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ARTICLE INFO ABSTRACT
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Radionuclide targeting of gastrin-releasing peptide receptor (GRPR) holds significant diagnostic and therapeutic
potential, particularly in PSMA-negative/low-grade prostate cancer, estrogen receptor-positive breast cancer,
and other malignancies. Recently, our group reported the development and results of the Phase I clinical eval-

RM26, . . uation of [**™Tc]Tc-maSSS-PEG2-RM26, an antagonist GRPR-targeting SPECT imaging agent. This study focuses
Gastrin-releasing peptide receptors (GRPR) . . . . . .
antagonist on developing the next generation of RM-26-based GRPR antagonists with enhanced metabolic stability and

improved pharmacokinetics. Four new RM-26-based agents containing sarcosine (Sar) at position 11 to improve
the in vivo stability and with more hydrophilic linkers were designed: Pep1 — maSSS-PEG2-[Sar'}]JRM26, Pep2 —
maSSS-PEG6-[Sar' ' JRM26, Pep3 — maSSS-PEG2-Pip-[Sar''JRM26, and Pep4 — maSSS-EEE-[Sar! ! JRM26. These
analogs were compared both in vitro and in vivo with [gngc]Tc-maSSS-PEGZ-RM26 as a reference. In PC-3 cells,
[%°™Tc]Te-Pepl, [**™Tc]Te-Pep2 and [*°™Tc]Te-Pep3, but not [**™Tc]Te-Pep4, specifically bound to GRPR and
exhibited low nanomolar affinity. When compared in vivo, [gngc]Tc-Pepl, [99mTc]Tc-Pep2, and [gngc]Tc-
Pep3 demonstrated rapid blood clearance with different degrees of hepatobiliary excretion, particularly [*°™Tc]
Te-Pep2 and [*™Tc]Tc-Pep3 had significantly lower activity uptake in the liver and gastrointestinal tract
compared to [*°™Tc]Tc-maSSS-PEG2-RM26. Both [**™Tc]Tc-Pep2 and [*°™Tc]Tc-Pep3 showed improved
metabolic stability, bound specifically to GRPR in vivo, and demonstrated a tendency (not statistically signifi-
cant) for higher tumor activity uptake compared to the reference peptide. Biodistribution data were confirmed by
SPECT/CT imaging. In conclusion, the analogs with an elongation of the PEG2-linker either up to PEG6 (Pep2) or
with the addition of a basic piperidine-containing moiety (Pep3) demonstrated an improvement of the phar-
macokinetic properties of these agents and justify further investigations.

Linker modification
Pharmacokinetics modification

1. Introduction tracers have been widely utilized to enhance the accuracy of conven-

tional imaging techniques, such as CT and bone scintigraphy (Farolfi

The demand for personalized cancer treatment is rapidly increasing,
necessitating precise characterization of tumor location, extent, and
molecular profile. Imaging is crucial in the management of many
cancerous malignancies, including prostate (PCa) and breast (BCa)
cancers, and can be used for accurate determination of the extent of the
disease, identifying areas of recurrence, and monitoring treatment
response (Morgat et al., 2017; Farolfi et al., 2021). MRI and various PET
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et al., 2021). For PCa, prostate-specific membrane antigen (PSMA)--
targeting radioligands offer the highest diagnostic value in imaging
(Perera et al., 2020), and the use of PSMA-PET is now recommended by
various international guidelines for investigating PCa in different clin-
ical settings, demonstrating clinically relevant sensitivity and specificity
in the detection of metastatic lesions (Sonni et al., 2020; Hennrich and
Eder, 2021; Denis et al., 2022; Zhou et al., 2022). However, PSMA
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exhibits significant inter- and intrapatient variability (Paschalis et al.,
2019; Bakht and Beltran, 2025). This highlights the need to develop
alternative tracers beyond PSMA inhibitors. The gastrin-releasing pep-
tide receptor (GRPR) is a G-protein-coupled receptor that has been
explored as a promising target for the detection and treatment of various
cancer types, including PCa and BCa (Verhoeven et al., 2023; Zhang
et al., 2024). In contrast to PSMA, GRPR overexpression is primarily
associated with low-grade disease and has been reported in 63-100 % of
PCa cases, giving it the potential to visualize PSMA-negative lesions and
serve as a complementary target in the management of PCa (Verhoeven
et al., 2023; Zhang et al., 2024). In BCa, the estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor re-
ceptor 2 (HER2) are the most commonly used biomarkers in clinical
practice (Hou et al., 2022). However, tumor heterogeneity remains a
significant challenge in the clinical management of BCa. Both
inter-tumor and intra-tumor heterogeneity imply that each BCa case
could have a distinct prognosis and may require tailored therapy. As our
understanding of the molecular characteristics of breast cancer grows
and novel targeted therapies emerge, there is an increasing need for
additional biomarkers to facilitate the development of more personal-
ized treatment strategies (Fumagalli and Barberis, 2021). In BCa, GRPR
is expressed in the primary subtypes luminal A (86 %), luminal B (70 %)
and is present in 95 % of the metastatic lymph nodes. GRPR expression is
strongly associated with estrogen receptor-positive cancer types, as high
GRPR levels have been found in 83 % of ER-positive tumors (D’Onofrio
et al., 2023; Mohseninia et al., 2025).

Over the past decade, several clinical trials have investigated imag-
ing of GRPR expression using ®®Ga-labeled antagonistic peptide-based
tracers, mainly suitable for PET (Mansi et al., 2021). While PET has
proven efficacy and sensitivity in detecting cancers, including PCa and
BCa, its limited global availability is a challenge. As a potential alter-
native, SPECT with °°™Tc-labeled tracers shows promise. SPECT is
gradually closing the gap with PET technology by significant advance-
ments in hardware and software. Additionally, compared to %8Ga
available via %3Ge/%®Ga generators, cost-effective °°Mo/**™Tc genera-
tors can sufficiently produce **™Tc to support daily large-scale clinical
use, which makes it an attractive choice for radiopharmaceutical ap-
plications (Nawar and Tiirler, 2022).

There is a lack of studies on the development of GRPR imaging using
99mTe Jabeled tracers. Nock et al. (2021) introduced [*°*™Tc]Tc-DB15, a
GRPR-antagonist-based radiotracer, as a potential candidate for diag-
nostic imaging of GRPR-positive tumors. [*°™Tc]Tc-DB15 was able to
detect several metastatic breast cancer lesions in two patients, and now
these findings need to be confirmed with further clinical studies. Vats
et al. (2023) reported the synthesis and preclinical evaluation of [*°™Tc]
Tc-HYNIC-RM2, which demonstrated a potential for further clinical
translation. Our group has reported the results of a phase I clinical study
on the use of [99mTc]Tc—maSSS—PEG2—RM26, which has demonstrated
promising outcomes in SPECT imaging of both prostate and breast
cancer (Chernov et al., 2023). [gngc]Tc—maSSS—PEG2—RM26 was well
tolerated after a single injection, allowing the visualization of primary
tumors, as well as metastases, shortly after administration. However, a
substantial degree of hepatobiliary excretion of [?°™T¢] Te-maSSS--
PEG2-RM26, detected on images, may worsen the visualization of le-
sions in the lower abdomen and complicate the detection of hepatic
metastases, limiting its clinical application. Kidneys are considered to be
an organ where tumors rarely metastasize, and since the position of the
kidneys is well-defined, it is possible to distinguish a high activity
accumulation in the kidneys from other organs and tissues (Decristoforo
and Mather, 1999). A reduction of hepatic excretion, and thus a
reduction of accumulation of activity in the gastrointestinal tract, might
improve the imaging properties of **™Tc-labeled imaging agents. Our
group has recently reported on a series of GRPR antagonists based on the
RM26 sequence with sarcosine at position 11, D-Phe-Gln-Trp-Ala--
Val-Sar-His-Sta-Leu-NH3, and a DOTAGA chelator coupled to it via
various linkers intended to modify their pharmacokinetic properties
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(Abouzayed et al., 2023a; Obeid et al., 2024). The introduction of
[Sar'!] increased the peptide’s in vivo stability and affinity to GRPR,
thus leading to an improved tumor uptake (Abouzayed et al., 2023a).
Furthermore, the increase in overall and local hydrophilicity of radio-
labeled peptides usually reduces their hepatic uptake (Hosseinimehr
et al., 2012). The introduction of basic residues in the linker further
improved receptor affinity and enhanced the uptake in GRPR-expressing
tumors in the murine model (Obeid et al., 2024). These results demon-
strate that linker modification is a promising way to modulate the tar-
geting properties and pharmacokinetic profile of the radiotracer.
Therefore, we hypothesized that modulation of hydrophilicity by linker
modifications might suppress hepatobiliary excretion of RM26-based
tracers labeled with °°™Tc as well. Taking into account literature data
and our experience in tracers’ design, we have synthesized four new
peptides based on RM26 (Fig. 1).

As the use of a maSSS chelator enables stable coupling of ™ Tc to the
targeting moiety (Robu et al., 2017) and permits the formulation of la-
beling kits, which simplifies clinical translation (Abouzayed et al.,
2023b), the chelator part was not further modified. Multiple structural
interventions were made to enhance the resistance of GRPR-antagonists
to the proteolytic action of proteases (Mansi et al., 2021). Thus, the first
step towards pharmacokinetic modification in the present study was
[Glyu] substitution with [Sar!']. Such alteration in [gngc]Tc-DBls
(Nock et al., 2021), as well as in ['"'In]In-DOTAGA-PEG2-(Sar' H)RM26
(Abouzayed et al., 2023a), has led to high metabolic resistance to
neprilysin (NEP), a major catabolizing protease of bombesin-like pep-
tides in vivo. We have incorporated sarcosine at position 11 of
maSSS-PEG2-RM26. Pepl (maSSS-PEG2-[Sar!!']RM26) has a similar
linker to the clinically tested maSSS-PEG2-RM26. An elongated
PEG-linker was introduced in Pep2 (maSSS-PEG6-[Sar' ' ]JRM26) since
such modification enhanced hydrophilicity and did not negatively in-
fluence GRPR affinity (Varasteh et al., 2014). Pep3 (maSSS--
PEG2-Pip-[Sar!!JRM26) has a similar linker as AU-RM26-M2, the agent
that demonstrated the best pharmacokinetics in the above-mentioned
series (Abouzayed et al., 2023a; Obeid et al., 2024). The addition of a
basic group, piperidine, resulted in improved tumor uptake and optimal
clearance (Obeid et al., 2024). Pep4 (maSSS-EEE-[Sar'!']RM26) was
designed to hydrophilize the agent via a negatively charged triglutamate
linker instead of PEG2. It has been reported that the introduction of
glutamate residues in short proteins results in conjugates with increased
hydrophilicity and lower hepatic uptake (Rosik et al., 2014; Ding et al.,
2019; Garousi et al., 2022; Deyev et al., 2024).

In this study, we investigated the biological properties of four new
linker-modified GRPR-targeting analogs. The designed peptides were
labeled with °*™T¢, and the GRPR affinity, cell uptake, in vivo metabolic
stability, tumor targeting, and pharmacokinetic properties were
evaluated.

2. Materials and methods

The GRPR antagonists maSSS-PEG2-RM26, Pepl, Pep2, Pep3, and
Pep4 were synthesized by Pepmic Co., Ltd. (Suzhou, China) based on our
molecular design. Mass spectra of Pepl, Pep2, Pep3, and Pep4 can be
found in Supplementary Materials (Figures S1-S4). Prostate carcinoma
cell line PC-3 (GRPR positive) was purchased from ATCC (Manassas, VA,
USA) and maintained according to ATCC recommendations in RPMI-
1640 media. Media supplements (fetal bovine serum, penicillin-
streptomycin (100 IU/mL penicillin, 100 pg/mL streptomycin), 2 mM
L-glutamine, and trypsin-EDTA solution for cell detachment were pur-
chased from Biochrom AG (Berlin, Germany). 99mMTe was obtained as
[99mTc]NaTcO4 by elution from a Mo/ ™Tc generator (Mallinckrodt
Inc., St. Louis, MO, USA). The radioactivity content in cells and organs
was measured using the 2480 Wizard2TM gamma counter (Perki-
nElmer, Waltham, MA, USA).
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Fig. 1. Chemical structures of maSSS-PEG2-RM26, Pepl, Pep2, Pep3 and Pep4. Structural modifications are marked with colours.

2.1. Radiolabeling of GRPR antagonists and their characterization

Peptides were radiolabeled with °°™Tc as previously described
(Abouzayed et al., 2021). Briefly, 2 nmol of each peptide was added to a
lyophilized kit containing 5 mg of gluconic acid sodium salt, 100 ug of
ethylenediaminetetraacetic acid (EDTA), and 75 pg of stannous chlo-
ride. pH of the labeling solution was ~7.4. Thereafter, freshly eluted
pertechnetate ([99mTc]TcO4, up to 76 MBq) was added to the mixture,
and the vial was incubated at 90 °C for 60 min. The radiochemical yield
was analyzed using instant thin-layer chromatography (iTLC) strips
(Agilent Technologies, Santa Clara, CA, USA) eluted with PBS (R¢= 0O for
the radiolabeled peptide and Rf = 1 for °°™Te-pertechnetate and
99mTc.gluconate) and pyridine: acetic acid: water, 5:3:1.5 (R¢ = 1 for the
radiolabeled peptide and Rf = O for reduced hydrolyzed technetium
colloid). iTLC was analyzed using Cyclone Plus Storage Phosphor System
(PerkinElmer, Waltham, MA, USA). The reaction mixture was also
analyzed according to method A on reversed-phase HPLC (Hitachi
Chromaster, Luna C18 column (5 ym, 100 A, 150 x 4.6 mm, Phenom-
enex, Varlgse, Denmark)) with a gradient from 5 to 70 % acetonitrile
(0.1 % v/v trifluoroacetic acid) in water over 15 min. To test the

stability, the radiolabeled peptides were incubated with a 300 x molar
excess of cysteine or with PBS at room temperature for 1 h. The
octanol-water distribution coefficient (logD) was determined as previ-
ously described (Varasteh et al., 2014).

2.2. Invitro characterization

2.2.1. Cell binding and internalization of **"Tc-labeled GRPR antagonists

PC-3 cells (1 x 10°) were seeded 1 day before the experiment. On the
day of the experiment, a set of wells in the control group was incubated
with 1 uM of NOTA-PEG,-RM26 to pre-saturate GRPR. After 10 min at
room temperature, 1 nM of each radiolabeled peptide was added and
incubated at 37 °C for 1 hour. The cells were then detached by incu-
bating with trypsin-EDTA, collected, and measured for radioactivity
content on an automated gamma counter. The internalization of [?°™Tc]
Te-Pepl, [99mTc]Tc—Pep2, and [gngc]Tc—PepB (1 nM/well) at 1, 4, and
24 h of incubation was evaluated in PC-3 cells using the acid wash
method as previously described (Abouzayed et al., 2021).
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2.2.2. Affinity determination

The affinity of [*™Tc]Tc-Pepl, [**™Tc]Tc-Pep2, and [**™Tc]Te-
Pep3 towards GRPR was determined, as previously described
(Abouzayed et al., 2021), by real-time measurements using Ligand-
Tracer® yellow (Ridgeview Diagnostics, Uppsala, Sweden). The assay
was done on living PC-3 cells (3 x 10° cells per petri dish) at room
temperature with radiolabeled peptide concentrations of 1 and 3 nM.
The Kp values were determined using TraceDrawer Software (Ridgeview
Instruments, Vange, Sweden).

2.3. In vivo characterization

The in vivo experiments were carried out on BALB/c nu/nu or NMRI
mice purchased from Scanbur A/S (Sollentuna, Sweden). The in vivo
studies were conducted according to the guidelines of the Declaration of
Helsinki and approved by the Ethics Committee for Animal Research in
Uppsala, Sweden (Approval number: 5.8.18-00473/2021, 26 February
2021).

2.3.1. Biodistribution and in vivo targeting specificity of " Tc-labeled
GRPR antagonists

[%°™Tc]Te-Pepl, [**™Tc]Te-Pep2, [*°™Tc]Tc-Pep3, and the reference
GRPR antagonist [99mTc]Tc—maSSS—PEGz—RM26 were evaluated in
NMRI mice to compare their biodistribution profile and to select the
most promising candidates to be tested in PC-3 tumor-bearing Balb/c
nu/nu mice. Briefly, 30 kBq (40 pmol) of each radiotracer was injected,
and each group of mice (n = 4) was euthanized at 3 h post-injection (pi).
The organs of interest were collected, weighed, and measured for their
radioactivity content.

Following the biodistribution study in NMRI mice, [99mTc]Tc—Pep2
and [*®™Tc]Tc-Pep3 were selected as promising candidates for further
evaluation in PC-3 tumor-bearing Balb/c nu/nu mice to compare with
the reference GRPR antagonist [*°™T¢] Te-maSSS-PEG,-RM26. Briefly,
the mice were implanted with 5 x 10° PC-3 cells 4 weeks before the
study. On the day of the experiment, 30 kBq (40 pmol) of each radio-
tracer was injected, and the mice (n = 4) were euthanized at 3 h pi. The
organs of interest were collected, weighed, and measured for their
radioactivity content.

To evaluate the in vivo targeting specificity, additional PC-3 tumor-
bearing Balb/c nu/nu mice were injected with 30 kBq (40 pmol) of
[99"‘Tc]Tc-Pep2 and [99"‘Tc]Tc-Pep3 in addition to 5 nmol of non-
labeled NOTA-PEG,-RM26. The mice (n = 4) were euthanized at 3 h
pi, and the organs of interest were collected, weighed, and measured for
their radioactivity content.

2.3.2. In vivo stability of *™Tc-labeled GRPR antagonists

[99mTc]Tc—Pep2 and [gngC]Tc—Pep3 were tested in comparison with
the reference [99‘“Tc]Tc—maSSS—PEGz—RM26 in NMRI mice (2 mice per
peptide), 5 min after injection of 46 MBq (3 nmol) of peptide. The blood
was drawn from the heart through a puncture using a cold heparinized
syringe. The blood was then added to cold tubes containing 20 ul EDTA
20 mM, mixed, and centrifuged for 10 min at 2000 g at — 4 °C. Plasma
was collected and diluted with acetonitrile (4 °C) in a 1:1 ratio. Samples
of plasma were centrifuged for 10 min at 15.000 g at — 4 °C. The su-
pernatant was collected and concentrated at 50 °C under a N stream to
V~50 pl. Samples were diluted with PBS (4 °C) and kept in the fridge
until HPLC analysis. Radio-HPLC analysis was performed according to
method B using a Hitachi Chromaster HPLC system with a radioactivity
detector and Phenomenex Luna® C18 column (100 f\; 150 x 4.6 mm; 5
um) at room temperature (20 °C). Solvent A was 0.1 % trifluoroacetic
acid (TFA) in H,0, solvent B was 0.1 % TFA in acetonitrile, and the flow
rate was 1 mL/min. For identity and purity analysis, the method with a
gradient from 5 to 60 % solvent B over 20 min was used.

2.3.3. SPECT/CT imaging
PC-3 tumor-bearing Balb/c nu/nu mice were injected with 1 MBq (40
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pmol) of the reference GRPR antagonist [gngc]Tc-maSSS-PEGg-RM26,
[99mTc]Tc—Pep2, and [99mTc]Tc—Pep3. At 3 h pi, the mice were scanned
on a NanoScan® SPECT/CT scanner (Mediso Medical Imaging Systems
Ltd., Budapest, Hungary).

2.4. Data analysis

The data were analyzed using unpaired two-tailed t-tests via
GraphPad Prism 8 for Windows (GraphPad Software, San Diego, CA,
USA). P-values <0.05 indicated significant differences.

3. Results
3.1. Radiolabeling and in vitro assays

All four peptides were radiolabeled with sufficient radiochemical
yields (> 95 %) determined by radio-iTLC. RHT was <0.5 %. To cross-
validate radio-iTLC data, radio-HPLC analysis (Method A) was per-
formed (Supplementary Materials Figure S5) and confirmed the results
of iTLC analysis. There was minimal release of free ®™Tc after compe-
tition with a 300 times excess of cysteine in PBS (< 5 %), determined by
radio-iTLC. No further purification was performed for in vitro and in
vivo studies.

The in vitro cell binding specificity (Fig. 2 A, C and E) demonstrated
high GRPR specificity for [**™Tc]Tc-Pepl, [**™Tc]Tc-Pep2, and [**™Tc]
Tc-Pep3 when tested on PC-3 cells. [*°™Tc]Tc-Pep4 showed extremely
low binding to cells (<0.25 % of added activity) and no significant
difference (p = 0.45) in cell uptake between pre-saturated GRPR and
unsaturated receptors. Thus, [99mTc] Tc-Pep4 was excluded from further
evaluation. The internalization of [99mTc]Tc—Pep1, [99mTc]Tc—Pep2, and
[99mTc]Tc-Pep3 (Fig. 2B, D, and F) reached its maximum at 4 h of in-
cubation and was slowly decreasing up to 24 h of incubation.

The logD values for [gngc]Tc-PepZ (-1.36 + 0.01) and [*°™Tc]Tec-
Pep3 (-1.08 + 0.01) were lower than for [gngc]Tc-Pepl (-0.88 +
0.01). The affinity measurements of [99mTc]Tc—Pep1, [99“‘Tc]Tc—Pep2,
and [*™Tc]Tc-Pep3 demonstrated the best fitting with a 1:2 kinetic
binding model in TraceDrawer software, revealing two equilibrium
dissociation constants (Kp) in the low nanomolar range (Table 1). The
LigandTracer sensorgrams of [*°™Tc]Tc-Pepl, [*°™Tc]Te-Pep2, [°™Tc]
Tc-Pep3, and [**™Tc]Tc-Pep4 can be found in Supplementary Materials
(Figures S6-S9).

3.2. In vivo evaluation

3.2.1. Biodistribution and in vivo targeting specificity of **™Tc-labeled
GRPR antagonists

The biodistribution of [**™Tc]Tc-maSSS-PEG,-RM26, [**™Tc]Te-
Pepl, [99mTc]Tc—Pep2, and [99"‘Tc]Tc—Pep3 was compared in NMRI
mice at 3 h pi. All tested tracers demonstrated fast background clearance
for all peptides, with values for blood activity concentration being below
1 %IA/g at 3 h pi (Fig. 3, Table S1). The excretion of radiolabeled
peptides was predominantly via the hepatobiliary system, which man-
ifested in elevated activity uptake in the gastrointestinal tract. However,
new peptides demonstrated reduced activity uptake in the gastrointes-
tinal tract compared to [°°™T¢] Te-maSSS-PEG,-RM26. [99mTc]Tc-Pep2
had 1.3-fold reduction and [99mTc]Tc-Pep3 had 1.4-fold reduction.
Moreover, new peptides had significantly reduced activity uptake in the
liver. [°*™Tc]Tc-Pepl had 2.3-fold reduction, [**™Tc]Tc-Pep2 had 10-
fold reduction and [99mTc]Tc—Pep3 reduced triple compared to
[®°™Tc]Te-maSSS-PEG,-RM26. A significant increase in kidney activity
uptake was demonstrated for [gngc]Tc-Pepl (2.3-fold) and [99mTc]Tc-
Pep3 (3.8-fold) compared with the reference peptide. Elevated uptake in
the pancreas (GRPR-expressing organ) was the highest for [*°™Tc]Tc-
Pep3, followed by [*°™Tc]Tc-Pepl. [**™Tc]Te-Pepl was excluded from
further evaluation as it demonstrated less potential for improvement.

The biodistribution in PC-3 tumor-bearing mice (Fig. 4 and Table S2
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Fig. 2. The in vitro specificity test results of [**™Tc]Tc-Pepl (A), [**™Tc]Tc-Pep2 (C), [*°™Tc]Te-Pep3 (E), and [**™Tc]Tc-Pep4 (G) done on PC-3 cells. The bars
represent the mean, and the error bars indicate the standard deviation. **** denote a P value <0.0001. The internalization assay results, done on PC-3 cells, are
presented for [gngC]Tc—Pepl (B), [gngC]Tc—PepZ (D), and [gngC]Tc—PepB (F). The error bars represent the standard deviation.

Table 1
The equilibrium dissociation constants (Kp) of [*™Tc]Tc-Pepl, [**™Tc]Tc-Pep2,
and [**™Tc]Tc-Pep3.

Construct Kp1 Kpa

[*°™Tc] Te-maSSS-PEG2-RM26 0.06 nM* 1.2 nM*
[°°™Tc]Te-Pepl 0.07 + 0.01 nM 1.2+ 0.3nM
[*°™Tc]Te-Pep2 1.3 + 0.4 nM 2.5 + 0.8 nM
[*°™Tc] Tc-Pep3 0.25 + 0.02 nM 2.3 + 0.2 M

[ngTc]Tc-Pep4

non-measurable

* Abouzayed et al., 2021.

that includes results of statistical analyses) showed tumor uptake of 10.9
+ 0.4 %IA/g for [*°™Tc]Tc-Pep2, 12 + 2 %IA/g for [**™Tc]Tc-Pep3, and
9 + 2 %IA/g for [**™Tc]Tc-maSSS-PEG,-RM26; there was no significant
difference between the values (p > 0.05, n = 4). [gngc]Tc-PepZ and
[*°™Tc]Te-Pep3 demonstrated 1.3-fold and 1.5-fold reduction of the
gastrointestinal tract uptake compared to the reference peptide. [**™Tc]
Tc-Pep3 had 4.3-fold increased kidney uptake compared to [*°™Tc]Tc-
maSSS-PEG2-RM26. Tumor-to-organ ratios are presented in Table S3
(includes results of statistical analyses). Compared to [°°™Tc]Tc-maSSS-
PEG,-RM26, [*°™Tc]Tc-Pep2 demonstrated 2.3-fold higher tumor-to-
pancreas, 1.8-fold higher tumor-to-stomach and 1.6-fold lower tumor-
to-kidneys ratios. [**™Tc]Tc-Pep3 had 3.2-fold lower tumor-to-kidneys
ratio compared to [*°™Tc]Tc-maSSS-PEG,-RM26.

The in vivo targeting specificity study for [**™Tc]Tc-Pep2 and
[*°™Tc]Te-Pep3 (Fig. 5, Table S4) displayed a significant reduction of
pancreatic uptake upon blocking of GRPR: 3.9 + 0.8 %IA/g vs 0.5 + 0.1
%IA/g and 11 + 3 %IA/g vs 4.2 + 0.6 %IA/g, respectively. A similar
pattern was observed for PC-3 tumor uptake (10.9 + 0.4 %IA/g vs 1.0 +
0.3 %IA/g for [*°™Tc]Te-Pep2 and 12 + 2 %IA/g vs 3.5 & 0.2 %IA/g for
[*°™Tc]Te-Pep3).

3.2.2. Invivo stability of *™Tc-labeled GRPR antagonists

The in vivo stability of [99"‘Tc]Tc—Pep2 and [99mTc]Tc—Pep3
compared to [*°™Tc]Tc-maSSS-PEG,-RM26 in peripheral mouse blood
was assessed at 5 min pi via HPLC analysis (Method B) of blood plasma
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== [*®™Tc]Tc-Pepl = [**™MT¢]Tc-Pep3
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Fig. 3. The biodistribution comparison of the reference GRPR antagonist
[®°™Tc]Tc-maSSS-PEG,-RM26  and  [°°™Tc]Tc-Pepl, [*°™Tc]Tc-Pep2, and
[gngc]Tc-PePB in NMRI mice at 3 h pi. The bars represent the mean value, and
the error bars represent the standard deviation. The GIT values are presented as
the %IA per whole sample.

samples. Representative radiochromatograms of radiolabeled peptides
before injections, as well as blood plasma samples, are shown in Fig. 6
(details in Table S5), revealing improved stability of both [°°™Tc]Te-
Pep2 (=~ 62 % of intact radiopeptide) and [gngc]Tc-PepB (=~ 73 % of
intact radiopeptide) compared with [*°™Tc]Tc-maSSS-PEG,-RM26 (=
31 % of intact radiopeptide).

3.2.3. SPECT/CT imaging
SPECT/CT images (Fig. 7) were in good agreement with the bio-
distribution profiles of [99mTc]Tc—Pep2 and [99‘“Tc]Tc—Pep3 compared
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Fig. 4. The biodistribution comparison of the reference GRPR antagonist
[%°™Tc] Tc-maSSS-PEG,-RM26 with [*°™Tc]Te-Pep2 and [*°™Tc]Tc-Pep3 in PC-
3 tumor-bearing Balb/c nu/nu mice at 3 h pi. The bars represent the mean
value, and the error bars represent the standard deviation. The GIT and carcass
values are presented as the %IA per whole sample.
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Fig. 5. The in vivo GRPR binding specificity of [**™Tc]Tc-Pep2 (A) and [**™Tc]
Tc-Pep3 (B) in PC-3 tumor-bearing Balb/c nu/nu mice at 3 h pi. The data
represent the mean value, and the error bars indicate the standard deviation. **
indicates a p-value <0.05 in a 2-tailed t-test.

to [*°™Tc]Tc-maSSS-PEG,-RM26. Imaging displayed a clear visualiza-
tion of the GRPR-positive tumors and pronounced activity uptake in the
hepatobiliary system.

4. Discussion

The use of PSMA-PET has become a standard tool in the initial
staging and detection of biochemical recurrence in high-risk PCa pa-
tients. However, its effectiveness in detecting low-grade tumor lesions is
limited, as it may miss up to 15 % of lesions due to that some prostate
adenocarcinomas and neuroendocrine-differentiated PCa cells do not
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express PSMA (Schollhammer et al., 2023). To create a more compre-
hensive imaging approach for PCa, it is essential to target biomarkers
beyond PSMA. In this context, GRPR has emerged as a promising target
(Mansi et al., 2021). GRPR is overexpressed in various malignant tumors
originating from different anatomical sites, including the prostate,
breast, lung, and gastrointestinal tract. Elevated GRPR expression has
been particularly noted in lower-grade PCa cases (Baratto et al., 2020).
Thus, GRPR holds significant diagnostic and therapeutic potential,
particularly in PSMA-negative and low-grade prostate malignancies, and
can serve as a complement to PSMA imaging probes in PCa. GRPR
expression in BCa is associated with ER expression, particularly in
luminal BCa, both in primary lesions and also in lymph nodes and
distant metastasis. Thus, GRPR-targeting radiotracers also have the
potential to enhance diagnostic performance and may improve clinical
decision-making in BCa (D’Onofrio et al., 2023).

Our group has recently developed the GRPR-targeting tracer [**™Tc]
Tc-maSSS-PEG2-RM26, which demonstrated promising outcomes in
both PCa and BCa SPECT imaging in a phase I clinical study (Chernov
et al., 2023). However, the pharmacokinetic profile of [°°™Tc]
Tc-maSSS-PEG2-RM26 needs to be optimized to lower the extent of
hepatobiliary excretion and the resulting undesirable activity accumu-
lation in the abdominal area, which might lead to false-positive results
due to the formation of «hot» spots on images in PCa patients and also
lead to undetected liver metastases in BCa patients. Several studies have
investigated the influence of linkers, chelators, and/or radiometals on
the pharmacology of bombesin-like peptides, highlighting the impor-
tance of selecting the optimal combination of these factors to obtain
diagnostic and therapeutic radiopeptides with high potential for clinical
translation (Brans et al., 2010; Abiraj et al., 2011; Jamous et al., 2014;
Maina et al., 2017). In general, linker modifications seem to be one of
the most promising tools in the design of new GRPR-directed agents, as a
linker change can prolong tumor retention, improve serum stability, and
act as a pharmacokinetic modifier (Maina et al., 2017).

In this study, we integrated the experience on structure-properties
relationships to improve the pharmacokinetic behavior of the prom-
ising SPECT tracer [®°™T¢] Tc-maSSS-PEG2-RM26. Building on previ-
ously published studies on GRPR antagonists, we synthesized four novel
radiotracers containing hydrophilic linkers (Fig. 1). All four radio-
peptides were successfully labeled with *™Tc through a single-step la-
beling procedure. The high [*™Tc]Tc(0) complex stability was verified
in vitro in cysteine challenge, which is a surrogate for an in vivo stability
assay (Hnatowich et al., 1994). Low values of activity uptake in the
salivary gland (the indicator organ for free °™Tc) demonstrated high
complex stability in vivo and are corroborated by in vitro results.
[*°™Tc]Te-Pepl, [*°™Tc]Te-Pep2, and [**™Tc]Tc-Pep3 exhibited
GRPR-mediated binding to GRPR-expressing PC-3 cells with low nano-
molar affinity and retained their antagonistic properties, manifested by
the slow internalization profile (see Fig. 2 and Table 1). It should be
noted that none of the structural modifications in [99mTc]Tc-Pep1,
[99mTc]Tc—Pep2, or [gngc]Tc—PePS demonstrated a negative effect on
GRPR affinity, as the Kp values reflected preserved affinity in the low
nanomolar range, similar to the reference peptide [®°™T¢]Tc-maSSS--
PEG2-RM26. However, the incorporation of negatively charged gluta-
mate residues in [**™Tc]Tc-Pep4 led to the loss of specific binding to
GRPR, as shown in the in vitro specificity assay (see Fig. 2). It has pre-
viously been reported that positively charged bombesin analogs exhibit
higher affinity to GRPR, while negative charges decrease affinity (Abiraj
et al., 2011). Based on this, the use of the triglutamate-linker in the
present study might be considered controversial due to the incorpora-
tion of multiple negative charges. However, it has been reported that the
incorporation of a single negatively charged glutamic acid might not
only hydrophilize the whole construct but also increase the retention of
internalized activity in the tumor compared to the introduction of
multiple negative charges (Garcia Garayoa et al., 2008). The influence of
negative charge in the linker on the affinity to GRPR might be further
studied using agents with mono- and di-charged linkers. Thus, [**™Tc]
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Fig. 6. Radio-HPLC chromatograms of [gngc]Tc—maSSS—PEGz—RM26 (in black), [gngc]Tc—Pepz (in green), [gngc]Tc—PePB (in red), analyzed with method B: la-
beling solution before injections (A) and blood plasma sample analysis 5 min pi (B).

Fig. 7. The SPECT/CT images of [**™Tc]Tc-maSSS-PEG,-RM26 (A) and [*°™Tc]Tc-Pep2 (B), and [*°™Tc]Tc-Pep3 (C) at 3 h pi in PC-3 tumor-bearing Balb/c nu/nu
mice. The white arrows (T) point to the tumors.
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Tc-Pep4 was excluded from further evaluation.

The biodistribution of [**™Tc]Tc-Pepl, [*°™Tc]Te-Pep2, [*°™Tc]Te-
Pep3, and the reference construct [99mTc]Tc-maSSS-PEGz-RM26 was
directly compared in NMRI mice to investigate which structural modi-
fications are advantageous for the pharmacokinetic profile (see Fig. 3).
All tracers demonstrated rapid blood clearance, while the different de-
grees of hepatobiliary excretion manifested with pronounced activity
uptake in the gastrointestinal tract. The GRPR structure in tumor tissue
and normal pancreatic tissue is similar, and the receptor has a highly
specific binding site, but the number and density of receptors are
significantly lower in the pancreas than in tumors (Hajri et al., 1996). In
an in vivo specificity assay, elevated activity uptake of [**™Tc]Tc-Pep2
and [**™Tc]Tc-Pep3 in the pancreas was GRPR-mediated due to physi-
ological GRPR expression, as its blockability was demonstrated with the
injection of an excess of NOTA-PEG2-RM26 (Fig. 5). As hypothesized,
the incorporation of additional PEG-groups in [*°™Tc]Tc-Pep2 or
piperidine moiety in [**™Tc]Tc-Pep3 led to an increased hydrophilicity
of the peptides. This was also reflected in the octanol-water coefficient
values and resulted in biodistribution profiles of the peptides with
reduced activity uptake in the gastrointestinal tract. [*°™Tc]Tc-Pep2,
demonstrating the lowest LogD value (-1.36 + 0.01) among tested
peptides, has shown a 10-fold reduction of hepatic activity uptake and
1.3-fold reduction of activity uptake in the gastrointestinal tract (Fig. 3)
compared to reference [99mTc]Tc—maSSS—PEGz—RM26 with LogD value
-0.6 £+ 0.01 (Abouzayed et al., 2021). This reduction of hepatobiliary
excretion for [gngc]Tc—PepZ was not accompanied by an increase in
activity uptake in the kidneys. However, [**™Tc]Tc-Pep3 has shown
3.8-fold increased kidney activity uptake together with reduced hep-
atobiliary excretion compared to reference [?°™T¢] Te-maSSS--
PEG2-RM26. This may be attributed to the better plasma stability of
[99mTc]Tc-Pep3 among the tested tracers, as the stable peptide fraction
remains intact in circulation longer and might be more efficiently
filtered in the renal tubules. This might result in reabsorption and
retention of radiopeptide by the megalin/cubilin complex, a scavenger
protein receptor which is involved in renal reabsorption of a large va-
riety of ligands such as binding proteins, hormones, drugs, toxins, and
enzymes (Melis et al., 2005). Importantly, it is worth noting that most
#*mTc-labeled tracers exhibit safe dosimetry profiles and are not associ-
ated with renal toxicity in clinical practice. ®**mTc-labeled agents are
widely regarded as having among the lowest effective doses for diag-
nostic imaging investigations (Mattsson, 2015).

The incorporation of [Sar!''] in [99mTc]Tc-Pep1 did not lead to sig-
nificant changes in biodistribution, thus, it was excluded from further
evaluation. The improvement of the pharmacokinetic profile of [**™Tc]
Te-Pep2 and [*”™Tc]Te-Pep3 is not prominent compared to the refer-
ence peptide, but there is a clear indication that linker hydrophilization
is a promising way to refine the biodistribution profile. [*>™Tc]Tc-Pep2
and [99mTc]Tc—Pep3 were then tested in mice bearing PC-3 xenografts in
comparison with [gngc]Tc-maSSS-PEGZ-RM26 to evaluate tumor tar-
geting properties (see Fig. 4). Linker modification did not dramatically
influence GRPR targeting properties. Slightly compromised affinity of
[99mTc]Tc-Pep2 and [*°™Tc] Tc-Pep3 towards GRPR in comparison with
[°°™T¢]Te-maSSS-PEG2-RM26 (Abouzayed et al., 2021) did not lead to a
reduction of tumor uptake, which could be due to improved neprilysin
(NEP) stability (see Fig. 6) by the [Sar'!'] modification done, as our
group has also demonstrated in the previous studies (Obeid et al., 2024).
Improved in vivo stability of [*™Tc]Tc-Pep2 and [*°™Tc]Tc-Pep3
compared to the reference [99mTc]Tc—maSSS—PEGz—RM26, demonstrated
a positive but minor impact on tumor targeting, and more structural
modifications are needed to further improve the metabolic stability.
There was a tendency, although not statistically significant, for higher
tumor uptake of [gngc]Tc-PepZ and [gngC]Tc-PepIS compared to
[*°™Tc]Te-maSSS-PEG,-RM26. Better affinity to GRPR for [*°™Tc]
Tc-Pep3 led to higher pancreatic activity uptake and higher tumor up-
take compared to [°°™Tc] Tc-Pep2. There was no distinguished influence
on tumor-to-organ ratios among the tested constructs (see Table S3).
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Both [*°™Tc]Te-Pep2 and [*°™Tc]Tc-Pep3 displayed high in vivo GRPR
specificity, as shown by the significant decrease of GRPR-mediated up-
take in tumors and pancreas after the co-injection of an excess of
NOTA-PEG2-RM26 (see Fig. 5). The results of the in vivo biodistribution
assays were verified with SPECT/CT images (see Fig. 7).

In the present study, we have demonstrated a positive effect of the
incorporation of [Sar''] and that the elongation of the PEG chain or
introduction of the PEG2-pip linker between the chelating amino acids
and GRPR-targeting moiety improved tumor targeting, metabolic sta-
bility, and pharmacokinetic properties of the two new GRPR antago-
nists. However, despite the refinement of the biodistribution profile of
[99mTc]Tc—Pep2 and [99mTc]Tc—Pep3 compared to [**™T¢] Te-maSSS-
PEG,-RM26, the high portion of hepatobiliary excretion indicates the
need for further structural modifications to increase the hydrophilicity
of the peptides. Several parameters influence the targeting and bio-
distribution properties of radiopeptides and could be employed to obtain
optimal biodistribution properties, such as overall and local distribution
of charge and lipophilic patches in a peptide structure. Modifications in
the chelating moieties and linkers could be used. One option might be to
incorporate positively charged amino acids or polar groups in the
mercaptoacetyl-based chelator (Engfeldt et al., 2007), or to use hydro-
philic chelators, such as N4 (6-(carboxy)-1,4,8,11-tetraazaundecane)
(Nock et al., 2018). Another option is further linker hydrophilization,
which might include PEG-chain elongation (Jamous et al., 2014) and/or
the use of hydrophilic linkers, e.g., diglycolate or AMA-DGA (amino-
methylaniline diglycolate) (Nock et al., 2018). These modifications
could shift peptide excretion towards the renal excretion pathway, as it
is the desired route of elimination for radiopeptides due to the
well-defined position of the kidneys and the fact that they are seldom a
site of metastasis (Decristoforo and Mather, 1999).

5. Conclusions

This study demonstrated the promising impact of linker modification
on refining the pharmacokinetic profile of *™Tc-labeled GRPR antag-
onists. Based on the obtained results, the introduction of a hydrophilic
PEG2-pip linker or a PEG6 linker, as pharmacokinetic modifiers, resul-
ted in a moderate but significant improvement in the shift from hep-
atobiliary excretion towards renal excretion compared to the reference
peptide [99mTc]Tc—maSSS—PEGz—RM26. The use of a PEG6 linker
decreased activity uptake in the gastrointestinal tract by 1.3-fold and
reduced the liver activity uptake by a factor of 10. The use of a PEG2-pip
linker decreased activity uptake in the gastrointestinal tract by 1.4-fold
and reduced the liver activity uptake by a factor of 3.
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