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Abstract: Recent years have seen a swift rise in the use of x-emitting radionuclides such
as 2° Ac and ??®Ra as various radiopharmaceuticals to treat (micro)metastasized tumors.
They have shown remarkable effectiveness in clinical practice owing to the highly cytotoxic
x-particles that are emitted, which have a very short range in tissue, causing mainly
double-stranded DNA breaks. However, it is essential that both chelation and targeting
strategies are optimized for their successful translation to clinical application, as x-emitting
radionuclides have distinctly different features compared to 3~ -emitters, including their
much larger atomic radius. Furthermore, upon «-decay, any daughter nuclide irrevocably
breaks free from the targeting molecule, known as the recoil effect, dictating the need for
faster targeting to prevent healthy tissue toxicity. In this review we provide a brief overview
of the current status of targeted o-therapy and highlight innovations in «-emitter-based
chelator design, focusing on the role of click chemistry to allow for fast complexation
to biomolecules at mild labeling conditions. Finally, an outlook is provided on different
targeting strategies and the role that pre-targeting can play in targeted alpha therapy.

Keywords: pre-targeting; targeting vectors; tumors; recoiling daughters; complexation;
click chemistry; targeted alpha therapy; radionuclides; chelators

1. Introduction

The effect of radiation on the human body has interested scientists since the discovery
of X-rays. Modern nuclear medicine puts a lot of effort into the development of targeted
radionuclide therapy (TRT), which in oncology is considered a promising application for
the treatment of various types of cancers based on the use of radiolabeled drugs that
specifically target molecular pathologies [1]. In contrast to external beam radiotherapy
(EBRT), which is mainly applied to a specific area, the advantage of TRT is seen in its ability
to target and treat metastatic cancers. This comes from the fact that in TRT, the radioisotope
is injected intravenously, reaching the whole body while circulating, as opposed to EBRT,
where the beam is focused on a particular body region. TRT may also play an important
role in the palliative care of cancer patients for whom treatment is no longer an option [2]
and holds potential for the treatment of viral and bacterial infections [3].

Many radioisotopes have been explored for medical applications, with their utility
determined by their decay type, energy, and half-life. These characteristics dictate their
suitability for either imaging and/or therapeutic purposes. Diagnostic radionuclides typi-
cally emit gamma (y) rays or positrons (3*), which are ideal for imaging, while therapeutic

Molecules 2025, 30, 1296

https://doi.org/10.3390/molecules30061296


https://doi.org/10.3390/molecules30061296
https://doi.org/10.3390/molecules30061296
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-3865-4379
https://orcid.org/0000-0002-8562-874X
https://orcid.org/0000-0003-1511-015X
https://doi.org/10.3390/molecules30061296
https://www.mdpi.com/article/10.3390/molecules30061296?type=check_update&version=1

Molecules 2025, 30, 1296

2of 16

radionuclides are selected for their strong interaction with matter and limited tissue penetra-
tion, commonly involving alpha (o), beta-minus (3 ~), or Auger electron emissions. Among
these, 3~ particles have the longest range (generally <12 mm), followed by «-particles
with ranges of 50-100 pm, equivalent to less than 10 cell diameters, and, finally, Auger
electrons have the shortest range with a pathlength of only 2-500 nm, limiting their impact
to single cells. In addition to differences in the pathlength, radioisotopes also vary in their
linear energy transfer (LET)—a measure of the energy deposited into tissue per unit of
distance. Alpha-emitting radionuclides exhibit the highest LET, reaching 80-100 keV /um,
followed by Auger electrons at approximately 4-26 keV/um, and (3~ -particles at around
0.2 keV/um [4]. Considering these main features of radionuclides in terms of their biologi-
cal use, Auger electron emitters often need precise targeting to the tumor cell nucleus to
maximize their efficacy, while 3 ~-emitters are more suitable for treating medium-to-large
tumors but carry a higher risk of collateral damage to surrounding healthy tissue due to
their longer range.

Compared to 3 ~-emitting radionuclides, x-emitters with their short pathlengths and
high LET are significantly more cytotoxic. Their high-energy emissions predominantly
cause double-stranded DNA breaks and DNA cluster damage, which are more challeng-
ing for cells to repair [5]. Moreover, x-emitters are effective regardless of the tumor cell
cycle or oxygenation status, making them particularly advantageous for targeting resistant
tumor cells. It has been estimated that achieving a single cell kill probability of 99.99%
requires tens of thousands of 3 ~-decays, whereas only a few «-decays at the cell membrane
are sufficient to reach the same level of cytotoxicity [6,7]. These distinctive biophysical
properties of o-emitters (Figure 1) have driven significant interest in their use in targeted
alpha therapy (TAT), which shows particular promise for treating small neoplasms or
micrometastases [8-10]. Beyond their potent direct cytotoxicity, c-emitters may also cause
additional biological interactions, such as the induction of immune responses and the
bystander effect [11]. These considerations emphasize the critical importance of achieving
high-precision delivery of a-emitters to tumor tissues through smart targeting strate-
gies to advance TAT into clinical practice. However, even with highly efficient targeting
mechanisms, a persistent challenge is the recoil of x-emitting daughters from the radio-
pharmaceutical, which leads to undesired radiation exposure [12]. Briefly, after emitting an
a-particle, daughter radionuclides gain a recoil energy, typically between 100 and 200 keV,
which is orders of magnitude higher than the energy of a chemical bond (a few eV) and,
therefore, always resulting in bond rupture, allowing them to break free from the radio-
complex. Although these recoiled daughter nuclides travel a distance of only about 100 nm
in tissue [13], when the radiopharmaceutical is still circulating in the blood, this results
in their rapid dispersion throughout the body, as they are highly unlikely to rebind with
the original chelator. As a result, the recoiled daughters cease to target tumor tissue and
instead accumulate in healthy organs, posing a severe toxicity risk. Clearly, addressing the
challenge of retaining x-emitting daughters at the target site requires advanced strategies,
but it is equally crucial to ensure the rapid in vivo biodistribution of TAT-agents in addition
to the development of high-precision targeted delivery routes.

The high tumor affinity of antibodies has established them as the gold standard
targeting vectors in TRT despite the known accompanying disadvantages, such as slow
pharmacokinetics, limiting their application to long-lived radionuclides. Attempts to solve
this problem, e.g., by engineered antibodies, including the use of their fragments or small
peptide moieties, have unfortunately resulted in reduced tumor accumulation [14]. To cir-
cumvent these problems, developments over the past decade have focused on pre-targeting
approaches, which essentially involve sequential administration of a targeting vector that
is allowed to accumulate in the tumor, followed by a radioisotope bound to a bifunctional
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chelator (BFC), modified with a moiety that is primed to react with the preadministered
vector [15]. Reactions serving this strategy can basically be divided into four categories:
(1) streptavidin-biotin [16], (2) bispecific antibodies [17], (3) oligonucleotides [18], and
(4) click chemistry [19], presented in comprehensive reviews on radiochemistry using pre-
targeting approaches in general and each of the methodologies in particular. Here, we focus
on the challenges for the advancement of TAT to clinical application and the role of click
chemistry in this process, specifically in the synthesis of x-emitting radiopharmaceuticals
and their rapid delivery to tumors via a bio-orthogonal pre-targeting mechanism.
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Figure 1. Characteristics of the main o-emitting radionuclides of medical interest, including their
respective half-lives (blue) and main alpha energy (red), based on nuclear data from Live Chart of
Nuclides [20]: (a) *¥9Tb [21], (b) 2L At [22], (c) 225 Ac and 213Bi [23-25], (d) 224Ra and 2!2Bi [26], and
(e) 27Th and %23Ra [23,27].

2. Targeted Alpha Therapy in Clinical Application

Although the clinical potential of 223Ra was already recognized in the early 1940s [28],
its unchelated form, ?2°RaCl, (Xofigo®; Bayer HealthCare, Leverkusen, Germany, approved
in 2013), remains the only clinically approved «-emitting radiopharmaceutical. It naturally
targets the bone hydroxyapatite matrix, leveraging its affinity for areas of active bone re-
modeling such as those affected by metastatic cancer [29]. Despite many other TAT agents
currently undergoing clinical trials, the most prominent examples of modern TRT still con-
cern 3~ -emitting radiopharmaceuticals, which have shown remarkable results and received
clinical approval, including ['**Sm]Sm-lexidronam (Quadramet®, CIS Bio International,
Gif-sur-Yvette, France), [1311]I—iobenguane (Azedra®, Progenics Pharmaceuticals, Inc., New
York, NY, USA), or antibody-based [®°Y]Y-ibritumomab tiuxetan (Zevalin®, CIS Bio In-
ternational, Gif-sur-Yvette, France). More recently, [Y7Lu]Lu-DOTATATE (Lutathera™,
Advanced Accelerator Applications, Rueil-Malmaison, France) and [Y7Lu]Lu-PSMA-617
have been introduced, with the latter radiopharmaceutical specifically developed for the
treatment of metastatic castration-resistant prostate cancer (nCRPC) based on target-
ing the prostate-specific membrane antigen (PSMA). Interestingly, the development of
a-radiotherapeutic agents often follows the path of adapting chelators originally developed
for 3~ -radiotherapy (Figure 2) by substituting the radionuclides and optimizing treatment
planning protocols [7,9]. The most noteworthy examples are [2*° Ac]Ac-PSMA-617 and
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[22° Ac]Ac-DOTATATE, both of which are currently undergoing clinical trials and demon-
strate very promising clinical outcomes [30,31]. In these cases, the adaptation of 3 ~-based
radiopharmaceuticals to TAT agents allowed for the direct comparison of therapeutic effi-
cacy between the different types of emitters. A case study demonstrated the remarkable
therapeutic efficacy of [?2° Ac]Ac-PSMA-617 in achieving complete remission for a clinically
critical patient previously unresponsive to a [/ Lu]Lu-PSMA-617 treatment [32]. Similarly,
a recent study by Ballal et al. revealed that a significant number of patients with stable
or progressive disease after a ['”/Lu]Lu-DOTATATE therapy achieved partial remission
following treatment with [*2° Ac]Ac-DOTATATE [33].
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Figure 2. Structures of the bifunctional chelators considered for clinical applications in combination
with a-emitters.

Other examples of successful repurposing of existing radiopharmaceuticals for TAT
are [213Bi]Bi- and [*2° AcJAc-DOTA-Substance P. Both demonstrated encouraging clinical
results for the treatment of glioblastoma multiforme [34], while initial studies were con-
ducted with the p~-emitters °Y and 77Lu [35]. Similarly, the developed somatostatin
analog DOTATOC was initially labeled with ~-emitters such as °Y and 7Lu, and later
tested in patients resistant to 3 ~-DOTATOC therapy by using the a-emitter 2!3Bi analogue,
showing a good therapeutic outcome [36]. More recently, a shift has been observed where
newly developed targeting agents utilize both 37- and x-emitters from the outset. For
instance, following the development of several fibroblast activation protein inhibitors
(FAPI) for PET imaging of fibroblasts associated with many cancers [37], the development
of 37 - and x-emitter-based FAPI radiopharmaceuticals has been going hand in hand. Lind-
ner et al. achieved promising results for a significant reduction in analgesic effects with
[®°Y]Y-FAPI-04 in the treatment of two patients with metastasized breast cancer without
observable side effects [38], which was quickly followed by an investigation by Watabe et al.
on the effectiveness of [22° Ac]Ac—FAPI-04 in mice [39]. The relatively rapid tumor washout
of FAPI-04 prompted the development of FAPI-46 with a higher tumor uptake and a much
slower clearance, which was studied with both 1”/Lu and ?2°Ac [40]. Interestingly, a direct
comparison of [Y7Lu]Lu—FAPI-46 and [*%° Ac]Ac-FAPI-46 revealed a similar therapeutic
efficacy for both radionuclides; however, [\7”Lu]Lu-FAPI-46 demonstrated longer-lasting
effects and superior in vivo stability [41]. This difference may be particularly relevant given
that FAPIs target cancer-associated fibroblasts rather than cancer cells directly, making the
short range of «-particles from [?2° AcJAc-FAPI-46 potentially insufficient for complete
tumor eradication.
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Although many different o-emitting radionuclides have been identified and studied,
only a few have the desired characteristics that render them suitable for clinical use [7,10].
The interested reader is referred to one of several recent reviews [42—46] which discuss in
detail the status of x-emitting radiopharmaceuticals in clinical application, but which are
beyond the scope of this review.

3. Considerations in Bifunctional Chelator Design for x-Emitters

A common feature among developed radiopharmaceuticals is their reliance on a
chelating agent, paired with a tumor-specific targeting moiety. While the role of targeting
moieties is to ensure the specificity of the radiopharmaceutical for certain cancer cells, the
choice of the chelator should in principle align with the properties of the radionuclide. It
is also important to consider the chemical form in which it is available to ensure optimal
radiolabeling efficiency, i.e., a rapid production of radioactive complexes with quantitative
yields and under mild conditions (ambient temperature, pH close to neutral), compatible
with the typical targeting groups (peptides or antibodies) that make up BFCs. This ideal
concept is, however, rarely realized and, as some studies suggest, the strategy of repurpos-
ing chelators and targeting agents for TAT faces several challenges, some of which require
more attention than they currently receive in research [47].

In addition to the higher energy released during x-decay and the recoil phenomenon,
another distinguishing feature between a- and 3~ -emitters is their atomic size. The “gold
standard” DOTA chelator (Figure 3a) and its derivatives are widely used for chelating a
variety of trivalent metal ions, including lanthanides, which typically exhibit high thermo-
dynamic stability constants [48]. Within the lanthanide series, contraction of the f-orbitals
causes a reduction in the ionic radius [49], with La (106.1 pm) being a larger ion than Lu
(84.8 pm). In contrast, medically relevant x-emitting radiometals (except for 149Tb) have
much larger atomic radii (e.g., Ac—112 pm, Bi—117 pm, Pb—120 pm, or Ra—162 pm)
compared to the commonly used (3~ -emitters. This size difference allows for the direct
analysis of how the ionic size impacts the stability of metal complexes, leading to the
conclusion that (1) larger radiometals require chelators with appropriately sized cavities to
ensure greater thermodynamic and kinetic stability and (2) chelators designed for smaller
metal ions are less effective at retaining larger ions in vivo, resulting in reduced complex
stability and potentially increased healthy tissue toxicity [41].

Price and Orvig already reported the relevance of matching chelators to the radiometal
of choice a decade ago [47], and research on this topic keeps growing. For example, the
thermodynamic stability of a series of chelators (Figure 3a) as a function of different metal
ion sizes clearly demonstrates that macrocyclic types of chelators provide more stable
complexes compared to open-chain ones (e.g., DOTA vs. DTPA, EDTA) (Figure 3b) and
that larger cavity chelators do a better job fitting o-emitting radiometals (e.g., macropa,
macrophosphi, and odda vs. DOTA) (Figure 3c). This highlights the critical importance of
designing chelators specifically tailored for x-emitting radiometals and emphasizes that
DOTA, due to its thermodynamic stability being inversely related to the ionic radius of the
metal ion, is a relatively poor chelator for a-emitters such as 22> Ac [50], as evidenced by the
reduced stability of the [°Ac]Ac-DOTA complex in vivo [51]. A significant contribution
in this direction has recently been made by Ivanov et al., who combined experimental
and computational data to study the complexation behavior of Ra?>* with two macrocy-
cles, DOTA and macropa, demonstrating the superior chelating properties of the latter
compound [52].

Due to the lack of stable isotopes of actinium, lanthanum is typically used as a suitable
nonradioactive surrogate thanks to their chemical similarity, namely their ionic radius.
Standard potentiometric titrations for thermodynamic stability determination require a
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substantial amount of ligand and metal, making it difficult to use alternative methods to
access Ac complexes directly. Nevertheless, Kalmycov et al. have proposed a method based
on extraction, which was validated via a comparison with La complexes (using ICP-MS as
a detection method for La as opposed to y-counting for 22> Ac). They studied both DOTA
and BATA chelators (Figure 3a) and revealed that BATA yields Ac complexes with superior
stability, with logK affinities of 20.3 for DOTA and 25.7 for BATA. Moreover, radiolabeling
BATA with 225 Ac was possible at room temperature and neutral pH, advocating the interest
in this ligand, which could also be functionalized via the benzene ring [53].

Novel ligands designed for the complexation of thorium were also reported, consisting
of a large octadentate open-chain structure with four Me-3,2-HOPO arms (L1 [54]), a
macrocycle with two terephthalamide pendant arms (L2 [55]), or macrocyclic chelators
bearing 1,2-hydroxypyridinone groups (DOTHOPO and MeDOTHOPO [56]) (Figure 3a).
All these complexes exhibited a remarkably high thermodynamic stability, with logK values
between 34 and 53.

Many of the long-lived a-emitting radionuclides currently under investigation for
TAT, such as 2 Ac and ?*’Ra, have multiple a-emitting daughter nuclides in their decay
chains, which significantly increases their cytotoxicity due to the recoil effect. Minimizing
the distribution of these highly toxic daughter nuclides to healthy organs requires a rapid
delivery of the a-emitting radiopharmaceutical to the target site, ideally followed by its
internalization into tumor cells. In contrast, 3 ~-emitters, which do not experience the recoil
effect [57], may be better suited for slower-targeting agents such as antibodies, depending
on their half-life. Finally, as previously noted, x-emitters have a much higher LET and
shorter range than (3 ~-emitters, making them generally more effective for treating smaller
(micro)metastases, which in turn necessitates different targeting strategies.
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4. Bioconjugation Strategies and the Role of Click Chemistry

A critical aspect of the development of BFCs as radiopharmaceuticals for TAT is the
establishment of a covalent chemical linkage between the radiometal—chelator complex
and the tumor targeting vector, typically a biomolecule such as a monoclonal antibody
or peptide. As large and sensitive entities, antibodies can be affected by harsh reaction
conditions that may lead to changes in their chemical structure and, consequently, to
a reduction in their targeting specificity. For the same reason, the conjugation point
must be carefully chosen, prearranging the location of the established links to avoid the
formation of heterogeneous products with inconsistent pharmacokinetics. Finally, all
chemical modifications must take into account the possible immunogenic effects caused
by the presence of non-native chemical bonds, which basically implies the preference for
biocompatible linkers along with mild reaction conditions. Spicer et al. have reviewed
the key strategies for achieving controlled conjugation of biomolecules, highlighting the
relative advantages and disadvantages of each technique [59], with the most common
reactions being based on amines and thiols.

In the first example of [2° AcJAc-DOTA conjugation to a tumor-targeting antibody,
a two—step process was employed, starting from DOTA functionalized with an isothio-
cyanate (NCS) attached to either the macrocycle backbone (2B-DOTA-NCS) or to the
ethylene group (MeO-DOTA-NCS) (Scheme 1) to avoid disruption of coordination with
the radiometal [60]. Both chelators were first radiolabeled with 22° Ac following a typical
DOTA complexation procedure (=55 °C, pH 5, 30 min) and then conjugated to a series
of monoclonal antibodies through a reaction between lysine residues and NCS groups,
forming stable urea bonds, with the best results obtained for J591 (anti-PSMA) [60]. The
same bioconjugation strategy was applied to prepare [*?° Ac]Ac-DOTA~trastuzumab for
the SKOV3 ovarian tumor model to treat micrometastases through intraperitoneal injection
of the x-emitting radiopharmaceutical [61]. Nevertheless, this two-step labeling protocol
led to a rather low radiochemical global yield (7-17%) as approximately 90% of the actinium
was coordinated by nonreactive forms of DOTA in the first step of the procedure, being
subsequently discarded, thus lowering the overall yield. Next, the authors investigated
a direct one-step labeling of preformed antibody DOTA-like constructs [62], achieving
a 10-fold higher radiochemical yield (>80%) and a 30-fold higher specific activity, while
performing the reaction under mild conditions, i.e., with a reaction temperature of 37 °C.
In the same study, a comparison was made between DO3A-based derivatives in which the
lysine residue of the antibody was conjugated to one of the carboxylic arms via an NHS
group and DOTA-based chelators functionalized with an NCS group on the macrocycle
backbone. Again, it could be concluded that although the two conjugates led to quite
stable radiocomplexes, both the kinetics of labeling and the binding capacity for 22 Ac
appeared to be greater for the 4-armed construct compared to the 3-armed derivative (see
Scheme 1 for the coordination). In the 3-armed derivative, the oxygen atom of the amide
group also coordinates, but in a less stable manner. These observations confirm once more
that a larger number of donor atoms, or stronger bonded ones, leads to better stability of
a-emitting radiocomplexes.

To overcome the low yield of two—step labeling procedures and enhance purification,
click chemistry can be utilized to conjugate the biomolecule to a preformed radiocomplex.
This approach permits the use of harsh conditions during radiolabeling while preserving
the integrity of the biomolecule’s targeting moiety. As click reactions are typically fast and
clean, they are particularly well-suited for the efficient production of radiopharmaceuti-
cals. Hence, in the context of radiopharmaceutical development, click chemistry has been
widely applied, both for synthesizing the chelator itself and for conjugating biomolecules
to radiocomplexes. An illustrative example of an improved synthesis of the [2° Ac]Ac-
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functionalized with tetrazine (Tz) in an inverse electron-demand Diels—Alder reaction
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not only outperformed the conventional NCS approach [60], as reflected in a superior radio-
chemical yield of the bioconjugate product formed within 5 min under milder conditions,
but also demonstrated the modular potential of this reaction.
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Scheme 1. Two-step and one-step labeling protocols for 2> Ac antibody derivatives. Adapted
from [60,62].
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Scheme 2. Click reaction proposed for radiolabeling of a TCO-functionalized antibody with 25 Ac]Ac-
DOTA-Tz [63].

Alpha-emitting radiopharmaceuticals have also been prepared via “one—pot click”
reactions. Denk et al. reported on a ?!! At-based radiopharmaceutical that appeared to be
more stable in vivo compared to its dehalogenated counterparts when prepared via a click
reaction. A CuAAC (copper-catalyzed azide—alkyne cycloaddition) conjugation was em-
ployed in the presence of an a-emitting 2!* At ion, which was generated through oxidation
by the Cu catalyst. The astatine ion underwent electrophilic substitution with a triazole ring,
resulting in the formation of 5-[?!! At]At-1,2,3-triazole products. A study with a modular
library of 12 compounds, combining alkyne moieties A to C with four azido derivatives
R;-R4 (Figure 4a), reported radiochemical yields of 70%. Notably, similar radiochemical
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yields of approximately 70% were achieved under two distinct conditions: high tempera-
ture (60 °C) with a short reaction time (10 min) and low temperature (20 °C) with a longer
reaction time (90 min) (Figure 4b) [64].

Synthesis of 211At-labeled compounds through
Cu-catalyzed click-assembly

.\ . @ CuCl, v
Ny~ NE)s 2

Azido derivatives N~
R:-R;

\ro
0 Ry= - "F R3= S Ry = /\/\”}\/\/""'-&NH
o~ s/

Radiochemical Yield [%)]

Reaction time [min]

NY D kD oA D OO NN

21 At-labeled agent

Figure 4. An example of a modular assembly of radiopharmaceuticals: (a) schematic representation
of a one—pot copper-catalyzed click reaction, (b) the radiochemical yield as a function of reaction
time, (c¢) comparison of radiochemical yields (10 min, 60 °C) of compounds composed of azido
derivatives (yellow circle) and alkyne moieties (green circle): 1-4 = A + R;—Ry; 5-6 = B + R1—Ry;
and 7-12 = C + R;-R4. Adopted from [64].

Later on, PSMA derivatives of 2> Ac were synthesized using click reactions. Reis-
sig et al. proposed macropa derivatives functionalized with one (mcp-M-click) or
two (mcp-D-click) propyne units as replacements for the NCS group on the picolinate
pendant arm(s) of the ligand Hy-macropa-NCS (Figure 5). Using CuAAC ligation, they
attached one or two azide-bearing PSMA-targeting vectors to the chelator core. After
labeling with 22> Ac, the authors observed that the bivalent probe exhibited a nearly 9-fold
higher binding in vitro than its monovalent counterpart and demonstrated prolonged
tumoral retention in a murine model of prostate cancer [65]. Zeglis et al. have recently
revisited the click chemistry toolbox over the last two decades [66]. They have provided an
overview of areas where the use of click chemistry has become quite essential in the field
of radiopharmaceutical sciences, including automation of labeling processes, site-specific
bioconjugations, multimerization, probe purification, and in vivo pre-targeting, all of which
contribute to the improvement of clinical nuclear medicines.
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Figure 5. Chelators pre-functionalized for bioconjugation with x-emitting radiocomplexes with
tumor-targeting vectors.

5. Pre-Targeting as a Delivering Strategy in TAT

Special delivery strategies need to be developed for TAT to focus the x-radiation dose
on malignant tissue to damage its DNA and suppress its repair while sparing healthy tissue.
At the cellular level, cancer cells differ from healthy cells primarily by the overexpression
of certain receptors. An ideal receptor is located at the cell surface without being released
into the bloodstream and is prone to binding agonist/antagonist molecules. Such binding
often triggers the internalization process through a so-called receptor-mediated mechanism.
Therefore, targeting tumor cells requires specialized vectors with an affinity for these
receptors that can be coupled to a moiety carrying an o-emitting radionuclide, as is the
case with TAT. On the other hand, the tumor resides in a particular microenvironment that
exhibits unique characteristics, such as weak and leaky blood vessels, high acidity and low
oxygen levels, the presence of immune cells, etc. [67]. Consideration of these parameters,
either as independent or auxiliary targeting elements, may improve treatment efficacy
even if receptor availability /overexpression is not optimal [68]. In fact, the exploitation of
these synergistic strategies may lead to tailored radiotherapies that profit from both tumor
specificity and the surrounding conditions.

The effectiveness of radiolabeled antibodies as targeting vectors has already been
demonstrated in radioimmunoimaging. However, classical antibody-based approaches to
radiotherapy face significant challenges, including: (1) slow pharmacokinetics leading to
prolonged blood circulation times (up to 5 days), causing undesired radiation exposure
to healthy organs, (2) limited mobility of large antibody molecules (~150 kDa) within the
tumor tissue resulting in inefficient penetration of radiotherapeutics into the tumor core,
(3) impaired interaction with the immune system reducing therapeutic efficacy, and (4) low
overall tumor uptake, which remains a critical limitation. Peptides have been proposed as
an alternative to antibodies, offering faster kinetics and better tumor penetration due to
their smaller size, but their targeting precision is limited.

Since its introduction in the late 1980s, pre-targeting has been recognized as a promis-
ing alternative to address the aforementioned challenges [69]. In vivo pre-targeting has
undergone significant development over the last decade, leading to a wealth of research
and comprehensive reviews on the topic [70,71]. However, despite this progress, there is
only a handful of studies exploring its potential application in alpha therapy. Generally, in
radiotherapy, pre-targeting involves the physical separation of the targeting vector and the
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radiolabel component, requiring a two-step administration procedure. First, the targeting
molecule is injected and allowed to accumulate at the site of interest, followed by the
injection of a small radiocomplex designed to bind specifically to the targeting molecule
(Figure 6a). The waiting time between these two steps is typically adapted to the kinetics
of the targeting molecule. In some cases, a clearing agent is administered after the initial
step to actively remove the excess targeting vector still circulating in the bloodstream [72].
The obvious general advantage of pre-targeting is the reduction of radiation exposure to
healthy organs and tissues. However, its effectiveness depends on the availability of the
targeting vector on the surface of tumor cells so it can bind with the radiocomplex, as well
as on the high selectivity and efficiency of the reaction between the two components.

Several approaches have been proposed to implement the concept of pre-targeting by
utilizing various in vivo binding mechanisms between targeting molecules and complexes.
These include the use of bispecific antibodies (BsAbs) with dual affinity for specific tumor
antigens and radiolabeled hapten molecules [73], strept(avidin)-mAb bioconjugates that
noncovalently bind radiolabeled biotin [65], and the hybridization of complementary
oligonucleotides, where one is conjugated to an antibody and the other to a radioligand [74].
Finally, the assembly of targeting molecules and radioligands in vivo can be achieved by
means of a click reaction between the two components, both of which are pre-equipped
with suitable functional groups.

a) Directly labeled radioconjugate ‘"’ Pretargeting “ +eg
(\:\\\ (k ‘\/'\\
i ‘\f\ Q k O \%'k —~0
// / \\ 3 days *j - 4" " N
W«\.Q. P \‘;\f; ( Y *g,\&
Slow clearance Slow clearance Fast clearance
3 3 \
8 ~
K § ] '“' ,;’ e ® . e
§ E e e @ ,© " i @ 4
@ o

Tumor

Tumor
L\
1
I
o¢ 2

‘9
Therapeutic irradiation

/ ' / 3 CDO
Vo Voo %o Go i
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Figure 6. (a) Schematic representation of two administration routes for radiopharmaceuticals: direct
administration of radioligands (left) and two—step administration of chemically modified targeting
vectors (e.g., antibodies), followed by radioligands provided with matching functional groups de-
signed for a click reaction (right); (b) radiopharmaceuticals involved in the corresponding study [75].

Compared to the other aforementioned pre-targeting methods, the strategy based
on click reactions is characterized by remarkably fast kinetics and high specificity. The
latter is due to the bio-orthogonal nature of the reaction, which occurs exclusively between
the radiocomplex and the pre-targeted molecules, thereby reducing off-target interactions.
While the classical click reaction CuAAC cannot be applied in vivo due to the involvement
of a toxic copper catalyst, its counterparts—IEDDA (inverse electron-demand Diels—-Alder
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reaction, k, > 10> M~! s71) and SPAAC (strain-promoted azide-alkyne cycloaddition,
ky~0.1 M1 s71) are being intensively investigated for pre-targeted delivery of radiophar-
maceuticals. One of the earliest examples of in vivo biorthogonal pre-targeting utilized
an IEDDA reaction between an electron-deficient tetrazine-based [11In]In radiocomplex
suitable for SPECT (single photon emission computed tomography) imaging and a chem-
ically modified antibody (CC49) conjugated to a strained trans-cyclooctene (TCO) [76].
Mice bearing colon carcinoma xenografts were first injected with CC49-TCO, followed by
the administration of an '!In-tetrazine complex one day later. This approach resulted in
significant accumulation of the small radiocomplex at the tumor site, unlike in animals
preinjected with unmodified antibodies. In 2019, Poty et al. reported a comparative study
of a similar pre-targeting strategy [75] using an 22> Ac-labeled tetrazine radioligand and
a TCO-bearing anti-CA19.9 antibody (5B1) for pancreatic ductal adenocarcinoma versus
conventional radioimmunotherapy with a directly 22> Ac-radiolabeled immunoconjugate
(Figure 6b). The results confirmed the superiority of the pre-targeting approach in reducing
off-target toxicity while delivering radiotherapeutic payloads to the tumor. Interestingly,
the authors utilized Cerenkov radiation from ?>°Ac’s daughter decay to visualize the biodis-
tribution both in vivo and postmortem. This provided critical insights into the behavior of
225 Ac-based radiopharmaceuticals, valuable for their further (pre)clinical development.

In addition to the need for preclinical evaluations to demonstrate the potential of click
chemistry in pre-targeted o-radiotherapy, significant efforts are being made to chemically
optimize the design of both reactants: targeting molecules and radiocomplexes. The
synthetic considerations concern the correlation of click efficiency, reactivity, lipophilicity
of tetrazines, and stability [77]. Recently, poly-L-lysine effector molecules of two sizes
(21 and 10 kDa) functionalized on both sides with prosthetic groups for radiohalogenation
(' At) and tetrazine attachment were presented and evaluated in healthy Balb/C mice [78].
The molecules demonstrated a good stability regardless of their size, and their blood
clearance matched the 7.2-h half-life of 2! At.

6. Conclusions and Further Outlook

Despite its remarkable therapeutic value, x-radionuclide therapy is still underrep-
resented in clinical settings. In addition to practical barriers, such as the availability of
x-emitters, costs, and production/distribution logistics, its development is also hindered by
chemical challenges related to designing novel chelates specific to x-emitting radiometals,
as well as biological challenges. These include the high energy, short path length, recoiling
and bystander effects of x-emitting radionuclides, which place demands on an extremely
accurate and rapid delivery to the site of interest.

An exciting frontier in TAT development lies in the use of bio-orthogonal click re-
actions, which can serve as powerful tools for both the synthesis of radiocomplexes and
their pre-targeted delivery to tumors—both aspects are explored in this review. In the
synthesis of radiocomplexes, click chemistry offers high efficiency and, most importantly,
compatibility with mild conditions necessary for bioconjugation with targeting moieties.
The versatility of the click reaction enables modular libraries of radiocomplexes and target-
ing vectors that can be mixed and matched depending on the envisioned radionuclide and
the defined tumor target. On the other hand, the bio-orthogonal nature of the click reaction
makes it ideally suited for the delivery of highly toxic a-radiopharmaceuticals through the
decoupling of targeting and radiolabeling steps, thereby reducing systemic toxicity and
enhancing therapeutic indices.

There is no doubt that the role of click chemistry in the development of x-emitting
radiopharmaceuticals will continue to grow. However, the click chemistry-based pre-
targeting approach for TAT remains underdeveloped despite its many advantages. Fortu-
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nately, the promising aspects are driving ongoing research focused on optimizing compo-
nent stability within the complex tumor microenvironment, ensuring efficient clearance
of pre-targeting agents, and achieving rapid in vivo reaction kinetics. These efforts aim
to minimize immune responses and reduce radiation exposure to healthy organs. An
accompanying advantage is the possibility of separately optimizing the tumor uptake of
the pre-targeting vector, including the development of mechanisms for the removal of its
unbound fraction from the blood circulation. At the same time, the need to synthesize
two products (a targeting molecule and a radiocomplex) as well as optimize dosing pro-
tocols for both components may appear less attractive for clinical implementation, which
can explain the rather slow progress of pre-targeted x-radiotherapy. Clearly, the path to
widespread clinical application of click chemistry for a-radiotherapy requires address-
ing both technical and translational challenges. This may be achieved through continued
acquisition of preclinical data demonstrating the value of this modality for cancer treatment.
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