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Abstract: The use of radionuclides for targeted endoradiotherapy is a rapidly growing field in
oncology. In particular, the focus on the biological effects of different radiation qualities is an
important factor in understanding and implementing new therapies. Together with the combined
approach of imaging and therapy, therapeutic nuclear medicine has recently made great progress. A
particular area of research is the use of alpha-emitting radionuclides, which have unique physical
properties associated with outstanding advantages, e.g., for single tumor cell targeting. Here, recent
results and open questions regarding the production of alpha-emitting isotopes as well as their
chemical combination with carrier molecules and clinical experience from compassionate use reports
and clinical trials are discussed.

Keywords: alpha emitter; targeted alpha therapy; actinium-225; high let; theranostic

1. Introduction

The ensemble between diagnostic and therapeutic radionuclides has opened a rapidly
growing area for individualized targeted radionuclide theranostics. Recent developments
and increasing knowledge in the field of radiation biology, radiochemistry, radiopharma-
ceutical sciences, nuclear medicine, and oncology are currently making steps forward to
several more, highly relevant therapy options. One distinct research field is that of the
therapeutic use of alpha particle-emitting radionuclides (alpha emitters). With their unique
physical properties, it has been hypothesized that principles known, e.g., from external
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example might be demonstrated by the joint effort of Brookhaven, Los Alamos, and Oak
Ridge National Laboratories to deliver accelerator-produced 225Ac [6].

There are various nuclear reactions either producing 225Ac directly or providing the
parent radionuclide thorium-232, thorium-229 or radium-225, alternatively. These include
but are not limited to: 226Ra(γ„n)225Ra →

225Ac (accelerator, electrons); 226Ra(p,2n)225Ac,
226Ra(α,n)229Th, 232Th(p,x)229Th, 226Ra(p,pn)225Ra, (accelerator, low-energy particles);
232Th(p,x)225Ac, 232Th(p,x)225Ra →

225Ac (accelerator, high-energy particles); and 226Ra(3n,
γ)229Ra →

229Ac → 229Th (reactor, thermal neutrons) [7–9].
The main complication of 225Ac production via the accelerator applying higher ener-

gies results in the co-production of actinium-224 (τ½ = 2.78 h), actinium-226 (τ½ = 29.37 h),
and actinium-227 (τ½ = 21.77 y)—which cannot be separated from the desired actinium-225.
Since the half-lives of actinium-224 and -226 are very short, both are eliminated by natural
decay. On the other hand, the long half-life of actinium-227 significantly complicates its
related waste disposal, dosimetry, and radiation safety [10]. The actinium-225/actinium-
227 ratio improves with increasing proton energy, but degrades with a longer irradiation
time and careful balance between these two parameters has to be set. In addition, the
irradiation of a highly radiotoxic and not so easily accessible radium-226 (τ½ = 1.600 y) in
a cyclotron needs a more sophisticated target with gas-trapping filters and/or leak-tight
equipment due to the presence of radioactive noble gas radon-222 (τ½ = 3.82 d) [11]. It is
also important to note that the accelerator-produced 225Ac differs slightly in comparison
to the one obtained from the radionuclide generator, which, e.g., requires separate drug
master files.

Another possibility is also to focus on the development, evaluation, and application
of another alpha in vivo nanogenerator, thorium-227 (227Th, τ½ = 18.9 d) [12]. There is,
however, one significant difference between 227Th and 225Ac, which is that they have
concretely different equilibria. 225Ac forms a so-called secular equilibrium (τ½, parent
>>> τ½, decay nuclide) with its decay radionuclide francium-221 having the half-life of
5 min. 227Th forms a so-called transient equilibrium (τ½, parent > τ½, decay nuclide) with
its decay radionuclide radium-223 having the half-life 11.4 d. By the direct comparison
of the 5 min half-life of francium-221 with the 11.4 d half-life of 11.4 d results in the fact
that 227Th does not deliver so many alpha particles as quickly as 225Ac and, by that, it has
a much higher radiobiological effectiveness, which is clearly desired for targeted alpha
therapies [13].

3. Radiochemistry and Concept of Theranostic Matched Radionuclide Pairs

A fundamental requirement of using alpha emitters for treatment is their selective
delivery in vivo to a cancer cell target. This is ideally pursued with molecules used as bind-
ing vectors that display high target accumulation and low interactions with off-target sites.
Also, it is essential that the sufficient stability of the labeling is ensured along with minimal
influence on the initial pharmacokinetic properties of the carrier. By matched radionu-
clide pairs, theranostics allow the combination of diagnostic imaging using, for example,
positron-emitting radionuclides with the therapeutic approach using particle-emitting ra-
dionuclides. Matched radionuclide pairs are generally a crucial component of radionuclide
theranostics since the pharmacokinetics of the binding vector and the availability of the
tumor targets are the main factors that determine the efficacy of radioligand-mediated
endoradiotherapy. Theranostic pairs consist of the same binding vector molecule and
matching radionuclides that share in best case identical or at least similar chemical proper-
ties, making them ready to label one and the same precursor compound. Therefore, the
exact prediction of the therapeutic radionuclide distribution can be derived from the more
suited imaging.

The key criteria for the choice of alpha-particle-emitting radionuclides are the half-life,
the stable binding to a chelating system, the particle energy, the possible decay chain
properties, and the kinetics of the daughters, as well as the costs and availability. These
features result in a small number of radionuclides that are suitable, including thorium-227,
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actinium-225, radium-223/-224, bismuth-212/-213, astatine-211, and terbium-149 [14,15].
Additionally, lead-212 can be mentioned in this list, while delivering one beta particle prior
to the alpha decay. Some attempts were made to use the concomitant gamma radiation
of the alpha radionuclides as the diagnostic modality, but this has been met with limited
success in human applications, mostly due to the activities used for alpha radionuclide
therapy that are orders of magnitude lower than they are for imaging. To fulfill the
theranostic concept, the respective matching radionuclides for imaging were previously
developed using the same conjugate or precursor compound.

3.1. Matched Radionuclide Pair Lanthanum-133/Actinium-225

All isotopes of actinium are radioactive. Among them, 225Ac has favorable nuclear
properties such as a half-life of 9.9 days and a decay chain delivering 4 alpha and 2 beta
particles [16]. Lanthanum has similar coordination properties and can be used as a nonra-
dioactive match for the design of new radioconjugates and as a diagnostic reference isotope.
Recently, two ß+ emitters were introduced with lanthanum-132 (132La) and lanthanum-133
(133La) as theranostic matches [17].

Actinium mainly exists as a cation in the oxidation state +3. Different chelating
compounds were developed in the past, especially for radiopharmaceutical applications.
As a hard cation according to the hard–soft acid–base (HSAB) concept, the Ac3+ cation
prefers oxygen donor atoms for complexation in coordination numbers of >10, but oxygen
and nitrogen mixed ligands were mostly applied. The most sufficient complex stability
is found with open-chain ligands of high denticity like DTPA which is increased when
changing to macrocyclic ligands like DOTA [16] (Figure 3).
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Figure 3. Examples of open-chain (EDTMP, EDTA, CHX-A′′–DTPA) and macrocyclic chelators
(DOTA, DOTAM–Bn-NCS, HEHA–Bn–NCS, BZmacropa–NCS) for 225Ac and its diagnostic ra-
diometal matches.

The first attempts to determine the in vivo behavior of 225Ac complexes were made
using citrate, DTPA, and EDTMP as ligands [18]. A rapid radiolabeling kinetic is found
with these acyclic ligands, allowing a fast complexation of the radiometal at ambient
temperatures within minutes. However, these formed complexes are kinetically labile,
leading to a release of the radiometal in vivo. As a result, significant amounts of 225Ac as
well as of its (grand)daughters were found in the liver and the femur [19,20]. A higher
stability can be reached when using ligands with a higher donor number. For example, the
more stable 225Ac complex is formed using CHX-A′′–DTPA with eight donor functions in
contrast to EDTA with six donor positions. Additionally, the steric effect and the certain
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pre-organization of the backbone of the CHX-A′′–DTPA ligand have a positive effect on the
complex stability [19].

The aforementioned pre-organization of the chelating system is always found in
macrocyclic compounds and is known as a macrocyclic effect, mostly leading to the higher
stability of the complexes [21]. In this regard, macrocycles such as HEHA, PEPA, TETA,
TETPA, and DOTPA were employed for 225Ac complexation. These all differ in cavity size
and donor numbers, but the stability of the formed 225Ac complexes may still be lacking.
For instance, the 225Ac–HEHA complex is more stable in vivo compared to DOTA due to
the higher donor number of 12 and the larger cavity for the metal ion. In contrast, the
functionalized HEHA–NCS, which was used for antibody labeling with 225Ac, has a low
in vivo stability and decomposed to 50% after 24 h when tested in fetal bovine serum [22].

Due to the convenient availability, most experience is cumulated with the macrocyclic
chelator DOTA (1,4,7,10-tetraazacyclododecane-N,N′,N′′,N′ ′ ′-tetraacetic acid) used in a
series of radiopharmaceuticals suitable for clinical use [23]. DOTA is a 12-membered
macrocycle containing four tertiary amine nitrogen donors and four pendent arms with
carboxylate functional groups that altogether provide an octadentate coordination. Due to
the ability to stably bind the hard cations of charge +3, DOTA is expected to work well as a
chelating agent for Ac3+ [24].

The DOTA chelator [25] has been widely used for the alpha-emitting radionuclides
actinium-225, bismuth-213, and terbium-149, frequently for thorium-227, and some trials
were made for radium-223 [12,26–28]. Elevated temperatures of up to 90–100 ◦C and
a labeling time of 15–30 min were typically required for labeling, making this chelator
unfavorable for sensitive biomacromolecules like proteins or antibodies. For this purpose,
a robust clinical labeling method was developed, consisting of a two-step labeling strategy
(pre-labeling) [29].

A variety of trivalent radiometal cations for diagnostic applications like 111In, 43/44Sc,
or 68Ga were also stably complexed with DOTA, forming matched pairs with 225Ac and even
with the therapeutic beta emitter 177Lu, but also mostly under the same unfavorable labeling
conditions [25]. Several EMA- and FDA-approved radioconjugates, such as [68Ga]Ga-
DOTA-TATE, [177Lu]Lu-DOTA-TATE, or [177Lu]Lu-PSMA-617, are known to contain DOTA
as a chelating motif.

The sufficient in vivo stability was pointed out in a preliminary biodistribution study
of [225Ac]Ac–DOTA in normal BALB/c mice only showing a slight accumulation in the
liver (3.29% ID/g) and bone (2.87% ID/g) after 5 days [20]. The high efficiency of the 225Ac
chelation was further demonstrated using DOTA–NCS in a two-step labeling procedure
to create 225Ac–DOTA-modified IgG antibodies to avoid denaturation during radiolabel-
ing [29]. In the first step, 225Ac–DOTA–NCS was prepared from 2B–DOTA–NCS at 55–50 ◦C
within 30 min. In the second step, 225Ac–DOTA–NCS was conjugated to the antibody at
37 ◦C for 52 min via a free lysine function. Notably, the 225Ac–DOTA complex showed a
slow dissociation with a loss of 10% over one half-life. Several antibodies such as HuM195
(antiCD33), B4 (anti-CD19), trastuzumab (anti-HER2/neu), and J591 (anti-PSMA), which
target leukemia, lymphoma, breast/ovarian cancer, and prostate cancer, respectively, were
225Ac-labeled using this procedure and tested in vivo [30]. One recent innovation is the
development of a live-cell-based theranostic carrier, in which a chimeric antigen receptor
(CAR) T cell can chelate the PET diagnostic and 225Ac therapeutic isotopes for delivery to
the tumor cell and live tracking in vivo [31–33]. These promising initial results triggered a
wave of investigations that resulted in numerous clinical trials [34].

3.2. Chelator Design to Improve the In Vivo Stability of 225Ac Complexes

In 2017, a new chelating macrocycle called macropa (N,N′-bis[(6-carboxy-2-pyridyl)
methyl]-4,13-diaza-18-crown-6) was introduced, allowing radiolabeling within a 5 min
labeling time at room temperature with >99% RCC and leading to remarkably stable in vivo
225Ac–macropa complexes [35] (Table 1). Subsequently, an NCS-modified and two clickable
derivatives were prepared, allowing the conjugation to target vector molecules [36,37].
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Table 1. Chelating systems for 225Ac to pair with diagnostic radionuclides.

Chelator Labeling Conditions In Vivo Stability Diagnostic RN

EDTA/DTPA 40 ◦C, 30 min Failed 68Ga, 43/44Sc
HEHA, PEPA, TETA,
TETPA, and DOTPA

95 ◦C, 60 min (HEHA)
40 ◦C, 30 min (PEPA) Failed 68Ga, 43/44Sc, 111In

DOTA 90 ◦C, 30 min Sufficient
68Ga, 43/44Sc, 111In,

(132/133La)
DO3APic 25 ◦C, 30 min Sufficient to low 132/133La
Macropa rt, 5–15 min High 132/133La

In vitro and in vivo studies showed the remarkable stability of the 225Ac-mcp-
radioconjugates over a period of 10 days and a high tumor accumulation combined with
a fast renal excretion in LNCaP-tumor bearing mice. In 2022, a 225Ac-radioconjugate
based on the anti-EGFR antibody ch806 was presented, showing high stability when
challenged with La3+ and EDTA in human serum. High tumor accumulation was found in
U87MG.de2–7 xenografts. A therapy study showed 100% survival of the tumor-bearing
treatment group over 80 days post-injection [38]. Recently, [225Ac]Ac–MACROPATATE,
the macropa-variant of DOTATATE based on the Tyr3-octreotate peptide, was developed to
treat neuroendocrine tumors [39]. The remarkable radiotracer stability of 10 days in human
serum was confirmed and a high accumulation in SSTR-positive tumors was pointed
out in mice bearing SSTR-positive H69 tumor xenografts. However, a higher off-target
accumulation of [225Ac]Ac–MACROPATATE was found.

[225Ac]Ac–crown–αMSH was developed containing a chelator with a tetraazacrown-6
backbone with four pendant acetate side arms, which is connected to a peptide to target
the melanocortin 1 receptor (MC1R) in specifically expressed primary and metastatic
melanoma [40]. The radiolabeling worked under mild conditions (pH 5–7, rt, 10 min,
c = 10−7 M, >98% RCY). However, the in vivo stability of the resulting tracer was lacking,
which was indicated from the time-dependent HPLC experiments over 16 h. A different
biodistribution profile was obtained when using freshly prepared the 225Ac-crown-αMSH
in contrast to the overnight prepared sample, showing the insufficient in vitro stability of
this chelator.

Furthermore, BZmacropa–NCS was developed containing a benzyl moiety in the
macrocyclic ring to investigate this modification on the complexation stability. A respective
antibody conjugate GC33-BZmacropa was preclinically investigated showing a slightly
reduced in vivo stability and higher uptake in the liver and femur [41].

One drawback of the macropa-based chelators is the absence of diagnostic radionu-
clides, because the standard radionuclides used for DOTA failed here. Thus, the radioiso-
topes of lanthanum, namely 132La (τ½ = 4.6 h, Eβ+,mean = 1.29 MeV) and 133La (τ½ = 3.9 h,
Eβ+,mean = 0.46 MeV) were utilized as β+ emitters for PET [17]. Lanthanum has a similar
coordination chemistry to actinium and therefore acts as a surrogate (ionic radii: 1.12 Å for
Ac3+ and 1.032 Å for La3+ in six-fold coordination). Highly apparent molar activities up to
330 GBq/µmol and a high in vivo stability were observed for 133La–macropa complexes
using a macropa concentration down to 10−7 M [42–44]. PET phantom images were per-
formed, pointing out that the spatial resolution and contrast of 133La is superior to those of
44Sc, 68Ga, and 132La, but comparable to 89Zr (Eβ+,mean = 0.396 MeV) [45].

13XLa-radioconjugates, namely [133La]La–PSMA–I&T, [133La]La–macropa–DUPA,
[133La]La–DO2APic–DUPA, [132La]La–NM600 and [133La]La–mcp–M–PSMA were pre-
pared on the basis of DOTA, DO3APic, and macropa as chelators [42,43,45,46].

4. Radioisotopes of Lead for Theranostics

Radioisotopes of lead, 212Pb (β emitter, τ½ = 10.6 h), and 203Pb (γ emitter, τ½ = 51.9 h)
as the true matched pair have gained attention for TAT, because 212Pb functions as an in vivo
generator for the release of 212Bi (τ½ = 1.01 h), which is the actual α emitter [47,48]. 212Pb can
be obtained as the decay nuclide from 224Ra. Different chromatographic generator systems
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were developed to isolate 212Pb based either on 228Th as the mother nuclide or directly
on 224Ra [49]. 203Pb is available via cyclotron irradiation of enriched 203Tl [49,50]. As a
borderline cation according to the hard–soft acid–base concept, Pb2+ is found in complexes
with oxygen, nitrogen, and sulfur donor atoms and coordination numbers between 2 and
10 [51]. In aqueous environments, Pb is primarily found as a bivalent cation in the oxidation
state +2. The most frequently used chelators for radioconjugate preparation are DOTA [52]
and TCMC or DOTAM (1,4,7,10-tetraaza-1,4,7,10-tetra(2-carbamoylmethyl)cyclododecane)
and the derivatives thereof, whereas DOTAM seems to have a higher in vivo stability
compared to DOTA [14]. A total CN of 8 was found in the Pb complexes of the standard
chelators DOTA, DOTAM, or DTPA with high log K values of >18. In addition to the
true match 203Pb, other standard diagnostic radionuclides like 43/44Sc, 68Ga, or 111In can
possibly be used for diagnostic purposes depending on the chelating system.

Recently, 203/212Pb came into focus by several first in-human theranostic applications.
In 2014, [212Pb]Pb–TCMC–trastuzumab was used for patients with human epidermal
growth factor receptor type 2 (HER-2)-expressing malignancies [53]. The antibody was
modified with DOTAM as a chelator with preference over DOTA. The in vitro and animal
model testing of [212Pb]Pb–TCMC–trastuzumab to investigate the therapeutic behavior
prior to the human trials was performed to give an explicit preference of DOTAM as the
chelator over DOTA [54].

To treat metastatic SSTR-expressing neuroendocrine tumors, the radioconjugate
[212Pb]Pb–DOTAMTATE was used in a first-in-human dose-escalation clinical trial
with 10 patients [55]. However, the diagnostic imaging was performed with [68Ga]Ga–
DOTATATE, whereas [203Pb]Pb–DOTAMTATE was used for human dose calculations.
The activity dose was administered in four circles leading to an effective reduction in
tumor lesions. Additionally, the Tyr3–octreotide (TOC) variant VMT-α-NET was used for
human applications as a conjugate for 203/212Pb that shows high chelation properties [56].
SPECT/CT images (low dose, 224 MBq) using [203Pb]Pb–VMT-α-NET were acquired
to assess the feasibility of the [212Pb]Pb–VMT-α-NET therapy. A higher NET uptake
combined with a rapid renal excretion within the first hour was observed.

Ligands with the PSMA-617-binding motif containing the chelators p-SCN–Bn–
DOTAM or DO3AM were used for preclinical studies with 203Pb [57]. Interestingly, the
slightly different coordination behaviors of the chelating ligands to Pb2+ resulted in a
different tumor uptake and internalization in vitro. [203Pb]Pb–PSMA–CA012 was found to
be the best candidate showing a high tumor uptake and internalization combined with a
fast renal excretion.

Astatine-211: The Alpha-Emitting Therapeutic Big Brother of Radioiodine

Since the first discovery of 211At in 1940, several reports on human therapy treatments
with 211At are known [58]. A 100% alpha emission with only one alpha particle emitted
per decay was found for 211At which prevented the unpredictable dose localization caused
by the formation for radioactive daughters. 211At is cyclotron-produced by the irradiation
of 209Bi with α-particles accelerated at ∼28 MeV. Its chemistry resembles iodine; however,
its covalent bonds are more instable. Furthermore, it also has a tendency to behave like
a metalloid. Nonetheless, naturally occurring 127I is used as a nonradioactive reference
and the radioisotopes of iodine like 123I or 124I function as diagnostic matches. Oxidation
states from +7 to –1 are possible, but −1 oxidation state is probably the most clearly
established form of astatine with strong similarity to iodide [59]. It can easily be converted
into the +1 oxidation state using mild oxidizing agents, such as Chloramine-T, Iodogen,
or N-halosuccinimide to generate electrophilic I+ or At+ to perform electrophilic reactions.
In this regard, labeling strategies are related to the formation of covalent bonds with
carbon in most the cases. However, the carbon–astatine bond is much weaker compared
to the carbon–iodine bond, but with a higher stability of astatine–aryl compounds over
astatine–alkyl compounds, as expressed in Table 2.
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Table 2. Comparison of bond energies of iodinated and astatine–alkyl and –aryl compounds.

Alkyl Derivatives Aryl Derivatives

C–I bond energy 220 kJ/mol 270 kJ/mol
C–At bond energy 160 kJ/mol 200 kJ/mol

Several clinical trials were made in the past, with Na [211At]At itself (thyroid cancer)
or small organic molecules like [211At]At-MABG (meta-[211At]astatobenzylguanidine) to
treat malignant pheochromocytoma, but also with 211At-labeled biomacromolecules like
proteins and antibodies [58]. In contrast to direct radiolabeling procedures with I+ using
the tyrosine residues of the respective biomacromolecule, direct labeling with At+ is not
possible. Differently labeled building blocks like N-succinimidyl 3-[211At]astatobenzoate
([211At]SAB) [60,61] were used in a two-step labeling approach. To further improve
the labeling efficiency, one-step approaches were developed in which the radionu-
clide is directly reacted with a pre-conjugated biomacromolecule. N-succinimidyl
3-(trimethylstannyl)benzoate was first conjugated to the antibody (trastuzumab) and
then labeled with 211At+ leading to a high RCY and AS in a reduced procedure time. An
improved approach using a cysteine coupling approach with an analogous maleimide-
based precursor provides a more homogeneous bioconjugation to thiol instead of lysine
residue [62]. Further improvements to raise the radioconjugate stability were made using
guanidine-based building blocks like [211At]At-SAGMB [63] (Figure 4).
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Figure 4. Different chemical strategies using prosthetic labeling groups to stably bind 211At for a
later conjugation to the target molecule and two promising small-molecule 211At-radiotherapeutics
[211At]At-FAPI1 and [211At]At-FAPI5.

Recently, four new 211At-containing small-molecule radiotherapeutics based on the
FAPI binding motif with different linkers (PEG, piperazine) were developed [64]. Cell up-
take was performed using FAP-transfected HEK293/FAPα and A549/FAPα cell lines, and
biodistribution on PANC-1-cell-bearing mice. Control experiments were performed with
131I-labeled derivatives. [211At]At-FAPI1 and [211At]At-FAPI5 were the most promising
with the highest tumor uptake and the best therapeutic effect.

In order to limit uptake in thyroid or stomach tissues, alternative attempts were
made towards the use of alternatives to astatine bound to carbon using three-dimensional
carboranes [65], which form thermodynamically stable boron–astatine bonds. The bond
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enthalpy is estimated to be approximately 50% higher than the aryl–At bond [66]. This
radiolabeling approach has been transferred in several successful preclinical therapy studies
using monoclonal antibodies as carriers [58]. The frequently reported activity retention in
the liver and kidney is a limit of these boron–At clusters, especially when using molecules
that are smaller than monoclonal antibodies.

Alternatively, At–metal complexes became more prominent for astatine labeling due
to the soft base character of the At–anion. The first investigations considered the formation
of mercury complexes. Later, complexes with Rh3+ or Ir3+ as a central cation included in
macrocyclic ligands were developed [67]. However, in vivo studies have not successfully
proven these approaches adequate yet for further (pre)clinical applications [68]. Softer
metal cations like Rh+ could improve the in vivo stability when N-heterocyclic carbenes
are used as ligands [64,69].

5. Use of Carrier Molecules for Selective Delivery of Alpha Particle-Emitting Nuclides

The properties of alpha emitters are suitably matched to uses involving the targeting of
various moieties ranging from small molecules over peptides to antibodies that are capable
of selectively targeting receptors or antigens on cancer cells. A unique biological target
that has been successfully addressed by targeted endoradiotherapy is the sodium–iodine
symporter in thyroid cancer, which has been used for decades for radio-iodine therapy
and can also be coopted for radioastatine-211 therapy since astatine chemically resembles
iodine. When it comes to targeting in a broader sense, other synthetic binding vectors are
introduced to facilitate target-specific transport in vivo (Figure 5). In nuclear medicine,
several approaches for diagnostics and therapy are currently in clinical practice, namely
the targets SSTR2, PSMA, CXCR4, αvβ3, αvβ6, and FAPα, among others [70,71]. Extensive
experience of using pharmacokinetics with such small molecules has been documented in
the literature and useful biological targets across several tumor entities are available. Based
on the wide experience of measuring the uptake of these carriers by PET, robust data exist
with regard to target availability that can be applied to targeted alpha therapies.

Other attractive carriers—taken from biological templates—are monoclonal antibodies.
Theranostic approaches have also been suggested towards commonly known targets like
Her2/neu [72]. The utilization of monoclonal antibodies as carriers for alpha-emitting ra-
dionuclides were widely used in the past and are promising for ongoing clinical trials [4,73].
Although monoclonal antibodies are associated with very good binding properties and a
broad range of availability, their size limits renal elimination and therefore long circulation
times are observed, which are associated with relevant toxicity. In contrast, small molecules
can rapidly diffuse to targets leading to rapid accumulation together with fast excretion.
This is then typically associated with a larger window between toxicity and efficacy for
small molecules in contrast to monoclonal antibodies.

For example, the beta-emitting radionuclide lutetium-177 (177Lu) was used for label-
ing the PSMA-binding antibody J591, which displayed efficacy at a dose activity of two
applications of 1.67 GBq/m2 myelosuppression as dose-limiting toxicity [74]. In contrast,
177Lu, which was used for labeling PSMA-617, was reported as safe in a phase 3 clinical
trial when 4–6 cycles of 7.4 GBq were applied [75]. Small antibody-derived molecules
such as nanobodies or antibody fragments might combine fast pharmacokinetics with
retained high in vivo tumor binding. However, such approaches are still rarely applied
in clinical trials. Also, the concept of separating tumor-binding pharmacokinetics from
radionuclide-carrying pharmacokinetic pre-targeting approaches in order to reduce toxicity
has rarely reached clinical trials to date.
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leukemia cells while lacking expression in hematologic stem cells. A maximum tolerated
dose of 37 MBq/kg was reported for a sequential protocol with cytarabine followed by
[213Bi]Bi–lintuzumab. The optimized targeting of lintuzumab was achieved by the adminis-
tration of 250 µg unlabeled antibody before the administration of [225Ac]Ac-lintuzumab
at activity levels between 18.4 and 148 kBq/kg. Based on a grade 3 hyperbilirubinemia
and one episode of syncope complicated by subarachnoid hemorrhage toxicity, and both
patients experiencing infections in the 148 kBq/kg dose group, the maximum tolerated
dose was estimated at 111 kBq/kg as a single infusion of [225Ac]Ac–lintuzumab. With
doses exceeding 37 kBq/kg, peripheral blasts were eliminated in most patients. However,
in this small, severely therapy-refractory cohort, the measurement of strong efficacy, such
as complete remissions, was not achieved [83]

Since 223Ra cannot be reliably chelated and then coupled to binding vector molecules,
its parent nuclide thorium-227, with a half-life of 18.7 days, was used in a first human clini-
cal trial for targeted alpha therapy with monoclonal antibodies against CD22 in lymphomas.
In this study, the octadentate chelator 3,2-hydroxypyridinone (3,2-HOPO) was used. A
small number of patients (n = 21) were treated with a maximum cumulative activity of
13.8 MBq, and complete remission (CR) was observed in one patient treated with 3.1 MBq
and partial remission (PR) was observed in four patients treated with 1.5–4.6 MBq [84].
225Ac was conjugated to the monoclonal antibody J591 targeting PSMA in prostate cancer
is under investigation in a phase I clinical trial (ClinicalTrials.gov Identifier: NCT03276572).

However, in general, peptides as carrier molecules for alpha–emitting radionuclides
are currently more commonly applied for solid tumors. The intravenous injection of longer
half-lived radionuclides might reduce the background radiation of the carrier molecules
show rapid renal elimination [85,86]. Consequently, the combination of the rapidly dis-
tributing somatostatin analogue with the short-lived radionuclide 213Bi was focused on
intra-arterial application taking advantage of a high first-pass effect [87]. Patients that were
refractory to beta-emitting radionuclides were treated with the cumulative activities of up
to 20 GBq [213Bi]Bi–DOTA–TOC over several treatment cycles. During the follow-up, one
patient (1/7) developed MDS and acceptable renal function impairment was observed. For
the parent nuclide 225Ac, cumulative doses of up to 60–80 MBq [225Ac]Ac–DOTA–TOC
resulted in acute hematologic toxicity with a platelet and leucocyte count nadir at 4–6 weeks
with subsequent recovery. No hematological malignancies were observed, but renal tox-
icity was observed and two long-term survivors developed terminal kidney failure [88].
Based on the experience with 225Ac, clinical trials targeting the somatostatin receptor by
[225Ac]Ac–DOTA–TOC are under way (ClinicalTrials.gov Identifier: NCT05477576) [89].

Furthermore, not only is [225Ac]Ac–DOTA–TOC under investigation, but there is also
increasing experience with [225Ac]Ac–DOTA–TATE [90,91]. In a pilot study in metastatic
paragangliomas, the [225Ac]Ac–DOTA–TATE ((100 kBq/kg) body weight per cycle at
8-weekly intervals up to a cumulative activity of ~ 74 MBq), in combination with the
radiosensitizer capezetabine, achieved disease control in 8 of 9 patients treated [91].

In the future, it is expected that combined immuno- and endoradiotherapies will
gain significance in personalized medicine, especially for established tumor mutations like
BRCA, RET, and BRAF. A favorable outcome was recently reported in a patient with a G3
BRCA-mutated neuroendocrine tumor through a successful combination of olaparib and
[225Ac]Ac–DOTA–TATE (see Figure 6). To further elucidate the effectiveness, safety, and
efficacy of the aforementioned treatments, clinical trials are necessary.

In a clinical trial treating NET patients without prior peptide receptor radiother-
apy with four cycles of 2.50 MBq/kg [212Pb]Pb–DOTAM–TATE, objective radiological
responses were observed in most patients. However, diagnostic imaging was performed
with [68Ga]Ga–DOTA–TATE, whereas [203Pb]Pb–DOTAM–TATE was used for human dose
calculations [55]. Additionally, the Tyr3-octreotide (TOC) variant VMT-α-NET was used
for human applications as a conjugate for 203/212Pb with high chelation properties [56].
SPECT/CT images (low dose, 224 MBq) with [203Pb]Pb–VMT-α-NET were acquired to
assess the feasibility of [212Pb]Pb–VMT-α-NET therapy. A recent study demonstrated the
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expected. Several examples can be hypothesized like adjuvant systemic or locoregional
treatment to maximize the advantage arising from the short high-LET pathways of alpha
particles for single-tumor-cell diseases. Other highly promising scenarios include the com-
bination of systemic alpha therapy with other approaches like chemotherapy or immune
modulation therapy or the combination of internal with external radiation.

Author Contributions: Conceptualization, M.M. and M.R.M.; writing—original draft preparation,
M.M., M.B.-S., C.M., D.K., M.P., E.M., C.B., J.K., K.K., D.A.S. and M.R.M.; writing—review and
editing, M.M., M.B.-S., C.M., D.K., M.P., E.M., C.B., J.K., K.K., D.A.S. and M.R.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: MSKCC has filed for IP protection on behalf of Scheinberg for various inventions
discussed herein. Relevant licenses exist between MSKCC and Abbott and Actinium. D.A.S. is a
consultant to, on BOD of, or has equity in Pfizer, Actinium, Eureka, and Lantheus. Sloan Kettering
has filed for IP protection for inventions described herein in which M.R.M. is an inventor. M.R.M.
was a consultant for Actinium Pharmaceuticals, Regeneron, Progenics, and General Electric. M.M.
has received personal fees from Novartis, Roche, and TELIX outside the submitted work. The other
authors do not report any relevant financial or non-financial interests that are relevant to the content
of this article.

References

1. Chan, H.S.; de Blois, E.; Morgenstern, A.; Bruchertseifer, F.; de Jong, M.; Breeman, W.; Konijnenberg, M. In Vitro comparison of
213Bi- and 177Lu-radiation for peptide receptor radionuclide therapy. PLoS ONE 2017, 12, e0181473. [CrossRef]

2. Graf, F.; Fahrer, J.; Maus, S.; Morgenstern, A.; Bruchertseifer, F.; Venkatachalam, S.; Fottner, C.; Weber, M.M.; Huelsenbeck, J.;
Schreckenberger, M.; et al. DNA double strand breaks as predictor of efficacy of the alpha-particle emitter Ac-225 and the electron
emitter Lu-177 for somatostatin receptor targeted radiotherapy. PLoS ONE 2014, 9, e88239. [CrossRef]

3. Miederer, M.; McDevitt, M.R.; Sgouros, G.; Kramer, K.; Cheung, N.K.; Scheinberg, D.A. Pharmacokinetics, dosimetry, and toxicity
of the targetable atomic generator, 225Ac-HuM195, in nonhuman primates. J. Nucl. Med. 2004, 45, 129–137.

4. Miederer, M.; Scheinberg, D.A.; McDevitt, M.R. Realizing the potential of the Actinium-225 radionuclide generator in targeted
alpha particle therapy applications. Adv. Drug Deliv. Rev. 2008, 60, 1371–1382. [CrossRef]

5. Robertson, A.K.H.; Ramogida, C.F.; Schaffer, P.; Radchenko, V. Development of 225Ac Radiopharmaceuticals: TRIUMF Perspec-
tives and Experiences. Curr. Radiopharm. 2018, 11, 156–172. [CrossRef]

6. Apostolidis, C.; Molinet, R.; Rasmussen, G.; Morgenstern, A. Production of Ac-225 from Th-229 for targeted alpha therapy. Anal.

Chem. 2005, 77, 6288–6291. [CrossRef]
7. Engle, J.W. The Production of Ac-225. Curr. Radiopharm. 2018, 11, 173–179. [CrossRef]
8. Melville, G.; Meriarty, H.; Metcalfe, P.; Knittel, T.; Allen, B.J. Production of Ac-225 for cancer therapy by photon-induced

transmutation of Ra-226. Appl. Radiat. Isot. 2007, 65, 1014–1022. [CrossRef]
9. Higashi, T.; Nagatsu, K.; Tsuji, A.B.; Zhang, M.R. Research and Development for Cyclotron Production of Ac from Ra-The

Challenges in a Country Lacking Natural Resources for Medical Applications. Processes 2022, 10, 1215. [CrossRef]
10. Sgouros, G.; He, B.; Ray, N.; Ludwig, D.L.; Frey, E.C. Dosimetric impact of Ac-227 in accelerator-produced Ac-225 for alpha-emitter

radiopharmaceutical therapy of patients with hematological malignancies: A pharmacokinetic modeling analysis. EJNMMI Phys.

2021, 8, 60. [CrossRef]
11. Nagatsu, K.; Suzuki, H.; Fukada, M.; Ito, T.; Ichinose, J.; Honda, Y.; Minegishi, K.; Higashi, T.; Zhang, M.R. Cyclotron production

of 225Ac from an electroplated 226Ra target. Eur. J. Nucl. Med. Mol. Imaging 2021, 49, 279–289. [CrossRef]
12. Karlsson, J.; Schatz, C.A.; Wengner, A.M.; Hammer, S.; Scholz, A.; Cuthbertson, A.; Wagner, V.; Hennekes, H.; Jardine, V.;

Hagemann, U.B. Targeted thorium-227 conjugates as treatment options in oncology. Front. Med. 2022, 9, 1071086. [CrossRef]
13. Roscher, M.; Bakos, G.; Benesova, M. Atomic Nanogenerators in Targeted Alpha Therapies: Curie’s Legacy in Modern Cancer

Management. Pharmaceuticals 2020, 13, 76. [CrossRef]
14. Grieve, M.L.; Paterson, B.M. The Evolving Coordination Chemistry of Radiometals for Targeted Alpha Therapy. Aust. J. Chem.

2022, 75, 65–88. [CrossRef]
15. Eychenne, R.; Cherel, M.; Haddad, F.; Guerard, F.; Gestin, J.F. Overview of the Most Promising Radionuclides for Targeted Alpha

Therapy: The “Hopeful Eight”. Pharmaceutics 2021, 13, 906. [CrossRef]



Pharmaceuticals 2024, 17, 76 17 of 20

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

17. Nelson, B.J.B.; Andersson, J.D.; Wuest, F. Radiolanthanum: Promising theranostic radionuclides for PET, alpha, and Auger-Meitner
therapy. Nucl. Med. Biol. 2022, 110–111, 59–66. [CrossRef]

18. Price, E.W.; Orvig, C. Matching chelators to radiometals for radiopharmaceuticals. Chem. Soc. Rev. 2014, 43, 260–290. [CrossRef]
19. 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. [CrossRef]
20. 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. [CrossRef]
21. Duatti, A. The DOTA macrocyclic cavity in metallic radiopharmaceuticals: Mythology or reality? EJNMMI Radiopharm. Chem.

2023, 8, 17. [CrossRef]
22. Chappell, L.L.; Deal, K.A.; Dadachova, E.; Brechbiel, M.W. Synthesis, conjugation, and radiolabeling of a novel bifunctional

chelating agent for 225Ac radioimmunotherapy applications. Bioconjug. Chem. 2000, 11, 510–519. [CrossRef]
23. Baranyai, Z.; Tircso, G.; Rosch, F. The Use of the Macrocyclic Chelator DOTA in Radiochemical Separations. Eur. J. Inorg. Chem.

2020, 2020, 36–56. [CrossRef]
24. Khabibullin, A.R.; Karolak, A.; Budzevich, M.M.; McLaughlin, M.L.; Morse, D.L.; Woods, L.M. Structure and properties of

DOTA-chelated radiopharmaceuticals within the 225Ac decay pathway. Medchemcomm 2018, 9, 1155–1163. [CrossRef]
25. Beyer, G.J.; Offord, R.; Kunzi, G.; Aleksandrova, Y.; Ravn, U.; Jahn, S.; Barker, J.; Tengblad, O.; Lindroos, M.; The ISOLDE

Collaboration. The influence of EDTMP-concentration on the biodistribution of radio-lanthanides and 225-Ac in tumor-bearing
mice. Nucl. Med. Biol. 1997, 24, 367–372. [CrossRef]

26. Ahenkorah, S.; Cassells, I.; Deroose, C.M.; Cardinaels, T.; Burgoyne, A.R.; Bormans, G.; Ooms, M.; Cleeren, F. Bismuth-213 for
Targeted Radionuclide Therapy: From Atom to Bedside. Pharmaceutics 2021, 13, 599. [CrossRef]

27. Muller, C.; Vermeulen, C.; Koster, U.; Johnston, K.; Turler, A.; Schibli, R.; van der Meulen, N.P. Alpha-PET with terbium-149:
Evidence and perspectives for radiotheragnostics. EJNMMI Radiopharm. Chem. 2017, 1, 5. [CrossRef]

28. Ivanov, A.S.; Simms, M.E.; Bryantsev, V.S.; Benny, P.D.; Griswold, J.R.; Delmau, L.H.; Thiele, N.A. Elucidating the coordination
chemistry of the radium ion for targeted alpha therapy. Chem. Commun. 2022, 58, 9938–9941. [CrossRef]

29. 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. [CrossRef]

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

31. 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 alpha-particle radioimmunotherapy of cancer. J. Nucl. Med. 2014, 55, 1492–1498. [CrossRef]

32. Kurtz, K.; Eibler, L.; Dacek, M.M.; Carter, L.M.; Veach, D.R.; Lovibond, S.; Reynaud, E.; Qureshy, S.; McDevitt, M.R.; Bourne, C.;
et al. Engineering CAR-T cells for radiohapten capture in imaging and radioimmunotherapy applications. Theranostics 2023, 13,
5469–5482. [CrossRef]

33. Arndt, C.; Bergmann, R.; Striese, F.; Merkel, K.; Mathe, D.; Loureiro, L.R.; Mitwasi, N.; Kegler, A.; Fasslrinner, F.; Gonzalez Soto,
K.E.; et al. Development and Functional Characterization of a Versatile Radio-/Immunotheranostic Tool for Prostate Cancer
Management. Cancers 2022, 14, 1996. [CrossRef]

34. 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 alpha-Radiation Therapy of Metastatic Castration-Resistant Prostate
Cancer. J. Nucl. Med. 2016, 57, 1941–1944. [CrossRef]

35. 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. Engl. 2017, 56, 14712–14717. [CrossRef]
36. Reissig, F.; Bauer, D.; Zarschler, K.; Novy, Z.; Bendova, K.; Ludik, M.C.; Kopka, K.; Pietzsch, H.J.; Petrik, M.; Mamat, C. Towards

Targeted Alpha Therapy with Actinium-225: Chelators for Mild Condition Radiolabeling and Targeting PSMA-A Proof of Concept
Study. Cancers 2021, 13, 1974. [CrossRef] [PubMed]

37. Reissig, F.; Zarschler, K.; Novy, Z.; Petrik, M.; Bendova, K.; Kurfurstova, D.; Bouchal, J.; Ludik, M.C.; Brandt, F.; Kopka, K.; et al.
Modulating the pharmacokinetic profile of Actinium-225-labeled macropa-derived radioconjugates by dual targeting of PSMA
and albumin. Theranostics 2022, 12, 7203–7215. [CrossRef]

38. Wichmann, C.; Morgan, K.; Guo, N.; Gan, H.; Burvenich, I.; Donnelly, P.; Scott, A. Conjugation and radiolabelling of [Ac]Ac-
macropa-tzPEGSq-ch806, a tumour-specific anti-EGFR antibody, and preclinical evaluation in a murine glioma model. Intern.

Med. J. 2022, 52, 6–7.
39. King, A.P.; Gutsche, N.T.; Raju, N.; Fayn, S.; Baidoo, K.E.; Bell, M.M.; Olkowski, C.S.; Swenson, R.E.; Lin, F.I.; Sadowski, S.M.; et al.

225Ac-MACROPATATE: A Novel alpha-Particle Peptide Receptor Radionuclide Therapy for Neuroendocrine Tumors. J. Nucl.

Med. 2023, 64, 549–554. [CrossRef]
40. 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
225Ac-crown-alphaMSH Peptide. Chemistry 2020, 26, 11435–11440. [CrossRef]



Pharmaceuticals 2024, 17, 76 18 of 20

41. Kadassery, K.J.; King, A.P.; Fayn, S.; Baidoo, K.E.; MacMillan, S.N.; Escorcia, F.E.; Wilson, J.J. H2BZmacropa-NCS: A Bifunctional
Chelator for Actinium-225 Targeted Alpha Therapy. Bioconjug. Chem. 2022, 33, 1222–1231. [CrossRef] [PubMed]

42. Aluicio-Sarduy, E.; Thiele, N.A.; Martin, K.E.; Vaughn, B.A.; Devaraj, J.; Olson, A.P.; Barnhart, T.E.; Wilson, J.J.; Boros, E.;
Engle, J.W. Establishing Radiolanthanum Chemistry for Targeted Nuclear Medicine Applications. Chemistry 2020, 26, 1238–1242.
[CrossRef] [PubMed]

43. Bruhlmann, S.A.; Kreller, M.; Pietzsch, H.J.; Kopka, K.; Mamat, C.; Walther, M.; Reissig, F. Efficient Production of the PET
Radionuclide 133La for Theranostic Purposes in Targeted Alpha Therapy Using the 134Ba(p,2n)133La Reaction. Pharmaceuticals

2022, 15, 1167. [CrossRef] [PubMed]
44. Blei, M.K.; Waurick, L.; Reissig, F.; Kopka, K.; Stumpf, T.; Drobot, B.; Kretzschmar, J.; Mamat, C. Equilibrium Thermodynamics of

Macropa Complexes with Selected Metal Isotopes of Radiopharmaceutical Interest. Inorg. Chem. 2023, 62, 20699–20709. [CrossRef]
[PubMed]

45. Nelson, B.J.B.; Wilson, J.; Andersson, J.D.; Wuest, F. High yield cyclotron production of a novel 133/135La theranostic pair for
nuclear medicine. Sci. Rep. 2020, 10, 22203. [CrossRef] [PubMed]

46. Aluicio-Sarduy, E.; Barnhart, T.E.; Weichert, J.; Hernandez, R.; Engle, J.W. Cyclotron-Produced 132La as a PET Imaging Surrogate
for Therapeutic 225Ac. J. Nucl. Med. 2021, 62, 1012–1015. [CrossRef] [PubMed]

47. Li, M.; Sagastume, E.A.; Lee, D.; McAlister, D.; DeGraffenreid, A.J.; Olewine, K.R.; Graves, S.; Copping, R.; Mirzadeh, S.;
Zimmerman, B.E.; et al. 203/212Pb Theranostic Radiopharmaceuticals for Image-guided Radionuclide Therapy for Cancer. Curr.

Med. Chem. 2020, 27, 7003–7031. [CrossRef]
48. Edem, P.E.; Fonslet, J.; Kjaer, A.; Herth, M.; Severin, G. In Vivo Radionuclide Generators for Diagnostics and Therapy. Bioinorg.

Chem. Appl. 2016, 2016, 6148357. [CrossRef]
49. Kokov, K.V.; Egorova, B.V.; German, M.N.; Klabukov, I.D.; Krasheninnikov, M.E.; Larkin-Kondrov, A.A.; Makoveeva, K.A.; Ovchin-

nikov, M.V.; Sidorova, M.V.; Chuvilin, D.Y. 212Pb: Production Approaches and Targeted Therapy Applications. Pharmaceutics

2022, 14, 189. [CrossRef]
50. 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. [CrossRef]
51. Li, M.; Baumhover, N.J.; Liu, D.; Cagle, B.S.; Boschetti, F.; Paulin, G.; Lee, D.; Dai, Z.; Obot, E.R.; Marks, B.M.; et al. Preclinical

Evaluation of a Lead Specific Chelator (PSC) Conjugated to Radiopeptides for 203Pb and 212Pb-Based Theranostics. Pharmaceutics

2023, 15, 414. [CrossRef] [PubMed]
52. Tosato, M.; Lazzari, L.; Marco, V.D. Revisiting Lead(II)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic Acid Coordination

Chemistry in Aqueous Solutions: Evidence of an Underestimated Thermodynamic Stability. ACS Omega 2022, 7, 15596–15602.
[CrossRef]

53. Meredith, R.; Torgue, J.; Shen, S.; Fisher, D.R.; Banaga, E.; Bunch, P.; Morgan, D.; Fan, J.; Straughn, J.M., Jr. Dose escalation and
dosimetry of first-in-human alpha radioimmunotherapy with 212Pb-TCMC-trastuzumab. J. Nucl. Med. 2014, 55, 1636–1642.
[CrossRef]

54. Meredith, R.F.; Torgue, J.; Azure, M.T.; Shen, S.; Saddekni, S.; Banaga, E.; Carlise, R.; Bunch, P.; Yoder, D.; Alvarez, R. Pharmacoki-
netics and imaging of 212Pb-TCMC-trastuzumab after intraperitoneal administration in ovarian cancer patients. Cancer Biother.

Radiopharm. 2014, 29, 12–17. [CrossRef] [PubMed]
55. Delpassand, E.S.; Tworowska, I.; Esfandiari, R.; Torgue, J.; Hurt, J.; Shafie, A.; Nunez, R. Targeted alpha-Emitter Therapy with

212Pb-DOTAMTATE for the Treatment of Metastatic SSTR-Expressing Neuroendocrine Tumors: First-in-Humans Dose-Escalation
Clinical Trial. J. Nucl. Med. 2022, 63, 1326–1333. [CrossRef]

56. Muller, D.; Herrmann, H.; Schultz, M.K.; Solbach, C.; Ettrich, T.; Prasad, V. 203Pb-VMT-alpha-NET Scintigraphy of a Patient With
Neuroendocrine Tumor. Clin. Nucl. Med. 2023, 48, 54–55. [CrossRef] [PubMed]

57. Dos Santos, J.C.; Schafer, M.; Bauder-Wust, 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. [CrossRef] [PubMed]

58. Albertsson, P.; Back, T.; Bergmark, K.; Hallqvist, A.; Johansson, M.; Aneheim, E.; Lindegren, S.; Timperanza, C.; Smerud, K.; Palm,
S. Astatine-211 based radionuclide therapy: Current clinical trial landscape. Front. Med. 2022, 9, 1076210. [CrossRef]

59. Sergentu, D.C.; Teze, D.; Sabatie-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.
Chemistry 2016, 22, 2964–2971. [CrossRef]

60. 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. 2008, 49, 30–38. [CrossRef]

61. Andersson, H.; Cederkrantz, E.; Back, T.; Divgi, C.; Elgqvist, J.; Himmelman, J.; Horvath, G.; Jacobsson, L.; Jensen, H.; Lindegren,
S.; et al. Intraperitoneal alpha-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. [CrossRef] [PubMed]

62. Aneheim, E.; Gustafsson, A.; Albertsson, P.; Back, 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.
[CrossRef] [PubMed]



Pharmaceuticals 2024, 17, 76 19 of 20

63. Vaidyanathan, G.; Affleck, D.J.; Bigner, D.D.; Zalutsky, M.R. N-succinimidyl 3-[211At]astato-4-guanidinomethylbenzoate: An
acylation agent for labeling internalizing antibodies with alpha-particle emitting 211At. Nucl. Med. Biol. 2003, 30, 351–359.
[CrossRef]

64. Aso, A.; Nabetani, H.; Matsuura, Y.; Kadonaga, Y.; Shirakami, Y.; Watabe, T.; Yoshiya, T.; Mochizuki, M.; Ooe, K.; Kawakami, A.;
et al. Evaluation of Astatine-211-Labeled Fibroblast Activation Protein Inhibitor (FAPI): Comparison of Different Linkers with
Polyethylene Glycol and Piperazine. Int. J. Mol. Sci. 2023, 24, 8701. [CrossRef]

65. 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. Bioconjug. Chem. 2007, 18, 1226–1240. [CrossRef] [PubMed]

66. Ayed, T.; Pilme, J.; Teze, D.; Bassal, F.; Barbet, J.; Cherel, M.; Champion, J.; Maurice, R.; Montavon, G.; Galland, N. 211At-labeled
agents for alpha-immunotherapy: On the in vivo stability of astatine-agent bonds. Eur. J. Med. Chem. 2016, 116, 156–164.
[CrossRef] [PubMed]

67. Pruszynski, M.; Bilewicz, A.; Zalutsky, M.R. Preparation of Rh[16aneS4-diol](211)At and Ir[16aneS4-diol](211)At complexes as
potential precursors for astatine radiopharmaceuticals. Part I: Synthesis. Bioconjug. Chem. 2008, 19, 958–965. [CrossRef]

68. Pruszynski, M.; Lyczko, M.; Bilewicz, A.; Zalutsky, M.R. Stability and in vivo behavior of Rh[16aneS4-diol]211 at complex: A
potential precursor for astatine radiopharmaceuticals. Nucl. Med. Biol. 2015, 42, 439–445. [CrossRef]

69. Rajerison, H.; Faye, D.; Roumesy, A.; Louaisil, N.; Boeda, F.; Faivre-Chauvet, A.; Gestin, J.F.; Legoupy, S. Ionic liquid supported
organotin reagents to prepare molecular imaging and therapy agents. Org. Biomol. Chem. 2016, 14, 2121–2126. [CrossRef]

70. Buck, A.K.; Serfling, S.E.; Kraus, S.; Samnick, S.; Dreher, N.; Higuchi, T.; Rasche, L.; Einsele, H.; Werner, R.A. Theranostics in
Hematooncology. J. Nucl. Med. 2023, 64, 1009–1016. [CrossRef]

71. Cankaya, A.; Balzer, M.; Amthauer, H.; Brenner, W.; Spreckelmeyer, S. Optimization of 177Lu-labelling of DOTA-TOC, PSMA-I&T
and FAPI-46 for clinical application. EJNMMI Radiopharm. Chem. 2023, 8, 10. [CrossRef] [PubMed]

72. Koehler, C.; Sauter, P.F.; Klasen, B.; Waldmann, C.; Pektor, S.; Bausbacher, N.; Lemke, E.A.; Miederer, M. Genetic Code Expansion
for Site-Specific Labeling of Antibodies with Radioisotopes. ACS Chem. Biol. 2023, 18, 443–448. [CrossRef] [PubMed]

73. Miederer, M.; McDevitt, M.R.; Borchardt, P.; Bergman, I.; Kramer, K.; Cheung, N.K.; Scheinberg, D.A. Treatment of neuroblastoma
meningeal carcinomatosis with intrathecal application of alpha-emitting atomic nanogenerators targeting disialo-ganglioside
GD2. Clin. Cancer Res. 2004, 10, 6985–6992. [CrossRef] [PubMed]

74. Tagawa, S.T.; Vallabhajosula, S.; Christos, P.J.; Jhanwar, Y.S.; Batra, J.S.; Lam, L.; Osborne, J.; Beltran, H.; Molina, A.M.; Goldsmith,
S.J.; et al. Phase 1/2 study of fractionated dose lutetium-177-labeled anti-prostate-specific membrane antigen monoclonal
antibody J591 (177Lu-J591) for metastatic castration-resistant prostate cancer. Cancer 2019, 125, 2561–2569. [CrossRef] [PubMed]

75. Sartor, O.; de Bono, J.; Chi, K.N.; Fizazi, K.; Herrmann, K.; Rahbar, K.; Tagawa, S.T.; Nordquist, L.T.; Vaishampayan, N.; El-Haddad,
G.; et al. Lutetium-177-PSMA-617 for Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2021, 385, 1091–1103.
[CrossRef] [PubMed]

76. Parker, C.; Nilsson, S.; Heinrich, D.; Helle, S.I.; O’Sullivan, J.M.; Fossa, 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. [CrossRef] [PubMed]

77. Deandreis, D.; Maillard, A.; Zerdoud, S.; Bournaud, C.; Vija, L.; Sajous, C.; Terroir, M.; Leenhardt, L.; Schlumberger, M.; Borget,
I.; et al. RADTHYR: An open-label, single-arm, prospective multicenter phase II trial of Radium-223 for the treatment of bone
metastases from radioactive iodine refractory differentiated thyroid cancer. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 3238–3249.
[CrossRef]

78. Kostos, L.; Buteau, J.P.; Yeung, T.; Iulio, J.D.; Xie, J.; Cardin, A.; Chin, K.Y.; Emmerson, B.; Owen, K.L.; Parker, B.S.; et al. AlphaBet:
Combination of Radium-223 and [177Lu]Lu-PSMA-I&T in men with metastatic castration-resistant prostate cancer (clinical trial
protocol). Front. Med. 2022, 9, 1059122. [CrossRef]

79. Dauer, L.T.; Williamson, M.J.; Humm, J.; O’Donoghue, J.; Ghani, R.; Awadallah, R.; Carrasquillo, J.; Pandit-Taskar, N.; Aksnes,
A.K.; Biggin, C.; et al. Radiation safety considerations for the use of 223RaCl2 DE in men with castration-resistant prostate cancer.
Health Phys. 2014, 106, 494–504. [CrossRef]

80. Stabin, M.G.; Siegel, J.A. Radiation Dose and Hazard Assessment of Potential Contamination Events During Use of 223Ra
Dichloride in Radionuclide Therapy. Health Phys. 2015, 109, 212–217. [CrossRef]

81. Jurcic, J.G.; Larson, S.M.; Sgouros, G.; McDevitt, M.R.; Finn, R.D.; Divgi, C.R.; Ballangrud, A.M.; Hamacher, K.A.; Ma, D.; Humm,
J.L.; et al. Targeted alpha particle immunotherapy for myeloid leukemia. Blood 2002, 100, 1233–1239. [CrossRef] [PubMed]

82. 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 alpha-particle immunotherapy with bismuth-213-lintuzumab
(HuM195) for acute myeloid leukemia. Clin. Cancer Res. 2010, 16, 5303–5311. [CrossRef]

83. Rosenblat, T.L.; McDevitt, M.R.; Carrasquillo, J.A.; Pandit-Taskar, N.; Frattini, M.G.; Maslak, P.G.; Park, J.H.; Douer, D.; Cicic,
D.; Larson, S.M.; et al. Treatment of Patients with Acute Myeloid Leukemia with the Targeted Alpha-Particle Nanogenerator
Actinium-225-Lintuzumab. Clin. Cancer Res. 2022, 28, 2030–2037. [CrossRef]

84. Linden, O.; Bates, A.T.; Cunningham, D.; Hindorf, C.; Larsson, E.; Cleton, A.; Pinkert, J.; Huang, F.; Bladt, F.; Hennekes, H.;
et al. 227Th-Labeled Anti-CD22 Antibody (BAY 1862864) in Relapsed/Refractory CD22-Positive Non-Hodgkin Lymphoma: A
First-in-Human, Phase I Study. Cancer Biother. Radiopharm. 2021, 36, 672–681. [CrossRef] [PubMed]



Pharmaceuticals 2024, 17, 76 20 of 20

85. Miederer, M.; Henriksen, G.; Alke, A.; Mossbrugger, I.; Quintanilla-Martinez, L.; Senekowitsch-Schmidtke, R.; Essler, M.
Preclinical evaluation of the alpha-particle generator nuclide 225Ac for somatostatin receptor radiotherapy of neuroendocrine
tumors. Clin. Cancer Res. 2008, 14, 3555–3561. [CrossRef] [PubMed]

86. Drecoll, E.; Gaertner, F.C.; Miederer, M.; Blechert, B.; Vallon, M.; Muller, J.M.; Alke, A.; Seidl, C.; Bruchertseifer, F.; Morgenstern,
A.; et al. Treatment of peritoneal carcinomatosis by targeted delivery of the radio-labeled tumor homing peptide bi-DTPA-[F3]2
into the nucleus of tumor cells. PLoS ONE 2009, 4, e5715. [CrossRef]

87. 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. [CrossRef]

88. Kratochwil, C.; Apostolidis, L.; Rathke, H.; Apostolidis, C.; Bicu, F.; Bruchertseifer, F.; Choyke, P.L.; Haberkorn, U.; Giesel, F.L.;
Morgenstern, A. Dosing 225Ac-DOTATOC in patients with somatostatin-receptor-positive solid tumors: 5-year follow-up of
hematological and renal toxicity. Eur. J. Nucl. Med. Mol. Imaging 2021, 49, 54–63. [CrossRef]

89. Rubira, L.; Deshayes, E.; Santoro, L.; Kotzki, P.O.; Fersing, C. 225Ac-Labeled Somatostatin Analogs in the Management of
Neuroendocrine Tumors: From Radiochemistry to Clinic. Pharmaceutics 2023, 15, 1051. [CrossRef]

90. Demirci, E.; Alan Selcuk, N.; Beydagi, G.; Ocak, M.; Toklu, T.; Akcay, K.; Kabasakal, L. Initial Findings on the Use of [225Ac]Ac-
DOTATATE Therapy as a Theranostic Application in Patients with Neuroendocrine Tumors. Mol. Imaging Radionucl. Ther. 2023,
32, 226–232. [CrossRef]

91. Yadav, M.P.; Ballal, S.; Sahoo, R.K.; Bal, C. Efficacy and safety of 225Ac-DOTATATE targeted alpha therapy in metastatic
paragangliomas: A pilot study. Eur. J. Nucl. Med. Mol. Imaging 2022, 49, 1595–1606. [CrossRef] [PubMed]

92. Michler, E.; Kastner, D.; Brogsitter, C.; Pretze, M.; Hartmann, H.; Freudenberg, R.; Schultz, M.K.; Kotzerke, J. First-in-human
SPECT/CT imaging of [212Pb]Pb-VMT-alpha-NET in a patient with metastatic neuroendocrine tumor. Eur. J. Nucl. Med. Mol.

Imaging 2023. [CrossRef] [PubMed]
93. Hallqvist, A.; Bergmark, K.; Back, T.; Andersson, H.; Dahm-Kahler, P.; Johansson, M.; Lindegren, S.; Jensen, H.; Jacobsson, L.;

Hultborn, R.; et al. Intraperitoneal alpha-Emitting Radioimmunotherapy with 211At in Relapsed Ovarian Cancer: Long-Term
Follow-up with Individual Absorbed Dose Estimations. J. Nucl. Med. 2019, 60, 1073–1079. [CrossRef] [PubMed]

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

95. 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. [CrossRef]

96. Krolicki, L.; Bruchertseifer, F.; Kunikowska, J.; Koziara, H.; Krolicki, B.; Jakucinski, M.; Pawlak, D.; Apostolidis, C.; Mirzadeh,
S.; Rola, R.; et al. Prolonged survival in secondary glioblastoma following local injection of targeted alpha therapy with
213Bi-substance P analogue. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 1636–1644. [CrossRef]

97. Krolicki, L.; Bruchertseifer, F.; Kunikowska, J.; Koziara, H.; Pawlak, D.; Kulinski, R.; Rola, R.; Merlo, A.; Morgenstern, A. Dose
escalation study of targeted alpha therapy with [225Ac]Ac-DOTA-substance P in recurrence glioblastoma—Safety and efficacy.
Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 3595–3605. [CrossRef]

98. Miederer, M. Alpha emitting nuclides in nuclear medicine theranostics. Nuklearmedizin 2022, 61, 273–279. [CrossRef]
99. 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. 2020, 26, 1985–1996. [CrossRef]

100. van der Doelen, M.J.; Mehra, N.; van Oort, I.M.; Looijen-Salamon, M.G.; Janssen, M.J.R.; Custers, J.A.E.; Slootbeek, P.H.J.; Kroeze,
L.I.; Bruchertseifer, F.; Morgenstern, A.; et al. Clinical outcomes and molecular profiling of advanced metastatic castration-resistant
prostate cancer patients treated with 225Ac-PSMA-617 targeted alpha-radiation therapy. Urol. Oncol. 2021, 39, 729.e7–729.e16.
[CrossRef]

101. Rathke, H.; Bruchertseifer, F.; Kratochwil, C.; Keller, H.; Giesel, F.L.; Apostolidis, C.; Haberkorn, U.; Morgenstern, A. First patient
exceeding 5-year complete remission after 225Ac-PSMA-TAT. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 311–312. [CrossRef]
[PubMed]

102. Zacherl, M.J.; Gildehaus, F.J.; Mittlmeier, L.; Boning, G.; Gosewisch, A.; Wenter, V.; Unterrainer, M.; Schmidt-Hegemann, N.; Belka,
C.; Kretschmer, A.; et al. First Clinical Results for PSMA-Targeted alpha-Therapy Using 225Ac-PSMA-I&T in Advanced-mCRPC
Patients. J. Nucl. Med. 2021, 62, 669–674. [CrossRef] [PubMed]

103. 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 alpha-Radiation Therapy Often Harbor Mutations in DNA
Damage-Repair-Associated Genes. J. Nucl. Med. 2020, 61, 683–688. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


