragment as the Targeting Agent of α-Radiation Therapy: A Comparison of the Therapeutic Benefit of Intraperitoneal and Intravenous Administered Radioimmunotherapy. Cancer Biother. Radiopharm. 2018, 33, 182–193. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Liu, D.; Lee, D.; Kapoor, S.; Gibson-Corley, K.N.; Quinn, T.P.; Sagastume, E.A.; Mott, S.L.; Walsh, S.A.; Acevedo, M.R.; et al. Enhancing the Efficacy of Melanocortin 1 Receptor-Targeted Radiotherapy by Pharmacologically Upregulating the Receptor in Metastatic Melanoma. Mol. Pharm. 2019, 16, 3904–3915. [Google Scholar] [CrossRef]

	



dos Santos, J.C.; Schäfer, M.; Bauder-Wüst, U.; Lehnert, W.; Leotta, K.; Morgenstern, A.; Kopka, K.; Haberkorn, U.; Mier, W.; Kratochwil, C. Development and Dosimetry of 203Pb/212Pb-Labelled PSMA Ligands: Bringing “the Lead” into PSMA-Targeted Alpha Therapy? Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 1081–1091. [Google Scholar] [CrossRef] [PubMed]

	



Stenberg, V.Y.; Juzeniene, A.; Chen, Q.; Yang, X.; Bruland, Ø.S.; Larsen, R.H. Preparation of the Alpha-Emitting Prostate-Specific Membrane Antigen Targeted Radioligand [212 Pb]Pb-NG001 for Prostate Cancer. J. Label. Compd. Radiopharm. 2020, 63, 129–143. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.R.; Minn, I.; Kumar, V.; Josefsson, A.; Lisok, A.; Brummet, M.; Chen, J.; Kiess, A.P.; Baidoo, K.; Brayton, C.; et al. Preclinical Evaluation of 203/212 Pb-Labeled Low-Molecular-Weight Compounds for Targeted Radiopharmaceutical Therapy of Prostate Cancer. J. Nucl. Med. 2020, 61, 80–88. [Google Scholar] [CrossRef] [PubMed]

	



Milenic, D.E.; Garmestani, K.; Brady, E.D.; Albert, P.S.; Ma, D.; Abdulla, A.; Brechbiel, M.W. α-Particle Radioimmunotherapy of Disseminated Peritoneal Disease Using a 212Pb-Labeled Radioimmunoconjugate Targeting HER2. Cancer Biother. Radiopharm. 2005, 20, 557–568. [Google Scholar] [CrossRef]

	



Milenic, D.E.; Garmestani, K.; Brady, E.D.; Albert, P.S.; Abdulla, A.; Flynn, J.; Brechbiel, M.W. Potentiation of High-LET Radiation by Gemcitabine: Targeting HER2 with Trastuzumab to Treat Disseminated Peritoneal Disease. Clin. Cancer Res. 2007, 13, 1926. [Google Scholar] [CrossRef]

	



Milenic, D.E.; Garmestani, K.; Brady, E.D.; Baidoo, K.E.; Albert, P.S.; Wong, K.J.; Flynn, J.; Brechbiel, M.W. Multimodality Therapy: Potentiation of High Linear Energy Transfer Radiation with Paclitaxel for the Treatment of Disseminated Peritoneal Disease. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2008, 14, 5108–5115. [Google Scholar] [CrossRef]

	



Milenic, D.E.; Baidoo, K.E.; Shih, J.H.; Wong, K.J.; Brechbiel, M.W. Evaluation of Platinum Chemotherapy in Combination with HER2-Targeted α-Particle Radiation. Cancer Biother. Radiopharm. 2013, 28, 441–449. [Google Scholar] [CrossRef]

	



Meredith, R.; Torgue, J.; Shen, S.; Fisher, D.R.; Banaga, E.; Bunch, P.; Morgan, D.; Fan, J.; Straughn, J.M. Dose Escalation and Dosimetry of First-in-Human Radioimmunotherapy with 212Pb-TCMC-Trastuzumab. J. Nucl. Med. 2014, 55, 1636–1642. [Google Scholar] [CrossRef]

	



Meredith, R.F.; Torgue, J.J.; Rozgaja, T.A.; Banaga, E.P.; Bunch, P.W.; Alvarez, R.D.; Straughn, J.M.; Dobelbower, M.C.; Lowy, A.M. Safety and Outcome Measures of First-in-Human Intraperitoneal α Radioimmunotherapy With 212Pb-TCMC-Trastuzumab. Am. J. Clin. Oncol. 2018, 41, 716–721. [Google Scholar] [CrossRef]

	



Stallons, T.A.R.; Saidi, A.; Tworowska, I.; Delpassand, E.S.; Torgue, J.J. Preclinical Investigation of 212Pb-DOTAMTATE for Peptide Receptor Radionuclide Therapy in a Neuroendocrine Tumor Model. Mol. Cancer Ther. 2019, 18, 1012. [Google Scholar] [CrossRef] [PubMed]

	



Delpassand, E.; Tworowska, I.; Torgue, J.; Shanoon, F.; Hurt, J.; Ranganathan, D.; Nunez, R. First-in-Human Dose Escalation of AlphaMedixTM for Targeted Alpha-Emitter Therapy of NETs. J. Nucl. Med. 2020, 61, 415. [Google Scholar]

	



Kuznetsov, R.A.; Butkalyuk, P.S.; Tarasov, V.A.; Baranov, A.Y.; Butkalyuk, I.L.; Romanov, E.G.; Kupriyanov, V.N.; Kazakova, E.V. Yields of Activation Products in 226Ra Irradiation in the High-Flux SM Reactor. Radiochemistry 2012, 54, 383–387. [Google Scholar] [CrossRef]

	



Kukleva, E.; Kozempel, J.; Vlk, M.; Mičolová, P.; Vopálka, D. Preparation of 227Ac/223Ra by Neutron Irradiation of 226Ra. J. Radioanal. Nucl. Chem. 2015, 304, 263–266. [Google Scholar] [CrossRef]

	



Zhuikov, B.L.; Kalmykov, S.N.; Ermolaev, S.V.; Aliev, R.A.; Kokhanyuk, V.M.; Matushko, V.L.; Tananaev, I.G.; Myasoedov, B.F. Production of 225Ac and 223Ra by Irradiation of Th with Accelerated Protons. Radiochemistry 2011, 53, 73–80. [Google Scholar] [CrossRef]

	



Soderquist, Z.C.; McNamara, K.B.; Fisher, R.D. Production of High-Purity Radium-223 from Legacy Actinium-Beryllium Neutron Sources. Curr. Radiopharm. 2012, 5, 244–252. [Google Scholar] [CrossRef]

	



Abou, D.S.; Pickett, J.; Mattson, J.E.; Thorek, D.L.J. A Radium-223 Microgenerator from Cyclotron-Produced Trace Actinium-227. Appl. Radiat. Isot. 2017, 119, 36–42. [Google Scholar] [CrossRef]

	



Henriksen, G.; Hoff, P.; Alstad, J.; Larsen, R.H. 223Ra for Endoradiotherapeutic Applications Prepared from an Immobilized 227Ac/227Th Source. Radiochim. Acta 2001, 89. [Google Scholar] [CrossRef]

	



Mokhodoeva, O.; Guseva, L.; Dogadkin, N. Isolation of Generator-Produced 223Ra in 0.9% NaCl Solutions Containing EDTA for Direct Radiotherapeutic Studies. J. Radioanal. Nucl. Chem. 2015, 304, 449–453. [Google Scholar] [CrossRef]

	



Henriksen, G.; Bruland, Y.S.; Larsen, R.H. Thorium and Actinium Polyphosphonate Compounds as Bone-Seeking Alpha Particle-Emitting Agents. Anticancer Res. 2004, 24, 101–106. [Google Scholar] [PubMed]

	



Ivanov, P.I.; Collins, S.M.; van Es, E.M.; García-Miranda, M.; Jerome, S.M.; Russell, B.C. Evaluation of the Separation and Purification of 227 Th from Its Decay Progeny by Anion Exchange and Extraction Chromatography. Appl. Radiat. Isot. 2017, 124, 100–105. [Google Scholar] [CrossRef] [PubMed]

	



Frenvik, J.O.; Dyrstad, K.; Kristensen, S.; Ryan, O.B. Development of Separation Technology for the Removal of Radium-223 from Targeted Thorium Conjugate Formulations. Part I: Purification of Decayed Thorium-227 on Cation Exchange Columns. Drug Dev. Ind. Pharm. 2017, 43, 225–233. [Google Scholar] [CrossRef] [PubMed]

	



Frenvik, J.O.; Dyrstad, K.; Kristensen, S.; Ryan, O.B. Development of Separation Technology for the Removal of Radium-223 from Targeted Thorium Conjugate Formulations. Part II: Purification of Targeted Thorium Conjugates on Cation Exchange Columns. Drug Dev. Ind. Pharm. 2017, 43, 1440–1449. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Ji, M.; Fisher, D.R.; Wai, C.M. Ionizable Calixarene-Crown Ethers with High Selectivity for Radium over Light Alkaline Earth Metal Ions. Inorg. Chem. 1999, 38, 5449–5452. [Google Scholar] [CrossRef]

	



Henriksen, G.; Hoff, P.; Larsen, R.H. Evaluation of Potential Chelating Agents for Radium. Appl. Radiat. Isot. 2002, 56, 667–671. [Google Scholar] [CrossRef]

	



Logothetis, C.J.; Lin, S.-H. Osteoblasts in Prostate Cancer Metastasis to Bone. Nat. Rev. Cancer 2005, 5, 21–28. [Google Scholar] [CrossRef]

	



Vignani, F.; Bertaglia, V.; Buttigliero, C.; Tucci, M.; Scagliotti, G.V.; Di Maio, M. Skeletal Metastases and Impact of Anticancer and Bone-Targeted Agents in Patients with Castration-Resistant Prostate Cancer. Cancer Treat. Rev. 2016, 44, 61–73. [Google Scholar] [CrossRef]

	



Bruland, O.; Jonasdottir, T.; Fisher, D.; Larsen, R. Radium-223: From Radiochemical Development to Clinical Applications in Targeted Cancer Therapy. Curr. Radiopharm. 2008, 1, 203–208. [Google Scholar] [CrossRef]

	



Henriksen, G.; Breistøl, K.; Bruland, Ø.S.; Fodstad, Ø.; Larsen, R.H. Significant Antitumor Effect from Bone-Seeking, α-Particle-Emitting 223Ra Demonstrated in an Experimental Skeletal Metastases Model. Cancer Res. 2002, 7, 3120–3125. [Google Scholar]

	



Henriksen, G.; Fisher, D.R.; Roeske, J.C.; Bruland, Ø.S.; Larsen, R.H. Targeting of Osseous Sites with α-Emitting 223Ra: Comparison with the β-Emitter 89Sr in Mice. J. Nucl. Med. 2003, 8, 252–259. [Google Scholar]

	



Larsen, R.H.; Saxtorph, H.; Skydsgaard, M.; Borrebk, R.; Jonasdottir, T.J.; Bruland, Y.S.; Klastrup, S.; Harling, R.; Ramdahl, T. Radiotoxicity of the Alpha-Emitting Bone-Seeker 223Ra Injected Intravenously into Mice: Histology, Clinical Chemistry and Hematology. In Vivo 2006, 20, 325–331. [Google Scholar]

	



Müller, W.A. Studies on Short-Lived Internal α-Emitters in Mice and Rats. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 1971, 20, 27–38. [Google Scholar] [CrossRef] [PubMed]

	



Lloyd, R.D.; Mays, C.W.; Taylor, G.N.; Atherton, D.R.; Bruenger, F.W.; Jones, C.W. Radium-224 Retention, Distribution, and Dosimetry in Beagles. Radiat. Res. 1982, 92, 280–295. [Google Scholar] [CrossRef] [PubMed]

	



Wick, R.R.; Atkinson, M.J.; Nekolla, E.A. Incidence of Leukaemia and Other Malignant Diseases Following Injections of the Short-Lived α-Emitter 224Ra into Man. Radiat. Environ. Biophys. 2009, 48, 287–294. [Google Scholar] [CrossRef]

	



Priest, N.D.; Dauer, L.T.; Hoel, D.G. Administration of Lower Doses of Radium-224 to Ankylosing Spondylitis Patients Results in No Evidence of Significant Overall Detriment. PLoS ONE 2020, 15, e0232597. [Google Scholar] [CrossRef]

	



Juzeniene, A.; Bernoulli, J.; Suominen, M.; Halleen, J.; Larsen, R.H. Antitumor Activity of Novel Bone-Seeking, α-Emitting 224Ra-Solution in a Breast Cancer Skeletal Metastases Model. Anticancer Res. 2018, 38, 1947. [Google Scholar]

	



Westrøm, S.; Malenge, M.; Jorstad, I.S.; Napoli, E.; Bruland, Ø.S.; Bønsdorff, T.B.; Larsen, R.H. Ra-224 Labeling of Calcium Carbonate Microparticles for Internal α-Therapy: Preparation, Stability, and Biodistribution in Mice. J. Label. Compd. Radiopharm. 2018, 61, 472–486. [Google Scholar] [CrossRef]

	



Jonasdottir, T.J.; Fischer, D.R.; Borrebaek, J.; Bruland, Ø.S.; Larsen, R.H. First In Vivo Evaluation of Liposome-Encapsulated 223Ra as a Potential Alpha-Particle-Emitting Cancer Therapeutic Agent. Anticancer Res. 2006, 26, 2841. [Google Scholar] [PubMed]

	



Nilsson, S.; Larsen, R.H.; FossÔ, S.D.; Balteskard, L.; Borch, K.W.; Westlin, J.-E.; Salberg, G.; Bruland, Ò.S. First Clinical Experience with A-Emitting Radium-223 in the Treatment of Skeletal Metastases. Clin. Cancer Res. 2005, 10, 4451–4459. [Google Scholar] [CrossRef] [PubMed]

	



Carrasquillo, J.A.; O’Donoghue, J.A.; Pandit-Taskar, N.; Humm, J.L.; Rathkopf, D.E.; Slovin, S.F.; Williamson, M.J.; Lacuna, K.; Aksnes, A.-K.; Larson, S.M.; et al. Phase I Pharmacokinetic and Biodistribution Study with Escalating Doses of 223Ra-Dichloride in Men with Castration-Resistant Metastatic Prostate Cancer. Eur. J. Nucl. Med. Mol. Imaging 2013, 40, 1384–1393. [Google Scholar] [CrossRef] [PubMed]

	



Nilsson, S.; Franzén, L.; Parker, C.; Tyrrell, C.; Blom, R.; Tennvall, J.; Lennernäs, B.; Petersson, U.; Johannessen, D.C.; Sokal, M.; et al. Bone-Targeted Radium-223 in Symptomatic, Hormone-Refractory Prostate Cancer: A Randomised, Multicentre, Placebo-Controlled Phase II Study. Lancet Oncol. 2007, 8, 587–594. [Google Scholar] [CrossRef]

	



Parker, C.; Nilsson, S.; Heinrich, D.; Helle, S.I.; O’Sullivan, J.M.; Fosså, S.D.; Chodacki, A.; Wiechno, P.; Logue, J.; Seke, M.; et al. Alpha Emitter Radium-223 and Survival in Metastatic Prostate Cancer. N. Engl. J. Med. 2013, 369, 213–223. [Google Scholar] [CrossRef]

	



Parker, C.C.; Coleman, R.E.; Sartor, O.; Vogelzang, N.J.; Bottomley, D.; Heinrich, D.; Helle, S.I.; O’Sullivan, J.M.; Fosså, S.D.; Chodacki, A.; et al. Three-Year Safety of Radium-223 Dichloride in Patients with Castration-Resistant Prostate Cancer and Symptomatic Bone Metastases from Phase 3 Randomized Alpharadin in Symptomatic Prostate Cancer Trial. Eur. Urol. 2018, 73, 427–435. [Google Scholar] [CrossRef] [PubMed]

	



Takalkar, A.; Adams, S.; Subbiah, V. Radium-223 Dichloride Bone-Targeted Alpha Particle Therapy for Hormone-Refractory Breast Cancer Metastatic to Bone. Exp. Hematol. Oncol. 2014, 3, 23. [Google Scholar] [CrossRef]

	



McKay, R.R.; Bossé, D.; Gray, K.P.; Michaelson, M.D.; Krajewski, K.; Jacene, H.A.; Walsh, M.; Bellmunt, J.; Pomerantz, M.; Harshman, L.C.; et al. Radium-223 Dichloride in Combination with Vascular Endothelial Growth Factor–Targeting Therapy in Advanced Renal Cell Carcinoma with Bone Metastases. Clin. Cancer Res. 2018, 24, 4081. [Google Scholar] [CrossRef]

	



Marques, I.A.; Neves, A.R.; Abrantes, A.M.; Pires, A.S.; Tavares-da-Silva, E.; Figueiredo, A.; Botelho, M.F. Targeted Alpha Therapy Using Radium-223: From Physics to Biological Effects. Cancer Treat. Rev. 2018, 68, 47–54. [Google Scholar] [CrossRef]

	



Dizdarevic, S.; McCready, R.; Vinjamuri, S. Radium-223 Dichloride in Prostate Cancer: Proof of Principle for the Use of Targeted Alpha Treatment in Clinical Practice. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 192–217. [Google Scholar] [CrossRef]

	



Brito, A.E.; Etchebehere, E. Radium-223 as an Approved Modality for Treatment of Bone Metastases. Semin. Nucl. Med. 2020, 50, 177–192. [Google Scholar] [CrossRef]

	



Baum, R.P.; Singh, A.; Benešová, M.; Vermeulen, C.; Gnesin, S.; Köster, U.; Johnston, K.; Müller, D.; Senftleben, S.; Kulkarni, H.R.; et al. Clinical Evaluation of the Radiolanthanide Terbium-152: First-in-Human PET/CT with 152 Tb-DOTATOC. Dalton Trans. 2017, 46, 14638–14646. [Google Scholar] [CrossRef]

	



Müller, C.; Singh, A.; Umbricht, C.A.; Kulkarni, H.R.; Johnston, K.; Benešová, M.; Senftleben, S.; Müller, D.; Vermeulen, C.; Schibli, R.; et al. Preclinical Investigations and First-in-Human Application of 152Tb-PSMA-617 for PET/CT Imaging of Prostate Cancer. EJNMMI Res. 2019, 9, 68. [Google Scholar] [CrossRef]

	



Müller, C.; Fischer, E.; Behe, M.; Köster, U.; Dorrer, H.; Reber, J.; Haller, S.; Cohrs, S.; Blanc, A.; Grünberg, J.; et al. Future Prospects for SPECT Imaging Using the Radiolanthanide Terbium-155—Production and Preclinical Evaluation in Tumor-Bearing Mice. Nucl. Med. Biol. 2014, 41, e58–e65. [Google Scholar] [CrossRef]

	



Haller, S.; Pellegrini, G.; Vermeulen, C.; van der Meulen, N.P.; Köster, U.; Bernhardt, P.; Schibli, R.; Müller, C. Contribution of Auger/Conversion Electrons to Renal Side Effects after Radionuclide Therapy: Preclinical Comparison of 161Tb-Folate and 177Lu-Folate. EJNMMI Res. 2016, 6, 13. [Google Scholar] [CrossRef] [PubMed]

	



Müller, C.; Umbricht, C.A.; Gracheva, N.; Tschan, V.J.; Pellegrini, G.; Bernhardt, P.; Zeevaart, J.R.; Köster, U.; Schibli, R.; van der Meulen, N.P. Terbium-161 for PSMA-Targeted Radionuclide Therapy of Prostate Cancer. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 1919–1930. [Google Scholar] [CrossRef]

	



Beyer, G.J.; Čomor, J.J.; Daković, M.; Soloviev, D.; Tamburella, C.; Hagebø, E.; Allan, B.; Dmitriev, S.N.; Zaitseva, N.G. Production Routes of the Alpha Emitting 149Tb for Medical Application. Radiochim. Acta 2002, 90. [Google Scholar] [CrossRef]

	



Steyn, G.F.; Vermeulen, C.; Szelecsényi, F.; Kovács, Z.; Hohn, A.; van der Meulen, N.P.; Schibli, R.; van der Walt, T.N. Cross Sections of Proton-Induced Reactions on 152Gd, 155Gd and 159Tb with Emphasis on the Production of Selected Tb Radionuclides. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At. 2014, 319, 128–140. [Google Scholar] [CrossRef]

	



Rahman, A.K.M.R.; Awal, A. Production of 149Tb, 152Tb, 155Tb and 161Tb from Gadolinium Using Different Light-Particle Beams. J. Radioanal. Nucl. Chem. 2020, 323, 731–740. [Google Scholar] [CrossRef]

	



Cavaier, R.F.; Haddad, F.; Sounalet, T.; Stora, T.; Zahi, I. Terbium Radionuclides for Theranostics Applications: A Focus On MEDICIS-PROMED. Phys. Procedia 2017, 90, 157–163. [Google Scholar] [CrossRef]

	



Zaitseva, N.G.; Dmitriev, S.N.; Maslov, O.D.; Molokanova, L.G.; Starodub, G.Y.; Shishkin, S.V.; Shishkina, T.V.; Beyer, G.J. Terbium-149 for Nuclear Medicine. The Production of 149Tb via Heavy Ions Induced Nuclear Reactions. Czechoslov. J. Phys. 2003, 53, A455–A458. [Google Scholar] [CrossRef]

	



Maiti, M.; Lahiri, S.; Tomar, B.S. Investigation on the Production and Isolation of 149,150,151 Tb from 12 C Irradiated Natural Praseodymium Target. Radiochim. Acta 2011, 99, 527–534. [Google Scholar] [CrossRef]

	



Zagryadskii, V.A.; Latushkin, S.T.; Malamut, T.Y.; Novikov, V.I.; Ogloblin, A.A.; Unezhev, V.N.; Chuvilin, D.Y. Measurement of Terbium Isotopes Yield in Irradiation of 151Eu Targets by 3He Nuclei. At. Energy 2017, 123, 55–58. [Google Scholar] [CrossRef]

	



Kazakov, A.G.; Aliev, R.A.; Bodrov, A.Y.; Priselkova, A.B.; Kalmykov, S.N. Separation of Radioisotopes of Terbium from a Europium Target Irradiated by 27 MeV α-Particles. Radiochim. Acta 2018, 106, 135–140. [Google Scholar] [CrossRef]

	



Moiseeva, A.N.; Aliev, R.A.; Unezhev, V.N.; Zagryadskiy, V.A.; Latushkin, S.T.; Aksenov, N.V.; Gustova, N.S.; Voronuk, M.G.; Starodub, G.Y.; Ogloblin, A.A. Cross Section Measurements of 151Eu(3He,5n) Reaction: New Opportunities for Medical Alpha Emitter 149Tb Production. Sci. Rep. 2020, 10, 508. [Google Scholar] [CrossRef] [PubMed]

	



Allen, B.J.; Blagojevic, N. Alpha- and Beta-Emitting Radiolanthanides in Targeted Cancer Therapy: The Potential Role of Terbium-149. Nucl. Med. Commun. 1996, 17, 40–47. [Google Scholar] [CrossRef]

	



Miederer, M.; Seidl, C.; Beyer, G.-J.; Charlton, D.E.; Vranjes-Duric, S.; Comor, J.J.; Huber, R.; Nikula, T.; Apostolidis, C.; Schuhmacher, C.; et al. Comparison of the Radiotoxicity of Two Alpha-Particle-Emitting Immunoconjugates, Terbium-149 and Bismuth-213, Directed against a Tumor-Specific, Exon 9 Deleted (D9) E-Cadherin Adhesion Protein. Radiat. Res. 2003, 159, 612–620. [Google Scholar] [CrossRef]

	



Beyer, G.-J.; Miederer, M.; Vranješ-Đurić, S.; Čomor, J.J.; Künzi, G.; Hartley, O.; Senekowitsch-Schmidtke, R.; Soloviev, D.; Buchegger, F.; The ISOLDE Collaboration. Targeted Alpha Therapy in Vivo: Direct Evidence for Single Cancer Cell Kill Using 149Tb-Rituximab. Eur. J. Nucl. Med. Mol. Imaging 2004, 31, 547–554. [Google Scholar] [CrossRef] [PubMed]

	



Muller, C.; Zhernosekov, K.; Koster, U.; Johnston, K.; Dorrer, H.; Hohn, A.; van der Walt, N.T.; Turler, A.; Schibli, R. A Unique Matched Quadruplet of Terbium Radioisotopes for PET and SPECT and for-and—Radionuclide Therapy: An In Vivo Proof-of-Concept Study with a New Receptor-Targeted Folate Derivative. J. Nucl. Med. 2012, 53, 1951–1959. [Google Scholar] [CrossRef]

	



Müller, C.; Reber, J.; Haller, S.; Dorrer, H.; Köster, U.; Johnston, K.; Zhernosekov, K.; Türler, A.; Schibli, R. Folate Receptor Targeted Alpha-Therapy Using Terbium-149. Pharmaceuticals 2014, 7, 353–365. [Google Scholar] [CrossRef] [PubMed]

	



Umbricht, C.A.; Köster, U.; Bernhardt, P.; Gracheva, N.; Johnston, K.; Schibli, R.; van der Meulen, N.P.; Müller, C. Alpha-PET for Prostate Cancer: Preclinical Investigation Using 149Tb-PSMA-617. Sci. Rep. 2019, 9, 17800. [Google Scholar] [CrossRef] [PubMed]

	



Müller, C.; Vermeulen, C.; Köster, U.; Johnston, K.; Türler, A.; Schibli, R.; van der Meulen, N.P. Alpha-PET with Terbium-149: Evidence and Perspectives for Radiotheragnostics. EJNMMI Radiopharm. Chem. 2017, 1, 5. [Google Scholar] [CrossRef]

	



Washiyama, K.; Amano, R.; Sasaki, J.; Kinuya, S.; Tonami, N.; Shiokawa, Y.; Mitsugashira, T. 227Th-EDTMP: A Potential Therapeutic Agent for Bone Metastasis. Nucl. Med. Biol. 2004, 31, 901–908. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, R.H.; Borrebaek, J.; Dahle, J.; Melhus, K.B.; Krogh, C.; Valan, M.H.; Bruland, Ø.S. Preparation of 227Th-Labeled Radioimmunoconjugates, Assessment of Serum Stability and Antigen Binding Ability. Cancer Biother. Radiopharm. 2007, 22, 431–437. [Google Scholar] [CrossRef] [PubMed]

	



Gorden, A.E.V.; Xu, J.; Raymond, K.N.; Durbin, P. Rational Design of Sequestering Agents for Plutonium and Other Actinides. Chem. Rev. 2003, 103, 4207–4282. [Google Scholar] [CrossRef]

	



Durbin, P.W. Lauriston, S. Taylor Lecture: The Quest for Therapeutic Actinide Chelators. Health Phys. 2008, 95, 465–492. [Google Scholar] [CrossRef]

	



Abergel, R.J.; Durbin, P.W.; Kullgren, B.; Ebbe, S.N.; Xu, J.; Chang, P.Y.; Bunin, D.I.; Blakely, E.A.; Bjornstad, K.A.; Rosen, C.J.; et al. Biomimetic Actinide Chelators: An Update on the Preclinical Development of the Orally Active Hydroxypyridonate Decorporation Agents 3,4,3-LI(1,2-HOPO) and 5-LIO(ME-3,2-HOPO). Health Phys. 2010, 99, 401–407. [Google Scholar] [CrossRef]

	



Deblonde, G.J.-P.; Sturzbecher-Hoehne, M.; Abergel, R.J. Solution Thermodynamic Stability of Complexes Formed with the Octadentate Hydroxypyridinonate Ligand 3,4,3-LI(1,2-HOPO): A Critical Feature for Efficient Chelation of Lanthanide(IV) and Actinide(IV) Ions. Inorg. Chem. 2013, 52, 8805–8811. [Google Scholar] [CrossRef]

	



Sturzbecher-Hoehne, M.; Deblonde, G.J.-P.; Abergel, R.J. Solution Thermodynamic Evaluation of Hydroxypyridinonate Chelators 3,4,3-LI(1,2-HOPO) and 5-LIO(Me-3,2-HOPO) for UO2 (VI) and Th(IV) Decorporation. Radiochim. Acta 2013, 101, 359–366. [Google Scholar] [CrossRef]

	



Ramdahl, T.; Bonge-Hansen, H.T.; Ryan, O.B.; Larsen, Å.; Herstad, G.; Sandberg, M.; Bjerke, R.M.; Grant, D.; Brevik, E.M.; Cuthbertson, A.S. An Efficient Chelator for Complexation of Thorium-227. Bioorg. Med. Chem. Lett. 2016, 26, 4318–4321. [Google Scholar] [CrossRef]

	



Deblonde, G.J.-P.; Lohrey, T.D.; Booth, C.H.; Carter, K.P.; Parker, B.F.; Larsen, Å.; Smeets, R.; Ryan, O.B.; Cuthbertson, A.S.; Abergel, R.J. Solution Thermodynamics and Kinetics of Metal Complexation with a Hydroxypyridinone Chelator Designed for Thorium-227 Targeted Alpha Therapy. Inorg. Chem. 2018, 57, 14337–14346. [Google Scholar] [CrossRef] [PubMed]

	



Hagemann, U.B.; Wickstroem, K.; Wang, E.; Shea, A.O.; Sponheim, K.; Karlsson, J.; Bjerke, R.M.; Ryan, O.B.; Cuthbertson, A.S. In Vitro and In Vivo Efficacy of a Novel CD33-Targeted Thorium-227 Conjugate for the Treatment of Acute Myeloid Leukemia. Mol. Cancer Ther. 2016, 15, 2422–2431. [Google Scholar] [CrossRef] [PubMed]

	



Ferrier, M.G.; Li, Y.; Chyan, M.-K.; Wong, R.; Li, L.; Spreckelmeyer, S.; Hamlin, D.K.; Mastren, T.; Fassbender, M.E.; Orvig, C.; et al. Thorium Chelators for Targeted Alpha Therapy: Rapid Chelation of Thorium-226. J. Label. Compd. Radiopharm. 2020, 63, 502–516. [Google Scholar] [CrossRef]

	



Dahle, J.; Krogh, C.; Melhus, K.B.; Borrebæk, J.; Larsen, R.H.; Kvinnsland, Y. In Vitro Cytotoxicity of Low-Dose-Rate Radioimmunotherapy by the Alpha-Emitting Radioimmunoconjugate Thorium-227–DOTA–Rituximab. Int. J. Radiat. Oncol. 2009, 75, 886–895. [Google Scholar] [CrossRef] [PubMed]

	



Dahle, J.; Jonasdottir, T.J.; Heyerdahl, H.; Nesland, J.M.; Borrebæk, J.; Hjelmerud, A.K.; Larsen, R.H. Assessment of Long-Term Radiotoxicity after Treatment with the Low-Dose-Rate Alpha-Particle-Emitting Radioimmunoconjugate 227Th-Rituximab. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 93–102. [Google Scholar] [CrossRef]

	



Heyerdahl, H.; Abbas, N.; Brevik, E.M.; Mollatt, C.; Dahle, J. Fractionated Therapy of HER2-Expressing Breast and Ovarian Cancer Xenografts in Mice with Targeted Alpha Emitting 227Th-DOTA-p-Benzyl-Trastuzumab. PLoS ONE 2012, 7, e42345. [Google Scholar] [CrossRef]

	



Abbas, N.; Heyerdahl, H.; Bruland, O.; Brevik, E.; Dahle, J. Comparing High LET 227Th- and Low LET 177Lu-Trastuzumab in Mice with HER-2 Positive SKBR-3 Xenografts. Curr. Radiopharm. 2013, 6, 78–86. [Google Scholar] [CrossRef]

	



Heyerdahl, H.; Abbas, N.; Sponheim, K.; Mollatt, C.; Bruland, O.; Dahle, J. Targeted Alpha Therapy with 227Th-Trastuzumab of Intraperitoneal Ovarian Cancer in Nude Mice. Curr. Radiopharm. 2013, 6, 106–116. [Google Scholar] [CrossRef]

	



Staudacher, A.H.; Bezak, E.; Borysenko, A.; Brown, M.P. Targeted α-Therapy Using 227Th-APOMAB and Cross-Fire Antitumour Effects: Preliminary in-Vivo Evaluation. Nucl. Med. Commun. 2014, 35, 1284–1290. [Google Scholar] [CrossRef]

	



Hagemann, U.B.; Mihaylova, D.; Uran, S.R.; Borrebaek, J.; Grant, D.; Bjerke, R.M.; Karlsson, J.; Cuthbertson, A.S. Targeted Alpha Therapy Using a Novel CD70 Targeted Thorium-227 Conjugate in in Vitro and in Vivo Models of Renal Cell Carcinoma. Oncotarget 2017, 8. [Google Scholar] [CrossRef] [PubMed]

	



Wickstroem, K.; Hagemann, U.B.; Kristian, A.; Ellingsen, C.; Sommer, A.; Ellinger-Ziegelbauer, H.; Wirnitzer, U.; Hagelin, E.-M.; Larsen, A.; Smeets, R.; et al. Preclinical Combination Studies of an FGFR2 Targeted Thorium-227 Conjugate and the ATR Inhibitor BAY 1895344. Int. J. Radiat. Oncol. 2019, 105, 410–422. [Google Scholar] [CrossRef]

	



Hagemann, U.B.; Ellingsen, C.; Schuhmacher, J.; Kristian, A.; Mobergslien, A.; Cruciani, V.; Wickstroem, K.; Schatz, C.A.; Kneip, C.; Golfier, S.; et al. Mesothelin-Targeted Thorium-227 Conjugate (MSLN-TTC): Preclinical Evaluation of a New Targeted Alpha Therapy for Mesothelin-Positive Cancers. Clin. Cancer Res. 2019, 25, 4723–4734. [Google Scholar] [CrossRef] [PubMed]

	



Wickstroem, K.; Hagemann, U.B.; Cruciani, V.; Wengner, A.M.; Kristian, A.; Ellingsen, C.; Siemeister, G.; Bjerke, R.M.; Karlsson, J.; Ryan, O.B.; et al. Synergistic Effect of a Mesothelin-Targeted 227 Th Conjugate in Combination with DNA Damage Response Inhibitors in Ovarian Cancer Xenograft Models. J. Nucl. Med. 2019, 60, 1293–1300. [Google Scholar] [CrossRef]

	



Wickstroem, K.; Karlsson, J.; Ellingsen, C.; Cruciani, V.; Kristian, A.; Hagemann, U.B.; Bjerke, R.M.; Ryan, O.B.; Linden, L.; Mumberg, D.; et al. Synergistic Effect of a HER2 Targeted Thorium-227 Conjugate in Combination with Olaparib in a BRCA2 Deficient Xenograft Model. Pharmaceuticals 2019, 12, 155. [Google Scholar] [CrossRef] [PubMed]

	



Hammer, S.; Hagemann, U.B.; Zitzmann-Kolbe, S.; Larsen, A.; Ellingsen, C.; Geraudie, S.; Grant, D.; Indrevoll, B.; Smeets, R.; von Ahsen, O.; et al. Preclinical Efficacy of a PSMA-Targeted Thorium-227 Conjugate (PSMA-TTC), a Targeted Alpha Therapy for Prostate Cancer. Clin. Cancer Res. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Frantellizzi, V.; Cosma, L.; Brunotti, G.; Pani, A.; Spanu, A.; Nuvoli, S.; De Cristofaro, F.; Civitelli, L.; De Vincentis, G. Targeted Alpha Therapy with Thorium-227. Cancer Biother. Radiopharm. 2020, 35, 437–445. [Google Scholar] [CrossRef]

	



Hagemann, U.B.; Wickstroem, K.; Hammer, S.; Bjerke, R.M.; Zitzmann-Kolbe, S.; Ryan, O.B.; Karlsson, J.; Scholz, A.; Hennekes, H.; Mumberg, D.; et al. Advances in Precision Oncology: Targeted Thorium-227 Conjugates as a New Modality in Targeted Alpha Therapy. Cancer Biother. Radiopharm. 2020, 35, 497–510. [Google Scholar] [CrossRef]

	



Hatcher-Lamarre, J.L.; Sanders, V.A.; Rahman, M.; Cutler, C.S.; Francesconi, L.C. Alpha Emitting Nuclides for Targeted Therapy. Nucl. Med. Biol. 2021, 92, 228–240. [Google Scholar] [CrossRef]








[image: Pharmaceutics 13 00906 g001 550] 





Figure 1. Decay schemes for the production of 225Ac and 213Bi. 
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Figure 2. Chemical structures of main 225Ac chelators. 
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Figure 3. Simplified decay scheme of 211At. 
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Figure 5. Schematic representation of 213Bi-labeled radioimmunoconjugates based on p-SCN-Bn-DOTA (A) or p-SCN-Bn-CHX-A″-DTPA (B). 
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Figure 6. Decay schemes for the production of 212Bi and 212Pb. 
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Figure 7. Schematic representation of 212Pb-labeled radioimmunoconjugates based on p-SCN-Bn-DOTA (A) or p-SCN-Bn-TCMC (B). 






Figure 7. Schematic representation of 212Pb-labeled radioimmunoconjugates based on p-SCN-Bn-DOTA (A) or p-SCN-Bn-TCMC (B).



[image: Pharmaceutics 13 00906 g007]







[image: Pharmaceutics 13 00906 g008 550] 





Figure 8. Decay schemes for the production of 223Ra and 227Th. 
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Figure 9. Decay scheme of 149Tb. 
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Figure 10. Schematic representation of 227Th-labeled radioimmunoconjugates based on p-SCN-Bn-DOTA (A) or Me-3,2-HOPO (B). 
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Table 1. Reported 225Ac preclinical studies involving an identified pathology model (non-exhaustive list).
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Preclinical Model

	
Molecular Target

	
Targeting Vector

	
Chelating Agent

	
Investigations

	
References






	
Human ovarian carcinoma HER2-positive

(SKOV-3 cell line)

	
HER2

	
trastuzumab

	
py4pa

	
Stability study, in vitro and biodistribution

	
[39]




	
Human breast cancer cell lines SUM-225 and MDA-MB-231

	
DOTA

	
In vitro, biodistribution (comparison with 111In-DTPA-trastuzumab), optical imaging and therapy study.

	
[46]




	
Human HER2-positive cell lines SKOV-3 (ovarian cancer) and MDA-MB-231 (breast cancer)

	
2Rs15d

(nanobody)

	
DOTA

	
In vitro and biodistribution

In vitro, therapy study, dosimetry and toxicity

	
[47,48]




	
U87mg human glioblastoma tumor cells

	
αvβ3 integrin

	
c[RGDfK]

	
DOTA

	
Biodistribution, optical imaging and therapy study

	
[49]




	
Human glioblastoma cell line U251

	
Interleukin-13 receptor alpha 2 (IL13RA2)

	
PepL1

	
DOTA

	
Bioluminescent imaging, therapy study (comparison with 64Cu-PepL1)

	
[50]




	
NT2.5 mammary tumor cell line

	
Programmed cell death ligand 1 (PD-1)

	
Anti-mouse PD-L1 (anti-PD-L1-BC)

	
DOTA

	
Biodistribution (comparison with 111In-DTPA- anti-PD-L1-BC), imaging, dosimetry

	
[51]




	
Human prostatic carcinoma cells LNCaP

	
PSMA

	
RPS-070

	
Macropa

	
In vitro and biodistribution

	
[40]




	
RPS-074

	
Macropa

	
In vitro, biodistribution, therapy study and dosimetry

	
[52]




	
Human pancreatic cell line BxPC3

	
Carbohydrate antigen 19.9

	
Human antibody 5B1

	
DOTA

	
Biodistribution, luminescence imaging, therapy studies (pre-targeting or conventional) and toxicity

	
[33,34]




	
Mammary carcinoma cell lines MFM-223 and BT-474

	
Human kallikrein peptidase 2 (hK2)

	
Humanized monoclonal antibody hu11B6

	
DOTA

	
In vitro, biodistribution and therapeutic study

	
[53]




	
Triple-negative breast cancer model SUM149T

	
Insulin growth factor receptor (IGF-1)

	
Human monoclonal antibody cixutumumab (IMC-A12)

	
DOTA

	
In vitro, imaging, biodistribution (comparison with 111In-cixutumumab) and efficacy study

	
[54]




	
Malignant melanoma cell line B16F10

	
Melanocortin-1 receptor (MC1R)

	
CycMSH

	
DOTA

	
Stability study and biodistribution

	
[25]




	
αMSH

	
Crown

	
Stability study and biodistribution

	
[41]




	
Human cutaneous melanoma cells A375 and A375/MC1R and human uveal melanoma cells MEL270

	
MC1RL

	
DOTA

	
In vitro, pharmacokinetic, biodistribution, therapy study and dosimetry

	
[55]




	
Human cutaneous melanoma cells A375 and A375/MC1R

	
DOTA

	
Biodistribution, Pharmacokinetic, therapy study and toxicity

	
[56]




	
Malignant melanoma cell line B16F10

	
Very late 4 (VLA-4 or integrin αvβ1)

	
Anti-mouse/human VLA-4 (CD49d)

	
DOTA

	
In vitro, biodistribution, imaging dosimetry and therapeutic efficacy

	
[57]




	
Human embryonic kidney epithelial cells HEK-293T and HEK-293T-Hx16

	
Delta like 3 protein (DLL3)

	
Humanized site-specific antibodies N149, SC16.56

	
DOTA

	
In vitro, biodistribution and efficacy study (comparison with 177Lu-DOTA-MMA)

	
[58]




	
Colorectal cancer (SW1222), breast cancer (BT-474) or neuroblastoma (IMR32)

	
GPA33 antigen

	
Humanized A33 and C825 (huA33-C825)

	
DO3A

	
Biodistribution (comparison with 111In-Pr, imaging) therapy study and toxicity

(Pretargeted radioimmunotherapy)

	
[59]




	
Human pancreatic cell lines PANC-1 and MIA PaCa-2

	
Fibroblast activation protein

(FAP)

	
FAP inhibitor (FAPI-04)

	
DOTA

	
In vitro, biodistribution and efficacy study

	
[60]




	
Human squamous carcinoma A431 cell line

	
Cholecystokinin B receptor (CCKBR)

	
PP-F11N

	
DOTA

	
In vitro, biodistribution and therapy study

	
[61]




	
Hepatoblastoma cell line HepG2 and squamous carcinoma A431 (GPC3+)

	
Glypican-3 (GPC3)

	
Codrituzumab (GC33)

	
Macropa

	
In vitro, biodistribution, therapy study and toxicity

	
[62]
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Table 2. Preclinical studies involving an identified pathology model (non-exhaustive list).
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Preclinical Model

	
Molecular Target

	
Targeting Vector

	
Prosthetic Groups

	
Investigations

	
References






	
Human ovarian carcinoma HER2-positive

(SKOV-3 cell line)

	
HER2

	
2Rs15d

(nanobody)

	
[211At]SAGMB

[211At]SAB a

[211At]MSB b

	
In vitro, dosimetry, and biodistribution

	
[121]




	
Human gastric cancer cell line NCI-N87

	
trastuzumab

	
[211At]SAB a

	
In vitro, biodistribution and therapy

	
[122]




	
BT474M1 human breast carcinoma cells

	
sdAb 5F7

(single-domain antibody fragments)

	
[211At]SAGMB

iso-[211At]SAGMB

	
In vitro and biodistribution

	
[123]




	
Human papillary thyroid carcinoma K1 cells

	
Sodium-iodide symporter (NIS)

	
-

	
-

	
In vitro, toxicity, biodistribution and therapy

	
[124]




	
MDA-MB-231 and EMT-6 breast cancer cells

	
sigma-2 receptor

	
[211At]MM3

	
SEAr

	
In vitro, biodistribution and dosimetry

	
[125]




	
Osteosarcoma (SaOS2, U2OS), colon cancer (HCT116, HCT116 p53−/−), human cervical cancer (HeLa), glioma (T98G) cell lines

	
Class I chain-related protein A and B

(MICA/B)

	
Anti MICA/B

	
[211At]SAB a

	
In vitro, biodistribution and toxicity

	
[126]




	
Human non-small cell lung cancer (NSCLC) cell line A549

	
Somatostatin receptor-2 (SSTR2)

	
Octreotide

	
[211At]

[211At]-SPC

	
In vitro, biodistribution and therapy

	
[127]




	
Human synovial sarcoma cell line SYO-1

	
Frizzled homolog 10 (FZD10)

	
OTSA101

(anti-FZD10)

	
[211At]SAB a

	
Biodistribution, therapy and dosimetry

	
[128]




	
PC12 rat pheochromocytoma cells

	
Norepinephrine transporter system

	
[211At]MABG

	
SEAr

	
In vitro, Biodistribution and therapy

	
[129]




	
NCI-H929 multiple myeloma cell line

	
CD38

	
OKT10

	
B10-NCS

	
In vitro, Biodistribution and therapy

	
[130]




	
Neuroblastoma cell line IMR-05

	
PARP-1

	
[211At]MM4

	
SEAr

	
In vitro, Biodistribution and therapy

	
[131]




	
Human (U87MG, U87MG-IDH1, U118MG, LN18 and mouse (GL26) glioblastoma cell lines

	
In vitro, toxicity and therapy

	
[132]




	
U-87MG glioblastoma cell line

	
αvβ3 integrin

	
c[RGDfK]

	
SEAr

	
In vitro and Biodistribution

	
[133]




	
Castration-resistant prostate cancer cell line PC3 transfected to express PSCA

(PC3-PSCA)

	
Prostate stem cells antigen (PSCA)

	
A11

(minibody)

	
[211At]SAB a

	
Biodistribution, toxicity and therapy

	
[134]




	
PC3 prostate cancer cell lines

	
Gastrin-releasing peptide receptors (GRPRs)

	
Bombesin

	
[211At]SAB

	
In vitro and Biodistribution

	
[135]




	
C6, U-87MG and GL261 glioma cell lines

	
L-type amino acid transporter-1 (LAT-1)

	
L-Phenylalanine

(PA), α-methyl-L-phenylalanine (AAMP) or α-methyl-L-tyrosine (AAMT)

	
SNAr

	
In vitro, Biodistribution and therapy

	
[136]




	
Human ovarian carcinoma SKOV-3 cell line

	
SEAr

	
In vitro, Biodistribution and therapy

	
[137]




	
Human pancreatic (PANC-1) and murine melanoma metastatic (B16F10) cell lines

	
SEAr

	
In vitro, Biodistribution and therapy

	
[138]




	
mGluR1 expressing B16F10 melanoma cells

	
Metabotropic glutamate receptor type 1 (mGluR1)

	
[211At]AITM

	
SEAr

	
In vitro, Biodistribution and therapy

	
[139]




	
5T33 murine myeloma cell line

	
CD138

	
9E7.4

(Anti-mCD138 antibody)

	
[211At]SAB

	
In vitro, Biodistribution, therapy and dosimetry

	
[140]




	
Human AML cell line U937

	
CXCR4

	
CXCR4 mAb

	
[211At]SAB

	
In vitro, Biodistribution and dosimetry

	
[141]




	
Human ovarian cancer cell line NIH:OVCAR3

	
folate receptor alpha (FRα)

	
Farletuzumab

(MORab003)

	
[211At]SAB a

	
In vitro, biodistribution, therapy and dosimetry

	
[142]




	
C4-2B human prostate cancer cells (LNCaP subline)

	
PSMA antigen

	
Lysine-urea-glutamate (LuG) moiety

	
Closo-decaborate(2-) derivative

	
In vitro and biodistribution

	
[143]








a One-step radiolabeling using N-succinimidyl-3-(trimethylstannyl)-benzoate (m-MeATE) [114]; b One-step radiolabeling using N-2-(maleimido)ethyl-3-(trimethylstannyl)benzamide (MSB) [115].



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
Electron Capture
m =
—_— e

o (42%)  (100%)
E, = 5.9 MeV E,=7.4 MeV

Electron Capture
207Bi (100%)






media/file13.png
‘ 232Th I 232U

a(100%)\ o (100%) l

L

E, = 5.3 MeV

228R4 B~ (100%) ‘ 228 ¢ I B~ (100%) 228Th

o (100%) \

L

E, = 5.4 MeV

N
E
A
Q

o (100%)
E, = 5.7 MeV

N
E
A
-

a (100%)
E, = 6.3 MeV

216Po

i

o (100%) \

E, = 6.8 MeV
B~ (100%) B~ (64%)
E. = 0.3 MeV . E. = 2.3 MeV
B 212g; B 212p
a (36%) o (100%)
E,=6.1 MeV E, = 8.8 MeV

B~ (100%)
B

E.=1.8 MeV m
_— >

208T|






media/file12.jpg





media/file18.jpg





media/file9.png
Electron Capture
211p¢ (52%) 211pg
0.52s
o (42%) o (100%)
E, =5.9 MeV E,=7.4 MeV

Electron Capture
207 Bi (100%) . 207 Pb

32y






media/file14.jpg





media/file20.jpg





media/file5.png
233U

5

o (100%)
E, = 4.8 MeV

229Th

3

o (100%)
E, = 5.0 MeV

B~ (100%)
225R4 E; = 0.32-0.37 MeV

L

o (100%)
E_ = 5.8 MeV I

221F,

o (100%)
E, = 6.3 MeV

N
&
E

o (~100%)
E, = 7.1 MeV

B~ (97.1%)
Ep=14MeV | 513
a (2.1%) a (100%)
Ea = 5.9 MeV Eq = 8.4 MeV

B~ (100%) B~ (100%)
209-” E;=3.9 Me;l zogpb E;=0.6 Me:V

o






media/file15.png
(A)

(B)






media/file19.png
o (17%)

Electron Capture Electron Capture Electron Capture
(76%) 149 (100%) 149 (100%)
- Gd > Eu > 149gm
BT (T%)
E, = 3.9 MeV
Electron Capture Electron Capture Electron Capture
145Eu (98%) _ 1458m (100%) _ 145Pm (100%) _ m
B (2%)






nav.xhtml


  pharmaceutics-13-00906


  
    		
      pharmaceutics-13-00906
    


  




  





media/file11.png
(A)

Ir=z

Ir=z

e





media/file6.jpg





media/file2.png
o} o —
_ o (@]
©
(o) O—N O O——N
N o) o) N N |
o] o o} o)
(o]
21154 211t NH
A,

B10
[*1At]SAB 5 | _
[211At]SAGMB
o} o} o} B 19
o) e NCS
0] H\/\ 211At O
N, | X So—Nn Oy _O—N N J\N
7 H H
o o] o]
Bus;Sn
’ MSB [211At]SPC Bu,Sn B10-NCS

m-MeATE





media/file10.jpg





media/file7.png
T

DOTA

C(iLOH ”°:§:> H:>—\N/—\N/—<:H
\__/

H,macropa crown

| X

Z N N/ 2 |

|

N N (0]
AN \N
| AN | X OH

=N N A

HO (o] HO (o]





media/file1.jpg
e





media/file16.jpg





media/file0.png





media/file17.png
B~ (100%)

a (100%) o (100%)
‘ 235 IE -46M9V‘ 2317TH IEB-04MeV‘ 231p, IE —50Mev‘ 227 I

a (1.4%)
E, = 5.0 MeV

227T

o (100%)
E, = 59 MeV

B~ (98.6%)
E,S o 02-0.04 MeV ‘ 223FI' I

B~ (100%)
E; = 1.2 MeV

E, = 5.7 MeV

‘ 219RI“I I
)

o (100%
E, = 6.8 MeV

‘ 215pg I

a (100%)
E,=7.4 MeV

‘ 211Pb I

B~ (100%)
E; =1.3 MeV

o (100%) \

a (99.7%)

‘ 211B| IE —66MeV‘ 207_“ I

8- (0.3%) \ |3 (100%) I

E; = 0.5 MeV g = 1.4 MeV
a(997%






media/file4.jpg
=1

o

s, |
o,
o
|
L,
=
o |
e,
e
el == el
e |
Ry L,
i _—
R R BT |





media/file21.png
=z

=z






