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The development of theranostic radiotracers relies on their binding to
specific molecular markers of a particular disease and the use of cor-
responding radiopharmaceutical pairs thereafter. This study reports
the use of multiamine macrocyclic moieties (MAs), as linkers or chela-
tors, in tracers targeting the neurotensin receptor-1 (NTSR-1). The
goal is to achieve elevated tumor uptake, minimal background inter-
ference, and prolonged tumor retention in NTSR-1-positive tumors.
Methods: We synthesized a series of neurotensin antagonists bearing
MA linkers and metal chelators. The MA unit is hypothesized to
establish a strong interaction with the cell membrane, and the addi-
tion of a second chelator may enhance water solubility, consequently
reducing liver uptake. Small-animal PET/CT imaging of [®*Cu]Cu-
DOTA-SR-3MA, [#*Cu]Cu-NT-CB-NOTA, [*8Ga]Ga-NT-CB-NOTA,
[®*Cu]Cu-NT-CB-DOTA, and [**Cu]Cu-NT-Sarcage was acquired at
1, 4, 24, and 48h after injection using H1299 tumor models.
[*®Co]Co-NT-CB-NOTA was also tested in HT29 (high NTSR-1
expression) and Caco?2 (low NTSR-1 expression) colorectal adeno-
carcinoma tumor models. Saturation binding assay and internaliza-
tion of [>*Co]Co-NT-CB-NOTA were used to test tracer specificity
and internalization in HT29 cells. Results: In vivo PET imaging with
[®*Cu]Cu-NT-CB-NOTA, [*8Ga]Ga-NT-CB-NOTA, and [**Co]Co-NT-
CB-NOTA revealed high tumor uptake, high tumor-to-background
contrast, and sustained tumor retention (=48h after injection) in
NTSR-1-positive tumors. Tumor uptake of [**Cu]Cu-NT-CB-NOTA
remained at 76.9% at 48 h after injection compared with uptake 1h
after injection in H1299 tumor models, and [>*Co]Co-NT-CB-NOTA
was retained at 60.2% at 24 h compared with uptake 1 h after injec-
tion in HT29 tumor models. [®*Cu]Cu-NT-Sarcage also showed high
tumor uptake with low background and high tumor retention 48h
after injection Conclusion: Tumor uptake and pharmacokinetic proper-
ties of NTSR-1-targeting radiopharmaceuticals were greatly improved
when attached with different nitrogen-containing macrocyclic moieties.
The study results suggest that NT-CB-NOTA labeled with either
84Cu/®"Cu, %°Co/*™Co, or ®8Ga (effect of '"7Lu in tumor to be deter-
mined in future studies) and NT-Sarcage labeled with ®4Cu/®"Cu
or %5Co/*®™Co may be excellent diagnostic and therapeutic
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radiopharmaceuticals targeting NTSR-1-positive cancers. Also, the
introduction of MA units to other ligands is warranted in future studies
to test the generality of this approach.
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Prostate cancer is the most frequently diagnosed noncutaneous
malignancy and the second leading cause of cancer-related death
among men in the United States (/). Although several treatments
exist, there is a need for significantly improved prostate cancer
management (2,3). Indeed, a new targeted radionuclide therapy
has been developed for advanced prostate cancer patients by tar-
geting prostate-specific membrane antigen (PSMA) (4). In 2022,
['"7Lu]Lu-PSMA-617 (Pluvicto; Novartis) received U.S. Food and
Drug Administration approval for prostate cancer treatment (3,6).
Despite this progress, a proportion of prostate cancer patients
exhibit inherent resistance to this therapy (7,8). It has been esti-
mated that up to 30% of patients may not respond effectively to
PSMA-based radionuclide therapy (9—12). Furthermore, acquired
resistance to PSMA-based radionuclide therapy can also occur over
time. Cancer cells may adapt and develop mechanisms to evade ther-
apy effects. Resistance might arise because of various mechanisms,
such as alterations in PSMA expression or changes in DNA repair
mechanisms. There is a necessity to develop new therapeutic and
prognostic methods for the management of advanced-stage prostate
cancer. Although multiple factors may contribute to prostate cancer
development, progression, and resistance to therapy, increasing evi-
dence suggests that intraprostate neuroendocrinelike cells play an
important role in androgen-independent recurrent prostate cancer
(13-17). Prostate cancer may even become enriched in (or entirely
composed of) neuroendocrine cell clusters after long-term antian-
drogen therapy. Secreted by neuroendocrinelike prostate cells, neu-
rotensin has numerous physiologic effects predominantly mediated
through its high-affinity receptor, neurotensin receptor-1 (NTSR-1),
which is expressed and activated in aggressive prostate cancer cells
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but not in normal prostate epithelial cells (/7-19). In advanced pros-
tate cancer, NTSR-1 is recruited as an alternative growth pathway in
the absence of androgens (20-22). Thus, NTSR-1-targeted radio-
pharmaceuticals hold great potential as novel treatments for the man-
agement of NTSR-1—positive prostate cancer. Moreover, NTSR-1
has been found to be overexpressed in a large portion of lung, breast,
pancreatic, and colorectal cancers, all of which can also benefit from
NTSR-1-targeted agents.

With the ability to see what we treat and treat what we see,
radiotheranostic agents can be screened quickly using an imaging
radionuclide and subsequently used for treatment once the isotope
is changed to a matched therapeutic radionuclide. For example,
tracers labeled with positron-emitting radionuclides (™) are used
for diagnosis and patient screening by PET, whereas the same
agent labeled with ionizing particle—emitting radionuclides (emit-
ters of B-particles [B7], a-particles, or Auger electrons) can be
used for therapy purposes (23). Although %Ga/!”’Lu is a widely
used theranostic pair, their half-lives do not match, and the use of
2 different elements may increase the chance of pharmacokinetic
discrepancy. A true theranostic pair involves the use of same-
element radioisotopes for both imaging and therapy. Two of such
matched pairs are **Cu (PET isotope for imaging, half-life = 12.7h,
Ig+ = 18%, <Eg-> = 280keV)/*’Cu (B-emitter for therapy, half-
life = 62h, I = 100%, <Ep-> = 141keV) and **Co (PET iso-
tope, half-life = 17.5h, Ig- = 77%, <Eg.> = 570keV)/*™Co
(Auger electron emitter for therapy, half-life = 9.1h, 100% internal
conversion). Metal-binding chelators such as bicyclic Sarcage (1-N-
(4-aminobenzyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]-eicosane-1,8-
diamine), NOTA, and DOTA readily form stable complexes in vivo
with both copper and cobalt cations (24-26).

To develop NTSR-1-targeted radiotheranostic agents, an appro-
priate ligand must be used. NTSR-1 is activated by the endogenous
13-amino-acid peptide agonist neurotensin and the hexapeptide
neuromedin N (section 12 of the supplemental materials; supple-
mental materials are available at http://jnm.snmjournals.org). The
C-terminal hexapeptide portion of neurotensin, NT8-13, represents
the binding epitope and contains all determinants for NTSR-1 acti-
vation (27). Initial NTSR-1-targeted radiopharmaceuticals were
focused on stabilized peptide agonists, which were labeled with
18F, 11, %8Ga, and ®*Cu and showed high-contrast imaging of
NTSR-1-positive tumor models (28,29). However, fast clearance
profiles and moderate tumor uptake values made these peptides
unsuitable for targeted radionuclide therapy. Nonpeptidic antago-
nists (Fig. 1A) represent another category of NTSR-1 ligands,
which were labeled with '3F and %Ga for PET imaging and !”’Lu
for therapy applications (28,29). For example, Schulz et al. evaluated
3BP-227 for '"’Lu radiotherapy of colon carcinoma in a preclinical
study in 2017 (30), and Baum et al. initiated a radiotherapy trial on
patients with metastatic or locally advanced NTSR-1-expressing
cancers with promising results (37). Tracer 2*>Ac-FPI-2059 is cur-
rently in preclinical development for the treatment of solid tumors
expressing NTSR-1 (32,33). Previously, we developed SR142948A-
related derivatives and found that those attached to chelators based
on 1,4,8,11-tetraazabicyclo[6.6.2]hexadecane (CB)-cyclam (Fig. 1B)
can greatly reduce the background uptake and enhance tumor reten-
tion of **Cu-labeled agents compared with [**Cu]Cu-3BP-227. Liver
was the only major organ that showed uptake of the NTSR-1-
targeted agents (34).

In this report, we developed NTSR-1-targeted constructs with the
potential for “*Cu/*’Cu, 3°Co/*®™Co, and **Ga/'"’Lu labeling. PET
imaging with %Cu, *Co, and *®Ga was used to study in vivo
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FIGURE 1. (A) Precursor designs and examples that illustrate rational
design. (B) Multiamine units used in this study.

radiotracer distribution. To synthesize agents with improved tumor
uptake, improved tumor-to-background ratios, and extended tumor
residence time, we hypothesized that the net charge around the tracer
is a key factor in determining how a tracer interacts with its receptor
and other cell substructures such as the cell membrane. Thus, we
used a synthetic antagonistic NTSR-1-targeting ligand, and charge
modification was performed by introducing structural changes at the
linker and chelator moieties of the tracer (Fig. 1A). Multiamine mac-
rocyclic moieties (MAs) affect the distribution of SR142948A deri-
vatives (28,29,35), possibly by enhancing the linkage with the
negatively charged external surface of the cell membrane, through
ionic interactions, with the MAs’ positively charged basic nitrogens
(section 5 of the supplemental materials) (36). This would increase
the tracer concentration and the time the tracer spends near its recep-
tor. MAs may also improve the target-to-background ratio of tracers
by modifying their pharmacokinetic properties. Furthermore, MAs
such as CB-cyclam and Sarcage are rigid macrocycles with several
nitrogen atoms capable of establishing additional hydrogen bonding
to water molecules, which makes the tracer more hydrophilic and
helps minimize undesired liver uptake.

MATERIALS AND METHODS

Small-Animal PET/CT Imaging and Biodistribution of [¢*Cu]Cu-
DOTA-SR-3MA, [**Cu]Cu-NT-CB-NOTA, [®*Ga]Ga-NT-CB-NOTA,
[®*Cu]lCu-NT-CB-DOTA, and [®*Cu]Cu-NT-Sarcage

All animal studies were conducted under a protocol approved by
the Institutional Animal Care and Use Committee of the University of
North Carolina at Chapel Hill. Female nude mice (nu/nu immunodefi-
cient, 5-6 wk old) were obtained from the Animal Facility at Univer-
sity of North Carolina at Chapel Hill. Approximately 5 million H1299
cells in a 1:1 mixture of Matrigel (BD Biosciences) and phosphate-
buffered saline were injected subcutaneously into the left or right
shoulder and leg to establish the tumor xenograft. Animals were ready
for imaging studies after the tumor reached a volume of 200 mm>.

For PET/CT imaging, each mouse (n = 3) was injected with 3-6 MBq
of [**Cu]Cu-DOTA-SR-3MA. The same settings were applied to the

2 THE JoURNAL OF NUCLEAR MEDICINE * Vol. 00 + No. 00 - XXX 2024


http://jnm.snmjournals.org

PET images acquired with [**Cu]Cu-NT-CB-NOTA, [**Cu]Cu-NT-
CB-DOTA, and [**Cu]Cu-NT-Sarcage. PET imaging acquired pharma-
cokinetic profiles at 1, 4, 24, and 48 h after injection. CT scans were
acquired before PET imaging for anatomic reference. Mice were awak-
ened between tracer injection and imaging times. Images were acquired
with the PET/CT imaging system SuperArgus 4R (Sedecal Inc.). List-
mode data were collected and reconstructed using the algorithm
described before (37). Regions of interest were drawn using AMIDE
software (Amide’s a Medical Image Data Examiner). Organ uptake
was expressed as mean = SD of percentage injected dose per gram
and corrected for radioactivity decay.

Small-Animal PET/CT Imaging and Biodistribution of
[?°Co]Co-NT-CB-NOTA

All animal studies were conducted under a protocol approved by
the University of Wisconsin Institutional Animal Care and Use Com-
mittee. Female athymic nude mice (5-6 wk old) were purchased from
Jackson Laboratory. HT29 and Caco2 tumor inoculation, in vivo PET
imaging, and ex vivo biodistribution were performed following meth-
ods reported by Lin et al. (38). Each mouse (n = 4) received 2.1 MBq
of [*Co]Co-NT-CB-NOTA. PET imaging acquired pharmacokinetic
profiles at 1, 4, 9, and 24 h after injection. Ex vivo biodistribution
studies were performed immediately after the 24-h PET scan to vali-
date the in vivo PET imaging results.

The supplemental materials provide the synthetic schemes and pro-
tocols for new compounds and radiotracers (sections 2 and 3); radiola-
beling details (section 4); saturation binding assay and internalization
of [**C0]Co-NT-CB-NOTA results (section 6); quantification of organ
uptake and tumor-to-muscle ratios and comparison of tumor uptake,
residence half-life, and tumor-to-muscle ratios between tracers
(sections 7-9); and statistical analysis (section 10) (39,40).

RESULTS

Synthesis and In Vivo Biodistribution of Precursor DOTA-SR-3MA

First, we synthesized intermediate SR-3MA-NH (2) from the
phenyl-Br (1) (41), and then it was conjugated to a DOTA chelator
to obtain precursor DOTA-SR-3MA (3). Compound 3 has an addi-
tional nitrogen center compared with 3BP-227 (section 2.1 of the
supplemental materials). After 3 was labeled with ®*Cu, in vivo
PET imaging results showed high tumor uptake for [**Cu]Cu-
DOTA-SR-3MA (in H1299-tumor—bearing nu/nu mice) with rela-
tively low background except for moderate uptake in the liver
(Fig. 2). The linker homologation with the presence of an extra
nitrogen atom seemed to have a positive impact on the in vivo
PET imaging biodistribution, but the tumor uptake was moderately
reduced. A more dramatic change in the MA structure was needed
to reduce undesired liver uptake.

Synthesis and In Vivo Biodistribution of NT-CB-Based Precursors

Next, we explored whether the more rigid structure of macrocycle
CB-cyclam could be used as an MA to improve the tumor-to-liver
ratio obtained with 3. NT-CB (5) was obtained in high yield from
the corresponding precursor 1, via its phenyl-carboxylic acid (4)
derivative (section 2.2 of the supplemental materials). Next, precur-
sors NT-CB-CA (7), NT-CB-Sarcage (8), NT-CB-NOTA (9), and
NT-CB-DOTA (10) were easily synthesized in good yield (section
2.3 of the supplemental materials). Two additional precursors, NT-
CB-succinimide-NOTA (11) and NT-CB-succinimide-DOTA (12),
were successfully synthesized from 5, but they were not tested for
their in vivo PET imaging biodistribution during this study (section
2.4 of the supplemental materials). Next, we performed the **Cu
labeling and in vivo PET imaging of 7 and 8. [**Cu]Cu-NT-CB-CA
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FIGURE 2. (A) Three-dimensional PET/CT images of [**Cu]Cu-DOTA-
SR-3MA in H1299-tumor-bearing nu/nu mice at 1, 4, 24, and 48h after
injection. (B) In vivo biodistribution analysis of approximately 4.5 MBq of
[B*Cu]Cu-DOTA-SR-3MA at 1, 4, 24, and 48 h after injection (via tail vein).
B = bladder; %1D/g = percentage injected dose per gram; T = tumor.

and [**Cu]Cu-NT-CB-Sarcage both showed relatively low tumor
uptake in our pilot PET imaging studies. We then focused our
efforts on testing the biodistribution of 9 and 10. Gratifyingly, in vivo
PET imaging results with [$*Cu]Cu-NT-CB-NOTA, [®®Ga]Ga-NT-
CB-NOTA (both in H1299-tumor—bearing mice), and [>*Co]Co-NT-
CB-NOTA (in HT29-tumor-bearing mice) revealed high tumor
uptake with low background and sustained tumor retention for up to
48 h after injection (Figs. 3—5, respectively). The presence of the
CB-NOTA moiety in the tracer structure clearly improved the ratio
of the tumor-to-background signal compared with [**Cu]Cu-DOTA-
SR-3MA. Unexpectedly, chemical replacement of the NOTA chela-
tor with its DOTA analog and subsequent ®*Cu labeling to generate
[#*Cu]Cu-NT-CB-DOTA did not provide the same level of improve-
ment in H1299-tumor—bearing mice. Tumor uptake levels were simi-
lar to those of the NOTA analog; however, higher liver and kidney
radiosignals were detected (Fig. 6). This might be caused by the
in vivo stability limitation of the Cu-DOTA complex. This agent is
worth further investigation given its a-particle therapy applications.

Synthesis and In Vivo Biodistribution of NT-Sarcage

Given the unexpected imaging result obtained with 8 and to
remove any negative chemical interaction between Sarcage and
other linkers present in the tracer, we decided to modify this pre-
cursor and synthesize an agent in which the neurotensin ligand
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FIGURE 3. (A) In vivo biodistribution experiments showing 3-dimensional

PET/CT images of [?*Cu]Cu-NT-CB-NOTA in H1299-tumor-bearing nu/nu
mice at 1, 4, 24, and 48h after injection. (B) Quantitative analysis of
[B“Cu]Cu-NT-CB-NOTA in H1299-tumor-bearing mice at 1, 4, 24, and 48 h
after injection. B = bladder; %ID/g = percentage injected dose per gram;
T = tumor.

and the Sarcage chelator were directly connected, without any
linker present between. NT-Sarcage (6) was then synthesized in
one pot with a large yield from 4 (section 2.2 of the supplemental
materials). The Sarcage moiety is directly attached through an
amide functional group to the neurotensin ligand. With 6 in hand,
we performed in vivo PET imaging studies of [**Cu]Cu-NT-Sarc-
age in H1299-tumor-bearing mice (Fig. 7). [**Cu]Cu-NT-Sarcage
showed high tumor uptake with low background and high tumor
retention at 48h after injection. Initial labeling with Co also
revealed interesting results (42). Remarkably, 6 can be modified
further to add a second ligand to the cage. In this regard, a PSMA
ligand (Lys-Glu-urea or N-[[[(1S)-5-amino-1-carboxypentyl]ami-
noJcarbonyl]-L-glutamic acid (13)) was linked to 6, which may
serve as a dual-targeting agent to address tumor heterogeneity lim-
itations (16a and 16b; section 2.5 of the supplemental materials).
Detailed biologic evaluations of NT-Sarcage-PSMA compounds
16a and 16b as well as NT-CB-based precursors 11 and 12 will
be performed in follow-up studies.

Tracer-Specific Binding to NTSR-1

We validated that the high tumor uptake was due to the specific
binding of [**Cu]Cu-NT-CB-NOTA to NTSR-1 by performing
in vivo blocking experiments. The experiments were conducted by
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FIGURE 4. (A) Three-dimensional PET/CT images of [*®Ga]Ga-NT-CB-
NOTA in H1299-tumor-bearing nu/nu mice at 2 and 3h after injection.
(B) Quantitative analysis of [*®Ga]Ga-NT-CB-NOTA in H1299-tumor—
bearing mice at 2 and 3 h after injection. B = bladder; %ID/g = percentage
injected dose per gram; T = tumor.

injecting a 100-fold molar excess of unlabeled neurotensin peptide
(blocking agent) before the radioactive tracer in H1299-tumor—
bearing nu/nu mice (section 11 of the supplemental materials).
Also, the different tumor uptake of [*>Co]Co-NT-CB-NOTA
between HT29 (high NTSR-1 expression) and Caco2 (low NTSR-
1 expression) tumor models suggested specificity of the tracer for
NTSR-1 (Fig. 5). Furthermore, the [>*Co]Co-NT-CB-NOTA cell
surface binding and internalization potentials were tested in
NTSR-1-positive HT29 cells. The binding saturation assays deter-
mined a dissociation constant of 3 =2 nM and an NTSR-1 density
of (0.7 = 0.2) X 10° per HT29 cell using a one-site binding model
(section 6 of the supplemental materials; Supplemental Fig. 7A).
[>3C0]Co-NT-CB-NOTA internalization reached a calculated pla-
teau of 34% = 2% cell-associated activity and a monoexponential
internalization rate of (1.7 = 0.3) X 1072 min~' (section 6 of the
supplemental materials; Supplemental Fig. 7B).
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FIGURE 5. (A) Three-dimensional PET/CT images of [*°Co]Co-NT-CB-
NOTA in HT29-tumor-bearing mice at 1, 4, 9, and 24 h after injection.
Caco2 tumor is shown on left shoulder; HT29 tumor is shown on right
shoulder. (B) Quantitative analysis of [>°Co]Co-NT-CB-NOTA in HT29-
tumor-bearing mice at 1, 4, 9, 24, and 24h ex vivo after injection. B =
bladder; %ID/g = percentage injected dose per gram; T = tumor.

DISCUSSION

To develop novel NTSR-1-targeting radiopharmaceuticals with
improved tumor uptake, improved tumor-to-background ratio, and
extended tumor residence, we elaborated a strategy to attach MAs
to a synthetic antagonistic NTSR-1 ligand. The hypothesis was
based on the fact that the net charge around the tracer may be
modified by introducing chelators or linker—chelator combinations
with several basic nitrogen atoms. Our results showed that the
combination of CB-NOTA (linker—chelator) and the bicyclic Sarcage
(chelator) directly attached to the neurotensin ligand significantly
improved the in vivo PET imaging tumor uptake and tumor-to-
background ratio (especially tumor-to-liver ratios) even up to 48h
after injection.

It is worth addressing some future directions of this study. First,
our platform showed promising results in the NTSR-1 system. Other
target/ligand systems should be used together with CB-NOTA and
Sarcage to evaluate the generality of this approach. Second, macro-
cycles CB-cyclam and Sarcage were the 2 MAs we put to the test. It
remains to be seen how other macrocycles may affect these results
in terms of size, number of nitrogen atoms, and attachment to the
ligand. Third, we were focused on the characterization of 9 because
of its ability to chelate multiple radiometals. However, [**Cu]Cu-
NT-Sarcage showed increased tumor uptake compared with [**Cu]
Cu-NT-CB-NOTA. Fourth, [**Cu]Cu-NT-CB-NOTA and [**Co]Co-
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FIGURE 6. (A) Three-dimensional PET/CT representative images of

[B*Cu]Cu-NT-CB-DOTA in H1299-tumor-bearing mice at 1, 4, 24, and
48h after injection. (B) Quantitative analysis of [**Cu]Cu-NT-CB-DOTA in
H1299-tumor-bearing mice at 1, 4, 24, and 48 h after injection. B = bladder;
%ID/g = percentage injected dose per gram; T = tumor.

NT-CB-NOTA also showed different uptake values in 2 tumor
models. Whether the different uptake was caused by the radioisotope
or the tumor model needs to be confirmed further. Fifth, in the case
of [**Cu]Cu-NT-CB-NOTA and [**Cu]Cu-NT-CB-DOTA, there
may be concerns that the %*Cu chelation may have occurred at both
the CB-cyclam unit and the chelator. However, CB-cyclam generally
requires 90°C heating to form a stable complex with **Cu during
labeling, and it is reasonable to assume that the chelation happened
at the NOTA or DOTA locations when heated at 37°C (conditions
used in this study). Nonetheless, direct evidence is still needed to
confirm this assumption. Sixth, direct comparison with 3BP-227
would have resulted in a better reference to compare with the data
obtained from our tracers. Nevertheless, the focus of this research
was to improve tumor uptake and retention and to reduce liver
uptake. We, therefore, did not compare our agent with 3BP-227 in
this research. Finally, the effect of ”’Lu with precursors 9 and 10
also remains to be determined, which was not done in this study.
Recently, Garrison et al. used the same synthetic antagonistic
NTSR-1-targeting ligand with a different approach to extend the
tumor residence time (43—45). They proposed a strategy in which
low-molecular-weight targeted ligands were attached to irrevers-
ible cysteine cathepsin inhibitors. Once the ligand was internalized
and transported to the endolysosomal compartments of the cell, the
cysteine cathepsin inhibitors (or endolysosomal trapping agents)

Fonseca Cabrera et al. 5



24 h

%ID/g

20

%|ng

0
B
201
= 1h
wml . 4h
= 24h
2
3 10- 48h
=
5_
0-

Tumor Liver Kidney  Muscle

FIGURE 7. (A) Three-dimensional PET/CT images of [?*Cu]Cu-NT-Sarc-
age in H1299-tumor—bearing nu/nu mice at 1, 4, 24, and 48h after injec-
tion. Note that animal-to-animal and tumor size differences were mainly
responsible for data spread observed within this group. (B) Quantitative
analysis of [?*Cu]Cu-NT-Sarcage in H1299-tumor-bearing mice at 1, 4,
24, and 48h after injection. B = bladder; %ID/g = percentage injected
dose per gram; T = tumor.

formed high-molecular-weight irreversible adducts with cysteine
proteases. In this way, the receptor-targeted constructs were able to
increase tumor retention. In the same study, the impact of charge
modification around the cysteine cathepsin inhibitors was also
tested in vitro and in vivo using HT29 colon cancer models (45).
This approach introduced another structural motif to the tracer (cys-
teine inhibitor), and the construct needed to interact with cysteine
proteases. In the future, it would be interesting to perform a side-by-
side comparison with our approach that requires the selection of
only a chelator or linker—chelator construct and interaction with only
1 target. We also point out that our initial in vivo studies are being
conducted using lung and colorectal cancer models to avoid direct
competition with Pluvicto. In a follow-up study, it would be interest-
ing to investigate the potential complementary role of NTSR-1-
targeted agents alongside Pluvicto in prostate cancer.

CONCLUSION

In this study, we synthesized several new NTSR-1-targeting
radiopharmaceuticals based on a nonpeptidic antagonist ligand.
Our synthetic rationale was based on the hypothesis that MAs can
modulate the net charge around the tracer, which in turn favors its
tumor retention through the interaction with the negatively charged

external surface of a cell. In this regard, CB-NOTA and Sarcage moi-
eties were found to improve tumor uptake, tumor-to-background
ratio, and tumor retention even at 48 h after injection compared with
the acyclic 3MA unit. The results of this study suggest that 9 labeled
with #*Cuw/®’Cu, 33Co/*™Co, or **Ga and 6 labeled with **Cu/*’Cu
or 33Co/®™Co may be excellent diagnostic and therapeutic radiophar-
maceuticals for NTSR-1-positive cancers that could progress into the
clinic. Given the common presence of MAs in drug molecules, it is
possible that these MAs could be replaced with CB-NOTA or Sarc-
age for easy conversion to radiotheranostic agents.
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KEY POINTS

QUESTION: Is it possible to develop NTSR-1-targeted
radiopharmaceuticals with high tumor uptake, sustained tumor
retention, and low background uptake that hold potential for
theranostic applications in the clinic?

PERTINENT FINDINGS: With MAs introduced to the NTSR-1 ligand,
the resulting agents [®*Cu]Cu-NT-CB-NOTA, ®Ga]Ga-NT-CB-NOTA,
[>°Co]Co-NT-CB-NOTA, and [**Cu]Cu-NT-Sarcage showed high
tumor uptake and retention with low background on PET imaging.

IMPLICATIONS FOR PATIENT CARE: This study suggests that
leading precursors NT-CB-NOTA and NT-Sarcage are excellent
diagnostic and therapeutic candidates as NTSR-1-targeted
theranostic agents, which may benefit prostate cancer patients
with low PSMA expression.
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