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ABSTRACT: Radiotracers provide molecular- and cellular-level
information in a noninvasive manner and have become important
tools for precision medicine. In particular, the successful clinical
application of radioligand therapeutic (RLT) has further
strengthened the role of nuclear medicine in clinical treatment.
The complicated microenvironment of the lesion has rendered
traditional single-targeted radiopharmaceuticals incapable of fully
meeting the requirements. The design and development of dual-
targeted and multitargeted radiopharmaceuticals have rapidly
emerged. In recent years, significant progress has been made in
the development of heterologous dual-targeted radiopharmaceuti-
cals. This perspective aims to provide a comprehensive overview of
the recent progress in these heterologous dual-targeted radiophar-
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maceuticals, with a special focus on the design of ligand structures, pharmacological properties, and preclinical and clinical
evaluation. Furthermore, future directions are discussed from this perspective.

B SIGNIFICANCE

Research on heterologous dual-targeted radiopharmaceuticals
has become an important component of radiopharmaceutical
development. This perspective explores recent applications and
advances, systematically discusses the structural design,
pharmacological properties, and preclinical and clinical
evaluation of the most advanced heterologous dual-targeted
radiopharmaceuticals. It highlights the advantages of the use of
bioactive molecules obtained via this design strategy, and
provides prospects for future strategies that may promote the
development of heterologous dual-targeted radiopharmaceuti-
cals.

1. INTRODUCTION

Molecular imaging has become a key component of pathological
diagnosis and management and plays a significant role in
oncology, cardiology, and neuroscience research."”” Unlike
structural and anatomical imaging, molecular imaging provides
functional information by targeted tracers and their interactions
with biological systems. In nuclear medicine, molecular tracers
are drugs that carry radioactive isotopes and are commonly
referred to as tracers.” From an imaging perspective, the field of
nuclear medicine consists of two distinct but comparable
imaging technologies: positron emission tomography (PET)
and single-éphoton emission computed tomography
(SPECT).*"® PET and SPECT provide molecular and
cellular-level information in a noninvasive manner, making
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them important for detecting biochemical markers at early
stages of disease development, often before clinical symptoms
appea1r.7’8

Radiopharmaceuticals have important value in both diag-
nostic imaging and medication.” ['*F]Fludeoxyglucose
([*®F]FDG) has laid a foundation for research on radiophar-
maceuticals and is known as the “century molecule” in the field
of molecular imaging.'® Although ['®F]FDG is the most widely
used PET tracer in clinical practice, with the continuous growth
of precision medicine demand, a series of more specific tracers
that target specific biological targets have emerged. Especially in
the past decade, with the continuous approval of the Food and
Drug Administration (FDA), radiopharmaceuticals have rapidly
been developed (Figure 1). For example, for neurodegenerative
diseases, ['®F]Florbetapir, ['®F]Flutemetamol, and ['®F]-
Florbetaben, which target Af (amyloid f-protein) in
Alzheimer’s disease, were approved between 2012 and 2014,""
and ['®F]Fiortaucipir, which targets the tau protein, was
approved for marketing in 2020."” In addition, ['*F]Fluorodopa
for imaging Parkinson’s syndrome was approved in 2019."
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Figure 1. Radiopharmaceuticals approved by the FDA in the past decade.
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These tracers provide powerful evidence for the early diagnosis
of neurological system diseases. In oncology, the FDA approved
[*™Tc]Tilmanocept for localized diagnosis of lymph node
metastasis in patients with breast cancer or melanoma in 2013,"*
and ['®F]Fluoroestradiol was approved in 2020 for imaging
estrogen receptor-positive breast cancer.'> [''C]Choline was
the first PET tracer approved by the FDA for prostate cancer
detection,'® followed by highly selective prostate-specific
membrane antigen (PSMA)-targeted [**Ga]Ga-PSMAL1,
["*F]JF-DCFPyL, and ['®F]F-rhPSMA-7.3 tracers that were
subsequently approved between 2020 and 2023,"”'® providing
high accuracy for detecting PSMA-positive lesions in male
cancer patients. In terms of RLT drugs, [**RaJRaCl, was
approved by the FDA in 2013 for the treatment of advanced
bone metastatic castration resistant prostate cancer.'’
[**Ga/®*Cu/'Lu]Ga/Cu/Lu-Dotatate was the first FDA
approved integrated diagnostic and therapeutic drug for the
diagnosis and treatment of gastrointestinal and pancreatic
neuroendocrine tumors,”® the derivative [**Ga]Ga-Dotatoc
exhibits the same diagnostic performance.”’ In 2022,
[""Lu]Lu-PSMA-617 was subsequently approved for PSMA-
positive metastatic castration-resistant prostate cancer
(mCRPC) patients, indicating that RLT has become a highly
promising treatment option in clinical practice,”””>* greatly
stimulating enthusiasm for radiopharmaceutical research. In
particular, the design and development of RLT drugs has further
promoted new developments in radiopharmaceutical research.

Although the FDA has recently approved several radiophar-
maceuticals for clinical diagnosis and treatment, there are still
challenges in their subsequent clinical application.”> For
example, the sensitivity of the PSMA tracer is strongly affected

21645

by the concentration of prostate-specific antigen (PSA) in the
patient’s body, and there are issues with its high uptake values in
the salivary glands. 2627 [177 u]Lu-Dotatate has high abdominal
uptake values in SPECT imaging, and there is a risk of radiation
hazards (such as irreversible damage to the male reproductive
system), including ['"Lu]Lu-PSMA-617.° Moreover, the
complex heterogeneity of different types of tumors means that
a single targeted tracer may not fully meet these requirements
and that the expression levels of specific receptors may also
change at different stages of the tumor.”” These issues are
constantly demanding stricter requirements for the design of
radiopharmaceuticals: how to further improve tracer sensitivity
and achieve specificity for disease targets while maintaining
good pharmacokinetic properties, which is highly important for
both radiation diagnosis and treatment, as well as the
development of integrated diagnostic and therapeutic radio-
pharmaceuticals. Researchers are constantly optimizing their
structures in an attempt to find new molecules with higher
affinity and selectivity to obtain better performance, but issues
such as lengthy cycles, high costs and low success rates have
significantly complicated the development of new molecules. In
general drugs development, the design of dual-target and
multitarget drug molecules has become a commonly employed
strategy owing to the success of combination drug therapy.””!
Oncology drugs (such as taretinib, ostinib, and azvudine)
developed based on dual-targeted methods have shown
significant advantages in overcoming drug off-targets and
single-target resistance, improving drug activity and selectivity,
reducing drug toxicity, improving bioavailability.”** This will
significantly reduce blindness in drug development and
accelerate research and development progress. Therefore,
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applying the concept of dual-target design to the study of
radiopharmaceuticals is a feasible strategy. In recent years, new
radiopharmaceuticals based on a dual-target design have been
continuously investigated and have great potential for improving
absolute target uptake, target-to-nontarget ratio, tolerability,
treatment safety and the demonstrated clinical feasibility.

2. DUAL-TARGETED MOLECULAR DESIGN IN
RADIOPHARMACEUTICALS

There are currently over 20,000 known targets in humans, and
only approximately 600 of them have drugs for clinical or market
use.”* For radiopharmaceuticals, there are even fewer potential
druggable targets. Radiopharmaceuticals, especially diagnostic
drugs, were usually studied with highly differentially expressed
proteins (such as PSMA, fibroblast-activating protein (FAP),
trophoblast cell surface antigen-2 (Trop-2), etc.) and certain
disease-specific biomarkers (such as Af, tau, etc.) as targets to
improve the accuracy of tracers. The main research focus is on
membrane proteins and transmembrane proteins, while
relatively little research has been conducted on intracellular
proteins (weakly targeted proteins may be the main factor for
limiting their research), and the design of heterologous dual-
targeted molecules may be a potential strategy to expand the
research scope of radiopharmaceuticals. As shown in Figure 2,
heterologous dual-targeted radiopharmaceuticals generally
consist of three parts: affinity groups for two heterologous
targets, linkers and chelators. Two of these heterologous targets
can be both membrane proteins or a combination of membrane
and intracellular proteins (heterologous dual-target effects are
achieved through the high affinity groups of membrane protein
entering the cell to bind intracellular targets), and the second
functionalized group is highly important for improving the
absolute uptake and accuracy of the target, as well as improving
the molecular pharmacokinetic properties, especially in the
development of radiopharmaceuticals for intracellular targets. In
addition, the abundant linker fragments increase the molecular
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diversity and modification convenience. Finally, chelators, which
are mainly composed of 1,4,7,10-tetraazacyclododecane-
N,N’,N,N’-tetraacetic acid (DOTA) , 1,4,7-triazacyclononane-
N,N’,N"-triaceticacid (NOTA), and their derivatives are used
for the coordination of various radionuclides. Therefore, the
design strategy of heterologous dual-targeted molecules is a
reasonable way to further optimize performance and open a new
perspective for radiopharmaceutical development and drug
performance optimization.

3. NEW RADIOPHARMACEUTICAL WITH
HETEROLOGOUS DUAL-TARGETED FUNCTION

In recent years, the number of studies on heterologous dual-
targeted radiopharmaceuticals has increased significantly. These
studies mainly focused on tumor-related targets, with PSMA and
FAP as the main representatives. For the second target,
researchers primarily select well-established albumin (ALB)
and integrin for conjugation. Extensive research has been carried
out on a series of heterologous dual-targeted radiopharmaceu-
ticals through the incorporation of various radiolabels.

3.1. ALB Related Dual-targeted Radiopharmaceuti-
cals. ALB is a single nonglycosylated peptide chain composed of
58S amino acids, with a molecular weight of 66.5 kDa. ALB is
synthesized mainly in the liver and plays an important role in
maintaining tumor pressure, maintaining plasma pH, and
transporting and distributing various endogenous and exoge-
nous ligands.® It is also the most abundant plasma protein, and
owing to its long circulating half-life (approximately 19 d), it has
become an important tool for improving the pharmacokinetic
performance of drugs and an excellent drug delivery platform.
Moreover, ALB accumulates in inflammatory and malignant
tissues, which allows it to be applied as a specific target. 4-(4-
Iodophenyl) butyric acid (IPBA) (1) and Evans blue (EB) (2)
have good affinities for ALB and have been widely used in the
design of radioactive dual-targeted drugs.’*~*
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Figure 3. ALB targeted groups and ALB-FR dual-targeted radiopharmaceuticals.

3.1.1. ALB-FR Dual-targeted Radiopharmaceuticals. The
folate receptor (FR) is highly expressed in various types of
cancer with limited expression in normal tissues.”” In recent
years, FR-targeted strategies have shown promise in clinical
research for anticancer effects and drug delivery, as well as
preoperative and intraoperative imaging. However, owing to the
high expression of FR in the proximal renal tubules,” the
application of radiolabeled folate in RLT has not yet been
achieved. Conjugation of ALB to FR targets in an attempt to
prolong the circulation of radiolabeled folate and reduce its
clearance and subsequent renal retention is a feasible strategy.

The ALB-FR dual-targeted radiopharmaceutical ['”’Lu]Lu-
cm09 (3)*' was evaluated in a KB (FR+) mouse model (Figure
3). [""Lu]Lu-cm09 showed highly tumor uptake (19.46% ID/g,
24 h), good retention in tumor tissue (6.72% ID/g, S d),
significantly better than ['”’Lu]Lu-EC0800 (without IPBA).
Moreover, the renal radioactivity of ['’Lu]Lu-cm09 signifi-
cantly decreased within 4 h, nearly three times better than
[""Lu]Lu-EC0800. One hour after injection, it reached a
considerable background and gradually increased over time,
with a tumor-to-blood ratio of 152 at 120 h. At 50 d after tumor
treatment, a single dose of ['”’Lu]Lu-cm09 (1 X 20 MBq)
completely eliminated tumors in 4/5 mice and significantly
improved mouse survival (>84 d vs blank group 27 d). Although
there was no significant change in the weight of the mice during
the treatment process, further studies have shown that they have
a certain degree of nephrotoxicity. To further reduce their
nephrotoxicity during treatment, optimizing the linker between
the dual-targeted groups is an effective strategy. Three
derivatives™ (["’Lu]Lu-cm10 (4), [Lu]Lu-cm12 (5), and
["Lu]Lu-cm13 (6)) maintained good binding affinity to FR.
Compared to ['""Lu]Lu-cm14 (without IPBA), the in vitro
stability of the three radiotracers was improved, indicating that
the introduction of ALB targeting groups has a positive impact
on structural stability. SPECT imaging and biodistribution
studies revealed that the tissue distribution properties of
[""Lu]Lu-cm10 and [*""Lu]Lu-cm13 linked by alkane chains
were similar, with the tumor-to-kidney ratio being significantly
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better than that of ['”’Lu]Lu-cm14. However, ['”’Lu]Lu-cm12
linked by polyethylene glycol (PEG;;) leads to a decrease in
tumor uptake and an increase in accumulation in the kidneys,
resulting in a significant decrease in the tumor-to-kidney ratio.
On the basis of the interaction between the three derivatives and
serum proteins, alkane linking chains seem to have good
tolerance and are more promising than introducing hydrophilic
linking chains. Linker modification was not sufficient to improve
renal uptake, but preinjection of pemetrexed (a folate
metabolism antagonist) reduced renal uptake and doubled the
tumor-to-kidney ratio. Therefore, the design strategy of folate-
conjugated ALB is beneficial for prolonging the blood
circulation time and increasing the tumor-to-kidney ratio, but
notably, the design of radioactive folate ligands for treatment
needs to balance renal toxicity and the risks of high-dose
treatment.

3.1.2. ALB-SSTR Dual-targeted Radiopharmaceuticals.
Somatostatin receptor (SSTR) is a G protein-conjugated
receptor that regulates growth hormone secretion. SSTR2 is
the most common and abundant subtype in tumor tissue and is
especially prevalent in neuroendocrine tumors (NETs), where it
plays an important role in signal transduction.” ['”’Lu]Lu-
Dotatate is the first approved radiotherapeutic drug for SSTR
targets. Although it has been clinically applied, the overall
effective rate (approximately 30%) is still relatively low, as in
7L u-labeled SSTR analogs, the kidney is the dose-limiting
organ, followed by the bone marrow."* The ratio of the tumor
dose to the renal dose can be defined as the treatment index
(TI), with a higher TI being more favorable with rapid blood
clearance and TI being the main reasons limiting its efficiency.*

[%Y/*°Y]Y-DOTA-EB-TATE (7)*® was prepared by con-
jugating an SSTR-targeted peptide with EB for SSTR2-targeted
therapy. In the HCT116 (SSTR2+) mouse model, [*Y]Y-
DOTA-EB-TATE showed significant pharmacokinetic advan-
tages compared with [*Y]Y-DOTA-TATE (without EB),
improving on the rapid clearance of [*Y]Y-DOTA-TATE in
the urinary tract with a maximum uptake in tumors (SSTR-
tumors not taken up), resulting in better TBRs (tumor-to-

https://doi.org/10.1021/acs.jmedchem.4c01608
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background ratios). The same trend was observed in the AR42]
(SSTR2+) mouse model as in the HCT116 mouse model, which
was coinjected with nonradioactive DOTA-EB-TATE, and the
results revealed that the aggregation in the tumor was SSTR2
specific. [*°Y]Y-DOTA-EB-TATE showed significant antitumor
activity in both mouse models constructed above, and the tumor
completely disappeared at a dose of 1 X 7.4 MBq. Blood toxicity
analysis revealed that it has good safety. The biodistribution of
[""Lu]Lu-DOTA-EB-TATE was greater than that of ['”’Lu]Lu-
Dotatate at all time points in the A427—7 (SSTR2+) mouse
model. Notably, since the introduction of EB prolongs the
circulation time of ['”’Lu]Lu-DOTA-EB-TATE in the blood, its
uptake in normal tissues is significantly greater than that of
[""Lu]Lu-Dotatate. In terms of treatment, a single dose of
[""Lu]Lu-DOTA-EB-TATE (1 X 18.5 MBq) completely
regressed tumors in 4/5 mice. With the same antitumor activity,
["Lu]Lu-DOTA-EB-TATE has a lower dose advantage than
["Lu]Lu-Dotatate (3.7 MBq vs 18.5 MBq)."” ["’Lu]Lu-
DOTA-EB-TATE was further studied in 8 patients with
advanced metastatic NETs."® No adverse symptoms were
observed in the S patients who received a single dose (0.35—
0.70 GBq) of ["’Lu]Lu-DOTA-EB-TATE, and the admin-
istration was well tolerated. In another group of 7 NET
patients,”” the use of approximately 1/6 the dose of ['’Lu]Lu-
DOTA-EB-TATE had no difference in treatment effect with
["Lu]Lu-Dotatate (Figure 4 B and 4 C) and was safety.
Compared with ['”’Lu]Lu-Dotatate, the SPECT imaging results
revealed that ['"’Lu]Lu-DOTA-EB-TATE had greater uptake
and retention in NETs and significantly greater accumulation in
the kidneys and bone marrow. In the treatment of 32 NET
patients for up to 3 cycles,” three different doses (1.17—3.97
GBq/cycle) showed good tolerance and great potential for
clinical application. It has now entered phase I clinical trials
(NCT03308682).

21648

In addition, ['”’Lu]Lu-AspAB/GluAB-DOTA-TATE (8—
9)°" which uses IPBA as the ALB-targeted group, was compared
with [Y"Lu]Lu-Dotatate. Both had increased residence times in
the blood and tumor uptake but a greater proportion of renal
uptake, which reduced the TT and clinical practicality. Therefore,
no antitumor activity studies have been conducted. For the
above two types of ALB-SSTR heterologous dual-targeted
radiopharmaceuticals, the ALB-targeted group EB seems to
show better advantages than IPBA. Notably, the linker between
the dual-targeted groups cannot be ignored.

3.1.3. ALB-PSMA Dual-targeted Radiopharmaceuticals.
PSMA is a type II transmembrane protein composed of 750
amino acids. Its expression in prostate epithelial cells of prostate
cancer patients is 100 to 1000 times greater than that in normal
people. It is also expressed in the new blood vessels of solid
tumors and is considered to be an ideal target for the diagnosis
and treatment of prostate cancer.”””>~>* In the past three years,
based on the PSMA target, the FDA has approved a total of 3
diagnostic drugs and 1 therapeutic drug (Figure 1). It has
become a hot target for radiopharmaceuticals and has also
inspired researchers to explore new functions of PSMA. Glu-
urea-Lys (EuK) oligopeptide molecules are highly selective for
PSMA and are widely used in the study of PSMA targets. Owing
to the pronounced charge properties of this specific targeted
agent (facilitating polycarboxylate formation), rapid renal
clearance emerges as a primary limiting factor for efficient
drug delivery; however, these high charge characteristics are
indispensable in maintaining a strong affinity toward PSMA.
Therefore, bonding with ALB-targeted agents is a reasonable
strategy to overcome this pharmacokinetic challenge. The dual-
targeted design of ALB and PSMA has emerged as the most
extensively researched area in current studies.

['I]I-RPS-001 (10)°° is the first dual-targeted radio-
pharmaceutical with PSMA and ALB (Figure 5). The results
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in 28 patients with advanced hormone-refractory and chemo-
therapy-refractory prostate cancer are encouraging. Preliminary
efficacy was demonstrated by reductions in PSA, bone pain, and
quality of life, as well as reductions in the size, extent, and
number of lesions on diagnostic scans. Salivary and lacrimal
glands are high-dose uptake organs, and a quarter of patients
experience transient mild to moderate dry mouth. To date, the
results of '**I diagnostic and '*'I therapeutic administration have
shown that it has good clinical application prospects. [*'I]I-
RPS-027 (11)°° is a derivative of [**'I]JI-RPS-001 and has the
most favorable biodistribution. In the LNCaP (PSMA++)
mouse model, the maximum tumor uptake (12.41% ID/g) was
reached 3 h after injection, and the tumor uptake was still as high
as 8.13% ID/g at 24 h. The 24 h blood clearance rate was as high
as 80%, and the clearance rate in other metabolic organs was
basically consistent with the blood clearance rate. There were
good TBRs 18 h after injection, and it showed higher specific
tumor targeting as time progressed. Compared with that of

21649

[P'IJI-RPS-001 (without IPBA), although the tumor uptake of
['3'I]I-RPS-027 was lower than that of ["*'I]I-RPS-001 at all
time points, the uptake in the kidney was S times lower than that
of [B'JI-RPS-001. This study demonstrated the effective
binding of the ALB-targeted group IPBA to EuK. However,
halogen-labeled radioactive therapeutic drugs have certain
limitations in clinical applications.”> A series of metal-
coordinated PSMA and ALB heterologous dual-targeted
radiopharmaceuticals have emerged.

["Lu]Lu-CTT1403 (12)°” is a heterologous dual-targeted
radioactive diagnostic and therapeutic integrated drug prepared
by selecting a derivative of CTT1298 as a PSMA-targeted group
and conjugating it with IPBA. The biodistribution in the PC3-
PIP (PSMA+) mouse model revealed that [*”’Lu]Lu-CTT1403
had greater tumor uptake than did ['’Lu]Lu-CTTP1401
(without IPBA) at all time points, and the maximum tumor
uptake was 15-fold greater than that of ['7’Lu]Lu-CTTP1401
(45.4 vs 3.00% ID/g), which effectively prolonged the retention

https://doi.org/10.1021/acs.jmedchem.4c01608
J. Med. Chem. 2024, 67, 21644—21670


https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01608?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01608?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01608?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01608?fig=fig5&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c01608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

of the drug in the tumor (24.2% ID/g, 168 h). Compared with
[""Lu]Lu-CTTP1401, ['""Lu]Lu-CTT1403 showed significant
antitumor activity and had a significant advantage in prolonging
the median survival of mice (>120 d vs 47 d), but the safety of
the drug needs further evaluation.

[YLu]Lu-RPS-063 (13)°® and its derivatives (14—16) were
prepared using PEG of different lengths as linkers and DOTA as
the metal chelator. In vitro enzyme activity inhibition experi-
ments revealed that the length of the PEG polymer linker was
inversely proportional to the PSMA affinity. The biodistribution
in the LNCaP mouse model revealed that all of the radiotracers
effectively internalized into the tumor, which was positively
correlated with PSMA affinity. The maximum tumor uptake of
["’Lu]Lu-RPS-063 was significantly greater than that of
["Lu]Lu-PSMA-617 (30.0 vs 14.40% ID/g, 4 h), and the
uptake in nontarget organs was lower, resulting in better TBRs.
Owing to its high and persistent tumor uptake advantage, the
absorbed dose of ['7"Lu]Lu-RPS-063 delivered to the tumor (96
h after injection) was 4 times greater than that of [Y"Lu]Lu-
PSMA-617, and the tissue distribution showed good pharma-
cokinetic characteristics. RLT deserves further investigation.
Interestingly, the presence or absence of PEG chains has a
significant impact on the kinetics. Compared to ['”’Lu]Lu-RPS-
063/61/07, ["""Lu]Lu-RPS-068 (without PEG chains) (16) has
a difference in the time to reach the maximum tumor uptake (4 h
vs 24 h). At the same time, the length of the PEG chain is
positively correlated with the clearance rate of the tracer in the
kidney and blood, showing that the introduction of PEG chains
to reduce uptake in nontarget organs (especially the kidneys) is
an effective strategy, but the effect is also on the maximum
uptake and retention rate in the tumor can be seen. The balance
between the two deserves attention in further radiotracers
research.

Since its approval, ['”’Lu]Lu-PSMA-617 has attracted
widespread attention from researchers.”” It is reasonable to
introduce ALB-targeted groups into the ['7’Lu]Lu-PSMA-617
molecular system to rectify its insufficient tumor delivery. First,
the effects of linkers of different lengths (p-aspartic acid) on the
pharmacokinetics and tissue distribution of IPBA derivatives
were studied. [17Lu]Lu-PSMA-ALB-02 (17)*° became the best
candidate, but it did not show obvious advantages over
["Lu]Lu-PSMA-617. SPECT imaging of the PC3-PIP mouse
model revealed that the tumor-to-blood ratio (176 vs 2730) and
tumor-to-kidney ratio (7.16 vs 49.5) of ['"Lu]Lu-PSMA-ALB-
02 were significantly lower than those of ['”’Lu]Lu-PSMA-617.
For the two derivatives ['”’Lu]Lu-PSMA-ALB-53 (18) and
[""Lu]Lu-PSMA-ALB-56 (19), more lipophilic alkane chains
were chosen as linkers.®”®" The retention of [!”’Lu]Lu-PSMA-
ALB-53 in the blood was significantly better than that of
["Lu]Lu-PSMA-ALB-S6, resulting in differences in the time to
reach the maximum tumor uptake (75.7% 1D/ g, 96 h vs 104%
ID/g, 24 h). Both showed good tumor uptake, but ['""Lu]Lu-
PSMA-ALB-56 had lower uptake in other nontarget organs and
was cleared faster, resulting in better tumor-blood and tumor-
kidney ratios. Notably, in the comparison between the two
derivatives, the substitution of only one halogen group in the
IPBA group had a significant effect on the pharmacokinetics,
which provides a special perspective for the local optimization of
drug performance. Owing to its favorable tissue distribution
characteristics, ['”’Lu]Lu-PSMA-ALB-56 was studied for its
antitumor activity. With the same single dose (1 X 5.0 MBq),
[""Lu]Lu-PSMA-ALB-56 completely eliminated the tumors in
4/6 mice, which was significantly better than ['”’Lu]Lu-PSMA-

617 and it also showed great potential in prolonging the median
survival of mice (>84 d vs 32 d). SPECT/CT imaging in 10
mCRPC patients revealed that ['7’Lu]Lu-PSMA-ALB-56 was
well tolerated, and no serious adverse events were observed. The
mean uptake in the tumor was 2.3 times greater than that of
[""Lu]Lu-PSMA-617. Notably, uptake in the salivary glands
also showed the same upward trend. Therefore, PSMA dual-
targeted ['7’Lu]Lu-PSMA-ALB-56 shows great diagnostic and
therapeutic potential, especially in tumor treatment, and
deserves further clinical research.

On the basis of the same design concept, ['”’Lu]Lu-
HTKO01169 (20)°* had a relatively high affinity for PSMA (K;
= 0.04 nM). Its biodistribution in the LNCaP mouse model
revealed that the maximum tumor uptake of ['”’Lu]Lu-
HTKO01169 was significantly greater than that of ['”’Lu]Lu-
PSMA-617 (55.9 vs 15.1% ID/g) and that ["’Lu]Lu-
HTKO01169 had a good antitumor effect because of its slower
clearance rate in the blood (56.4% ID/g, 120 h). In the RLT
study, [7’Lu]Lu-HTKO01169 only required 1/4 of the dosage to
achieve the same therapeutic effect as ['7’Lu]Lu-PSMA-617.
The same dosage (1 X 18.5 MBq) could significantly prolong
the median survival of mice (>120 d vs 58 d). However, its
pharmacokinetic properties and safety of administration deserve
further study.

[%6Y/*°Y]Y-DOTA-EB-MCG (21)® is another (EB is an
ALB-targeted group) ALB-PSMA dual-targeted radiopharma-
ceutical. [*Y]Y-DOTA-EB-MCG had greater tumor uptake
(40.40 vs 17.1% ID/g) than [*Y]Y-DOTA-MCG (without EB)
and had a better antitumor effect in the PC3-PIP mouse model.
Tumor growth in the [*’Y]Y-DOTA-EB-MCG (1 X 7.4 MBq)
treatment group was significantly reduced, and no obvious
toxicity was observed in any of the treated mice. The DOTA-EB-
MCG radioligand was reasonably effective for dual-targeting
with conjugated EB and EuK. On this basis, EB-conjugated
[°°Y/"Lu]Y/Lu-EB-PSMA-617 (22)°*°° was designed and
synthesized. PET/CT imaging revealed that the maximum
uptake of [*°Y]Y-EB-PSMA-617 in tumors was increased by
approximately 4-fold and 2-fold compared with that of [*Y]Y-
PSMA-617 and [*Y]Y-IPBA-PSMA-617 (IPBA is an ALB-
targeted group), respectively. Its high and persistent accumu-
lation in tumors results in high radiotherapeutic activity. A single
dose (1.85 MBq) of [*°Y/'Lu]Y/Lu-EB-PSMA-617 can
completely regress a tumor, and pathological and hematological
toxicity analyses revealed good safety. At the same dosage, its
antitumor activity is significantly better than that of
[°°Y/'Lu]Y/Lu-PSMA-617 and [*°Y/'"Lu]Y/Lu-IPBA-
PSMA-617. For this study, the ALB-targeted group EB seems
to have more potential for improving pharmacokinetics than
does IPBA. Recent studies have shown that the clinically
negative therapeutic indicators of ['”’Lu]Lu-PSMA-617 may be
related to low PSMA expression levels.”® ['7Lu]Lu-LNC1003
(23)°” was shown to have better performance through further
optimization of the linker, and pharmacokinetic and antitumor
activity studies were conducted in a 22Rvl (PSMA+) mouse
model. The tumor uptake of ['’Lu]Lu-LNC1003 was
significantly greater than that of ['”’Lu]Lu-EB-PSMA-617 and
[""Lu]Lu-PSMA-617 (138.87 vs 29.89 vs 4.28% ID/g), and the
low uptake by nontargeted organs resulted in high-contrast
SPECT/CT images 24 h after injection. For the modification
strategies of the two linkers, when the targeted groups are the
same, the linker modified with PEG seems to have more
advantages than the heterocycle does, and the improvement in
pharmacokinetics is obvious. A single dose (18.5 MBq)
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significantly inhibited the growth of 22Rvl tumors, whereas
["Lu]Lu-PSMA-617 was almost ineffective under the same
conditions. ['""Lu] Lu-LNC1003 shows significant advantages
in the treatment of prostate cancer, especially in prostate lesions
with moderate PSMA expression levels, is expected to become a
new generation of radiopharmaceuticals for the treatment of
different PSMA expression levels, and it has been approved for
clinical trials.

[**°Ac]Ac-PSMA-617 has shown satisfactory results in the
treatment of mCRPC patients, especially in patients who have
failed to respond to ['”’Lu]Lu-PSMA-617, showing incom-
parable advantages, which has greatly promoted the research of
a-radiotherapeutic nuclides.”**” [*Ac]Ac-RPS-070 (24)7 is

the first radiopharmaceutical for ALB-PSMA dual-targeted
radioligand a-nuclide therapy, thereby offering valuable insights
to advance the clinical development of radiotherapeutic
nuclides. In the LNCaP mouse model, [***Ac]Ac-RPS-070
had good uptake and slow clearance rates in tumors. Uptake in
other nontarget organs was negligible at 96 h after injection, and
mouse tumors gradually regressed during treatment. The
pharmacokinetic performance of [*°Ac]Ac-RPS-074 (25)”'
was further improved, and the tumor uptake was still as high as
11.90% ID/g at 14 d after injection. In a study of antitumor
activity, it showed a dose-dependent effect. After a single dose
(148 kBq) for 75 d, PET imaging and dissection confirmed that
the tumors of 6/7 mouse completely regressed, with good long-
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term tumor inhibition activity and drug safety. [*Ac]Ac-RPS-
074 shows great potential for treatment and clinical translation.

2y n/?25Ac-PSMA-DAL1 (26)7” is an ALB-PSMA heter-
ologous dual-targeted diagnostic and therapeutic integrated
radiopharmaceutical prepared with IPBA as the ALB targeted
group. The tumor uptake and retention of ['''In]In-PSMA-DAL1
were significantly greater than those of ['!'In]In-PSMA—DB
(without IPBA), and better TBRs was observed, allowing the
acquisition of clear SPECT/CT images. In the LNCaP mouse
model, [""'In]In-PSMA-DAL resulted in lower renal uptake than
did ["'In]In-PSMA-617, and the tumor-to-kidney ratio
improved to a certain extent. Although the [***Ac]Ac-PSMA-
DAL treatment group (1 X 20 kBq) had a significant inhibitory
effect on tumor growth, the weight and survival rate of the 6 mice
in the group were not affected during the treatment period, and
it did not show an advantage over [***Ac]Ac-PSMA-617.
Unfortunately, [*’Y]Y-PSMA-DA1 (1 X 3.7 MBq) had poor
activity and obvious toxicity during the treatment process.
Notably, the performance differences after the coordination of
different radioactive metals to the same chelating agent are
obvious, which may be related to the properties of the nuclide
itself (such as decay mode, energy size, radiation range, etc.)73
and the coordination mode of the nuclide. By changing the
length of the linker, ['''In/?*Ac]In/Ac-PNT-DAL1 (27)”* with
better affinity was optimized, and its biological distribution and
SPECT/CT imaging results were better than those of [''In]In
PSMA-DA1. [**Ac]Ac-PNT-DA1 has stronger antitumor
activity than [***Ac]Ac-PSMA-617 does, and the radiation
dose accumulated in the tumor is approximately 7.4 times
greater than that of [**°Ac]Ac-PSMA-617. Satisfactorily, it is
able to inhibit tumor growth at the lowest dose (1 X 2.5 kBq),
although high-dose (S or 10 kBq) treatment is safe based on
blood and tissue analysis. In addition, compared with [***Ac]Ac-
RPS-074 and [**°Ac]Ac-PSMA-617,”" [**°Ac]Ac-PNT-DA1
shows a significant low-dose advantage. Moreover, it has a
relatively high tumor-to-kidney ratio (1.74 vs 0.49), showing
great potential in overcoming the common nephrotoxicity of
[**Ac]Ac-PSMA-617 in clinical practice and has great clinical
application value.

3.1.4. ALB-FAP Dual-targeted Radiopharmaceuticals. EAP
is a membrane-bound type II serine protease belonging to the
proline-specific protease S9 family. It is overexpressed in tumor-
associated fibroblasts but is essentially not expressed in normal
tissues. It ?lays an important role in tumor growth and
metastasis.”> Owing to its high specificity, it has become an
ideal target for tumor diagnosis and treatment. The discovery of
UAMC-1110 (a highly selective FAP inhibitor) opened up the
study of FAP in radiopharmaceuticals,”® and the development of
radioactive diagnostic and therapeutic drugs targeting FAP has
become a hot area of research.”” FAPI-based radiotracers (such
as FAPI-04 (28), FAPI-46 (29), and FAP-2286 (30), etc,;
Figure 6) have shown initial advantages in clinical diagnosis, but
their rapid clearance from blood and tumors limits their
application in RLT.”® Therefore, introducing ALB-targeted
groups into the FAPI system is a feasible strategy to further
optimize their pharmacokinetic performance.

[%8Ga/%¢Y/""Lu]Ga/Y/Lu-TE-FAPI-n derivatives (31—
34)”" are ALB-FAP heterologous dual-targeted radiopharma-
ceuticals conjugated with IPBA and FAPI-04, and their
pharmacokinetic properties were evaluated in an HT-1080-
FAP (FAP+) mouse model. [**Ga]Ga-TE-FAPI-04 (34)
showed the most favorable biodistribution. Compared with
that of [®Ga]Ga-FAPI-04, the circulation half-life of [**Ga]Ga-

TE-FAPI-04 in the blood was significantly greater (26.8 min vs
52.7 min). Tumor uptake and clear TBRs could be achieved
within the half-life of ®*Ga (¢, = 68 min), and a moderate
circulation period was suitable for *¢Y for subsequent diagnosis.
The tumor accumulation of ['”’Lu]Lu-TE-FAPI-04 was ten
times greater than that of ['”’Lu]Lu-FAPI-04 (3.86 ID/g vs 0.34
ID/g) at 24 h after injection, and the uptake in normal tissues
was low. In the Ga-TE-FAPI-01—04 series structure, the
selection of linkers clearly has a crucial effect on the
pharmacokinetics. Moreover, different ALB-targeted groups
also present different metabolic properties. Compared with
[°®Ga/%°Y]Ga/Y-FAPI-04, [*®Ga/®¢*Y]Ga/Y-TE-FAPI-06
(IPBA as the ALB targeted group) (35), and [®*Ga/*Y]Ga/
Y-TE-FAPI-07 (EB as the ALB targeted group) (36)° showed
significant improvements in tumor uptake and retention, and the
differential uptake and radioactive blockade in HT-1080-FAP
and HT-1080 (FAP-) mice demonstrated the high specificity of
the tracer for FAP. Further in vivo metabolic evaluation in
pancreatic cancer model mice revealed that ['’Lu]Lu-TE-
FAPI-06 and [7’Lu]Lu-TA-FAPI-07 still had high tumor uptake
96 h after injection, and the clearance rate of ['7"Lu]Lu-TA-
FAPI-07 in nontarget organs was greater than that of ['""Lu]Lu-
TA-FAPI-06. Undoubtedly, the introduction of the ALB group
has a clear advantage in increasing tumor uptake, and in terms of
clearance to nontarget organs, EB seems to be potentially
superior to IPBA. RLT studies revealed that the antitumor
activity of ['"’Lu]Lu-TA-FAPI-06&07 was significantly better
than that of ['7’Lu]Lu-FAPI-04 at the same dosage (3.7 MBq),
but the tumor inhibition levels were comparable and dose
dependent. Preliminary toxicity analysis proved that it had good
safety. Therefore, compared with the radioligand FAPI-04, ALB-
targeted TA-FAPI-06&07 has certain advantages in tumor
diagnosis and treatment applications, but the absolute uptake
value in the tumor and the target-to-nontarget ratio still have
considerable potential for optimization, which deserves further
study.

ALB-FAP heterologous dual-targeted tracers [**Ga]Ga-
ESDD, I derivatives (37—39)*' was shown to be effective in a
mouse model of hepatocellular carcinoma derived from a human
patient. Compared with [*®*Ga]Ga-FSDD;I (38) and [**Ga]Ga-
FSDD;I (39), [®Ga]Ga-FSDD,I (37) had the longest blood
circulation cycle and greater tumor uptake and retention. The
carbon chain elongation under this modification strategy seems
to be negative, and the Log D (a parameter for measuring the
coefficient of lipid water distribution) of the three tracers is
positively correlated with the in vivo performance, which means
that the effect of lipid—water pairs on pharmacokinetics may be
of great concern. ['”’Lu]Lu-FSDD,I had clearer SPECT/CT
tumor images than did ['”’Lu]Lu-FAPI-04, and the tumor could
be clearly identified at 1 h after injection. The maximum tumor
uptake was reached at 8 h, and it was effectively cleared in
nontarget organs. The TBRs were still visible at 96 h. Among the
three derivatives, FSDDyI presented the most favorable
pharmacokinetic characteristics, and its application in RLT
needs further study.

Radiolabeled FAP-02 related tracers play an important role in
the diagnosis of FAP-related diseases.”” ['Lu]Lu-EB-FAPI-Bn
(40—43)% derivatives use the ligands FAP-02 and EB as
targeted groups for FAP and ALB, respectively. SPECT images
revealed that, with the exception of ['”’Lu]Lu-EB-FAPI-B1
(40), the other three derivatives presented high and persistent
uptake in the kidney, making them unsuitable for use as RLT
drugs. Similarly, the length of the PEG chains was negatively

https://doi.org/10.1021/acs.jmedchem.4c01608
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correlated with aggregation in nontarget organs. In the U87MG
(FAP+) mouse model, [""Lu]Lu-EB-FAPI-B1 reached max-
imum tumor uptake 24 h after injection and had a good
antitumor effect. High-contrast SPECT images of the low
uptake of the tracer in nontarget organs were obtained, and the
radioactive blocking experiment proved that the tracer showed
FAP-specific uptake in the tumor. RLT studies have shown that
[""Lu]Lu-EB-FAPI-B1 can effectively inhibit tumor growth at
three different doses (7.4 MBq, 18.5 MBq and 30 MBq) and has
good safety. Recent clinical research®® has shown that
["”Lu]Lu-EB-FAPI-B1 (['""Lu]Lu-LNC1004) has a significant
therapeutic effect after two doses (2 X 3.33 GBq) in mRAIR-TC
(metastatic radioiodine-refractory thyroid cancer) patients, with
the advantage of high radiation dose delivery to tumor lesions,
and it is well tolerated. It has entered phase I clinical trials
(NCT05723640).

[**Ga]Ga-Alb-FAPtp-01 (44)*° was produced by modifying
the structures of the classical ligands UAMC-1110 and IPBA to
investigate the potential application of dual-targeted tracers in
tumor staging and prognostic assessment. [**Ga]Ga-Alb-FAPtp-
01 requires a 10-fold higher concentration of FAPI-04 to block
uptake in U87MG cells, resulting in a stronger aflinity for FAP.
This modification of the structure of the targeted group is bold
and innovative, enriching and expanding the diversity of
molecular structures. PET images revealed that the maximum
tumor uptake of [**Ga]Ga-Alb-FAPtp-01 was comparable to
that of [*®*Ga]Ga-FAPI-04, but the clearance rate in the liver and
kidney was significantly greater than that of [**Ga]Ga-FAPI-04.
Owing to the lower background uptake, the tumor-to-muscle
ratio increased (5.9—9.5) over time, so the obtained PET/CT
images presented greater contrast. Tumor growth was
accompanied by changes in the expression level of FAP,** and
the radioactivity of [**Ga]Ga-Alb-FAPtp-01 in US87MG tumors
was positively correlated with the volume of the tumor,
indicating the potential application of tracer imaging in tumor
staging. As a supplement to existing tracers, it has important
clinical research value, especially in the prognostic assessment of
various tumor types.

Based on the FAPI-46 structure design, ['”’Lu]Lu-FAPI-46-
Ibu (45) and ['"Lu]Lu-FAPI-46-EB (46) were compared head-
to-head with ['7"Lu]Lu-FAPI-46 (small molecule), ['”’Lu]Lu-
FAPI-46-F1D (small molecule dimer), and ['"’Lu]Lu-FAP-
2286 (cyclic peptide), providing a more intuitive analysis of the
differences in FAP tracer design strategies between hetero-
dimers and monomers, homodimers or cyclic peptides.*®
Compared with ["’Lu]Lu-FAPI-46, ['""Lu]Lu-FAPI-46-Ibu
and [""Lu]Lu-FAPI-46-EB exhibit comparable or even
enhanced affinity for the FAP protein. Biodistribution indicates
that in the HT-1080-hFAP model (with low FAP expression),
[""Lu]Lu-FAPI-46-F1D exhibits the maximum tumor uptake,
followed by ['7Lu]Lu-FAPI-46, ['""Lu]Lu-FAPI-46-Ibu,
['"Lu]Lu-FAPI-46-EB and ['7Lu]Lu-FAP-2286 (10.47 vs
9.63 vs 8.40 vs 5.02 vs 3.42% LA./g, 4 h). In the HEK-293-
hFAP model (with high FAP expression), the maximum tumor
uptake were as follows: ['7"Lu]Lu-FAP-2286 > [”"Lu]Lu-FAPI-
46-F1ID > ['"Lu]Lu-FAPI-46-EB > ['”’Lu]Lu-FAPI-46>
["Lu]Lu-FAPI-46-Tbu (22.99 vs 17.16 vs 12.58 vs 10.34 vs
5.03% LA./g, 4 h). Interestingly, the same tracer type exhibits
significant differences in different mouse models, suggesting that
the impact of model differences needs to be taken into account
when evaluating radiotracers. In both models, ['”’Lu]Lu-FAPI-
46-EB showed the highest tumor retention rates (83% and 54%,
respectively). The introduction of the EB significantly improves

tumor retention, yet the selection of the ALB targeting agent is
critical to the performance of ALB heterologous dual-targeted
tracers. For this study, homodimeric and cyclic peptide tracers
are superior to ALB-FAP heterodimers in increasing absolute
tumor uptake and TBRs. However, the implications of the
deficiencies in the molecular structural design of heterodimeric
tracers cannot be overlooked. It should be recognized that
homodimers, heterodimers, or cyclic peptides are potential
strategies to improve the performance of small molecule
monomer tracers.

3.1.5. ALB-CA-IX Dual-targeted Radiopharmaceuticals.
CA-IX (carbonic anhydrase 9) is located on the cell surface
and is not expressed in normal tissues except for the
gastrointestinal tract.”” It plays an important role in tumor
invasion and metastasis; therefore, it is considered a promising
target for cancer diagnostic imaging. Many CA-IX imaging
tracers based on antibodies or small-molecule CA-IX inhibitors
have been reported in recent years, but most tracers show
significant renal accumulation and low tumor uptake, limiting
further applications in clinical practice.”"

IS-['"!In]In-DO2A-ALBn (47—50)" derivatives are dual-
targeted tracers for ALB-CA-IX. Their pharmacokinetic proper-
ties vary according to the substituent groups of the IPBA moiety,
with IS-["'In]In-DO2A-ALB4 (50) showing the strongest ALB
affinity in vitro but the worst in vivo imaging. These findings
indicate that target affinity and pharmacokinetic performance
are not completely unified and that pharmacokinetic perform-
ance is determined by multiple factors. IS-['''In]In-DO2A-
ALBI1 (47) showed the most favorable imaging potential, with a
significantly improved tumor-to-kidney ratio compared with
that of [**'In]In-DO3A-IS1 (without IPBA) in the HT-29 (CA-
IX+) mouse model, and clear SPECT images were obtained.
Therefore, the ALB-targeted group significantly improved the
pharmacological properties of CA-IX ligands, confirming the
effectiveness and rationality of the combination of ALB and CA-
IX targets, which is worthy of further in-depth study.

In summary, compared with single targeted homologues, ALB
dual-targeted radiopharmaceuticals have shown satisfactory
effects in prolonging the drug circulation half-life, improving
disease target dose delivery, and improving pharmacokinetic
properties. Therefore, using ALB as the second target is a
reasonable and effective design strategy, and it is also the most
promising combination in the development of dual-targeted
radiopharmaceuticals. The delicate balance between ALB and
other targets provides a reference and guidance for the
subsequent development of ALB dual-targeted radiopharma-
ceuticals.

3.2. Integrin Related Dual-targeted Radiopharmaceu-
ticals. Integrin is a heterodimeric transmembrane glycoprotein.
Subtype a,f3; is highly expressed in activated endothelial cells,
newly formed blood vessels and some tumor cells. It has been
widely studied in radiopharmaceuticals because of its obvious
tissue expression differences.”’ Arg-Gly-Asp (RGD) is a short
peptide with high affinity and selectivity for the integrin a,f;.
RGD cyclic peptide tracers show good uptake in tumors, but
their rapid blood clearance and nonspecific uptake limit their
further development.”” Owing to its good affinity, the RGD
group has been widely studied in dual-target and multitarget
drug design and has shown good druggability.”* Therefore, this
method provides a new idea for research on the combined
design of integrins and other targets as new radioactive
diagnostic and therapeutic drugs.
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3.2.1. a,f3-FAP Dual-targeted Radiopharmaceuticals.
Although great progress has been made in the development of
integrin @, f;- and FAP-selective targeted agents for imaging and
therapy, their clinical application is still limited owing to the
heterogeneous and multifactorial nature of tumors.”® Therefore,
heterodimeric or multimeric specific agents have emerged as
new and exciting precise diagnostic and effective therapeutic
strategies that overcome the limitations of current radiophar-
maceuticals.

Radioactive nuclide **Ga-labeled a,f;-FAP heterodimer
DOTA-FAPI-RGD (51)”* had good affinity for both FAP and
integrin a,f;. [**Ga]Ga-DOTA-FAPI-RGD showed high
specific uptake in U87MG (FAP+, a,f3;+) cells, and its PET

21654

images and biodistribution in a U87MG mouse model were
superior to those of its corresponding monomeric radioligands.
The tumor uptake of ['”’Lu]Lu-DOTA-FAPI-RGD peaked at 4
h (22.1%ID/g) and was still well retained within 168 h (4.1%
ID/g). DOTA-FAPI-RGD not only has good imaging
applications but also may be used in cancer treatment via
therapeutic nuclide-labeled heterodimeric ligands.

The a,f,-FAP dual-targeted tracer [*Ga]Ga-FAPI-RGD
(52)” significantly improved tumor uptake, tumor retention
time, tumor-targeted efficiency, and pharmacokinetic perform-
ance. As shown in Figure 7B and 7C, the first human distribution
study revealed that [**Ga]Ga-FAPI-RGD significantly improved
tumor uptake (SUV,,,, = 5.1vs 2.7) compared with ['"*F]FDG in

https://doi.org/10.1021/acs.jmedchem.4c01608
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patients with renal cancer, and the TBRs increased over time,
indicating high diagnostic performance and good tracer kinetics
for potential therapeutic applications. It has good clinical
application value and deserves further study.

3.2.2. a,3-SSTR2 Dual-targeted Radiopharmaceuticals.
[%Ga]Ga-3PTATE-RGD (53)°° is a novel a,f;-SSTR2 dual-
targeted heterodimer tracer that exhibits good pharmacokinetic
properties and high target-to-nontarget ratios in H69 and A549
mouse models (Figure 8). Compared with monomeric TATE
and RGD peptides, [**Ga]Ga-3PTATE-RGD showed better
and broader tumor targeting ability, which justified its further
study in detecting SSTR2- and integrin a,f;-related cancers;
however, it has not yet undergone radiation therapy research.

3.2.3. a,f3-PSMA Dual-targeted Radiopharmaceuticals.
EUKL-cRGDfK-DOTA (54),”” a product of heterologous dual-
targeted design for PSMA and o,f;, has not yet been
radiolabeled. The EUKL-cRGDfK-IRDye800 (DOTA just
replaced by IRDye800) coupled with IRDye800 (fluorescent
group) showed good specificity for both PSMA and integrin
a,Bs, and fluorescence imaging showed good aggregation within
the tumor. Research into fluorescent tracers has laid a theoretical
foundation for the development of PSMA and a,3; dual-
targeted radiopharmaceuticals. Once the metal chelator DOTA
took the place of IRDye800, the wide variety of nuclides will
significantly expand the application areas of PSMA-a,f;
heterodimer tracers. It is worth looking at the application of
the radioligand EUKL-cRGDfK-DOTA, which carries various
nuclides, in the future diagnosis and treatment of diseases.

3.2.4. a,f3-ALB Dual-targeted Radiopharmaceuticals.
Owing to the affinity of EB for ALB, the construction of
heterodimeric dual-targeted radiopharmaceuticals by a,f; and
ALB is a reasonable strategy to address the limitations of single-
targeting with a,f;. PET images revealed that in the U87MG
(afz+) mouse model, [**Cu]Cu-NMEB-RGD (55)”® had
greater tumor uptake than any single targeted homologue at all
time points. The maximum tumor uptake of [**Cu]Cu-NMEB-
RGD was more than 10 times greater than that of [**Cu]Cu-
RGD (without EB), while the radioactivity in the blood was
significantly reduced after 4 h, and a high-contrast PET image
was obtained at 24 h. During 30 d of tumor treatment, [*°Y]Y-
NMEB-RGD exhibited dose-dependent antitumor activity in
the US7MG mouse model, with two administrations (2 X 7.4
MBq) leading to complete tumor regression and prolonged
survival (>30 d, blank group for 13 d), whereas [*°Y]Y-RGD
(without EB) did not show effective antitumor activity.
Therefore, radioactive EB-RGD drugs based on a dual-targeted
design have obvious advantages in both imaging and therapy are
worthy of further clinical research.

3.2.5. a,f3-GRPR Dual-targeted Radiopharmaceuticals.
Gastrin-releasing peptide receptor (GRPR) is overexpressed in
mainly androgen-dependent human prostate tissue, thus
providing a potential target for the diagnosis and treatment of
prostate cancer.”” Bombesin (BBN), which was originally
isolated from frog skin, is an analog of gastrin-releasing peptide.
BBN can specifically bind to GRPR and is metabolically stable
when applied in vivo.'*’ Several BBN peptides have been labeled
with various radioisotopes for the diagnosis and treatment of
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GRPR-positive prostate lesions. However, radiolabeled mono-
meric BBN tracers have relatively low tumor accumulation and
retention as well as unfavorable hepatobiliary excretion.'®'
Therefore, to obtain better tumor-targeting effects and imaging
quality, before 2013, Chen, Wang, Smith, and others''™'%
studied the conjugation of BBN and RGD and obtained
['*F]FB-RGD-BBN (56), [**Cu]Cu-NO2A-RGD-Glu-6-
AhxBBN(7—14)NH, (57), [**Ga]Ga-NOTA-RGD-BBN
(58), and [*™Tc]Tc-RGD-BBN (59), research on their relevant
pharmacological properties has been conducted mainly in the
preclinical stage (Figure 9).

[**F]FB-AEADP-BBN-RGD (60)'°° was not further studied
because of its poor affinity for the target, which means that the
selection of a suitable linker is an important step in the
development of heterologous dual-targeted radiopharmaceuti-
cals. The a,f;-GRPR heterologous dual-targeted tracer
[#*Cu]Cu-NO2A-RGD-Glu-6-Ahx-RM2 (61)"” was optimized
from the structure of NO2A-RGD-Glu-6-AhxBBN (7—14)
NH,, which has good affinity for both GRPR and a,f;. In the
PC3 mouse model, [**Cu]Cu-NO2A-RGD-Glu-6-Ahx-RM2
exhibited rapid tumor uptake and a tumor stasis effect (4.26%
ID/g, 24 h), which can produce clear PET images 4 h after
injection. The good pharmacokinetic properties and sustained
tumor uptake of [**Cu]Cu-NOTARGD-Glu-6Ahx-RM2 are
worthy of further study for imaging of @, ;- and GRPR-positive
tumors and possible radiotherapy.

[®®Ga]Ga-NOTA-RGD-BBN (58)'% has entered clinical
research in recent years. In 13 patients diagnosed with prostate
cancer by biopsy, the safety and effectiveness of [**Ga]Ga-
NOTA-RGD-BBN in the diagnosis and staging of prostate
cancer were demonstrated. In 22 female breast cancer patients,
both primary cancer and metastatic lesions were positive for
[**Ga]Ga-NOTA-RGD-BBN accumulation. Clinical data'®”
have shown that @8; and GRPR dual-targeted [**Ga]Ga-
NOTA-RGD-BBN PET/CT is highly valuable for distinguish-
ing primary prostate cancer, breast cancer, axillary lymph node
metastasis and distant metastasis and has great potential for
clinical application.

21656

The a,f;-GRPR heterodimer radiotracer [**Ga]Ga-
LNC1015 (62)""" was prepared by changing the linker. The
tracer demonstrated good binding affinity and specificity in vitro
and in vivo. At all time points examined, tumor uptake, retention
and TBRs were significantly improved by [*Ga]Ga-LNC1015
compared with a single targeted homologue during PET imaging
of the PC3 mouse model. In a preliminary clinical study of 11
patients with breast cancer, the tumor uptake and TBRs of
primary and metastatic lesions of [**Ga]Ga-LNC1015 PET/CT
were significantly greater than those of ['*F]FDG and were
more effective in identifying primary tumor sites and metastases.
It has great potential to provide more precise information in the
process of tumor diagnosis and stage, may be used to monitor
metastasis during treatment, and has great potential for clinical
application.

3.2.6. a,p3-GLUTs Dual-targeted Radiopharmaceuticals.
Glycoconjugated metal complexes may find useful applications
in cancer, as they enter cells via glucose transporters (GLUTs)
membrane proteins.''" Radionuclide-labeled modified glucose
derivatives, among which ['®F]FDG is the most widely used
tracer in clinical practice, have good application value in disease
diagnosis."'” In 2004, [**F]Galacto-RGD""* was the first RGD
conjugated with FDG to achieve heterologous dual-targeting,
after which it was further rationally modified to obtain ['*F]F-
RGD-KS (63) (Figure 10).""* [*SF]F-RGD-KS has a similar
biodistribution in monkeys and humans; increased uptake in the
bladder, liver and kidneys; and rapid clearance through the renal
system. Studies have shown that ["*F]F-RGD-KS can be safely
used to image a,f3; integrin expression in humans.

3.2.7. a,f;CD13 Dual-targeted Radiopharmaceuticals.
The expression levels of @3 and CD13 in serum and tumor
tissues are associated with tumor type, angiogenesis, invasive-
ness, metastasis, and overall survival, thus serving as indicators of
a poor prognosis in cancer.'”> Effective assessment of their
expression levels can facilitate the monitoring of cancer
progression and aid in the development of treatment strategies.
The (xv . and CD13 dual-targeted tracer [**Ga]Ga-NGR-RGD
(64)""° was prepared by conjugating RGD and Asp-Gly-Arg
(NGR). PET/CT images revealed that [*Ga]Ga-NGR-RGD
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was clearly visible in the MCF-7 mouse model and showed
greater uptake than did [*®*Ga]Ga-RGD or [®*Ga]Ga-NGR
alone at 0.5 h after injection. At the same time, lung metastatic
lesions were clearly detected in a mouse model of lung
metastasis. Compared with [**Ga]Ga-RGD or [**Ga]Ga-
NGR, [%Ga]Ga-NGR-RGD showed greater binding affinity,
targeted efficiency, and longer tumor retention times. Its better
pharmacokinetic properties make it an ideal candidate for future
clinical evaluation of & ;- and CD13-positive patients.

3.2.8. a,f3CXCR4 Dual-targeted Radiopharmaceuticals.
Chemokine (C-X-C motif) receptor 4 (CXCR4) and integrin
a,B; are involved in several key biological processes in cancer
and have been extensively studied as molecular imaging
targets.''” The overexpression of CXCR4 leads to tumor
growth, invasion, angiogenesis, metastasis, recurrence, and dru,
resistance and is associated with an overall poor prognosis.''
Compared with the MX-1 (CXCR4-, a,f;-) mice model,
heterodimer tracer [GSGa]Ga-yGS-RGD (65),119 which is a
dual-targeted CXCR4 and a,f; tracer, accumulated at high
concentrations in BxPC3 (CXCR4+, a,f;+) tumors and was
effectively blocked, confirming its dual receptor-targeted
properties. These findings indicate that [**Ga]Ga-yGS-RGD
can be used for noninvasive detection of tumors expressing
CXCR4, integrin a,f; or both and is a promising tracer.
Therefore, potentially good prospects for clinical application.

3.2.9. a,f;-MCIR Dual-targeted Radiopharmaceutical.
Malignant melanoma is the deadliest form of cancer, and
overexpression of the melanocortin-1 receptor (MC1R) and the
a,B; integrin receptor on melanoma cells is an attractive
molecular target for drug development.'”’ a-Melanocyte-
stimulating hormone (a-MSH) peptides are widely used to
target MCIR for melanoma imaging, and a dual receptor-
targeting imaging tracer that combines a f; with MCIR for
melanoma imaging represents a potential strategy repre-
sents.'”"'*? Both [**™Tc]Tc-RVD-Lys-(Arg'')CCMSH
(66)'** and [*™Tc]Tc-RSD-Lys-(Arg'')CCMSH (67)"**

showed good affinity properties in B16/F1 melanoma cells,
with the maximum tumor uptake (19.63 + 4.68% ID/g, 4 h;
18.01 + 4.22% ID/g, 0.5 h, respectively) and the kidney is the
highest uptake organ (94.01 + 18.31 and 80.01 + 15.67% ID/g,
2 h). Compared to [**™Tc]Tc-RVD-Lys-(Arg'')CCMSH,
[#™Tc]Tc-RSD-Lys-(Arg'')CCMSH has faster clearance in
the kidney, and Ser modification appears to be more beneficial in
nontarget organ clearance as Val. The high uptake in the kidneys
limits the contrast of SPECT/CT images, and reducing tracer
accumulation in the kidneys is a research focus for the
heterologous dual-targeted a@,;-MCIR. [*™Tc]Tc-RAD-S-
Ala-(Arg'")CCMSH (68)'*° and [*™Tc]Tc-RGD-p-Ala-
(Arg'"")CCMSH (69)'%¢ adjusted the linker in the targeting
group (f3-Alareplaced Lys), resulting in a significant reduction in
the kidney retention (20.18 + 3.86% ID/g and 16.31 + 4.60%
ID/g, 2 h) and yet high uptake within the tumor (15.66 + 6.19%
ID/g, 2 h; 17.98 + 2.49% ID/g, 4 h, respectively). B16/F1
melanoma lesions can be clearly visualized on SPECT/CT
images. In the development of the @,;-MCI1R heterodimer
tracers, it can be seen that the linker-based modification strategy
appears to be more effective than cyclic RGD peptide
modification in eliminating nontarget organs. Compared to
Lys, f-Ala has a significant advantage in reducing renal uptake.
[#™Tc]Tc-RGD-S-Ala-(Arg'') CCMSH needs to be compared
head to head with the corresponding monomer to further
validate the advantages of heterodimer over monomer.

3.2.10. a,ps-MTA Dual-targeted Radiopharmaceutical.
Integrin a,f4 is an epithelial-specific cell surface receptor that
is expressed at low levels in healthy adult epithelia but is highly
expressed in many cancers and is involved in cell invasion,
migration, angiogenesis, and extracellular matrix adhesion.'*’
Importantly, it has been identified as a prognostic marker, with
high expression levels correlating with a poor patient prognosis
and short overall survival. @, f-binding peptide (@, fs-BP) is a
peptide that binds to integrin @, fc with nanomolar affinity and
high selectivity. ['*F]F-a,8s-BP has been translated into the
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clinic for the detection of tumors in patients with breast, colon,
lung, and pancreatic cancer.'”® Peptide—drug conjugates
(PDCs) constitute an important type of drug research that
usually consists of three parts: targeted groups, cytotoxic groups,
and linkers."”” The development of radiolabeled PDC-
integrated diagnostic and treatment drugs has important clinical
application value. The o, ff¢-microtubule targeting agent (MTA)
heterologous dual-targeted tracer [**Cu]Cu-PDC-1 (70)"** wa
prepared by conjugating o, f-BP and monomethyl auristatin E
(MMAE). MMAE is a potent MTA, several MMAE-based
targeted tumor drugs have been successfully used in clinical
practice (Figure 11)."*” It was clearly visible in the tumors of
a,pfs positive DX3purofl; and BxPC3 mouse models, but no
significant uptake was observed in the DX3pro (@, f}s-) tumors.
The biodistribution results revealed that the tumor uptake of
X3purofis was 8 times greater (4.46 vs 0.56% ID/g) than that of
DX3puro at 4 h after injection. In vivo therapeutic efficacy
studies revealed that the cytotoxic MMAE group exhibited good
antitumor effects. Compared with that of the control group, the
overall survival rate of the DX3purofl¢ mouse model increased
by more than 2-fold. [**Cu]Cu-PDC-1 successfully achieved
selective accumulation and visualization of integrin a,f¢ in
tumors and had good pharmacokinetic characteristics. This was
a successful exploration of integrated radiopharmaceuticals for
the diagnosis and treatment of PDC types, expanding the design
strategies and providing important guidance for the develop-
ment of subsequent PDC radiopharmaceuticals.

Overall, the design of integrin heterologous dual-targeted
radiopharmaceuticals, such as [**Ga]Ga-FAPI-RGD, [**Ga]Ga-
NOTA-RGD-BBN, and [®*Ga]Ga-LNC1015, is a reasonable
and effective strategy and these molecules have shown good
clinical application prospects. Therefore, the use of integrin as a
secondary target is an important direction for the development
of heterologous dual-targeted radiopharmaceuticals.

3.3. Other Dual-targeted Radiopharmaceuticals.
3.3.1. FAP-PSMA Dual-targeted Radiopharmaceuticals.
With the widespread clinical application of radiotracers for
PSMA and FAP, heterodimeric tracers that target two targets
simultaneously have also been widely studied in recent years.
[*Ga]Ga-FAPI-PSMA (71)"* has a relatively high affinity for
PSMA and FAP, with ICy, values of 4.73 and 2.10 nM,
respectively. It rapidly accumulated in the tumors of 22Rv1 and
U87MG model mice, and high-contrast PET images were
obtained within 1 h of injection. By adjusting the length of the
linker, [**Cu]Cu-FP-L1 (72) and [**Cu]Cu-FP-L2 (73)"*’
were obtained, both of which have affinities for FAP and PSMA
proteins in the nanomolar range (Figure 12). Notably, the
targeted groups of PSMA and FAP are both nonclassical. PET
imaging and biodistribution studies revealed that [**Cu]Cu-FP-
L1 exhibited more favorable pharmacokinetic properties than
did [**Cu]Cu-FP-L2. In the U87MG mouse model, [**Cu]Cu-
FP-L1 showed comparable tumor uptake to [**Cu]Cu-FAPI-04
and showed a clear advantage in retention within the tumor, and
the same trend was observed in PC3 PIP tumors. [**Ga]Ga-
FAPI-PSMA and [**Cu]Cu-FP-L1 showed highly specific
tumor-targeting to FAP and PSMA and were able to be used
to image lesions expressing FAP, PSMA, or both on the surface
of tumor cells or in the tumor microenvironment, which has
important clinical application prospects.

['*F]AIF-PSMA-FAPI-01 (74) and ["*F]AIF-PSMA-FAPI-02
(75)"** showed nanomolar affinities for both the PSMA and
FAP proteins. Compared with monospecific tracers, these two
'8F.labeled heterodimers showed better tumor uptake in A549-
FAP (FAP+) and 22Rvl mouse models. However, their high
uptake in nontarget organs remains a concern, especially in the
kidneys and bones. Notably, the high uptake in the bones can be
blocked by the competitive inhibitor DOTA-FAPI-04 and is not
due to the pharmacokinetic properties of fluorine atom
detachment. The broad spectrum and mature clinical
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applications of '*F make it easier to promote, and it is a potential
FAP-PSMA dual-targeted radiotracer.

However, not all integration strategies are effective. The three
FAP-PSMA heterologous dual-targeted tracers [**Ga]Ga-
AV01017 (76), [*®*Ga]-Ga-AV01030 (77) and [**Ga]Ga-
AV01038 (78)"** showed uniform tumor uptake in both the
LNCaP and HEK293T (FAP+) mouse models that was
significantly lower than of the corresponding monospecific
tracers. Although the three heterodimers labeled with 8Ga show
good affinity for FAP (IC, = 1.25—2.74 nM) and PSMA (ICy, =
25.2—71.6 nM) in vitro, their pharmacokinetic properties are
unsatisfactory. Once again, it is shown that the affinity and
pharmacokinetic properties are not completely consistent,
which also means that the method of screening lead radiotracers
by affinity is not completely effective.

3.3.2. FAP-SSTR2 Dual-targeted Radiopharmaceuticals. In
recent years, the SSTR2-targeted properties of LM3 and JR11
have been extensively studied."*>'*® Unlike SSTR2 agonists,
which exhibit high internalization rates, the antagonist LM3 has
high binding affinity for SSTR2. LM3 is characterized by low
hepatic uptake and lesions with better background contrast,
showing good potential for peptide receptor radionuclide
therapy.'”” Heterodimer tracer [**Ga]Ga-FAPI-LM3 (79)"*
showed high affinity for both FAP and SSTR2. In the HT-1080-
FAP and HT-1080-SSTR2 mouse models, the tumor uptake of
[®*Ga]Ga-FAPI-LM3 was significantly greater than that of
monomeric [**Ga]Ga-FAPI-46 and [**Ga]Ga-DOTA-LM3.Ina
study of 6 clinical nasopharyngeal carcinoma patients, as shown
in Figure 13 B and 13 C, [**Ga]Ga-FAPI-LM3 PET/CT showed
significant advantages over ['*F]JFDG and [**Ga]Ga-FAPI-46 in
primary and metastatic lesions, enhancing lesion detectability
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and tumor identification. Overall, the results of [**Ga]Ga-FAPI-
LM3 demonstrate its clinical feasibility for PET/CT imaging in
patients with nasopharyngeal carcinoma.

3.3.3. FAP-BR Dual-targeted Radiopharmaceuticals. Biotin
receptors (BR) are overexpressed in many tumors and are
important targets for the development of broad-spectrum
antitumor drugs."*” Although the radiopharmaceuticals devel-
oped on the basis of BR have limited effects, recent studies have
shown that their combination with antibiotin can enhance their
imaging effect."*” Therefore, the development of biotin
heterodimer radiotracers is an effective strategy to address the
shortcomings of monomers. Among the three FAP-BR dual-
targeted radiotracers (80—82),"*" ['SF]AIF-NSFBP, (82)
showed the most powerful pharmacokinetic characteristics. In
terms of the relationship between the structure and
pharmacokinetic properties of the three drugs, the introduction
of PEG chains is necessary, and the presence and length of PEG
chains are positively correlated with the clearance of the tracers
from nontarget organs and the absolute uptake of tumors.
Compared with the FAP-targeted monomer ['®F]AIF-NSF
(without biotin), ["*F]AIF-NSFBP, showed high uptake and
TBRs in tumors. More importantly, it still had good diagnostic
performance in mouse models with low FAP expression, which
has positive significance for the diagnosis of early tumors
(especially when FAP has not yet formed in the tumor
microenvironment or when its expression on CAFs has not
increased). Therefore, ['*F]AIF-NSFBP, is expected to become
a candidate for further clinical translational research.

3.3.4. GLUTs-PSMA Dual-targeted Radiopharmaceuticals.
The ['*F]2-FGlc-PSMA (83) and ['*F]6-FGlc-PSMA (84)'*
were prepared to investigate the effect of heterodimer formation
between GLUTSs and PSMA on the tumor binding ability and in
vivo clearance behavior of the radiotracer (Figure 14). Both
showed moderate affinities for PSMA, ['®F]2-FGlc-PSMA and
["*F]6-FGlc-PSMA, with 2- to 3-fold greater uptake in the PC3-
PIP mouse model than in the [**Ga]Ga-PSMA-11 PET scans.
Both radiotracers are cleared only through the kidneys rather
than through the hepatobiliary pathway, and ['*F]6-FGlc-
PSMA has a 10-fold faster renal clearance rate than ['*F]2-FGlc-
PSMA does. Therefore, [**F]6-FGlc-PSMA has fairly low renal
uptake and rapid clearance, exhibits high uptake in PSMA-
positive tumors in vivo, and deserves further clinical study.

3.3.5. GLUTs-FAP Dual-targeted Radiopharmaceuticals.
At radionuclide to label GLUTs and FAP to form

21660

heterodimers [*!'At]At-FAPI4 (85)'* to explore the effect on
the performance of the FAP tracer. There were significant
differences in the uptake of [*''At]At-FAPI4 between parental
and FAP-overexpressing tumor cells (A549/HEK293), proving
that it is specific for FAP, and its pharmacokinetics and imaging
properties have not been studied. The GLUTs-FAP dual-
targeted radiotracer ['*F]FGlc-FAPI (86)'*" has good applica-
tion prospects. Compared with FAPI-04, FGIc-FAPI has a
slightly lower affinity (ICs, = 32 nM vs 167 nM) for FAP in vitro,
but its tumor uptake in the HT1080-FAP and U87MG mouse
models is greater than that of [**Ga]Ga-FAPI-04, and it has a
higher tumor retention rate. The incomplete unification of
affinity and pharmacokinetics was once again demonstrated.
Interestingly, PET images revealed that ['®F]FGIc-FAPI has
high specific uptake in bone structures and joints, indicating that
it may be used for the diagnosis of FAP-related diseases other
than tumors, such as arthritis, heart disease or pulmonary
fibrosis. The heterologous dual-targeted radioactive tracer
["*F]FGIc-FAPI shows promising advantages in the diagnosis
of FAP-related diseases and deserves further study, but its
complex and cumbersome labeling method still needs to be
further optimized to facilitate clinical promotion.

3.3.6. MTG-GRPR Dual-targeted Radiopharmaceuticals.
Targeting mitochondrial Auger electron-emitting radioconju-
gates is an attractive strategy in tumor radiotherapy because
mitochondrial DNA is damaged by exposure to ionizing
radiation and cannot be repaired efficiently compared with
nuclear DNA, and the irradiation of mitochondria can also
induce other harmful effects, such as reactive oxygen species
production or apoptosis.' **~**” Triphenylphosphonium (TPP)
derivatives are potent mitochondrial targeting groups
(MTG)."*® MTG-GRPR dual-targeted radiotracer [*™Tc]Tc-
TPP-BBN (87)"*’ enhanced the aggregation of *™Tc¢ in the
mitochondria of target tumor cells in a dose-dependent manner
(Figure 15). This method significantly reduced the survival and
proliferation ability of PC-3 cells.

3.3.7. MTG-PSMA Dual-targeted Radiopharmaceuticals.
9™ has a relatively low Auger electron yield and is not an ideal
Auger electron emitter,'* In-labeled MTG-PSMA heterolo-
gous dual-targeted radiotracer ['''In]In-TPP-DOTA-G3-
PSMA (88)"" showed similar binding affinity to PSMA as
['"In]In-PSMA-617 and impaired cell survival in a dose-
dependent manner, with higher cytotoxicity than the single
targeted homologue ['''In]In-PSMA-617. The TPP pharmaco-
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phore does not interfere with the SPECT imaging quality of
[""In]In-TPP-DOTAGA-G3-PSMA in a PCa mouse model.
Research on ['"In]In-TPP-DOTAGA-G3-PSMA provides
valuable insights into the potential use of Auger electron-
emitting radionuclides in radiotherapy and may extend research
to other trivalent Auger electron-emitting radionuclide metals
(such as ''Tb or 'Er), thus opening new paths for the
application of radionuclides in the field of tumor treatment.
3.3.8. GRPR-PSMA Dual-targeted Radiopharmaceuticals.
The radiotracer [**Cu]DUPA-6-Ahx-(Cu-NODAGA)-5-Ava-
BBN (7—14) NH, (89)"" represents the first attempt at dual-
targeted of GRPR-PSMA and shows good receptor binding
ability in PC-3 (GRPR+) and LNCaP cells with ICs, values of
11.1 + 046 nM and 1.16 + 1.35 nM, respectively. The
biodistribution study in the PC-3 model showed that the tracer
was mainly excreted via the kidneys and had high accumulation
in the small intestine. Although tumor uptake was observed,
PET images in both PC-3 and LNCaP models did not show
superior performance compared to the corresponding mono-
mers. [**Ga]Ga-iPSMA-BN (90)"** was adjusted the linker and
used DOTA as the metal chelator. The uptake in PC-3 and
LNCaP cells is significantly higher than that of the
corresponding monomer and is excreted via the renal metabolic
system, effectively reducing intestinal uptake. PET imaging
indicates good accumulation at PCa lesion sites. Pharmacoki-
netic and dosimetric measurements were performed in four
volunteers with an average effective dose of 2.70 + 0.05 mSvand
a rapid blood clearance rate (t,, = 2.64 min).">” It is worth
further clinical investigation to determine that [%3Ga]Ga-
iPSMA-BN is more likely to detect lesions that are difficult to
detect with [*®*Ga]Ga-iPSMA.
[**Ga]Gluurea-Lys(Ahx)-Ga-HBED-CC-BZH3 (91)"* was
a GRPR-PSMA heterodimeric tracer prepared by using BZH3 as

a GRPR targeting agent and HBED-CC (IN,N’-Bis-[2-hydroxy-
5-(carboxyethyl)benzyl]ethylenediamine-N,N'-diacetic acid) as
a metal chelator, with affinity for PSMA and GRPR proteins
similar to that of the corresponding monomer. Biodistribution
studies have shown that [**Ga]Gluurea-Lys(Ahx)-Ga-HBED-
CC-BZH3 exhibits dual targeting for PSMA (5.4% 1D/ g, PSMA
+) and GRPR receptors (3.3% ID/g, GRPR+), with high uptake
in the kidneys and spleen. The introduction of amino acid linker
(-His-Glu-),_3 between metal chelator and PSMA targeting
group of [**Ga]Ga-HE,/HE,/HE,/HE, (92—95) "> effectively
reduces uptake in nontarget organs, particularly the kidneys
(Figure 16). All four tracers effectively target PSMA and GRPR
on LNCaP and PC-3 cells and tumor xenografts. [**Ga]Ga-HE,
(94) has the maximum tumor uptake (3.68 + 0.43% ID/g in
PC3 model, 10.66 + 4.19% ID/g in LNCaP model) and TBRs.
Although the use of the (-His-Glu-), amino acid linker
effectively improves the pharmacokinetic properties of the
tracer, it is worth noting that the presence or absence of the
linker and its length do not have a clear linear relationship with
the pharmacokinetic improvement. And each of these should be
considered a unique situation, as even minor changes in the
linker region can have significant effects on pharmacokinetics.
3.3.9. PD-L1-CTLA-4 Dual-targeted Radiopharmaceuti-
cals. Immunotherapy involving immune checkpoint blockade,
especially combination therapy targeting programmed cell death
inhibitor 1 (PD-1) or its ligands (programmed apoptosis ligand
1, PD-L1) and cytotoxic T lymphocyte-associated protein 4
(CTLA 4), has a s1gn1ﬁcant effect on the prognosis of patients
with malignant melanoma. 3¢ To address the limitations of
immunotherapy, bispecific fusion antibodies have been
developed for the treatment of malignant melanoma."'”’
KNO046 can show good therapeutic effects by binding to PD-
L1 and CTLA-4 while reducing side effects and treatment costs
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due to its simplified structure.””® Despite the important
advantages of bispecific fusion antibodies, there is still an urgent
need to effectively identify patients who benefit from PD-L1/
CTLA-4 immunotherapy. >’ Radionuclide therapy is a promis-
ing platform for nuclear medicine imaging and cancer treatment.
The'*'I-labeled heterologous dual-targeted fusion antibody
['IJI-KN046 (96)"* can simultaneously target PD-L1-
CTLA-4. The tracer has high affinity and specificity for PD-
L1/CTLA-4 immune targets and has good in vivo tumor
retention, thereby achieving good antitumor effects. More
importantly, the combination of low-dose *'I and KNO046
enhances immune sensitivity and significantly improves the
response rate to immunotherapy. The design strategy of [ *'I]I-
KNO046 will expand the application of nuclear oncology in
immunotherapy and create more opportunities for cancer
therapy. In the future, the use of radioactive metal nuclide-
conjugated fusion antibodies will become an important
component of the field of radiopharmaceutical research (Figure
17).
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Figure 17. PD-L1-CTLA-4 dual-targeted radiopharmaceuticals.

In general, compared with studies on heterologous dual-
targeted radiopharmaceuticals targeting ALB and integrin, there
are fewer studies on dual-targeted radiopharmaceuticals with
other heterologous target combinations. But they still show
great application potential in clinical applications (such as
[®*Ga]Ga-DOTA-LM3), which greatly broadens the research
direction (such as radioimmunotherapy) of radiopharmaceuti-
cals. With the increasing maturity of bispecific fusion antibodies,
more target combinations will enter the development and
application of heterologous dual-targeted radiopharmaceuticals,
it will be a hot topic in the future research of radiopharmaceu-
ticals.

4. APPLICATION OF CADD IN THE DESIGN OF
HETEROLOGOUS DUAL-TARGETED
RADIOPHARMACEUTICALS

In recent years, attribute-based drug design has attracted
considerable attention and is considered a potential candidate

for the Nobel Prize."*”'®* Computer-aided drug design
(CADD) technology plays an important role here. Compared
with traditional experimental methods, it can simulate the
interaction between molecules and targets, reduce the blindness
of experiments, and significantly shorten the time and cost of
drug development. Molecular docking (MD) and molecular
dynamics simulation (MDS) have become common tools in
modern drug discovery.'®>'” Through the above-mentioned
analysis of the structural design of heterologous dual-targeted
radiopharmaceuticals, it is not difficult to find that small changes
between structures have a huge impact on the performance of
tracers, and general universal rules are difficult to summarize.
The structural design of each tracer may need to be considered
independently. Using MD and MDS tools to validate the
rationality of heterologous dual-targeted tracer design could be a
promising approach. When designing [**Ga/'’Lu]Ga/Lu-
FSDD,/,/;1 (37—39), the rationality of the tracer design was
theoretically verified by MD. For FAP protein, the docking
scores of the three tracers were comparable to FAPI-04 (—12.93,
—14.36, —13.70 vs —12.56 kcal/mol), indicating that the
introduction of IPBA has no influence on the binding to the FAP
protein. Compared to FAPI-04, the three tracers also have
significant advantages in binding to ALB (—4.07 vs —12.25,
—11.68, —10.57 kcal/mol).* Compared to experimental results
(FSDD, has the best performance), improving binding to ALB
appears to be more beneficial for tracer performance. ['*F]AIF-
NSFB/NSFBP2/NSFBP4 (80—82) also theoretically con-
firmed the binding of four tracers to FAP protein in MD and
MDS (—10.02, —11.20, —13.27 vs —13.74 kcal/mol).'*' The
performance of ['®*F]AIF-NSFBP4 in the experiment was
consistent with the trend of theoretical screening. EB-FAPI-
B1(40) and FAPI-02 have the same affinity potential for FAP
protein (—12.56 vs —12.26 kcal/mol), and the binding affinity
between EB-FAPI-B1 and ALB is significantly better than that of
FAPI-02 (—14.11 vs —5.65 kcal/mol),* it has entered phase I
clinical trials. It can be seen that MD and MDS are helpful to
verify the rationality of molecular structure design. As shown in
Figure 18, binding heterodimeric tracers to two corresponding
targets can verify the rationality of the molecular structure. At
the same time, the synergy between targets and key features in
the drug structure can also be verified, providing a direction for
future improvement of tracer performance. At the same time, the
stable protein—ligand complex conformation calculated by
MDS and energy calculation provide valuable insights into the
binding mechanisms between proteins and ligands It is
envisaged that theoretical research on proteins and ligands will
effectively reduce blindness in structure design, especially by
achieving high-throughput combination and screening of
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Figure 18. Application of CADD in the design of heterogeneous dual-targeted radiopharmaceuticals.
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Figure 19. SAR of heterologous dual-targeted radiopharmaceuticals. (A) General formula for SAR; (B) Log D of potential heterologous dual-targeted
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structures under various constraints (e.g, control of bond
length, bond angle, specific amino acid, different interaction
forces, etc.) and improves the efficiency of the development of
dual-targeted radiopharmaceuticals. In addition, prediction of
absorption, distribution, metabolism and excretion (ADME)
properties based on structure will also open a new perspective
for tracer screening. Multidimensional comprehensive evalua-
tion of tracer performance at the theoretical level is an effective
strategy to improve the development of heterologous dual-
targeted radiopharmaceuticals. However, the rationality of the
verification method and the reliability of the model are the
guarantees for obtaining valuable screening results, which need
to be optimized and confirmed through repeated verification of
the theory combined with experiments.

5. SAR OF HETEROLOGOUS DUAL-TARGETED
RADIOPHARMACEUTICALS

The structure—activity relationships (SAR) of all of the above
heterologous dual-targeted radiopharmaceuticals are summar-
ized in Figure 19A. Owing to the diversity of the four group
structures, each group structure cannot be accurately divided,
but the relationships among the four groups are still clear. First,
the targeted group (R1, R2) is usually classical, and its change is
not necessary. Undoubtedly, the modification of the R1 and R2
groups increases the diversity of the molecule, but it also
increases the affinity of the corresponding target. The second is
the linker (R3) between the targeted groups. Through the
discussion of the SAR of the R3 group of heterologous dual-
targeted radiopharmaceuticals in this paper, its effect on
pharmacokinetics is not linear, which means that the rational
selection and optimization of R3 is the key to the development
of heterologous dual-targeted radiopharmaceuticals. Moreover,
the linker is crucial for regulating the lipid—water partition
coeflicient of the entire molecular system. Appropriate lipid—
water partitioning guarantees pharmacokinetic performance,168
similar to the drug—like principle of general drugs. At present,
the field of radiopharmaceuticals has not summarized a regular
drug-making principle. We attempted to summarize the
regularity of the lipid—water distribution of the above-
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mentioned potential heterologous dual-targeted radiopharma-
ceuticals (Figure 19B) and found that a Log D between —2 and
—4 may be beneficial to pharmacokinetics and that there may be
differences in the lipid—water distributions of radioactive
therapeutic drugs and diagnostic drugs. Unfortunately, owing
to the small sample size, a clearer correlation may not be
obtained, which is also worthy of attention in subsequent studies
of dual-targeted radiopharmaceuticals. Metal chelators (R4) are
also usually classic, such as DOTA, NOTA and their
corresponding derivatives. Notably, although R4 has rich
coordination functions (a chelator can coordinate multiple
radionuclides), this does not mean that radiometal nuclides can
be equivalently replaced. The difference after coordination of
different nuclides is obvious. Therefore, although the relation-
ships among the four groups are clear, the new molecules formed
by their combination are full of uncertainty. Studying
heterologous dual-targeted radiopharmaceuticals from a com-
prehensive perspective of the overall molecular structure is
crucial.

6. PERSPECTIVES AND CONCLUSIONS

The advancement of heterologous dual-targeted radiopharma-
ceuticals represents a vibrant and rapidly progressing field of
research, offering substantial promise for the diagnosis and
therapeutic management of associated receptors and diseases,
thereby catalyzing the swift growth of nuclear medicine. It is
exciting that some heterologous dual-targeted radiopharmaceu-
ticals have yielded satisfactory results, confirming the theoretical
rationality and clinical feasibility of the combination of targets.
These successes have established a robust theoretical framework
and provided practical insights for the continued development
of additional heterologous dual-targeted radiopharmaceuticals.
There is no doubt that the development of heterologous dual-
targeted radiopharmaceuticals is promising, especially for the
development of integrated diagnostic and therapeutic radio-
pharmaceuticals. However, it must be acknowledged that several
dual-targeted combinations have fallen short of expectations in
preclinical and clinical investigations. Among the prevalent
challenges is the issue of target combination specificity, which
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can hinder precise quantification of the targeted lesions.
Additionally, pharmacokinetic characteristics pose a challenge;
excessive accumulation in nontarget organs complicates the
achievement of optimal TBRs, casting doubts on the safety and
efficacy of diagnostic and therapeutic interventions. Improving
the sensitivity of radiotracers and reducing uptake in nontarget
organs are ongoing goals of heterologous dual-targeted
radiopharmaceuticals. Looking ahead, in the development of
future heterologous dual-targeted radiopharmaceuticals, it is
particularly important to balance the relationships among the
combinations of targets, the optimization of linkers, and the
selection of radionuclides. It is necessary to combine traditional
radiopharmaceutical chemistry with drug design theory,
especially to fully utilize the efficient and practical tools such
as CADD, artificial intelligence-assisted drug design and big data
models to achieve the rationality of target combination and
molecule structure design in to review multiple dimensions to
minimize blindness in drug development. It can be predicted
that more heterologous dual-targeted radiopharmaceuticals will
be developed for use in clinical diagnosis and treatment in the
future.
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Bl ABBREVIATIONS

ADME, absorption, distribution, metabolism, and excretion;
ALB, albumin; Ap, amyloid f-protein; BBN, bombesin; BR,
biotin receptors; CADD, computer-aided drug design; CA-IX,
carbonic anhydrase 9; CTLA-4, cytotoxic T lymphocyte-
associated protein 4; CXCR4, chemokine (C-X-C motif)
receptor 4; DOTA, 1,4,7,10-tetraazacyclododecane-N,N’,N,N’-
tetraacetic acid; EB, evans blue; EuK, Glu-urea-Lys; FAP,
fibroblast activating protein; FDG, fludeoxyglucose; FDA, food
and drug administration; GLUTS, glucose transporters; GRPR,
gastrin-releasing peptide receptor; HBED-CC, N,N’-Bis-[2-
hydroxy-S-(carboxyethyl)benzyl]ethylenediamine-N,N’-diac-
etic acid; IPBA, 4-(4-iodophenyl) butyric acid; MCIR,
melanocortin-1 receptor; mCRPC, metastatic castration
resistant prostate cancer; MD, molecular docking; MDS,
molecular dynamics simulation; MMAE, monomethyl auristatin
E; mRAIR-TC, metastatic radioiodine-refractory thyroid
cancer; MTG, mitochondrial targeting groups; NETs, neuro-
endocrine tumors; NGR, Asp-Gly-Arg; PET, positron emission
tomography; NOTA, 1,4,7-triazacyclononane-N,N’,N"-triaceti-
cacid; PDC, peptide—drug conjugate; PD-1, programmed cell
death inhibitor 1; PD-L1, programmed apoptosis ligand 1; PEG,
polyethylene glycol; PSA, prostate specific antigen; PSMA,
prostate-specific membrane antigen; RGD, Arg-Gly-Asp; RLT,
radioligand therapeutic; SAR, structure—activity relationships;
SPECT, single-photon emission computed tomography; SSTR,
somatostatin receptor; TBRs, tumor-to-background ratios; TI,
treatment index; TPP, triphenylphosphonium; Trop-2, troph-
oblast cell surface antigen-2; a,f4-BP, a,f-binding peptide.
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