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Abstract

:

Radiolabeled antibodies are powerful tools for both imaging and therapy in the field of nuclear medicine. Radiolabeling methods that do not release radionuclides from parent antibodies are essential for radiolabeling antibodies, and practical radiolabeling protocols that provide high in vivo stability have been established for many radionuclides, with a few exceptions. However, several limitations remain, including undesirable side effects on the biodistribution profiles of antibodies. This review summarizes the numerous efforts made to tackle this problem and the recent advances, mainly in preclinical studies. These include pretargeting approaches, engineered antibody fragments and constructs, the secondary injection of clearing agents, and the insertion of metabolizable linkages. Finally, we discuss the potential of these approaches and their prospects for further clinical application.
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1. Introduction


Antibodies selectively bind to antigens with a high affinity and specificity and can be used as “magic bullets” [1,2]. Thus, antibodies are useful vehicles for delivering radionuclides to target tissues [3,4]. Radiolabeled antibodies for diagnosis or therapy can be prepared from parental antibodies by choosing radionuclides and are thus useful for radiotheranostics [5]. Radiolabeled antibodies have been widely developed for radioimmunodetection (RID) and radioimmunotherapy (RIT) so far [3,4,5]. Radionuclides for single-photon emission computed tomography (SPECT), such as indium-111 (111In), show suitable half-lives for the tracing of whole IgG and have often been used for RID [3,5]. The half-life of most radionuclides used in positron emission tomography (PET) is short, limiting the application of immuno-PET. However, the application of long-half-life PET radionuclides such as zirconium-89 (89Zr) has recently increased [4,6]. RIT is achieved by administering antibodies radiolabeled with beta or alpha emitters [7]. Although both radiolabeled antibodies have been preclinically and clinically investigated over the past three decades, clinical trials and approval for RIT using beta emitters have taken precedence [8]. Radiolabeled antibodies for RIT, [90Y]Y-ibritumomab tiuxetan (Zevalin) [9,10] and [131I]I-tositumomab (Bexxar) [11,12], were approved by the US Food and Drug Administration (FDA) in 2002 and 2003, respectively. Meanwhile, the approval of [223Ra]RaCl2 [13] and a report showing the high effectiveness of [225Ac]Ac-PSMA-617 [14] for the treatment of castration-resistant prostate cancer triggered the development of radiopharmaceuticals for targeted alpha therapy (TAT) [15,16]. Consequently, the number of clinical trials of RIT using alpha emitters has significantly increased over the past decade. There is no doubt that the further development of radiopharmaceuticals for RID and RIT will continue.



Radionuclides always emit radiation, and thus, avoiding radiation to normal tissues is very important, as well as the selective delivery of radionuclides to the targeted tissues. Because the dissociation of radionuclides from radiopharmaceuticals can cause side toxicities, radiopharmaceuticals must retain stable chemical bonds with radionuclides. Radiolabeling protocols have already been established for many radionuclides owing to numerous efforts to develop methods for radiolabeling antibodies. However, a few radionuclides still require improvement in radiolabeling methods. In particular, the redistribution of daughter radionuclides to normal tissues has been reported for alpha-emitters [17,18,19]. Other limitations need to be addressed for the clinical application of radiolabeled antibodies. The slow blood clearance of radiolabeled antibodies hinders the clear visualization of RID and causes bone marrow toxicity in RIT [20,21,22]. Accumulation in normal tissues, such as the liver and spleen, is problematic [23,24]. In addition, the heterogeneous accumulation of radiolabeled antibodies in tumor tissues is undesirable for accurate diagnosis and effective therapy. RIT has shown successful results in hematological cancers owing to the radiosensitivity and accessibility of radiolabeled antibodies to cancer cells [9,10,11,12]. However, the treatment of solid tumors has had limited success because of limited accessibility and a limited injection dose [8]. This review focuses on a strategy for reducing undesired radioactivity levels in the blood and normal tissues observed after the administration of radiolabeled antibodies. The mechanisms of blood and normal tissue accumulation have been introduced, and approaches for reducing these accumulations, mainly in preclinical studies, have been summarized.




2. Dissociation of Radionuclides


If radionuclides dissociate from radiopharmaceuticals, they are redistributed to normal tissues depending on the biodistribution properties of each element [25]. As a result, radiation is emitted in normal tissues, causing a decrease in diagnostic accuracy for imaging, a decrease in therapeutic efficacy, and an increase in the side effects of treatment. Therefore, radiolabeling methods that stably retain the chemical bonds between the radionuclides and antibodies are indispensable for the development of radiolabeled antibodies.



2.1. Dissociation of Radiohalogens


Although fluorine-18 (18F) is the most representative radionuclide used for PET, 18F has rarely been used to label whole IgGs because of its short half-life (110 min). The most typical and classical examples of radiolabeled IgGs are radioiodinated IgGs. Astatine-211 (211At)-labeled IgGs have long been investigated, and recent attention to TAT has resulted in an increasing number of reports of 211At-labeled IgGs. In addition, bromine-76 is applicable for PET. These radiohalogens share similar chemical properties, and radiolabeling methods have been used to produce radiohalogenated IgGs. However, the stability of radiohalogenated IgG and the metabolic fate of dehalogenated chemical species differ.



2.1.1. Radioiodine and Radiobromine


When the first radioiodinated antibody was reported in 1953, 131I was used [26]. As 131I emits both gamma and beta-rays, 131I has been used in both RID and RIT. The half-life of 131I (8.02 d) was sufficiently long to match the slow biodistribution profiles of the antibodies. Although 123I also emits gamma-rays, its half-life (13.2 h) is relatively short for antibody tracing. 124I is one with a relatively longer half-life (4.2 d) and is useful for applications in immuno-PET. However, basic experiments on 124I-labeled PET probes are limited owing to their limited availability [27,28].



In the classical method, iodide (I-) is converted to the reactive electrophilic form (I+) by oxidants such as chloramine-T and iodogen [29] and reacts directly with proteins (Figure 1A). The electrophilic substitution of I+ occurs at the ortho-position of the phenolic hydroxyl group of tyrosine and, to some extent, on the imidazole nitrogen of histidine. This method is called direct radioiodination and can be performed using a simple procedure that usually yields good products. Unfortunately, proteins radioiodinated via direct radioiodination are easily metabolized by dehalogenation enzymes to release I-, which accumulates in tissues highly expressing sodium/iodide symporters (NIS), such as the stomach and thyroid. To solve this problem, an indirect radioiodination method was developed. Because dehalogenation enzymes often catalyze the formation of an ortho-iodophenol moiety, iodophenyl moieties are used indirectly. Radioiodine is introduced at the meta- or para-position of the phenyl group, and radioidinated proteins with high in vivo stability can be obtained in both cases. The agents for indirect radioiodination, N-succinimidyl 3- or 4-iodobenzoate (SIB), were reported by Zalutsky et al. [30] and Wilbur et al. [31]. SIB can be easily prepared from a trialkylstannyl precursor and used for radiolabeling proteins using a well-established protocol [32] (Figure 1B). Thus, this method has widely been used to prepare radioiodinated proteins.



Debromination also occurs in radiobrominated proteins using direct methods [33]. Radiobromine shows nonspecific accumulation in the extracellular space [34], resulting in persistent localization to the blood and organs [33]. Indirect radiobromination is also helpful for reducing the dehalogenation of radiobrominated and radioiodinated compounds (Figure 1B). Since radiobromination requires stronger and larger amounts of oxidants than radioiodination [35], indirect radiobromination is also beneficial for retaining the inherent affinity of the parental antibodies. The reaction conditions for N-succinimidyl 4-bromobenzoate were optimized by Höglund et al. [36].




2.1.2. Astatine


211At is one of the most promising alpha-particle emitters, and the preparation of 211At-labeled proteins has been investigated for over four decades [37]. Astatine is not naturally occurring, as it has no stable isotopes, and its half-life of the longest one (210At) is only 8.1 h. The decay of 210At produces 210Po, which is highly radiotoxic and was notoriously used for the assassination of former Russian intelligence member Alexander Litvinenko [38]. Hence, 210At cannot be applied to TAT. The isotope 211At is alpha-emitting, with a half-life of 7.2 h. Its lack of general availability has, however, limited 211At research. General chemical analytical techniques cannot be used for 211At-labeled compounds; they are often characterized by their corresponding iodinated compounds. Although the chemical properties of the astatinated and iodinated compounds are sufficiently similar for the characterization of astatinated compounds, there are some differences. The most problematic difference is the in vivo stability. As described above, indirect radioiodination using SIB provides radioiodinated proteins with high in vivo stability, but astatinated proteins radiolabeled with N-succinimidyl 3- or 4-astatobenzoate (SAB) cause in vivo deastatination [39,40] (Figure 1B). When free astatine is released, it accumulates in the thyroid and stomach, similar to iodine [39]. Free astatine accumulates in the lungs and spleen. Astatine is more easily oxidized than iodine, and the oxidation of At- to At+ may cause its accumulation in the lungs and spleen. This hypothesis was supported by the finding that the pre-administration of periodate before [211At]At- administration increased its accumulation in these tissues [41].



Garg et al. and Hadley et al. compared the biodistribution of astatinated IgGs and Fabs and observed higher radioactivity levels in the stomach and thyroid for 211At-labeled Fabs than for IgGs at an early post-injection time [39,40]. In addition, the administration of 211At-labeled biotin derivatives in mice resulted in high accumulation in these organs early after injection [42]. These findings imply that in vivo deastination occurs more rapidly when lower-molecular-weight compounds are labeled with 211At. Low-molecular-weight compounds accumulate more rapidly in each tissue from the bloodstream and are metabolized, and in vivo deastatination probably occurs after degradation in the cells. Carbon-astatine bonds are well known to show lower stability than carbon-iodine bonds [43], which have been considered to cause in vivo deastatination. This contradicts the different stabilities of 211At-labeled IgGs and Fabs. Teze et al. proposed that Fenton and Fenton-like reactions in lysosomes may be involved in in vivo deastatination [44]. These reactions produce oxidative forms of 211At-labeled compounds, which further impair the bond dissociation energies of C-At bonds and trigger in vivo deastatination in the lysosomes. They also proposed that cytochrome-P450s (CYPs) may be involved in oxidative deastination.



Although the slow targeting property of antibodies is not considered to match the relatively short half-life of 211At, research on 211At-labeled antibodies has been performed partly because of the limitation in their application to low-molecular-weight compounds. Thus far, the enhancement of stability has been investigated. Wilbur et al. focused on the fact that the B-At bond has a higher bond dissociation energy than that of the C-At bond and developed boron cage moieties (Figure 2A). They developed 211At-labeled Fab’ fragments using boron-cage moieties to demonstrate they showed high stability against in vivo deastatination [45]. However, boron cage moieties have prolonged retention in normal tissues, which limits their applicability [46]. Meanwhile, the development of 211At-labeled compounds containing C-At bonds is ongoing. In the last decade, several stable 211At-labeled compounds have been developed, including low-molecular-weight antibody constructs, peptides, and middle- and low-molecular-weight compounds [47,48,49,50]. Among these, the guanidinomethyl benzoyl moieties have the potential to serve as versatile scaffolds for the preparation of 211At-labeled antibodies [47] (Figure 2B). The aryl C-At bond has been considered the only choice for the sufficient chemical stability of the C-At bond against in vivo deastatination [16], and all of them use aryl C-At bonds [47,48,49,50]. Our recent studies produced stable 211At-labeled low-molecular-weight compounds using alkyl C-At bonds [51] (Figure 2C), implying that in vivo deastatination may be caused by biological instability rather than chemical instability. Further studies investigating novel 211At-labeling systems that are not chemically stable may help to elucidate in vivo deastatination mechanisms. Although the stability of 211At-labeled IgGs against in vivo deastatination is compromised, they clearly show in vivo deastatination compared with radioiodinated IgGs [52]. The elucidation of the in vivo deastatination mechanisms would be helpful in developing 211At-labeled IgGs with a higher stability against in vivo deastatination.





2.2. Dissociation of Radiometals


Because radiometals cannot form stable chemical bonds directly with a targeting molecule, bifunctional chelating agents (BFCs), including chelating and conjugation parts with a targeting molecule, are used to label radiometals [53,54]. After the administration of radiometal-labeled agents, they become extremely diluted (over 2000 times) in living systems. Therefore, kinetic rather than thermodynamic stability is important for radiometal-chelator complexes. In addition, blood contains proteins that can bind strongly to metals, such as transferrin, albumin, and ceruloplasmin [53,55,56]. Concentrations of these proteins in the blood are relatively high and thus much higher than those of radiometal-labeled agents. If radiometals dissociate from the chelator, they can no longer reproduce the original radiometal-labeled agents via recomplexation. Therefore, a suitable choice for each radiometal is critical to avoiding the in vivo dissociation of radiometals. Combinations of radiometals and BFCs providing stable complexes have been described previously [25,57,58]. In this review, representative methods for producing radiolabeled antibodies have been described.



2.2.1. Representative Choices of the BFCs for Preparing Radiometal-Labeled Antibodies


Classical chelating agents, EDTA and DTPA (Figure 3), are versatile and applicable to various radiometals, but they show low or moderate degrees of dissociation [59]. Macrocyclic chelators such as DOTA (Figure 3) show more kinetically inert complexes than those formed by acyclic chelators such as EDTA and DTPA [60], which is known as the macrocyclic effect [61]. Among several bifunctional DOTA derivatives, p-SCN-Bn-DOTA (Figure 3) is the most representative because it is commercially available, easy to handle, and can be conjugated using a well-established protocol [62]. Thus, p-SCN-Bn-DOTA is the most representative BFC for the development of radiopharmaceuticals with various radiometals, such as 111In, 90Y, 177Lu, 225Ac, 212/213Bi, 227Th, and 212Pb [25]. However, DOTA requires elevated conditions for radiolabeling. DOTA is now used as the current gold standard chelator for several radiometals in the radiolabeling of peptides [63,64], but other choices still have been searched for the radiolabeling of proteins. Several DTPA derivatives, such as 1B4M-DTPA and CHX-A’’-DTPA (Figure 3), have been developed to enhance the stability of DTPA complexes with various radiometals [65,66]. They formed sufficiently stable In/Y-complexes; indeed, 1B4M-DTPA was used as the BFC in Zevalin. Other acyclic chelators have also been developed [67,68,69].




2.2.2. Preparation of 89Zr-Labeled Antibodies


The representative radiometal applicable to immuno-PET is zirconium-89 (89Zr) due to its long half-life (3.3 d), sufficient to achieving optimal tumor-to-blood ratios before decay. 89Zr decays via positron emission (23%) and electron capture (77%). Desferrioxamine (DFO) is the most representative chelator for 89Zr-labeling and has been used in clinical applications [70]. However, DFO cannot satisfy the octadentate coordination geometry of Zr [71] and lacks the in vivo stability of a complex with 89Zr [72]. Free 89Zr accumulates in the bone [73], and the instability of the [89Zr]Zr-DFO complex was observed as a high uptake of 89Zr in the bone [74]. The bone accumulation of 89Zr is a major drawback of immuno-PET using 89Zr. The dissociation of 89Zr increases with time, and the slow blood clearance of antibodies and the long half-life of 89Zr result in a substantial radiation dose to the bone. Novel BFCs for 89Zr are being developed to address this issue [75], but DFO is still mainly used.




2.2.3. Preparation of 64Cu-Labeled Antibodies


Another suitable choice for immuno-PET using whole IgG is copper-64 (64Cu)-labeled antibodies. 64Cu decays via positron emission (18%), β- (38%) and electron capture (44%) with 12.7 h of half-life. Free copper ions are incorporated by human copper transporter 1 (hCtr1), which is highly expressed in the liver [76]. Thus, the dissociation of 64Cu from the parental 64Cu-labeled antibodies causes the accumulation of 64Cu in the liver. In addition, 64Cu-chelator complexes with insufficient stability may cause the transchelation of proteins such as ceruloplasmin [77,78,79]. Ceruloplasmin is a protein produced in the liver that is involved in the transport and metabolism of copper. Approximately 70% of the Cu in plasma binds to ceruloplasmin, and the rest binds to albumin (15%) or macroglobulins [80]. Another transchelation pathway was observed when 64Cu-labeled octreotide analogs were administered to normal rats. Approximately 70% of 64Cu is transchelated from the parental peptides to proteins with a size of 35 kDa, which are considered superoxide dismutases (SOD) [81]. Among the three oxidation states of Cu(I–III), Cu(II) is considered the best suited for the radiolabeling of antibodies [82]. Notably, the reduction of Cu(II) to Cu(I) can also trigger the loss of 64Cu from the parental 64Cu-labeled antibodies. Therefore, resistance to the reduction of Cu(II) to Cu(I) is required for 64Cu-chelator complexes as well as kinetic inertness. Because of its versatility over other radiometals, DOTA has often been used to prepare 64Cu-labeled antibodies [82,83,84,85]. However, DOTA is not sufficiently stable. Although TETA provides a more stable 64Cu-complex than DOTA [86], [64Cu]Cu-TETA-labeled octreotide causes the transchelation of SOD in the liver, as described above [81]. NOTA, another classical chelator, formed a relatively stable complex with 64Cu [87]. Promising BFCs for 64Cu have been developed, including cross-bridged azamacrocyclic chelators [88,89,90], sarcophagine derivatives [91], and bispidine derivatives [92].




2.2.4. Preparation of 225Ac-Labeled Antibodies


225Ac emits four alpha particles per atom of 225Ac with a half-life of 10 d. Initially, DOTA was used to radiolabel antibodies with 225Ac, but its radiolabeling efficiency was low [93]. Unfortunately, the 225Ac-labeled antibody using CHX-A’’-DTPA as a BFC showed low stability in releasing a free 225Ac ion [94]. Thus, the DOTA radiolabeling procedure was optimized for 225Ac to increase the yield [94]. Recently, Macropa has gained attention because it exhibits excellent chelating properties suitable for 225Ac [95]. When Ac dissociates from a chelator, it mainly accumulates in the liver [95]. However, there are good choices for BFCs that provide excellent in vivo stability to 225Ac-complexes, and the in vivo dissociation of 225Ac can almost be ignored.





2.3. Dissociation of Daughter Radionuclides


Many alpha-emitting radionuclides have a problem in that their daughter radionuclides dissociate from BFCs. Although the direct in vivo dissociation of 225Ac from the chelator is unlikely, the dissociation of daughter radionuclides is regarded as an unavoidable phenomenon [18]. Generally, daughter nuclides receive recoil energy upon alpha decay. The recoil energy was at least 100 keV, which is more than 1000 times higher than the binding energy of any chemical bond. Therefore, the dissociation of daughter radionuclides is unavoidable even when excellent BFCs are used. In the case of 225Ac, the longest half-lived daughter nuclide is 213Bi (45.6 min), which accumulates in the kidney [96]. 221Fr is another radionuclide with a relatively long half-life (4.9 min) among alpha-emitting daughter radionuclides of 225Ac. Francium is an alkali metal reabsorbed by renal tubular cells. Hence, renal accumulation is the major cause of radiation damage from daughter radionuclides of 225Ac. Another example of an alpha-emitting radionuclide that shows the dissociation of daughter radionuclides is 227Th. The decay of 227Th produces 223Ra, which is liberated from BFCs by the recoil, and radium is well known to accumulate in the bone.



212Pb produces alpha particles that emit 212Bi by beta decay, and its complex stability (bond energy: ~10 eV) against the recoil energy of beta rays (0.5 eV) seems to be tolerable. However, the dissociation of 212Bi from DOTA has also been reported [97]. Because the dissociation ratio corresponds to that of the internal conversion, 212Bi was assumed to dissociate from the chelator originating from the excitation of electrons during the internal conversion process.



2.3.1. Administration of Agents to Prevent Renal Toxicity


Because dithiol chelators form Bi-complexes with high urinary excretion, Jaggi et al. investigated the administration of dithiol chelators before treatment with 225Ac-labeled antibodies [19]. Two dithiol chelators, 2,3-dimercapto-1-propanesulfonic acid (DMPS) and meso-2,3-dimercaptosuccinic acid (DMSA), were investigated; the former was found to be more effective in reducing the renal accumulation of 213Bi. Jaggi et al. investigated the administration of furosemide and thiazide diuretics, which are known to inhibit the renal reabsorption of alkali metals [19]. They comparably reduced the renal accumulation of both 211Fr and 213Bi, and the combination of DMPS caused a dramatic reduction in 213Bi accumulation in the kidney (75–80%). Jaggi et al. reported that spironolactone was effective in preventing nephrotoxicity caused by alpha-particle radiation from daughter radionuclides [98]. Hence, furosemide and spironolactone were administered to patients in clinical trials of 225Ac-labeled antibodies [99]. In addition, this strategy was applied to 212Pb-labeled antibodies because their alpha particle-emitting daughter radionuclide is 212Bi [100].




2.3.2. Strategies for Minimizing the Side Toxicity Caused by Daughter Radionuclides


In a review by Kruijff, three strategies for dealing with the dissociation of daughter radionuclides from alpha radionuclides were introduced and discussed [18]. One is encapsulation in nanocarriers. The second approach involves the use of targeted molecules that show a rapid uptake by tumor cells. After 225Ac is internalized by tumor cells, the liberated 221Fr and 213Bi ions are retained in the tumor cells [101]. Therefore, the rapid delivery of 225Ac to targeted tumor tissues followed by rapid internalization is a reasonable approach. In this case, all alpha-ray emissions from 225Ac and daughter radionuclides occurred in the tumor cells, which is useful for highly effective treatment. However, antibodies show slow tumor accumulation, and low-molecular-weight targeting molecules are more suitable for this approach. The third approach is the local administration of radiolabeled agents. Although radiolabeled antibodies can be used in this approach, their clinical application is limited. Therefore, a novel strategy for enhancing the safety of RIT using alpha-emitting radionuclides is required.






3. Slow Blood Clearance


Prolonged blood retention is a major drawback of radiolabeled antibodies. A high tumor/blood ratio is desirable for clear imaging, and the reduction in radioactivity levels in the blood and high tumor accumulation are important. High blood radioactivity levels result in myelotoxicity in RIT owing to the high radiation sensitivity of the bone marrow. Indeed, myelotoxicity is generally the major side effect of radiolabeled antibodies. Slow blood clearance also results in slow tumor accumulation, which limits the application of short-half-lived radionuclides. In this review, three strategies for reducing the prolonged blood retention of radiolabeled antibodies are introduced: pretargeting approaches, the use of antibody fragments and constructs, and the secondary injection of clearing agents (Figure 4).



3.1. Pretargeting System


The pretargeting system is a strategy for avoiding the problems associated with the prolonged circulation time of radiolabeled antibodies (Figure 4A). In this system, antibodies with tags (not radiolabeled) are first administered. After sufficient time has elapsed for eliminating these antibodies from the blood pool, a radiolabeled secondary agent that binds to the tag is administered. RID and RIT with very low blood radioactivity levels can be achieved in this system because radionuclides can be delivered independent of the slow accumulation of antibodies. Hence, low-molecular-weight compounds are generally used for the secondary agents. In vivo conjugation occurs on the membrane of the cancer cells, and antibodies are desired to not be internalized. Extremely effective and selective conjugation is required for this approach, and four pretargeting systems have been developed [102].



3.1.1. Biotin-Avidin System


The affinity between biotin and avidin is one of the strongest noncovalent interactions in nature. Biotin is a 244 Da vitamin found in low concentrations in the blood and tissues. Avidin and streptavidin are 65 and 56 kDa proteins, respectively, and are composed of four subunits. Each subunit can bind to a single biotin molecule with a dissociation constant of 10−15 M. Streptavidin is more suitable for the pretargeting approach because it shows less nonspecific binding to normal tissues than avidin. The application of the biotin-avidin system to the pretargeting approach was first reported in 1987 by Hnatowich et al. [103,104]. Because radiolabeled streptavidin shows relatively slow blood clearance, radiolabeled biotin derivatives are generally administered for conjugation with pretargeted antibodies via streptavidin [105]. The urea moiety and the non-oxidized thioether structures in biotin are responsible for binding to avidin; thus, the carboxylic acid was initially used for conjugation with radiolabeling moieties. Hence, the simplest strategy for preparing radiolabeled biotin derivatives is direct conjugation with the carboxyl group of biotin to form a CO-NH amido bond [106]. However, this conjugation method causes in vivo instability against metabolism by biotinamide amino hydrolases (EC 3.5.1.12, biotinidase) [107], and two strategies have been developed to avoid biotinidase degradation. One is to increase the steric hindrance of the neighboring amide bond [108], and the other is to change the CO-NH amido bond to NH-CO [109].



Streptavidin-conjugated antibodies are slowly cleared from blood circulation, which interferes with the binding of radiolabeled biotin administered at intervals after preloading [105]. To solve this problem, a three-step method is proposed [110]. In this method, avidin/streptavidin is administered as a clearing agent to remove the circulating biotinylated antibodies. Finally, radiolabeled biotin is administered to bind the preloaded antibody to the tumor via avidin/streptavidin. Owing to these improvements in preclinical studies, the biotin-avidin system has been applied in several clinical trials [111]. However, these trials revealed a severe drawback of the biotin-avidin system. After the first pretargeting regimen, the formation of human anti-streptavidin antibodies was observed, which could cause allergenic responses during the second or third course of the pretargeting regimen. Another problem is the existence of endogenous biotin in the blood, which causes saturation of the biotin conjugation sites of streptavidin conjugated with antibodies before the administration of radiolabeled biotin derivatives.




3.1.2. Bispecific Antibody


Another classical pretargeting system uses a bispecific antibody containing two different Fab fragments. One is for conjugation with antigens expressed on target cells and the other is for conjugation with radiolabeled haptens. Initially, a bispecific antibody targeting chelating agents, such as [111In]In-EDTA, was used as the pretargeting system [112]. This system has a major drawback in its applicability to other radiometals; changing the radiometals critically impairs the binding affinity to the bispecific antibody [113]. To tackle this problem, a system using an anti-hapten antibody that binds to histamine succinyl glycine (HSG) was developed [114]. Because the binding affinity of this system is independent of the radiometals conjugated with the chelators, the applicability of the pretargeting system using bispecific antibodies was expanded. The initial pretargeting system of bispecific antibodies had another problem in the reduction in the tumor localization of radioactivity due to the univalent interaction with targeting antigens and radiolabeled haptens. The former results in a low accumulation of bispecific antibodies in tumors, and the latter results in a low retention of radioactivity owing to the dissociation of radiolabeled haptens. Radiolabeled bivalent haptens [115,116] and tri-Fab bispecific antibodies that include two Fabs against tumor-associated antigens [117] have been developed.



Several clinical trials of pretargeting systems using bispecific antibodies have been performed for both RIT and RID. Clinical optimization studies of the 177Lu-labeled hapten peptide ([177Lu]Lu-IMP288) and tri-Fab bispecific antibody (TF2) were reported in 2013 by Schoffelen et al. [118]. In this study, different dose schedules in patients with progressive metastatic colorectal cancer were used to investigate the interval between TF2 and [177Lu]Lu-IMP288 administration, the dose escalation of TF2, and the dose reduction of peptides. Tumor accumulation was improved by changing intervals from 5 days to 1 d and the peptide doses from 100 to 25 µg. The high radioactivity of [177Lu]Lu-IMP288 (2.5–7.4 GBq) was well tolerated, and feasibility and safety were demonstrated. Another optimization study of a similar pretargeting system was performed by Bodet-Milin et al. [119], and molar doses and pretargeting intervals between TF2 and 68Ga-labeled IMP288 for immuno-PET in relapsed medullary thyroid carcinoma patients were investigated. The results demonstrated that high-contrast tumor uptake could be obtained, especially using optimized parameters such as a bispecific antibody-to-peptide mole ratio of 20 and an interval of 30 h.



Many bispecific antibodies have also been developed as anticancer agents, and their clinical applications have revealed their immunogenicity caused by bispecific antibodies [120]. Bodet-Milin et al. reported that premedication with corticosteroids and antihistamines before the injection of bispecific antibodies could induce transient immunosuppression, limiting immediate and delayed immune effects [119]. Indeed, this premedication reduced the immunization rate compared with studies using the same compounds without premedication (16% versus 52%) [118]. The effectiveness of this approach is supported by previous studies [121,122].




3.1.3. Oligonucleotide


The third pretargeting system uses an oligomer and a complementary oligomer. Because native DNA and RNA are unstable against degradation by nucleases, chemical analogs of single-stranded DNA have been developed to improve metabolic stability. These include peptide nucleic acids (PNA) [123], morpholino oligomers (MORFs) [124], and mirror-imaged oligonucleotides [125]. These systems have provided promising results in preclinical studies. However, to the best of our knowledge, no clinical trials have yet been conducted.




3.1.4. Bioorthogonal Chemistry


Bioorthogonal chemistry enables high-yield, rapid, and selective chemical reactions in biological environments and shows no reactivity towards endogenous functional groups. Although several bioorthogonal reactions such as Staudinger ligation and strain-promoted azide–alkyne cycloaddition have been developed [126], they are not suitable for pretargeting applications because of their slow reaction rates. This drawback was overcome by the development of an inverse electron-demand Diels-Alder (iEDDA) reaction. Blackman et al. reported that a reaction between 3,6-di-(2-pyridyl)-s-tetrazine and trans-cyclooctene (TCO) exhibited a very rapid reaction rate (k2 2000 M−1 s−1) [127]. Subsequently, Rossin et al. applied this bioorthogonal reaction to a pretargeting system in which a TCO-conjugated antibody and 111In-labeled tetrazine were used [128]. The stability of 111In-labeled tetrazine was not high but sufficient considering its low half-life in blood (9.8 min). In addition, the TCO tag conjugated to the antibody showed in vivo deactivation (25% in 24 h). Therefore, the interval between the antibody and tetrazine probe administration was set to 24 h. According to the calculations in this report, the reaction yields in the tissues were 57% in the blood and 52% in the tumors, demonstrating that the iEDDA reaction is a promising pretargeting system. In a subsequent study, Rossin et al. investigated the deactivation mechanism of TCO [129]. This study revealed that the conversion of TCO to the cis-isomer, which is five orders of magnitude less reactive toward tetrazines than TCO, is responsible for the in vivo deactivation of TCO. They proposed that the redox interaction of TCO with protein-bound Cu(II) caused trans-to-cis conversion. Based on this consideration, they removed the PEG linker inserted between the TCO and the antibody to increase the bulkiness surrounding the TCO, which resulted in the improved stability of the TCO without impairing the reaction rates. Finally, they performed an SPECT/CT imaging experiment in which a 3-day interval was set. As a result, background levels decreased at the 3-day interval compared to that at the 1-day interval. Notably, in vivo deactivation was still observed, although it was relatively slow. In conclusion, the stability of the tag molecules may not be problematic, and promising results have been reported so far [130].





3.2. Antibody Fragments and Constructs


Radiolabeled antibody fragments and constructs show more rapid blood clearance and distribution in tumor tissues than intact IgG antibodies (Figure 4B). In addition, they show an evener distribution than radiolabeled antibodies, which is an advantage that cannot be obtained using pretargeting approaches. However, the advantages of these antibodies are limited owing to their decreased accumulation in tumors [131]. In addition, radiolabeled antibodies exhibit high levels of radioactivity in the kidney, which is the main dose-limiting organs [132]. Renal accumulation also impairs the precise imaging proximal to the kidney, but more critically, it impairs the therapeutic effects of RIT. Both the injection dose and the tumor accumulation after injection are limited by renal accumulation and impaired binding affinity, respectively, resulting in impaired therapeutic effects.



Because the membrane surface of the proximal tubule is negatively charged, the co-administration of positively charged amino acids is effective in competitively inhibiting the reuptake of radiolabeled antibody fragments and constructs via electrostatic interactions [133,134]. However, this strategy can cause side effects, such as nausea, vomiting, and hyperkalemia. Another approach is the renal brush border strategy, which introduces a cleavable peptide linkage between antibody fragments and the radiolabelled part [135]. This strategy was initially developed as a radioiodinated antibody Fab fragment in 1999 [136] but was difficult to apply to radiometals, with the exception of 188Re-labeled Fab [137]. In the past decade, we succeeded in applying the renal brush border strategy to several radiometals, such as 99mTc, 67Ga, 64Cu, and 111In [138,139,140,141,142]. Although this strategy has not yet been applied to RIT, the dramatic reduction in renal radioactivity may contribute to enhanced therapeutic effects.




3.3. Clearing Agents


As used in the three-step pretargeting method for the biotin-avidin system, avidin can be used as a clearing agent to remove biotinylated antibodies from the blood circulation (Figure 4C). Yudistiro et al. proposed a strategy that involved the initial administration of the 90Y-labeled biotinylated antibody and subsequent avidin administration at an interval [143]. Indeed, the 90Y-labeled biotinylated antibody was rapidly cleared from the blood 3 h after the administration of avidin with a 24 h interval from antibody injection. In the present study, tumor accumulation was not impaired, demonstrating the effectiveness of this strategy. In contrast, the 90Y-labeled biotinylated antibody accumulates in the liver and exhibits the persistent localization of radioactivity, which may cause liver toxicity. As pointed out by Yudistiro et al., the strategy requires further optimization, such as the dose and timing of the avidin injection, when applied in clinical practice [143]. However, the results indicated the potential usefulness of this strategy.





4. Accumulations in the Liver and Spleen


Radiolabeled antibodies exhibit a high accumulation of radioactivity in tumor tissues, as well as in the liver and spleen [24]. The sensitivity of RID depends on the contrast in radioactivity between tumors and their surrounding tissues; however, metastasis to the liver is observed in many cancers such as gastrointestinal, breast, and ovarian cancers [144]. Therefore, a reduction in accumulation in the liver and spleen is important for a more accurate RID. Proteins that are not filtered by the glomerulus generally accumulate in the reticuloendothelial system, including the liver and spleen, and are then catabolized in the lysosomes, although antibodies are partially recycled into blood circulation via conjugation with neonatal Fc receptors. When radiolabeled antibodies accumulate in the liver and spleen, lysosomal degradation produces the final radiometabolites, which are responsible for the localization of radioactivity in the liver and spleen [24]. The persistent localization of radioactivity in the liver and spleen is predominant for radiometal-labeled antibodies, because the final radiometabolites contain radiometal–chelator complexes that are generally highly hydrophilic and bulky. The choice of chelator can sometimes contribute to decreasing radioactivity levels in the liver and spleen. For instance, 111In-labeled proteins that produced [111In]In-EDTA-lysine as the final radiometabolite showed a shorter residence time in the liver than those producing [111In]In-DTPA-lysine and [111In]In-DOTA-lysine [145,146]. Although the elimination rate of [111In]In-EDTA-lysine from the liver was much lower than that of radioiodinated proteins, the results suggest the usefulness of the strategy consisting of the rapid and selective liberation of the radiometabolite and the subsequent rapid elimination of the radiometabolite from the liver lysosomes.



4.1. Use of an Ester Bond as the Cleavable Linkage


Hippuric acid, a conjugation product of benzoic acid and glycine, is a representative compound that undergoes rapid urinary excretion from the liver. Therefore, [125/131I]m-iodohippuric acid is a promising candidate radiometabolite for reducing radioactivity levels in the liver and spleen. A strategy for producing [125I]m-iodohippuric acid as a radiometabolite was initially designed by introducing an ester bond as a cleavable linkage (Figure 5) [147]. A reagent containing an ester bond (maleimidoethyl m-iodohippurate (MIH)) was used to radiolabel intact IgG and Fab fragments against osteogenic sarcoma (OST7) to produce MIH-OST7 and MIH-Fab. While [125I]MIH-IgG reduced hepatic radioactivity levels, it showed more rapid blood clearance and lower tumor accumulation at 48 h post-injection than radioiodinated antibodies via the SIB method. These results suggested that the ester bond was cleaved in the blood to accelerate blood clearance. Impaired tumor accumulation is caused by accelerated blood clearance and/or cleavage of the ester bond in tumor tissues. In addition, [125I]MIH-Fab exhibited rapid ester bond cleavage in both in vitro and in vivo studies, implying that this strategy is not applicable to lower-molecular-weight proteins. To overcome these limitations, we developed a strategy for liberating radiometabolites with improved plasma stability.




4.2. Use of a Peptide Linkage as the Cleavable Linkage


To improve the stability of ester bonds, a peptide linkage cleaved by lysosomal degradation has been proposed [148]. Based on the strategy, 3′-iodohippuryl Nε-maleoyl-L-lysine (HML) was developed (Figure 5), in which the Gly-Lys sequence was inserted between the benzoyl moiety as a radiolabeling part and the maleimide group as a conjugation part with an antibody. HML releases the same radiometabolite, [125I]m-iodohippuric acid, as MIH in liver lysosomes. In contrast to the plasma instability of the ester bond, the Gly-Lys linkage showed significantly improved stability. When incubated in human serum, [125I]MIH-IgG released more than 50% of its initial radioactivity after 24 h, whereas [131I]HML-IgG released less than 1% of its radioactivity during the same interval. In biodistribution studies, [131I]HML-IgG showed similar radioactivity levels in the tumor as [125I]MIH-IgG at 24 h post-injection but was significantly higher at 48 h post-injection. In addition, [131I]HML-IgG showed radioactivity levels in the tumor and blood comparable to those of [111In]In-EDTA-labeled IgG 24 and 48 h post-injection. Simultaneously, [131I]HML-IgG exhibited a significantly higher tumor-to-liver ratio than [111In]In-EDTA-labeled IgG. These results indicate that [131I]HML-IgG can reduce radioactivity levels in the liver without impairing tumor accumulation.



However, when this strategy was applied to radiometal-labeled antibodies, radioactivity levels in the liver were not effectively reduced compared to radioiodinated antibodies [149]. The control of releasing the designed radiometabolites in lysosomes is relatively easy. However, it is difficult to design radiometabolites that can rapidly escape from lysosomes owing to the high hydrophilicity and bulkiness of the radiometal-chelator complex. As a result, the liberated radiometabolites are often retained in the lysosomes even if the metabolizable linkage is cleaved as expected. Our continuous efforts to develop radiolabeled antibody fragments with low renal radioactivity levels suggested that the radiometabolites used for the renal brush border strategy could have a short residence time in lysosomes [139]. Based on this finding, we recently applied a molecular design to reduce the renal radioactivity levels of 111In-labeled antibody fragments to 111In-labeled antibodies (Figure 5) [150]. As expected, the radiometabolite [111In]In-DO3AiBu-Bn-F, which was rapidly excreted into the urine after liberation by renal brush border membrane enzymes, showed rapid clearance from the liver after the liberation of the parent antibody in the hepatic lysosomes. As a result, a higher tumor-to-liver ratio was achieved using this strategy compared to antibodies radiolabeled with 111In using the conventional method. The results suggest that a molecular design that liberates radiometabolites by the cleavage of metabolizable peptide linkages would be useful for reducing high radioactivity levels in the liver for radiolabeled antibodies, as well as in the kidney for radiolabeled low-molecular-weight antibody fragments and constructs.





5. Conclusions


Although there are unresolved problems, radiolabeling techniques for antibodies have grown and matured owing to numerous efforts to develop radiolabeled antibodies. Radiohalogenation protocols for antibodies have been well established, with the exception of 211At. Recently, several stable 211At-labeled compounds that may provide approaches to enhancing the in vivo stability of 211At-labeled antibodies have been reported. Most radiometals can be stably conjugated with the targeting molecules by choosing suitable BFCs, with a few exceptions, such as 89Zr. Meanwhile, the recently focused attention on TAT revealed that the dissociation of daughter radionuclides by recoil energy could be a limitation in the clinical application of TAT. Therefore, the development of novel strategies for overcoming this problem is highly desired.



Recent advances in the development of strategies for improving the effectiveness of radiolabeled antibodies for RIT and RID have provided promising results and hope for clinical applications. Representative approaches to reducing radioactivity levels in blood include the use of a pretargeting system and antibody fragments. Although the major drawback of immunogenicity limits the clinical application of a pretargeting approach using the biotin-avidin system, other systems, such as those utilizing bispecific antibodies, oligonucleotides, and bioorthogonal chemistry, have shown potential as alternative systems for pretargeting. Although antibody fragments have a major drawback causing high and persistent radioactivity levels in the kidney, some solutions have been proposed. Another strategy involving the administration of clearing agents is also useful for reducing radioactivity levels in the blood. In addition, an approach to reducing hepatic radioactivity levels is useful, particularly for RID. These approaches have not yet been sufficiently investigated for clinical application, and the results provide a basis for future applications of various kinds of RID and RIT.







Author Contributions


All authors contributed substantially to the work. All authors have read and agreed to the published version of the manuscript.




Funding


This study received no external funding.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Strebhardt, K.; Ullrich, A. Paul Ehrlich’s magic bullet concept: 100 years of progress. Nat. Rev. Cancer 2008, 8, 473–480. [Google Scholar] [CrossRef] [PubMed]

	



Schrama, D.; Reisfeld, R.A.; Becker, J.C. Antibody targeted drugs as cancer therapeutics. Nat. Rev. Drug Discov. 2006, 5, 147–159. [Google Scholar] [CrossRef] [PubMed]

	



Kaur, S.; Venktaraman, G.; Jain, M.; Senapati, S.; Garg, P.K.; Batra, S.K. Recent trends in antibody-based oncologic imaging. Cancer Lett. 2012, 315, 97–111. [Google Scholar] [CrossRef] [PubMed]

	



Larson, S.M.; Carrasquillo, J.A.; Cheung, N.-K.V.; Press, O.W. Radioimmunotherapy of human tumours. Nat. Rev. Cancer 2015, 15, 347–360. [Google Scholar] [CrossRef]

	



Moek, K.L.; Giesen, D.; Kok, I.C.; de Groot, D.J.A.; Jalving, M.; Fehrmann, R.S.; Lub-de Hooge, M.N.; Brouwers, A.H.; de Vries, E.G. Theranostics using antibodies and antibody-related therapeutics. J. Nucl. Med. 2017, 58, 83S–90S. [Google Scholar] [CrossRef] [PubMed]

	



Kasbollah, A.; Eu, P.; Cowell, S.; Deb, P. Review on production of 89Zr in a medical cyclotron for PET radiopharmaceuticals. J. Nucl. Med. Technol. 2013, 41, 35–41. [Google Scholar] [CrossRef] [PubMed]

	



Navarro-Teulon, I.; Lozza, C.; Pelegrin, A.; Vives, E.; Pouget, J.-P. General overview of radioimmunotherapy of solid tumors. Immunotherapy 2013, 5, 467–487. [Google Scholar] [CrossRef] [PubMed]

	



Goldenberg, D.M. Targeted therapy of cancer with radiolabeled antibodies. J. Nucl. Med. 2002, 43, 693–713. [Google Scholar] [PubMed]

	



Wiseman, G.A.; White, C.A.; Witzig, T.E.; Gordon, L.I.; Emmanouilides, C.; Raubitschek, A.; Janakiraman, N.; Gutheil, J.; Schilder, R.J.; Spies, S. Radioimmunotherapy of relapsed non-Hodgkin’s lymphoma with zevalin, a 90Y-labeled anti-CD20 monoclonal antibody. Clin. Cancer Res. 1999, 5, 3281s–3286s. [Google Scholar]

	



Wiseman, G.A.; White, C.A.; Stabin, M.; Dunn, W.L.; Erwin, W.; Dahlbom, M.; Raubitschek, A.; Karvelis, K.; Schultheiss, T.; Witzig, T.E. Phase I/II 90Y-Zevalin (yttrium-90 ibritumomab tiuxetan, IDEC-Y2B8) radioimmunotherapy dosimetry results in relapsed or refractory non-Hodgkin’s lymphoma. Eur. J. Nucl. Med. 2000, 27, 766–777. [Google Scholar] [CrossRef]

	



Rutar, F.J.; Augustine, S.C.; Kaminski, M.S.; Wahl, R.L.; Siegel, J.A.; Colcher, D. Feasibility and safety of outpatient Bexxar® therapy (tositumomab and iodine I 131 tositumomab) for non-Hodgkin’s lymphoma based on radiation doses to family members. Clin. Lymphoma 2001, 2, 164–172. [Google Scholar] [CrossRef]

	



Horning, S.J.; Younes, A.; Jain, V.; Kroll, S.; Lucas, J.; Podoloff, D.; Goris, M. Efficacy and safety of tositumomab and iodine-131 tositumomab (Bexxar) in B-cell lymphoma, progressive after rituximab. J. Clin. Oncol. 2005, 23, 712–719. [Google Scholar] [CrossRef] [PubMed]

	



Parker, C.; Nilsson, S.; Heinrich, D.; Helle, S.I.; O’sullivan, J.; Fosså, S.D.; Chodacki, A.; Wiechno, P.; Logue, J.; Seke, M. Alpha emitter radium-223 and survival in metastatic prostate cancer. N. Engl. J. Med. 2013, 369, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



Kratochwil, C.; Bruchertseifer, F.; Giesel, F.L.; Weis, M.; Verburg, F.A.; Mottaghy, F.; Kopka, K.; Apostolidis, C.; Haberkorn, U.; Morgenstern, A. 225Ac-PSMA-617 for PSMA-targeted a-radiation therapy of metastatic castration-resistant prostate cancer. J. Nucl. Med. 2016, 57, 1941–1944. [Google Scholar] [CrossRef] [PubMed]

	



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. Alpha-emitters and targeted alpha therapy in oncology: From basic science to clinical investigations. Target. Oncol. 2018, 13, 189–203. [Google Scholar] [CrossRef] [PubMed]

	



Eychenne, R.; Chérel, M.; Haddad, F.; Guérard, F.; Gestin, J.-F. Overview of the most promising radionuclides for targeted alpha therapy: The “hopeful eight”. Pharmaceutics 2021, 13, 906. [Google Scholar] [CrossRef]

	



Robertson, A.K.; Ramogida, C.F.; Schaffer, P.; Radchenko, V. Development of 225Ac radiopharmaceuticals: TRIUMF perspectives and experiences. Curr. Radiopharm. 2018, 11, 156–172. [Google Scholar] [CrossRef]

	



De Kruijff, R.M.; Wolterbeek, H.T.; Denkova, A.G. A critical review of alpha radionuclide therapy—How to deal with recoiling daughters? Pharmaceuticals 2015, 8, 321–336. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Olafsen, T.; Wu, A.M. Antibody vectors for imaging. Semin. Nucl. Med. 2010, 40, 167–181. [Google Scholar] [CrossRef]

	



Fu, R.; Carroll, L.; Yahioglu, G.; Aboagye, E.O.; Miller, P.W. Antibody fragment and affibody immunoPET imaging agents: Radiolabelling strategies and applications. ChemMedChem 2018, 13, 2466–2478. [Google Scholar] [CrossRef] [PubMed]

	



Jain, M.; Venkatraman, G.; Batra, S.K. Optimization of radioimmunotherapy of solid tumors: Biological impediments and their modulation. Clin. Cancer Res. 2007, 13, 1374–1382. [Google Scholar] [CrossRef] [PubMed]

	



Hosseinimehr, S.J.; Tolmachev, V.; Orlova, A. Liver uptake of radiolabeled targeting proteins and peptides: Considerations for targeting peptide conjugate design. Drug Discov. Today 2012, 17, 1224–1232. [Google Scholar] [CrossRef] [PubMed]

	



Vivier, D.; Sharma, S.K.; Zeglis, B.M. Understanding the in vivo fate of radioimmunoconjugates for nuclear imaging. J. Labelled Compd. Radiopharmaceut. 2018, 61, 672–692. [Google Scholar] [CrossRef] [PubMed]

	



Price, E.W.; Orvig, C. Matching chelators to radiometals for radiopharmaceuticals. Chem. Soc. Rev. 2014, 43, 260–290. [Google Scholar] [CrossRef] [PubMed]

	



Pressman, D.; Korngold, L. The in vivo localization of anti-Wagner-osteogenic-sarcoma antibodies. Cancer 1953, 6, 619–623. [Google Scholar] [CrossRef] [PubMed]

	



Freudenberg, L.; Antoch, G.; Jentzen, W.; Pink, R.; Knust, J.; Görges, R.; Müller, S.; Bockisch, A.; Debatin, J.; Brandau, W. Value of 124I-PET/CT in staging of patients with differentiated thyroid cancer. Eur. Radiol. 2004, 14, 2092–2098. [Google Scholar] [CrossRef] [PubMed]

	



Bzowski, P.; Borys, D.; Gorczewski, K.; Chmura, A.; Daszewska, K.; Gorczewska, I.; Kastelik-Hryniewiecka, A.; Szydło, M.; d’Amico, A.; Sokół, M. Efficiency of 124I radioisotope production from natural and enriched tellurium dioxide using 124Te(p,xn)124I reaction. EJNMMI Phys. 2022, 9, 41. [Google Scholar] [CrossRef] [PubMed]

	



Seevers, R.H.; Counsell, R.E. Radioiodination techniques for small organic molecules. Chem. Rev. 1982, 82, 575–590. [Google Scholar] [CrossRef]

	



Zalutsky, M.R.; Narula, A.S. A method for the radiohalogenation of proteins resulting in decreased thyroid uptake of radioiodine. Appl. Radiat. Isot. 1987, 38, 1051–1055. [Google Scholar] [CrossRef]

	



Wilbur, D.S.; Hadley, S.W.; Hylarides, M.D.; Abrams, P.G.; Beaumier, P.A.; Morgan, A.C.; Reno, J.M.; Fritzberg, A.R. Development of a stable radioiodinating reagent to label monoclonal antibodies for radiotherapy of cancer. J. Nucl. Med. 1989, 30, 216–226. [Google Scholar]

	



Vaidyanathan, G.; Zalutsky, M.R. Preparation of N-succinimidyl 3-[*I] iodobenzoate: An agent for the indirect radioiodination of proteins. Nat. Protoc. 2006, 1, 707–713. [Google Scholar] [CrossRef]

	



Lovqvist, A.; Sundin, A.; Ahlstrom, H.; Carlsson, J.; Lundqvist, H. Pharmacokinetics and experimental PET imaging of a bromine-76-labeled monoclonal anti-CEA antibody. J. Nucl. Med. 1997, 38, 395. [Google Scholar]

	



Bruehlmeier, M.; Roelcke, U.; Bläuenstein, P.; Missimer, J.; Schubiger, P.A.; Locher, J.T.; Pellikka, R.; Ametamey, S.M. Measurement of the extracellular space in brain tumors using 76Br-bromide and PET. J. Nucl. Med. 2003, 44, 1210–1218. [Google Scholar] [PubMed]

	



Lövqvist, A.; Sundin, A.; Ahlström, H.; Carlsson, J.; Lundqvist, H. 76Br-labeled monoclonal anti-CEA antibodies for radioimmuno positron emission tomography. Nucl. Med. Biol. 1995, 22, 125–131. [Google Scholar] [CrossRef] [PubMed]

	



Höglund, J.; Tolmachev, V.; Orlova, A.; Lundqvist, H.; Sundin, A. Optimized indirect 76Br-bromination of antibodies using N-succinimidyl para-[76Br] bromobenzoate for radioimmuno PET. Nucl. Med. Biol. 2000, 27, 837–843. [Google Scholar] [CrossRef]

	



Aaij, C.; Tschroots, W.; Lindner, L.; Feltkamp, T. The preparation of astatine labelled proteins. Appl. Radiat. Isot. 1975, 26, 25–30. [Google Scholar] [CrossRef] [PubMed]

	



Wilbur, D.S. Enigmatic astatine. Nat. Chem. 2013, 5, 246. [Google Scholar] [CrossRef]

	



Garg, P.K.; Harrison, C.L.; Zalutsky, M.R. Comparative tissue distribution in mice of the α-emitter 211At and 131I as labels of a monoclonal antibody and F(ab′)2 fragment. Cancer Res. 1990, 50, 3514–3520. [Google Scholar]

	



Hadley, S.W.; Wilbur, D.S.; Gray, M.A.; Atcher, R.W. Astatine-211 labeling of an antimelanoma antibody and its Fab fragment using N-succinimidyl p-[211At] astatobenzoate: Comparisons in vivo with the p-[125I] iodobenzoyl conjugate. Bioconj. Chem. 1991, 2, 171–179. [Google Scholar] [CrossRef]

	



Larsen, R.H.; Slade, S.; Zalutsky, M.R. Blocking [211At] astatide accumulation in normal tissues: Preliminary evaluation of seven potential compounds. Nucl. Med. Biol. 1998, 25, 351–357. [Google Scholar] [CrossRef] [PubMed]

	



Foulon, C.F.; Alston, K.L.; Zalutsky, M.R. Astatine-211-labeled biotin conjugates resistant to biotinidase for use in pretargeted radioimmunotherapy. Nucl. Med. Biol. 1998, 25, 81–88. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Teze, D.; Sergentu, D.-C.; Kalichuk, V.; Barbet, J.; Deniaud, D.; Galland, N.; Maurice, R.; Montavon, G. Targeted radionuclide therapy with astatine-211: Oxidative dehalogenation of astatobenzoate conjugates. Sci. Rep. 2017, 7, 2579. [Google Scholar] [CrossRef]

	



Wilbur, D.S.; Chyan, M.-K.; Hamlin, D.K.; Vessella, R.L.; Wedge, T.J.; Hawthorne, M.F. Reagents for astatination of biomolecules. 2. Conjugation of anionic boron cage pendant groups to a protein provides a method for direct labeling that is stable to in vivo deastatination. Bioconj. Chem. 2007, 18, 1226–1240. [Google Scholar] [CrossRef]

	



Wilbur, D.S.; Chyan, M.-K.; Hamlin, D.K.; Nguyen, H.; Vessella, R.L. Reagents for Astatination of Biomolecules. 5. Evaluation of hydrazone linkers in 211At-and 125I-labeled closo-decaborate(2-) conjugates of Fab’ as a means of decreasing kidney retention. Bioconj. Chem. 2011, 22, 1089–1102. [Google Scholar] [CrossRef]

	



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]

	



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]

	



Mease, R.C.; Kang, C.M.; Kumar, V.; Banerjee, S.R.; Minn, I.; Brummet, M.; Gabrielson, K.L.; Feng, Y.; Park, A.; Kiess, A.P. An improved 211At-labeled agent for PSMA-targeted α-therapy. J. Nucl. Med. 2022, 63, 259–267. [Google Scholar] [CrossRef]

	



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]

	



Suzuki, H.; Kaizuka, Y.; Tatsuta, M.; Tanaka, H.; Washiya, N.; Shirakami, Y.; Ooe, K.; Toyoshima, A.; Watabe, T.; Teramoto, T. Neopentyl glycol as a scaffold to provide radiohalogenated theranostic pairs of high in vivo stability. J. Med. Chem. 2021, 64, 15846–15857. [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] [PubMed]

	



Meares, C.; Goodwin, D. Linking radiometals to proteins with bifunctional chelating agents. J. Protein Chem. 1984, 3, 215–228. [Google Scholar] [CrossRef]

	



Brechbiel, M.W. Bifunctional chelates for metal nuclides. Q. J. Nucl. Med. Mol. Imaging 2008, 52, 166. [Google Scholar]

	



Zarschler, K.; Kubeil, M.; Stephan, H. Establishment of two complementary in vitro assays for radiocopper complexes achieving reliable and comparable evaluation of in vivo stability. RSC Adv. 2014, 4, 10157–10164. [Google Scholar] [CrossRef]

	



Linder, M. Ceruloplasmin and other copper binding components of blood plasma and their functions: An update. Metallomics 2016, 8, 887–905. [Google Scholar] [CrossRef] [PubMed]

	



Sneddon, D.; Cornelissen, B. Emerging chelators for nuclear imaging. Curr. Opin. Chem. Biol. 2021, 63, 152–162. [Google Scholar] [CrossRef] [PubMed]

	



Hu, A.; Wilson, J.J. Advancing chelation strategies for large metal ions for nuclear medicine applications. Acc. Chem. Res. 2022, 55, 904–915. [Google Scholar] [CrossRef]

	



Deshpande, S.; Subramanian, R.; McCall, M.; DeNardo, S.J.; DeNardo, G.; Meares, C. Metabolism of indium chelates attached to monoclonal antibody: Minimal transchelation of indium from benzyl-EDTA chelate in vivo. J. Nucl. Med. 1990, 31, 218–224. [Google Scholar]

	



Meares, C.; Moi, M.; Diril, H.; Kukis, D.; McCall, M.; Deshpande, S.; DeNardo, S.; Snook, D.; Epenetos, A. Macrocyclic chelates of radiometals for diagnosis and therapy. Br. J. Cancer Suppl. 1990, 10, 21. [Google Scholar]

	



Cabbiness, D.K.; Margerum, D.W. Macrocyclic effect on the stability of copper (II) tetramine complexes. J. Am. Chem. Soc. 1969, 91, 6540–6541. [Google Scholar] [CrossRef]

	



Cooper, M.S.; Sabbah, E.; Mather, S.J. Conjugation of chelating agents to proteins and radiolabeling with trivalent metallic isotopes. Nat. Protoc. 2006, 1, 314–317. [Google Scholar] [CrossRef]

	



De León-Rodríguez, L.M.; Kovacs, Z. The synthesis and chelation chemistry of DOTA−peptide conjugates. Bioconj. Chem. 2008, 19, 391–402. [Google Scholar] [CrossRef] [PubMed]

	



Sosabowski, J.K.; Mather, S.J. Conjugation of DOTA-like chelating agents to peptides and radiolabeling with trivalent metallic isotopes. Nat. Protoc. 2006, 1, 972–976. [Google Scholar] [CrossRef]

	



Brechbiel, M.W.; Gansow, O.A. Backbone-substituted DTPA ligands for yttrium-90 radioimmunotherapy. Bioconj. Chem. 1991, 2, 187–194. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.; Kobayashi, H.; Sun, B.; Yoo, T.; Paik, C.; Gansow, O.; Carrasquillo, J.; Pastan, I.; Brechbiel, M. Stereochemical influence on the stability of radio-metal complexes in vivo. Synthesis and evaluation of the four stereoisomers of 2-(p-nitrobenzyl)-trans-CyDTPA. Biorg. Med. Chem. 1997, 5, 1925–1934. [Google Scholar] [CrossRef]

	



Price, E.W.; Cawthray, J.F.; Bailey, G.A.; Ferreira, C.L.; Boros, E.; Adam, M.J.; Orvig, C. H4octapa: An acyclic chelator for 111In radiopharmaceuticals. J. Am. Chem. Soc. 2012, 134, 8670–8683. [Google Scholar] [CrossRef]

	



Bailey, G.A.; Price, E.W.; Zeglis, B.M.; Ferreira, C.L.; Boros, E.; Lacasse, M.J.; Patrick, B.O.; Lewis, J.S.; Adam, M.J.; Orvig, C. H2azapa: A versatile acyclic multifunctional chelator for 67Ga, 64Cu, 111In, and 177Lu. Inorg. Chem. 2012, 51, 12575–12589. [Google Scholar] [CrossRef] [PubMed]

	



Spreckelmeyer, S.; Ramogida, C.F.; Rousseau, J.; Arane, K.; Bratanovic, I.; Colpo, N.; Jermilova, U.; Dias, G.M.; Dude, I.; Jaraquemada-Pelaez, M.d.G. p-NO2–Bn–H4neunpa and H4neunpa–Trastuzumab: Bifunctional Chelator for Radiometalpharmaceuticals and 111In Immuno-Single Photon Emission Computed Tomography Imaging. Bioconj. Chem. 2017, 28, 2145–2159. [Google Scholar] [CrossRef]

	



Deri, M.A.; Zeglis, B.M.; Francesconi, L.C.; Lewis, J.S. PET imaging with 89Zr: From radiochemistry to the clinic. Nucl. Med. Biol. 2013, 40, 3–14. [Google Scholar] [CrossRef]

	



Guérard, F.; Lee, Y.-S.; Tripier, R.; Szajek, L.P.; Deschamps, J.R.; Brechbiel, M.W. Investigation of Zr (IV) and 89Zr (IV) complexation with hydroxamates: Progress towards designing a better chelator than desferrioxamine B for immuno-PET imaging. Chem. Commun. 2013, 49, 1002–1004. [Google Scholar] [CrossRef] [PubMed]

	



Heskamp, S.; Raavé, R.; Boerman, O.; Rijpkema, M.; Goncalves, V.; Denat, F. 89Zr-immuno-positron emission tomography in oncology: State-of-the-art 89Zr radiochemistry. Bioconj. Chem. 2017, 28, 2211–2223. [Google Scholar] [CrossRef] [PubMed]

	



Abou, D.S.; Ku, T.; Smith-Jones, P.M. In vivo biodistribution and accumulation of 89Zr in mice. Nucl. Med. Biol. 2011, 38, 675–681. [Google Scholar] [CrossRef] [PubMed]

	



Holland, J.P.; Divilov, V.; Bander, N.H.; Smith-Jones, P.M.; Larson, S.M.; Lewis, J.S. 89Zr-DFO-J591 for immunoPET of prostate-specific membrane antigen expression in vivo. J. Nucl. Med. 2010, 51, 1293–1300. [Google Scholar] [CrossRef] [PubMed]

	



Bhatt, N.B.; Pandya, D.N.; Wadas, T.J. Recent advances in zirconium-89 chelator development. Molecules 2018, 23, 638. [Google Scholar] [CrossRef] [PubMed]

	



Peng, F.; Lu, X.; Janisse, J.; Muzik, O.; Shields, A.F. PET of human prostate cancer xenografts in mice with increased uptake of 64CuCl2. J. Nucl. Med. 2006, 47, 1649–1652. [Google Scholar] [PubMed]

	



Mirick, G.R.; O’Donnell, R.T.; DeNardo, S.J.; Shen, S.; Meares, C.F.; DeNardo, G.L. Transfer of copper from a chelated 67Cu-antibody conjugate to ceruloplasmin in lymphoma patients. Nucl. Med. Biol. 1999, 26, 841–845. [Google Scholar] [CrossRef] [PubMed]

	



Smith, S.V. Molecular imaging with copper-64. J. Inorg. Biochem. 2004, 98, 1874–1901. [Google Scholar] [CrossRef]

	



Gutfilen, B.; Souza, S.A.; Valentini, G. Copper-64: A real theranostic agent. Drug Des. Devel. Ther. 2018, 12, 3235–3245. [Google Scholar] [CrossRef]

	



Gaware, V. Ceruloplasmin its role and significance: A review. Int. J. Biomed. Res. 2010, 1, 153–162. [Google Scholar] [CrossRef]

	



Bass, L.A.; Wang, M.; Welch, M.J.; Anderson, C.J. In vivo transchelation of copper-64 from TETA-octreotide to superoxide dismutase in rat liver. Bioconj. Chem. 2000, 11, 527–532. [Google Scholar] [CrossRef] [PubMed]

	



Shokeen, M.; Anderson, C.J. Molecular imaging of cancer with copper-64 radiopharmaceuticals and positron emission tomography (PET). Acc. Chem. Res. 2009, 42, 832–841. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, K.; Kurihara, H.; Yonemori, K.; Tsuda, H.; Suzuki, J.; Kono, Y.; Honda, N.; Kodaira, M.; Yamamoto, H.; Yunokawa, M. 64Cu-DOTA-trastuzumab PET imaging in patients with HER2-positive breast cancer. J. Nucl. Med. 2013, 54, 1869–1875. [Google Scholar] [CrossRef] [PubMed]

	



Ping Li, W.; Meyer, L.A.; Capretto, D.A.; Sherman, C.D.; Anderson, C.J. Receptor-binding, biodistribution, and metabolism studies of 64Cu-DOTA-cetuximab, a PET-imaging agent for epidermal growth-factor receptor-positive tumors. Cancer Biother. Radiopharm. 2008, 23, 158–171. [Google Scholar] [PubMed]

	



Paudyal, B.; Paudyal, P.; Oriuchi, N.; Hanaoka, H.; Tominaga, H.; Endo, K. Positron emission tomography imaging and biodistribution of vascular endothelial growth factor with 64Cu-labeled bevacizumab in colorectal cancer xenografts. Cancer Sci. 2011, 102, 117–121. [Google Scholar] [CrossRef] [PubMed]

	



Maheshwari, V.; Dearling, J.L.; Treves, S.T.; Packard, A.B. Measurement of the rate of copper (II) exchange for 64Cu complexes of bifunctional chelators. Inorg. Chim. Acta 2012, 393, 318–323. [Google Scholar] [CrossRef]

	



Zhang, Y.; Hong, H.; Engle, J.W.; Bean, J.; Yang, Y.; Leigh, B.R.; Barnhart, T.E.; Cai, W. Positron emission tomography imaging of CD105 expression with a 64Cu-labeled monoclonal antibody: NOTA is superior to DOTA. PLoS ONE 2011, 6, e28005. [Google Scholar] [CrossRef] [PubMed]

	



Boswell, C.A.; Sun, X.; Niu, W.; Weisman, G.R.; Wong, E.H.; Rheingold, A.L.; Anderson, C.J. Comparative in vivo stability of copper-64-labeled cross-bridged and conventional tetraazamacrocyclic complexes. J. Med. Chem. 2004, 47, 1465–1474. [Google Scholar] [CrossRef]

	



Knighton, R.C.; Troadec, T.; Mazan, V.; Le Saëc, P.; Marionneau-Lambot, S.; Le Bihan, T.; Saffon-Merceron, N.; Le Bris, N.; Chérel, M.; Faivre-Chauvet, A. Cyclam-based chelators bearing phosphonated pyridine pendants for 64Cu-PET imaging: Synthesis, physicochemical studies, radiolabeling, and bioimaging. Inorg. Chem. 2021, 60, 2634–2648. [Google Scholar] [CrossRef]

	



Pazderová, L.; David, T.; Hlinová, V.; Plutnar, J.; Kotek, J.; Lubal, P.; Kubíček, V.; Hermann, P. Cross-Bridged Cyclam with Phosphonate and Phosphinate Pendant Arms: Chelators for Copper Radioisotopes with Fast Complexation. Inorg. Chem. 2020, 59, 8432–8443. [Google Scholar] [CrossRef]

	



Morgan, K.A.; Rudd, S.E.; Noor, A.; Donnelly, P.S. Theranostic Nuclear Medicine with Gallium-68, Lutetium-177, Copper-64/67, Actinium-225, and Lead-212/203 Radionuclides: Focus Review. Chem. Rev. 2023, 123, 12004–12035. [Google Scholar] [CrossRef] [PubMed]

	



Comba, P.; Kubeil, M.; Pietzsch, J.; Rudolf, H.; Stephan, H.; Zarschler, K. Bispidine dioxotetraaza macrocycles: A new class of bispidines for 64Cu PET imaging. Inorg. Chem. 2014, 53, 6698–6707. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



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] [PubMed]

	



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. An eighteen-membered macrocyclic ligand for actinium-225 targeted alpha therapy. Angew. Chem. Int. Ed. 2017, 56, 14712–14717. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, J.; Jaggi, J.; O’donoghue, J.; Ruan, S.; McDevitt, M.; Larson, S.; Scheinberg, D.; Humm, J. Renal uptake of bismuth-213 and its contribution to kidney radiation dose following administration of actinium-225-labeled antibody. Phys. Med. Biol. 2011, 56, 721. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Jaggi, J.S.; Seshan, S.V.; McDevitt, M.R.; Sgouros, G.; Hyjek, E.; Scheinberg, D.A. Mitigation of radiation nephropathy after internal α-particle irradiation of kidneys. Int. J. Radiat. Oncol. Biol. Phys. 2006, 64, 1503–1512. [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 2. J. Nucl. Med. 2018, 59, 1020–1027. [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 α radioimmunotherapy with 212Pb-TCMC-trastuzumab. J. Nucl. Med. 2014, 55, 1636–1642. [Google Scholar] [CrossRef]

	



McDevitt, M.R.; Ma, D.; Lai, L.T.; Simon, J.; Borchardt, P.; Frank, R.K.; Wu, K.; Pellegrini, V.; Curcio, M.J.; Miederer, M. Tumor therapy with targeted atomic nanogenerators. Science 2001, 294, 1537–1540. [Google Scholar] [CrossRef] [PubMed]

	



Altai, M.; Membreno, R.; Cook, B.; Tolmachev, V.; Zeglis, B.M. Pretargeted imaging and therapy. J. Nucl. Med. 2017, 58, 1553–1559. [Google Scholar] [CrossRef] [PubMed]

	



Goodwin, D.; Meares, C.; McCall, M.; McTigue, M.; Chaovapong, W.; Levy, R.; Starnes, C. Pre-targeted immunoscintigraphy with chimeric antibodies. J. Nucl. Med. 1987, 28, 561. [Google Scholar]

	



Goodwin, D.; Meares, C.; McCall, M.; McTigue, M.; Chaovapong, W. An avidin-biotin chelate system for imaging tumor. J. Nucl. Med. 1987, 28, 129. [Google Scholar]

	



Sakahara, H.; Saga, T. Avidin–biotin system for delivery of diagnostic agents. Adv. Drug Del. Rev. 1999, 37, 89–101. [Google Scholar] [CrossRef] [PubMed]

	



Livaniou, E.; Evangelatos, G.P.; Ithakissios, D.S. Radioiodinated biotin derivatives for in vitro radioassays. J. Nucl. Med. 1987, 28, 1430–1434. [Google Scholar] [PubMed]

	



Hymes, J.; Wolf, B. Biotinidase and its roles in biotin metabolism. Clin. Chim. Acta 1996, 255, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Wilbur, D.S.; Hamlin, D.K.; Pathare, P.M.; Weerawarna, S.A. Biotin reagents for antibody pretargeting. Synthesis, radioiodination, and in vitro evaluation of water soluble, biotinidase resistant biotin derivatives. Bioconj. Chem. 1997, 8, 572–584. [Google Scholar] [CrossRef] [PubMed]

	



Foulon, C.F.; Alston, K.L.; Zalutsky, M.R. Synthesis and preliminary biological evaluation of (3-iodobenzoyl) norbiotinamide and ((5-iodo-3-pyridinyl) carbonyl) norbiotinamide: Two radioiodinated biotin conjugates with improved stability. Bioconj. Chem. 1997, 8, 179–186. [Google Scholar] [CrossRef]

	



Magnani, P.; Paganelli, G.; Modorati, G.; Zito, F.; Songini, C.; Sudati, F.; Koch, P.; Maecke, H.R.; Brancato, R.; Siccardi, A.G. Quantitative comparison of direct antibody labeling and tumor pretargeting in uveal melanoma. J. Nucl. Med. 1996, 37, 967–971. [Google Scholar]

	



Verhoeven, M.; Seimbille, Y.; Dalm, S.U. Therapeutic applications of pretargeting. Pharmaceutics 2019, 11, 434. [Google Scholar] [CrossRef] [PubMed]

	



Goodwin, D.A.; Meares, C.F.; McCall, M.J.; McTigue, M.; Chaovapong, W. Pre-targeted immunoscintigraphy of murine tumors with indium-111-labeled bifunctional haptens. J. Nucl. Med. 1988, 29, 226–234. [Google Scholar] [PubMed]

	



Goodwin, D.A.; Meares, C.F. Advances in pretargeting biotechnology. Biotechnol. Adv. 2001, 19, 435–450. [Google Scholar] [CrossRef] [PubMed]

	



Janevik-Ivanovska, E.; Gautherot, E.; Hillairet de Boisferon, M.; Cohen, M.; Milhaud, G.; Tartar, A.; Rostene, W.; Barbet, J.; Gruaz-Guyon, A. Bivalent hapten-bearing peptides designed for iodine-131 pretargeted radioimmunotherapy. Bioconj. Chem. 1997, 8, 526–533. [Google Scholar] [CrossRef] [PubMed]

	



Doussal, J.-M.L.; Gruaz-Guyon, A.; Martin, M.; Gautherot, E.; Delaage, M.; Barbet, J. Targeting of indium 111-labeled bivalent hapten to human melanoma mediated by bispecific monoclonal antibody conjugates: Imaging of tumors hosted in nude mice. Cancer Res. 1990, 50, 3445–3452. [Google Scholar] [PubMed]

	



Gautherot, E.; Rouvier, E.; Daniel, L.; Loucif, E.; Bouhou, J.; Manetti, C.; Martin, M.; Le Doussal, J.-M.; Barbet, J. Pretargeted radioimmunotherapy of human colorectal xenografts with bispecific antibody and 131I-labeled bivalent hapten. J. Nucl. Med. 2000, 41, 480–487. [Google Scholar] [PubMed]

	



Sharkey, R.M.; van Rij, C.M.; Karacay, H.; Rossi, E.A.; Frielink, C.; Regino, C.; Cardillo, T.M.; McBride, W.J.; Chang, C.-H.; Boerman, O.C. A new tri-Fab bispecific antibody for pretargeting Trop-2–expressing epithelial cancers. J. Nucl. Med. 2012, 53, 1625–1632. [Google Scholar] [CrossRef] [PubMed]

	



Schoffelen, R.; Boerman, O.C.; Goldenberg, D.M.; Sharkey, R.M.; van Herpen, C.M.; Franssen, G.M.; McBride, W.J.; Chang, C.-H.; Rossi, E.A.; van der Graaf, W.T. Development of an imaging-guided CEA-pretargeted radionuclide treatment of advanced colorectal cancer: First clinical results. Br. J. Cancer 2013, 109, 934–942. [Google Scholar] [CrossRef] [PubMed]

	



Bodet-Milin, C.; Faivre-Chauvet, A.; Carlier, T.; Rauscher, A.; Bourgeois, M.; Cerato, E.; Rohmer, V.; Couturier, O.; Drui, D.; Goldenberg, D.M. Immuno-PET using anticarcinoembryonic antigen bispecific antibody and 68Ga-labeled peptide in metastatic medullary thyroid carcinoma: Clinical optimization of the pretargeting parameters in a first-in-human trial. J. Nucl. Med. 2016, 57, 1505–1511. [Google Scholar] [CrossRef]

	



Zhou, Y.; Penny, H.L.; Kroenke, M.A.; Bautista, B.; Hainline, K.; Chea, L.S.; Parnes, J.; Mytych, D.T. Immunogenicity assessment of bispecific antibody-based immunotherapy in oncology. J. Immunother. Cancer 2022, 10, e004225. [Google Scholar] [CrossRef]

	



Rousseau, C.; Goldenberg, D.M.; Colombié, M.; Sébille, J.-C.; Meingan, P.; Ferrer, L.; Baumgartner, P.; Cerato, E.; Masson, D.; Campone, M. Initial clinical results of a novel immuno-PET theranostic probe in human epidermal growth factor receptor 2–negative breast cancer. J. Nucl. Med. 2020, 61, 1205–1211. [Google Scholar] [CrossRef]

	



Touchefeu, Y.; Bailly, C.; Frampas, E.; Eugène, T.; Rousseau, C.; Bourgeois, M.; Bossard, C.; Faivre-Chauvet, A.; Rauscher, A.; Masson, D. Promising clinical performance of pretargeted immuno-PET with anti-CEA bispecific antibody and gallium-68-labelled IMP-288 peptide for imaging colorectal cancer metastases: A pilot study. Eur. J. Nucl. Med. Mol. Imag. 2021, 48, 874–882. [Google Scholar] [CrossRef] [PubMed]

	



Rusckowski, M.; Qu, T.; Chang, F.; Hnatowich, D.J. Pretargeting using peptide nucleic acid. Cancer 1997, 80, 2699–2705. [Google Scholar] [CrossRef]

	



Liu, G.; Mang’era, K.; Liu, N.; Gupta, S.; Rusckowski, M.; Hnatowich, D.J. Tumor pretargeting in mice using 99mTc-labeled morpholino, a DNA analog. J. Nucl. Med. 2002, 43, 384–391. [Google Scholar] [PubMed]

	



Schubert, M.; Bergmann, R.; Förster, C.; Sihver, W.; Vonhoff, S.; Klussmann, S.; Bethge, L.; Walther, M.; Schlesinger, J.; Pietzsch, J. Novel tumor pretargeting system based on complementary L-configured oligonucleotides. Bioconj. Chem. 2017, 28, 1176–1188. [Google Scholar] [CrossRef] [PubMed]

	



Patra, M.; Zarschler, K.; Pietzsch, H.-J.; Stephan, H.; Gasser, G. New insights into the pretargeting approach to image and treat tumours. Chem. Soc. Rev. 2016, 45, 6415–6431. [Google Scholar] [CrossRef] [PubMed]

	



Blackman, M.L.; Royzen, M.; Fox, J.M. Tetrazine ligation: Fast bioconjugation based on inverse-electron-demand Diels− Alder reactivity. J. Am. Chem. Soc. 2008, 130, 13518–13519. [Google Scholar] [CrossRef] [PubMed]

	



Rossin, R.; Verkerk, P.R.; van den Bosch, S.M.; Vulders, R.C.; Verel, I.; Lub, J.; Robillard, M.S. In vivo chemistry for pretargeted tumor imaging in live mice. Angew. Chem. Int. Ed. 2010, 49, 3375–3378. [Google Scholar] [CrossRef] [PubMed]

	



Rossin, R.; Van Den Bosch, S.M.; Ten Hoeve, W.; Carvelli, M.; Versteegen, R.M.; Lub, J.; Robillard, M.S. Highly reactive trans-cyclooctene tags with improved stability for Diels–Alder chemistry in living systems. Bioconj. Chem. 2013, 24, 1210–1217. [Google Scholar] [CrossRef]

	



Rondon, A.; Degoul, F. Antibody pretargeting based on bioorthogonal click chemistry for cancer imaging and targeted radionuclide therapy. Bioconj. Chem. 2019, 31, 159–173. [Google Scholar] [CrossRef]

	



Rondon, A.; Rouanet, J.; Degoul, F. Radioimmunotherapy in oncology: Overview of the last decade clinical trials. Cancers 2021, 13, 5570. [Google Scholar] [CrossRef] [PubMed]

	



Akizawa, H.; Uehara, T.; Arano, Y. Renal uptake and metabolism of radiopharmaceuticals derived from peptides and proteins. Adv. Drug Del. Rev. 2008, 60, 1319–1328. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, H.; Yoo, T.M.; Kim, I.S.; Kim, M.-K.; Le, N.; Webber, K.O.; Pastan, I.; Paik, C.H.; Eckelman, W.C.; Carrasquillo, J.A. L-lysine effectively blocks renal uptake of 125I-or 99mTc-labeled anti-Tac disulfide-stabilized Fv fragment. Cancer Res. 1996, 56, 3788–3795. [Google Scholar]

	



Kobayashi, H.; Le, N.; Kim, I.-s.; Kim, M.-K.; Pie, J.-E.; Drumm, D.; Paik, D.S.; Waldmann, T.A.; Paik, C.H.; Carrasquillo, J.A. The pharmacokinetic characteristics of glycolated humanized anti-Tac Fabs are determined by their isoelectric points. Cancer Res. 1999, 59, 422–430. [Google Scholar] [PubMed]

	



Arano, Y. Renal brush border strategy: A developing procedure to reduce renal radioactivity levels of radiolabeled polypeptides. Nucl. Med. Biol. 2021, 92, 149–155. [Google Scholar] [CrossRef] [PubMed]

	



Arano, Y.; Fujioka, Y.; Akizawa, H.; Ono, M.; Uehara, T.; Wakisaka, K.; Nakayama, M.; Sakahara, H.; Konishi, J.; Saji, H. Chemical design of radiolabeled antibody fragments for low renal radioactivity levels. Cancer Res. 1999, 59, 128–134. [Google Scholar]

	



Uehara, T.; Koike, M.; Nakata, H.; Hanaoka, H.; Iida, Y.; Hashimoto, K.; Akizawa, H.; Endo, K.; Arano, Y. Design, synthesis, and evaluation of [188Re]organorhenium-labeled antibody fragments with renal enzyme-cleavable linkage for low renal radioactivity levels. Bioconj. Chem. 2007, 18, 190–198. [Google Scholar] [CrossRef]

	



Suzuki, C.; Uehara, T.; Kanazawa, N.; Wada, S.; Suzuki, H.; Arano, Y. Preferential cleavage of a tripeptide linkage by enzymes on renal brush border membrane to reduce renal radioactivity levels of radiolabeled antibody fragments. J. Med. Chem. 2018, 61, 5257–5268. [Google Scholar] [CrossRef]

	



Uehara, T.; Kanazawa, N.; Suzuki, C.; Mizuno, Y.; Suzuki, H.; Hanaoka, H.; Arano, Y. Renal handling of 99mTc-labeled antibody fab fragments with a linkage cleavable by enzymes on brush border membrane. Bioconj. Chem. 2020, 31, 2618–2627. [Google Scholar] [CrossRef]

	



Uehara, T.; Yokoyama, M.; Suzuki, H.; Hanaoka, H.; Arano, Y. Gallium-67/68-labeled antibody fragments for immuno-SPECT/PET show low renal radioactivity without loss of tumor uptake. Clin. Cancer Res. 2018, 24, 3309–3316. [Google Scholar] [CrossRef]

	



Suzuki, H.; Kise, S.; Kaizuka, Y.; Watanabe, R.; Sugawa, T.; Furukawa, T.; Fujii, H.; Uehara, T. Copper-64-labeled antibody fragments for immuno-PET/radioimmunotherapy with low renal radioactivity levels and amplified tumor-kidney ratios. ACS Omega 2021, 6, 21556–21562. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, H.; Araki, M.; Tatsugi, K.; Ichinohe, K.; Uehara, T.; Arano, Y. Reduction of the Renal Radioactivity of 111In-DOTA-Labeled Antibody Fragments with a Linkage Cleaved by the Renal Brush Border Membrane Enzymes. J. Med. Chem. 2023, 66, 8600–8613. [Google Scholar] [CrossRef] [PubMed]

	



Yudistiro, R.; Hanaoka, H.; Katsumata, N.; Yamaguchi, A.; Tsushima, Y. Bevacizumab radioimmunotherapy (RIT) with accelerated blood clearance using the avidin chase. Mol. Pharm. 2018, 15, 2165–2173. [Google Scholar] [CrossRef] [PubMed]

	



Fitzgerald, T.L.; Brinkley, J.; Banks, S.; Vohra, N.; Englert, Z.P.; Zervos, E.E. The benefits of liver resection for non-colorectal, non-neuroendocrine liver metastases: A systematic review. Langenbecks Arch. Surg. 2014, 399, 989–1000. [Google Scholar] [CrossRef] [PubMed]

	



Arano, Y.; Mukai, T.; Uezono, T.; Wakisaka, K.; Motonari, H.; Akizawa, H.; Taoka, Y.; Yokoyama, A. A biological method to evaluate bifunctional chelating agents to label antibodies with metallic radionuclides. J. Nucl. Med. 1994, 35, 890–898. [Google Scholar] [PubMed]

	



Mukai, T.; Namba, S.; Arano, Y.; Ono, M.; Fujioka, Y.; Uehara, T.; Ogawa, K.; Konishi, J.; Saji, H. Synthesis and evaluation of a monoreactive DOTA derivative for indium-111-based residualizing label to estimate protein pharmacokinetics. J. Pharm. Pharmacol. 2002, 54, 1073–1081. [Google Scholar] [CrossRef] [PubMed]

	



Arano, Y.; Wakisaka, K.; Ohmono, Y.; Uezono, T.; Akizawa, H.; Nakayama, M.; Sakahara, H.; Tanaka, C.; Konishi, J.; Yokoyama, A. Assessment of radiochemical design of antibodies using an ester bond as the metabolizable linkage: Evaluation of maleimidoethyl 3-(tri-n-butylstannyl) hippurate as a radioiodination reagent of antibodies for diagnostic and therapeutic applications. Bioconj. Chem. 1996, 7, 628–637. [Google Scholar] [CrossRef] [PubMed]

	



Arano, Y.; Wakisaka, K.; Akizawa, H.; Ono, M.; Kawai, K.; Nakayama, M.; Sakahara, H.; Konishi, J.; Saji, H. Assessment of the radiochemical design of antibodies with a metabolizable linkage for target-selective radioactivity delivery. Bioconj. Chem. 1998, 9, 497–506. [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. Bioconj. Chem. 2006, 17, 1551–1560. [Google Scholar] [CrossRef]

	



Suzuki, H.; Matsukawa, M.; Madokoro, R.; Terasaka, Y.; Kannaka, K.; Uehara, T. Reduction of the hepatic radioactivity levels of [111In]In-DOTA–labeled antibodies via cleavage of a linkage metabolized in lysosomes. Nucl. Med. Biol. 2024; in press. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 17 00508 g001] 





Figure 1. Direct and indirect radiohalogenation methods. 
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Figure 2. Scaffolds providing 211At-labeled compounds with high in vivo stability. (A) closo-decaborate(2-), (B) 3-[211At]astato-5-guanidinomethyl benzoyl, and (C) neopentyl glycol scaffolds. 
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Figure 3. Classical chelating agents and representative BFCs for radiometals. 
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Figure 4. Strategies for reducing the prolonged blood retention of radiolabeled antibodies. 
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Figure 5. Radiolabeled antibodies with a cleavable linkage. 
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