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PUBLIC SUMMARY

= Radiopharmaceuticals combine tumor-targeting molecules with radiation to image and treat cancer in one step.

The field is moving from B emitters to potent, precise a emitters.

Artificial intelligence (Al) and imaging analytics enable personalized, image-guided radiation dosing.

= Wider access now hinges on secure isotope supply chains and coordinated regional production networks.
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This review provides a comprehensive analysis of the evolution of radio-
pharmaceuticals, tracing their development from fundamental physical
chemistry to the global industrial chain. First, the article elucidates the
central role of radionuclide decay physics in diagnostic and therapeutic
applications, while discussing the decisive impact of coordination chem-
istry and chelator selection on in vivo stability. Regarding drug design, it
analyzes the evolution of targeting vehicles from rapid diffusion small
molecules to long-circulating monoclonal antibodies, and the optimization
of pharmacokinetics via linkers that modulate polarity. The review further
surveys a diverse target landscape, exploring the biological mechanisms of
bystander and abscopal effects in overcoming tumor heterogeneity. It
emphasizes the critical value of artificial intelligence (Al) and radiomics in
achieving personalized biological effective dose predictions. Finally, the
article dissects the clinical regulatory frameworks for radiation protection,
analyses the challenges of the global nuclide supply chain, and gives a
comparative perspective in regional ecosystems.

INTRODUCTION

The landscape of oncology and molecular imaging is undergoing a seis-
mic shift, transitioning from the broad-spectrum approaches of the 20th
century toward an era of hyper-individualized precision strikes."” At the heart
of this revolution lies the field of radiopharmaceuticals that combine the
biological specificity of molecular targeting with the physical potency of
ionizing radiation. Once confined to nuclear medicine departments at the
margins of mainstream oncology, these agents have moved to the center
stage of modern pharmacology. The evolution from basic targeted delivery to
the sophisticated, integrated paradigm of theranostic represents one of the
most significant leaps in clinical medicine, offering a dual-edged sword capa-
ble of both visualizing and annihilating disease at the cellular level (Figure
WA).&O

For decades, radiopharmaceuticals were primarily synonymous with diag-
nostic imaging. The introduction of [**™T¢] revolutionized non-invasive visual-
ization, allowing clinicians to map organ function and detect abnormalities
with unprecedented clarity.” However, these early tracers were often physio-
logical mimics such as ™'l for thyroid function, rather than engineered molec-
ular hunters. The true paradigm shift began when the focus shifted from
metabolic pathways to specific molecular markers.”” The realization that
tumors overexpress distinct cell-surface targets, G-protein-coupled recep-
tors such as the somatostatin receptor (SSTR) in neuroendocrine tumors, or
the membrane-bound enzyme prostate-specific membrane antigen (PSMA,
glutamate carboxypeptidase Il) in prostate cancer, provided the biological zip
codes necessary for targeted delivery.®’ This birthed the concept of the magic
bullet, a term coined by Paul Ehrlich over a century ago, now finally realized
through the marriage of radiochemistry and molecular biology (Figure 1B)."°

Modern radiopharmaceuticals are sophisticated tripartite constructs. At the
frontend is the targeting ligand which can be a small molecule, a mono-
clonal antibody, or a peptide, designed to dock with high affinity into a specific
biological target.*'" In the middle is the linker, an often-underestimated struc-
tural component that must ensure the radioactive payload does not interfere

with the ligand's binding affinity while remaining stable in the complex envi-
ronment of the human bloodstream. Finally, there is the radionuclide payload
with chelator.'” This is where the transition from targeted delivery to preci-
sion strike is most evident. The industry has moved beyond simple B emit-
ters like ""Lu toward highly potent a emitters like ?*Ac. a particles possess a
much higher Linear Energy Transfer (LET), delivering a massive amount of
energy over a very short distance.” In principle, this confines the cytotoxic
effect to the targeted cell and its immediate microenvironment, sparing the
surrounding healthy tissue, which is a clinical goal that traditional external
beam radiation struggles to achieve.

Building on this concept, we define the next generation radiopharmaceuti-
cals as agents that depart from the conventional [®™Tc]- and ['®F]- based
diagnostic paradigm, and the first generation [®'[Nal and [""Lu]Lu-
DOTATATE therapeutic paradigm, along four converging axes of innovation.
First, at the level of the radioactive payload, the field is transitioning from
medium range B~ emitters toward high-LET a emitters such as *°Ac, ?'?Pb,
and "'At, and toward Auger electron emitters whose subcellular range
demands precise nuclear localization but offers unmatched single cell selec-
tivity. Second, at the level of molecular architecture, the simple
chelator—linker—vehicle scaffold is being superseded by programmable plat-
forms. These include pretargeting systems, which temporally decouple the
slow biodistribution of a targeting vector from the rapid delivery and clear-
ance of the radionuclide via bioorthogonal ligation in vivo; covalent binders,
which convert reversible recognition into irreversible target engagement
through proximity-induced bond formation; and click-compatible chelator
modules, which integrate radiolabeling, in vivo capture, and pharmacokinetic
tuning into a single chemical handle. Third, at the level of biological recogni-
tion, the target landscape is expanding beyond the saturated PSMA and
SSTR axes into the tumor microenvironment, most notably FAP positive
cancer associated fibroblasts and into dual-targeting and multivalent
constructs that engage two receptor populations simultaneously to address
antigen heterogeneity and emergent resistance. Fourth, at the level of clinical
implementation, the shift from fixed-activity prescribing toward personalized,
voxel-level dosimetry, enabled by quantitative SPECT/PET and Monte Carlo
dose calculation, is being accelerated by artificial intelligence and radiomics,
which are beginning to automate organ segmentation and, in early studies, to
predict tumor and organ-at-risk absorbed doses from pre-therapy diagnostic
imaging. These four axes, new radionuclides, new architectures, new targets,
and new computational tools, which together define what we term the next
generation of radiopharmaceuticals, and they organize the remainder of this
review.

THE PHYSICAL AND CHEMICAL FOUNDATION
Physics of decay: selecting the optimal nuclide

The International Commission on Radiological Protection (ICRP) compila-
tion of radionuclides lists about 1200 radionuclides, but only a smaller subset
has been employed long term in clinical practice and biomedical research.'*'®
Radionuclides vary significantly in their physicochemical properties, such as
half-life, decay mode, emission energy and others. Of these basic physical
characteristics, the most important factor determining whether a radionu-
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Figure 1. The historical and projected evolution of nuclear medicine

clide is used in nuclear medicine as a diagnostic probe or therapeutic payload
is decay physics.'""" Hence, radionuclides are typically classified according to
their decay mode into positron emitters, y emitters, a emitters, g emitters and
Auger electron emitters (Figure 2, Table 1).'” These categories describe the
dominant emission relevant to imaging vs therapy, not exclusive decay
modes, would preempt referee criticism.

y emitters and positron emitters. \When the nuclei of y emitters return
from the excited state to the ground state, they release the excess energy in
the form of y photons. This process is called y decay (Figure 2A). The energy
of y photons is moderate, with strong penetrating power, which is sufficient
to escape the body. At the same time, its ionization effect is relatively weak,
causing minimal damage to the organism. This characteristic makes it an
ideal choice for single-photon emission computed tomography (SPECT)
imaging, enabling precise localization of lesions, assessment of organ func-
tions, and tracking of drug bio-distribution. Represented by *™Tg, its physical
half life of approximately 6 hours and y energy of approximately 140 keV are
highly compatible with the clinical examination time window and the SPECT
detection efficiency.” y emission in the clinical nuclear medicine context typi-
cally arises from isomeric transition of metastable states rather than from a
primary decay mode per se. Noted that many clinically relevant radionuclides
exhibit multi-step decay chains in which each daughter contributes distinct
LET and range characteristics, with implications for dosimetry and daughter-
redistribution effects. Therefore, it has long dominated nuclear medicine

diagnosis. Other commonly used single photon radionuclides include In,
12| ¥'Ga and others.

Notably, although positron emitters release positrons during decay, these
positrons migrate a very short distance within the tissue before undergoing
annihilation with surrounding electrons, emitting a pair of y photons with an
energy of 511 keV each, which are emitted in opposite directions. Positron
emission tomography (PET) equipment captures these correlated photons to
enhance signal-to-noise ratios and data accuracy (Figure 2A). This setup
allows for both lesion detection and the precise measurement of metabolic
activity or target expression.”’ Commonly used positron emitters include
C, N, "0, "8F %Ga,*Cu,¥Zr and so on. Cyclotron production from liquid or
solid®Zn targets has become increasingly important for large-scale, central-
ized supply of [®Ga]Ga-radiopharmaceuticals, complementing the
traditional®Ge/**Ga generator workflow. In recent years, various PET radio-
pharmaceuticals based on'®F,®Ga, and®Cu have achieved clinical translation
and been approved for market launch on key tumor targets.” For example,
["®F]piflufolastat promotes the clinical application of PSMA PET in prostate
cancer,” while [*Cu]Cu-DOTATATE expands the options for SSTR imaging
and demonstrates the advantages of longer half-life nuclides in imaging time
windows and logistics.”’*

B emitters. 3 decay involves interconversion between neutrons and
protons within the nucleus with the concomitant emission of a B particle
(Figure 2B). Given that B* emitters are primarily leveraged for PET imaging,
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Figure 2. A simplified schematic intended to illustrate the category and characterization of nuclides

therapeutic applications focus predominantly on B~ emitters. The defining
physical advantage of B~ particles is their millimeter-scale tissue range
coupled with intermediate ionization density and LET.”” This combination
enables not only energy deposition within targeted cells but, critically, a
crossfire effect that extends cytotoxic dose beyond the cells directly bound
by the radiopharmaceutical. Consequently, in bulky or multifocal disease, B
therapy can partially compensate for non-uniform intratumoral distribution or
antigen loss by irradiating and killing neighboring, non drug bound tumor
cells, which is an important physical basis for mitigating treatment resis-
tance driven by tumor heterogeneity and hypoperfused regions.**'

Currently, "Lu is the most widely used B emitter in clinical applications.
Its half life matches well with the in vivo pharmacokinetics of peptide and
small molecule targeting ligands, and the decay process was accompanied
by vy rays that can be used for SPECT imaging enables integrated diagnosis
and treatment. In 2022, the FDA approved [""Lu]Lu-PSMA-617 for the treat-
ment of PSMA positive metastatic castration-resistant prostate cancer
(MCRPC) patients.” This therapy locates through targeting PSMA and intro-
duces the radionuclide into tumor cells. In clinical trials, the median survival
time of the treatment group was 4 months longer than that of the control
group.” Besides ""Lu, commonly used B emitters include®Y and ™'l The
former is suitable for the treatment of bulky tumors due to its higher energy
and longer range, while the latter has a mature and irreplaceable clinical posi-
tion in the treatment of thyroid cancer.”**’

a emitters. Although B emitters are often effective for bulky disease, their
relatively long particle range can disperse energy deposition within tissue,
which may limit therapeutic efficiency. a emitters address this limitation. a
decay, common in heavy nuclei, releases the a particle characterized by high
mass and double positive charge (Figure 2C). In sharp contrast to B~ particles,
a particles traverse only a few cell diameters in tissue yet exhibit very high
LET.”

This high LET can directly cause irreparable DNA double-strand breaks in
the target cells. This lethal damage has extremely high cytotoxicity and is
relatively independent of the cell cycle or the oxygenation status of the tissue.
At the same time, its micrometer level precise range ensures that almost all

3233

the energy is deposited in the target area, maximizing the protection of the
surrounding healthy tissues.” Therefore, a emitters are regarded as a benefi-
cial weapon for eliminating small residual lesions, circulating tumor cells, and
infiltration of the bone marrow microenvironment.*

In terms of clinical application, [**Ra]RaCl, is the first a emitter drug that
has revolutionized clinical practice. As a calcium analogue, it can precisely
accumulate in areas with active bone metabolism, significantly prolonging
the survival period of prostate cancer patients with bone metastasis.* ?2°Ac,
212pph, and #'"'At, which are a emitters commonly used in targeted radiother-
apy, are also leading the new wave of research and development.”’ Particu-
larly, the [?®Ac]Ac-PSMA therapy has demonstrated remarkable efficacy in
multiple early clinical studies and is regarded as the next-generation block-
buster radiopharmaceuticals following "’Lu.*"“* Although it has great poten-
tial, the availability of a emitters and the safety of the treatment remain key
factors limiting its wide application. The focus of future research will be on
establishing a stable radionuclide production supply chain and developing
new chelators and nanocarrier technologies to fully release the clinical effi-
cacy of a therapy while ensuring safety.****

Auger electrons. Auger electron emitters are often regarded as the third
class of therapeutic radionuclides.” They undergo electron capture or inter-
nal conversion, generating cascades that emit Auger electrons or conversion
electrons (Figure 2D). These electrons have an ultrashort path length, typi-
cally on the order of 10 nm, such that their effective range is often smaller
than a single cell diameter. Consequently, meaningful cytotoxicity is highly
contingent on subcellular localization. Auger electrons can efficiently induce
DNA strand damage only when the radiopharmaceutical is internalized and
trafficked to the perinuclear or nuclear vicinity.” Compared with B emitters,
Auger emitters can substantially reduce nonspecific irradiation of surround-
ing healthy tissue. And compared with a emitters, they may bypass some of
the practical challenges associated with chelation stability and control of
radioactive decay products. However, these potential advantages come at a
cost, carrier molecules must achieve efficient cellular internalization and
nuclear trafficking, imposing stringent requirements on ligand design and
intracellular delivery strategies.'®'%"
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Table 1. Radionuclide properties
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Type Radionuclide Half-life Application Production Representative radiopharmaceutical
c 20.36 min PET Accelerator ['clpiB®*?
N 9.97 min PET Accelerator ["*NJAmmonia®
%0 2.13 min PET Accelerator ['*0JH,0™
ST, T8F 109.77 min PET Accelerator ['®FIFDG™
Emitters 84Cu 12.70 h PET, Therapy Accelerator [**Cu]Cu-ATSM*®
(B" particle) %%Ga 67.71 min PET Generator/ Accelerator  [®Ga]Ga-DOTATATE®’
82Rb 1.26 min PET Generator [®2Rb]Rb-rubidium chloride®®
87y 78.41 h PET Accelerator [®zr]zr-trastuzumab™
124 417d PET Accelerator ['*1]Nal®®
"Ga 3.26d SPECT, therapy  Accelerator ['Ga]Ga-citrate®
- R2TTC 6.00 h SPECT Generator [*™Tc]Te-tilmanocept™
Emitters
(y photons) "Min 2.89d SPECT, therapy ~ Accelerator ["In]in-oxine®®
Lz 13.22 h SPECT Accelerator [Zlioflupane®
2p 14.27d Therapy Reactor [**P]chromic phosphate®
4Sc 3.35d SPECT, therapy Accelerator [*’Sc]Sc-PSMA-617°°
57Cu 61.83 h SPECT, therapy  Accelerator [’Cu]Cu-SARTATE®"
oy 64.05 h Therapy Generator [*°Y]Y-microspheres®
B 1%3Sm 46.28 h SPECT, therapy ~ Reactor ['**Sm]Sm-EDTMP®
Emitters 131 131
(B particle) | 8.03d SPECT, therapy Reactor [*'IMIBG
%Hg 26.82 h SPECT, therapy ~ Reactor ['®*Ho]Ho-microspheres”
Ly 6.65d SPECT, therapy  Reactor [Lu]Lu-PSMA-617°°
%Re 3.72d Therapy Reactor ['**Re]Re-HEDP"
188Re 17.00 h SPECT, therapy ~ Generator ['®Re]Re-SSS-lipiodol™
AL 7.21h Therapy Accelerator [ At]NaAt"™
212pp 10.60 h Therapy Generator [*'?Pb]Pb-DOTAMTATE®
. 22j 60.00 min Therapy Generator [*?Bi]Bi-MAA™
Emitters 713Bj 45.59 min Therapy Generator [*'*Bi]Bi-DOTATOC"
(aparticle) 2Ra 11.43d Therapy Generator [**Ra]RaCl,"™
Z5Ac 9.92d Therapy Generator/ Accelerator  [*°Ac]Ac-lintuzumab™
2Th 18.70d Therapy Generator [*Th]Th-MSLN-TTC"®
Br 57.04 h Therapy Accelerator ["Br]BrUdR'"®
Auger Electron Emitters 1251 59.41 d Therapy Reactor ['#1IUdR™
91pt 2.83d Therapy Reactor ['Pt]cisplatin™

Although auger electron emitters have great potential in the development
of targeted radiopharmaceuticals, no promising candidate compounds with
good therapeutic efficacy have emerged yet. The targeted radiopharmaceuti-
cal ['"®I]l-mAb 425, developed by Bender et al., based on Epidermal Growth
Factor Receptor (EGFR) monoclonal antibody, has entered the latest phase Il
clinical trial (NCT01317888) for the treatment of glioblastoma.*” Emrich et al.
found that using ['®I]l-mAb 425 in combination with surgery and traditional
radiotherapy can significantly improve the median survival time of patients
with glioma.” Additionally, ["*IJIlUdR has also been proven to have good
targeting properties for colorectal cancer, but its clinical application is still
limited by the relatively long half-life of'?| (59.4 days).”” Besides'?l,""Br, """In
and''Pt are also radionuclides with potential for drug development that emit
Auger electrons. Recently, Obata et al. reported a series of'®'Pt-labeled trithiol-

hoechst-PSMA conjugates and observed evidence of DNA binding in PSMA-
positive tumors.”’ In conclusion, no Auger electron therapies have yet
achieved widespread regulatory approval or definitive late stage clinical effi-
cacy. Therefore, the stable labeling of such radionuclides and the develop-
ment of targeted ligands will become the focus of future research on new
targeted radiopharmaceuticals.

Coordination chemistry

Radiometal nuclides need to be stably complexed by bifunctional chela-
tors (BFCs) to evolve from radiation sources into clinically reliable diagnostic
and therapeutic agents. If chelation does not suffice, the radiometal nuclides
can dechelate and redistribute in vivo as a free species to bystander organs
leading to unwanted off-target toxicity, ultimately leaving behind degraded
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signal-to-noise performance. Thus, coordination chemistry is more than just
a technical linkage between radionuclides and targeting vehicles. It is an
intrinsic factor that dictates in vivo biodistribution and ultimately clinical
success.”*!

The framework for evaluating chelator-radionuclide compatibility.
Establishing a scientific evaluation system for chelators is a prerequisite for
promoting the clinical application of radiometal nuclides. To determine
whether a chelator is suitable for a specific radionuclide, it is not sufficient to
rely solely on a single thermodynamic constant. Instead, a comprehensive
consideration of the feasibility of radiolabeling, the stability mechanism of the
in vivo complex, and the overall regulatory effect on the pharmacokinetics of
the drug should be taken into account **?

In clinical production, an ideal chelation system should possess rapid
complexation kinetics and mild reaction conditions. This is not only crucial for
matching the time window of short half-life radionuclides, but also a neces-
sary condition to prevent the inactivation of heat-sensitive vehicles such as
antibodies. Moreover, whether high molar activity labeling can be achieved at
low ligand concentrations will directly affect the imaging sensitivity and ther-
apeutic efficacy of the drug in tumors with low expression of the target.'’

Stability assessment must further distinguish thermodynamic stability
from kinetic inertness. Thermodynamic stability constants describe binding
at equilibrium and provide a baseline for resisting competition from abun-
dant endogenous metal ions (such as Zn* and Cu®). However, because
biological systems are open and inherently non-equilibrium, nuclear medicine
places greater emphasis on kinetic inertness, which means the ability of a
complex to resist dissociation under physiologically relevant, non-equilibrium
conditions. Only chelation motifs with high kinetic inertness can effectively
suppress in vivo dechelation and off-target accumulation of radiometal
nuclides.®

Finally, chelators are not merely inert connecting components. Their intro-
duction significantly alters the charge, hydrophobicity, and other properties of
the vehicles, thereby exerting a notable impact on pharmacokinetics. An opti-
mized chelation strategy must ensure the stability of the connection while
optimizing the excretion pathway by regulating the physicochemical proper-
ties of the vehicles. For instance, it can promote renal clearance and reduce
hepatic and biliary uptake, thereby maximizing the signal-to-noise ratio
between the tumor and the background tissues (Figure 3).4%

Macrocyclic chelators. Macrocyclic chelators, with their highly rigid cyclic
pre-organized structure, can firmly lock the radiometal radionuclides. These
chelators usually have extremely high thermodynamic stability and kinetic
inertness and are not prone to metal exchange or de-chelation in the body.
For this reason, the macrocyclic system is often regarded as the preferred
choice for long half-life radionuclides or highly toxic therapeutic radionu-
clides, in order to minimize the risk of nuclide loss during the longer in-body
circulation process.®

These benefits are offset by practical limitations. For many macrocyclic
chelators, efficient radiolabeling typically requires more forcing conditions,
most commonly heating or extended reaction times, to drive complexation to
completion. This can be difficult to reconcile with heat-labile biomacro-
molecules such as antibodies.”” Among macrocycles, DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) remains a benchmark scaf-
fold and one of the most widely used chelators. It supports labeling with a
range of metallic radionuclides, including '""Lu and has enabled the clinical
translation of agents such as ["Lu]Lu-DOTATATE.”

More broadly, the field has been shifting from a singular emphasis on
stability toward a more pragmatic triad in which stability, labeling kinetics,
and bifunctional translatability must be satisfied simultaneously. This trend is
particularly evident for the highly promising a emitter *°Ac. Owing to its larger
ionic radius and high coordination requirements, conventional DOTA strug-
gles to achieve efficient complexation at room temperature. In response,
Macropa developed by Thiele and colleagues, with an expanded cavity and a
highly preorganized coordination environment, enables rapid quantitative
25¢ labeling at room temperature while maintaining excellent serum stabil-
ity, thereby mitigating the sensitivity of antibody conjugates to heating and
the associated risk of thermal denaturation.**™ In addition, newer PYTA
derivatives, rigid ligands built on a pyridine scaffold, exhibit favorable
complexation kinetics and further expand the macrocyclic chelator toolbox

available for a-therapy.”’ In copper radiochemistry, more rigid macrocycles
such as cross-bridged cyclams have likewise been used to improve labeling
efficiency under mild conditions while preserving in vivo inertness.” Collec-
tively, the next generation macrocyclic chelators are being advanced through
engineering of preorganization and pendant-arm design to promote room-
temperature labeling without substantially compromising in vivo stability,
thereby providing a stronger chemical foundation for automated and stan-
dardized clinical production of radiopharmaceuticals.

Acyclic chelators. Acyclic chelators typically exhibit rapid complexation
kinetics and can rapidly capture radiometal ions at room temperature or
under mild conditions. This characteristic makes them highly suitable for
meeting the core requirements of clinical translation and industrialization. For
short-lived radionuclides, the value of acyclic chelators extends beyond labo-
ratory convenience, because shortened preparation times, simplified work-
flows, and improved batch-to-batch consistency directly translate into clini-
cal accessibility. In the®Ga setting in particular, mild and fast radiolabeling
has enabled kit-based formulations that support on-demand preparation and
have become a realistic, implementable clinical approach.” For instance, the
[®Ga]Ga-THP-PSMA supported by the THP chelating system has demon-
strated a simplified one-step labeling process, showcasing a transformation
paradigm from rapid labeling to clinical accessibility.”

The central debate, however, remains whether acyclic complexes are suffi-
ciently robust in vivo. Compared with rigid macrocycles, some acyclic
systems are less kinetically inert and are therefore more susceptible to tran-
schelation or dechelation under serum protein competition, endogenous
metal ion exchange, or acidic intracellular environments. These liabilities can
manifest as off-target organ accumulation and elevated background signal.*’
Accordingly, recent efforts have shifted from pursuing speed alone toward
structural reinforcement that balances rapid labeling with adequate inertness.
Key strategies include increasing coordination saturation, optimizing donor
atom matching, and imposing conformational constraints to push acyclic
platforms toward translatable performance.”

In the field of*Zr immuno-PET, to address the problem of the easy detach-
ment of traditional DFO leading to bone uptake, the new chelators DFO* and
3,4,3-LI (1,2-HOPO) have demonstrated excellent in vivo stability in head-to-
head comparisons.””" Meanwhile, modular derivatives such as DFO2K and
DFO-Em, while maintaining a similar DFO labeling kinetics, exhibit stronger in
vitro stability, showing great potential.***” Additionally, the application of new
acyclic chelators like AAZTA in new target molecule Fibroblast Activation
Protein Inhibitor (FAPI) and other molecules has further strengthened the new
standard of fast labeling, high stability, and convertible process.'®

Multifunctional and bioorthogonal chelation platforms. Overall, the role
of chelators is undergoing a marked shift in paradigm. After macrocyclic and
acyclic chelators have been iteratively refined through preorganization and
scaffold rigidification to approach a three-part target of stability, labeling
kinetics, and bifunctional translatability, new research priorities have
emerged. The central idea is that chelators are no longer designed only as
tight holders for radionuclides. Instead, they are increasingly developed as
programmable molecular modules that can incorporate additional functions
in a modular manner while maintaining high labeling efficiency and in vivo
inertness, and while remaining compatible with scalable manufacture and
robust batch-to-batch reproducibility. Accordingly, the evaluation focus is
moving from a single question of whether the complex is stable enough to a
more practical set of combined criteria aligned with clinical translation.”

Bioorthogonally functionalized chelators represent a representative plat-
form direction. By introducing bioorthogonal motifs such as tetrazines into
efficient chelation scaffolds, it becomes possible to build chelation modules
that support rapid radiolabeling and also offer selective reactivity in vivo,
thereby providing a chemical basis for subsequent pretargeting approaches
with slow pharmacokinetic carriers.'”’ In the case of THP tetrazine, this
design preserves the mild and efficient radiolabeling features of®*Ga while
integrating the clickable site into a single small-molecule platform, reflecting
an integrated concept that combines fast labeling, high stability, and a click-
able handle.” In parallel, studies exemplified by HOPO MeTz further suggest
that bioorthogonal handles can be compatible with chelation frameworks that
demand higher coordination numbers, opening opportunities for clickable
chelation platforms that extend across different radionuclides.'””
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A further step in this evolution is the development of trifunctional or multi-
functional modular platforms. While preserving chelation stability and label-
ing kinetics, these designs introduce additional elements such as albumin
binding, clearance pathway tuning, or multimodal imaging readouts, enabling
finer optimization across biodistribution, tumor to background contrast, and
so on.'” Tsuchihashi et al. incorporated an albumin-binding unit into the
effector molecule of a pretargeting system and constructed a new trifunc-
tional chelator, aiming to maintain rapid clearance while mitigating the
common limitation of insufficient tumor accumulation.'” Taken together, the
next stage of progress in chelator research is following a clearer trajectory. It
moves from addressing whether stability is adequate, to meeting a combined
set of requirements spanning stability, kinetics, and bifunctional translatabil-
ity, and further toward platform-like, programmable multifunctional chelation
modules that provide a reproducible and extensible chemical foundation for
more advanced strategies.

MOLECULAR DESIGN OF RADIOPHARMACEUTICALS
Targeting vehicles

The choice of targeting vehicle largely determines the in vivo distribution,
dose—time profile, and toxicity window of the radiopharmaceutical. The same
radionuclide, when conjugated to small molecules, peptides and
peptidomimetics, nanobodies and diabodies, or macro-molecules, will exhibit
markedly different imaging time windows, tumor penetration depth, and
normal-organ exposure.'” Small molecules favor rapid diffusion and early
high-contrast imaging; peptides and peptidomimetics are particularly suited
to precise recognition of hormone-type receptors and receptor-mediated
internalization,'™ nanobodies and diabodies combine high affinity with inter-
mediate tissue penetration; whereas macro-molecules rely on prolonged
circulation and high affinity to achieve sustained target engagement.'” The
following sections will examine why each vehicle class has distinct strengths
and preferred applications (Figure 4).

Small molecules. Small-molecule radiotracers (<1 kDa) exhibit moderate
lipophilicity, facilitating rapid vascular-to-interstitial dispersion and vyielding
high early-timepoint tumor uptake.'*'"” These vehicles primarily target cell-
surface enzymes and transporters featuring deep binding pockets. Ligand
engagement frequently induces rapid receptor-mediated internalization or
intracellular trapping of hydrophilic radiometabolites, ensuring sustained
intratumoral retention(Figure 4A).'”

The PSMA axis exemplifies this paradigm. The optimized inhibitor [""Lu]Lu-
PSMA-617 demonstrates high enzymatic affinity, robust internalization, and

prolonged retention, which translated to significantly extended overall survival
in MCRPC (VISION trial).”> Within this ligand class such as PSMA-11, PSMA-
I&T, PSMA-617, theranostic utility is delineated by the paired radionuclide.
Diagnostic applications with short-lived isotopes (%Ga,'®F) leverage the vehi-
cles' rapid systemic clearance to achieve high-contrast imaging within a
narrow temporal window. Conversely, therapeutic applications utilizing '"Lu
depend heavily on rapid receptor-mediated internalization and protracted
intracellular residence. This mechanism is critical to offset the pharmacoki-
netic mismatch between the radionuclide's extended physical half-life and
the vehicle's rapid biological clearance.'”

Fibroblast activation protein (FAP) targeted ligands illustrate further struc-
tural advantages. FAP is heterogeneously expressed on cancer-associated
fibroblasts across the tumor stroma and invasive fronts."” Small molecules
such as FAPI-46 and FAP-2286 exploit superior tissue penetrance to enable
single-scaffold theranostics across diverse solid tumors. Ultimately, small-
molecule vehicles excel in targeting spatially dispersed antigens (e.g., PSMA,
FAP) by achieving comprehensive, homogeneous intratumoral distribution
within constrained temporal and dosimetric limits.""" In contrast, macro-
molecular vehicles such as antibodies are frequently restricted to perivascu-
lar compartments, limiting uniform therapeutic dose delivery within accept-
able toxicity thresholds.

Peptides and peptidomimetics. Peptide and peptidomimetic vehicles
(1-3 kDa) serve as intermediate molecular weight radiopharmaceutical carri-
ers derived from endogenous hormone scaffolds.'””'"¥ They demonstrate
high affinity, selectivity, and efficient receptor-mediated internalization for G
protein-coupled receptors (GPCRs), including SSTR2, GLP-1R, and
CCK2R."“"""® Their compact size enables rapid diffusion into dense tumor
interstitium, while predominant renal clearance via glomerular filtration yields
a plasma half-life of minutes to hours. This pharmacokinetic profile facili-
tates rapid target occupancy.''® Following internalization, the radiometal—
chelator-loaded peptide complex is retained intracellularly for several days,
synergizing temporally with long-lived radionuclides, such as '""Lu and '®'Tb,
to enable sustained tumor irradiation from a single administration.'’
However, their efficacy depends on robust target expression and is dose-
limited by proximal tubular reabsorption."® A more comprehensive discus-
sion regarding peptide and peptidomimetic vehicles is available in the exten-
sive reviews by Xiao et al (Figure 4B).""”

The SSTR2 axis provides robust clinical validation for this paradigm. The
agonist [""Lu]Lu-DOTATATE significantly improves survival in gastroen-
teropancreatic neuroendocrine neoplasms (GEP-NENSs) and is an established

A1ano2sig Bnig uonobAouu| 8y |

[I J—

The Innovation Drug Discovery 1(2): 100030, July 16, 2026 7




www.the-innovation.org/the-innovation-drugdiscovery

{2AYI3'M Precision Medicine |
@ Small molecules @ Peptides/peptidomimetics

» <1kDa e ~1-3kDa

=

NP

= e

PSMA

SSTR/GPCRs/GLP-1/CCK2
Cancer cell

Cancer cell

@ Nanobodies/diabodies

1 ~15-50 kDa

~150 kDa

>

=

Cy= =

L= e

IS

HER2 PD-LT MMR
Cancer cell

CD20
Cancer cell

CEA EGFR

Figure 4. Schematic images of various vehicles

standard of care.'"*"'*’ Next-generation SSTR2 antagonists, such as ['""Lu]Lu-
DOTA-LM3, further enhance tumor uptake and therapeutic indices, particu-
larly when paired with "®'Tb, highlighting the dosimetric synergy between
internalizing peptides and extended-half-life radionuclides. Similarly, the GLP-
1R axis demonstrates the structural utility of these vehicles; the high tumor-
to-background contrast of [®¥Ga]Ga-NODAGA-exendin-4 has revolutionized
the detection and surgical management of insulinomas.'”'

Ultimately, peptides and peptidomimetics overcome the limitations of both
small molecules, which often lack sufficient affinity for conformationally
sensitive hormone receptors, and antibodies, which suffer from poor tissue
penetration and prolonged systemic retention. By balancing precise struc-
tural recognition, superior tissue penetrance, and tunable pharmacokinetics,
they represent the optimal targeting vehicles for these receptor axes.'”

Nanobodies and diabodies. Since their discovery in camelids, heavy-chain
antibodies (HCAbs) and their isolated single variable domains (VHH, or
nanobodies; ~15 kDa) have emerged as highly versatile alternatives to
conventional monoclonal antibodies (mAbs).'””~'* Despite lacking a light
chain, nanobodies maintain complete antigen-binding functionality. This is
primarily facilitated by an elongated CDR3 region that forms a convex, finger-
like protrusion, expanding the interaction surface area and enabling deep
insertion into antigen molecular clefts. Consequently, nanobodies can effi-
ciently target cryptic epitopes, such as enzyme active sites, that are typically
inaccessible to standard mAbs (Figure 4C).'#~'#

Nanobodies consolidate multiple physicochemical and pharmacokinetic
advantages.'”"" Their compact dimensions ensure superior diffusion into
deep-seated solid tumors and across restrictive physiological boundaries,
including the blood-brain barrier, thereby overcoming the heterogeneous
intratumoral distribution characteristic of larger mAbs."** Furthermore, their
high thermal and chemical stability permits formulation for challenging deliv-
ery routes (e.g., oral, inhalation) and withstands harsh microenvironments.'**-
1% Structurally, their single-domain architecture simplifies genetic manipula-
tion, facilitating direct conjugation with therapeutic payloads such as toxins,
radionuclides, or nanoparticles.”’ To mitigate the rapid renal clearance asso-
ciated with low molecular weight, VHH domains are frequently engineered
into tandem configurations or fused with human IgG Fc fragments.'* The
latter strategy significantly extends in vivo half-life while simultaneously
introducing effector functions such as antibody-dependent cellular cytotoxic-
ity (ADCC).*1

In the context of tumor immunotherapy, bispecific nanobody (Nb-BsAb)
applications predominantly focus on dual immune checkpoint blockade and
T-cell redirection. Dual-targeting constructs directed against synergistic
pathways, such as PD-1 and CTLA-4 (e.g., the mRNA-optimized Z15-0-2 Nb-
BsAb), demonstrate robust localized antitumor activity.'*® Concurrently, the
minimal steric hindrance and high affinity of Nb-BsAbs provide an optimal
scaffold for T-cell engagers. By simultaneously binding a tumor-associated

antigen (TAA) and the T-cell CD3e chain, these constructs forcibly assemble
immunological synapses, redirecting potent T-cell cytotoxicity against malig-
nant cells."® This T-cell redirection paradigm has been thoroughly validated
in the clinic, exemplified by the FDA approval of the BIiTE blinatumomab
(CD3xCD19) for the treatment of leukemia.'*’

Macro-molecules (monoclonal antibodies). Macromolecular vehicles,
predominantly intact IgG monoclonal antibodies (mAbs; ~150 kDa), repre-
sent a foundational class of targeting agents characterized by exceptional
antigen affinity and extended systemic circulation.'” Their large molecular
weight precludes renal filtration; instead, prolonged plasma half-lives ranging
from days to weeks are maintained via the neonatal Fc receptor (FcRn) recy-
cling pathway.'* Beyond target engagement, humanized intact IgGs actively
modulate the immune microenvironment by recruiting host effector func-
tions, including ADCC, antibody-dependent cellular phagocytosis (ADCP), and
complement-dependent cytotoxicity (CDC).""""*' The clinical indispensability
of this paradigm is evidenced by the enduring efficacy of humanized thera-
peutics such as trastuzumab (Human Epidermal Growth Factor Receptor 2
(HER2)) and rituximab (Cluster of Differentiation 20 (CD20)), alongside their
synergistic integration with immune checkpoint inhibitors (ICls) (e.qg., PD-
1/PD-L1 blockade) for advanced solid tumors (Figure 4D).'**"'*

The evolution of these macromolecules has been heavily reliant on struc-
tural engineering. Historically, the transition from murine to humanized scaf-
folds was imperative to circumvent the human anti-mouse antibody (HAMA)
response, which severely compromised efficacy through rapid clearance and
immunogenicity.""*" Concurrently, antibody fragmentation technologies
have generated derivatives such as antigen-binding fragments (Fab) and
single-chain variable fragments (scFv)."”'** By excising the Fc domain,
these constructs sacrifice effector functions and extended circulation in favor
of accelerated systemic clearance and superior tissue penetrance, making
them highly suitable for specific diagnostic imaging and drug delivery appli-
cations.'”

In the radiopharmaceutical domain, the pharmacokinetic profile of intact
mAbs presents distinct challenges. While prolonged circulation drives high
absolute tumor uptake—partially mediated by the EPR effect—their slow
interstitial diffusion frequently causes peripheral shell loading in large solid
tumors. Furthermore, extended blood-pool residence increases radiation
toxicity to the bone marrow and highly vascularized organs.® To mitigate
this pharmacokinetic mismatch, mAbs are conventionally paired with long-
lived radionuclides (e.q.*Zr for immuno-PET; '""Lu,®®Y, or **Ac for radioim-
munotherapy). This approach is exemplified by the clinical success of [*°Y]Y-
ibritumomab tiuxetan in highly radiosensitive lymphomas. To address the
diffusion limitations in solid tumors, contemporary research is advancing pre-
targeting strategies, which temporally decouple the slow biological distribu-
tion of a non-radioactive mAb from the rapid delivery of a subsequently
administered radioactive payload. Despite these complexities, macro-
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molecules remain the gold standard for non-internalizing targets, offering a
robust platform for a emitter therapies where high LET and single-hit cyto-
toxicity can effectively compensate for heterogeneous intratumoral distribu-
tionl”)U

Linkers

In radiopharmaceuticals, linkers are not merely passive spacers, but key
determinants of the physicochemical properties, in vivo stability, intracellular
fate and time—dose characteristics of vehicle—radionuclide conjugates.’®'~'*
Using the same targeting vehicle and radionuclide, adjusting linker
hydrophilicity/hydrophobicity, overall charge, residualizing character, cleav-
ability, or the presence of albumin-binding motifs can produce very different
balances between tumor retention and normal-organ clearance, between
area under curve (AUC) and peak dose.'® In the following, hydrophilic and
hydrophobic linkers are used as two main structural axes, into which residual
vs non-residual and cleavable vs non-cleavable dimensions are embedded,
to illustrate how linkers reshape pharmacokinetics (PK) and dosimetry at the
structure—function level(Figure 5).'“'*

Hydrophilic linkers. Hydrophilic linkers typically introduce a series of polar
or charged groups such as PEG chains, polycarboxylates, polyamines,
sulfonates, quaternary ammonium moieties, or short peptides—between the
targeting vehicle and the chelator or drug, and together with chelators such
as DOTA or HBED-CC, they form a highly hydrophilic aqueous shell with an
overall multi-anionic or zwitterionic character. Representative examples
include [""In]in/[""Lu]Lu-3BP-227 in NTSR1 targeted applications,* [""Lu]Lu-
PS8 in the PSMA setting,'™ and ['®FJFPPRGD?2 in integrin avp3 setting (Figure
5A)."* This design can effectively mask highly hydrophobic drug moieties or
aromatic groups, thereby reducing aggregation and nonspecific interactions
with lipid membranes; at the same time, electrostatic repulsion and steric
hindrance attenuate nonspecific binding to plasma proteins and hepatocyte
membranes, thus reshaping the apparent volume of distribution and clear-
ance pathways of the conjugate.'™

Within the hydrophilic linker framework, residualizing behaviour and cleav-
ability can be further exploited to fine-tune the partitioning between tumor
and kidneys. Zhou and colleagues developed an'®F-labeling strategy for
HER2-targeted sdAb 5F7GGC, installing a tetrazine at the C-terminal of GGC,
followed by a reaction with'®F-TCO precursor bearing a kidney brush-border
enzyme-cleavable peptide and a PEG, segment.'®’ The resulting ['®FI5F7GGC
generates cationic, hydrophilic residualizing metabolites within tumor cells,
prolonging intracellular retention, whereas the cleavable peptide in the linker
allows brush-border enzymes in the renal cortex to preferentially cleave the
construct and convert the charged radiometabolite into more readily excreted
species, thereby accelerating renal clearance. However, the introduction of
hydrophilic linkers requires an integrated consideration of target expression
patterns, desired clearance routes, and the need for residualizing and cleav-
able functions."’

Hydrophobic linkers. In contrast to hydrophilic linkers, hydrophobic  link-
ers incorporate hydrophobic motifs such as aromatic rings, alkyl chains, or
fatty acid residues, thereby strengthening the interactions of the conjugate
with lipid membranes and serum albumin and reshaping its tissue distribu-
tion and in vivo circulation time.'” Moderate hydrophobicity favors
membrane partitioning and receptor-mediated endocytosis, leading to
increased uptake of the conjugate by tumor cells. However, excessive
hydrophobicity often leads to stronger albumin binding and higher hepatic
uptake, increasing liver and reticuloendothelial system doses and thus repre-
senting a classic double-edged sword.'®

PSMA-617 relies more heavily on hydrophobic linkers that precisely
complement deep hydrophobic pockets in the target.'*” An example is
[""LulLu-PSMA-617, which consists of a Glu—urea—Lys inhibitor head, a
hydrophobic linker segment containing 2-naphthyl-L-Ala and a cyclohexyl
moiety (2Nal—ChX), and a terminal DOTA—Lu-177 chelate (Figure 5B).'” In its
[®Ga]Ga-PSMA-617, the reported LogD, 4 is around 2.8, clearly more lipophilic
than [®Ga]Ga-PSMA-11. The VISION phase Il trial in mCRPC demonstrated
that this agent significantly improves overall survival and radiographic
progression-free survival.®* From a structure—function perspective, the 2-
naphthyl and cyclohexyl elements of the linker effectively wedge into the
hydrophobic channel leading to the enzymatic active site, markedly enhanc-
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ing binding affinity and receptor-mediated internalization. The combination of
a hydrophobic linker and residualizing chelator thus shapes a pharmacoki-
netic and dosimetric profile characterized by high AUC and high local dose
deposition.”

However, simply increasing lipophilicity does not translate linearly into
improved tumor delivery; instead, it readily disrupts the balance between
circulation time, elimination routes, and tumor exposure.'”® The NTS;-
targeted peptide tracer [**Ga]Ga-UR-LS130 is derived from the C-terminal
neurotensin fragment NT (8—13) (Figure 5B)."™ While retaining a DOTA
chelation site, a B, B-dimethyl substitution is introduced at the Tyr residue to
modestly enhance local hydrophobicity, yet the tracer as a whole remains
relatively hydrophilic.'”" Systematic modification of the linker region on this
scaffold showed that extending or strengthening the lipophilic spacer can
shift the clearance pattern from primarily renal excretion to a mixed
renal—hepatobiliary route, but these more hydrophobic analogues do not
increase tumor uptake and in fact markedly reduce tumor-to-muscle ratios in “<
HT-29 xenografts. By contrast, UR-LS130 combines intermediate hydropho-
bicity with markedly improved proteolytic stability, achieving efficient NTS;-
mediated tumor uptake while maintaining predominantly renal clearance and
a more favourable overall dosimetric profile. This example illustrates that, in
the optimization of hydrophobic peptide linkers, what truly requires fine
tuning is the coupling among hydrophobicity, in vivo stability, and elimination
rate, rather than a unidirectional pursuit of higher LogD."*

Albumin-binding linkers. Albumin-binding linkers introduce motifs
between the ligand and chelator that can reversibly bind serum albumin, such
as 4-iodophenylbutyric acid, fatty acid analogues, or Evans blue, thereby
allowing small molecules or short peptides to borrow the long circulation
time of albumin.'” This strategy endows radiopharmaceuticals with
prolonged circulation time, thereby enhancing systemic AUC.' "

SSTR2-targeted ['""Lu]Lu-DOTA-EB-TATE is among the earliest albumin-
binding radiopharmaceuticals with clinical data. A truncated EB-derived azo-
aromatic albumin-binding motif is grafted onto the DOTA-TATE scaffold,
conferring high-affinity, reversible albumin binding, and first-in-human stud-
ies showed roughly a 3-4-fold increase in tumor absorbed dose versus
[""Lu]Lu-DOTATATE at the expense of higher kidney and marrow doses
(Figure 5C).'™ A similar EB-based strategy has been applied to PSMA, where
["Lu]Lu-LNC1003 couples a truncated EB moiety (Figure 5C).'”

For PSMA-targeting radiopharmaceuticals, ["’Lu]Lu-PSMA-ALB-56 and
["Lu]Lu-SibuDAB achieved optimized pharmacokinetic properties through
albumin-binding  linkers.  ["Lu]Lu-PSMA-ALB-56  contains  4-(p-
iodophenyl)butyrate for albumin binding, and dosimetry studies reveal
prolonged plasma retention and elevated tumor doses versus ['""Lu]Lu-PSMA-
617 (Figure 5C).'"™ Concurrently, ["Lu]Lu-SibuDAB employs an ibuprofen-like
hydrophobic fragment to provide moderate albumin binding; preclinical and
early clinical data suggest that slightly attenuating albumin affinity can
preserve much of the gain in tumor AUC (Figure 5C).'™

Modes of construction: conventional/site-specific and click/bioorthog-
onal approaches. In addition to understanding how linkers reshape the PK
and dosimetry of radiopharmaceuticals, an equally important consideration
for developing viable drug candidates is how these linkers are introduced.
Conventional lysine- or cysteine-based random conjugation is technologi-
cally mature, but the resulting heterogeneity in payload-to-antibody ratio and
conjugate architecture limits the comparability of different designs on the
same scaffold.””" In recent years, site-specific strategies using engineered
cysteines, C-terminal GGC tags, and glycoengineering have enabled installa-
tion of linker—chelator units at predefined sites and in fixed stoichiometry; for
example, C-terminal IEDDA labeling of the HER2-targeted single-domain
antibody ['®F]5F7GGC affords more controlled imaging behaviour while main-
taining high affinity."®’

In parallel, IEDDA bioorthogonal click chemistry, exemplified by the
tetrazine—TCO reaction, has become a broadly applicable conjugation tool for
antibody-, nanobody-, and peptide-based Radiopharmaceuticals. due to its
high reaction rate, mild conditions, and excellent compatibility with aqueous
media. Systematic comparisons of different tetrazine tool compounds indi-
cate that click reactivity and lipophilicity jointly shape the in vivo distribution
and clearance of pretargeted tracers, providing a platform for establishing
linker—PK structure—effect relationships on a given vehicle."*"'"’
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Figure 5. Linkers for radiopharmaceuticals

Pharmacokinetic Modulation of Radiopharmaceuticals

Half-life—PK mismatch and dosimetric constraints. For currently avail-
able radiopharmaceuticals, the principal dosimetric constraints arise in the
kidneys and bone marrow and are largely driven by a mismatch between the
physical half-life of the radionuclide and the pharmacokinetic time scale of

the carrier. Small molecules and peptides typically complete distribution and
clearance within a few hours, whereas B or a emitting radionuclides such as
Lu and ?®Ac have physical half-lives on the order of several days. In
patients with mCRPC, [""Lu]Lu-PSMA-617 significantly improved overall
survival in the VISION trial, yet attempts to further escalate administered
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activity are rapidly limited by hematologic and renal toxicity.'” In SSTR-
targeted PRRT, patient-level dosimetric analyses similarly demonstrate that
tumor control is bounded by clear upper limits of absorbed dose to the
kidneys and bone marrow.'® Consequently, the central objective of PK
modulation in  radiopharmaceuticals  design is, within a fixed
radionuclide—target combination, to use structural modification and pharma-
cologic co-medication to increase tumor AUC while reducing exposure of
critical organs.

Albumin-binding—driven modulation of circulation time and tumor
AUC. When the intrinsic circulation time of the carrier is clearly shorter than
the effective irradiation window of the radionuclide, the introduction of albu-
min-binding moieties provides a direct chemical solution. For example,
["Lu]Lu-PSMA-ALB-56 grafted an aromatic acid-type albumin-binding unit
onto the PSMA-617 scaffold increases tumor absorbed dose by approxi-
mately 2- to 3-fold over [""Lu]Lu-PSMA-617 in mouse models, while kidney
dose rises only moderately.'” Therefore, albumin-binding moieties can
markedly increase tumor AUC by prolonging circulation, but at the price of
elevating overall systemic exposure. Rational design therefore requires inte-
grating information on target expression in normal tissues, radionuclide half-
life, and individual bone marrow and renal reserve, and then finely tuning
albumin affinity and linker physicochemical properties, rather than only
pursuing maximal half-life extension.

Kidney dose mitigation via structural and pharmacologic optimization.
For small-molecule and peptide radiopharmaceuticals that are predomi-
nantly cleared renally, high cortical kidney doses are mainly driven by proxi-
mal tubular endocytosis of cationic and peptide-like structures and subse-
quent lysosomal retention. Design strategies to reduce renal AUC can be
organized along two levels: first, structural modifications that decrease the
probability of uptake by proximal tubules; second, measures that, once inter-
nalized, favor rapid conversion into readily excretable species.

On the structural level, linker—PK studies of PSMA and SSTR ligands show
that introducing additional negative charges and short PEG or sulfonate-
containing hydrophilic fragments can substantially reduce cortical kidney
uptake while maintaining target affinity, thereby improving tumor-to-kidney
and tumor-to-salivary gland ratios.'®'® At the level of intrarenal processing,
inserting a short peptide linker such as Gly-Phe-Lys (GFK), which is cleav-
able by brush-border enzymes, between the radiometal chelate and the
peptide can promote preferential cleavage in the renal cortex. This releases
more hydrophilic low—molecular-weight metabolites that are rapidly
excreted. In preclinical models, this design markedly reduced renal retention
without materially compromising tumor uptake.'® Pharmacologic co-medi-
cation provides an additional protective layer. In PRRT with [""Lu]Lu-
DOTATATE and related agents, co-infusion of L-lysine and L-arginine has
become standard practice; by competitively inhibiting proximal tubular trans-
port of positively charged peptides, this approach can reduce kidney by
approximately 30—40% and significantly attenuate long-term decline in esti-
mated glomerular filtration rate (eGFR).'"®

In the context of radiopharmaceuticals design, albumin binding and kidney
protection are best viewed as complementary approaches addressing the
same dosimetric challenge at different levels. Albumin-binding units primar-
ily extend circulation time and increase tumor AUC to expand the therapeutic
margin, whereas structural optimization and pharmacologic co-medication
focus on constraining cortical kidney dose and preventing cumulative renal
toxicity. In individual radiopharmaceuticals programs, a commonly adopted
strategy is to integrate patient-level dosimetry, jointly adjust the strength of
albumin binding, the physicochemical profile of the linker, and the intensity of
amino acid—based nephroprotection, and thereby position the dose—time
curves for tumor, kidney, and bone marrow within an acceptable region of
efficacy and safety.

Innovation of radiopharmaceuticals

Traditional radiopharmaceuticals predominantly rely on reversible, non-
covalent interactions. This reversibility frequently results in transient tumor
retention, diminishing diagnostic contrast and therapeutic efficacy.'®'
Furthermore, it exacerbates the inherent pharmacokinetic trade-off between
specific tumor uptake and rapid systemic clearance, often leading to dose-
limiting off-target toxicity. To address these limitations, targeted covalent
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radiopharmaceuticals (CRPs) have emerged. CRPs incorporate engineered
reactive groups to achieve irreversible target engagement via a two-step
mechanism: initial high-affinity, reversible complexation with the target
protein, followed by a proximity-induced reaction with local nucleophilic
by recent proof-of-concept studies utilizing genetic code expansion to incor-
porate a proximity-activated reactive amino acid (FSY) into a HER2-targeted
nanobody. This covalent modification significantly prolonged tumor retention
without altering systemic clearance, thereby maximizing the therapeutic
index of conjugated a emitting radionuclides. '’

Parallel to CRPs, pre-targeting strategies have been developed to over-
come the dosimetric limitations of conventional monomolecular radiophar-
maceuticals, particularly the slow blood clearance of intact antibodies that
restricts compatible radionuclides. Pre-targeting decouples target recogni-
tion from radionuclide delivery. In this two-step approach, a bioorthogonally
tagged targeting vehicle is administered and allowed to accumulate at the
tumor site while clearing from systemic circulation.'® Subsequently, a rapidly
clearing, radiolabeled small molecule is administered to selectively bind the
pre-localized vehicle in vivo. This temporal separation preserves the high
binding specificity of macromolecular vehicles while leveraging the favorable
pharmacokinetics of small molecules, drastically improving the tumor-to-
normal tissue (T/NT) ratio.'™ The feasibility of this strategy has been signifi-
cantly advanced by bioorthogonal click chemistry, most notably the IEDDA
reaction between tetrazine and TCO, which facilitates exceptionally rapid and
highly specific in vivo covalent conjugation.'®

THE EXPANDING TARGET LANDSCAPE

Radiopharmaceuticals’ development is undergoing a paradigm shift
toward precision molecular targeting, driven by the identification of novel
receptors and the demand for improved specificity, efficacy, and safety in
both imaging and radiotherapy.'” A growing number of molecular targets
have been identified and exploited in drug design, and several classes of
targeted radiopharmaceuticals have progressed into clinical evaluation.
Among these, PSMA and SSTR represent some of the most extensively stud-
ied and clinically advanced targets.”'*'®"'®* For instance, a broad array of
PSMA-targeting molecules has been reported, and multiple radiopharmaceu-
ticals have achieved regulatory approval for diagnosis or radiotherapy, such
as [®¥Ga)Ga-PSMA-11, ['®FIDCFPyL for diagnosis and [""’Lu]Lu-PSMA-617 for
radiotherapy.”'**"'°" These traditional targets are advantageous because
they are highly expressed in malignant tissues yet minimally expressed in
normal tissue.'*~'** This facilitates high tumor uptake and a high tumor-to-
background ratio (TBR), both of which are essential for imaging and thera-
peutic efficacy. However, as the clinical radiopharmaceuticals targeting
PSMA, SSTR, and other traditional receptors approach saturation, there
remains an unmet need for novel targets that address additional tumor
types.'** Consequently, there is increasing interest in identifying and advanc-
ing next generation targeting strategies. In this review, we categorize promis-
ing targets into two major groups, including tumor cell-associated receptors
and tumor microenvironment (TME)-associated receptors, and further
discuss the status and translational prospects of radiopharmaceuticals
designed against these targets (Figure 6).

Targeting tumor cell-specific receptors

Gastrin-releasing peptide receptor (GRPR). GRPR is a typical tumor-
associated GPCR belonging to the bombesin (BBN) receptor family." It is
physiologically activated by gastrin-releasing peptide (GRP), a 27-amino-acid
neuropeptide whose C-terminal domain is identical to that of amphibian
bombesin.'™ Aberrant GRPR expression has been identified in various
cancers, including prostate, breast, pancreatic and lung cancers, as well as
certain central nervous system tumors.”*”"*” In contrast, expression in most
normal adult tissues is relatively limited.”” GRPR signaling contributes to
tumor cell proliferation, migration, and survival, highlighting its crucial role as
a diagnostic biomarker and a biologically actionable therapeutic target.

Clinical investigations primarily focused on GRPR agonists. For example,
Zhang et al. assessed the imaging performance of the GRP-derived tracer
[®Ga]Ga-NOTA-Aca-BBN(7-14) in pediatric patients with optic pathway
gliomas (Figure 7A). Of the 11 lesions observed in eight patients, all showed
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Figure 6. Chemical structures of representative target ligands. Created with ChemDraw

significant tracer uptake with favorable contrast, and the TBR was markedly
higher than that of ['®F]JFDG (28.4 + 5.59 vs. 0.47 + 0.11)."' However, the limi-
tations of agonist-based tracers soon became apparent. In a first-in-human
pilot study using the bombesin analogue [*™Tc]Tc-HABBN in prostate cancer
patients, the radiopharmaceutical exhibited low metabolic stability in vivo,
with less than 20% of the intact compound remaining at 30 min post-injec-
tion, and no prostate uptake being detected in any patient.”””

These shortcomings prompted a strategic shift towards GRPR antago-
nists, which demonstrated superior pharmacokinetics and tumor targeting.
The antagonist RM2 emerged as a key scaffold, exhibiting high binding affin-
ity and strong tumor uptake. Both [""'In]in-RM2 and [®Ga]Ga-RM2 showed
high and specific accumulation in LNCaP prostate cancer xenografts

(Figure 7A). In a clinical study involving 95 patients with biochemically recur-
rent prostate cancer, [®Ga]Ga-RM2 enabled effective tumor detection,
although intense physiological uptake was observed in the pancreas, with an
average SUV ., of 64.9.”% Therapeutic translation was further explored with
["Lu]Lu-RM2 in patients with mCRPC and insufficient PSMA expression.
High tumor accumulation and rapid clearance from most normal organs
were observed, but pancreatic uptake remained the dose-limiting factor.””* To
improve metabolic stability and tumor retention, the structure of RM2 was
modified to develop AMTG, replacing a metabolically labile peptide bond with
a-methyl-L-tryptophan.  Compared with [LulLu-RM2, [""LulLu-AMTG
demonstrated improved in vitro and in vivo stability and achieved a tumor
retention of 11.45 + 0.43%ID-g™" at 24 h post-injection. In a first-in-human
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Figure 7. Representative targets for advanced radiopharmaceuticals and enhanced targeting mechanisms

PET/CT study, [®GalGa-AMTG detected multiple lesions with strong focal
uptake that were inconspicuous on [®F]JPSMA-1007 imaging. More recently,
therapeutic studies have suggested that ['®' Tb]Tb-AMTG may be more effec-
tive than its '"Lu-labeled counterpart due to additional Auger electron emis-
sion.””

Further advances were achieved with the development of NeoBOMB1, a
stabilized GRPR antagonist that incorporates a modified C-terminal dipep-
tide (Figure 7A). In preclinical PC-3 xenograft models, both [®¥Ga]Ga-
NeoBOMBT1 and ["Lu]Lu-NeoBOMB1 exhibited high GRPR-specific tumor
uptake exceeding 30%ID-g™" at 4 h post-injection, with rapid clearance from
non-target organs.”® In a phase I/lla clinical study, [*¥Ga]Ga-NeoBOMBI1
demonstrated tumor SUV,,, values ranging from 4.3 to 25.9 at 2 h post-
injection; however, the pancreas remained the critical dose-limiting organ.””’

Collectively, these studies confirm the clinical relevance of GRPR as a
tumor cell target, with the development of antagonist-based radiopharma-
ceuticals emerging as the dominant approach. Future efforts should focus on
optimizing tumor-to-pancreas dose ratios and improving ligand stability
further to realize the full therapeutic potential of GRPR-targeted radionuclide
therapy.

C-X-C chemokine receptor type 4 (CXCR4). C-X-C chemokine receptor
type 4 (CXCR4) is one of the most extensively studied chemokine receptors in
oncology and represents a clinically relevant tumor cell—associated target for
molecular imaging and radionuclide therapy.”*~*> Among approximately 50
known chemokines and 20 corresponding receptors, CXCR4 has attracted
particular interest due to its widespread overexpression in more than 23
human malignancies, including hematologic cancers and solid tumors.”'*™"!
CXCR4 signaling plays a critical role in tumor growth, invasion, angiogenesis,
and metastatic dissemination, making it a biologically meaningful and trans-
lationally attractive target.”'“*'* CXCR4 is well suited for radiopharmaceutical
development because it is a cell surface GPCR with high ligand-binding
specificity and relatively stable expression across disease stages. Unlike

targets that primarily reflect tumor differentiation status, CXCR4 expression is
closely associated with aggressive tumor behavior and poor prognosis. As a
result, CXCR4-directed imaging provides not only anatomical localization, but
also functional information related to tumor biology and disease burden,
particularly in hematologic malignancies.

The clinical translation of CXCR4-targeting radiopharmaceuticals has been
driven largely by peptide-based ligands derived from the cyclic pentapeptide
scaffold CPCR4. Among these, [®Ga]Ga-DOTA-CPCR4-2 (Pentixafor) has
emerged as the most widely used diagnostic tracer (Figure 7B).”'® Pentixafor
exhibits high affinity for CXCR4, with an ICg, value of 499 + 0.72 nM. In a
large clinical PET/CT study involving 142 patients with histologically
confirmed tumors, including 23 solid tumor entities, [**Ga]Ga-Pentixafor
demonstrated high imaging contrast, with 67.8% of patients showing CXCR4-
positive lesions and a median TBR of 4.4 across 462 detected lesions.”"!
Notably, CXCR4 expression can be retained between primary and metastatic
lesions in several malignancies, supporting the use of CXCR4 PET imaging
for patient stratification across disease sites. In hematologic malignancies,
[**Ga]Ga-Pentixafor has shown particular diagnostic value. In patients with
advanced multiple myeloma (MM), CXCR4-directed PET/CT identified
disease manifestations in 10 of 14 patients, compared with 9 patients
detected by ['®FJFDG PET/CT, indicating a potential advantage of CXCR4
imaging in this setting.”'® These findings highlight the complementary role of
CXCR4-targeted tracers in malignancies with variable glucose metabolism.

To expand accessibility and reduce costs, SPECT-based CXCR4 tracers
have also been developed. By introducing amino acid modifications and an N-
terminal ®™Tc-labeling strategy, PentixaTec was generated as a high-affinity
CXCR4 ligand, exhibiting an enhanced binding affinity of 0.6 + 0.1 nM.
[®"Tc]Te-PentixaTec showed high internalization efficiency (approximately
97% of cellular activity within 2 h) and achieved a maximum tumor uptake of
8.6 + 1.3%ID-g™" at 1 h post-injection.”” In a clinical SPECT study of patients
with hematologic malignancies, [*"Tc]Tc-PentixaTec demonstrated favor-

A1an02s1q Bniqg uolypbaouy| ay |

INNOVATION
rrrrr

The Innovation Drug Discovery 1(2): 100030, July 16, 2026 13




www.the-innovation.org/the-innovation-drugdiscovery

H{AY13M Precision Medicine

able biodistribution and dosimetry (2.1-3.4 mSv per 500 MBq), as well as
high lesion contrast, supporting its use as a cost-effective alternative to PET
tracers.

Therapeutic translation of CXCR4-targeting ligands has been explored with
Pentixather labeled with B emitting radionuclides. In a first-in-human study,
[""Lu]Lu-Pentixather and [*Y]Y-Pentixather were administered to three
patients, resulting in a greater than 50% reduction in serum-free light chain
differences in two patients.”'® However, all patients experienced bone marrow
ablation, and severe hematologic toxicity was observed, reflecting the high
and prolonged uptake of Pentixather in the hematopoietic system. Dosimetry
studies confirmed substantial bone marrow accumulation, limiting the maxi-
mum safely deliverable dose. These findings suggest that alternative
radionuclides, including a emitters, may be more suitable for CXCR4-targeted
radionuclide therapy.

Overall, [*Ga]Ga-Pentixafor and ['"’Lu]Lu-Pentixather represent pioneering
agents for CXCR4-targeted imaging and therapy. Future development should
focus on improving receptor selectivity, reducing hepatic and renal uptake,
and optimizing ligand hydrophilicity to enhance therapeutic index and expand
clinical applicability.

Claudin-18 isoform 2 (Claudin18.2). Claudin18.2 (Figure 7C) has
emerged as a highly promising target for molecular imaging and radionuclide
therapy, attributable to its restricted expression in normal tissues and marked
overexpression in gastric cancer and metastatic lesions.”’”* A range of
antibody-based constructs and derivative radiotracers designed to target
claudin18.2 have been developed, encouraging tumor uptake and transla-
tional viability in preclinical models. Hu et al. reported three [°Zr]Zr-anti-
CLDN18.2 antibodies for immune-PET imaging, identifying [*Zr]Zr-anti-
CLDN18.2 VHH-ABD as possessing particularly advantageous pharmacoki-
netics.”' [PZr]Zr-anti-CLDN18.2 VHH-ABD achieving tumor uptake of 21.46 +
1.78%ID-g™" with relatively low liver accumulation (6.70 + 0.74%ID-g™"). Chen
et al. developed a humanized claudin18.2 monoclonal antibody, [*Zr]Zr-DFO-
TSTOOT, which exhibited significantly higher tumor uptake in BGC823
claudin18.2 xenografts compared with claudin18.2-negative controls (2.05 +
0.16 vs 0.69 + 0.02%ID-g"), with a projected effective dose of 0.0705
mSv-MBq'.** Beyond diagnostic applications, the therapeutic potential of
claudin18.2 targeted radiopharmaceuticals has been substantiated through
rigorous preclinical evaluation. Therapeutic evaluation of ["Lu]Lu-DOTA-
TSTOOT revealed a pronounced inhibition of tumor growth in claudin18.2
positive models, with the high-dose group (11.10 MBq) displaying signifi-
cantly reduced tumor volumes relative to controls and no evident hematolog-
ical or hepatic toxicity.”** At the clinical level, Wang et al. conducted a single-
center phase 0 study of'?l-labeled claudin18.2-targeting scFv-Fc fusion
protein, ['*]I-18B10 (10 L), in 17 patients, demonstrating tumor lesion uptake
with SUVa, Values ranging from 0.4 to 19.5, as well as notable tracer accu-
mulation in metastatic lymph nodes (SUVpay = 6.6).7

However, the high production cost, prolonged circulation time, and delayed
imaging windows associated with full-length antibodies remain major limita-
tions. To address these challenges, several antibody derivatives and small-
molecule ligands have been explored. Wei et al. developed a series of
nanobody-based tracers, including®®Ga/'°F/**Cu-labeled hu19V3 variants.”
While [®Ga]Ga-NOTA-hu19V3T enabled visualization of small claudin18.2-
positive lesions, high renal uptake limited imaging contrast. Subsequent®Cu-
labeled variants demonstrated time-dependent renal clearance (13.73 %
2.16%ID-g™" at 1 h decreasing to 0.11 + 0.05%ID-g™" at 48 h), though sensitiv-
ity for disseminated lesions remained suboptimal. An'®F-labeled derivative,
['®*Flhu19V3, achieved improved biodistribution and enabled detection of
disseminated claudin18.2 overexpressing lesions (2.10 + 0.53%ID-g™").”*

These data highlight claudin18.2 as a compelling next-generation target for
both diagnostic imaging and radiopharmaceutical therapy (RPT), while also
underscoring the need for optimized ligands, particularly peptides or engi-
neered scaffolds, to enable efficient and scalable theranostic applications.

Carbonic anhydrase isoform IX (CA IX).

CA IX is a hypoxia-associated, membrane-bound enzyme that is highly
upregulated in clear cell renal cell carcinoma (ccRCC), making it one of the
most clinically validated targets for renal cancer imaging.””*** Antibody-
based CA IX radiotracers have demonstrated robust diagnostic performance
in advanced clinical studies. Girentuximab (mAb G250), which recognizes an

extracellular conformational epitope of CA IX, was evaluated in a large multi-
center phase Il trial involving 226 patients using'*I-labelled girentuximab.
PET/CT imaging achieved a mean sensitivity of 86.2% and specificity of
85.9%, outperforming contrast-enhanced CT for ccRCC lesion detection.””’
Despite its favorable diagnostic accuracy and tolerability,'*I-based
immunoPET suffers from high radionuclide cost and in vivo deiodination,
resulting in undesirable thyroid uptake. To address these limitations, [*°Zr]Zr-
DFO-girentuximab advanced into phase I/Il clinical trials.”** PET-positive
lesions detected by [®°Zr]Zr-DFO-girentuximab were consistently confirmed
as aggressive ccRCC, and additional metastatic lesions were identified
beyond conventional imaging. Dosimetry analysis revealed that the liver
received the highest absorbed dose (1.86 + 0.40 mGy-MBq™), while the
median tumor absorbed dose reached 4.03 mGy-MBq ™', supporting the safety
and quantitative reliability of this tracer.””” The geometric mean SUV,, of
[#Zr]Zr-DFO-girentuximab-positive lesions (SUV=15.5) was also markedly
higher than that of ['®F]FDG (SUV=4.4), highlighting its superior sensitivity for

In parallel, small-molecule CA IX ligands have gained increasing attention
due to their favorable pharmacokinetics and reduced immunogenicity.
['"®F]VM4-037 was the first small-molecule CA IX PET tracer evaluated clini-
cally (Figure 7D). However, whole-body PET/CT in healthy volunteers revealed
high physiological uptake in the kidney and liver (273 + 31 and 240 + 68
UGy-MBq™, respectively), limiting its utility for primary renal lesion imaging.”'
Subsequent phase Il studies confirmed poor contrast for intrarenal ccRCC
lesions, although extrarenal metastases remained detectable.” Acetazo-
lamide-based tracers have shown improved tumor-to-background perfor-
mance. In a clinical SPECT/CT study, [*™Tc|Tc-PHC-102 demonstrated
significant uptake in primary ccRCC lesions in all five patients, with high
tumor-to-background ratios, and enabled the detection of previously occult
lung and lymph node metastases (Figure 7D)**.

To sum up, these results establish CA IX as one of the most clinically
mature molecular targets in radiopharmaceutical development for ccRCC.
Future efforts focusing on non-renally metabolized ligands, particularly high-
affinity cyclic peptides, are expected to further enhance lesion detectability
and enable CA IX-directed radionuclide therapy.

Glypican-3 (GPC3). Glypican-3 (GPC3) is a membrane-anchored heparan
sulfate proteoglycan that is highly overexpressed in hepatocellular carci-
noma (HCC) while being largely absent in normal adult tissues, rendering it a
targeting radiotracers, antibody-based probes have progressed furthest
toward clinical translation.'|-labeled codrituzumab is currently the only
GPC3-targeting immuno-PET agent evaluated in clinical trials. In a phase Ib
study (NCT00976170), PET imaging was performed in 14 patients, of whom
13 exhibited tumor-positive signals, and 6 patients showed high tracer uptake
with SUV values exceeding 9, confirming the feasibility of GPC3-directed PET
imaging in HCC.”*'

To improve pharmacokinetics and imaging contrast, antibody fragments
and engineered antibodies have been explored. [*Zr]Zr-DOTA-aGPC3-F(ab'),
demonstrated a shortened blood half-life of approximately 11 h, enabling
high-quality PET imaging as early as 4 h post-injection, with a peak tumor-to-
liver contrast ratio of 23.3.” In addition, PET/CT imaging of the bispecific
antibody ERY974 revealed that tumor uptake correlated with intratumoral T-
cell infiltration, and®Zr-labeled ERY974 preferentially accumulated in T-cell-
rich tumor regions, supporting its potential utility for immune-engaged tumor
characterization.”” Single-domain antibody (sdAb)-based tracers further
improved tumor targeting efficiency and reduced hepatic background.®®Ga-
and'®F-labeled sdAb G2 achieved tumor-to-muscle ratios of 6.58 + 0.28 and
12.93 + 3.01, respectively.””” Similarly, °Zr]Zr-DFO-ssHN; and [#Zr]zr-DFO-
nHN; exhibited high tumor uptake (7.2 + 1.2 and 5.7 + 1.8%IA-g™" at 1 h post-
injection, respectively) with reduced liver accumulation, highlighting the
advantages of sdAb scaffolds for GPC3-targeted imaging.”' For therapeutic
applications, GPC3-directed radionuclide therapy has also been explored.
A?'Th-labeled GPC3 antibody conjugated with the Octapa chelator demon-
strated potent tumor-killing effects, achieving optimal therapeutic efficacy 23
days after treatment, supporting the feasibility of GPC3-targeted a particle
therapy.”* Peptide-based GPC3 ligands have been developed to address the
limitations of antibody-based tracers. Peptide tracers, such as'°F-labeled L5
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derivatives, enabled tumor visualization but exhibited a low tumor-to-liver
ratio (0.93 + 0.16), limiting clinical applicability (Figure 7E).”* Subsequent
screening efforts identified improved peptide ligands. ["FJAIF-NOTA-TJ12P2
accumulated in HepG2 and SMMC-7721 tumors with uptake values of 1.825
+0.296 and 1.575 + 0.520%ID-g™', respectively.”** Further structural optimiza-
tion led to ["®FJAIF-GP2633, which achieved increased tumor uptake (3.37 +
0.35%ID-g™") and reduced liver accumulation (1.70 + 0.26%ID-g™") at 1 h post-
injection.”* In addition, the SPECT tracer [*™Tc]Tc-HPG reached a maximum
tumor-to-muscle ratio of 11.565 + 0.54 at 1 h, indicating favorable imaging
contrast.

Overall, GPC3 represents one of the most promising molecular targets for
HCC-specific radiopharmaceutical development. Despite encouraging clini-
cal and preclinical results, excessive hepatic uptake remains a major chal-
lenge. Continued optimization of ligand structure, particularly the develop-
ment of high-affinity peptide ligands with subnanomolar binding and
improved pharmacokinetics, will be critical for advancing GPC3-targeted
imaging and radionuclide therapy toward broader clinical application.

Targeting tumor microenvironment

FAP. FAP has emerged as one of the most compelling targets among TME-
targeting radiopharmaceuticals®®. The TME plays a pivotal role in tumor
growth, invasion, metastasis, and therapeutic resistance, comprising cancer
cells, immune cells, vascular components, extracellular matrix, and cancer-
associated fibroblasts (CAFs).”"** FAP is a type Il transmembrane serine
protease that is highly upregulated in activated CAFs across a wide spec-
trum of epithelial and mesenchymal malignancies, while its expression
remains minimal in most normal adult tissues.”* This distinct expression
profile, combined with the abundance and spatial stability of CAFs within
solid tumors, makes FAP an attractive and broadly applicable molecular
target for diagnostic imaging and radionuclide therapy.”=*"'

The clinical development of FAP-targeting radiopharmaceuticals has been
dominated by small-molecule FAPIs. Quinoline-based tracers such as FAPI-
04, have been extensively evaluated in clinical PET/CT studies (Figure 7F). In
a cohort of 80 patients with various malignancies, [*¥*Ga]Ga-FAPI-04 showed
pronounced tumor uptake, with a mean SUV,,, Of approximately 12 at 1 h
post-injection.””” Comparative studies further reported higher detection rates
than ["®F]FDG for primary tumors (98.2% vs. 82.1%) and lymph node metas-
tases (86.4% vs. 45.5%).””" Albumin-binding FAPIs incorporating evans blue
or other moieties significantly prolonged tumor residence time. For example,
["Lu]Lu-EB-FAPI-B1 maintained high tumor uptake up to 96 h post-
injection.”* Dimerization represents an alternative approach: [¥Ga]Ga-DOTA-
2P(FAPI), showed prolonged tumor retention compared with monomeric
FAPI-46, and therapeutic FAPI dimers labeled with '""Lu achieved disease
control rates exceeding 90% in small clinical cohorts.”® Beyond small
molecules, peptide based FAP ligands have demonstrated superior tumor
retention and target selectivity. FAP-2286, a cyclic peptide selected from a
large peptide library, has emerged as a leading clinical candidate (Figure 7F).
First-in-human studies of ['""Lu]Lu-FAP-2286 further demonstrated favor-
able dosimetry, with low absorbed doses to kidneys and red marrow and no
dose-limiting toxicities observed.”

FAP-targeted radiopharmaceuticals play a central role in next-generation
precision oncology. Beyond these FAP-targeted radiopharmaceuticals, a
broad spectrum of next-generation FAP-targeting molecules with optimized
targeting and pharmacokinetic profiles has been developed, as comprehen-
sively reviewed in our previous work.”*

Dual-targeting & multi-valent radiopharmaceuticals

The inherent spatial and phenotypic heterogeneity of TAA expression
poses a critical challenge for single-target radiopharmaceuticals. This often
results in false-negative lesion detection when antigen levels fall below the
threshold for effective uptake. This can potentially contribute to therapeutic
resistance by allowing antigen-negative subpopulations to survive and
expand.”’ Dual-targeting & multi-valent strategies have therefore emerged
as a rational approach to address receptor heterogeneity, enhance tumor
retention, and improve the therapeutic index by engaging multiple receptors
simultaneously.”” The dual-targeting and multi-valent strategies encompass
both bispecific antibodies (bsAbs), which are engineered to recognize two

Precision Medicine J3%I3"

distinct epitopes, as well as heterodimeric ligands designed for dual-target-
ing and multi-valent (Figure 7G).*

Among antibody-based platforms, immuno-PET imaging of bsAbs has
enabled real-time visualization of target engagement and biodistribution. The
anti-PD-1/CTLA-4 bispecific antibody cadonilimab (AK104), radiolabeled as
["4]I-AK104, demonstrated specific accumulation in PD-1*/CTLA-4" tumor-
infiltrating lymphocytes within humanized mouse models, achieving superior
tumor-to-nontumor ratios compared to monospecific antibody imaging and
supporting its potential for patient stratification in immunotherapy.”® Simi-
larly, the PD-L.1/4-1BB bispecific antibody ATG-101 was labeled with®Zr for
preclinical PET imaging. [¥Zr]Zr-Df-ATG-101 exhibited PD-L1-dependent
tumor uptake in MDA-MB-231 xenografts, with persistent visualization up to
7 days post-injection, confirming the feasibility of monitoring bsAb biodistri-
bution and target engagement in vivo.”'

In parallel, peptide-based heterodimeric radioligands have been exten-
sively investigated to overcome receptor heterogeneity. The combination of
RGD motifs (targeting integrin avB3) with bombesin (targeting GRPR) has
yielded tracers such as [*"Tc]Tc-RGD-BBN, which demonstrated enhanced
tumor uptake in breast cancer models and was further evaluated clinically,
showing superior sensitivity for primary breast tumors and axillary metas-
tases compared to conventional ultrasound.”” More recently, the FAP- and
integrin-targeting heterodimer [*Ga]Ga-/['"’Lu]Lu-FAPI-RGD has advanced to
first-in-human studies; in patients with advanced adenocarcinomas, ['’Lu]Lu-
DOTA-FAPI-RGD therapy was well tolerated and achieved a disease control
rate of 88.9%, with prolonged tumor retention enabling effective radiation
delivery.”®

Multi-valent designs have also been pursued to exploit avidity effects. A
tetravalent RGD peptide, [*''AtJAt-(RGD),, retained the capacity for simultane-
ous binding to multiple integrin av@3 receptors, exhibiting high and persistent
tumor uptake in preclinical models and highlighting the potential of multiva-

'''''

score that dual-targeting and multi-valent radiopharmaceuticals offer a
versatile strategy to address tumor heterogeneity, enhance imaging contrast,
and expand the therapeutic window, with ongoing clinical translation poised
to redefine precision nuclear medicine.

RADIOBIOLOGY AND INTEGRATION
Radiation-induced effect

One advantage of radionuclide therapy is that it takes advantage of the
bystander effect and abscopal effects induced by radiation.”*® This enables
local treatment to produce broader biological effects and extends them
throughout the body. These effects challenge the traditional focus on precise
targeting in radionuclide therapy and provide a different conceptual basis for
addressing tumor heterogeneity and promoting anti-tumor immunity.”

Bystander effect. The radiation-induced bystander effect (RIBE) describes
the phenomenon whereby cells that are not directly traversed by ionizing
radiation exhibit biological responses due to signals received from neighbor-
ing irradiated cells.”" This non-targeted response is mediated by multiple
signaling molecules, including reactive oxygen species (ROS), reactive nitro-
gen species, nitric oxide (NO), inflammatory cytokines, and mitochondrial-
derived factors (Figure 8A).”

In radionuclide therapy, the bystander effect provides an effective way to
mitigate the heterogeneity of target expression, which is precisely the main
limitation of traditional targeted therapy.”” The spatial extent and intensity of
the bystander effect are intrinsically linked to the physical decay properties of
the radionuclide used. a emitters (e.g., “°Ac, ?"'At), characterized by their high
LET and short path length (typically <100 um), confine bystander signaling
primarily to gap junction-mediated intercellular communication and short-
range exosome transfer.” In contrast, B emitters (e.g., '""Lu, *°Y), with tissue
penetrance of several millimeters, generate bystander effects largely driven
by diffusible soluble mediators, thereby inducing a wider spatial response.
Auger electron emitters, often considered to have minimal non-targeted
effects due to their subcellular range, can elicit an enhanced bystander
response when internalized and localized within the nuclear DNA, mediated
by radiation-induced bystander signaling pathways, effectively converting a
potential limitation into a therapeutic advantage.””

In recent years, research has increasingly focused on the crucial role of
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Figure 8. Key mechanisms, therapeutic strategies, and the role of Al in targeted radionuclide therapy

exosomes in mediating bystander signals during radionuclide therapy. After
being labeled with radionuclides, tumor cells release a type of exosome that
is rich in pro-apoptotic microRNAs and damage-related molecular
patterns.””’ These nanoscale vesicles can then be internalized by neighbor-
ing cells that have not been exposed to radiation, exerting an effect by acti-
vating the BAX-mediated mitochondrial apoptosis pathway; simultaneously,
exosome cargo can activate innate immune signaling axes such as TLRS-
MyD88-NF-kB through recognition of damage-associated molecular
patterns, with these pathways cross-regulating to determine bystander cell
fate. In experimental models containing antigen-negative tumor cells, this
exosome-mediated bystander mechanism makes a significant contribution
to overall cytotoxicity and even constitutes a considerable part of the anti-
tumor effect. This breakthrough in understanding has elevated the bystander
effect from an accidental discovery in radiation biology to a quantifiable and
strategically modulable therapeutic variable.””' ="

Abscopal effect. The abscopal effect is defined as the phenomenon where
distant metastatic lesions that were not exposed to radiation undergo regres-
sion after local radiotherapy. This is an immune-mediated response.””” The
potential cascade process usually begins with radiation-induced immuno-
genic cell death. These dying tumor cells release damage-associated molec-
ular patterns (DAMPs) and TAA, which are subsequently captured by
dendritic cells. Through cross-presentation, CD8" cytotoxic T lymphocytes
(CD8" T cells) are activated, and these cells can enter the bloodstream,
migrate, and eliminate distant unirradiated tumor lesions. The abscopal effect
and the bystander effect may share a common inflammatory basis. For
example, the increase in systemic chemokine levels, especially the CCL3
signal that acts through the CCR1/5 axis, could serve as a bridge connecting
local radiation exposure and distant biological responses (Figure 8B).”"*

Clinical evidence demonstrated that a combination of external beam radio-
therapy and immunostimulant cytokine therapy induces repeatable abscopal
effects in patients with metastatic solid tumors, and the survival period of
responders is significantly prolonged.””” In the specific context of nuclear
medicine treatment, recent studies have shown that some patients with
mMCRPC have experienced significant regression of non-target lesions after
receiving PSMA-targeted therapy based on B emitters.”’® A favorable base-
line inflammatory spectrum characterized by a low neutrophil-lymphocyte
ratio and evidence of systemic T-cell activation has become a consistent
predictor of the in vitro response.”’’

Preclinical studies show a emitters induce DSBs and activate cGAS-STING,

driving type | interferon and dendritic cells,””® leading to CD8" T cell expansion,
distinct from B emitters but converging on common effectors.”” Significant
progress has been made in the concurrent treatment engineering strategies
through the co-delivery system based on nanocarriers, enabling the simulta-
neous administration of radionuclide-labeled ICls and immunomodulators.
This comprehensive approach has been proven to induce complete remis-
sion in a considerable proportion of experimental animals, accompanied by
synchronous regression of the unirradiated contralateral tumors.” Compre-
hensive spatial transcriptomics analysis has revealed a profound remodeling
of the tumor microenvironment, characterized by M1 macrophage polariza-
tion, regulatory T cell depletion, and the expansion of effector memory T cell
populations, features consistent with the immune hot tumor phenotype.”' %

Combination therapies

The research on the combination strategies of RPT has currently formed
two major cutting-edge directions: one is radioimmunotherapy, which utilizes
the immunomodulatory properties of ionizing radiation to make tumors
sensitive to ICIs. The second is the synthetic lethal strategy, which rationally
pairs with DNA damage response inhibitors based on the radionuclide-
specific DNA damage spectrum. These two paths jointly mark the transfor-
mation of RPT from a single treatment model to a combined treatment plat-
form that integrates multiple tumor vulnerabilities.”

Radio-immunotherapy. Radiation-induced immunogenic cell death (ICD)
is a complex mechanism centered on cytoplasmic DNA sensing, among
which the cGAS-STING pathway plays a key role. Meanwhile, radiation can
also upregulate the expression of major histocompatibility complex class |
(MHC-I) molecules on the surface of tumor cells, enhance the antigen
presentation ability, and promote the release of pro-inflammatory
cytokines.””” However, this radiation-induced immune activation can also
trigger a compensatory negative feedback mechanism, mainly manifested as
the adaptive upregulation of PD-LT in tumor cells and the increased expres-
sion of PD-1 in activated T cells. This inherent drug resistance mechanism
provides a solid theoretical basis for the combination of RPT and PD-1/PD-
L1 inhibitors.”* Recent studies have shown that poly ADP-ribose polymerase
(PARP) inhibitors can also activate the cGAS-STING pathway by accumulat-
ing cytoplasmic chromatin fragments produced by stress. This discovery
offers a theoretical possibility of a triple combination approach: RPT induces
DNA damage, PARP inhibitors impede repair and enhance STING signaling,
while ICI releases the anti-tumor immune response, thus triggered (Figure
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Realizing the above potential still faces several key challenges: it is neces-
sary to discover predictive biomarkers that can be used for patient screening;
The pairing algorithm for radionuclide characteristics and tumor types needs
to be optimized. It is necessary to explore dose and timing schemes that can
maximize the synergy effect while maintaining safety. It is even more neces-
sary to obtain strict validation in prospective randomized trials. The precise
matching of the physical properties of radionuclides with systemic treatment
regimens will become the core proposition in clinical practice.”’

Synthetic lethality. In addition to radioimmunotherapy, synthetic lethality
provides an alternative theoretical basis for enhancing RPT efficacy.
Synthetic lethality refers to a genetic interaction where the concurrent loss of
two distinct but compensatory pathways, individually tolerable but together
lethal, leads to selective cell death.”” The synthetic lethal strategy provides a
theoretical basis for the combined application of RPT and DNA damage
repair (DDR) inhibitors. The key to achieving this strategy lies in the precise
selection of DDR targets, which must match the physical properties of the
radionuclides used and the types of DNA damage they induce, such as
complex double-strand breaks (DSBs) induced by a emitters corresponding
to DNA-dependent protein kinase inhibition, and single-strand breaks (SSBs)
induced by B emitters corresponding to PARP inhibition, to achieve precise
synergies. This complements the immunotherapy strategy of RPT combined
with ICls. 77

This principle has been validated in clinical trials. The low LET radiation
produced by B nuclides mainly induces single-strand breaks, which can be
effectively repaired through base excision repair mediated by PARP1. PARP
inhibitors not only block SSB repair but also exert cytotoxic effects by captur-
ing PARP-DNA complexes and through synthetic lethal mechanisms. This
makes the combined strategy of B RPT and PARP inhibitors highly attractive,
especially for tumors with inherent or radiotherapy-induced replication
stress.”’ ™ In contrast, a nuclides produce high LET radiation that induces
high-density complex DSBs, which are significantly resistant to non-homolo-
gous end joining (NHEJ) and homologous recombination (HR). The repair of
this damage mainly relies on the collaborative action of NHEJ mediated by
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) and HR regu-
lated by ataxia telangiectasia mutated (ATM), but the repair efficiency is
significantly reduced. Therefore, inhibition of DNA-PKcs or ATM becomes a
reasonable choice for the a-RPT combined strategy.””*** The COMRADE
trial (NCT03317392) provides key clinical validation for this strategy. This
study demonstrated that the combination of**Ra and olaparib significantly
improved the radiological progression-free survival, although there was no
significant difference in overall survival. It is noteworthy that the benefit of
radiological progression-free survival (rPFS) was independent of the HR
repair mutation status, which challenges the traditional view that the synergy
of PARP inhibitors must be based on HRR defects and indicates that a emit-
ter induced high LET DNA damage may enhance the sensitivity to PARP
inhibitors through non-classical mechanisms.””

Based on these strategies for DDR, the development of the next-genera-
tion inhibitors has further expanded the range of options for combined ther-
apy. For instance, the first-of-its-kind dual-target ATM/DNA-PKcs inhibitor
demonstrates a potent radio-sensitizing effect in preclinical models by simul-
taneously inactivating the two core kinases responsible for DSB signal trans-
duction and NHEJ execution.”” This dual-target approach is particularly
attractive for the a-RPT combination, as it can overcome the compensatory
pathway activation observed with single-agent DDR inhibitors. Additionally,
ATR inhibitors targeting the replication stress response are being evaluated in
combination with RPT to take advantage of radiation-induced replication fork
collapse. However, the rational development of these strategies requires
careful attention to normal tissue toxicity, especially myelosuppression,
which may need to be optimized through fractionated RPT administration or
time adjustment (Figure 8D).**~*"

Radiomics and Al

Al is now enabling next-generation innovative radiopharmaceuticals
through intelligent molecular design, predictive modeling, and image-based
patient stratification.

Al-empowered molecular design of radiopharmaceuticals. Therapeutic
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efficacy and safety depend on the carrier's ability to bind targets with high
affinity and optimal PK. Al is now breaking these bottlenecks: deep learning
and generative models enable navigation of chemical space with unprece-
dented precision, streamlining the pipeline from target identification to clinical-
grade radioligand optimization."

The first critical step in this pipeline is to identify appropriate molecular
targets. Ideal targets show high overexpression in diseased cells, stable high-
affinity binding, and minimal healthy tissue expression for a favorable thera-
peutic index. Al integrates multi-omics data, with network analysis to screen
for targets meeting these criteria.”® The next challenge is to predict and opti-
mize the interaction between ligands and proteins to assess the affinity of
drug targets. Traditional methods like molecular docking are useful, but they
can be computationally expensive. Al offers sequence-based, image-based,
and graph-based models. However, for radiopharmaceuticals that typically
involve complex molecular structures and chelating sites, graph-based
models are particularly promising.””

Based on affinity predictions, generative Al designs novel radioligands,
maceuticals, the design challenges are more complex because they require
an integrated design approach. Radioactive decay processes, such as the
recoil effect of a emitters like ?Ac, can lead to bond breaks and molecular
instability, resulting in the release of free radionuclides and subsequent off-
target toxicity. Future Al models need to learn from experimental data to
predict which chelating structures and ligand configurations are most resis-
tant to the stress caused by this decay, ensuring that the designed molecules
can maintain their integrity and functionality even under the continuous
bombardment of their own radiation.*

Clinical translation of this combined strategy has progressed most rapidly
in MCRPC. A Phase | trial using a single dose ['""Lu]Lu-PSMA-617 followed
by maintenance treatment with pembrolizumab showed encouraging anti-
tumor activity, with an objective response rate of approximately 50%, and the
biochemical response persisted. Meanwhile, a-nuclides, due to their unique
physical properties, are becoming highly promising partners in immune
combination strategies. Taking the Phase | trial of [*®Ac]Ac-J591 as an
example, this regimen has established safety and preliminary efficacy in
MCRPC patients who have received multiple lines of treatment. At the mech-
anism level, the dense ionization trajectory of a particles can generate many
cytoplasmic DNA fragments, efficiently activate the cGAS-STING axis, and
induce a stronger type | interferon response compared with 8 nuclides.*”
This makes a-RPT not only a cytotoxic approach but also an in-situ
immunostimulatory strategy capable of reshaping the tumor immune
microenvironment (Figure 8E).””

Synthesizing these advances, Al is transforming the paradigm from an
accidental, trial-and-error process to a rational, data-driven science. This
molecular-level precision is a necessary foundation for the subsequent
success of molecular imaging and personalized treatment.™*

From fixed-dosing limitations to Al-driven image analysis

The limitations of the fixed-dosing paradigm. While radioimmunother-
apy and synthetic lethality strategies have demonstrated preclinical and early
clinical efficacy, their optimal application requires a shift from empirical treat-
ment selection to precision-based patient stratification. Unfortunately, current
clinical practice is still confined to a one-size-fits-all model, characterized by
a fixed active dose and a primary visual image interpretation. This traditional
approach neglects the vast amount of quantitative information contained in
conventional PET/CT scan data, which may be the key to initiating truly
personalized treatment. The integration of radiomics and Al is now preparing
to address this limitation and promote a paradigm shift towards precision
therapeutics.”” Traditional PET/CT evaluations have long relied on semi-
quantitative indicators, such as SUVs. SUVs can only capture a small portion
of the complex phenotypic information contained in tumors. Radiomics
addresses this gap by extracting hundreds of quantitative features, which
collectively reflect potential tumor biology, intratumoral heterogeneity, and
microenvironmental characteristics. For instance, intratumoral heterogeneity
is closely related to genomic instability and treatment resistance. Pre-treat-
ment®®Ga Radiological features of [®¥Ga]Ga-PSMA-11 PET/CT are associated
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with tumor grade and treatment response of prostate cancer, and ®Ga PET
radiomics can identify phenotypic heterogeneity associated with differential
outcomes after ""Lu treatment.”*~*""

Al solutions: Pre-therapeutic PET/CT modeling for patient stratifica-
tion. The combination of radiomics and machine learning enhances predic-
tive capabilities. Recent studies have demonstrated the clinical application of
this synergy. Seifert et al. developed a prognostic risk score for mCRPC using
PSMA PET-derived tumor volume, which demonstrated superior perfor-
mance compared with traditional PET parameters.*” Similarly, a study strictly
validated the Al-based model on five external PET/CT datasets, confirming
the accuracy of predicting the progression-free survival of lymphoma
patients (Figure 8E).*”

In RPT, a key unmet need is the ability to prospectively distinguish patients
who benefit from those at increased risk of toxicity. Radiomics-based stratifi-
cation can address this need by capturing tumor heterogeneity—a key deter-
minant of treatment resistance.””” However, the clinical implementation of
radiomics analysis mainly depends on powerful automated segmentation
tools. Manually describing the volume of interest remains time-consuming,
operator-dependent, and impractical for high-throughput analysis. Recent
developments in Al are beginning to overcome this bottleneck. A deep learn-
ing architecture has been developed, enabling fully automated tumor volume
segmentation in  lymphoma PET/CT with strong multi-center
generalizability.*'" Additionally, automated lesion segmentation tools for ®Ga-
PSMA and '®F-FDG PET images have been introduced, thereby facilitating
large-scale radiomic analyses essential for clinical translation and prospec-
tive validation.*”

Predictive dosimetry: From population averages to individualized
dosing. Among the promising applications of Al in RPT, predictive dosimetry
stands out as particularly impactful—enabling estimation of post-treatment
absorbed dose distributions from pre-treatment imaging alone. Conventional
dosimetry methods, which require multiple post-treatment imaging sessions
and labor-intensive manual segmentation, remain impractical for routine clin-
ical use. Deep learning addresses this limitation by enabling voxel-level dose
prediction from diagnostic PET/CT scans alone, thereby streamlining the
dosimetry workflow and supporting personalized treatment planning.*'*~"?

Recent studies have demonstrated that 3D U-Net architectures can specif-
ically predict post-treatment dosimetry for '"Lu-PSMA using solely pre-
treatment PET/CT scans, achieving accuracy comparable to Monte Carlo
simulations. Extending beyond mere dose prediction, the clinical objective
has evolved from simple absorbed dose calculations to biologically effective
dose estimation for tumors and organs at risk, which incorporates dose-rate
effects and cell repair kinetics to provide more biologically meaningful
metrics for predicting treatment response and normal tissue toxicity.”’* By
integrating biodistribution simulation with dose-volume histogram genera-
tion, Al models can now prospectively identify patients whose prescribed
activities may exceed organ tolerance thresholds, bridging the gap between
predictive dosimetry and clinical decision-making.”'®

In short, radiomics and Al constitute a powerful driving force for precision
therapeutics. These techniques directly address the heterogeneity that limits
the current fixed-dose paradigm by transforming conventional PET/CT
images into stratified quantitative biomarkers and individualized dosimetry
prediction tools. The ability to identify exceptional responders, non-respon-
ders who need combination therapy, and patients at increased risk of toxicity
works together to achieve truly personalized RPT.”"® When combined with
complementary strategies such as radioimmunotherapy and synthetic lethal-
ity, Al-driven RPT is expected to provide the right dose to the right patients at
the right time, maximize therapeutic efficacy, and minimize toxicity.”'®

TRANSLATION, REGULATORY & GLOBAL SUPPLY CHAIN
Toxicity

RPT toxicity management must address both clinical dose-limiting toxici-
ties (DLTs) and public exposure risks, as patients become temporary radia-
tion sources.”’ Risks include external exposure, environmental contamina-
tion via excreta, and the entry of radioactive materials into waste manage-
ment systems.***'® Thus, toxicity management should address not only clini-
cal DLTs and organ dosimetry assessment but also broader considerations,
including patient release criteria, discharge approvals, and radioactive waste

regulations.®

International standards: Risk control principles for post-therapeutic
excreta. The international radiation protection framework focuses on
management principles grounded in risk stratification and dosimetric data.”"®
The ICRP guidelines for the release of patients treated with unsealed
radionuclides specify that decisions regarding hospitalization, isolation, or
special excreta management should be based on the estimated effective
doses to others, not solely the administered activity.” Public dose limits and
the ALARA (As Low As Reasonably Achievable) principle are core compo-
nents of decision-making.'”’

For short-lived B or a emitting radionuclides, discharging patient excreta
into municipal sewage systems typically does not exceed public dose limits,
provided the sewage system can adequately dilute and manage radioactive
waste. '™ As a result, international standards generally do not mandate
urine collection or decay systems.”’ The focus is on personalized dose
assessments and behavioral strategies to manage risk.**“*

International regulatory and procedural frameworks. The regulatory
framework for managing excretion and release in RPT typically requires coor-
dination between medical regulatory bodies and nuclear safety agencies.”"

The regulatory frameworks vary: the United States (NRC Guide 8.39)
focuses on dose calculations for patient release.””" The International Atomic
Energy Agency (IAEA) documents stress that national policies should
consider local infrastructure and societal factors, with stricter restrictions in
areas with limited sewage treatment or high population density.*** The EU
(Directive 2013/59/Euratom) requires discharge authorization and annual
reporting.”” In China, the system integrates health oversight with environ-
mental discharge regulations.” Decisions about patient discharge are based
on dose assessments, ensuring public exposure stays within national
and delay-and-decay systems for liquid waste.™'

Overall, international practices have developed a comprehensive manage-
ment framework based on dosimetric evidence, behavioral controls, licensing
systems, and interagency coordination. This approach avoids overly simplis-
tic universal containment strategies while minimizing public exposure risks
and ensuring a sustainable safety foundation for the clinical use of RPT.*

Global distribution of radionuclides

"8F is the most commonly used medical radionuclide globally, supported by
global distribution is concentrated in developed countries, with gradual
expansion in developing regions.*** And®Ga, derived from the®*Ge/®*Ga
generator system, allows on-site preparation without the need for large
accelerators, offering a critical pathway for PET development in resource-
limited areas.”* However, the supply of high-purity®®Ge raw materials and
generator production remains concentrated in a few countries, raising

production relies mainly on research reactors or accelerator-based methods,
with Europe and Canada serving as key supply hubs.”" As indications expand
and patient populations grow, demand for B emitting radionuclides has
increased, making production capacity and high-specific-activity preparation
technologies crucial.™ B-radionuclide therapy is evolving from late-stage
salvage treatment to frontline combination therapy.”**** Meanwhile, global
production of ?»Ac is limited, mainly sourced from?*Th stockpiles with
rapidly growing accelerator routes, leading to significant supply shortages.**
High production costs, complex radiochemistry, and stringent radiation-
protection requirements hinder large-scale use.** The U.S. and Europe are
actively developing a radionuclide production systems, while Asia is still
catching up (Figure 9).*'

Global challenges

The supply chains for key radionuclides are concentrated in a few devel-
oped countries. The production of medical nuclides relies heavily on a limited
number of research reactors and accelerators. This concentration, combined
with reliance on aging reactor infrastructure, poses risks to the reliable supply
of critical radionuclides.'“** In developing countries, nuclear medicine infras-
tructure is often inadequate, with shortages in equipment and personnel.*”
Additionally, there is heavy dependence on imported radionuclides, and price
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Figure 9. The production, distribution, and challenges faced in the radiopharmaceutical industry

fluctuations directly impact patient access.”* Regulatory systems and GMP
standards are also not fully developed, hindering the progress and industrial-
ization of domestic radiopharmaceuticals. The IAEA has highlighted the
uneven distribution of nuclear medicine resources, with low-income coun-
tries having far fewer PET scanners than high-income countries.”

Global production bottlenecks, especially for a emitting radionuclides,
restrict clinical expansion. Geopolitical tensions or trade barriers could disrupt
global supply chains, impacting the progress of precision nuclear medicine.
Establishing diversified, regionalized supply systems for medical nuclides has
become a key global strategic challenge.

Regional ecosystems

Rather than a single dominant supplier, the contemporary radiopharma-
ceutical landscape is best understood as a set of interdependent regional
ecosystems, each with distinctive strengths and structural vulnerabilities
across the value chain including reactor and accelerator isotope production,
precursor and chelator supply, clinical translation, regulatory approval, and
commercialization. No region is presently self-sufficient across all of these
layers, and this interdependence is itself a defining feature of the field.

The United States hosts arguably the most mature clinical-translational
and commercial ecosystem. The FDA has approved most of the field's flag-
ship theranostics, from [?*Ra]RaCl,”” and ['"Lu]Lu-DOTATATE® to the PSMA-
directed diagnostics'~'*" and [""Lu]Lu-PSMA-617.% Its national laboratories,
together with the Department of Energy Isotope Program, underpin much of
the global research supply of ?°Ac and other emerging a emitters, including
the?®Th-generator source that has anchored actinium availability for two
decades.”"*¥*" The consolidation of the '"Lu therapeutic franchise within a
single multinational, alongside a broader wave of acquisitions of radioligand

therapy developers, has concentrated substantial capital and manufacturing
investment in the region.”’” Yet the US ecosystem has historically depended
entirely on imported®Mo/“mTc, with domestic®Mo capacity established only
recently.**~*" Reimbursement pathways for radiopharmaceuticals remain
administratively complex and as professional bodies have repeatedly noted,
the specialized radiochemistry and nuclear medicine workforce is a growing
constraint on scale-up.

Europe combines a deep tradition of foundational radiochemistry and clini-
cal innovation. Much of the pioneering work on peptide receptor radionuclide
therapy, PSMA- and FAP-directed agents originated in European academic
centers with a central role in global isotope supply.”**® A network of research
reactors across several member states, historically together with Canada,
has supplied the majority of the world's®Mo,****" while JRC-Karlsruhe
remains a key source of ?°Ac,** and regulatory and radiation-protection
frameworks are harmonized supranationally through the European Medicines
Agency and the Euratom Basic Safety Standards.”*~** The principal vulnera-
bilities are structural: much of the reactor fleet is aging and approaching end-
of-life, creating recurrent risk of*Mo supply interruption; reimbursement and
regulatory implementation remain fragmented across member states despite
harmonization efforts; and a number of European-discovered agents have
ultimately been commercialized through non-European companies.”’

China has moved rapidly to build an integrated domestic ecosystem.
Expanding reactor and cyclotron infrastructure, maturing domestic radio-
chemistry and automated-synthesis platforms,'***" and one of the world's
largest cancer patient populations have together enabled unusually rapid,
large-scale multicenter studies, particularly on PSMA- and FAP-directed
agents, to which Chinese groups now contribute a substantial share of the
global clinical literature.*®*" Sustained policy support was exemplified by the
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Medium- and Long-Term Development Plan for Medical Isotopes
(2021-2035), the country's first dedicated national isotope strategy, along-
side the establishment of radiopharmaceutical industrial parks and stream-
lined approval pathways, has accelerated domestic translation, while a strong
Al and imaging and manufacturing base offers further leverage in dosimetry
and image-based patient selection.” Several gaps nonetheless temper this
trajectory. Domestic supply security for key isotopes is still being established:
China has historically relied on imported 99Mo and precursor materials, and
reactor-based isotope self-sufficiency has not yet been achieved. Capacity
for a emitting radionuclide production (*®Ac, ?''At) and the associated
handling and radiochemistry infrastructure remains nascent. And although
the regulatory framework is maturing quickly, it is younger than its US and
European counterparts, with much current output building on already-vali-
dated targets rather than first-in-class biology; originator target discovery,
chelator and precursor intellectual property, GMP standardization, and inter-
national product registration remain areas of active development.?'#*%%%
Viewed together, these ecosystems are complementary as much as
competitive. The most consequential near-term risk is not the ascendancy of
any single region but the fragility of a globally interdependent supply chain
concentrated in a small number of aging facilities and exposed to geopoliti-
cal and trade disruption. Against this backdrop, the strategic priority for China
as for the United States and Europe is the development of diversified, region-
ally resilient, and where feasible cooperative supply networks spanning reac-
tor- and accelerator-produced isotopes, precursors, and chelators. China's
combination of an emerging end-to-end industrial chain, exceptional clinical
scale, coordinated policy, and digital-health capacity positions it to become
one of the central nodes in this multipolar system; realizing that potential will
depend on closing its remaining gaps in upstream isotope security, a emitter
infrastructure, regulatory maturity, and originality of molecular design.

CONCLUSIONS & FUTURE PERSPECTIVES

Radiopharmaceuticals have firmly established themselves as a corner-
stone of precision medicine, offering a combined diagnostic and therapeutic
capability that traditional pharmacotherapy cannot match. In recent years,
the clinical success of agents targeting prostate cancer and neuroendocrine
tumors has validated the theranostic model, demonstrating that a compan-
jon diagnostic scan can identify the patients in whom a cytotoxic payload,
delivered by the same targeting vector, will be retained by the tumor. Collat-
eral damage is reduced but not eliminated, salivary gland uptake remains the
dose-limiting toxicity of PSMA-directed a therapy, and renal and hematologi-
cal exposure continue to constrain peptide receptor radionuclide therapy,
which is precisely why patient-specific dosimetry has become a central
rather than a peripheral concern of the field. The field is now expanding
beyond its reliance on B emitters such as '"’Lu, which remain the clinical and
commercial mainstay, toward targeted a therapy. This approach deposits
high-energy radiation over a range of only a few cell diameters, producing
clustered double-strand DNA breaks that are poorly repaired and that act
largely independently of tumor oxygenation and cell-cycle phase, offering a
route to cells refractory to conventional treatment.

Looking ahead, the future of radiopharmaceuticals lies in expanding
beyond oncology into neurology, cardiology, and infectious diseases. In
neurology, amyloid and tau PET tracers are already approved and now under-
pin patient selection and safety monitoring for anti-amyloid antibody therapy,
with a synuclein, TDP-43, and neuroinflammation imaging representing the
next frontier; in cardiology, FAPI tracers are being applied to image activated
fibroblasts after myocardial infarction. Realizing this potential requires over-
coming hurdles that are logistical as much as chemical. For short-lived diag-
nostic nuclides such as ®Ga and "®F, decentralized production through medi-
cal cyclotrons and regional radiopharmacies is the answer. For therapeutic a
emitters it is not: *°Ac (t;,, = 9.9 d) is constrained not by decay but by supply,
depending on a small number of ??Th generators, high-energy spallation, and
emerging **Ra-based accelerator routes, while 2'?Pb is obtained from
6Th/**Ra generators. Scaling these routes, standardizing dosimetry, and
training the radiochemists and medical physicists the field will require are the
true rate-limiting steps. Al will contribute by accelerating dose calculation,
automating organ segmentation, and supporting quality control, although the
automation of GMP manufacturing itself will remain a matter of synthesis

modules, hot cells, and robotics. If these conditions are met and isotope
supply, infrastructure, and reimbursement can be extended beyond the high-
income centers in which the modality is currently concentrated, then nuclear
medicine is positioned to move from a specialized field toward a genuine
pillar of personalized healthcare.

REFERENCES
1. Rowe S. P. and Pomper M. G. (2022). Molecular imaging in oncology: Current impact
and future directions. CA Cancer J Clin 72:333-352. DOI:10.3322/caac.21713
2. Poty S., Francesconi L. C., McDevitt M. R., et al. (2018). a-Emitters for Radiotherapy:
From Basic Radiochemistry to Clinical Studies-Part 1. J Nucl Med 59:878-884
DOI:10.2967/jnumed.116.186338
3. Rosenbaum M. I, Clemmensen L. S, Bredt D. S, et al. (2020). Targeting receptor
complexes: a new dimension in drug discovery. Nature Reviews Drug Discovery
19:884-901. DOI:10.1038/s41573-020-0086-4
4. Bodei L., Herrmann K., Schoder H., et al. (2022). Radiotheranostics in oncology:
current challenges and emerging opportunities. Nat Rev Clin Oncol 19:534-550
DOI:10.1038/s41571-022-00652-y
5. Levine R. and Krenning E. P. (2017). Clinical History of the Theranostic Radionuclide
Approach to Neuroendocrine Tumors and Other Types of Cancer: Historical Review
Based on an Interview of Eric P. Krenning by Rachel Levine. J Nucl Med 58:3s-9s
DOI:10.2967/jnumed.116.186502
6. Sherman M. and Levine R. (2019). Nuclear Medicine and Wall Street: An Evolving
Relationship. J Nucl Med 60:20s-24s. DOI:10.2967/jnumed.118.220798
7. Baumann M., Krause M., Overgaard J., et al. (2016). Radiation oncology in the era of
precision medicine. Nat Rev Cancer16:234-249. DOI:10.1038/nrc.2016.18
8. Delpassand E. S., Tworowska I, Esfandiari R, et al. (2022). Targeted a-Emitter
Therapy with (212)Pb-DOTAMTATE for the Treatment of Metastatic SSTR-
Expressing Neuroendocrine Tumors: First-in-Humans Dose-Escalation Clinical Trial
J Nucl Med 63:1326-1333. DOI:10.2967/jnumed.121.263230
9. Evans M. J. (2012). Measuring oncogenic signaling pathways in cancer with PET: an
emerging paradigm from studies in castration-resistant prostate cancer. Cancer
Discov 2:985-994. DOI:10.1158/2159-8290.Cd-12-0178
10. Strebhardt K. and Ullrich A. (2008). Paul Ehrlich's magic bullet concept: 100 years of
progress. Nat Rev Cancer 8:473-480. DOI:10.1038/nrc2394
11. Nelson B. J. B, Krol V., Bansal A, et al. (2024). Aspects and prospects of preclinical
theranostic radiopharmaceutical development. Theranostics 14:6446-6470. DOI:10.
7150/thno.100339
12. Belabaci Z., Brignoli G., Zilli T., et al. (2025). Therapeutic outcomes of “*Ac/'""Lu-
PSMA combination therapy in advanced metastatic Castration-Resistant prostate
cancer: A systematic review and Meta-Analysis. Eur J Nucl Med Mol Imaging
53:2881-2892. DOI:10.1007/s00259-025-07627-y
13. Wang J.,, Han Y., Li Y, et al. (2022). Targeting Tumor Physical Microenvironment for
Improved Radiotherapy. Small Methods 6:2200570. DOI:https://doi.org/10.1002/
smtd.202200570
14, Zhang S, Wang X, Gao X, et al. (2025). Radiopharmaceuticals and their
applications in medicine. Signal Transduct Target Ther 10:1. DOI:10.1038/s41392-
024-02041-6
15. Eckerman K. and Endo A. (2008). ICRP Publication 107. Nuclear decay data for
dosimetric calculations. Ann ICRP 38:7-96. DOI:10.1016/j.icrp.2008.10.004
16. Sgouros G., Bodei L., McDevitt M. R, et al. (2020). Radiopharmaceutical therapy in
cancer: clinical advances and challenges. Nat Rev Drug Discov 19:5689-608. DOI:10.
1038/s41573-020-0073-9
17. Yang H., Wilson J. J., Orvig C., et al. (2022). Harnessing a-Emitting Radionuclides for
Therapy: Radiolabeling Method Review. J Nucl Med 63:5-13. DOI:10.2967/jnumed.
121.262687
18. Bolcaen J., Gizawy M. A, Terry S. Y. A, et al. (2023). Marshalling the Potential of
Auger Electron Radiopharmaceutical Therapy. J Nuc/ Med 64:1344-1351. DOI:10.
2967/jnumed.122.265039
19. Bavelaar B. M, Lee B. Q,, Gill M. R, et al. (2018). Subcellular Targeting of Theranostic
Radionuclides. Front Pharmacol 9:996. DOI:10.3389/fphar.2018.00996
20. Duatti A. (2021). Review on (99m)Tc radiopharmaceuticals with emphasis on new
advancements. Nucl Med Biol 92:202-216. DOI:10.1016/j.nucmedbio.2020.05.005
21. Conti M. and Eriksson L. (2016). Physics of pure and non-pure positron emitters for
PET: a review and a discussion. EJNMMI Phys 3:8. DOI:10.1186/s40658-016-0144-5
22. Ran W, Hu K, Ye W, et al. (2025). Radiofluorination of 2-Arylquinolin-4-yl
Oxypropanamide Derivatives for TSPO Imaging in Neuroinflammatory Murine,
Nonhuman Primates, and Human Brain Autoradiography with Insensitivity to the
rs6971 Polymorphism. J Med Chem 68:12457-12472. DOI:10.1021/acs.jmedchem.
4c03129
23. Huang H., Zuo Q. Zhang S, et al. (2025). Synthesis and Evaluation of Cyclic Peptide-
Based PET Tracers Targeting ADAMTS4 for Early Detection and Monitoring of Aortic
Aneurysms. J Med Chem 68:25403-25415. DOI:10.1021/acs.jmedchem.5¢02380
24. Tian H., Zuo Q. Zhang S, et al. (2025). (64)Cu-Labeled Stapled Peptide-Based
Radiopharmaceuticals Targeting MDM2/MDMX for Pan-p53 Tumors. J Med Chem
68:23389-23405. DOI:10.1021/acs jmedchem.5¢c02183

20 The Innovation Drug Discovery 1(2): 100030, July 16, 2026

www.the-innovation.org/the-innovation-drugdiscovery


https://doi.org/10.3322/caac.21713
https://doi.org/10.2967/jnumed.116.186338
https://doi.org/10.1038/s41573-020-0086-4
https://doi.org/10.1038/s41573-020-0086-4
https://doi.org/10.1038/s41573-020-0086-4
https://doi.org/10.1038/s41573-020-0086-4
https://doi.org/10.1038/s41573-020-0086-4
https://doi.org/10.1038/s41573-020-0086-4
https://doi.org/10.1038/s41573-020-0086-4
https://doi.org/10.1038/s41571-022-00652-y
https://doi.org/10.1038/s41571-022-00652-y
https://doi.org/10.1038/s41571-022-00652-y
https://doi.org/10.1038/s41571-022-00652-y
https://doi.org/10.1038/s41571-022-00652-y
https://doi.org/10.1038/s41571-022-00652-y
https://doi.org/10.1038/s41571-022-00652-y
https://doi.org/10.2967/jnumed.116.186502
https://doi.org/10.2967/jnumed.118.220798
https://doi.org/10.1038/nrc.2016.18
https://doi.org/10.2967/jnumed.121.263230
https://doi.org/10.1158/2159-8290.Cd-12-0178
https://doi.org/10.1158/2159-8290.Cd-12-0178
https://doi.org/10.1158/2159-8290.Cd-12-0178
https://doi.org/10.1158/2159-8290.Cd-12-0178
https://doi.org/10.1158/2159-8290.Cd-12-0178
https://doi.org/10.1158/2159-8290.Cd-12-0178
https://doi.org/10.1158/2159-8290.Cd-12-0178
https://doi.org/10.1038/nrc2394
https://doi.org/10.7150/thno.100339
https://doi.org/10.7150/thno.100339
https://doi.org/10.1007/s00259-025-07627-y
https://doi.org/10.1007/s00259-025-07627-y
https://doi.org/10.1007/s00259-025-07627-y
https://doi.org/10.1007/s00259-025-07627-y
https://doi.org/10.1007/s00259-025-07627-y
https://doi.org/10.1007/s00259-025-07627-y
https://doi.org/10.1007/s00259-025-07627-y
https://doi.org/https://doi.org/10.1002/smtd.202200570
https://doi.org/https://doi.org/10.1002/smtd.202200570
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1038/s41392-024-02041-6
https://doi.org/10.1016/j.icrp.2008.10.004
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.2967/jnumed.121.262687
https://doi.org/10.2967/jnumed.121.262687
https://doi.org/10.2967/jnumed.122.265039
https://doi.org/10.2967/jnumed.122.265039
https://doi.org/10.3389/fphar.2018.00996
https://doi.org/10.1016/j.nucmedbio.2020.05.005
https://doi.org/10.1186/s40658-016-0144-5
https://doi.org/10.1186/s40658-016-0144-5
https://doi.org/10.1186/s40658-016-0144-5
https://doi.org/10.1186/s40658-016-0144-5
https://doi.org/10.1186/s40658-016-0144-5
https://doi.org/10.1186/s40658-016-0144-5
https://doi.org/10.1186/s40658-016-0144-5
https://doi.org/10.1021/acs.jmedchem.4c03129
https://doi.org/10.1021/acs.jmedchem.4c03129
https://doi.org/10.1021/acs.jmedchem.5c02380
https://doi.org/10.1021/acs.jmedchem.5c02183
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Cheng X, Jiang S., Peng X, et al. (2025). Multicyclic Peptides Targeting PD-L1 for
Radiotheranostics: From Discovery to Clinical Proof-of-Concept. J Am Chem Soc
147:35638-35654. DOI:10.1021/jacs.5¢11292

Morris M. J., Rowe S. P., Gorin M. A, et al. (2021). Diagnostic Performance of (18)F-
DCFPyL-PET/CT in Men with Biochemically Recurrent Prostate Cancer: Results
from the CONDOR Phase Ill, Multicenter Study. Clin Cancer Res 27:3674-3682.
DOI:10.11568/1078-0432.Ccr-20-4573

Jha A, Patel M., Carrasquillo J. A, et al. (2022). Choice is good at times: the
emergence of [64Cu] Cu-DOTATATE—based somatostatin receptor imaging in the
era of [68Ga] Ga-DOTATATE. Journal of Nuclear Medicine 63:1300.

Krasnovskaya O. 0., Abramchuck D., Erofeev A, et al. (2023). Recent Advances in
(64)Cu/(67)Cu-Based Radiopharmaceuticals. Int J Mol Sci 24:9154. DOI:10.3390/
ijms24119154

Stokke C., Kvassheim M. and Blakkisrud J. (2022). Radionuclides for Targeted
Therapy: Physical Properties. Molecules 27:5429. DOI:10.3390/molecules27175429
Sgouros G, Dewaraja Y. K, Escorcia F, et al. (2021). Tumor Response to
Radiopharmaceutical Therapies: The Knowns and the Unknowns. J Nuc/ Med
62:12s-22s. DOI:10.2967/jnumed.121.262750

Prise K. M. and O'Sullivan J. M. (2009). Radiation-induced bystander signalling in
cancer therapy. Nat Rev Cancer 9:351-360. DOI:10.1038/nrc2603

Gao X, Ma J,, Zhang S, et al. (2026). Linker Manipulation with Beta(3)-Amino Acids
Potentiates the Efficacy and Safety of PSMA Radiopharmaceuticals. Adv Healthc
Mater 15:.€05128. DOI:10.1002/adhm.202505128

Huang H., Peng S. Zuo Q. et al. (2026). Revitalizing PI3K Inhibitors for PET/CT
Imaging and Radionuclide Therapy of Multiple Cancers. J Med Chem
69:3519-3536. DOI:10.1021/acs jmedchem.5c03583

Olivier T., Powell K. and Prasad V. (2023). Lutetium-177-PSMA-617 in Metastatic
Castration-resistant Prostate Cancer: Limitations of the VISION Trial. Eur Urol
84:4-6. DOI:10.1016/j.eururo.2022.08.022

Sartor 0., de Bono J,, Chi K. N., et al. (2021). Lutetium-177-PSMA-617 for Metastatic
Castration-Resistant Prostate Cancer. N Engl J Med 385:1091-1103. DOI:10.1056/
NEJMo0a2107322

Yu Q., Khanjyan M., Fidelman N., et al. (2023). Contemporary applications of Y90 for
the treatment of hepatocellular carcinoma. Hepatol Commun 7. DOI:10.1097/hc9.
0000000000000288

Nguyen N. C., Anigati E. M., Desai N. B, et al. (2024). Radioactive lodine Therapy in
Differentiated Thyroid Cancer: An Update on Dose Recommendations and Risk of
Secondary Primary Malignancies. Semin Nucl Med 54:488-496. DOI:10.1053/].
semnucimed.2024.05.002

Raju M. R., Eisen Y., Carpenter S., et al. (1991). Radiobiology of alpha particles. //I.
Cell inactivation by alpha-particle traversals of the cell nucleus. Radiat Res
128:204-209

Jang A, Kendi A. T, Johnson G. B, et al. (2023). Targeted Alpha-Particle Therapy: A
Review of Current Trials. Int J Mol Sci 24. DOI:10.3390/ijms241411626.

Pedersen N. B, Straathof N. J. W., Elvas F,, et al. (2026). Targeted alpha therapy
(nevolution: emerging nuclides for clinical applications. Trends Pharmacol Sci
47:263-275. DOI:10.1016/j.tips.2026.01.001

Sathekge M. M., Lawal I. O., Bal C., et al. (2024). Actinium-225-PSMA radioligand
therapy of metastatic castration-resistant prostate cancer (WARMTH Act): a
multicentre, retrospective study. Lancet Oncol 26:175-183. DOI:10.1016/s1470-204
5(23)00638-1

Bidkar A. P., Zerefa L., Yadav S, et al. (2024). Actinium-225 targeted alpha particle
therapy for prostate cancer. Theranostics 14:2969-2992. DOI:10.7150/thno.96403
Radchenko V., Morgenstern A, Jalilian A. R, et al. (2021). Production and Supply of
a-Particle—Emitting Radionuclides for Targeted a-Therapy. Journal of Nuclear
Medicine 62:1495. DOI:10.2967/jnumed.120.261016

Silindir-Gunay M., Karpuz M. and Ozer A. Y. (2020). Targeted Alpha Therapy and
Nanocarrier Approach. Cancer Biother Radiopharm 35:446-458. DOI:10.1089/cbr.
2019.3213

Idrissou M. B., Pichard A, Tee B, et al. (2021). Targeted Radionuclide Therapy Using
Auger Electron Emitters: The Quest for the Right Vector and the Right Radionuclide.
Pharmaceutics 13. DOI:10.3390/pharmaceutics 13070980

Ku A, Facca V. J,, Cai Z, et al. (2019). Auger electrons for cancer therapy - a review.
EJNMMI Radiopharm Chem 4:27. DOI:10.1186/s41181-019-0075-2

Kiess A. P, Minn I, Chen Y., et al. (2015). Auger Radiopharmaceutical Therapy
Targeting Prostate-Specific Membrane Antigen. J Nucl Med 56:1401-1407. DOI:10.
2967/jnumed.115.155929

Li L, Quang T. S, Gracely E. J., et al. (2010). A Phase Il study of anti-epidermal
growth factor receptor radioimmunotherapy in the treatment of glioblastoma
multiforme. J Neurosurg 113:192-198. DOI:10.3171/2010.2.Jns091211

Emrich J. G, Brady L. W, Quang T. S, et al. (2002). Radioiodinated (I-125)
monoclonal antibody 425 in the treatment of high grade glioma patients: ten-year
synopsis of a novel treatment. Am J Clin Oncol 25:541-546. DOI:10.1097/00000421 -
200212000-00001

Mariani G., Cei A, Collecchi P, et al. (1993). Tumor targeting in vivo and metabolic
fate of 5-[iodine-125]iodo-2'-deoxyuridine following intratumoral injection in
patients with colorectal cancer. J Nucl Med 34:1175-1183

Obata H., Tsuji A. B, Feng Y., et al. (2026). (191)Pt-labeled trithiol-Hoechst-PSMA:

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74.

Precision Medicine J3%I3"

preliminary evaluation of conjugates designed for delivery to genomic DNA of PSMA-
positive cancers. EJNMM! Radiopharm Chem 11:10. DOI:10.1186/s41181-025-
00420-0

Klunk W. E., Engler H., Nordberg A, et al. (2004). Imaging brain amyloid in
Alzheimer's disease with Pittsburgh Compound-B. Ann Neurol 55:306-319. DOI:10.
1002/ana.20009

Tamaki N., Senda M., Yonekura Y., et al. (1985). Dynamic positron computed
tomography of the heart with a high sensitivity positron camera and nitrogen-13
ammonia. J Nucl Med 26:567-575

Raichle M. E., Martin W. R., Herscovitch P., et al. (1983). Brain blood flow measured
with intravenous H2(15)0. [l Implementation and validation. J Nucl Med
24:790-798

Fletcher J. W., Djulbegovic B., Soares H. P., et al. (2008). Recommendations on the
use of T8F-FDG PET in oncology. J Nucl Med 49:480-508. DOI:10.2967/jnumed.107.
047787

Anderson C. J. and Ferdani R. (2009). Copper-64 radiopharmaceuticals for PET
imaging of cancer: advances in preclinical and clinical research. Cancer Biother
Radiopharm 24:379-393. DOI:10.1089/cbr.2009.0674

Hofman M. S, Lau W. F. and Hicks R. J. (2015). Somatostatin receptor imaging with
68Ga DOTATATE PET/CT: clinical utility, normal patterns, pearls, and pitfalls in
interpretation. Radiographics 35:500-516. DOI:10.1148/rg.352140164

Sciagra R., Lubberink M., Hyafil F., et al. (2021). EANM procedural guidelines for
PET/CT quantitative myocardial perfusion imaging. Eur J Nucl Med Mol Imaging
48:1040-1069. DOI:10.1007/500259-020-05046-9

Dijkers E. C., Oude Munnink T. H., Kosterink J. G., et al. (2010). Biodistribution of 89Zr-
trastuzumab and PET imaging of HER2-positive lesions in patients with metastatic
breast cancer. Clin Pharmacol Ther 87:586-592. DOI:10.1038/clpt.2010.12

Jentzen W., Freudenberg L., Eising E. G., et al. (2008). Optimized 124! PET dosimetry
protocol for radioiodine therapy of differentiated thyroid cancer. J Nucl Med
49:1017-1023. DOI:10.2967/jnumed.107.047159

Seabold J. E, Palestro C. J.,, Brown M. L, et al. (1997). Procedure guideline for
gallium scintigraphy in inflammation. Society of Nuclear Medicine. J Nucl Med
38:994-997

Vidal-Sicart S., Rioja M. E., Prieto A, et al. (2021). Sentinel Lymph Node Biopsy in
Breast Cancer with (99m)Tc-Tilmanocept: A Multicenter Study on Real-Life Use of a
Novel Tracer. J Nucl Med 62:620-627. DOI:10.2967/jnumed.120.252064

Palestro C. J. (2020). Labeled Leukocyte Imaging: Dawn of an Era. J Nucl Med
61:57s-58s. DOI:10.2967/jnumed.120.249797

Djang D. S, Janssen M. J., Bohnen N, et al. (2012). SNM practice guideline for
dopamine transporter imaging with 123I-ioflupane SPECT 1.0. J Nucl Med
53:154-163. DOI:10.2967/jnumed.111.100784

Pattillo R. A, Collier B. D., Abdel-Dayem H., et al. (1995). Phosphorus-32-chromic
phosphate for ovarian cancer: |. Fractionated low-dose intraperitoneal treatments in
conjunction with platinum analog chemotherapy. J Nucl Med 36:29-36.

Meier J. P, Zhang H. J., Freifelder R, et al. (2023). Accelerator-Based Production of
Scandium Radioisotopes for Applications in Prostate Cancer: Toward Building a
Pipeline for Rapid Development of Novel Theranostics. Molecules 28:6041. DOI:10.
3390/molecules28166041

Bailey D. L., Willowson K. P., Harris M., et al. (2023). (64)Cu Treatment Planning and
(67)Cu Therapy with Radiolabeled [(64)Cu/(67)CulMeCOSar-Octreotate in Subjects
with Unresectable Multifocal Meningioma: Initial Results for Human Imaging, Safety,
Biodistribution, and Radiation Dosimetry. J Nucl Med 64:704-710. DOI:10.2967/
jnumed.122.264586

Garin E, Tselikas L., Guiu B., et al. (2021). Personalised versus standard dosimetry
approach of selective internal radiation therapy in patients with locally advanced
hepatocellular carcinoma (DOSISPHERE-01): a randomised, multicentre, open-label
phase 2 trial. Lancet Gastroenterol Hepatol 6:17-29. DOI:10.1016/s2468-1253(20)
30290-9

Pantel A. R., Eiber M., Beyder D. D., et al. (2023). SNMMI Procedure Standard/EANM
Practice Guideline for Palliative Nuclear Medicine Therapies of Bone Metastases. J
Nucl Med Technol 51:176-187. DOI:10.2967/jnmt.123.265936

Reinders M. T. M., van Erpecum K. J., Smits M. L. J., et al. (2022). Safety and Efficacy
of (166)Ho Radioembolization in Hepatocellular Carcinoma: The HEPAR Primary
Study. J Nucl Med 63:1891-1898. DOI:10.2967/jnumed.122.263823

Denis-Bacelar A. M., Chittenden S. J., Dearnaley D. P., et al. (2017). Phase /Il trials of
(186)Re-HEDP in metastatic castration-resistant prostate cancer: post-hoc analysis
of the impact of administered activity and dosimetry on survival. Eur J Nucl Med
Mol Imaging 44:620-629. DOI:10.1007/s00259-016-3543-x

Garin E., Palard X, Rolland Y., et al. (2023). (188)Re-SSS Lipiodol Radioembolization
in HCC Patients: Results of a Phase 1 Trial (Lip-Re-01 Study). Cancers (Basel)
15:2245. DOI:10.3390/cancers 15082245

Watabe T., Mukai K., Naka S, et al. (2025). First-in-Human Study of [(211)At]NaAt as
Targeted a-Therapy in Patients with Radioiodine-Refractory Thyroid Cancer (Alpha-
T1 Trial). J Nucl Med 66:1941-1947. DOI:10.2967/jnumed.125.270810

Singh S. K, Kauffman N, Lynch I. M, et al. (2025). (212)Bi-Macroaggregated
Albumin Inhibited Mouse Melanoma Growth by Regulating Cell Cycle Checkpoint
Markers Without Promoting Living Cell Repopulation. J Nucl Med 66:916-921.
DOI:10.2967/jnumed.124.269190

A1an02s1q Bniqg uolypbaouy| ay |

[I nnouToN

The Innovation Drug Discovery 1(2): 100030, July 16, 2026 21



https://doi.org/10.1021/jacs.5c11292
https://doi.org/10.1158/1078-0432.Ccr-20-4573
https://doi.org/10.1158/1078-0432.Ccr-20-4573
https://doi.org/10.1158/1078-0432.Ccr-20-4573
https://doi.org/10.1158/1078-0432.Ccr-20-4573
https://doi.org/10.1158/1078-0432.Ccr-20-4573
https://doi.org/10.1158/1078-0432.Ccr-20-4573
https://doi.org/10.1158/1078-0432.Ccr-20-4573
https://doi.org/10.3390/ijms24119154
https://doi.org/10.3390/ijms24119154
https://doi.org/10.3390/molecules27175429
https://doi.org/10.2967/jnumed.121.262750
https://doi.org/10.1038/nrc2603
https://doi.org/10.1002/adhm.202505128
https://doi.org/10.1021/acs.jmedchem.5c03583
https://doi.org/10.1016/j.eururo.2022.08.022
https://doi.org/10.1056/NEJMoa2107322
https://doi.org/10.1056/NEJMoa2107322
https://doi.org/10.1097/hc9.0000000000000288
https://doi.org/10.1097/hc9.0000000000000288
https://doi.org/10.1053/j.semnuclmed.2024.05.002
https://doi.org/10.1053/j.semnuclmed.2024.05.002
https://doi.org/10.3390/ijms241411626
https://doi.org/10.1016/j.tips.2026.01.001
https://doi.org/10.1016/s1470-2045(23)00638-1
https://doi.org/10.1016/s1470-2045(23)00638-1
https://doi.org/10.1016/s1470-2045(23)00638-1
https://doi.org/10.1016/s1470-2045(23)00638-1
https://doi.org/10.1016/s1470-2045(23)00638-1
https://doi.org/10.1016/s1470-2045(23)00638-1
https://doi.org/10.7150/thno.96403
https://doi.org/10.2967/jnumed.120.261016
https://doi.org/10.1089/cbr.2019.3213
https://doi.org/10.1089/cbr.2019.3213
https://doi.org/10.3390/pharmaceutics13070980
https://doi.org/10.1186/s41181-019-0075-2
https://doi.org/10.1186/s41181-019-0075-2
https://doi.org/10.1186/s41181-019-0075-2
https://doi.org/10.1186/s41181-019-0075-2
https://doi.org/10.1186/s41181-019-0075-2
https://doi.org/10.1186/s41181-019-0075-2
https://doi.org/10.1186/s41181-019-0075-2
https://doi.org/10.2967/jnumed.115.155929
https://doi.org/10.2967/jnumed.115.155929
https://doi.org/10.3171/2010.2.Jns091211
https://doi.org/10.1097/00000421-200212000-00001
https://doi.org/10.1097/00000421-200212000-00001
https://doi.org/10.1097/00000421-200212000-00001
https://doi.org/10.1097/00000421-200212000-00001
https://doi.org/10.1097/00000421-200212000-00001
https://doi.org/10.1186/s41181-025-00420-0
https://doi.org/10.1186/s41181-025-00420-0
https://doi.org/10.1186/s41181-025-00420-0
https://doi.org/10.1186/s41181-025-00420-0
https://doi.org/10.1186/s41181-025-00420-0
https://doi.org/10.1186/s41181-025-00420-0
https://doi.org/10.1186/s41181-025-00420-0
https://doi.org/10.1002/ana.20009
https://doi.org/10.1002/ana.20009
https://doi.org/10.2967/jnumed.107.047787
https://doi.org/10.2967/jnumed.107.047787
https://doi.org/10.1089/cbr.2009.0674
https://doi.org/10.1148/rg.352140164
https://doi.org/10.1007/s00259-020-05046-9
https://doi.org/10.1007/s00259-020-05046-9
https://doi.org/10.1007/s00259-020-05046-9
https://doi.org/10.1007/s00259-020-05046-9
https://doi.org/10.1007/s00259-020-05046-9
https://doi.org/10.1007/s00259-020-05046-9
https://doi.org/10.1007/s00259-020-05046-9
https://doi.org/10.1038/clpt.2010.12
https://doi.org/10.2967/jnumed.107.047159
https://doi.org/10.2967/jnumed.120.252064
https://doi.org/10.2967/jnumed.120.249797
https://doi.org/10.2967/jnumed.111.100784
https://doi.org/10.3390/molecules28166041
https://doi.org/10.3390/molecules28166041
https://doi.org/10.2967/jnumed.122.264586
https://doi.org/10.2967/jnumed.122.264586
https://doi.org/10.1016/s2468-1253(20)30290-9
https://doi.org/10.1016/s2468-1253(20)30290-9
https://doi.org/10.1016/s2468-1253(20)30290-9
https://doi.org/10.1016/s2468-1253(20)30290-9
https://doi.org/10.1016/s2468-1253(20)30290-9
https://doi.org/10.1016/s2468-1253(20)30290-9
https://doi.org/10.2967/jnmt.123.265936
https://doi.org/10.2967/jnumed.122.263823
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.1007/s00259-016-3543-x
https://doi.org/10.3390/cancers15082245
https://doi.org/10.2967/jnumed.125.270810
https://doi.org/10.2967/jnumed.124.269190

www.the-innovation.org/the-innovation-drugdiscovery

H{AY13M Precision Medicine

75.

76.

.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Kratochwil C., Giesel F. L., Bruchertseifer F., et al. (2014). 2"*Bi-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 41:2106-2119. DOI:10.1007/s00259-014-2857-9

Parker C., Nilsson S., Heinrich D, et al. (2013). Alpha emitter radium-223 and
survival in metastatic prostate cancer. N Engl J Med 369:213-223. DOI:10.1056/
NEJMoa1213755

Abedin S. M., Guru Murthy G. S, Hamadani M., et al. (2025). Phase 1 study of
lintuzumab-Ac225 combined with CLAG-M salvage therapy in relapsed/refractory
acute myeloid leukemia. Leukemia 39:837-843. DOI:10.1038/s41375-025-02528-3
Minchom A, Lindén O. Knapen D. G, et al. (2025). First-in-human study of a
thorium-227-labeled mesothelin-targeting antibody-chelator conjugate (MSLN-
TTC), in patients with malignant mesothelioma and other solid tumors. ESMO Open
10:105905. DOI:10.1016/j.esmoop.2025.105905

Reissig F., Runge R., Naumann A, et al. (2022). Cisplatin - A more Efficient Drug in
Combination with Radionuclides. Nuklearmedizin 61:325-332. DOI:10.1055/a-1759-
1749

Price E. W. and Orvig C. (2014). Matching chelators to radiometals for
radiopharmaceuticals. Chem Soc Rev 43:260-290. DOI:10.1039/c3cs60304k

Wadas T. J,, Wong E. H.,, Weisman G. R, et al. (2010). Coordinating radiometals of
copper, gallium, indium, yttrium, and zirconium for PET and SPECT imaging of
disease. Chem Rev110:2858-2902. DOI:10.1021/cr900325h

Boros E., Comba P., Engle J. W,, et al. (2025). Chemical Tools to Characterize the
Coordination Chemistry of Radionuclides for Radiopharmaceutical Applications.
Chem Rev125:12030-12068. DOI:10.1021/acs.chemrev.5c00641

Okoye N. C., Baumeister J. E., Najafi Khosroshahi F., et al. (2019). Chelators and
metal complex stability for radiopharmaceutical applications. 107:1087-1120. DOI.
doi:10.1515/ract-2018-3090

Krutzek F., Donat C. K. and Stadlbauer S. (2024). Chelator impact: investigating the
pharmacokinetic behavior of copper-64 labeled PD-L1 radioligands. EJNMMI
Radiopharm Chem 9:14. DOI:10.1186/s41181-024-00243-5

Ray Banerjee S., Pullambhatla M., Foss C. A, et al. (2013). Effect of Chelators on the
Pharmacokinetics of 99mTc-Labeled Imaging Agents for the Prostate-Specific
Membrane Antigen (PSMA). Journal of Medicinal Chemistry 56:6108-6121. DOI:10.
1021/jm400823w

Li M., Wang S., Kong Q. et al. (2023). Advances in macrocyclic chelators for positron
emission tomography imaging. VIEW4. DOI:10.1002/VIW.20230042.

Ho K. V., Tatum D. S, Watkinson L., et al. (2024). Single Chelator-Minibody
Theranostic Agents for (89)Zr PET Imaging and (177)Lu Radiopharmaceutical
Therapy of PSMA-Expressing Prostate Cancer. J Nucl Med 65:1435-1442. DOI:10.
2967/jnumed.124.267667

Strosberg J., El-Haddad G., Wolin E., et al. (2017). Phase 3 Trial of (177)Lu-Dotatate
for Midgut Neuroendocrine Tumors. N Engl J Med 376:125-135. DOI:10.1056/
NEJMoa1607427

Thiele N. A, Brown V., Kelly J. M., et al. (2017). An Eighteen-Membered Macrocyclic
Ligand for Actinium-225 Targeted Alpha Therapy. Angew Chem Int Ed Engl
56:14712-14717.D0I:10.1002/anie.201709532

Kadassery K. J, King A. P, Fayn S, et al. (2022). H(2)BZmacropa-NCS: A
Bifunctional Chelator for Actinium-225 Targeted Alpha Therapy. Bioconjug Chem
33:1222-1231. DOI:10.1021/acs.bioconjchem.2c00190

Cheveau M., Moreau M., Grohmann A, et al. (2025). Versatile Bifunctional PYTA
Derivatives for (225)Ac Radiolabeling: A Comparison to Gold Standards. J Nucl Med
66:1396-1399. DOI:10.2967/jnumed.125.270234

Urbanovsky P., David T., Hlinova V., et al. (2025). Cross-bridged cyclam derivatives
with bis(phosphinate) and phosphinate-phosphonate pendant arms (cb-BPC) as
chelators for copper radioisotopes. Org Biomol Chem 23:699-720. DOI:10.1039/
d4ob01473a

Lepareur N. (2022). Cold Kit Labeling: The Future of (68)Ga Radiopharmaceuticals.
Front Med (Lausanne) 9:812050. DOI:10.3389/fmed.2022.812050

Sneddon D. and Cornelissen B. (2021). Emerging chelators for nuclear imaging. Curr
Opin Chem Biol 63:152-162. DOI:10.1016/j.cbpa.2021.03.001

Shah S. Q. and Shirin S. (2025). Head-to-head evaluation of DFO and 3,4,3-LI(1,2-
HOPO) chelators through site-specific conjugation of Anti-STEAPT antibody V6-19-
D11 for (89)Zr-immuno-PET imaging. Appl Radiat Isot 226:112168. DOI:10.1016/j.
apradis0.2025.112168

Chomet M., Schreurs M., Bolijn M. J., et al. (2021). Head-to-head comparison of
DFO+ and DFO chelators: selection of the best candidate for clinical (89)Zr-immuno-
PET. Eur J Nucl Med Mol Imaging 48:694-707. DOI:10.1007/s00259-020-05002-7
Hu Q, Zhao Y., Zhang S, et al. (2025). CD123-targeted radiotheranostics of Acute
Myeloid Leukemia with 89Zr/177Lu-labeled pivekimab. Blood 146:5052. DOL:https://
doi.org/10.1182/blood-2025-5052

Salih A. K., Khozeimeh Sarbisheh E., Raheem S. J., et al. (2024). Synthesis and
evaluation of bifunctional DFO2K: a modular chelator with ideal properties for
zirconium-89 chelation. Dalton Trans 53:18946-18962. DOI:10.1039/d4dt01830c
Salih A. K, Raheem S. J, Garcia M. D, et al. (2022). Design, Synthesis, and
Evaluation of DFO-Em: A Modular Chelator with Octadentate Chelation for Optimal
Zirconium-89 Radiochemistry. Inorg Chem 61:20964-20976. DOI:10.1021/acs.
inorgchem.2c03442

100.

107.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112

113

114

115.

116.

nr.

118.

119.

120.

121.

122.

Fersing C., Masurier N., Rubira L., et al. (2022). AAZTA-Derived Chelators for the
Design of Innovative Radiopharmaceuticals with Theranostic Applications.
Pharmaceuticals (Basel) 16:234. DOI:10.3390/ph15020234

Zeglis B. M., Sevak K. K., Reiner T, et al. (2013). A pretargeted PET imaging strategy
based on bioorthogonal Diels-Alder click chemistry. J Nucl Med 54:1389-1396.
DOI:10.2967/jnumed.112.115840

Carbo-Bague I., Randhawa P., Tosato M., et al. (2025). Synthesis and evaluation of
HOPO-0(8)-Methyl-tetrazine as a bifunctional chelator for use in [(89)Zr]Zr(4+),
[(161)Th]Tb(3+) and [(227)Th]Th(4+) radioimmunoconjugates. J Inorg Biochem
274:113077. DOI:10.1016/j.jinorghio.2025.113077

McDonagh A. W., McNeil B. L., Rousseau J., et al. (2022). Development of a multi
faceted platform containing a tetrazine, fluorophore and chelator: synthesis,
characterization, radiolabeling, and immuno-SPECT imaging. EJNMMI Radiopharm
ChemT:12. DOI:10.1186/s41181-022-00164-1

Tsuchihashi S., Nakashima K., Watanabe H., et al. (2024). Synthesis and evaluation
of novel trifunctional chelating agents for pretargeting approach using albumin
binder to improve tumor accumulation. Nucl Med Biol 132-133:108911. DOI:10.1016
/j.nucmedbio.2024.108911

Del Olmo-Garcia M. I,, Prado-Wohlwend S., Bello P., et al. (2022). Peptide Receptor
Radionuclide Therapy with [(177)Lu]Lu-DOTA-TATE in Patients with Advanced GEP
NENS: Present and Future Directions. Cancers (Basel) 14:584. DOI:10.3390/
cancers14030584

Sachpekidis C. and Dimitrakopoulou-Strauss A. (2025). Long Axial Field-of-View
(LAFQOV) PET/CT in Prostate Cancer. Semin Nucl Med 55:67-75. DOI:10.1053/j.
semnucimed.2024.05.004

Lin M., Ta R. T., Kairemo K, et al. (2021). Prostate-Specific Membrane Antigen-
Targeted Radiopharmaceuticals in Diagnosis and Therapy of Prostate Cancer:
Current Status and Future Perspectives. Cancer Biother Radiopharm 36:237-251.
DOI:10.1089/cbr.2020.3603

Capasso G., Stefanucci A. and Tolomeo A. (2024). A systematic review on the
current status of PSMA-targeted imaging and radioligand therapy. Eur J Med Chem
263:115966. DOI:10.1016/j.ejmech.2023.115966

Oldan J. D. Almaguel F, Voter A F, et al. (2024). PSMA-Targeted
Radiopharmaceuticals for Prostate Cancer Diagnosis and Therapy. Cancer J
30:176-184. DOI:10.1097/pp0.0000000000000718

Yang S., Guo Y., Jia J,, et al. (2025). Emerging role of cancer-associated fibroblasts
in the premetastatic niche. Mol Cancer 24:250. DOI:10.1186/s12943-025-02461-0
Mori Y., Novruzov E., Schmitt D., et al. (2024). Clinical applications of fibroblast
activation protein inhibitor positron emission tomography (FAPI-PET). Npj Imaging
2:48. DOI:10.1038/s44303-024-00053-z

Lombardi L., Genio V. D., Albericio F., et al. (2025). Advances in Peptidomimetics for
Next-Generation Therapeutics: Strategies, Modifications, and Applications. Chem
Rev125:7099-7166. DOI:10.1021/acs.chemrev.4c00989

Xiao W, Jiang W, Chen Z, et al. (2025). Advance in peptide-based drug
development: delivery platforms, therapeutics and vaccines. Signal Transduct
Target Ther 10:74. DOI:10.1038/s41392-024-02107-5

Sui H.,, Guo F, Liu H, et al. (2025). Safety, pharmacokinetics, and dosimetry of
(177)Lu-AB-3PRGD2 in patients with advanced integrin a (v) B (3)-positive tumors:
A first-in-human study. Acta Pharm Sin B 15:669-680. DOI:10.1016/j.apsb.2024.10.
012

Virgolini I. J., Di Santo G. and Santo G. (2026). Peptide receptor radionuclide therapy
in neuroendocrine tumours: advances, combination strategies, and future directions.
Eur J Nucl Med Mol Imaging 53:4335-4347. DOI:10.1007/s00259-025-07750-w

Del Olmo-Garcia M. I, Prado-Wohlwend S., Bello P., et al. (2022). Peptide Receptor
Radionuclide Therapy with [(177)Lu]Lu-DOTA-TATE in Patients with Advanced GEP
NENS: Present and Future Directions. Cancers (Basel) 14:584. DOI:10.3390/
cancers140305684

Loharkar S. and Basu S. (2023). Peptide receptor radionuclide therapy in
neuroendocrine  neoplasms and related tumors: from fundamentals to
personalization and the newer experimental approaches. Expert Review of Precision
Medicine and Drug Development 8:1-32. DOI:10.1080/23808993.2023.2211090
Baum R. P, Fan X, Jakobsson V., et al. (2024). Long-term Nephrotoxicity after
PRRT: Myth or Reality. Theranostics 14:451-459. DOI:10.7150/thno.92487

Singh S., Halperin D., Myrehaug S., et al. (2024). [(177)Lu]Lu-DOTA-TATE plus long-
acting octreotide versus high-dose long-acting octreotide for the treatment of newly
diagnosed, advanced grade 2-3, well-differentiated, gastroenteropancreatic
neuroendocrine tumours (NETTER-2): an open-label, randomised, phase 3 study.
Lancet 403:2807-2817. DOI:10.1016/S0140-6736(24)00701-3

Strosberg J. R., Caplin M. E.,, Kunz P. L, et al. (2021). (177)Lu-Dotatate plus long-
acting octreotide versus high-dose long-acting octreotide in patients with midgut
neuroendocrine tumours (NETTER-1): final overall survival and long-term safety
results from an open-label, randomised, controlled, phase 3 trial. Lancet Oncol
22:1752-1763. DOI:10.1016/S1470-2045(21)00572-6

Boss M., Eriksson 0., Mikkola K., et al. (2024). Improved Localization of Insulinomas
Using (68)Ga-NODAGA-Exendin-4 PET/CT. J Nucl Med 65:1959-1964. DOI:10.2967
/jnumed.124.268158

Hamers-Casterman C., Atarhouch T. Muyldermans S, et al. (1993). Naturally
occurring antibodies devoid of light chains. Nature 363:446-448. DOI:10.1038/

22

The Innovation Drug Discovery 1(2): 100030, July 16, 2026

www.the-innovation.org/the-innovation-drugdiscovery


https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1007/s00259-014-2857-9
https://doi.org/10.1056/NEJMoa1213755
https://doi.org/10.1056/NEJMoa1213755
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1016/j.esmoop.2025.105905
https://doi.org/10.1055/a-1759-1749
https://doi.org/10.1055/a-1759-1749
https://doi.org/10.1055/a-1759-1749
https://doi.org/10.1055/a-1759-1749
https://doi.org/10.1055/a-1759-1749
https://doi.org/10.1039/c3cs60304k
https://doi.org/10.1021/cr900325h
https://doi.org/10.1021/acs.chemrev.5c00641
https://doi.org/10.1515/ract-2018-3090
https://doi.org/10.1515/ract-2018-3090
https://doi.org/10.1515/ract-2018-3090
https://doi.org/10.1515/ract-2018-3090
https://doi.org/10.1515/ract-2018-3090
https://doi.org/10.1186/s41181-024-00243-5
https://doi.org/10.1186/s41181-024-00243-5
https://doi.org/10.1186/s41181-024-00243-5
https://doi.org/10.1186/s41181-024-00243-5
https://doi.org/10.1186/s41181-024-00243-5
https://doi.org/10.1186/s41181-024-00243-5
https://doi.org/10.1186/s41181-024-00243-5
https://doi.org/10.1021/jm400823w
https://doi.org/10.1021/jm400823w
https://doi.org/10.1002/VIW.20230042
https://doi.org/10.2967/jnumed.124.267667
https://doi.org/10.2967/jnumed.124.267667
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.1002/anie.201709532
https://doi.org/10.1021/acs.bioconjchem.2c00190
https://doi.org/10.2967/jnumed.125.270234
https://doi.org/10.1039/d4ob01473a
https://doi.org/10.1039/d4ob01473a
https://doi.org/10.3389/fmed.2022.812050
https://doi.org/10.1016/j.cbpa.2021.03.001
https://doi.org/10.1016/j.apradiso.2025.112168
https://doi.org/10.1016/j.apradiso.2025.112168
https://doi.org/10.1007/s00259-020-05002-7
https://doi.org/10.1007/s00259-020-05002-7
https://doi.org/10.1007/s00259-020-05002-7
https://doi.org/10.1007/s00259-020-05002-7
https://doi.org/10.1007/s00259-020-05002-7
https://doi.org/10.1007/s00259-020-05002-7
https://doi.org/10.1007/s00259-020-05002-7
https://doi.org/https://doi.org/10.1182/blood-2025-5052
https://doi.org/https://doi.org/10.1182/blood-2025-5052
https://doi.org/https://doi.org/10.1182/blood-2025-5052
https://doi.org/https://doi.org/10.1182/blood-2025-5052
https://doi.org/https://doi.org/10.1182/blood-2025-5052
https://doi.org/https://doi.org/10.1182/blood-2025-5052
https://doi.org/10.1039/d4dt01830c
https://doi.org/10.1021/acs.inorgchem.2c03442
https://doi.org/10.1021/acs.inorgchem.2c03442
https://doi.org/10.3390/ph15020234
https://doi.org/10.2967/jnumed.112.115840
https://doi.org/10.1016/j.jinorgbio.2025.113077
https://doi.org/10.1186/s41181-022-00164-1
https://doi.org/10.1186/s41181-022-00164-1
https://doi.org/10.1186/s41181-022-00164-1
https://doi.org/10.1186/s41181-022-00164-1
https://doi.org/10.1186/s41181-022-00164-1
https://doi.org/10.1186/s41181-022-00164-1
https://doi.org/10.1186/s41181-022-00164-1
https://doi.org/10.1016/j.nucmedbio.2024.108911
https://doi.org/10.1016/j.nucmedbio.2024.108911
https://doi.org/10.3390/cancers14030584
https://doi.org/10.3390/cancers14030584
https://doi.org/10.1053/j.semnuclmed.2024.05.004
https://doi.org/10.1053/j.semnuclmed.2024.05.004
https://doi.org/10.1089/cbr.2020.3603
https://doi.org/10.1016/j.ejmech.2023.115966
https://doi.org/10.1097/ppo.0000000000000718
https://doi.org/10.1186/s12943-025-02461-0
https://doi.org/10.1186/s12943-025-02461-0
https://doi.org/10.1186/s12943-025-02461-0
https://doi.org/10.1186/s12943-025-02461-0
https://doi.org/10.1186/s12943-025-02461-0
https://doi.org/10.1186/s12943-025-02461-0
https://doi.org/10.1186/s12943-025-02461-0
https://doi.org/10.1038/s44303-024-00053-z
https://doi.org/10.1038/s44303-024-00053-z
https://doi.org/10.1038/s44303-024-00053-z
https://doi.org/10.1038/s44303-024-00053-z
https://doi.org/10.1038/s44303-024-00053-z
https://doi.org/10.1038/s44303-024-00053-z
https://doi.org/10.1038/s44303-024-00053-z
https://doi.org/10.1021/acs.chemrev.4c00989
https://doi.org/10.1038/s41392-024-02107-5
https://doi.org/10.1038/s41392-024-02107-5
https://doi.org/10.1038/s41392-024-02107-5
https://doi.org/10.1038/s41392-024-02107-5
https://doi.org/10.1038/s41392-024-02107-5
https://doi.org/10.1038/s41392-024-02107-5
https://doi.org/10.1038/s41392-024-02107-5
https://doi.org/10.1016/j.apsb.2024.10.012
https://doi.org/10.1016/j.apsb.2024.10.012
https://doi.org/10.1007/s00259-025-07750-w
https://doi.org/10.1007/s00259-025-07750-w
https://doi.org/10.1007/s00259-025-07750-w
https://doi.org/10.1007/s00259-025-07750-w
https://doi.org/10.1007/s00259-025-07750-w
https://doi.org/10.1007/s00259-025-07750-w
https://doi.org/10.1007/s00259-025-07750-w
https://doi.org/10.3390/cancers14030584
https://doi.org/10.3390/cancers14030584
https://doi.org/10.1080/23808993.2023.2211090
https://doi.org/10.7150/thno.92487
https://doi.org/10.1016/S0140-6736(24)00701-3
https://doi.org/10.1016/S0140-6736(24)00701-3
https://doi.org/10.1016/S0140-6736(24)00701-3
https://doi.org/10.1016/S0140-6736(24)00701-3
https://doi.org/10.1016/S0140-6736(24)00701-3
https://doi.org/10.1016/S1470-2045(21)00572-6
https://doi.org/10.1016/S1470-2045(21)00572-6
https://doi.org/10.1016/S1470-2045(21)00572-6
https://doi.org/10.1016/S1470-2045(21)00572-6
https://doi.org/10.1016/S1470-2045(21)00572-6
https://doi.org/10.2967/jnumed.124.268158
https://doi.org/10.2967/jnumed.124.268158
https://doi.org/10.1038/363446a0
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

147,

142.

143.

144,

145,

146.

147.

148.

363446a0

Muyldermans S., Atarhouch T., Saldanha J., et al. (1994). Sequence and structure of
VH domain from naturally occurring camel heavy chain immunoglobulins lacking
light chains. Protein Eng 7:1129-1135. DOI:10.1093/protein/7.9.1129

Liu B, Liu H., Han P, et al. (2024). Enhanced potency of an IgM-like nanobody
targeting conserved epitope in SARS-CoV-2 spike N-terminal domain. Signal
Transduction and Targeted Therapy 9. DOI:10.1038/s41392-024-01847-8
Rahbarizadeh F., Ahmadvand D. and Sharifzadeh Z. (2011). Nanobody; an old
concept and new vehicle for immunotargeting. /mmunol Invest 40:299-338. DOI:10.
3109/08820139.2010.542228

Alexander E. and Leong K. W. (2024). Discovery of nanobodies: a comprehensive
review of their applications and potential over the past five years. J
Nanobiotechnology 22:661. DOI:10.1186/s12951-024-02900-y

Blank L., Pander G., Muhlberg E., et al. (2025). Exploiting the unique properties of
nanobodies: enhancing therapeutics, drug delivery, and targeted diagnostics. Drug
Discov Today 30:104524. DOI:10.1016/j.drudis.2025.104524

Blueggel M., Gul D, Stauber R. H., et al. (2025). Small but mighty: the versatility of
nanobodies in modern medicine. Nanoscale Horiz 10:21568-2171. DOI:10.1039/
d5nh00283d

Emami A, Tavassoli Razavi F., Salari N, et al. (2025). Nanobody-based
immunotoxins: A precision tool in the treatment of solid tumors. International
Immunopharmacology 158:114801. DOI:10.1016/j.intimp.2025.114801

Hou J., Du K, Li J,, et al. (2025). Research trends in the use of nanobodies for cancer
therapy. J Control Release 381:113454. DOI:10.1016/j.jconrel.2025.01.045

Maali A, Gholizadeh M., Feghhi-Najafabadi S., et al. (2023). Nanobodies in cell-
mediated immunotherapy: On the road to fight cancer. Frontiers in Immunology
14:1012841. DOI:10.3389/fimmu.2023.1012841

Zheng F., Pang Y., Li L., et al. (2022). Applications of nanobodies in brain diseases.
Front Immunol 13:978513. DOI:10.3389/fimmu.2022.978513

Huang B., Yin T., Fu S, et al. (2024). Inflammation-oriented montmorillonite adjuvant
enhanced oral delivery of anti-TNF-a nanobody against inflammatory bowel
disease. Proc Natl Acad Sci U S A 121:e2320482121. DOI:10.1073/pnas.
2320482121

Jiao R, Lin X, Zhang Q. et al. (2024). Anti-tumor immune potentiation targets-
engineered nanobiotechnologies: Design principles and applications. Progress in
Materials Science 142:101230. DOI:10.1016/j.pmatsci.2023.101230

Jumapili N. A, Zivalj M., Barthelmess R. M., et al. (2023). A few good reasons to use
nanobodies for cancer treatment. European Journal of Immunology 53:€2250024.
DOI:10.1002/€ji.202250024

Yin N, Li X, Zhang X, et al. (2024). Development of pharmacological
immunoregulatory anti-cancer therapeutics: current mechanistic studies and
clinical opportunities. Signal Transduction and Targeted Therapy 9:126. DOI:10.1038
/s41392-024-01826-z.

Maksymova L., Pilger Y. A, Nuhn L., et al. (2025). Nanobodies targeting the tumor
microenvironment and their formulation as nanomedicines. Mol Cancer 24:65.
DOI:10.1186/s12943-025-02270-5

Madsen A. V. Kristensen P. and Goletz S. (2024). 1gG-VHH bispecific fusion
antibodies: challenges and opportunities as therapeutic agents. Expert Opin Biol
Ther24:203-206. DOI:10.1080/14712598.2024.2336068

Chi H., Wang L., Liu C, et al. (2022). An Engineered IgG—VHH Bispecific Antibody
against SARS - CoV - 2 and Its Variants (Small Methods 12/2022). Small Methods
6:2200932. DOI:10.1002/smtd.202270068

Heaps W. P., Packard A. E, McCammon K. M., et al. (2026). Molecular Survival
Strategies Against Kidney Filtration: Implications for Therapeutic Protein
Engineering. Biophysica 6:4. DOI:10.3390/biophysica6010004

LiQ, Kong Y., Zhong Y., et al. (2024). Half-life extension of single-domain antibody-
drug conjugates by albumin binding moiety enhances antitumor efficacy.
MedComm (2020) 5:€557. DOI:10.1002/mco02.557

Liu X, Le Gall C., Alexander R. K., et al. (2025). Nanobody-based bispecific antibody
engagers targeting CTLA-4 or PD-L1 for cancer immunotherapy. Nature Biomedical
Engineering 10:39-55. DOI:10.1038/s41551-025-01447-z

Pathivada K. and Glassman P. M. (2025). Half-life extension of therapeutics:
Applications and mechanisms. The Journal of Pharmacology and Experimental
Therapeutics 392:103724. DOI:10.1016/}.jpet.2025.103724

Yin C, Liu T, Yu D, et al. (2026). Engineering and translational evaluation of A Novel
Albumin-binding variable domain of heavy chain-only antibody for half-life
extension. Journal of Drug Delivery Science and Technology 117:108044. DOI:10.
1016/j jddst.2026.108044

Zeng J., Fang Y., Zhang Z., et al. (2024). Antitumor activity of Z15-0-2, a bispecific
nanobody targeting PD-1 and CTLA-4. Oncogene 43:2244-2252. DOI:10.1038/
$41388-024-03066-5

Yang X.-m., Lin X.-d., Shi W, et al. (2023). Nanobody-based bispecific T-cell engager
(Nb-BITE): a new platform for enhanced T-cell immunotherapy. Signal Transduction
and Targeted Therapy 8:328. DOI:10.1038/s41392-023-01523-3

Burt R., Warcel D. and Fielding A. K. (2019). Blinatumomab, a bispecific B-cell and T-
cell engaging antibody, in the treatment of B-cell malignancies. Hum Vaccin
Immunother 15:594-602. DOI:10.1080/21645515.2018.1540828

FuZ,LiS,HanS, etal. (2022). Antibody drug conjugate: the "biological missile” for

149.

150.

1571.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171

172.

173.

174.

Precision Medicine J3%I3"

targeted cancer therapy. Signal Transduct Target Ther 7:93. DOI:10.1038/s41392-
022-00947-7

Foss S, Sakya S. A, Aguinagalde L., et al. (2024). Human IgG Fc-engineering for
enhanced plasma half-life, mucosal distribution and killing of cancer cells and
bacteria. Nat Commun 15:2007. DOI:10.1038/s41467-024-46321-9

Lu R. M., Chiang H. L., Yuan J. P, et al. (2025). Technological advancements in
antibody-based therapeutics for treatment of diseases. J Biomed Sci 32:98. DOI:10.
1186/s12929-025-01190-2

Wohner M. and Nimmerjahn F. (2025). Cytotoxic 1gG: Mechanisms, functions, and
applications. Immunity 58:1378-1395. DOI:10.1016/j.immuni.2025.05.008
Ghemrawi R., Abuamer L., Kremesh S, et al. (2024). Revolutionizing Cancer
Treatment: Recent Advances in Immunotherapy. Biomedicines 12:2158. DOI:10.
3390/biomedicines12092158

Paul S., Konig M. F., Pardoll D. M,, et al. (2024). Cancer therapy with antibodies.
Nature Reviews Cancer 24:399-426. DOI:10.1038/s41568-024-00690-x

Abdeldaim D. T. and Schindowski K. (2023). Fc-Engineered Therapeutic Antibodies:
Recent Advances and Future Directions. Pharmaceutics 15:2402. DOI:10.3390/
pharmaceutics15102402

Asmani A. Z. A, Zainuddin A. F. F., Azmi Murad N. A, et al. (2024). Immunogenicity
of monoclonal antibody: Causes, consequences, and control strategies. Pathol Res
Pract 263:155627. DOI:10.1016/j.prp.2024.155627

Toledo-Stuardo K., Ribeiro C. H., Gonzalez-Herrera F, et al. (2024). Therapeutic
antibodies in oncology: an immunopharmacological overview. Cancer Immunol
Immunother73:242. DOI:10.1007/s00262-024-03814-2

Wang L., Wang V., Li Y., et al. (2024). Resistance mechanisms and prospects of
trastuzumab. Frontiers in Oncology 14:1389390. DOI:10.3389/fonc.2024.1389390.

Li Z, Krippendorff B. F,, Sharma S., et al. (2016). Influence of molecular size on
tissue distribution of antibody fragments. MAbs 8:113-119. DOI:10.1080/19420862.
2015.1111497

Huang Y., Guo S, Lin Y., et al. (2023). LincRNAO1703 Facilitates CD81(+) Exosome
Secretion to Inhibit Lung Adenocarcinoma Metastasis via the Rab27a/SYTL1/CD81
Complex. Cancers (Basel) 15:5781. DOI:10.3390/cancers15245781

Schulte G., Scharf M. M. Bous J., et al. (2024). Frizzleds act as dynamic
pharmacological entities. Trends Pharmacol Sci 45:419-429. DOI:10.1016/].tips.
2024.03.003

Edupuganti V., Escorcia F. E. and Schnermann M. J. (2025). Through every lens:
assessing the impact of chemical modifications on antibody-conjugates using in
vivo imaging. Npj Imaging 3:56. DOI:10.1038/s44303-025-00109-8

Geis N. M., Braunwarth Y., Meyer P. T., et al. (2026). Optimizing PSMA-617-based
inhibitors through charged linker modifications: Insights into structure-activity
relationships. Theranostics 16:2798-2810. DOI:10.7150/thno.118972

Olaniran Hakansson E., Zelepukin I. V., Obeid K., et al. (2025). A preclinical study on
the influence of linkers in [(68)Ga]Ga-NOTA-X-RM26 radiotracers for PET imaging of
GRPR expression. EJNMMI Res 15:104. DOI:10.1186/s13550-025-01301-y

Bauer D, Cornejo M. A, Hoang T. T, et al. (2023). Click Chemistry and
Radiochemistry: An Update. Bioconjug Chem 34:1925-1950. DOI:10.1021/acs.
bioconjchem.3c00286

Baum R. P., Singh A, Schuchardt C., et al. (2018). (177)Lu-3BP-227 for Neurotensin
Receptor 1-Targeted Therapy of Metastatic Pancreatic Adenocarcinoma: First
Clinical Results. J Nucl Med §9:809-814. DOI:10.2967/jnumed.117.193847

Lang L., Li W, Guo N., et al. (2011). Comparison study of [18F]JFAI-NOTA-PRGD2,
[18FJFPPRGD2, and [68Ga]Ga-NOTA-PRGD2 for PET imaging of US7TMG tumors in
mice. Bioconjug Chem 22:2415-2422. DOI:10.1021/bc200197h

Zhou Z., Meshaw R., Zalutsky M. R, et al. (2021). Site-Specific and Residualizing
Linker for (18)F Labeling with Enhanced Renal Clearance: Application to an Anti-
HER2 Single-Domain Antibody Fragment. J Nucl Med 62:1624-1630. DOI:10.2967/
jnumed.120.261446

Schindler L., Moosbauer J., Schmidt D., et al. (2022). Development of a Neurotensin-
Derived (68)Ga-Labeled PET Ligand with High In Vivo Stability for Imaging of NTS(1)
Receptor-Expressing ~ Tumors.  Cancers  (Basel) 14:4922.  DOI:10.3390/
cancers14194922.

Keam S. J. (2022). Lutetium Lu 177 Vipivotide Tetraxetan: First Approval. Mol Diagn
Ther 26:467-475. DOI:10.1007/s40291-022-00594-2

Shabsigh M. and Solomon L. A. (2024). Peptide PET Imaging: A Review of Recent
Developments and a Look at the Future of Radiometal-Labeled Peptides in
Medicine. Chem Biomed Imaging 2:615-630. DOI:10.1021/cbmi.4c00030

Ertl F. J., Friedel A, Schmid E. J., et al. (2025). High-Affinity and Proteolytically Stable
Peptidic Fluorescent NTS(1)R Ligands. J Med Chem 68:19482-19502. DOI:10.1021/
acs,jmedchem.5c01701

Zhang J., Wang H. Jacobson O, et al. (2018). Safety, Pharmacokinetics, and
Dosimetry of a Long-Acting Radiolabeled Somatostatin Analog (177)Lu-DOTA-EB-
TATE in Patients with Advanced Metastatic Neuroendocrine Tumors. J Nucl Med
59:1699-1705. DOI:10.2967/jnumed.118.209841

Kramer V., Fernandez R., Lehnert W., et al. (2021). Biodistribution and dosimetry of a
single dose of albumin-binding ligand [(177)Lu]Lu-PSMA-ALB-56 in patients with
mMCRPC. Eur J Nucl Med Mol Imaging 48:893-903. DOI:10.1007/s00259-020-05022-
3

Thakur S., Daley B, Millo C, et al. (2021). (177)Lu-DOTA-EB-TATE, a Radiolabeled

A1an02s1q Bniqg uolypbaouy| ay |

[I nnouToN

The Innovation Drug Discovery 1(2): 100030, July 16, 2026 23



https://doi.org/10.1038/363446a0
https://doi.org/10.1093/protein/7.9.1129
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.1038/s41392-024-01847-8
https://doi.org/10.3109/08820139.2010.542228
https://doi.org/10.3109/08820139.2010.542228
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1186/s12951-024-02900-y
https://doi.org/10.1016/j.drudis.2025.104524
https://doi.org/10.1039/d5nh00283d
https://doi.org/10.1039/d5nh00283d
https://doi.org/10.1016/j.intimp.2025.114801
https://doi.org/10.1016/j.jconrel.2025.01.045
https://doi.org/10.3389/fimmu.2023.1012841
https://doi.org/10.3389/fimmu.2022.978513
https://doi.org/10.1073/pnas.2320482121
https://doi.org/10.1073/pnas.2320482121
https://doi.org/10.1016/j.pmatsci.2023.101230
https://doi.org/10.1002/eji.202250024
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1038/s41392-024-01826-z
https://doi.org/10.1186/s12943-025-02270-5
https://doi.org/10.1186/s12943-025-02270-5
https://doi.org/10.1186/s12943-025-02270-5
https://doi.org/10.1186/s12943-025-02270-5
https://doi.org/10.1186/s12943-025-02270-5
https://doi.org/10.1186/s12943-025-02270-5
https://doi.org/10.1186/s12943-025-02270-5
https://doi.org/10.1080/14712598.2024.2336068
https://doi.org/10.1002/smtd.202270068
https://doi.org/10.3390/biophysica6010004
https://doi.org/10.1002/mco2.557
https://doi.org/10.1038/s41551-025-01447-z
https://doi.org/10.1038/s41551-025-01447-z
https://doi.org/10.1038/s41551-025-01447-z
https://doi.org/10.1038/s41551-025-01447-z
https://doi.org/10.1038/s41551-025-01447-z
https://doi.org/10.1038/s41551-025-01447-z
https://doi.org/10.1038/s41551-025-01447-z
https://doi.org/10.1016/j.jpet.2025.103724
https://doi.org/10.1016/j.jddst.2026.108044
https://doi.org/10.1016/j.jddst.2026.108044
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41388-024-03066-5
https://doi.org/10.1038/s41392-023-01523-3
https://doi.org/10.1038/s41392-023-01523-3
https://doi.org/10.1038/s41392-023-01523-3
https://doi.org/10.1038/s41392-023-01523-3
https://doi.org/10.1038/s41392-023-01523-3
https://doi.org/10.1038/s41392-023-01523-3
https://doi.org/10.1038/s41392-023-01523-3
https://doi.org/10.1080/21645515.2018.1540828
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.1038/s41392-022-00947-7
https://doi.org/10.1038/s41467-024-46321-9
https://doi.org/10.1038/s41467-024-46321-9
https://doi.org/10.1038/s41467-024-46321-9
https://doi.org/10.1038/s41467-024-46321-9
https://doi.org/10.1038/s41467-024-46321-9
https://doi.org/10.1038/s41467-024-46321-9
https://doi.org/10.1038/s41467-024-46321-9
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1186/s12929-025-01190-2
https://doi.org/10.1016/j.immuni.2025.05.008
https://doi.org/10.3390/biomedicines12092158
https://doi.org/10.3390/biomedicines12092158
https://doi.org/10.1038/s41568-024-00690-x
https://doi.org/10.1038/s41568-024-00690-x
https://doi.org/10.1038/s41568-024-00690-x
https://doi.org/10.1038/s41568-024-00690-x
https://doi.org/10.1038/s41568-024-00690-x
https://doi.org/10.1038/s41568-024-00690-x
https://doi.org/10.1038/s41568-024-00690-x
https://doi.org/10.3390/pharmaceutics15102402
https://doi.org/10.3390/pharmaceutics15102402
https://doi.org/10.1016/j.prp.2024.155627
https://doi.org/10.1007/s00262-024-03814-2
https://doi.org/10.1007/s00262-024-03814-2
https://doi.org/10.1007/s00262-024-03814-2
https://doi.org/10.1007/s00262-024-03814-2
https://doi.org/10.1007/s00262-024-03814-2
https://doi.org/10.1007/s00262-024-03814-2
https://doi.org/10.1007/s00262-024-03814-2
https://doi.org/10.3389/fonc.2024.1389390
https://doi.org/10.1080/19420862.2015.1111497
https://doi.org/10.1080/19420862.2015.1111497
https://doi.org/10.3390/cancers15245781
https://doi.org/10.1016/j.tips.2024.03.003
https://doi.org/10.1016/j.tips.2024.03.003
https://doi.org/10.1038/s44303-025-00109-8
https://doi.org/10.1038/s44303-025-00109-8
https://doi.org/10.1038/s44303-025-00109-8
https://doi.org/10.1038/s44303-025-00109-8
https://doi.org/10.1038/s44303-025-00109-8
https://doi.org/10.1038/s44303-025-00109-8
https://doi.org/10.1038/s44303-025-00109-8
https://doi.org/10.7150/thno.118972
https://doi.org/10.1186/s13550-025-01301-y
https://doi.org/10.1186/s13550-025-01301-y
https://doi.org/10.1186/s13550-025-01301-y
https://doi.org/10.1186/s13550-025-01301-y
https://doi.org/10.1186/s13550-025-01301-y
https://doi.org/10.1186/s13550-025-01301-y
https://doi.org/10.1186/s13550-025-01301-y
https://doi.org/10.1021/acs.bioconjchem.3c00286
https://doi.org/10.1021/acs.bioconjchem.3c00286
https://doi.org/10.2967/jnumed.117.193847
https://doi.org/10.1021/bc200197h
https://doi.org/10.2967/jnumed.120.261446
https://doi.org/10.2967/jnumed.120.261446
https://doi.org/10.3390/cancers14194922
https://doi.org/10.3390/cancers14194922
https://doi.org/10.1007/s40291-022-00594-2
https://doi.org/10.1007/s40291-022-00594-2
https://doi.org/10.1007/s40291-022-00594-2
https://doi.org/10.1007/s40291-022-00594-2
https://doi.org/10.1007/s40291-022-00594-2
https://doi.org/10.1007/s40291-022-00594-2
https://doi.org/10.1007/s40291-022-00594-2
https://doi.org/10.1021/cbmi.4c00030
https://doi.org/10.1021/acs.jmedchem.5c01701
https://doi.org/10.1021/acs.jmedchem.5c01701
https://doi.org/10.2967/jnumed.118.209841
https://doi.org/10.1007/s00259-020-05022-3
https://doi.org/10.1007/s00259-020-05022-3
https://doi.org/10.1007/s00259-020-05022-3
https://doi.org/10.1007/s00259-020-05022-3
https://doi.org/10.1007/s00259-020-05022-3
https://doi.org/10.1007/s00259-020-05022-3
https://doi.org/10.1007/s00259-020-05022-3

www.the-innovation.org/the-innovation-drugdiscovery

H{AY13M Precision Medicine

175.

176.

177,

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Analogue of Somatostatin Receptor Type 2, for the Imaging and Treatment of
Thyroid Cancer. Clin Cancer Res 27:1399-1409. DOI:10.1158/1078-0432.CCR-20-
3453

Wen X, Xu P, Zeng X, et al. (2023). Development of [(177)Lu]Lu-LNC1003 for
radioligand therapy of prostate cancer with a moderate level of PSMA expression.
Eur J Nucl Med Mol Imaging 50:2846-2860. DOI:10.1007/s00259-023-06229-w

Ritt P., Fernandez R., Soza-Ried C,, et al. (2025). Biodistribution and dosimetry of
[(177)Lu]Lu-SibuDAB in patients with metastatic castration-resistant prostate
cancer. Eur J Nucl Med Mol Imaging 52:2431-2443. DOI:10.1007/s00259-025-
07102-8

Liao A, Du W. and Yang H. (2023). The Inverse Electron Demand Diels - Alder
Reaction Between Tetrazine and Trans - Cyclooctene for Pretargeted Bioimaging
Applications. Analysis & Sensing 4:¢202300053. DOI:10.1002/anse.202300053.
Lundmark F., Olanders G. Rinne S. S, et al. (2022). Design, Synthesis, and
Evaluation of Linker-Optimised PSMA-Targeting Radioligands. Pharmaceutics
14:1098. DOI:10.3390/pharmaceutics 14051098

Schurrle S. B, Eberlein U., Ansquer C., et al. (2024). Dosimetry and pharmacokinetics
of [(177)Lu]Lu-satoreotide tetraxetan in patients with progressive neuroendocrine
tumours. Eur J Nucl Med Mol Imaging 51:2428-2441. DOI:10.1007/s00259-024-
06682-1

Jin Z. H, Degardin M., Furukawa T., et al. (2025). Evaluation of the Gly-Phe-Lys
Linker to Reduce the Renal Radioactivity of a [(64)Cu]Cu-Labeled Multimeric cRGD
Peptide. ACS Omega 10:4102-4120. DOI:10.1021/acsomega.4c10621

Klauser P. C., Chopra S., Cao L., et al. (2023). Covalent Proteins as Targeted
Radionuclide Therapies Enhance Antitumor Effects. ACS Cent Sci 9:1241-1251.
DOI:10.1021/acscentsci.3c00288

Boike L., Henning N. J. and Nomura D. K. (2022). Advances in covalent drug
discovery. Nat Rev Drug Discov 21:881-898. DOI:10.1038/s41573-022-00542-z
Tamura T., Kawano M. and Hamachi I. (2025). Targeted Covalent Modification
Strategies for Drugging the Undruggable Targets. Chem Rev 125:1191-1253.
DOI:10.1021/acs.chemrev.4c00745

Cheal S. M,, Chung S. K., Vaughn B. A, et al. (2022). Pretargeting: A Path Forward for
Radioimmunotherapy. J Nucl Med 63:1302-1315. DOI:10.2967/jnumed.121.262186
Poty S., Ordas L., Dekempeneer Y., et al. (2024). Optimizing the Therapeutic Index of
sdAb-Based Radiopharmaceuticals Using Pretargeting. J Nucl Med 65:1564-1570.
DOI:10.2967/jnumed.124.267624

Scinto S. L, Bilodeau D. A, Hincapie R, et al. (2021). Bioorthogonal chemistry.
Nature Reviews Methods Primers 1:30. DOI:10.1038/s43586-021-00028-z

Civelek A. C. (2026). PSMA-Based Radiopharmaceuticals in Prostate Cancer
Theranostics: Imaging, Clinical Advances, and Future Directions. Cancers (Basel)
18:234. DOI:10.3390/cancers18020234

Park S., Parihar A. S, Bodei L., et al. (2021). Somatostatin Receptor Imaging and
Theranostics: Current Practice and Future Prospects. J Nucl Med 62:1323-1329.
DOI:10.2967/jnumed.120.251512

Dai D, Gao X, Zhang S, et al. (2026). First-in-human evaluation of four novel PSMA-
targeted PET radiotracers with non-canonical amino acid linkage: A comparative
study. Pharmacol Res 225:108138. DOI:10.1016/j.phrs.2026.108138

Song H., lagaru A. and Rowe S. P. (2022). (18)F-DCFPyL PET Acquisition,
Interpretation, and Reporting: Suggestions After Food and Drug Administration
Approval. J Nucl Med 63:855-859. DOI:10.2967/jnumed.121.262989

Carlucci G., Ippisch R, Slavik R, et al. (2021). (68)Ga-PSMA-11 NDA Approval: A
Novel and Successful Academic Partnership. J Nucl Med 62:149-155. DOI:10.2967/
jnumed.120.260455

Hyvakka A, Virtanen V., Kemppainen J., et al. (2021). More Than Meets the Eye:
Scientific Rationale behind Molecular Imaging and Therapeutic Targeting of
Prostate-Specific Membrane Antigen (PSMA) in Metastatic Prostate Cancer and
Beyond. Cancers (Basel) 13:2244. DOI:10.3390/cancers13092244

Maes J., Gesquiere S., De Spiegeleer A, et al. (2024). Prostate-Specific Membrane
Antigen Biology and Pathophysiology in Prostate Carcinoma, an Update: Potential
Implications for Targeted Imaging and Therapy. Int J Mol Sci 26:9755. DOI:10.3390/
ijms25179755

Tran H. H., Yamaguchi A. and Manning H. C. (2025). Radiotheranostic landscape: A
review of clinical and preclinical development. Eur J Nucl Med Mol Imaging
52:2685-2709. DOI:10.1007/s00259-025-07103-7

Peng S., Zhan Y., Zhang D., et al. (2023). Structures of human gastrin-releasing
peptide receptors bound to antagonist and agonist for cancer and itch therapy. Proc
Natl Acad Sci U S A120:€2216230120. DOI:10.1073/pnas.2216230120

Jensen R. T, Battey J. F, Spindel E. R, et al. (2008). International Union of
Pharmacology. LXVIIl. Mammalian bombesin receptors: nomenclature, distribution,
pharmacology, signaling, and functions in normal and disease states. Pharmacol
Rev60:1-42. DOI:10.1124/pr.107.07108

Reubi J. C., Wenger S., Schmuckli-Maurer J., et al. (2002). Bombesin receptor
subtypes in human cancers: detection with the universal radioligand (125)I-[D-
TYR(6), beta-ALA(11), PHE(13), NLE(14)] bombesin(6-14). Clin Cancer Res
8:1139-1146

Markwalder R. and Reubi J. C. (1999). Gastrin-releasing peptide receptors in the
human prostate: relation to neoplastic transformation. Cancer Res 59:1152-1159.
Beer M., Montani M., Gerhardt J., et al. (2012). Profiling gastrin-releasing peptide

200.

201.

202.

203.

204.

206.

206.

207.

208.

209.

210.

211.

212.

213.

214.

216.

216.

217.

218.

219.

220.

221.

222.

223.

receptor in prostate tissues: clinical implications and molecular correlates. Prostate
72:318-325. DOI:10.1002/pros.21434

Morgat C., Duan H., Dalm S, et al. (2025). A Vision for Gastrin-Releasing Peptide
Receptor Targeting for Imaging and Therapy: Perspective from Academia and
Industry. J Nucl Med 66:1160-1167. DOI:10.2967/jnumed.124.269444

Zhang J., Tian Y., Li D,, et al. (2019). (68)Ga-NOTA-Aca-BBN(7-14) PET imaging of
GRPR in children with optic pathway glioma. Eur J Nucl Med Mol Imaging
46:2152-2162. DOI:10.1007/s00259-019-04392-7

Ananias H. J., Yu Z, Hoving H. D., et al. (2013). Application of (99m)Technetium-
HYNIC(tricine/TPPTS)-Aca-Bombesin(7-14) SPECT/CT in prostate cancer patients:
a first-in-man study. Nucl Med Biol 40:933-938. DOI:10.1016/j.nucmedbio.2013.05.
009

Mansi R, Wang X, Forrer F, et al. (2011). Development of a potent DOTA-
conjugated bombesin antagonist for targeting GRPr-positive tumours. Eur J Nucl
Med Mol Imaging 38:97-107. DOI:10.1007/s00259-010-1596-9

Gunther T., Deiser S, Felber V., et al. (2022). Substitution of I-Tryptophan by a-
Methyl-I-Tryptophan in (177)Lu-RM2 Results in (177)Lu-AMTG, a High-Affinity
Gastrin-Releasing Peptide Receptor Ligand with Improved In Vivo Stability. J Nucl
Med 63:1364-1370. DOI:10.2967/jnumed.121.263323

Holzleitner N., Cwojdzinski T., Beck R., et al. (2024). Preclinical Evaluation of Gastrin-
Releasing Peptide Receptor Antagonists Labeled with (161)Tb and (177)Lu: A
Comparative Study. J Nucl Med 65:481-484. DOI:10.2967/jnumed.123.266233

Nock B. A, Kaloudi A, Lymperis E., et al. (2017). Theranostic Perspectives in
Prostate Cancer with the Gastrin-Releasing Peptide Receptor Antagonist
NeoBOMBT: Preclinical and First Clinical Results. J Nucl Med 58:75-80. DOI:10.2967
/jnumed.116.178889

Gruber L., Jiménez-Franco L. D. Decristoforo C., et al. (2020). MITIGATE-
NeoBOMBT, a Phase I/lla Study to Evaluate Safety, Pharmacokinetics, and
Preliminary Imaging of (68)Ga-NeoBOMBI1, a Gastrin-Releasing Peptide Receptor
Antagonist, in GIST Patients. J Nucl Med 61:1749-1755. DOI:10.2967/jnumed.119.
238808

Giorgiutti S, Rottura J., Korganow A. S, et al. (2024). CXCR4: from B-cell
development to B cell-mediated diseases. Life Sci Alliance 7:€202302465. DOI:10.
26508/1sa.202302465

Balkwill F. (2004). Cancer and the chemokine network. Nat Rev Cancer 4:540-550.
DOI:10.1038/nrc1388

Buck A. K., Serfling S. E., Lindner T., et al. (2022). CXCR4-targeted theranostics in
oncology. Eur J Nucl Med Mol Imaging 49:4133-4144. DOI:10.1007/s00259-022-
05849-y

Dreher N, Hahner S, Ful C. T, et al. (2024). CXCR4-directed PET/CT with [(68)
Ga]Ga-pentixafor in solid tumors-a comprehensive analysis of imaging findings and
comparison with histopathology. Eur J Nucl Med Mol Imaging 51:1383-1394.
DOI:10.1007/s00259-023-06547-z

Chatterjee S., Behnam Azad B. and Nimmagadda S. (2014). The intricate role of
CXCR4 in cancer. Adv Cancer Res 124:31-82. DOI:10.1016/b978-0-12-411638-2.
00002-1

Liu N., Wan Q., Cheng Z., et al. (2019). Radionuclide-Labeled Peptides for Imaging
and Treatment of CXCR4- Overexpressing Malignant Tumors. Curr Top Med Chem
19:17-32. DOI:10.2174/1568026619666190201094952

Domanska U. M. Kruizinga R. C., Nagengast W. B, et al. (2013). A review on
CXCR4/CXCL12 axis in oncology: no place to hide. Eur J Cancer 49:219-230. DOI:10.
1016/j.ejca.2012.05.005

Gourni E., Demmer 0., Schottelius M., et al. (2011). PET of CXCR4 expression by a
(68)Ga-labeled highly specific targeted contrast agent. J Nucl Med 52:1803-1810.
DOI:10.2967/jnumed.111.098798

Philipp-Abbrederis K., Herrmann K., Knop S, et al. (2015). In vivo molecular imaging
of chemokine receptor CXCR4 expression in patients with advanced multiple
myeloma. EMBO Mol Med T:477-487. DOI:10.15252/emmm.201404698

Konrad M., Rinscheid A, Wienand G, et al. (2023). [(99m)Tc]Tc-PentixaTec:
development, extensive pre-clinical evaluation, and first human experience. Eur J
Nucl Med Mol Imaging 50:3937-3948. DOI:10.1007/s00259-023-06395-x

Lapa C., Knop S, Schirbel A, et al. (2015). First in man experience of CXCR4-
directed endoradiotherapy with 177Lu- and 90Y-labelled Pentixather in multiple
myeloma patients. J Nucl Med 56:14-14

Singh P., Toom S. and Huang Y. (2017). Anti-claudin 18.2 antibody as new targeted
therapy for advanced gastric cancer. J Hematol Oncol 10:105. DOI:10.1186/s13045-
017-0473-4.

Zhang D., Huang G,, Liu J,, et al. (2023). Claudin18.2-targeted cancer theranostics.
Am J Nucl Med Mol Imaging 13:64—69

Hu G., Zhu W,, Liu Y., et al. (2022). Development and comparison of three (89)Zr-
labeled anti-CLDN18.2 antibodies to noninvasively evaluate CLDN18.2 expression in
gastric cancer: a preclinical study. Eur J Nucl Med Mol Imaging 49:2634—2644.
DOI:10.1007/s00269-022-05739-3

Chen Y., Hou X, Li D, et al. (2023). Development of a CLDN18.2-targeting immuno-
PET probe for non-invasive imaging in gastrointestinal tumors. J Pharm Anal
13:367—375. DOI:10.1016/j.jpha.2023.02.011

Zeng Z., Li L, Tao J., et al. (2024). [(177)Lu]Lu-labeled anti-claudin-18.2 antibody
demonstrated radioimmunotherapy potential in gastric cancer mouse xenograft

24

The Innovation Drug Discovery 1(2): 100030, July 16, 2026

www.the-innovation.org/the-innovation-drugdiscovery


https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1158/1078-0432.CCR-20-3453
https://doi.org/10.1007/s00259-023-06229-w
https://doi.org/10.1007/s00259-023-06229-w
https://doi.org/10.1007/s00259-023-06229-w
https://doi.org/10.1007/s00259-023-06229-w
https://doi.org/10.1007/s00259-023-06229-w
https://doi.org/10.1007/s00259-023-06229-w
https://doi.org/10.1007/s00259-023-06229-w
https://doi.org/10.1007/s00259-025-07102-8
https://doi.org/10.1007/s00259-025-07102-8
https://doi.org/10.1007/s00259-025-07102-8
https://doi.org/10.1007/s00259-025-07102-8
https://doi.org/10.1007/s00259-025-07102-8
https://doi.org/10.1007/s00259-025-07102-8
https://doi.org/10.1007/s00259-025-07102-8
https://doi.org/10.1002/anse.202300053
https://doi.org/10.3390/pharmaceutics14051098
https://doi.org/10.1007/s00259-024-06682-1
https://doi.org/10.1007/s00259-024-06682-1
https://doi.org/10.1007/s00259-024-06682-1
https://doi.org/10.1007/s00259-024-06682-1
https://doi.org/10.1007/s00259-024-06682-1
https://doi.org/10.1007/s00259-024-06682-1
https://doi.org/10.1007/s00259-024-06682-1
https://doi.org/10.1021/acsomega.4c10621
https://doi.org/10.1021/acscentsci.3c00288
https://doi.org/10.1038/s41573-022-00542-z
https://doi.org/10.1038/s41573-022-00542-z
https://doi.org/10.1038/s41573-022-00542-z
https://doi.org/10.1038/s41573-022-00542-z
https://doi.org/10.1038/s41573-022-00542-z
https://doi.org/10.1038/s41573-022-00542-z
https://doi.org/10.1038/s41573-022-00542-z
https://doi.org/10.1021/acs.chemrev.4c00745
https://doi.org/10.2967/jnumed.121.262186
https://doi.org/10.2967/jnumed.124.267624
https://doi.org/10.1038/s43586-021-00028-z
https://doi.org/10.1038/s43586-021-00028-z
https://doi.org/10.1038/s43586-021-00028-z
https://doi.org/10.1038/s43586-021-00028-z
https://doi.org/10.1038/s43586-021-00028-z
https://doi.org/10.1038/s43586-021-00028-z
https://doi.org/10.1038/s43586-021-00028-z
https://doi.org/10.3390/cancers18020234
https://doi.org/10.2967/jnumed.120.251512
https://doi.org/10.1016/j.phrs.2026.108138
https://doi.org/10.2967/jnumed.121.262989
https://doi.org/10.2967/jnumed.120.260455
https://doi.org/10.2967/jnumed.120.260455
https://doi.org/10.3390/cancers13092244
https://doi.org/10.3390/ijms25179755
https://doi.org/10.3390/ijms25179755
https://doi.org/10.1007/s00259-025-07103-7
https://doi.org/10.1007/s00259-025-07103-7
https://doi.org/10.1007/s00259-025-07103-7
https://doi.org/10.1007/s00259-025-07103-7
https://doi.org/10.1007/s00259-025-07103-7
https://doi.org/10.1007/s00259-025-07103-7
https://doi.org/10.1007/s00259-025-07103-7
https://doi.org/10.1073/pnas.2216230120
https://doi.org/10.1124/pr.107.07108
https://doi.org/10.1002/pros.21434
https://doi.org/10.2967/jnumed.124.269444
https://doi.org/10.1007/s00259-019-04392-7
https://doi.org/10.1007/s00259-019-04392-7
https://doi.org/10.1007/s00259-019-04392-7
https://doi.org/10.1007/s00259-019-04392-7
https://doi.org/10.1007/s00259-019-04392-7
https://doi.org/10.1007/s00259-019-04392-7
https://doi.org/10.1007/s00259-019-04392-7
https://doi.org/10.1016/j.nucmedbio.2013.05.009
https://doi.org/10.1016/j.nucmedbio.2013.05.009
https://doi.org/10.1007/s00259-010-1596-9
https://doi.org/10.1007/s00259-010-1596-9
https://doi.org/10.1007/s00259-010-1596-9
https://doi.org/10.1007/s00259-010-1596-9
https://doi.org/10.1007/s00259-010-1596-9
https://doi.org/10.1007/s00259-010-1596-9
https://doi.org/10.1007/s00259-010-1596-9
https://doi.org/10.2967/jnumed.121.263323
https://doi.org/10.2967/jnumed.123.266233
https://doi.org/10.2967/jnumed.116.178889
https://doi.org/10.2967/jnumed.116.178889
https://doi.org/10.2967/jnumed.119.238808
https://doi.org/10.2967/jnumed.119.238808
https://doi.org/10.26508/lsa.202302465
https://doi.org/10.26508/lsa.202302465
https://doi.org/10.1038/nrc1388
https://doi.org/10.1007/s00259-022-05849-y
https://doi.org/10.1007/s00259-022-05849-y
https://doi.org/10.1007/s00259-022-05849-y
https://doi.org/10.1007/s00259-022-05849-y
https://doi.org/10.1007/s00259-022-05849-y
https://doi.org/10.1007/s00259-022-05849-y
https://doi.org/10.1007/s00259-022-05849-y
https://doi.org/10.1007/s00259-023-06547-z
https://doi.org/10.1007/s00259-023-06547-z
https://doi.org/10.1007/s00259-023-06547-z
https://doi.org/10.1007/s00259-023-06547-z
https://doi.org/10.1007/s00259-023-06547-z
https://doi.org/10.1007/s00259-023-06547-z
https://doi.org/10.1007/s00259-023-06547-z
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.1016/b978-0-12-411638-2.00002-1
https://doi.org/10.2174/1568026619666190201094952
https://doi.org/10.1016/j.ejca.2012.05.005
https://doi.org/10.1016/j.ejca.2012.05.005
https://doi.org/10.2967/jnumed.111.098798
https://doi.org/10.15252/emmm.201404698
https://doi.org/10.1007/s00259-023-06395-x
https://doi.org/10.1007/s00259-023-06395-x
https://doi.org/10.1007/s00259-023-06395-x
https://doi.org/10.1007/s00259-023-06395-x
https://doi.org/10.1007/s00259-023-06395-x
https://doi.org/10.1007/s00259-023-06395-x
https://doi.org/10.1007/s00259-023-06395-x
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1186/s13045-017-0473-4
https://doi.org/10.1007/s00259-022-05739-3
https://doi.org/10.1007/s00259-022-05739-3
https://doi.org/10.1007/s00259-022-05739-3
https://doi.org/10.1007/s00259-022-05739-3
https://doi.org/10.1007/s00259-022-05739-3
https://doi.org/10.1007/s00259-022-05739-3
https://doi.org/10.1007/s00259-022-05739-3
https://doi.org/10.1016/j.jpha.2023.02.011
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

models. Eur J Nucl Med Mol Imaging 51:1221-1232. DOI:10.1007/s00259-023-
06561-1

Wei W. Zhang D. Zhang VY. et al. (2022). Development and comparison of
(68)Ga/(18)F/(64)Cu-labeled nanobody tracers probing Claudin18.2. Mol Ther
Oncolytics 27:305—314. DOI:10.1016/j.0mt0.2022.11.003

Wang Z., Zhao C., Ding J., et al. (2023). Screening, Construction, and Preliminary
Evaluation of CLDN18.2-Specific Peptides for Noninvasive Molecular Imaging. ACS
Pharmacol Trans! Sci6:1829—1840. DOI:10.1021/acsptsci.3c00165

Becker H. M. (2020). Carbonic anhydrase IX and acid transport in cancer. Br J
Cancer122:157-167. DOI:10.1038/s41416-019-0642-z

Divgi C. R, Uzzo R. G, Gatsonis C, et al. (2013). Positron emission
tomography/computed tomography identification of clear cell renal cell carcinoma:
results from the REDECT trial. J Clin Oncol 31:187-194. DOI:10.1200/jc0.2011.41.
2445

Hekman M. C. H, Rijpkema M., Aarntzen E. H., et al. (2018). Positron Emission
Tomography/Computed Tomography with (89)Zr-girentuximab Can Aid in
Diagnostic Dilemmas of Clear Cell Renal Cell Carcinoma Suspicion. Eur Urol
74:257-260. DOI:10.1016/j.eururo.2018.04.026

Merkx R. I. J., Lobeek D., Konijnenberg M., et al. (2021). Phase | study to assess
safety, biodistribution and radiation dosimetry for (89)Zr-girentuximab in patients
with renal cell carcinoma. Eur J Nucl Med Mol Imaging 48:3277-3285. DOI:10.1007/
s00259-021-05271-w

Verhoeff S. R, van Es S. C., Boon E,, et al. (2019). Lesion detection by [(89)Zr]Zr-DFO-
girentuximab and [(18)FIFDG-PET/CT in patients with newly diagnosed metastatic
renal cell carcinoma. Eur J Nucl Med Mol Imaging 46:1931-1939. DOI:10.1007/
s00259-019-04358-9

Doss M., Kolb H. C., Walsh J. C,, et al. (2014). Biodistribution and radiation dosimetry
of the carbonic anhydrase IX imaging agent [(18) FIVM4-037 determined from
PET/CT scans in healthy volunteers. Mol Imaging Biol 16:739-746. DOI:10.1007/
s11307-014-0730-7

Turkbey B, Lindenberg M. L., Adler S, et al. (2016). PET/CT imaging of renal cell
carcinoma with (18)F-VM4-037: a phase I pilot study. Abdom Radiol (NY)
41:109-118. DOI:10.1007/s00261-015-0599-1

Kulterer O. C., Pfaff S., Wadsak W., et al. (2021). A Microdosing Study with (39m)Tc-
PHC-102 for the SPECT/CT Imaging of Primary and Metastatic Lesions in Renal Cell
Carcinoma Patients. J Nucl Med 62:360-365. DOI:10.2967/jnumed.120.245530
Tehrani H. A, Zangi M., Fathi M., et al. (2025). GPC-3 in hepatocellular carcinoma; A
novel biomarker and molecular target. Exp Cell Res 444:114391. DOI:10.1016/j.yexcr.
2024114391

Devan A. R, Nair B, Pradeep G. K, et al. (2024). The role of glypican-3 in
hepatocellular carcinoma: Insights into diagnosis and therapeutic potential. Eur J
Med Res 29:490. DOI:10.1186/s40001-024-02073-2

Filippi L. (2025). Glypican-3: Novel Theranostic Agent for Hepatocellular Carcinoma.
Semin Nucl Med. DOI:10.1053/j.semnuclmed.2025.09.004

Carrasquillo J. A, O'Donoghue J. A, Beylergil V., et al. (2018). I-124 codrituzumab
imaging and biodistribution in patients with hepatocellular carcinoma. EJNMMI Res
8:20. DOI:10.1186/s13550-018-0374-8

Sham J. G, Kievit F. M., Grierson J. R, et al. (2014). Glypican-3-targeting F(ab')2 for
89Zr PET of hepatocellular carcinoma. J Nucl Med 55:2032-2037. DOI:10.2967/
jnumed.114.145102

Waaijer S. J., Giesen D., Ishiguro T, et al. (2020). Preclinical PET imaging of
bispecific antibody ERY974 targeting CD3 and glypican 3 reveals that tumor uptake
correlates to T cell infiltrate. J Immunother Cancer 8. DOI:10.1136/jitc-2020-000548
An S, Zhang D., Zhang Y., et al. (2022). GPC3-targeted immunoPET imaging of
hepatocellular carcinomas. Eur J Nucl Med Mol Imaging 49:2682-2692. DOI:10.
1007/s002569-022-05723-x

Fayn S, King A. P, Gutsche N. T, et al. (2023). Site-Specifically Conjugated Single-
Domain Antibody Successfully Identifies Glypican-3-Expressing Liver Cancer by
Immuno-PET. J Nucl Med 64:1017-1023. DOI:10.2967/jnumed.122.265171

Labadie K. P., Hamlin D. K., Kenoyer A, et al. (2022). Glypican-3-Targeted (227)Th a-
Therapy Reduces Tumor Burden in an Orthotopic Xenograft Murine Model of
Hepatocellular Carcinoma. J Nucl Med 63:1033-1038. DOI:10.2967/jnumed.121.
262562

Wang Z., Han V. J., Huang S,, et al. (2018). Imaging the expression of glypican-3 in
hepatocellular carcinoma by PET. Amino Acids 50:309-320. DOI:10.1007/s00726-
017-2517-z

Qin Y., Cheng S, Li Y., et al. (2020). The development of a Glypican-3-specific
binding peptide using in vivo and in vitro two-step phage display screening for the
PET imaging of hepatocellular carcinoma. Biomater Sci 8:5656-5665. DOI:10.1039/
d0bm00943a

Li'Y., Zhang J., Gu J,, et al. (2020). Radiofluorinated GPC3-Binding Peptides for PET
Imaging of Hepatocellular Carcinoma. Mol Imaging Biol 22:134-143. DOI:10.1007/
s11307-019-01356-z

Wu Y, Wang X, Sun X, et al. (2025). Fibroblast activation protein targeting
radiopharmaceuticals: From drug design to clinical translation. Acta Pharm Sin B
15:4511-4542. DOI:10.1016/}.apsb.2025.07.009

Yang J., Xin B., Wang X, et al. (2025). Cancer-associated fibroblasts in breast cancer
in the single-cell era: Opportunities and challenges. Biochim Biophys Acta Rev

248.

249.

250.

251.

252.

253.

254,

265.

256.

257.

258.

2569.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Precision Medicine J3%I3"

Cancer1880:189291. DOI:10.1016/j.bbcan.2025.189291

Bartoschek M., Oskolkov N., Bocci M., et al. (2018). Spatially and functionally distinct
subclasses of breast cancer-associated fibroblasts revealed by single cell RNA
sequencing. Nat Commun 9:5150. DOI:10.1038/s41467-018-07582-3

Wei Y., Zheng J., Ma L, et al. (2022). [(18)FJAIF-NOTA-FAPI-04: FAP-targeting
specificity, biodistribution, and PET/CT imaging of various cancers. Eur J Nucl Med
Mol Imaging 49:2761-2773. DOI:10.1007/s00259-022-05758-0

Hamson E. J., Keane F. M, Tholen S, et al. (2014). Understanding fibroblast
activation protein (FAP): substrates, activities, expression and targeting for cancer
therapy. Proteomics Clin Appl 8:454-463. DOI:10.1002/prca.201300095

Kang Y. K. (2025). Fibroblast Activation Protein-Targeted Theranostics: Current
Status in Clinical Development. Nucl Med Mol Imaging 59:279-288. DOI:10.1007/
s13139-025-00935-z

Hathi D. K. and Jones E. F. (2019). (68)Ga FAPI PET/CT: Tracer Uptake in 28
Different Kinds of Cancer. Radiol Imaging Cancer 1:2194003. DOI:10.1148/rycan.
2019194003

Chen H., Pang Y., Wu J,, et al. (2020). Comparison of [(68)Ga]Ga-DOTA-FAPI-04 and
[(18)F] FDG PET/CT for the diagnosis of primary and metastatic lesions in patients
with various types of cancer. Eur J Nucl Med Mol Imaging 47:1820-1832. DOI:10.
1007/s00259-020-04769-z

Wen X, Xu P, Shi M, et al. (2022). Evans blue-modified radiolabeled fibroblast
activation protein inhibitor as long-acting cancer therapeutics. Theranostics
12:422-433. DOI:10.7150/thno.68182

Zhao L., Niu B, Fang J., et al. (2022). Synthesis, Preclinical Evaluation, and a Pilot
Clinical PET Imaging Study of (68)Ga-Labeled FAPI Dimer. J Nucl Med 63:862-868.
DOI:10.2967/jnumed.121.263016

Pang Y., Zhao L, Meng T., et al. (2023). PET Imaging of Fibroblast Activation Protein
in Various Types of Cancer Using (68)Ga-FAP-2286: Comparison with (18)F-FDG
and (68)Ga-FAPI-46 in a Single-Center, Prospective Study. J Nucl Med 64:386-394.
DOI:10.2967/jnumed.122.264544

Pabst K. M., Mei R., Lickerath K., et al. (2024). Detection of tumour heterogeneity in
patients with advanced, metastatic castration-resistant prostate cancer on
[(68)GalGa-/[(18)FIF-PSMA-11/-1007,  [(68)GalGa-FAPI-46 and  2-[(18)FIFDG
PET/CT: a pilot study. Eur J Nucl Med Mol Imaging 52:342-353. DOI:10.1007/
s00269-024-06891-8

Bentivoglio V., D'lppolito E., Nayak P., et al. (2025). Bispecific Radioligands (BRLs):
Two Is Better Than One. J Clin Med 14. DOI:10.3390/jcm14165628.

Roohani B., Mendez A. S., Dangarwala M., et al. (2024). Nuclear Imaging of Bispecific
Antibodies on the Rise. J Nucl Med 65:1512-1517. DOI:10.2967/jnumed.123.
267215

Hou X, Liu S, Zeng Z,, et al. (2024). Preclinical imaging evaluation of a bispecific
antibody targeting hPD1/CTLA4 using humanized mice. Biomed Pharmacother
175:116669. DOI:10.1016/j.biopha.2024.116669

Cao Z., Wichmann C. W, Burvenich I. J. G, et al. (2024). Radiolabelling and
preclinical characterisation of [(89)Zr]Zr-Df-ATG-101 bispecific to PD-L1/4-1BB. Eur
J Nucl Med Mol Imaging 51:3202-3214. DOI:10.1007/s00259-024-06742-6

Liu Z,, Huang J., Dong C., et al. (2012). 99mTc-labeled RGD-BBN peptide for small-
animal SPECT/CT of lung carcinoma. Mol Pharm 9:1409-1417. DOI:10.1021/
mp200661t

Xiang J., Wang R., Wang J., et al. (2025). <strong>Preliminary Safety, Biodistribution,
and Dosimetry of Fibroblast activation protein and Integrin av@3 dual targeting
radioligand 177Lu-DOTA-FAPI-RGD: First-in-Human Results</strong>. Journal of
Nuclear Medicine 66:251663-251663

Echigo H., Munekane M., Fuchigami T., et al. (2026). Combination therapy of an
(211)At-labeled RGD peptide and immune checkpoint blockade to enhance
antitumor efficacy. Eur J Nucl Med Mol Imaging 53:992-1003. DOI:10.1007/s00259-
025-07498-3

Mothersill C. and Seymour C. B. (2004). Radiation-induced bystander effects--
implications for cancer. Nat Rev Cancer 4:1568—164. DOI:10.1038/nrc1277.

Giacco V. (2024). Radioligand cancer therapy comes to the fore. Nat Cancer 5:1782.
DOI:10.1038/s43018-024-00856-4

Yang M., Wang L., Qin S,, et al. (2024). Role of damaged mitochondrial transfer in
alpha-particle generator (212)Pb radiation-induced bystander effect. Theranostics
14:6768-6782. DOI:10.7150/thno.101922

Mohsin N., Enderling H., Brady-Nicholls R., et al. (2024). Simulating tumor volume
dynamics in response to radiotherapy: Implications of model selection. J Theor Biol
576:111656. DOI:10.1016/).jthi.2023.111656

Daguenet E., Louati S, Wozny A. S,, et al. (2020). Radiation-induced bystander and
abscopal effects: important lessons from preclinical models. Br J Cancer
123:339-348. DOI:10.1038/s41416-020-0942-3

Leung C. N, Canter B. S,, Rajon D,, et al. (2020). Dose-Dependent Growth Delay of
Breast Cancer Xenografts in the Bone Marrow of Mice Treated with (223)Ra: The
Role of Bystander Effects and Their Potential for Therapy. J Nucl Med 61:89-95.
DOI:10.2967/jnumed.119.227835

Jabbari N., Karimipour M., Khaksar M., et al. (2020). Tumor-derived extracellular
vesicles: insights into bystander effects of exosomes after irradiation. Lasers Med
Sci35:531-545. DOI:10.1007/s10103-019-02880-8

Yang Z, Zhong W., Yang L, et al. (2022). The emerging role of exosomes in

A1an02s1q Bniqg uolypbaouy| ay |

[I nnouToN

The Innovation Drug Discovery 1(2): 100030, July 16, 2026 25



https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1007/s00259-023-06561-1
https://doi.org/10.1016/j.omto.2022.11.003
https://doi.org/10.1021/acsptsci.3c00165
https://doi.org/10.1038/s41416-019-0642-z
https://doi.org/10.1038/s41416-019-0642-z
https://doi.org/10.1038/s41416-019-0642-z
https://doi.org/10.1038/s41416-019-0642-z
https://doi.org/10.1038/s41416-019-0642-z
https://doi.org/10.1038/s41416-019-0642-z
https://doi.org/10.1038/s41416-019-0642-z
https://doi.org/10.1200/jco.2011.41.2445
https://doi.org/10.1200/jco.2011.41.2445
https://doi.org/10.1016/j.eururo.2018.04.026
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-021-05271-w
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s00259-019-04358-9
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s11307-014-0730-7
https://doi.org/10.1007/s00261-015-0599-1
https://doi.org/10.1007/s00261-015-0599-1
https://doi.org/10.1007/s00261-015-0599-1
https://doi.org/10.1007/s00261-015-0599-1
https://doi.org/10.1007/s00261-015-0599-1
https://doi.org/10.1007/s00261-015-0599-1
https://doi.org/10.1007/s00261-015-0599-1
https://doi.org/10.2967/jnumed.120.245530
https://doi.org/10.1016/j.yexcr.2024.114391
https://doi.org/10.1016/j.yexcr.2024.114391
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1186/s40001-024-02073-2
https://doi.org/10.1053/j.semnuclmed.2025.09.004
https://doi.org/10.1186/s13550-018-0374-8
https://doi.org/10.1186/s13550-018-0374-8
https://doi.org/10.1186/s13550-018-0374-8
https://doi.org/10.1186/s13550-018-0374-8
https://doi.org/10.1186/s13550-018-0374-8
https://doi.org/10.1186/s13550-018-0374-8
https://doi.org/10.1186/s13550-018-0374-8
https://doi.org/10.2967/jnumed.114.145102
https://doi.org/10.2967/jnumed.114.145102
https://doi.org/10.1136/jitc-2020-000548
https://doi.org/10.1136/jitc-2020-000548
https://doi.org/10.1136/jitc-2020-000548
https://doi.org/10.1136/jitc-2020-000548
https://doi.org/10.1136/jitc-2020-000548
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.1007/s00259-022-05723-x
https://doi.org/10.2967/jnumed.122.265171
https://doi.org/10.2967/jnumed.121.262562
https://doi.org/10.2967/jnumed.121.262562
https://doi.org/10.1007/s00726-017-2517-z
https://doi.org/10.1007/s00726-017-2517-z
https://doi.org/10.1007/s00726-017-2517-z
https://doi.org/10.1007/s00726-017-2517-z
https://doi.org/10.1007/s00726-017-2517-z
https://doi.org/10.1007/s00726-017-2517-z
https://doi.org/10.1007/s00726-017-2517-z
https://doi.org/10.1039/d0bm00943a
https://doi.org/10.1039/d0bm00943a
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1007/s11307-019-01356-z
https://doi.org/10.1016/j.apsb.2025.07.009
https://doi.org/10.1016/j.bbcan.2025.189291
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1038/s41467-018-07582-3
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.1002/prca.201300095
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1007/s13139-025-00935-z
https://doi.org/10.1148/rycan.2019194003
https://doi.org/10.1148/rycan.2019194003
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.7150/thno.68182
https://doi.org/10.2967/jnumed.121.263016
https://doi.org/10.2967/jnumed.122.264544
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.1007/s00259-024-06891-8
https://doi.org/10.3390/jcm14165628
https://doi.org/10.2967/jnumed.123.267215
https://doi.org/10.2967/jnumed.123.267215
https://doi.org/10.1016/j.biopha.2024.116669
https://doi.org/10.1007/s00259-024-06742-6
https://doi.org/10.1007/s00259-024-06742-6
https://doi.org/10.1007/s00259-024-06742-6
https://doi.org/10.1007/s00259-024-06742-6
https://doi.org/10.1007/s00259-024-06742-6
https://doi.org/10.1007/s00259-024-06742-6
https://doi.org/10.1007/s00259-024-06742-6
https://doi.org/10.1021/mp200661t
https://doi.org/10.1021/mp200661t
https://doi.org/10.1007/s00259-025-07498-3
https://doi.org/10.1007/s00259-025-07498-3
https://doi.org/10.1007/s00259-025-07498-3
https://doi.org/10.1007/s00259-025-07498-3
https://doi.org/10.1007/s00259-025-07498-3
https://doi.org/10.1007/s00259-025-07498-3
https://doi.org/10.1007/s00259-025-07498-3
https://doi.org/10.1038/nrc1277
https://doi.org/10.1038/s43018-024-00856-4
https://doi.org/10.1038/s43018-024-00856-4
https://doi.org/10.1038/s43018-024-00856-4
https://doi.org/10.1038/s43018-024-00856-4
https://doi.org/10.1038/s43018-024-00856-4
https://doi.org/10.1038/s43018-024-00856-4
https://doi.org/10.1038/s43018-024-00856-4
https://doi.org/10.7150/thno.101922
https://doi.org/10.1016/j.jtbi.2023.111656
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.2967/jnumed.119.227835
https://doi.org/10.1007/s10103-019-02880-8
https://doi.org/10.1007/s10103-019-02880-8
https://doi.org/10.1007/s10103-019-02880-8
https://doi.org/10.1007/s10103-019-02880-8
https://doi.org/10.1007/s10103-019-02880-8
https://doi.org/10.1007/s10103-019-02880-8
https://doi.org/10.1007/s10103-019-02880-8

www.the-innovation.org/the-innovation-drugdiscovery

H{AY13M Precision Medicine

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

radiotherapy. Cell Commun Signal 20:171. DOI:10.1186/s12964-022-00986-1

Ngwa W., Irabor O. C., Schoenfeld J. D., et al. (2018). Using immunotherapy to boost
the abscopal effect. Nat Rev Cancer 18:313-322. DOI:10.1038/nrc.2018.6
Poleszczuk J. T, Luddy K. A, Prokopiou S, et al. (2016). Abscopal Benefits of
Localized Radiotherapy Depend on Activated T-cell Trafficking and Distribution
between Metastatic Lesions. Cancer Res 76:1009-1018. DOI:10.1158/0008-5472.
Can-156-1423

Hutchinson L. (2015). Radiotherapy: abscopal responses: pro-immunogenic effects
of radiotherapy. Nat Rev Clin Oncol 12:504. DOI:10.1038/nrclinonc.2015.127

Murthy V., Allen-Auerbach M., Lam R, et al. (2023). PSMA-Negative Lesion
Progression Under (177)Lu-PSMA Radioligand Therapy. J Nucl Med 64:1502-1503.
DOI:10.2967/jnumed.122.265099

MclLaughlin M., Patin E. C, Pedersen M, et al. (2020). Inflammatory
microenvironment remodelling by tumour cells after radiotherapy. Nature Reviews
Cancer20:203-217. DOI:10.1038/541568-020-0246-1

Sun'Y., Aliyari S. R,, Parvatiyar K, et al. (2025). STING directly interacts with PAR to
promote apoptosis upon acute ionizing radiation-mediated DNA damage. Cell Death
Differ 32:1167-1179. DOI:10.1038/s41418-025-01457-z

Huang Z., Zhu J, Zhou Y. L, et al. (2025). The cGAS-STING pathway: a dual
regulator of immune response in cancer and therapeutic implications. J Trans! Med
23:766. DOI:10.1186/512967-025-06843-2

Hu Y., Paris S, Bertolet G, et al. (2022). Combining a nanoparticle-mediated
immunoradiotherapy with dual blockade of LAG3 and TIGIT improves the treatment
efficacy in anti-PD1 resistant lung cancer. J Nanobiotechnology 20:417. DOI:10.
1186/s12951-022-01621-4

Filatenkov A., Baker J., Mueller A. M., et al. (2015). Ablative Tumor Radiation Can
Change the Tumor Immune Cell Microenvironment to Induce Durable Complete
Remissions. Clin Cancer Res 21:3727-3739. DOI:10.1158/1078-0432.Ccr-14-2824
Sun Q. Li J., Ding Z,, et al. (2023). Radiopharmaceuticals heat anti-tumor immunity.
Theranostics 13:767-786. DOI:10.7150/thno.79806

Kleinendorst S. C., Oosterwijk E., Bussink J., et al. (2022). Combining Targeted
Radionuclide Therapy and Immune Checkpoint Inhibition for Cancer Treatment. Clin
Cancer Res 28:3652-3657. DOI:10.1158/1078-0432.Ccr-21-4332

Gong J., Le T. Q, Massarelli E, et al. (2018). Radiation therapy and PD-1/PD-L1
blockade: the clinical development of an evolving anticancer combination. J
Immunother Cancer 6:46. DOI:10.1186/s40425-018-0361-7

Stewart R. A, Pilié P. G. and Yap T. A. (2018). Development of PARP and Immune-
Checkpoint Inhibitor Combinations. Cancer Res 78:6717-6725. DOI:10.1158/0008-
5472.Can-18-2652

Jiao S, Xia W., Yamaguchi H. et al. (2017). PARP Inhibitor Upregulates PD-L1
Expression and Enhances Cancer-Associated Immunosuppression. Clin Cancer Res
23:3711-3720. DOI:10.1158/1078-0432.Ccr-16-3215

Ding J, Qin S, Hou X, et al. (2025). Recent advances in emerging
radiopharmaceuticals and the challenges in radiochemistry and analytical
chemistry. TrAC Trends in Analytical Chemistry 182:118053. DOlhttps://doi.org/10.
1016/j.trac.2024.118053

Ngoi N. Y. L, Gallo D., Torrado C., et al. (2025). Synthetic lethal strategies for the
development of cancer therapeutics. Nat Rev Clin Oncol 22:46-64. DOI:10.1038/
s41571-024-00966-z

Gao A. and Guo M. (2020). Epigenetic based synthetic lethal strategies in human
cancers. Biomark Res 8:44. DOI:10.1186/s40364-020-00224-1

Lord C. J,, Tutt A. N. and Ashworth A. (2015). Synthetic lethality and cancer therapy:
lessons learned from the development of PARP inhibitors. Annu Rev Med
66:455-470. DOI:10.1146/annurev-med-050913-022545

Do K. and Chen A. P. (2013). Molecular pathways: targeting PARP in cancer
treatment. Clin Cancer Res 19:977-984. DOI:10.1158/1078-0432.Ccr-12-0163

Vyas S. and Chang P. (2014). New PARP targets for cancer therapy. Nat Rev Cancer
14:502-509. DOI:10.1038/nrc3748

Liu S, Opiyo S. 0., Manthey K, et al. (2012). Distinct roles for DNA-PK, ATM and ATR
in RPA phosphorylation and checkpoint activation in response to replication stress.
Nucleic Acids Res 40:10780-10794. DOI:10.1093/nar/gks849

Reynolds P., Anderson J. A, Harper J. V., et al. (2012). The dynamics of Ku70/80 and
DNA-PKces at DSBs induced by ionizing radiation is dependent on the complexity of
damage. Nucleic Acids Res 40:10821-10831. DOI:10.1093/nar/gks879

McKay R. R., Xie W., Ajimera A, et al. (2025). A multicenter, randomized, phase 2,
investigator-initiated ETCTN trial of olaparib + radium-223 vs. radium-223 in men
with castration-resistant prostate cancer (CRPC) with bone metastases (BM)
(COMRADE): Initial efficacy and biomarker analysis. Journal of Clinical Oncology
43:5007-5007. DOI:10.1200/JC0.2025.43.16_suppl.5007

Huang R. X. and Zhou P. K. (2020). DNA damage response signaling pathways and
targets for radiotherapy sensitization in cancer. Signal Transduct Target Ther 5:60.
DOI:10.1038/541392-020-0150-x

Parsels L. A, Zhang Q. Karnak D, et al. (2021). Translation of DNA Damage
Response Inhibitors as Chemoradiation Sensitizers From the Laboratory to the
Clinic. International Journal of Radiation Oncology+Biology*Physics 111:e38—e53.
DOl:https://doi.org/10.1016/j.ijrobp.2021.07.1708

Pun F. W., Ozerov I. V. and Zhavoronkov A. (2023). Al-powered therapeutic target
discovery. Trends Pharmacol Sci44:561-572. DOI:10.1016/j.tips.2023.06.010

299.

300.

301.

302.

303.

304.

306.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

Richards W. G. (2002). Virtual screening using grid computing: the screensaver
project. Nat Rev Drug Discov 1:551-555. DOI:10.1038/nrd841

Kadan A, Ryczko K., Lloyd E., et al. (2025). Guided multi-objective generative Al to
enhance structure-based drug design. Chem Sci 16:13196-13210. DOI:10.1039/
d5sc01778e

Tao J, Liang L., Hao S, et al. (2025). Artificial intelligence for radiopharmaceutical
and molecular imaging. Acta Pharm Sin B 15:6199-6221. DOI:10.1016/j.apsb.2025.
09.039

Kerr C. P., Sheehan-Klenk J., Grudzinski J. J., et al. (2025). The Effects of Clinically
Relevant Radionuclides on the Activation of an IFN1 Response Correlate with
Radionuclide  Half-life and Linear Energy Transfer —and Influence
Radiopharmaceutical Antitumor Efficacy. Cancer Immunol Res 13:1190-1206.
DOI:10.1158/2326-6066.Cir-24-1191

Adeleke S., Galante J. R, Wang Y., et al. (2026). Emerging evidence for sequencing
and combining PSMA-based therapies in prostate cancer. Nat Rev Urol 23:395-416.
DOI:10.1038/s41585-025-01107-6

Pushkaran A. C. and Arabi A. A. (2024). From understanding diseases to drug
design: can artificial intelligence bridge the gap. Artificial Intelligence Review 57.86.
DOI:10.1007/s10462-024-10714-5

Poon D. J. J, Tay L. M., Ho D,, et al. (2021). Improving the therapeutic ratio of
radiotherapy against radioresistant cancers: Leveraging on novel artificial
intelligence-based approaches for drug combination discovery. Cancer Lett
511:56-67. DOI:10.1016/j.canlet.2021.04.019

Leech M., Osman S, Jain S, et al. (2021). Mini review: Personalization of the
radiation therapy management of prostate cancer using MRI-based radiomics.
Cancer Lett498:210-216. DOI:10.1016/j.canlet.2020.10.033

Ghezzo S., Mapelli P., Bezzi C., et al. (2023). Role of [(68)GalGa-PSMA-11 PET
radiomics to predict post-surgical ISUP grade in primary prostate cancer. Eur J Nucl
Med Mol Imaging 50:2548-2560. DOI:10.1007/s00259-023-06187-3

Seifert R, Rasul S, Seifert K. E,, et al. (2023). A Prognostic Risk Score for Prostate
Cancer Based on PSMA PET-derived Organ-specific Tumor Volumes. Radiology
307:e222010. DOI:10.1148/radiol.222010

Ferrandez M. C., Golla S. S. V., Eertink J. J,, et al. (2023). An artificial intelligence
method using FDG PET to predict treatment outcome in diffuse large B cell
lymphoma patients. Sci Rep 13:13111. DOI:10.1038/s41598-023-40218-1

Abdollahi H., Yousefirizi F., Shiri ., et al. (2024). Theranostic digital twins: Concept,
framework and roadmap towards personalized radiopharmaceutical therapies.
Theranostics 14:3404-3422. DOI:10.7150/thno.93973

Yousefirizi F., Klyuzhin I. S, O J. H,, et al. (2024). TMTV-Net: fully automated total
metabolic tumor volume segmentation in lymphoma PET/CT images - a multi-
center generalizability analysis. Eur J Nucl Med Mol Imaging 51:1937-1954. DOI:10.
1007/500259-024-06616-x

Yusufaly T., Roncali E, Brosch-Lenz J., et al. (2025). Computational Nuclear
Oncology Toward Precision Radiopharmaceutical Therapies: Current Tools,
Techniques, and Uncharted Territories. J Nucl Med 66:509-515. DOI:10.2967/
jnumed.124.267927

Pandit-Taskar N, Iravani A, Lee D, et al (2021). Dosimetry in Clinical
Radiopharmaceutical Therapy of Cancer: Practicality Versus Perfection in Current
Practice. J Nucl Med 62:60s-72s. DOI:10.2967/jnumed.121.262977

Chaudhari A. S., Mittra E., Davidzon G. A, et al. (2021). Low-count whole-body PET
with deep learning in a multicenter and externally validated study. npj Digital
Medicine 4127. DOI:10.1038/s41746-021-00497-2

Belge Bilgin G., Bilgin C., Burkett B. J., et al. (2024). Theranostics and artificial
intelligence: new frontiers in personalized medicine. Theranostics 14:2367-2378.
DOI:10.7150/thno.94788

Wang C., Zhu X, Hong J. C., et al. (2019). Artificial Intelligence in Radiotherapy
Treatment Planning: Present and Future. Technol Cancer Res Treat
18:1533033819873922. DOI:10.1177/1533033819873922.

To J,, Magid R., Cleland J,, et al. (2025). The landscape for radioligand therapies in
oncology. Nat Rev Drug Discov 24:584-585. DOI:10.1038/d41573-025-00096-w
Primac I, Tabury K., Tasdogan A, et al. (2025). The molecular blueprint of targeted
radionuclide therapy. Nat Rev Clin Oncol 22:869-894. DOI:10.1038/s41571-025-
01069-z

Morris M. J., Castellano D., Herrmann K., et al. (2024). (177)Lu-PSMA-617 versus a
change of androgen receptor pathway inhibitor therapy for taxane-naive patients
with progressive metastatic castration-resistant prostate cancer (PSMAfore): a
phase 3, randomised, controlled trial. Lancet 404:1227-1239. DOI:10.1016/s0140-
6736(24)01653-2

Hofman M. S, Violet J., Hicks R. J,, et al. (2018). [(177)Lu]-PSMA-617 radionuclide
treatment in patients with metastatic castration-resistant prostate cancer (LUPSMA
trial): a single-centre, single-arm, phase 2 study. Lancet Oncol 19:825-833. DOI:10.
1016/51470-2045(18)30198-0

Hofman M. S, Emmett L., Sandhu S,, et al. (2024). Overall survival with [(177)Lu]Lu-
PSMA-617 versus cabazitaxel in metastatic castration-resistant prostate cancer
(TheraP): secondary outcomes of a randomised, open-label, phase 2 trial. Lancet
Oncol25:99-107. DOI:10.1016/s1470-2045(23)00529-6

Sartor O. (2022). Predicting benefit from [(177)Lu]Lu-PSMA-617 therapy: what do
we need to know. Lancet Oncol 23:1344-1345. DOI:10.1016/s1470-2045(22)00616-

26

The Innovation Drug Discovery 1(2): 100030, July 16, 2026

www.the-innovation.org/the-innovation-drugdiscovery


https://doi.org/10.1186/s12964-022-00986-1
https://doi.org/10.1186/s12964-022-00986-1
https://doi.org/10.1186/s12964-022-00986-1
https://doi.org/10.1186/s12964-022-00986-1
https://doi.org/10.1186/s12964-022-00986-1
https://doi.org/10.1186/s12964-022-00986-1
https://doi.org/10.1186/s12964-022-00986-1
https://doi.org/10.1038/nrc.2018.6
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1158/0008-5472.Can-15-1423
https://doi.org/10.1038/nrclinonc.2015.127
https://doi.org/10.2967/jnumed.122.265099
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1038/s41568-020-0246-1
https://doi.org/10.1038/s41418-025-01457-z
https://doi.org/10.1038/s41418-025-01457-z
https://doi.org/10.1038/s41418-025-01457-z
https://doi.org/10.1038/s41418-025-01457-z
https://doi.org/10.1038/s41418-025-01457-z
https://doi.org/10.1038/s41418-025-01457-z
https://doi.org/10.1038/s41418-025-01457-z
https://doi.org/10.1186/s12967-025-06843-2
https://doi.org/10.1186/s12967-025-06843-2
https://doi.org/10.1186/s12967-025-06843-2
https://doi.org/10.1186/s12967-025-06843-2
https://doi.org/10.1186/s12967-025-06843-2
https://doi.org/10.1186/s12967-025-06843-2
https://doi.org/10.1186/s12967-025-06843-2
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1186/s12951-022-01621-4
https://doi.org/10.1158/1078-0432.Ccr-14-2824
https://doi.org/10.1158/1078-0432.Ccr-14-2824
https://doi.org/10.1158/1078-0432.Ccr-14-2824
https://doi.org/10.1158/1078-0432.Ccr-14-2824
https://doi.org/10.1158/1078-0432.Ccr-14-2824
https://doi.org/10.1158/1078-0432.Ccr-14-2824
https://doi.org/10.1158/1078-0432.Ccr-14-2824
https://doi.org/10.7150/thno.79806
https://doi.org/10.1158/1078-0432.Ccr-21-4332
https://doi.org/10.1158/1078-0432.Ccr-21-4332
https://doi.org/10.1158/1078-0432.Ccr-21-4332
https://doi.org/10.1158/1078-0432.Ccr-21-4332
https://doi.org/10.1158/1078-0432.Ccr-21-4332
https://doi.org/10.1158/1078-0432.Ccr-21-4332
https://doi.org/10.1158/1078-0432.Ccr-21-4332
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1186/s40425-018-0361-7
https://doi.org/10.1158/0008-5472.Can-18-2652
https://doi.org/10.1158/0008-5472.Can-18-2652
https://doi.org/10.1158/0008-5472.Can-18-2652
https://doi.org/10.1158/0008-5472.Can-18-2652
https://doi.org/10.1158/0008-5472.Can-18-2652
https://doi.org/10.1158/0008-5472.Can-18-2652
https://doi.org/10.1158/0008-5472.Can-18-2652
https://doi.org/10.1158/1078-0432.Ccr-16-3215
https://doi.org/10.1158/1078-0432.Ccr-16-3215
https://doi.org/10.1158/1078-0432.Ccr-16-3215
https://doi.org/10.1158/1078-0432.Ccr-16-3215
https://doi.org/10.1158/1078-0432.Ccr-16-3215
https://doi.org/10.1158/1078-0432.Ccr-16-3215
https://doi.org/10.1158/1078-0432.Ccr-16-3215
https://doi.org/https://doi.org/10.1016/j.trac.2024.118053
https://doi.org/https://doi.org/10.1016/j.trac.2024.118053
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1038/s41571-024-00966-z
https://doi.org/10.1186/s40364-020-00224-1
https://doi.org/10.1186/s40364-020-00224-1
https://doi.org/10.1186/s40364-020-00224-1
https://doi.org/10.1186/s40364-020-00224-1
https://doi.org/10.1186/s40364-020-00224-1
https://doi.org/10.1186/s40364-020-00224-1
https://doi.org/10.1186/s40364-020-00224-1
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1146/annurev-med-050913-022545
https://doi.org/10.1158/1078-0432.Ccr-12-0163
https://doi.org/10.1158/1078-0432.Ccr-12-0163
https://doi.org/10.1158/1078-0432.Ccr-12-0163
https://doi.org/10.1158/1078-0432.Ccr-12-0163
https://doi.org/10.1158/1078-0432.Ccr-12-0163
https://doi.org/10.1158/1078-0432.Ccr-12-0163
https://doi.org/10.1158/1078-0432.Ccr-12-0163
https://doi.org/10.1038/nrc3748
https://doi.org/10.1093/nar/gks849
https://doi.org/10.1093/nar/gks879
https://doi.org/10.1200/JCO.2025.43.16_suppl.5007
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/10.1038/s41392-020-0150-x
https://doi.org/https://doi.org/10.1016/j.ijrobp.2021.07.1708
https://doi.org/10.1016/j.tips.2023.06.010
https://doi.org/10.1038/nrd841
https://doi.org/10.1039/d5sc01778e
https://doi.org/10.1039/d5sc01778e
https://doi.org/10.1016/j.apsb.2025.09.039
https://doi.org/10.1016/j.apsb.2025.09.039
https://doi.org/10.1158/2326-6066.Cir-24-1191
https://doi.org/10.1158/2326-6066.Cir-24-1191
https://doi.org/10.1158/2326-6066.Cir-24-1191
https://doi.org/10.1158/2326-6066.Cir-24-1191
https://doi.org/10.1158/2326-6066.Cir-24-1191
https://doi.org/10.1158/2326-6066.Cir-24-1191
https://doi.org/10.1158/2326-6066.Cir-24-1191
https://doi.org/10.1038/s41585-025-01107-6
https://doi.org/10.1038/s41585-025-01107-6
https://doi.org/10.1038/s41585-025-01107-6
https://doi.org/10.1038/s41585-025-01107-6
https://doi.org/10.1038/s41585-025-01107-6
https://doi.org/10.1038/s41585-025-01107-6
https://doi.org/10.1038/s41585-025-01107-6
https://doi.org/10.1007/s10462-024-10714-5
https://doi.org/10.1007/s10462-024-10714-5
https://doi.org/10.1007/s10462-024-10714-5
https://doi.org/10.1007/s10462-024-10714-5
https://doi.org/10.1007/s10462-024-10714-5
https://doi.org/10.1007/s10462-024-10714-5
https://doi.org/10.1007/s10462-024-10714-5
https://doi.org/10.1016/j.canlet.2021.04.019
https://doi.org/10.1016/j.canlet.2020.10.033
https://doi.org/10.1007/s00259-023-06187-3
https://doi.org/10.1007/s00259-023-06187-3
https://doi.org/10.1007/s00259-023-06187-3
https://doi.org/10.1007/s00259-023-06187-3
https://doi.org/10.1007/s00259-023-06187-3
https://doi.org/10.1007/s00259-023-06187-3
https://doi.org/10.1007/s00259-023-06187-3
https://doi.org/10.1148/radiol.222010
https://doi.org/10.1038/s41598-023-40218-1
https://doi.org/10.1038/s41598-023-40218-1
https://doi.org/10.1038/s41598-023-40218-1
https://doi.org/10.1038/s41598-023-40218-1
https://doi.org/10.1038/s41598-023-40218-1
https://doi.org/10.1038/s41598-023-40218-1
https://doi.org/10.1038/s41598-023-40218-1
https://doi.org/10.7150/thno.93973
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.1007/s00259-024-06616-x
https://doi.org/10.2967/jnumed.124.267927
https://doi.org/10.2967/jnumed.124.267927
https://doi.org/10.2967/jnumed.121.262977
https://doi.org/10.1038/s41746-021-00497-2
https://doi.org/10.1038/s41746-021-00497-2
https://doi.org/10.1038/s41746-021-00497-2
https://doi.org/10.1038/s41746-021-00497-2
https://doi.org/10.1038/s41746-021-00497-2
https://doi.org/10.1038/s41746-021-00497-2
https://doi.org/10.1038/s41746-021-00497-2
https://doi.org/10.7150/thno.94788
https://doi.org/10.1177/1533033819873922
https://doi.org/10.1038/d41573-025-00096-w
https://doi.org/10.1038/d41573-025-00096-w
https://doi.org/10.1038/d41573-025-00096-w
https://doi.org/10.1038/d41573-025-00096-w
https://doi.org/10.1038/d41573-025-00096-w
https://doi.org/10.1038/d41573-025-00096-w
https://doi.org/10.1038/d41573-025-00096-w
https://doi.org/10.1038/s41571-025-01069-z
https://doi.org/10.1038/s41571-025-01069-z
https://doi.org/10.1038/s41571-025-01069-z
https://doi.org/10.1038/s41571-025-01069-z
https://doi.org/10.1038/s41571-025-01069-z
https://doi.org/10.1038/s41571-025-01069-z
https://doi.org/10.1038/s41571-025-01069-z
https://doi.org/10.1016/s0140-6736(24)01653-2
https://doi.org/10.1016/s0140-6736(24)01653-2
https://doi.org/10.1016/s0140-6736(24)01653-2
https://doi.org/10.1016/s0140-6736(24)01653-2
https://doi.org/10.1016/s0140-6736(24)01653-2
https://doi.org/10.1016/s1470-2045(18)30198-0
https://doi.org/10.1016/s1470-2045(18)30198-0
https://doi.org/10.1016/s1470-2045(18)30198-0
https://doi.org/10.1016/s1470-2045(18)30198-0
https://doi.org/10.1016/s1470-2045(18)30198-0
https://doi.org/10.1016/s1470-2045(18)30198-0
https://doi.org/10.1016/s1470-2045(23)00529-6
https://doi.org/10.1016/s1470-2045(23)00529-6
https://doi.org/10.1016/s1470-2045(23)00529-6
https://doi.org/10.1016/s1470-2045(23)00529-6
https://doi.org/10.1016/s1470-2045(23)00529-6
https://doi.org/10.1016/s1470-2045(22)00616-7
https://doi.org/10.1016/s1470-2045(22)00616-7
https://doi.org/10.1016/s1470-2045(22)00616-7
https://doi.org/10.1016/s1470-2045(22)00616-7
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery
https://www.the-innovation.org/the-innovation-drugdiscovery

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

7
Kairemo K. (2024). Targeted alpha therapy: a new tool for advanced prostate cancer.
Lancet Oncol 26:148-149. DOI:10.1016/s1470-2045(23)00672-1

Pomykala K. L, Hadaschik B. A, Sartor O, et al. (2023). Next generation
radiotheranostics promoting precision medicine. Ann Oncol 34:507-519. DOI:10.
1016/j.annonc.2023.03.001

Scott A. M., Zeglis B. M., Lapi S. E,, et al. (2024). Trends in nuclear medicine and the
radiopharmaceutical sciences in oncology: workforce challenges and training in the
age of theranostics. Lancet Oncol 25:250-e259. DOI:10.1016/s1470-2045(24)
00037-8

O'Donoghue J, Zanzonico P., Humm J, et al. (2022). Dosimetry in
Radiopharmaceutical Therapy. J Nucl Med 63:1467-1474. DOI:10.2967/jnumed.121.
262305

Kesner A. L. Brosch-Lenz J, Gear J., et al. (2025). Dosimetry Software for
Theranostic Applications: Current Capabilities and Future Prospects. J Nucl Med
66:166-172. DOI:10.2967/jnumed.124.268998

Giammarile F., Paez D., Zimmermann R, et al. (2024). Production and regulatory
issues for theranostics. Lancet Oncol 25:260-e269. DOI:10.1016/s1470-2045(24)
00041-x

The Current Status of Uptake of European BSS Directive (2013/59/Euratom)
Requirements - Results of a Pilot Survey in European Radiology Departments with a
Focus on Clinical Audit. (2019). Insights Imaging 10:50. DOI:10.1186/s13244-019-
0734-6

Hu J, Li H, Sui Y, et al. (2022). Current status and future perspective of
radiopharmaceuticals in China. Eur J Nucl Med Mol Imaging 49:2514-2530. DOI:10.
1007/s00269-021-05615-6

Lapi S. E, Scott P. J. H., Scott A. M., et al. (2024). Recent advances and impending
challenges for the radiopharmaceutical sciences in oncology. Lancet Oncol
25:€236-e249. DOI:10.1016/s1470-2045(24)00030-5

Trotter J,, Pantel A. R, Teo B. K, et al. (2023). Positron Emission Tomography
(PET)/Computed Tomography (CT) Imaging in Radiation Therapy Treatment
Planning: A Review of PET Imaging Tracers and Methods to Incorporate PET/CT.
Adv Radiat Oncol8:101212. DOI:10.1016/j.adro.2023.101212

Juweid M. E., Al-Qasem S. F.,, Khuri F. R, et al. (2025). Beyond fluorodeoxyglucose:
Molecular imaging of cancer in precision medicine. CA Cancer J Clin 75:226-242.
DOI:10.3322/caac.70007

Nelson B. J. B, Andersson J. D., Wuest F,, et al. (2022). Good practices for (68)Ga
radiopharmaceutical production. EJNMMI Radiopharm Chem T:27. DOI:10.1186/
$41181-022-00180-1

Kleynhans J., Ebenhan T. and Sathekge M. M. (2024). Expanding Role for Gallium-68
PET Imaging in Oncology. Semin Nucl Med 54:778-791. DOI:10.1053/j.semnucimed.
2024.06.001

Zhou C., Liu L, Mao J, et al. (2025). Simulation and analysis of the medical
radioisotope (177)Lu production based on a high-intensity DT neutron generator.
Appl Radiat Isot 222:111880. DOI:10.1016/j.apradis0.2025.111880

Ragchana P., Saengkaew P., Wetchagarun S, et al. (2025). Preliminary experiments
to produce lutetium-177 in the TRR-1/M1 Thai research reactor. App/ Radiat Isot
218:111708. DOI:10.1016/j.apradiso.2025.111708

Mirshahvalad S. A, Iravani A, Fendler W. P., et al. (2026). Rechallenge and Extended
[(177)LulLu-PSMA Therapy in Metastatic Prostate Cancer. J Nucl Med 67:4-11.
DOI:10.2967/jnumed.125.270889

Ding J, Qin S, Hou X, et al. (2024). Recent advances in emerging
radiopharmaceuticals and the challenges in radiochemistry and analytical
chemistry. Trends in Analytical Chemistry 182:118053. DOI:10.1016/j.trac.2024.
118053

Tosato M., Favaretto C., Kleynhans J., et al. (2025). Alpha Atlas: Mapping global
production of a-emitting radionuclides for targeted alpha therapy. Nucl Med Biol
142-143:108990. DOI:10.1016/j.nucmedbio.2024.108990

Di lorio V., Sarnelli A, Boschi S., et al. (2025). Recommendations on the Clinical
Application and Future Potential of a-Particle Therapy: A Comprehensive Review of
the Results from the SECURE Project. Pharmaceuticals (Basel) 18:1578. DOI:10.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

3563.

354.

3565.

Precision Medicine J3%I3"
3390/ph18101578

Al-lbraheem A, Brink A, Lee S. T, et al (2025). Implementation of
Radiotheranostics: Challenges, Barriers, and IAEA-Driven Strategies for Sustainable
Access. Semin Nucl Med. DOI:10.1053/j.semnuclmed.2025.07.005

Brink A, Cerci J. J., Giammarile F., et al. (2025). Global Challenges in the Provision of
Theranostic Services the International Atomic Energy Agency (IAEA) Perspective.
World J Nucl Med 24:238-243. DOI:10.1055/5-0045-1807251

Mosima L. S, Manicum A. E. and Summers B. (2025). Availability of
Radiopharmaceuticals and Imaging Equipment in English-Speaking African
Countries. J Nucl Med Technol 53:118s-124s. DOI:10.2967/jnmt.125.270432
Al-Ibraheem A, Brink A., Estrada-Lobato E., et al. (2025). Theranostics and nuclear
medicine practice in Asia-Pacific: an IAEA regional study. European Journal of
Nuclear Medicine and Molecular Imaging 53:2893-2902. DOI:10.1007/s00259-025-
07678-1

Pietropaolo A, Capogni M. and Quintieri L. (2024). Future of 99Mo reactor-
independent supply. Nature Reviews Physics 6:394-399. DOI:10.1038/s42254-024-
00716-1

Committee on State of Molybdenum P., Utilization, Progress Toward Eliminating Use
of Highly Enriched U, et al. (2016). In Molybdenum-99 for Medical Imaging,
(National Academies Press (US) Copyright 2016 by the National Academy of
Sciences. All rights reserved.). 10.17226/23563

Kratochwil C., Bruchertseifer F., Giesel F. L, et al. (2016). 225Ac-PSMA-617 for
PSMA-Targeted a-Radiation Therapy of Metastatic Castration-Resistant Prostate
Cancer. J Nucl Med 57:1941-1944. DOI:10.2967/jnumed.116.178673

Morgenstern A., Apostolidis C., Kratochwil C., et al. (2018). An Overview of Targeted
Alpha Therapy with (225)Actinium and (213)Bismuth. Curr Radiopharm 11:200-208.
DOI:10.2174/18744710116661805602104524

Hooijman E. L., de Jong J. R., Ntihabose C. M., et al. (2025). Ac-225 radiochemistry
through the lens of [225Ac]Ac-DOTA-TATE. EJNMMI Radiopharmacy and Chemistry
10:9. DOI:10.1186/s41181-025-00332-2

Zhang J., Kang F., Wang X, et al. (2024). Recent Advances in Radiotracers Targeting
Novel Cancer-Specific Biomarkers in China: A Brief Overview. J Nucl Med
65:38s-45s. DOI:10.2967/jnumed.123.266314

An S, Wang L, Xie F., et al. (2024). Pathway to Approval of Innovative
Radiopharmaceuticals in China. J Nucl Med 65:72s-76s. DOI:10.2967/jnumed.123.
267127

Farhadi F., Esfahani S. A, Yousefirizi F., et al. (2026). Toward Integrated Clinical-
Computational Nuclear Medicine. PET Clin 21:17-31. DOI:10.1016/j.cpet.2025.09.
003

Montes A. L., Yousefirizi F., Chen V., et al. (2026). Artificial Intelligence for Simplified
Patient-centered Dosimetry in Radiopharmaceutical Therapies. PET Clin 21:73-88.
DOI:10.1016/j.cpet.2025.09.010

Woo S. K. (2025). The Role of Artificial Intelligence in Advancing Theranostics
Dosimetry for Cancer Therapy: a Review. Nucl Med Mol Imaging 59:329-341.
DOI:10.1007/s13139-025-00939-9

FUNDING AND ACKNOWLEDGMENTS

This study was supported by the National Natural Science Foundation of China (Nos.
82372002), the Nonprofit Central Research Institute Fund of the Chinese Academy of
Medical Sciences (No. 2022-RC350-04), and the Beijing Nova Program Interdisciplinary
Cooperation Project to K. H. This work was also supported by the Beijing Natural Science
Foundation (No. L248087). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

AUTHOR CONTRIBUTIONS
All authors contributed to the manuscript and approved the final version.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Alanoosiq b

nig uolypbAouy| a3y |

[I nnouToN

The Innovation Drug Discovery 1(2): 100030, July 16, 2026 27



https://doi.org/10.1016/s1470-2045(22)00616-7
https://doi.org/10.1016/s1470-2045(23)00672-1
https://doi.org/10.1016/s1470-2045(23)00672-1
https://doi.org/10.1016/s1470-2045(23)00672-1
https://doi.org/10.1016/s1470-2045(23)00672-1
https://doi.org/10.1016/s1470-2045(23)00672-1
https://doi.org/10.1016/j.annonc.2023.03.001
https://doi.org/10.1016/j.annonc.2023.03.001
https://doi.org/10.1016/s1470-2045(24)00037-8
https://doi.org/10.1016/s1470-2045(24)00037-8
https://doi.org/10.1016/s1470-2045(24)00037-8
https://doi.org/10.1016/s1470-2045(24)00037-8
https://doi.org/10.1016/s1470-2045(24)00037-8
https://doi.org/10.1016/s1470-2045(24)00037-8
https://doi.org/10.2967/jnumed.121.262305
https://doi.org/10.2967/jnumed.121.262305
https://doi.org/10.2967/jnumed.124.268998
https://doi.org/10.1016/s1470-2045(24)00041-x
https://doi.org/10.1016/s1470-2045(24)00041-x
https://doi.org/10.1016/s1470-2045(24)00041-x
https://doi.org/10.1016/s1470-2045(24)00041-x
https://doi.org/10.1016/s1470-2045(24)00041-x
https://doi.org/10.1016/s1470-2045(24)00041-x
https://doi.org/10.1186/s13244-019-0734-6
https://doi.org/10.1186/s13244-019-0734-6
https://doi.org/10.1186/s13244-019-0734-6
https://doi.org/10.1186/s13244-019-0734-6
https://doi.org/10.1186/s13244-019-0734-6
https://doi.org/10.1186/s13244-019-0734-6
https://doi.org/10.1186/s13244-019-0734-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1007/s00259-021-05615-6
https://doi.org/10.1016/s1470-2045(24)00030-5
https://doi.org/10.1016/s1470-2045(24)00030-5
https://doi.org/10.1016/s1470-2045(24)00030-5
https://doi.org/10.1016/s1470-2045(24)00030-5
https://doi.org/10.1016/s1470-2045(24)00030-5
https://doi.org/10.1016/j.adro.2023.101212
https://doi.org/10.3322/caac.70007
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1186/s41181-022-00180-1
https://doi.org/10.1053/j.semnuclmed.2024.06.001
https://doi.org/10.1053/j.semnuclmed.2024.06.001
https://doi.org/10.1016/j.apradiso.2025.111880
https://doi.org/10.1016/j.apradiso.2025.111708
https://doi.org/10.2967/jnumed.125.270889
https://doi.org/10.1016/j.trac.2024.118053
https://doi.org/10.1016/j.trac.2024.118053
https://doi.org/10.1016/j.nucmedbio.2024.108990
https://doi.org/10.3390/ph18101578
https://doi.org/10.3390/ph18101578
https://doi.org/10.1053/j.semnuclmed.2025.07.005
https://doi.org/10.1055/s-0045-1807251
https://doi.org/10.1055/s-0045-1807251
https://doi.org/10.1055/s-0045-1807251
https://doi.org/10.1055/s-0045-1807251
https://doi.org/10.1055/s-0045-1807251
https://doi.org/10.2967/jnmt.125.270432
https://doi.org/10.1007/s00259-025-07678-1
https://doi.org/10.1007/s00259-025-07678-1
https://doi.org/10.1007/s00259-025-07678-1
https://doi.org/10.1007/s00259-025-07678-1
https://doi.org/10.1007/s00259-025-07678-1
https://doi.org/10.1007/s00259-025-07678-1
https://doi.org/10.1007/s00259-025-07678-1
https://doi.org/10.1038/s42254-024-00716-1
https://doi.org/10.1038/s42254-024-00716-1
https://doi.org/10.1038/s42254-024-00716-1
https://doi.org/10.1038/s42254-024-00716-1
https://doi.org/10.1038/s42254-024-00716-1
https://doi.org/10.1038/s42254-024-00716-1
https://doi.org/10.1038/s42254-024-00716-1
https://doi.org/10.2967/jnumed.116.178673
https://doi.org/10.2174/1874471011666180502104524
https://doi.org/10.1186/s41181-025-00332-z
https://doi.org/10.1186/s41181-025-00332-z
https://doi.org/10.1186/s41181-025-00332-z
https://doi.org/10.1186/s41181-025-00332-z
https://doi.org/10.1186/s41181-025-00332-z
https://doi.org/10.1186/s41181-025-00332-z
https://doi.org/10.1186/s41181-025-00332-z
https://doi.org/10.2967/jnumed.123.266314
https://doi.org/10.2967/jnumed.123.267127
https://doi.org/10.2967/jnumed.123.267127
https://doi.org/10.1016/j.cpet.2025.09.003
https://doi.org/10.1016/j.cpet.2025.09.003
https://doi.org/10.1016/j.cpet.2025.09.010
https://doi.org/10.1007/s13139-025-00939-9
https://doi.org/10.1007/s13139-025-00939-9
https://doi.org/10.1007/s13139-025-00939-9
https://doi.org/10.1007/s13139-025-00939-9
https://doi.org/10.1007/s13139-025-00939-9
https://doi.org/10.1007/s13139-025-00939-9
https://doi.org/10.1007/s13139-025-00939-9

	INTRODUCTION
	THE PHYSICAL AND CHEMICAL FOUNDATION
	Physics of decay: selecting the optimal nuclide
	γ emitters and positron emitters
	β emitters
	α emitters
	Auger electrons

	Coordination chemistry
	The framework for evaluating chelator–radionuclide compatibility
	Macrocyclic chelators
	Acyclic chelators
	Multifunctional and bioorthogonal chelation platforms


	MOLECULAR DESIGN OF RADIOPHARMACEUTICALS
	Targeting vehicles
	Small molecules
	Peptides and peptidomimetics
	Nanobodies and diabodies
	Macro-molecules (monoclonal antibodies)

	Linkers
	Hydrophilic linkers
	Hydrophobic linkers
	Albumin-binding linkers
	Modes of construction: conventional/site-specific and click/bioorthogonal approaches

	Pharmacokinetic Modulation of Radiopharmaceuticals
	Half-life–PK mismatch and dosimetric constraints
	Albumin–binding–driven modulation of circulation time and tumor AUC
	Kidney dose mitigation via structural and pharmacologic optimization

	Innovation of radiopharmaceuticals

	   THE EXPANDING TARGET LANDSCAPE
	Targeting tumor cell-specific receptors
	Gastrin-releasing peptide receptor (GRPR)
	C-X-C chemokine receptor type 4 (CXCR4)
	Claudin-18 isoform 2 (Claudin18.2)
	Glypican-3 (GPC3)

	Targeting tumor microenvironment
	FAP

	Dual-targeting & multi-valent radiopharmaceuticals

	RADIOBIOLOGY AND INTEGRATION
	Radiation-induced effect
	Bystander effect
	Abscopal effect

	Combination therapies
	Radio-immunotherapy
	Synthetic lethality

	Radiomics and AI
	AI-empowered molecular design of radiopharmaceuticals

	From fixed-dosing limitations to AI-driven image analysis
	The limitations of the fixed-dosing paradigm
	AI solutions: Pre-therapeutic PET/CT modeling for patient stratification
	Predictive dosimetry: From population averages to individualized dosing


	TRANSLATION, REGULATORY & GLOBAL SUPPLY CHAIN
	Toxicity
	International standards: Risk control principles for post-therapeutic excreta
	International regulatory and procedural frameworks

	Global distribution of radionuclides
	Global challenges
	Regional ecosystems

	CONCLUSIONS & FUTURE PERSPECTIVES
	REFERENCES
	FUNDING AND ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	DECLARATION OF INTERESTS

