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Abstract

Background Gastrin releasing peptide receptor (GRPR)-directed radiopharmaceuticals
for targeted radionuclide therapy may be a very promising addition in prostate and
breast cancer patient management. Aiming to provide a GRPR-targeting theranostic
pair, we have utilized the Tc-99m/Re-188 radiometal pair, in combination with two
bombesin based antagonists, maSSS-PEG2-RM26 and maSES-PEG2-RM26. The two
main aims of the current study were (i) to elucidate the influence of the radiometal-
exchange on the biodistribution profile of the two peptides and (i) to evaluate the
feasibility of using the [**™c]Tc labeled counterparts for the dosimetry estimation for
the ['®®Re]Re-labeled conjugates.

Results Both peptides were successfully labeled with Re-188 and evaluated both

in vitro and in vivo. In GRPR expressing PC-3 cells, both ['®®Re]Re-labeled peptides
displayed high cellular uptake (8.5+0.1% and 5+ 0.3% of added activity, respectively),
heavily GRPR-driven, while retaining the radioantagonistic profile with slow
internalization rates. Both agents demonstrated high receptor affinity when loaded
with "Re (7.5 nM and 8 nM, respectively). When tested in vivo in GRPR expressing
PC-3 xenografts, both radiocantagonists demonstrated high tumor accumulation
(6.3+0.5%IA/g and 5+ 1%IA/g at 1 h pi, respectively), with good retention over time
(4+2%IA/g and 3.1+0.1%IA/g at 4 h pi, respectively). In addition, their biodistribution
profiles were closely mimicking their [*°™Tc]Tc-labeled counterparts. Statistically
significant lower tumor uptake was found for both conjugates labeled with Tc-99m,
which may result in underestimation of the dose delivered to the tumor.

Conclusions All the results indicate that Tc-99 m could be used for dosimetry
evaluation for the two ['®Re]Re-labeled radioligands, with minimal alterations in their
biodistribution pattern and tumor targeting capabilities.

Keywords Bombesin, Tc-99m, Re-188, Antagonist, Radiopharmaceuticals, GRPR,
Dosimetry, Estimation, PC-3, Prostate cancer
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Background
For over two decades, nuclear medicine is trying to provide individualized treatment
for cancer patients, utilizing alpha- and beta-emitting nuclides. Targeted radionuclide
therapy (TRT) aims on delivery of radiotoxic payloads at the sites of the malignancy by
employing radioconjugates targeting at biomolecules overexpressed on tumor cells or in
their vicinity (Hoefnagel 1991; Taunk et al. 2024). One such molecular target is gastrin
releasing peptide receptor (GRPR). GRPR is a member of G-protein coupled receptors
(GPCRs) family and is known to be overexpressed in various tumors, such as prostate,
breast and gastrointestinal cancers (Baun et al. 2024; D’Onofrio et al. 2023; Dalm et al.
2024; Jensen et al. 2008; Reubi et al. 2004; Reubi and Waser 2003).

GRPR is a promising target for development of radiopharmaceutical, however, quite
a few attempts to develop GRPR-targeting radioligands for therapy were made over the
years. Initially the focus was on the development of diagnostic agents using of radioago-
nists, based either of the native gastrin-releasing peptide or its amphibian counterpart,
bombesin. This approach was abandoned due to the side effects following the admin-
istration of these GRPR agonists (Bodei et al. 2007). To mitigate issues like that, the
field shifted towards using GRPR-antagonists as templates for the development of novel
radiopharmaceuticals (Baun et al. 2024; Cescato et al. 2008; D’Onofrio et al. 2023; Dalm
et al. 2024; Kurth et al. 2020).

One such antagonist is RM26 (D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH,),
a 10-amino acid peptide sequence with high affinity for GRPR (Mansi et al. 2009).
We recently presented two new analogs utilizing RM26 motif as a receptor targeting
sequence, bearing a PEG2 (amine-PEG2-CH,COOH) linker and NS amino acid-based
chelators for Tc-99m labeling (Abouzayed et al. 2021). The two analogs, maSSS-PEG2-
RM26 (mercaptoacetyl-Ser-Ser-Ser-PEG2-RM26) and maSES-PEG2-RM26 (mercap-
toacetyl-Ser-Glu-Ser-PEG2-RM26), depicted in Fig. 1, were successfully labeled with
Tc-99m and preclinically evaluated (Abouzayed et al. 2021). The promising performance
of [**™Tc] Tc-maSSS-PEG2-RM26 in PC-3 cells and animal model, led to its clinical test-
ing in prostate and breast cancer patients (Chernov et al. 2023), where it demonstrated
no adverse effects and the ability to visualize GRPR-expressing lesions, even previously
unknown bone metastasis in a patient.

Making it the next logical step to be the evaluation of the abovementioned analogs
labeled with the therapeutic radionuclide Re-188, in an attempt to provide a complete
and clinically useful theranostic pair. The chemical similarities of Tc-99m (half-life: 6 h)
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Fig. 1 Chemical structures of maSSS-/maSES-PEG2-RM26
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and Re-188 (half-life: 16.9 h) make them a very appealing isotopes pair, since both could
be incorporated to the same N;S-chelators and both have clinically relevant logistics
with availability through generator-elution (Deutsch et al. 1986; Kleynhans et al. 2023).
Both Tc-99m (atomic number: 43, seventh group, fifth period, ionic radius at oxida-
tion state + 5: 74 pm) and Re-188 (atomic number: 75, seventh group, sixth period, ionic
radius at oxidation state+5: 72 pm) are forming complexes with the N,S-chelators at
oxidation state of +5, by forming a distorted pyramidal shape around the monooxo-
metal core. Despite in chemical and physical similarities of Tc-99m and Re-188 (e.g.
possible oxidation states and size, due to the lanthanide contraction), some adjustments
on the composition of the labeling conditions are necessary. Specifically, the amount of
reducing agent necessary to get monooxo-metal core should be adjusted for transition-
ing from [*™Tc]Tc-labeling to ['*®Re]Re-labeling. Technetium is quite more suscep-
tive to reduction than rhenium, requiring less amount of reducing agent tin chloride to
transition from the oxidation state of +7 to +5, a key step in its complexation process
with the N;S-system (Cyr et al. 2007; Gourni et al. 2009; Guhlke et al. 1998; Moura et al.
2006; Tokita et al. 2001). In addition, the two radiometals have different emission pro-
files making them suitable either for therapy or imaging. For instanse, Tc-99m is emit-
ting mostly y-rays, with the most abundant being at 140.5 keV (89%), making it ideal for
SPECT imaging. On the contrary, Re-188 has mostly beta emissions with electrons aver-
age energy at 784 keV and maximum at 2.12 MeV and a low abudance y-ray emission
at 144.05 keV (15.05%), making it better suited for therapeutic purposes (Deutsch et al.
1986; Kleynhans et al. 2023).

The first objective we had to tackle in this study was the establishment of a repro-
ducible radiolabeling protocol for Re-188. Further, the two major questions we aimed
to answer in the present work were: (i) does the exchange of the radiometal influence
and to what extent the performance of the two analogs? (ii) could the [**™Tc]Tc-labeled
counterparts be used as valid options for dosimetry estimation for rhenium-186/188
radiotherapy? Thus, after successful labeling with Re-188, both ['3Re]Re-maSSS-PEG2-
RM26 and ['®Re]Re-maSES-PEG2-RM26 were tested in vitro and in vivo against the
imaging agents [*’™Tc]Tc-maSSS-PEG2-RM26 and [**™Tc]Tc-maSES-PEG2-RM26
(Abouzayed et al. 2021) for direct comparison.

Materials and methods

Chemicals, reagents and equipment

The peptides maSSS-PEG2-RM26, maSES-PEG2-RM26 and NOTA-PEG2-RM26 were
synthesized according to our specs by Pepmic Co., Ltd. (Suzhou, China) and they were
kept in aliquots at -20 °C, in MQ water at a 1 mM concentration. PC-3 cells (GRPR-
positive prostate cancer cells) were acquired from American Type Culture Collec-
tion (ATCC) (Manassas, VA, USA). Roswell Park Memorial Institute (RPMI) 1640 cell
growth medium, fetal bovine serum, penicillin-streptomycin, 6-well and 12-well plates
were purchased from VWR International (Radnor, PA, USA). Trypsin — 0.25% EDTA
solution was from Biochrom AG (Berlin, Germany). [*?°I]I-Tyr4-Bombesin was from
PerkinElmer (Waltham, MA, USA). All other reagents were of chemical grade supplied
by Merck (Merck Life Science AB, Solna, Sweden). Re-188 was acquired by elution of an
OncoBeta*!%W/!%Re generator (OncoBeta® GmbH, Garching, Germany) in the form of
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[188Re]NaReO,. Tc-99m ([*™Tc]NaTcO,) was acquired by elution of a *Mo/**™Tc gen-
erator by Mallinckrodt Inc. (ST.Louis, MO, USA).

The HPLC used was equipped with a LaPrep Sigma HPLC LP1100 pump (Hitachi
High-Tech Corporation, Hitachinaka, Ibaraki, Japan), a 40D LWL UV-detector with a
4 uL flow cell (Knauer, Berlin, Germany), a Flow scan radioactivity detector (Bioscan)
with an FC-3300 Nal/PMT radioactivity probe (Eckert & Ziegler, Berlin, Germany) and
a manual simple injector 7725i (Rheodyne) fitted with a 20 uL loop (IDEX Health & Sci-
ence, LLC, CA, USA). The reverse phase column utilized was a Luna C18 column (5 pm,
100 A, 150 x 4.6 mm, Phenomenex, Vearlgse, Denmark). A gradient system was used for
elution, starting at 95% H,O (0.1% v/v TFA) (A) / 5% acetonitrile (0.1% v/v TFA) (B) and
reaching 40% A / 60% B over 20 min.

For measurements of the radioactivity content of all the samples a Wizard2TM gamma
counter was used, purchased from PerkinElmer (Hédgersten, Sweden).

Re-188/Tc-99 m labeling and complex stability studies

For ['%8Re]Re-labeling the reaction mixture consisted of 25 pl of the peptide stock solu-
tion, 1.3 mg of SnCl,, 65 pl sodium gluconate (1 M), 50 pl of NaHCO; (0.5 M) / Na,CO,
(0.5 M) 4:1 (pH 9), 14.5 pl Na,-EDTA (20 mM). Following the addition of 900 pl of gen-
erator eluate (62 +5 MBq), the reaction mixture was heated at 90 °C for 1 h. Radiochem-
ical yields and the presence of ['*®Re]ReO, were determined using instant thin layer
chromatography (iTLC) with glass microfiber chromatography paper impregnated with
silica gel (Agilent Technologies, Santa Clara, CA, USA).

The mobile phases used were (a) phosphate buffered saline (PBS) to determine the
amount of free ['**Re]ReO,” (solvent frond, R; = 1; RCY) and (b) a mix of pyridine /
acetic acid / water (5:3:1.5) in order to estimate the presence of ['%Re]ReQ, (application
point, R; = 0). iTLC stripes were analyzed on Cycle® Plus phosphor imager (PerkinElmer,
Hégersten, Sweden). Radiochemical purity after labeling was determined by reverse
phase high performance liquid chromatography (system given below).

Similar approach was followed as above for tagging the peptides with "Re. Instead of
the generator eluate, 75 pl of NaReO, 1 mM solution in MQ water was used. The tagging
process was monitored by reverse phase HPLC.

The complex stability was tested in 300-fold molar excess of Cysteine (Cys) in PBS. In
short, 5 pl of the labeling solution (corresponding to approximately 120 pmol of peptide)
were dissolved in 36 pl PBS containing 1 mM of Cys. The mixture was incubated for
1 h at room temperature and the release of Re-188 from the complex was estimated by
iTLC.

Labeling with Tc-99 m was performed as previously described (Abouzayed et al. 2021).

Cell cultures

PC-3 cells were cultured in RPMI medium (glutamine containing) supplemented with
10% w/w fetal bovine serum (FBS) and 1% penicillin (10,000 U/ ml) — streptomycin
solution (10,000 pg/ml). Cells were kept at 37 °C, 5% CO, using a Sanyo MCO-19AIC
incubator (SANYO Electric Co., Ltd, Osaka City, Osaka, Japan). Trypsin — 0.25% EDTA
solution was used for subculturing the cells when they reached approximately 95%
confluency.
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In vitro specificity and cellular uptake

For receptor specificity test, 0.7 x 10° cells per well were seeded in 6-well plates. After
a wash with PBS, the cells were incubated with 1 mL of solution containing complete
growth medium, 0.25 nM of the radiopeptide under evaluation and in the case of “Block”
samples, 25 nM of NOTA-PEG2-RM26. After 1 h incubation at 37 °C, the supernatant
was discarded and the cells were collected using trypsin — EDTA solution.

To determine cellular uptake of the two radioconjugates, 1x 10° PC-3 cells/well were
seeded a day in advance in 6-well plates and left to proliferate to a uniform monolayer
overnight. The following day, growth medium was aspirated and the cells were wash
with 1 mL of PBS. A solution containing 1 nM of the radiopeptide under evaluation in
complete growth medium was introduced and cells were left to incubate at 37 °C. At
pre-determined time points the supernatant was aspirated, the cells were rinsed with
1 ml of cold PBS buffer and incubated glycine buffer (glycine 0.2 M, NaCl 0.15 M, urea
4 M, pH 2, 4 °C) for 5 min and the solution was collected (membrane bound fraction).
Following a washing with 1 mL PBS, cells were lysated using NaOH 1 M (internalized
fraction).

Radioactivity measurements for the samples was performed using a Wizard2TM
gamma counter. For statistical analysis one-way ANOVA with Tuckey’s post hoc analysis
was performed using GraphPad Prism v10 for Windows (GraphPad Software, Boston,
Massachusetts USA).

Competition binding experiments
For competition binding experiments live PC-3 cells were used. Using 12-well plates,
5x 10° PC-3 cells were seeded in each well a day prior to the experiment. The day after,
the supernatant was removed followed by washing of the cells with cold PBS (4 °C). Next
350 pL of PBS — 1% w/v bovine serum albumin (BSA) solution was added in the wells fol-
lowed by 50 pl of the compound under investigation in the same buffer with increased
concentrations (0 to 5000 nM). Finally, 100 ul of ['**I]I-Tyr*-BBN (100,000 cpm, 24.6
fmol) in PBS — 1% w/v PBS solution were added and the cells were left to incubate at 4 °C
for 5 h. Following a wash with PBS (4 °C), cells were treated with trypsin — EDTA solu-
tion and collected. Sample radioactivity was determined with a gamma counter and data
analysis and curve fitting were done using GraphPad Prism 7 and a nonlinear regression
model.

The statistical significance of the difference between the IC50s for the three conju-
gates tested was determined by one-way ANOVA with Tuckey’s post hoc analysis using
GraphPad Prism.

Biodistribution studies

Animal studies were in compliance with the European guidelines for laboratory ani-
mal protection. BALB/C nu/nu mice were used and the experimental protocols were
approved by the ethics committee for animal research in Uppsala (Sweden); permit
number 00473/21.

The biodistribution profiles and tumor targeting of maSSS-/SES-PEG2-RM26, labeled
with Re-188 or Tc-99 m, were compared head-to-head in the same batch of animals,
inoculated with the same PC-3 cells-suspension. After acclimatization, animals were
inoculated subcutaneously (right hind leg) with 7 x 10° freshly harvested PC-3 cells per
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animal, in PBS. After approximately four weeks solid tumors were present at the inocu-
lation sites and the animals were randomly divided in groups of four.

For the ex vivo biodistribution experiments animals were injected via the tail vein with
50 pmol (120 kBq for Re-188 and 60 kBq for Tc-99 m) of the radiopeptide under evalu-
ation, in 100 pl solution in PBS supplemented with 1% w/v BSA. Animals were eutha-
nized at 1 h and 4 h post injection (pi) and tissues / organs of interest and tumors were
collected, weighted and their radioactivity content was measured on a gamma counter.
Each group comprised by four animals (n=4).

Statistical analysis was performed using GraphPad Prism, employing a two-way
ANOVA test with Tuckey’s posthoc analysis.

Results

Radiolabeling and complex stability studies

Both peptides were successfully labeled with Re-188, high radiochemical yields and low
colloid-formation were confirmed by iTLC (Table 1). The metal-chelate complexes were
stable, with less than 2% (determined by iTLC) of Re-188 being released after 1 h incuba-
tion in 300x molar excess of cysteine (Cys) (Table 1). Radioconjugates with radiochemi-
cal purities (RCP) > 90%, determined both by iTLC and radio-HPLC analysis (Figure S1))
were used for the in vivo experiments.

In vitro specificity and cellular uptake

Both radioconjugates displayed highly specific GRPR-binding, as it is demonstrated by
the statistically significant decrease of the cell associated activity after blocking of the
receptors with excess of the highly-affine NOTA-PEG2-RM26 (p<0.0001 in both cases,
Fig. 2A). Between the two analogs ['%Re]Re-maSSS-PEG2-RM26 displayed higher
cell uptake (24+3% of added radioactivity) over the ['®*Re]Re-maSES-PEG2-RM26
(14+£0.4% of added radioactivity at 24 h). Over time the majority of the cell associated
activity remained bound on the membrane, with a lesser portion being slowly internal-
ized over time (Fig. 2B). Despite the higher overall uptake of ['*®Re]Re-maSSS-PEG2-
RM26 (19 +4% of cell associated radioactivity), ['**Re]Re-maSES-PEG2-RM26 had faster
internalization, as ratio over the cell-associated radioactivity (21 +3% of cell associated
radioactivity).

Competition binding experiments

The two "Re-tagged peptides were tested against ['*°I]I-Tyr*-bombesin in competition
binding experiments in living cells. Both metalated conjugates displayed similar IC;,-val-
ues in nanomolar range ("*Re-maSSS-PEG2-RM26: 7.5 nM; "Re-maSES-PEG2-RM26:

Table 1 Radiochemical characteristics for ['®Re]Re-maSSS-PEG2-RM26 and ['®Re]Re-maSES-

PEG2-RM26
['®8Re]Re-maSSS-PEG2-RM26 ['®Re]Re-maSES-PEG2-RM26
RCY % (iTLC) 89+9 88+9
Colloids (iTLC) 0.5+0.1 06+03
Re-188 released against Cys (iTLC) <2% <2%
RCP (HPLC) >91% >92%
Tg(HPLC) 14.9 min 15 min

Radiochemical purities (RCP): the lowest radiochemical purity, as determined by radio-HPLC analysis, for the labeled
peptides used for in vivo experiments. Radiochemical yields (RCY) weres determined by iTLC analysis. Ty: retention time of
the radioconjugate’s peak during radio-HPLC analysis
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8 nM), without having any statistical difference between them. In comparison, in the
same set of experiments "'Ga-NOTA-PEG2-RM26 (serving as an internal control) had
an IC,, value of 4.2 nM, verifying their high affinity for GRPR. Representative curves of

these experiments are shown in Fig. 3.

Biodistribution studies
The biodistribution profiles of both ['3®Re]Re-maSSS-PEG2-RM26 and ['*®Re]Re-
maSES-PEG2-RM26 were compared with their [*™Tc]Tc-labeled counterparts at 1 h
and 4 h pi. For this set of experiments, the same batch of animals was used to mitigate
any biological differences between animals and GRPR expression levels in the xeno-
grafts. Biodistribution data are presented in Fig. 4 and summarized in Tables S1 — S2.
The ['%8Re]Re-labeled peptides had the similar uptake-pattern across tissues/organs
as their [*™Tc]Tc-labeled counterparts. All four compounds had a rapid clearance
from blood and the majority of organs/tissues and the carcasses. As can be seen from
Figs. 4, ['®®Re]Re-labeled analogs display higher uptake in the xenografts in comparison
with their [*™Tc]Tc-labeled counterparts. Also, both ['%Re]Re-maSSS-PEG2-RM26
and ['%®Re]Re-maSES-PEG2-RM26 showed a trend for increased uptake in the salivary
glands in later time points, which was not evident for [*™Tc]Tc-maSSS-PEG2-RM26
and [*™Tc] Tc-maSES-PEG2-RM26.
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All four compounds had predominantly hepatobiliary excretion and only for maSES-
PEG2-RM26 there was a pronounced difference in the uptake in caecum, between the
two different radiometals. At 4 h pi maSES-PEG2-RM26 had 2.3-fold higher values
for Re-188 than for Tc-99 m in activity uptake in caecum (35 6%IA vs. 15+ 6%IA,
p<0.0001). In comparison the same ratio for maSSS-PEG2-RM26 was 1.4, which is quite
better in terms of prediction.

When ['**Re]Re-maSES-PEG2-RM26 and ['**Re]Re-maSSS-PEG2-RM26 were com-
pared, no statistical difference between the compounds at 1-4 h pi could be found for
the majority of tissues/organs, with the exception of pancreas (4.29+0.04%IA/g vs.
9+2%IA/g respectively, p<0.001) at 1 h pi.

Discussion

GRPR has proven a very appealing biomolecular target for imaging and therapy. The
introduction of peptide-based GRPR antagonists rekindled the interest for GRPR-tar-
geting radioligands (Baun et al. 2024; D’Onofrio et al. 2023; Dalm et al. 2024). Peptide
antagonists like JMV594 (Tokita et al. 2001) and desMet-GRP(6—13) (Wang et al. 1990)
gave rise of a new era of GRPR-theranostics, inspiring the development of radioligands
such as RM2, NOTA-PEG3-RM26, SB3, DB15 and, of course, NeoBomB1 (Maina et
al. 2016; Mansi et al. 2011; MITRAN et al. 2016; Nock et al. 2017, 2021; Varasteh et
al. 2014). These developments gave hope for new tools in the clinical management of
patients with GRPR-expressing tumors, such as prostate and breast cancer, which have
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high incidence of GRPR-overexpression (Baun et al. 2024; D’Onofrio et al. 2023; Dalm et
al. 2024).

Despite many attempts the most clinically relevant theranostic radionuclide pair, up
to this day, is Ga-68 / Lu-177. One promising use of these pair is with NeoBomb]l, a
bombesin based GRPR-antagonist. Being currently in clinical trials, NeoBomb]l labeled
with Ga-68 aims for diagnosis and with Lu-177 for therapy (Duan et al. 2024; Gruber
et al. 2020; Nock et al. 2017; Verhoeven et al. 2024). Regardless of the fact that both
radiometals can be complexated with DOTA-chelator, their different size and charge
density leads to different 3D conformations and compositions of their respective com-
plexes (Price and Orvig 2014). These differences, despite their indifferent appearance,
can greatly influence the in vivo behavior of the ligands leading to different receptor-
affinities, biodistribution profiles and even stability against peptidases (Lymperis et al.
2018; Maina et al. 2016; Mitran et al. 2019; Varasteh et al. 2015). Plus, the limited avail-
ability of PET instrumentation, that limits the use of Ga-68 in specialized hospitals, are
hindering the wide use of Ga-68/Lu-177 as a radionuclide pair.

Due to its characteristics and logistics, it is obvious that the Tc-99 m / Re-188 ther-
anostic pair remedies some of the limitations mentioned above. The wide availability
of single photon emission computed tomography (SPECT) apparatuses worldwide, the
availability of Tc-99 m and Re-188 by their respective generators and the short, but not
limiting, half-life of both radionuclides soothes the infrastructure requirements (Knapp
et al. 1997; Lamson et al. 1975; Morgat et al. 2017). On top of that, the similar and well-
established chemistry of technetium and rhenium, and their similar size and possible
oxidations states aid the design of novel radiopharmaceuticals (Cyr et al. 2007; Gourni et
al. 2009; Guhlke et al. 1998; Moura et al. 2006; Tokita et al. 2001). The use of MAG3-like
chelators, which are suitable for stable binding of Tc-99 m and Re-188 alike, turns the
production of single-vial labeling kits into a trivia (Abouzayed et al. 2023).

As a therapeutic radionuclide, Re-188 holds quite appealing attributes. Its availability
though a simple elution with saline of a W-188/Re-188 generator makes its clinical use
convenient. Its decently long half-life (T, ,, = 16,9 h) provides enough time for prepara-
tion, administration and in vivo circulation of the radiopharmaceuticals without signifi-
cant loses of activity outside their tumor-targets. Due to the high energy beta emissions
of Re-188, with average energy at 784 keV and maximum at 2.12 MeV, make it more than
aqueduct for treatment of malignant tissues. Despite all the above, Re-188 has some
shortcoming that should be taken into account. Due to the high energy beta emission
of Re-188 (Egy,ox = 2.12 MeV), the electrons have a tissue penetration range of approxi-
mately 11 mm (Lepareur et al. 2019). This fact limits its optimal use for bigger tumors,
while for treatment of micro metastases and smaller tumors radionuclides decaying with
beta particles with lower energies (e.g. Lu-177 and Th-161) (Lepareur et al. 2019) or with
alpha particles (e.g. Ac-225 or At-211) (Miederer et al. 2024), are preferable. Still, [\**Re]
Re-labeled radiopharmaceuticals can be used in management, aiming in shrinkage of
larger lesions, making their subsequent surgical removal possible.

In order to evaluate the feasibility of using the previously reported maSSS/maSES-
PEG2-RM26 peptides for therapy, we aimed on testing them, both in vitro and in vivo,
after labeling with Re-188. Both peptides were successfully labelled with Re-188, with
high radiochemical yields and purities. Both radioligands displayed high metal-chelate
stability under cysteine challenge, with very low release of Re-188. This assay is widely
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used as a surrogate test for prediction of in vivo stability (Hnatowich et al. 1994; Win-
nard et al. 1996). In GRPR-expressing PC-3 cells, both labeled conjugates were highly
GRPR-specific, with ['*®Re]Re-maSSS-PEG2-RM26 having almost double the cell uptake
than the maSES-containing analog. When the cell-association over time was evaluated
for both ['®®Re]Re-maSSS-PEG2-RM26 and ['®Re]Re-maSES-PEG2-RM26, a typical
profile of a radioantagonist was evident in both cases, with the bulk of the bound radio-
activity remaining on the cell membrane and a slow internalization rate over-time. It is
worth noting that despite the superior uptake of [*®Re]Re-maSSS-PEG2-RM26, ['**Re]
Re-maSES-PEG2-RM26 displayed higher internalization rate (19 +4% vs. 21 +3% of cell
associated radioactivity at 24 h, respectively) in PC-3 cells. A possible explanation for
the different cellular uptake of the two radioconjugates is their different receptor affini-
ties, while the slightly higher internalization rate of ['*®Re]Re-maSES-PEG2-RM26 may
indicate better tumor retention in vivo.

To elucidate the impact of the receptor affinity, both peptides when tagged with "Re
and tested alongside the previously reported "*Ga-NOTA-PEG2-RM26 in competition
binding experiments, against [1**I]I-Tyr*-bombesin. Both analogs displayed single-digit
nanomolar IC;s, with no statistical difference between their affinity for GRPR, while the
values were only slightly worse than the ones for "™'Ga-NOTA-PEG2-RM26. The higher
cellular uptake of ['**Re]Re-maSSS-PEG2-RM26 in PC-3 cells in combination with the
similar affinities of the two analogs, strongly indicate that the exchange of the Ser to Glu
in the chelator changes the kinetic profile of the radioligand-receptor interaction while
having almost no impact on the affinity. In addition, an order of magnitude faster on-rate
constant was reported for [*™Tc]Tc-maSSS-PEG2-RM26 than for [**™Tc]Tc-maSES-
PEG2-RM26 that corroborate with in vitro data in this study (Abouzayed et al. 2021).

The biodistribution profiles and in vivo targeting for the two ["**Re]Re-coupled pep-
tides and their [*™Tc] Tc-labeled counterparts were accessed in a head-to-head compari-
son, using the same batch of animals. The main aim was to verify any alterations in the
pharmacokinetic profile after exchanging Tc-99m to Re-188 and the possibility of using
Tc-99m as means to accurately predict the dosimetry of the ['*®Re]Re-labeled maSSS/
maSES-PEG2-RM26. As it is evident from Fig. 4 and from the Tables S1 and S2, ['**Re]
Re-maSSS-PEG2-RM26 and ['**Re]Re-maSES-PEG2-RM26 displayed the same uptake
pattern in vivo with [**™Tc]Tc-maSSS-PEG2-RM26 and [**™Tc] Tc-maSES-PEG2-RM26,
respectively, being in accordance with other published reports (Guhlke et al. 1998;
Orlova et al. 2010; Pham et al. 2024). From these results it is evident that the use of Tc-
99m labeled GRPR targeting agents as a surrogate for dosimetry estimation of Re-188
counterparts is feasible.

All four compounds had very low background values, even at 1 h pi, with the excep-
tion of organs taking part in hepatobiliary excretion (e.g. liver and gastrointestinal track).
Both new agents demonstrated high metal chelate stability in vivo that was in agreement
with data for cysteine challenge. The very low values for salivary glands and stomach
(organs where free or released Tc-99 m and Re-186/188 tend to accumulate) imply that
there is minimal release of both radiometals from both chelators, confirming their suit-
ability for use in vivo. The relatively high initial activity uptake in pancreas, an organ
with high endogenous GRPR expression, was drastically decreased by 4 h pi, a typical
attribute for GRPR-radioantagonists.
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There was also a tendency for a higher uptake in some tissues (e.g. pancreas, tumor)
for the ['®®Re]Re-labeled analogs in comparison with the ones labelled with Tc-99 m,
especially for GRPR-expressing tissues, a trend also shown for PSMA and somatostatin
analogs (Guhlke et al. 1998; Pham et al. 2024). In the majority of cases the differences
were not statistically significant. Exceptions were tumors, where there was a statisti-
cal difference in uptake at 4 h for both sets of radioligands, with maSES-PEG2-RM26
retaining the statistical difference also at 24 h pi. For maSES-PEG2-RM26 statistical dif-
ferences could be found for pancreas, liver and kidneys, between 4 h and 24 h pi. Those
difference could lead to underestimation of the dosimetry for liver and at later time-
points for kidneys and underestimation of the absorbed dose by pancreas.

When the hepatic activity uptake was considered, the initial high radioactivity accu-
mulation at 1 h pi, drastically dropped at 4 h pi. On the other hand, the activity accumu-
lation values for the gastrointestinal track as a whole, did not change between 1 h and
4 h pi, ranging between 40 and 50% of injected activity. However, there are no statistical
differences in activity uptake between the two radiometals, with the exception for cae-
cum, that might lead to underestimation of the dosimetry for the compounds labeled
with Re-188. We also should consider, that the content of the intestines should provide
some “shielding” from the emitting electrons, making the differences for caecum and the
overall activity uptake less of a problem.

Despite the protection provided by the content of the intestines, the high hepatobi-
liary excretion strongly indicates that further structural changes are needed in order to
increase the hydrophilicity of the new analogs(s). Structural interventions, such as incor-
poration of charged amino acids or other polar parts either into the linker or the chela-
tor are needed. The aim of the structural changes should be the shift of the excretion
pattern towards the renal pathway, leading to faster washout from the excretory organs,
lowering the radioligand accumulation in intestines, thus lowering the absorbed dose by
the patients.

Conclusions

We can conclude that based on the biodistribution profile of ['%Re]Re/[**™Tc] Tc-maSSS-
PEG2-RM26 and ['*®Re]Re/[**™Tc] Tc-maSES-PEG2-RM26, the [*™Tc]Tc-labeled coun-
terparts are more than aqueduct to be used for dosimetry estimations for both sets of
radioligands. In fact, exchanging of radiometals had little effect on the biodistribution
profile of both peptides. Also, from the biodistribution results is evident that the [**™Tc]
Tc-labeled maSSS-PEG2 could provide better dosimetry predictions for its [***Re]Re-
labeled counterpart than those for maSES-PEG2-RM26.

Abbreviations

Cys Cysteine

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
GPCR G-protein coupled receptor

GRPR Gastrin realeasing peptide receptor

HPLC High performance liquid chromatography

iTLC Instant thin layer chromatography
PET Possitron emission tomography
pi Post injection

PSMA Prostate specific membrane antigen
RCP Radiochemical purity

SPECT  Single photon emission tomography
Tr Retention time

TRT Targeted radionuclide therapy
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