Comparative Evaluation of the Biodistribution Profiles of a
Series of Nonpeptidic Neurotensin Receptor-1 Antagonists
Reveals a Promising Candidate for Theranostic Applications
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Neurotensin receptor-1 (NTR1) is a promising target for diagnostic
imaging and targeted radionuclide therapy. The aim of this study
was to evaluate the biodistribution profiles of a series of newly
developed diarylpyrazole-based NTR1 antagonists regarding their
suitability as diagnostic and potentially radiotherapeutic agents.
Methods: 3BP-227, 3BP-228, and 3BP-483 were labeled with 11'In
and injected intravenously into NTR1-positive HT29 xenograft—
bearing nude mice. At 3, 6, 12, and 24 h after administration, SPECT/
CT images were acquired or mice were sacrificed for ex vivo de-
termination of tissue-associated radioactivity. Results: High-contrast
tumor visualization in SPECT/CT images was achieved using the 3
compounds of this study. Ex vivo biodistribution studies confirmed a
high and persistent tumor uptake, peaking at 6 h after injection for
111In-3BP-227 (8.4 + 3.1 percentage injected dose per gram [%ID/g])
and at 3 h after injection for 111In-3BP-228 (10.2 + 5.3 %ID/g) and
111n-3BP-483 (1.9 + 0.8 %ID/g). Tumor—to—-normal-tissue ratios
obtained with 11In-3BP-227 and 7'In-3BP-228 were consistently
greater than 1. Conclusion: On the basis of the superior biodistribu-
tion profile compared with previously reported radiolabeled NTR1
ligands, ''1In-3BP-227 is an ideal candidate for further development
as a theranostic tracer.
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Certain peptide receptors, such as the neurotensin receptors
(NTRs), are commonly overexpressed in many primary human
tumors and their metastases, making them ideal targets for molec-
ular imaging and targeted cancer therapy (/,2). The NTR subtype
1 (NTR1) has been associated with several oncogenic effects such
as proliferation, survival, migration, invasion, and neoangiogene-
sis (3,4) and has been demonstrated to be overexpressed, inter alia,
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in ductal pancreatic cancer, Ewing’s sarcoma, and small cell lung
cancer (/). Hence, NTR1 imaging might be a promising tool for
tumor diagnosis and staging.

Previous attempts at specific delivery of diagnostic and thera-
peutic radionuclides to tumors using NTR1 as a target have focused
on the development of radiolabeled derivatives of its natural ligand
neurotensin with improved metabolic stability (5). Although some
of the reported radiolabeled agonistic peptides achieved a distinct
tumor uptake, in the cases of !7’Lu or '88Re payloads even ac-
companied by a certain antitumoral effect, overall results were
compromised by varying degrees of relatively low and unfavor-
able tumor-to-background ratios. Because recent developments
in somatostatin and gastrin-releasing peptide receptor targeting
indicate a superior tumor uptake and retention of radiolabeled an-
tagonists compared with agonists (6—8), Osterkamp et al. modified
the known NTRI1 antagonist SR142948A (9,10) by attaching short
linker-chelator moieties, yielding the novel diarylpyrazole-based
NTR1 antagonists 3BP-227, -228, and -483 (Fig. 1). The incorpo-
rated DOTA chelator is capable of forming stable complexes with
a wide range of diagnostic (e.g., '''In or %Ga) and therapeutic
(e.g., ""Lu or °Y) radionuclides (/7). In vitro evaluation of the
compounds indicated a high NTR1 affinity and specificity as well as
adequate metabolic stability in human and murine plasma, which
warranted the further examination in in vivo studies. The aim of this
study was to evaluate and compare the potential for clinical trans-
lation of 3BP-227, 3BP-228, and 3BP-483 based on their imaging
performance and biodistribution profiles in tumor-bearing mice.

MATERIALS AND METHODS

Radiolabeling

Compounds were dissolved in buffer (0.4 M acetate, 0.325 M gentisic
acid, pH 5), and aliquots (3BP-227, 4.4-39.0 n.g; 3BP-228, 9.0 ng; 3BP-
483, 4.6-9.2 ng) were incubated with 200400 MBq of '"'InCl; in
0.05 M HCI (Covidien) at 95°C for 30 min. After being cooled, the
product was analyzed by instant thin-layer and high-performance liquid
chromatography and formulated in 0.9% NaCl for intravenous adminis-
tration. Detailed analytic methods can be found in the supplemental data
(supplemental materials are available at http:/jnm.snmjournals.org).

Tumor Model

Experiments were approved by the local animal welfare committee
and performed according to national regulations. Mice were kept in
individually ventilated cages under standard conditions with food and
water ad libitum. NTR1-positive HT29 human colorectal carcinoma
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Statistical analyses of differences in tissue
uptake values and tumor—to—normal-tissue ra-
tios were performed using ANOVA followed
by the Tukey post hoc test for multiple com-
parisons and ¢ test for comparing 2 groups.
Differences of P values less than 0.05 were
considered statistically significant.

RESULTS

Radiolabeling
Radiochemical yields of 'In labeling

FIGURE 1. Chemical structures of 3BP-227, 3BP-228, and 3BP-483.

cells (European Collection of Authenticated Cell Cultures and Cell Lines
Services) (/2) and NTRI-negative HEK293 human embryonic kidney
cells (European Collection of Authenticated Cell Cultures) (/3) were
grown in McCoy 5A modified medium (Biochrom) and Dulbecco mod-
ified Eagle medium, respectively, each supplemented with 10% fetal calf
serum, 2 mM L-glutamine, penicillin (10,000 U/mL), and streptomycin
(10 mg/mL) at 37°C in 5% CO,. Cells (2-3 x 10° suspended in McCoy
5A modified medium, 40 x 10° cells/mL) were inoculated subcutaneously
in the right flank of 6- to 8-wk-old athymic nu/nu female mice (Nude-
Foxnl™; Harlan Laboratories). Biodistribution and imaging studies were
performed 24 wk after inoculation when the tumor was palpable.

SPECT/CT Imaging

Mice were injected via a lateral tail vein with ''In-labeled 3BP-227
(21-47 MBq; n = 6), 3BP-228 (33-44 MBq; n = 4), or 3BP-483 (31-44
MBq; n = 3) under isoflurane anesthesia (1%—2% isoflurane in 2:1 O,:
N,O volume ratio). Whole-body imaging was performed 3, 6, 12, and
24 h after injection with a 4-head NanoSPECT/CT scanner (Mediso
Ltd.). SPECT scans were acquired using a multipinhole collimator set
(SCIVIS), each collimator with 9 pinholes (1.4-mm pinhole diameters).
SPECT imaging was performed with 2 energy windows of 171 keV *
5% and 245 keV * 5% and an acquisition time of 60 min. Images were
reconstructed with isotropic voxel output sizes of 300-600 wm, depend-
ing on counting rates (HiSPECT; SCIVIS). CT scans were acquired at a
192-pm isotropic detector resolution and reconstructed at isotropic voxel
sizes of 200 wm (InVivoScope 1.43; Bioscan). After the last acquisition,
mice were sacrificed and included into the 24-h-after-injection cohort for
the ex vivo biodistribution studies described below.

Ex Vivo Biodistribution Studies

Mice were injected intravenously with !'!In-labeled 3BP-227 (0.2
12.2 MBq), 3BP-228 (5.5-7.6 MBq), or 3BP-483 (4.9-18.4 MBq)
under isoflurane anesthesia and sacrificed 3, 6, 12, or 24 h later. For
each time point and tracer, 3-9 animals were examined. As a control
for receptor specificity, mice bearing NTR1-negative HEK293-tumors
(n = 3) were injected intravenously with '''In-3BP-227 and sacrificed
12 h after administration. Blood, urine, organs, and tumors were col-
lected and weighed, and their activity content was assessed by well-
counter measurement. Tissue counts and injected dose for individual
mice were decay-corrected to the time of euthanasia. Tissue uptake was
expressed as the percentage injected dose per gram of tissue (%ID/g).

Data Analysis

OsiriX MD (open source version 1.3, 64-bit) was used for image analy-
sis. CT-guided delineation of volumes of interest for selected tissues was
performed on the reconstructed SPECT dataset. Tumor-to-kidney activity
ratios were calculated by dividing counting rates of the corresponding
volumes of interest. The estimated ratios were correlated to tumor-to-kidney
uptake ratios determined by ex vivo biodistribution using Spearman
correlation.
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were 97% or greater for all compounds.

The specific activity of ''In-3BP-227 was

4.4-6.7 MBg/nmol in initial experiments
and increased to 26.0-66.8 MBg/nmol after further optimization.
The specific activities of ''In-3BP-228 and !'!'In-3BP-483 were
34.6-35.7 and 33.3-62.8 MBq/nmol, respectively. Instant thin-layer
and high-performance liquid chromatography profiles confirmed
high radiochemical purity (=97%) as exemplified for !''In-3BP-
227 in Figure 2.

SPECT/CT Imaging

High tumor-to-background contrast allowed the clear visualization
of HT29 tumors by all 3 !In-labeled compounds using SPECT/CT
imaging (Fig. 3). Compared with '!'In-3BP-483, !''In-3BP-228
and '''In-3BP-227 displayed higher tumor accumulation at all
time points examined. '''In-3BP-483 also had the highest relative
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FIGURE 2. Thin-layer (A) and high-performance (B) liquid radiochro-
matograms after '''In labeling of 3BP-227, representative for each of
the 3 compounds.
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FIGURE 3. Representative images of 3 female nude mice bearing HT29
xenografts acquired by SPECT/CT at 3, 6, 12, and 24 h after injection (p.i.)
of 22 MBq of '"In-3BP-227 (A), 30 MBq of ''1In-3BP-228 (B), and 31 MBq
of 111In-3BP-483 (C). Arrows show HT29. SPECT data were scaled to
0%-90% (A and B) or 0%-120% (C) of maximum count values in HT29
tumors in the respective datasets. B = urinary bladder; K = kidney.

kidney uptake, with tumor-to-kidney ratios decreasing from 0.9 at
3 h after injection to 0.5 at 24 h after injection. In contrast, tumor-to-
kidney ratios increased from 2.0 and 3.3 at 3 h after injection to 2.7
and 6.6 at 24 h after injection for '''In-3BP-227 and ''In-3BP-228,
respectively.

Ex Vivo Biodistribution Studies

Ex vivo biodistribution data confirmed the high and specific
tumor uptake of all 3 compounds (Fig. 4; Supplemental Tables 1-3).
The uptake of ''In-3BP-227 in HT29 tumors peaked at 6 h after
injection with 8.4 = 3.1 %ID/g, whereas maximum uptake for
11Tn-3BP-228 and -483 was observed at 3 h after injection with
10.2 = 5.2 and 1.9 = 0.8 %ID/g, respectively. Tumor accumulation
profiles of ''In-3BP-227 and '''In-3BP-228 were similar at 3, 6,
and 12 h after injection, indicating high initial uptake followed
by slow tumor activity washout. However, 24 h after administra-
tion, the tumor uptake of ''In-3BP-227 was significantly higher
than that of ''"In-3BP-228 (2.3 + 1.3 vs. 0.8 = 0.2 %ID/g, P =
0.020). For both compounds, tumor—to—normal-tissue ratios were
greater than 1 at all times after injection, and tumor-to-kidney ratios
were generally higher for !''In-3BP-228 than !''In-3BP-227. HT29
tumor uptake and tumor-to-background ratios of !'In-3BP-483 were
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significantly lower than for the other 2 compounds. A strong correla-
tion of R = 097 (P < 0.001) between tumor-to-kidney ratios
determined by imaging and ex vivo counting demonstrated the com-
parability of these 2 methods. !'In-3BP-227 uptake in NTR1-negative
HEK?293 xenografts was 11-fold lower than in HT29 tumors at 12 h
after injection (P = 0.001; Supplemental Table 1).

DISCUSSION

Several preclinical studies and a few clinical studies have previ-
ously addressed NTR1 as a target for nuclear oncology (5,6). Most
of these studies focused on modifications of the natural peptide
ligand neurotensin, which is labile toward enzymatic cleavage in
vivo. However, attempts to stabilize analogs and improve properties
for nuclear imaging and therapy have been of limited success (5).
Although yielding good tumor localization in PET, the only non-
peptidic NTR1 antagonist used as a tracer to date does not allow
labeling with therapeutic radionuclides such as '7’Lu because of its
lack of a chelator moiety (/4). We now report the novel and highly
tumor-specific NTR1 antagonists 3BP-227, 3BP-228, and 3BP-483
for diagnostic imaging and potentially therapeutic applications in
NTR1-positive tumors.

Despite their structural similarity, the 3 compounds displayed a
distinct behavior in vivo. Uptake of '''In-3BP-227 and !!'In-3BP-
228 in the tumor exceeded that in all other tissues at all times after
injection, a result that has not yet been achieved with NTR1 agonists.
The biodistribution profiles of !'In-3BP-227 and !''In-3BP-228 were
similar, with higher tumor-to-kidney ratios for '''In-3BP-228. How-
ever, '''In-3BP-227 tumor uptake was higher at 24 h after injection,
indicating prolonged retention of '''In-3BP-227 in the target tissue,
and a potential advantage when considering the suitability for tar-
geted radiotherapy. Low uptake of !'In-3BP-227 in NTR1-negative
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FIGURE 4. Uptake of 11In-3BP-227, -228, or -483 in selected tissues
3, 6, 12, and 24 h after injection (p.i.) (mean %ID/g + SD).
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HEK tumors suggests high target specificity and low unspecific
binding. '''In-3BP-483 exhibited the least favorable biodistribution
profile, with tumor-to-kidney uptake ratios indicating a faster wash-
out from tumor than from kidney tissue.

Interestingly, the differential tumor uptake of the 3 compounds,
especially at the earlier time points (3—12 h after injection), par-
allels their potency in an in vitro functional calcium assay (half
maximal inhibitory concentration for "In-labeled compounds:
3BP-227, 5.35 nM; 3BP-228, 14.4 nM; 3BP-483, 75 nM (/1)).
Binding of agonistic ligands to NTR1 causes phospholipase C
activation, which leads to an increase in inositol phosphate levels
and calcium mobilization, whereas receptor antagonists inhibit
neurotensin-stimulated calcium flux (9), with 3BP-227 and 3BP-
228 being particularly potent competitive inhibitors in our series.
However, only the insights into the general biodistribution pattern
with differential kidney accumulation and tumor—to—normal-tissue
ratios obtained in this in vivo study allow conclusions about the
potential suitability of each compound for radiotherapeutic appli-
cations. In analogy to somatostatin and gastrin-releasing peptide
receptor-based radionuclide imaging, the current investigation
confirms the promising performance of receptor antagonists for
diagnostic use and potential further therapeutic application.

CONCLUSION

The high tumor accumulation and low uptake in normal tissues of
111Tn-3BP-227 warrants its further preclinical and ultimately clinical
evaluation as an NTRI-targeting imaging agent. Moreover, the
DOTA moiety of 3BP-227 allows the investigation of its therapeutic
potential by labeling with '77Lu or °°Y without the need for addi-
tional structural modifications, which is currently under way in our
laboratories.
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