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Abstract: Gastrin-releasing peptide receptor (GRPR) is overexpressed in the majority of prostate
cancers. This study aimed to investigate the potential of ®*Cu (radionuclide for late time-point
PET-imaging) for imaging of GRPR expression using NOTA-PEG;-RM26 and NODAGA-PEG,;-RM26.
Methods: NOTA/NODAGA-PEG,-RM26 were labeled with **Cu and evaluated in GRPR-expressing
PC-3 cells. Biodistribution of [**Cu]Cu-NOTA/NODAGA-PEG,-RM26 was studied in PC-3
xenografted mice and compared to the biodistribution of [?”Co]Co-NOTA/NODAGA-PEG,-RM26
at 3 and 24 h pi. Preclinical PET/CT imaging was performed in tumor-bearing
mice. NOTA/NODAGA-PEG,-RM26 were stably labeled with ®*Cu with quantitative yields.
In vitro, binding of [44*Cu]Cu-NOTA/NODAGA-PEG,-RM26 was rapid and GRPR-specific with
slow internalization. Invivo, [®*Cu]Cu-NOTA/NODAGA-PEG,-RM26 bound specifically to
GRPR-expressing tumors with fast clearance from blood and normal organs and displayed generally
comparable biodistribution profiles to [?”Co]Co-NOTA/NODAGA-PEG,-RM26; tumor uptake
exceeded normal tissue uptake 3 h p.i.. Tumor-to-organ ratios did not increase significantly
with time. [**Cu]Cu-NOTA-PEG,-RM26 had a significantly higher liver and pancreas uptake
compared to other agents. % Co-labeled radioconjugates showed overall higher tumor-to-non-tumor
ratios, compared to the 64Cu-labeled counterparts. [6*Cu]Cu-NOTA/NODAGA-PEG,-RM26
was able to visualize GRPR-expression in a murine PC model using PET. However,
[55/57C0]Co-NOTA/NODAGA-PEG,-RM26 provided better in vivo stability and overall higher
tumor-to-non-tumor ratios compared with the ®*Cu-labeled conjugates.

Keywords: gastrin-releasing peptide receptor; RM26; NOTA; NODAGA; bombesin antagonist; Co-55;
Cu-64; PET-imaging; prostate cancer

Molecules 2020, 25, 5993; d0i:10.3390/molecules25245993 www.mdpi.com/journal/molecules


http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0002-5199-9200
https://orcid.org/0000-0003-2141-3982
https://orcid.org/0000-0001-6577-7011
https://orcid.org/0000-0002-6130-0387
https://orcid.org/0000-0002-6122-1734
https://orcid.org/0000-0001-6120-2683
https://orcid.org/0000-0001-9492-448X
http://dx.doi.org/10.3390/molecules25245993
http://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/25/24/5993?type=check_update&version=3

Molecules 2020, 25, 5993 2of 16

1. Introduction

Prostate cancer (PC) is the most frequently diagnosed cancer among men in developed countries
and was estimated to be associated with 359,000 deaths worldwide in 2018 [1,2]. Current treatment
includes radical prostatectomy and anti-androgen treatment strategies, depending on the primary
diagnosis and the staging [3,4]. Initial diagnoses rely on PSA-screening and biopsies, and TNM
staging is evaluated by contrast-enhanced CT or MRI, although both modalities have shown a low
sensitivity for detection of lymph node metastases [5]. It can be difficult to detect small metastases
especially in the pelvis; due to their size they can be overlooked by conventional imaging [5].
Early and accurate staging is important for optimal treatment strategies in the effort to prolong patient
survival and to improve the quality of life [3,4]. Positron emission tomography (PET) using different
radiopharmaceuticals (including small molecules [\8F]F-FDG, [ C]C-/['8F]F-choline, [1C]C-acetate,
['8F]F-FACBC, and anti-PSMA monoclonal antibodies and small molecule ligands) for imaging of
PC in combination with anatomical modalities has been found useful in the detection of biochemical
relapse, recurrence, and extent of PC lesions [6—8]. The PSMA-targeting small molecule ligands were
the best among the above-mentioned probes. However, due to heterogeneous PSMA expression in
PC the imaging sensitivity is still suboptimal [7]. This emphasizes the need for new diagnostic and
therapeutic approaches for PC.

Molecular imaging of gastrin-releasing peptide receptor (GRPR) expression in PC provides an
additional opportunity for accurate detection of lesions [9,10]. Several studies have documented
the overexpression of GRPR in PC in both primary tumors and metastases at an early stage [11-14].
Radiolabeling of peptides such as bombesin receptor antagonists for tumor targeting can provide an
advantage in receptor-targeting imaging and therapy due to their high affinity for the targeted receptor
and the fast clearance from non-targeted tissues [15,16]. Numerous GRPR agonists, and antagonists
labeled with radioisotopes have been evaluated for imaging using PET and SPECT and therapy of
PC [9,17-19]. GRPR antagonists have shown an advantage compared to agonists due to better tumor
activity uptake and retention and fast clearance of the tracer from non-targeted tissue, along with a
minimum of side effects [19-22].

We previously evaluated the GRPR antagonist RM26 (D-Phe-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-
NH2) conjugated to a variety of chelators and linkers and the derivatives were labeled with a
series of radionuclides, e.g., "' In for SPECT imaging and ®Ga and *>Co for PET imaging [23,24].
We demonstrated among other things that, despite high and specific tumor uptake, different macrocyclic
chelators’ charges and structures have a strong influence on the binding affinity of the GRPR-targeting
peptide and activity retention time, both in tumors and normal tissues [25-28]. In the effort to optimize
tumor-targeting, several groups investigated the labeling of a GRPR antagonist with long-lived
radionuclides (reviewed in [10,29]). Next day PET imaging might improve the tumor-to-background
ratio and thus, imaging contrast. This may enable the detection of low abdominal lymph
node involvement, which requires the highest possible sensitivity and is the ultimate goal in
PC imaging [15,16].

A positron-emitting radiometal with a half-life of 10 to 20 h would be optimal for next day
imaging. Suitable PET radionuclides for such purposes include 64Cy (T1p =12.7h), 8oy (T1p =14.7h),
and >°Co (T, = 17.5 h). **Cu has recently gained appreciable attention despite its low positron
abundance (17.4%) and has even been suggested as a theranostic isotope with PET-imaging and
radiotherapy capabilities [30,31]. The coordination chemistry of copper allows for chelation at room
temperature with a wide variety of chelator systems [31]. The NOTA chelator has shown to be superior
compared to many other chelators for the labeling of imaging probes with copper [32,33]. Similar to
%5Co, no-carrier-added ®*Cu can be produced on a low-energy biomedical cyclotron by the nuclear
reaction 64Ni(p,r1)64Cu which allows for local production at hospitals [30]. ATSM labeled with 64Cuy for
visualization of tumor hypoxia and [**Cu]Cu-DOTATATE for imaging of neuroendocrine tumors are
already in clinical use [34,35]. Further development of radiocopper-labeled ligands for imaging and
therapy is of high clinical interest [36].
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We recently investigated the GRPR-targeting ligands NOTA-, NODAGA-, DOTA-,
and DOTAGA-PEG,-RM26 labeled with the PET radionuclide >Co, which has shown promising
imaging characteristics for next day imaging [24]. In our effort to find the optimal bombesin antagonist
for clinical translation, this study aimed to investigate the potential of ®*Cu for PET-imaging of
GRPR expression using the GRPR-targeting ligands NOTA-PEG;-RM26 and NODAGA-PEG,-RM26.
Furthermore, we compared them head-to-head with their earlier reported >/%”Co-labeled counterparts
(Figure 1) in a preclinical PC-model.
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Figure 1. Schematic overview of the structure of [¢*Cu]Cu- and [*°Co]Co-labeled X-RM26
(X = NOTA-PEG,, NODAGA-PEG),).

2. Results

2.1. Labeling, Stability, and In Vitro Characterization of [**Cu]Cu-NOTA/NODAGA-PEG,-RM26

NOTA-PEG,-RM26 and NODAGA-PEG;-RM26 were successfully labeled with 64Cu with
yields and purities exceeding 98% for a molar activity of 4 MBg/nmol and 96% for 40 MBg/nmol.
The compounds were stable in serum and excess of ethylenediaminetetraacetic acid (EDTA) with
minimal release of free radiocopper (Table 1).

Table 1. Labeling and stability of [**Cu]Cu-X-RM26 (X = NOTA-PEG,, NODAGA-PEG,). Stability
was checked in serum samples after 1 h incubation at 37 °C and in the presence of 1000 excess of
ethylenediaminetetraacetic acid (EDTA) after 1 h incubation at RT. Data are presented as average
+ standard deviation.

[#4Cu]Cu-X-RM26 NOTA NODAGA
Labeling yield (4 MBg/nmol), % 98.93 + 0.09 98.9 +0.2
Release in serum (1 h, 37 °C), % 02+02 0.10 = 0.06
Release in the presence of excess EDTA (1 h, RT), % 0.8+0.2 0.96 +1.07

The in vitro binding specificity assay demonstrated specific binding of [**Cu]Cu-X-RM26
(X = NOTA-PEG,, NODAGA-PEG;) to GRPR-expressing PC-3 cells (Figure 2). The pre-saturation of
receptors by addition of a large molar excess of non-labeled peptide caused a significant reduction of
[6*Cu]Cu-X-RM26 uptake.
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with 300-fold excess non-labeled conjugates. Cell-associated activity was calculated as a percentage of
total added activity. Data are presented as average + standard deviation.

Results concerning cellular processing and internalization of [**Cu]Cu-X-RM26 are presented
in Figure 3A. Cellular processing was similar for both conjugates. Cell-associated activity increased
continuously over time, while the internalized fraction was very low at all time points, below 7% of total
cell-associated activity. The cellular retention of [**Cu]Cu-X-RM26 (Figure 3B) revealed a rapid initial
dissociation phase (up to 1 h) followed by a plateau. [**Cu]Cu-NOTA-PEG,-RM26 had significantly
higher retention in cells compared to [6*Cu]Cu-NODAGA-PEG,-RM26 (43 + 3% of cell-associated
activity for NOTA-PEG,-RM26 vs 25 + 2% for NODAGA-PEG,-RM26 after 24 h incubation).

Normalized,
% of cell associated activity
D
o

Normalized,
% of cell associated activity ™

>

4Cu-NOTA-PEG,-RM26

=
® o
o o

- Total
-+ Membrane
- |nternalized

N B
o o

o
]
.
.

64Cu-NOTA-PEG,-RM26

-
o
o

- Total
-+ Membrane
- |nternalized

~
Bl

o
o

N
0

o

Normalized,
% of cell associated activity
(2]
o

Normalized,
% of cell associated activity

s
@ O
o O

N B
o O

o

84Cu-NODAGA-PEG,-RM26

e
o
o

~
n

n
o

nN
(&)

o

- Total
-+ Membrane
- |nternalized
lc--.' ----- B e ]
0 4 8 12 16 20 24
Time (h)

84Cu-NODAGA-PEG,-RM26

-+ Total
-+ Membrane
- |nternalized

0 4 8 12 16 20 24

Time (h)

Figure 3. Binding and cellular processing of [64Cu]Cu-X-RM26 (X = NOTA-PEG,, NODAGA-PEG,) by
GRPR-expressing PC-3 cells during (A) continuous incubation with 1 nM of [¢*Cu]Cu-X-RM26 and
(B) after interrupted incubation with 1 nM of [**Cu]Cu-X-RM26. Cell-bound activity is normalized to
the maximum uptake. Data are presented as mean value + standard deviation. Error bars that are

smaller than symbols may not be visible.

The ICsg values were in the low nanomolar range for both conjugates although pronounced
chelator-dependent differences could be observed (Figure 4). The ICs for "*Cu-NODAGA-PEG,-RM26
showed a two-fold worse binding affinity (12.0 + 1.0 nM) compared to "*Cu-NOTA-PEG,;-RM26

(6.1 + 0.8 nM).
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Figure 4. Inhibition of '?I-Tyr*-BBN binding to PC-3 cells with "Cu-X-RM26 [X = NOTA-PEG, ()
and NODAGA-PEG; (a)]. Data are presented as mean value + standard deviation.

2.2. In Vivo Characterization of [**Cu]Cu-NOTA/NODAGA-PEG,-RM26 and Comparison with
5957 Co-Labeled Counterparts

Biodistribution of [**Cu]Cu-X-RM26 (X = NOTA-PEG,, NODAGA-PEG,) was evaluated in mice
bearing PC-3 xenografts at 3 and 24 h p.i. For comparison, mice were co-injected with the > Co-labeled
counterparts. > Co was used as a convenient surrogate isotope for %>Co in the biodistribution part,
due to their chemical identity. It was previously demonstrated that >’Co could be used for preclinical
evaluation of radioagents that are designed to be used with 55Co for PET [28]. [?°Co]Co-X-RM26 has
previously shown a remarkable potential for PET imaging of GRPR expression [28].

[¢4Cu]Cu- and [*”Co]Co-labeled X-RM26 displayed comparable biodistribution profiles with a
fast clearance from blood and normal organs, including excretory organs (Table 2). Tumor uptake at 3 h
p.i. exceeded the uptake in normal organs for all conjugates. No significant difference was observed in
tumor uptake between either the *Cu- and %’ Co-labeled conjugates or between the different chelators
at both time points. Tracer uptake was also observed in GRPR expressing organs, excretory organs,
and the gastrointestinal (GI) tract (Table 2).
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Table 2. The biodistribution results for [**Cu]Cu-X-RM26 and [*’ Co]Co-X-RM26 (X = NOTA-PEG, and NODAGA-PEG,) in BALB C/nu mice at 3 and 24 h pi.

[¢4Cu]lCu-NOTA

[#4CulCu-NODAGA

[¥”ColCo-NOTA

[57ColCo-NODAGA

Organ

3h 24h 3h 24h 3h 24h 3h 24h
Blood 0.06 £0.006 2P<  0.04 £0.001 *P<  0.03 +0.0022 0.02 +0.012 0.02 £0.002 ® 0.01 £0.001 P 0.03 +0.01 ¢ 0.01 +0.001 ©
Kidney 0.46 +0.04 2 0.25 +0.008 0.90 +0.09 a4 0.12 +0.01 0.51 +0.08 41 0.06 +0.02 0.84 +0.13 f 0.07 +0.01
GI tract 0.76 +0.15" 0.07 +0.02 1.02 +0.154 0.03 +0.01 0.26 +0.08 bAf 0.02 +0.004 0.99 +0.16 f 0.24 +0.22
Stomach 1.19 £0.162P<  0.14 +0.03 0.27 +0.05 24 0.08 +0.03 0.59 +0.04 bd 0.06 +0.01 0.48 +0.04 ¢ 0.04 +0.01
Spleen 0.10 £0.012 0.05 +0.01 0.05 £0.012 0.02 £0.01 0.07 £0.01 0.04 +£0.003 0.08 +£0.01 0.04 +£0.003
Smallint. 072 £0.10*P<  0.12 +0.01 0.24 +0.042 0.05 +0.01 0.34 +0.06 bf 0.08 +0.02 0.12 +0.03 o 0.04 +0.02
Pancreas 1.31 +0.33 ab 0.10 +0.02 0.27 +0.042 0.04 +0.02 0.44 +0.05° 0.02 +0.001 0.76 +0.20 0.03 +0.001
Liver 0.59 +0.072bc .49 +0.01 abc 0.28 +0.04 ade 0.16 +0.02 ade 0.06 +0.001 bd 0.01 +0.002 bd 0.07 +0.01 <¢ 0.01 +0.002 <
Lung 0.21 £0.022P< .14 +0.01 &P< 0.12 +0.01 2de 0.04 +0.012 0.05 +0.004 b4 0.02 +0.001 ® 0.05 +0.01 ¢ 0.02 +0.002
Bone 0.07 +0.02 0.15 +0.09 0.08 +0.02 0.13 +0.00 0.11 +0.04 0.09 +0.03 0.13 +0.03 0.14 +0.01
Tumor 3.94 +0.36 0.42 +0.04 2.31 +0.41 0.16 +0.04 3.27 +1.07 0.31 +0.04 458 +1.56 0.50 +0.21
Muscle 0.02 +0.003 0.01 +0.0000 0.02 +0.01 0.00 +0.0000 0.02 +0.002 0.01 +0.002 0.02 +0.01 0.01 +0.002

The organ uptake values are expressed as a percentage of the injected dose per gram of tissue weight (%ID/g), except for the gastrointestinal (GI) tract, for which the values were expressed

as a percentage of the injected dose p

er sam};le (%ID). All values are presented as mean + standard error of mean (SEM). Significant difference (p < 0.05) at the same time point: * between

[#4Cu]Cu-NOTA and [**Cu]Cu-NODAGA; ® between [**Cu]Cu-NOTA and [*” Co]Co-NOTA; € between [**Cu]Cu-NOTA and [*’Co]Co-NODAGA; 4 between [**Cu]Cu-NODAGA and
[?7Co]Co-NOTA; © between [**Cu]Cu-NODAGA and [’ Co]Co-NODAGA; f between [*7Co]Co-NOTA and [’ Co]Co-NODAGA.
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Several notable differences could be observed between *Cu-labeled and *’Co-labeled conjugates.
The clearance of activity from blood was significantly slower for [6*Cu]Cu-NOTA-PEG,-RM26 in
comparison to both [6*Cu]Cu-NODAGA-PEG,-RM26 and [*”Co]Co-X-RM26 at both time-points
(all p-values < 0.0001). The uptake in liver tissue was also significantly higher for ®*Cu-labeled
conjugates at both time-points in comparison to the 5Co-labeled counterparts (ten-fold for
[64Cu]Cu-NOTA-PEG,-RM26 and four-fold for [**Cu]Cu-NODAGA-PEG,-RM26, at 3 h p.i.) (Table 2).

At 3 h pi [¢*Cu]Cu-NODAGA-PEG,-RM26 showed significantly lower uptake
in the GRPR-expressing pancreas, stomach, and small intestines, compared with
[¢*Cu]Cu-NOTA-PEG,-RM26. For the GI tract, both the ®*Cu- and %’Co-labeled NOTA conjugates
showed lower uptake compared with their NODAGA labeled counterparts 3 h p.i. where
[?”Co0]Co-NOTA-PEG,-RM26 had the lowest activity uptake in comparison with [6*Cu]Cu-X-RM26.
At 24 h pi. activity uptake in GRPR-expressing tissue (e.g pancreas, stomach, small intestine,
and GI tract) decreased and was lower for % Co-labeled conjugates than for ®*Cu-labeled ones.
[¢4Cu]Cu-NOTA-PEG,-RM26 showed significantly higher uptake in pancreas at 3 and 24 h p.i. both
in comparison with [**Cu]Cu-NODAGA-PEG,-RM26, and [*Co]Co-NOTA-PEG,-RM26. At 24 h
p-i., [*Cu]Cu-NOTA-PEG,-RM26 still had the highest uptake among all four conjugates, but not to
a significant level. For kidneys at 3 h p.i., [**Cu]Cu-NOTA-PEG,-RM26 showed significantly lower
uptake compared with [#*Cu]Cu-NODAGA-PEG,-RM26 (p < 0.0001). The same was observed for the
57Co-labeled conjugates, where NOTA-PEG,-RM26 also showed significantly lower uptake (p = 0.01).
At 24 h p.i. the kidney uptake was evened out and no difference was observed between the four
different conjugates. For muscle and bone, no significant difference was observed between the four
conjugates at both time-points (see Table 2 and Figure S1 in Supplementary Materials).

The overall higher activity uptake in normal organs resulted in lower tumor-to-blood,
tumor-to-liver, and tumor-to-lung ratios for [**Cu]Cu-X-RM26 compared with the > Co-labeled
counterparts at both time-points (Figure 5 and Table S1). Tumor-to-blood ratios for [**Cu]Cu-X-RM26
were three-fold lower compared with [?”Co]Co-X-RM26 at 3 h p-i., but without reaching statistical
significance. At 24 h p.i., the tumor-to-organ ratios were generally higher for [*’Co]Co-X-RM26 than
for [#*Cu]Cu-X-RM26, except for tumor-to-muscle ratios which were non-significantly higher for
[4Cu]Cu-X-RM26 compared with [*’Co]Co-X-RM26 at 3 h (Figure 5A) and 24 h (Figure 5B).

A T/O All tracers 3h B T/O All tracers 24h
Ll B 64Cu-NOTA 3h }331 | M 64Cu-NOTA 24h
5001 .. W 64Cu-NODAGA 3h . &1 [ 64Cu-NODAGA 24h .
M 57Co-NOTA 3h M 57Co-NOTA 24h
150 57Co-NODAGA 3h I 57Co-NODAGA 24h ,

100+ I

TIO
TIO

50

Figure 5. Tumor-to-organ ratios at (A) 3h and (B) 24 h p.i. of [64#Cu]Cu-X-RM26 (X = NOTA-PEG,,
NODAGA-PEGy) in PC-3 xenografted BALB/C nu/nu mice.

2.3. Imaging

PET/CT scans of PC-3 tumor-bearing mice injected with [64Cu]Cu-X-RM26 or [*°Co]Co-X-RM26
(X = NOTA-PEG;, NODAGA-PEG;) are shown as coronal maximum intensity projection (MIP)
images in Figure 6. The GRPR expression was successfully visualized in the scans obtained at 3
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and 24 h p.i. and confirmed the respective findings from the biodistribution. A chelator-dependent
difference was seen for both the %>Co- and ®Cu-labeled conjugates at 3 h p.i., where NODAGA
containing conjugates showed increased uptake in the GI tract in comparison with the NOTA-labeled
counterparts. Furthermore, NODAGA conjugates showed clear visualization of the gall bladder at 3 h
p-i., presumably due to hepatobiliary excretion of the conjugates. At the later time-point of 24 h p.i,,
the clearance of activity from normal organs (except for [°°Co]Co-NODAGA-PEG,-RM26) resulted in
high imaging contrast for both [6*Cu]Cu-X-RM26 and [?°Co]Co-NOTA-PEG,-RM26.

) \ v/
N/ X (2
\ ’ y / |
uhy & / 24h
NOTA NODAGA NOTA NODAGA
[64Cu]Cu-X-RM26 [55C0]Co-X-RM26

Figure 6. Coronal maximum intensity projection (MIP) preclinical positron emission tomography
(PET)/CT images showing tracer distribution in PC-3 xenografted NOD-SCID mice. Uptake and
distribution of [*#*Cu]Cu-X-RM26 are shown in images (A) and (B) and for [°5Co]Co-X-RM26 in images
(C) and (D), (X = NOTA-PEG, or NODAGA-PEG;). The mice were scanned at 3 h (top row) and 24 h
(bottom row) p.i. The tumor is shown by the white arrow. The gall bladder was visual in both the
3 h NODAGA scans and is shown by the red arrow. The intensity of PET is displayed from zero to
maximum of the tumor uptake.

3. Discussion

Development of radiopharmaceuticals targeting GRPR in PC has gained increasing interest in the
effort to improve the diagnostic accuracy by detection of metastases and to develop new treatment
strategies [37-39]. Patients suffering from PC represent a very large group and even though the
tumor is slowly growing in most cases, early and accurate diagnosis is essential for prognosis and the
overall survival [3,4]. Radiolabeling of various GRPR antagonists has been investigated with several
radionuclides and different chelators to optimize the pharmacokinetics for molecular imaging and
targeted radionuclide therapy in PC [40]. The use of long-lived PET-isotopes has shown promising



Molecules 2020, 25, 5993 9of 16

results due to the possibility of late time-point imaging with improved tumor-to-background ratios
and thus, image contrast [28].

Itis well known, that the charge and geometry of the radiometal-chelator complex can have a major
influence on the pharmacokinetic properties of labeled peptides [41-43]. Especially for **Cu-labeled
peptides/proteins, the in vivo stability can be challenging as transchelation can occur resulting in
unwanted high accumulation of radiocopper in the liver [44]. Several studies have demonstrated
an improved in vivo stability and performance of the NOTA chelator compared with DOTA for
64Cu-labeling of peptides [33,45,46]. In this study, we evaluated the GRPR antagonist PEG,-RM26
conjugated to the macrocyclic chelators NOTA and NODAGA, labeled with [**Cu]Cu and compared
them with radiocobalt (>*57Co) labeled counterparts (the latter was previously evaluated by our group
with promising results [28]). We consider that the direct comparison of tracers in the same batch of
tumor-bearing mice is a methodological advantage. The use of > Co instead of **Co allowed us to
perform ex vivo biodistribution studies in dual isotope mode. This setup decreases the batch-to-batch
variability of both murine physiology and target expression in cells used for tumor inoculation and
should be a preferable way for preclinical comparative evaluation. Furthermore, the use of this
dual-isotope approach further improves statistical power and is ethically advantageous because the
number of living test subjects can be reduced, which is one of the “3R” principles of animal welfare.
The risk of receptor saturation of GRPR targets should not be an issue since we used a low molar mass
far from binding saturation [23,47].

The radiolabeling of NOTA/NODAGA-PEG,-RM26 with ®*Cu gave products with high yield and
radiochemical purity without the need for further purification. The final ®*Cu-chelates were found to
be relatively stable against transchelation with EDTA challenge. However, activity uptake in the liver
was somewhat higher for [**Cu]Cu-NOTA-PEG,-RM26 conjugate than for other tested conjugates,
which probably indicates a high degree of transchelation in accordance with previous findings [44].

The presence of a negative charge at the N-terminus of the ®*Cu-labeled NODAGA-conjugate
resulted in a lower affinity for [6*Cu]Cu-NODAGA-PEG,-RM26 which resulted in lower uptake
both in vitro and in vivo in comparison with the neutrally charged [¢*Cu]Cu-NOTA-PEG,-RM26.
In agreement with this, the invitro and invivo activity retention over time was better for
[##Cu]Cu-NOTA-PEG,-RM26 compared with [**Cu]Cu-NODAGA-PEG,-RM26 (Figure 3). Similarly,
increased affinity for copper-labeled NOTA conjugate compared to NODAGA was also observed
in a study from Gourni et al., who evaluated the GRPR-targeting antagonist MJ9 [48]. The same
pattern was observed for the cobalt-labeled counterparts where the previously published data also
showed the best affinity in vivo for the NOTA conjugate [28]. However, the affinity of the **Cu-labeled
NODAGA-conjugate was in the subnanomolar range and hence, still adequate for molecular imaging.
In agreement with the in vitro data, [#*Cu]Cu-NOTA-PEG,-RM26 showed a tendency to higher uptake
in the tumor (p = 0.7) and GRPR-expressing tissues (pancreas, small intestine, and stomach) at 3 h p.i.
in comparison with [6*Cu]Cu-NODAGA-PEG,-RM26. However, the difference was not significant.

Comparison of biodistribution data for the ®*Cu-labeled conjugates showed fast clearance
from the blood for both conjugates, though, significantly slower for [**Cu]Cu-NOTA-PEG,-RM26.
This phenomenon was associated with higher hepatic and lower renal activity uptake of the
[#*Cu]Cu-NOTA-PEG,-conjugate. A similar ratio between hepatic and renal excretion was observed
for anti-HER? affibody molecules labeled with radiocopper via NOTA and NODAGA chelators [49].

Already at 3 h p.i. both *Co- and ®*Cu-labeled conjugates allowed clear visualization of
GRPR-expressing tumors because tumor activity uptake exceeded normal tissue uptake (Figure 6A).
Tumor-to-organ ratios did not increase with time because of the rapid washout of tumor-associated
activity (Figure 5). However, intensive clearance of activity in the GI tract content improved
overall imaging contrast (Figure 6B). The in vivo data for %%’ Co-labeled RM26-based conjugates
obtained in this study contradicts the data published by our group earlier for this conjugate [27],
where tumor-to-organ ratios increased with time. We speculate that this could be attributed to
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batch-to-batch xenograft variability. This observation underlines our approach to compare **Cu- and
%7Co-labeled conjugates in the same batch of animals.

[6*Cu]Cu-NOTA-PEG,-RM26 had overall the highest uptake in the liver, which was two-fold
higher compared with ®4Cu-labeled NODAGA-PEG;-RM26 and ten-fold higher compared with
the [*’Co]Co-NOTA-PEG,-RM26 at 3 h pi. At the 24 h time-point, the activity accumulation in
the liver was still significantly higher for [6*Cu]Cu-NOTA-PEG,-RM26 in comparison with other
tested agents. Despite the observed elevated liver accumulation for [4*Cu]Cu-NOTA-PEG,-RM26,
the tumor-to-liver ratio was equal in comparison to [6*Cu]Cu-NODAGA-PEG,-RM26 at 3 h p.i. due
to the higher tumor uptake of the NOTA analog. The observed accumulation of activity in liver
tissue for [**Cu]Cu-NOTA-PEG,-RM26 is probably due to transchelation of the ®4Cu?* to serum
components which circulate in the blood or to superoxide dismutase that can accumulate in liver tissue.
Another process that could slow down blood clearance is off-target interactions of the probe with blood
plasma proteins. This phenomenon was observed both for small molecular drugs and for proteins,
and it was suggested that both lipophilic/hydrophilic and charged patches could influence these
interactions [50,51]. However, the relatively high liver accumulation for [64*Cu]Cu-NOTA-PEG,-RM26
at 3 h p.i. was equal or lower to other reported studies of the **Cu-labeled GRPR antagonists with
different chelators such as DOTHA,, NOTA, NODAGA, and MeCoSar evaluated in a similar animal
model [46,48,52,53]. We could conclude that both [**Cu]Cu-NOTA/NODAGA-PEG,-RM26 complexes
were sufficiently stable in vivo, however, less stable than their 57 Co-labeled counterparts as displayed
in Figures 5 and 6.

As expected, our results showed that both the 5%”Co- and ®*Cu-labeled peptides were
predominantly eliminated through kidney excretion. However, a chelator dependent difference
was also observed. The presence of an additional negative charge resulted in significantly higher
kidney accumulation for [6*Cu]Cu-NODAGA-PEG,-RM26 and [°”Co0]Co-NODAGA-PEG,-RM26 at
3 h p.i. than the NOTA-containing counterparts. At the late time-point (24 h p.i.), the observed
differences in kidney uptake were evened out. The elevated kidney uptake at 24 h p.i. for
[64#Cu]Cu-NOTA-PEG,-RM26 could potentially be due to the slower elimination for the reasons
discussed above. This slow elimination could also be a reason for the observed elevated uptake in
blood at 24 h p.i. for [**Cu]Cu-NOTA-PEG,-RM26 in comparison with [¢*Cu]Cu-NODAGA-RM26
and both the %’Co-labeled peptides. Overall slow elimination of activity should result in higher
dose to the patient. The choice of radionuclide for next day PET imaging is challenging. Among
available radiometals with adequate half-lives, %Ga (9.5 h), *Cu (12.7 h), 8Y (14.7 h), and >°Co (17.5 h),
64Cu has the lowest emission of photons and the lowest energy of emitted positrons (653 keV) that
should improve imaging quality. However, this isotope has the lowest positron-abundance (17.4%)
among the mentioned radiometals; that would require an injection of a 2 to 4-fold higher amount of
activity to get a similar signal in the PET acquisition. >>Co has the highest abundance of positrons
(76%). It also has lower energy of emitted positrons (1498 keV) and a better ratio between emitted
positrons and co-emitted gammas than for 8¢Y and ®®Ga (all data are from [54]). More human data for
radiometals with long half-lives for both distribution and imaging sensitivity are required for accurate
comparison of the mentioned PET nuclides. However, based on preclinical data, we recently estimated
the effective total patient dose for a [°°Co]Co-DOTATATE scan to be 4.7 mSv, which was comparable to
the effective dose for [**Cu]Cu-DOTATATE of 6.5 mSv [44]. This includes correction for the more than
4-fold difference in positron yield between *>Co and ®*Cu to obtain the same equivalent number of
annihilation events in identical PET scanners.

The significantly lower uptake in blood and liver for the %’ Co-labeled conjugates could be the
result of better in vivo stability of the cobalt-chelator complexes and/or lower degree of their off-target
interactions in comparison to the ®*Cu-labeled counterparts. This and the high tumor uptake for
the % Co-labeled radioconjugates, especially for NODAGA-PEG,-RM26, resulted in overall higher
tumor-to-non-tumor ratios compared to the ®*Cu-labeled counterparts, leading to increased image
contrast. The tumor-to-background ratios, particularly for blood, intestine walls, muscle, and bone,
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are very important in diagnostic imaging of PC since the high contrast between malignant and normal
tissue increases the detection rate. Advanced PC often metastasizes to lymph nodes, and bone,
where detection of small distant metastases is crucial to obtain an accurate staging of the disease.

4. Materials and Methods

[%”Co]Co-chloride was purchased from PerkinElmer (Upplands Vasby, Sweden). >>Co and ®4Cu
were produced in-house at Odense University Hospital as previously described [44,55]. In one
instance, the **Cu was purchased at DTU NuTech, Technical University of Denmark. The GRPR
antagonists NOTA-PEG;-RM26 and NODAGA-PEG;-RM26 were synthesized as described earlier [26].
Buffers for radiolabeling were produced in-house from chemicals supplied by Merck (Darmstadt,
Germany) and were pretreated with Chelex 100 resin (Bio-Rad Laboratories, Hercules, CA, USA) to
remove metal contaminants. Other chemicals were purchased from Sigma-Aldrich Sweden (Upplands
Vasby, Sweden). Radioactive samples were measured in an automated gamma-counter (2470 Wizard
Automatic Gamma Counter, Perkin-Elmer).

PC-3 human PC cell line expressing GRPR was purchased from ATCC, LGC Promochem. Cells
were cultured in RPMI-1640 media supplemented with 10% fetal calf serum (Sigma), PEST (penicillin
100 IU/mL, streptomycin 100 g/mL), and 2 mM r-glutamine (all from Biochrom AG, Berlin, Germany).
This medium is referred to in the text as complete medium. Trypsin-EDTA (0.05% trypsin, 0.02% EDTA
in buffer) was purchased from Biochrom AG.

4.1. Labeling and Stability

Labeling with [*Cu]CuCl, was performed using 10 pL (1-10 nmol) of X-RM26 (X = NOTA-PEGy,,
NODAGA-PEG,), buffered with 100 uL of sodium acetate buffer (0.2 M, pH 5.5). After the addition of
20-65 pL of [**Cu]CuCl, (40-100 MBq), the reaction mixture was heated by microwave irradiation for
2 min (65-75 °C) in a sealed vial using a PETWave (CEM Corporation, Matthews, NC, USA). Labeling
with %7Co was performed using 1 nmol (aq. 0.1 nmol/uL) of X-RM26 buffered with 100 pL ammonium
acetate (0.2 M, pH 5.5). [?”Co]CoCl, (2.5 MBq) was added to the mixture followed by microwave
irradiation for 2 min (65-75 °C). For >>Co labeling, 1.3 nmol of X-RM26 buffered with 80 uL ammonium
acetate (0.2 M, pH 5.5) was heated by microwave irradiation for 1 min at 850 W in a sealed vial,
as previously described [24]. The radiochemical yield and purity were determined by high-performance
liquid chromatography (HPLC). Samples were analyzed using instant thin-layer chromatography
(ITLC) strips (Biodex Medical Systems) eluted with 0.2 M citric acid, pH 2.0. Radiometal-chelate
stability was evaluated by incubation in the presence of 1000-fold excess EDTA for 1 h, at RT, and in
murine serum (1 h, 37 °C).

4.2. In Vitro Studies

GRPR expressing PC-3 PC cells were used for in vitro studies. To evaluate in vitro binding
specificity of [**Cu]Cu-X-RM26 to GRPR, a group of cell dishes was incubated with an excess amount
(300-fold) of non-labeled peptide for 10 min at RT to block GRPR receptors prior to the addition of
the radioactive solution containing [¢4Cu]Cu-X-RM26 (1 nM). After 1 h incubation at 37 °C, the cells
were washed with serum-free media and detached using trypsin-EDTA solution. Measurements
of cell-associated activity were done against standards in an automated gamma-counter. Cellular
processing was evaluated by incubating PC-3 cells with 1 nM solution of [**Cu]Cu-X-RM26 at 37 °C.
At predetermined time points (1, 2, 4, 8, and 24 h after the start of incubation), the membrane-bound
and internalized activity were collected using the acid wash method [23]. To assess the cellular
retention of activity, PC-3 cells were incubated for 1 h at 4 °C with 1 nM solution of [*Cu]Cu-X-RM26.
The radioactive media was replaced by fresh complete media, and the cells were incubated at 37 °C.
At predetermined time-points (1, 2, 4, 8, and 24 h), membrane-bound and internalized activity fractions
were collected using the previously described acid wash method. The samples were measured in
an automated gamma-counter. The half-maximal inhibitory concentration (IC5p) was determined
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for "Cu-X-RM26 using the universal BN radioligand '>°I-Tyr*-BBN (Perkin Elmer). PC-3 cells were
incubated with 2°I-Tyr*-BBN (0.1 pmol/well) at 4 °C for 5 h in the presence of increasing concentrations
of MtCu-X-RM26 (0.5, 2, 5, 50, 200, and 600 nM). Following incubation, cells were collected and the
cell-associated activity was measured in an automated gamma-counter.

4.3. In Vivo Studies

All animal experiments were planned and performed in accordance with the national legislation
on the protection of laboratory animals, and the study plans were approved by the Animal Experiments
Inspectorate in Denmark (approval number 2016-15-0201-01027).

For biodistribution studies, 16 female BALB/c nu/nu mice (age 15-16 weeks) bearing PC-3
xenografts (inoculated subcutaneously with 8 x 10° PC-3 cells three weeks before the experiment) were
randomized into groups of four. The mice were intravenously injected into the tail vein with a mixture
of [**Cu]Cu-X-RM26 and [°”Co]Co-X-RM26 and were euthanized at 3 and 24 h p-i. Injected activity
was adjusted to 300 kBg/mouse for ®*Cu- and 40 kBg/mouse for > Co-labeled conjugates. The total
injected peptide mass was adjusted to 45 pmol/mouse (in 100 pL). Blood, kidney, pancreas, liver, lung,
bone, muscle, tumor, spleen, stomach, small intestines, and the rest of the GI tract with content were
collected, weighed, and their activity content was measured in a gamma-counter. The **Cu activities
were determined from measurements performed on the day of the experiment, while the > Co activities
were measured after two weeks to allow the ®*Cu to decay. Tissue uptake of the radiopeptides was
calculated as a percent of injected dose per gram tissue (%ID/g), with exception of the GI tract for
which tissue uptake was calculated as %ID per whole sample.

4.4. Imaging

Whole body PET/CT scans were performed using a Siemens Inveon preclinical scanner (Siemens
Healthcare, Knoxville, USA) on PC-3 xenografted male NOD-scid mice (in-bread, age 12-13 weeks).
The mice (n = 2/group) were anesthetized with a mixture of 1.5-2% isoflurane and 100% oxygen and
injected via the tail vein with either 2.0-2.9 MBq (0.24-0.32 nmol) of [*>Co]Co-X-RM26 or 3.1-3.7 MBq
(0.18-0.23 nmol) of [**Cu]Cu-X-RM26, respectively. At 3 and 24 h p.i., the mice were anesthetized and
PET/CT scanned with PET acquisition times of 15 and 30 min, respectively. All mice were awakened
from anesthesia between longitudinal scans and allowed to roam freely in cages with unrestricted
access to food and water. The CT scans were performed with 2 bed positions, 270 projections in
360 degrees’ rotation, and with bin 4. CT and PET images were co-registered and the CT-based
attenuation corrected PET data were reconstructed using an OSEM3D/MAP algorithm (4 OSEM3D
iterations, 16 MAP subsets, and 18 MAP iterations, target resolution 1.5 mm). PET and CT data were
analyzed using the Inveon Research Workplace (Siemens Healthcare) and presented as maximum
intensity projections (MIPs) adjusted to display a color scale from 0 to the maximum tumor uptake
value in the actual scan.

4.5. Statistics

Data were analyzed using GraphPad Prism (version 7.03, GraphPad Software Inc., San Diego,
CA, USA) by explorative statistics using one-way ANOVA with Holm-Sidak correction for multiple
comparisons to determine significant statistical differences (p < 0.05). All p-values given are adjusted
for multiple comparisons. The ICs5j values were calculated by nonlinear regression using GraphPad
Prism. In vitro data are presented as mean values including standard deviation (SD). In vivo data as
mean including standard error of means (SEM).

5. Conclusions

In this study, we prepared the GRPR-targeting antagonists [**Cu]Cu-NOTA-PEG,-RM26 and
[*4Cu]Cu-NODAGA-PEG,-RM26 with high yields and high radiochemical purities. Both radiolabeled
peptides showed high affinities for GRPR in vitro. Ex vivo biodistribution and PET/CT images
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showed high accumulation in GRPR-expressing PC-3 tumors for both conjugates resulting in
favorable tumor-to-background ratios. [**Cu]Cu-NOTA-PEG,-RM26 had an overall higher uptake
in non-targeted tissues resulting in decreased tumor-to-background ratios. The head-to-head
comparison of **Cu- and >/%’Co-labeled conjugates showed comparable pharmacokinetic profiles,
though [*%7Co]Co-NOTA/NODAGA-PEG,-RM26 presented important advantages by significantly
higher tumor-to-background ratios at the early time-points. Hence, the [5%/57Co]Co-NOTA-PEG,-RM26
showed the overall best in vivo characteristics. However, all tested radioconjugates were able to
visualize GRPR-expression at early and later time-points with high image contrast. These results
indicate that for PET imaging, [>Co]Co-NOTA/NODAGA-PEG,-RM26 are preferred to the **Cu-labeled
counterparts due to the increased in vivo stability and overall higher tumor-to-non-tumor ratios,
thus providing a suitable candidate for clinical translation.

Supplementary Materials: The following are available online, Figure S1: Biodistribution of [**Cu]Cu-X-RM26
(X=NOTA-PEG,, NODAGA-PEG;) in PC-3 xenografted BALB/C nu/nu mice at (A) 3 h and (B) 24 h p.i. The organ
uptake values are expressed as a percentage of the injected dose per gram of tissue weight (%ID/g) except the
gastrointestinal (GI) tract for which the values were expressed as a percentage of the injected dose per sample
(%ID); Table S1: Tumor-to-organ ratios for biodistribution data.

Author Contributions: A.O., H.T., V.T,, ] H.D. conceptualized and designed the study. B.M., JH.D., H.T. and
S.S.R. performed the radiochemistry. B.M., S.S.R., and B.B.O. performed the in vitro part of the study. C.B., BM.
and S.S.R. performed the in vivo part of the study. B.M., S.S.R., H.T. and C.B. analyzed, and interpreted data and
drafted the manuscript. A.O., B.M., S.S.R.,, H.T. and ].H.D. enhanced the intellectual content of and reviewed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Swedish Research Council (Vetenskapradet, 2019-00986 (AO); 2019-00994
(VT)) and the Swedish Cancer Society (Cancerfonden, 2017/425 (AO); 2018/436 (VT)). Publication fee was funded
by PREMIO, Centre for Personalized Response Monitoring in Oncology and the Danish Society of Radiographers
(CB).

Acknowledgments: The authors acknowledge the Danish Molecular Biomedical Imaging Center (DaMBIC) at the
University of Southern Denmark for the use of the preclinical imaging facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bray, E; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: Globocan
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018,
68, 394-424. [CrossRef] [PubMed]

2. Torre, L.A.; Bray, F; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. Global Cancer Statistics, 2012.
CA Cancer . Clin. 2015, 65, 87-108. [CrossRef] [PubMed]

3. Mottet, N.; Bellmunt, J.; Bolla, M.; Briers, E.; Cumberbatch, M.G.; De Santis, M.; Fossati, N.; Gross, T.;
Henry, A.; Joniau, S.; et al. EAU-ESTRO-SIOG Guidelines on Prostate Cancer. Part 1: Screening, Diagnosis,
and Local Treatment with Curative Intent. Eur. Urol. 2017, 71, 618-629. [CrossRef] [PubMed]

4. Cornford, P; Bellmunt, J.; Bolla, M.; Briers, E.; De Santis, M.; Gross, T.; Henry, A.M.; Joniau, S.; Lam, T.B,;
Mason, M.D,; et al. EAU-ESTRO-SIOG Guidelines on Prostate Cancer. Part II: Treatment of Relapsing,
Metastatic, and Castration-Resistant Prostate Cancer. Eur. Urol. 2017, 71, 630-642. [CrossRef]

5. Hovels, A.; Heesakkers, R.; Adang, E.; Jager, G.; Strum, S.; Hoogeveen, Y.; Severens, J.; Barentsz, J.O.
The diagnostic accuracy of CT and MRI in the staging of pelvic lymph nodes in patients with prostate cancer:
A meta-analysis. Clin. Radiol. 2008, 63, 387-395. [CrossRef]

6. Yu, C.Y; Desai, B.; Ji, L.; Groshen, S.; Jadvar, H. Comparative performance of PET tracers in biochemical
recurrence of prostate cancer: A critical analysis of literature. Am. J. Nucl. Med. Mol. Imaging 2014, 4, 580-601.

7. Schuster, D.M.; Savir-Baruch, B.; Nieh, PT.; Master, V.A.; Halkar, R.K.; Rossi, PJ.; Lewis, M.M.;
Nye, J.A; Yu, W, Bowman, FD. et al Detection of Recurrent Prostate Carcinoma
withanti-1-Amino-3-18F-Fluorocyclobutane-1-Carboxylic Acid PET/CT and111In-Capromab Pendetide
SPECT/CT. Radiology 2011, 259, 852-861. [CrossRef]


http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.3322/caac.21262
http://www.ncbi.nlm.nih.gov/pubmed/25651787
http://dx.doi.org/10.1016/j.eururo.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27568654
http://dx.doi.org/10.1016/j.eururo.2016.08.002
http://dx.doi.org/10.1016/j.crad.2007.05.022
http://dx.doi.org/10.1148/radiol.11102023

Molecules 2020, 25, 5993 14 of 16

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Schuster, D.M.; Taleghani, P.A.; Nieh, P.T.; Master, V.A.; Amzat, R.; Savir-Baruch, B.; Halkar, RK,; Fox, T.;
Osunkoya, A.O.; Moreno, C.S.; et al. Characterization of primary prostate carcinoma by anti-1-amino-2-['8F]
-fluorocyclobutane-1-carboxylic acid (anti-3-[18F] FACBC) uptake. Am. J. Nucl. Med. Mol. Imaging 2013,
3, 85-96.

Hohla, F; Schally, A.V. Targeting gastrin releasing peptide receptors: New options for the therapy and
diagnosis of cancer. Cell Cycle 2010, 9, 1738-1741. [CrossRef]

Tolmachev, V.; Orlova, A. Radiolabeled GRPR Antagonists for Imaging of Disseminated Prostate Cancer
Influence of Labeling Chemistry on Targeting Properties. Curr. Med. Chem. 2020, 27, 7090-7111. [CrossRef]
Ananias, H.J.K.; Heuvel, M.C.V.D.; Helfrich, W.; De Jong, 1.]. Expression of the gastrin-releasing peptide
receptor, the prostate stem cell antigen and the prostate-specific membrane antigen in lymph node and bone
metastases of prostate cancer. Prostate 2009, 69, 1101-1108. [CrossRef] [PubMed]

Reile, H.; Armatis, P.E.; Schally, A.V. Characterization of high-affinity receptors for bombesin/gastrin
releasing peptide on the human prostate cancer cell lines PC-3 and DU-145: Internalization of receptor
bound 125I-(Tyr4) bombesin by tumor cells. Prostate 1994, 25, 29-38. [CrossRef] [PubMed]

Korner, M.; Waser, B.; Rehmann, R.; Reubi, ].C. Early over-expression of GRP receptors in prostatic
carcinogenesis. Prostate 2013, 74, 217-224. [CrossRef] [PubMed]

Beer, M.; Montani, M.; Gerhardt, J.; Wild, PJ.; Hany, T.F.; Hermanns, T.; Miintener, M.; Kristiansen, G.
Profiling gastrin-releasing peptide receptor in prostate tissues: Clinical implications and molecular correlates.
Prostate 2011, 72, 318-325. [CrossRef] [PubMed]

Cornelio, D.; Roesler, R.; Schwartsmann, G. Gastrin-releasing peptide receptor as a molecular target in
experimental anticancer therapy. Ann. Oncol. 2007, 18, 1457-1466. [CrossRef] [PubMed]

Pooja, D.; Gunukula, A.; Gupta, N.; Adams, D.; Kulhari, H. Bombesin receptors as potential targets for
anticancer drug delivery and imaging. Int. ]. Biochem. Cell Biol. 2019, 114, 105567. [CrossRef]

Moreno, P; Ramos-Alvarez, 1.; Moody, T.W,; Jensen, R.T. Bombesin related peptides/receptors and their
promising therapeutic roles in cancer imaging, targeting and treatment. Expert Opin. Ther. Targets 2016,
20, 1055-1073. [CrossRef]

Ferreira, C.D.A.; Fuscaldi, L.L.; Townsend, D.M.; Rubello, D.; De Barros, A.L.B. Radiolabeled bombesin
derivatives for preclinical oncological imaging. Biomed. Pharmacother. 2017, 87, 58-72. [CrossRef]

Mansi, R.; Wang, X.; Forrer, E.; Kneifel, S.; Tamma, M.-L.; Waser, B.; Cescato, R.; Reubi, ].C.; Maecke, H.R.
Evaluation of a 1,4,7,10-Tetraazacyclododecane-1,4,7,10-Tetraacetic Acid-Conjugated Bombesin-Based
Radioantagonist for the Labeling with Single-Photon Emission Computed Tomography, Positron Emission
Tomography, and Therapeutic Radionuclides. Clin. Cancer Res. 2009, 15, 5240-5249. [CrossRef]

Maina, T.; Bergsma, H.; Kulkarni, H.R.; Mueller, D.; Charalambidis, D.; Krenning, E.P.; Nock, B.A.; De Jong, M.;
Baum, R.P. Preclinical and first clinical experience with the gastrin-releasing peptide receptor-antagonist
[68Ga]SB3 and PET/CT. Eur. J. Nucl. Med. Mol. Imaging 2015, 43, 964-973. [CrossRef]

Ramos-Alvarez, I.; Moreno, P; Mantey, S.A.; Nakamura, T.; Nuche-Berenguer, B.; Moody, T.W.; Coy, D.H.;
Jensen, R.T. Insights into bombesin receptors and ligands: Highlighting recent advances. Peptides 2015,
72,128-144. [CrossRef] [PubMed]

Cescato, R.; Maina, T.; Nock, B.; Nikolopoulou, A.; Charalambidis, D.; Piccand, V.; Reubi, ].C. Bombesin
Receptor Antagonists May Be Preferable to Agonists for Tumor Targeting. J. Nucl. Med. 2008, 49, 318-326.
[CrossRef] [PubMed]

Varasteh, Z.; Velikyan, I; Lindeberg, G.; Sorensen, J.; Larhed, M.; Sandstrom, M.; Selvaraju, R.K.; Malmberg, J.;
Tolmachev, V.; Orlova, A. Synthesis and Characterization of a High-Affinity NOTA-Conjugated Bombesin
Antagonist for GRPR-Targeted Tumor Imaging. Bioconjugate Chem. 2013, 24, 1144-1153. [CrossRef]

Mitran, B.; Thisgaard, H.; Rosenstrém, U.; Dam, ].H.; Larhed, M.; Tolmachev, V.; Orlova, A. High Contrast
PET Imaging of GRPR Expression in Prostate Cancer Using Cobalt-Labeled Bombesin Antagonist RM26.
Contrast Media Mol. Imaging 2017, 2017, 1-10. [CrossRef] [PubMed]

Mitran, B.; Varasteh, Z.; Selvaraju, R.K.; Lindeberg, G.; Sérensen, J.; Larhed, M.; Tolmachev, V.; Rosenstrom, U.;
Orlova, A. Selection of optimal chelator improves the contrast of GRPR imaging using bombesin analogue
RM26. Int. . Oncol. 2016, 48, 2124-2134. [CrossRef] [PubMed]

Varasteh, Z.; Mitran, B.; Rosenstrém, U.; Velikyan, I.; Rosestedt, M.; Lindeberg, G.; Sorensen, ].; Larhed, M.;
Tolmachev, V.; Orlova, A. The effect of macrocyclic chelators on the targeting properties of the 68 Ga-labeled
gastrin releasing peptide receptor antagonist PEG 2 -RM26. Nucl. Med. Biol. 2015, 42, 446-454. [CrossRef]


http://dx.doi.org/10.4161/cc.9.9.11347
http://dx.doi.org/10.2174/0929867327666200312114902
http://dx.doi.org/10.1002/pros.20957
http://www.ncbi.nlm.nih.gov/pubmed/19343734
http://dx.doi.org/10.1002/pros.2990250105
http://www.ncbi.nlm.nih.gov/pubmed/8022709
http://dx.doi.org/10.1002/pros.22743
http://www.ncbi.nlm.nih.gov/pubmed/24150752
http://dx.doi.org/10.1002/pros.21434
http://www.ncbi.nlm.nih.gov/pubmed/21739464
http://dx.doi.org/10.1093/annonc/mdm058
http://www.ncbi.nlm.nih.gov/pubmed/17351255
http://dx.doi.org/10.1016/j.biocel.2019.105567
http://dx.doi.org/10.1517/14728222.2016.1164694
http://dx.doi.org/10.1016/j.biopha.2016.12.083
http://dx.doi.org/10.1158/1078-0432.CCR-08-3145
http://dx.doi.org/10.1007/s00259-015-3232-1
http://dx.doi.org/10.1016/j.peptides.2015.04.026
http://www.ncbi.nlm.nih.gov/pubmed/25976083
http://dx.doi.org/10.2967/jnumed.107.045054
http://www.ncbi.nlm.nih.gov/pubmed/18199616
http://dx.doi.org/10.1021/bc300659k
http://dx.doi.org/10.1155/2017/6873684
http://www.ncbi.nlm.nih.gov/pubmed/29097932
http://dx.doi.org/10.3892/ijo.2016.3429
http://www.ncbi.nlm.nih.gov/pubmed/26983776
http://dx.doi.org/10.1016/j.nucmedbio.2014.12.009

Molecules 2020, 25, 5993 15 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

Varasteh, Z.; Rosenstrom, U.; Velikyan, I.; Mitran, B.; Altai, M.; Honarvar, H.; Rosestedt, M.; Lindeberg, G.;
Sorensen, J.; Larhed, M.; et al. The Effect of Mini-PEG-Based Spacer Length on Binding and Pharmacokinetic
Properties of a 68Ga-Labeled NOTA-Conjugated Antagonistic Analog of Bombesin. Molecules 2014,
19, 10455-10472. [CrossRef]

Mitran, B.; Thisgaard, H.; Rinne, S.; Dam, ].H.; Azami, F,; Tolmacheyv, V,; Orlova, A.; Rosenstréom, U. Selection
of an optimal macrocyclic chelator improves the imaging of prostate cancer using cobalt-labeled GRPR
antagonist RM26. Sci. Rep. 2019, 9, 1-11. [CrossRef]

Sancho, V.; Di Florio, A.; Moody, T.W.; Jensen, R.T. Bombesin receptor-mediated imaging and cytotoxicity:
Review and current status. Curr. Drug Deliv. 2011, 8, 79-134. [CrossRef]

Nijsen, J.EW.; Krijger, G.C.; Schip, A.D.V.H. The Bright Future of Radionuclides for Cancer Therapy.
Anti-Cancer Agents Med. Chem. 2007, 7, 271-290. [CrossRef]

Anderson, C.J.; Ferdani, R. Copper-64 Radiopharmaceuticals for PET Imaging of Cancer: Advances in
Preclinical and Clinical Research. Cancer Biother. Radiopharm. 2009, 24, 379-393. [CrossRef] [PubMed]
Prasanphanich, A.F,; Retzloff, L.; Lane, S.R.; Nanda, PK.; Sieckman, G.L.; Rold, T.L.; Ma, L.; Figueroa, S.D.;
Sublett, S.V.; Hoffman, T.J.; et al. In vitro and in vivo analysis of [¢4*Cu-NO,A-8-Aoc-BBN(7-14)NH,]: A
site-directed radiopharmaceutical for positron-emission tomography imaging of T-47D human breast cancer
tumors. Nucl. Med. Biol. 2009, 36, 171-181. [CrossRef] [PubMed]

Hoffman, T.J.; Smith, C.J. True radiotracers: Cu-64 targeting vectors based upon bombesin peptide. Nucl.
Med. Biol. 2009, 36, 579-585. [CrossRef] [PubMed]

Lopci, E.; Grassi, I.; Chiti, A.; Nanni, C.; Cicoria, G.; Toschi, L.; Fonti, C.; Lodi, F; Mattioli, S.; Fanti, S.
PET radiopharmaceuticals for imaging of tumor hypoxia: A review of the evidence. Am. J. Nucl. Med.
Mol. Imaging 2014, 4, 365-384.

Johnbeck, C.B.; Knigge, U.; Loft, A.; Berthelsen, A K.; Mortensen, J.; Oturai, P.; Langer, S.W.; Elema, D.R,;
Kjeer, A. Head-to-Head Comparison of **Cu-DOTATATE and *Ga-DOTATOC PET/CT: A Prospective Study
of 59 Patients with Neuroendocrine Tumors. . Nucl. Med. 2016, 58, 451-457. [CrossRef]

Follacchio, G.A.; De Feo, M.S.; Monteleone, F; De Vincentis, G.; Liberatore, M. Radiopharmaceuticals Labelled
with Copper Radionuclides: Clinical Results in Human Beings. Curr. Radiopharm. 2017, 11, 22-33. [CrossRef]
Baratto, L.; Duan, H.; Méacke, H.; Iagaru, A.; Maecke, H.R. Imaging the Distribution of Gastrin-Releasing
Peptide Receptors in Cancer. J. Nucl. Med. 2020, 61, 792-798. [CrossRef]

Baratto, L.; Jadvar, H.; Iagaru, A. Prostate Cancer Theranostics Targeting Gastrin-Releasing Peptide Receptors.
Mol. Imaging Biol. 2018, 20, 501-509. [CrossRef]

Wieser, G.; Mansi, R.; Grosu, A.L.; Schultze-Seemann, W.; Dumont-Walter, R.A.; Meyer, P.T.; Maecke, HR;
Reubi, J.C.; Weber, W.A. Positron Emission Tomography (PET) Imaging of Prostate Cancer with a Gastrin
Releasing Peptide Receptor Antagonist-from Mice to Men. Theranostics 2014, 4, 412—419. [CrossRef]

Maina, T.; Nock, B.A. From Bench to Bed. PET Clin. 2017, 12, 205-217. [CrossRef]

Anderson, C.J.; Wadas, T.J.; Wong, E.H.; Weisman, G.R. Cross-bridged macrocyclic chelators for stable
complexation of copper radionuclides for PET imaging. Q. J. Nucl. Med. Mol. Imaging 2007,
52,185-192. [PubMed]

Dam, J.H.; Olsen, B.B.; Baun, C.; Heilund-Carlsen, P.-F.; Thisgaard, H. In Vivo Evaluation of a Bombesin
Analogue Labeled with Ga-68 and Co-55/57. Mol. Imaging Biol. 2015, 18, 368-376. [CrossRef] [PubMed]
Schroeder, R.PJ.; Miiller, C.; Reneman, S.; Melis, M.L.; Breeman, W.A.P.; De Blois, E.; Bangma, C.H.;
Krenning, E.P.; Van Weerden, W.M.; De Jong, M. A standardised study to compare prostate cancer targeting
efficacy of five radiolabelled bombesin analogues. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 1386-1396.
[CrossRef] [PubMed]

Andersen, T.L.; Baun, C.; Olsen, B.B.; Dam, J.H.; Thisgaard, H. Improving Contrast and Detectability:
Imaging with [?°Co]Co-DOTATATE in Comparison with [64Cu]Cu-DOTATATE and [®3Ga]Ga-DOTATATE.
J. Nucl. Med. 2019, 61, 228-233. [CrossRef]

Lane, S.R.; Nanda, P.; Rold, T.L.; Sieckman, G.L.; Figueroa, S.D.; Hoffman, T.J.; Jurisson, S.S.; Smith, C.J.
Optimization, biological evaluation and microPET imaging of copper-64-labeled bombesin agonists,
[¢4Cu-NO,A-(X)-BBN(7-14)NH,], in a prostate tumor xenografted mouse model. Nucl. Med. Biol. 2010,
37,751-761. [CrossRef]


http://dx.doi.org/10.3390/molecules190710455
http://dx.doi.org/10.1038/s41598-019-52914-y
http://dx.doi.org/10.2174/156720111793663624
http://dx.doi.org/10.2174/187152007780618207
http://dx.doi.org/10.1089/cbr.2009.0674
http://www.ncbi.nlm.nih.gov/pubmed/19694573
http://dx.doi.org/10.1016/j.nucmedbio.2008.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19217529
http://dx.doi.org/10.1016/j.nucmedbio.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19647163
http://dx.doi.org/10.2967/jnumed.116.180430
http://dx.doi.org/10.2174/1874471011666171211161851
http://dx.doi.org/10.2967/jnumed.119.234971
http://dx.doi.org/10.1007/s11307-017-1151-1
http://dx.doi.org/10.7150/thno.7324
http://dx.doi.org/10.1016/j.cpet.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18043536
http://dx.doi.org/10.1007/s11307-015-0911-z
http://www.ncbi.nlm.nih.gov/pubmed/26561028
http://dx.doi.org/10.1007/s00259-010-1388-2
http://www.ncbi.nlm.nih.gov/pubmed/20182713
http://dx.doi.org/10.2967/jnumed.119.233015
http://dx.doi.org/10.1016/j.nucmedbio.2010.04.016

Molecules 2020, 25, 5993 16 of 16

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mansour, N.; Dumulon-Perreault, V.; Ait-Mohand, S.; Paquette, M.; LeComte, R.; Guérin, B. Impact of
dianionic and dicationic linkers on tumor uptake and biodistribution of [**Cu]Cu/NOTA peptide-based
gastrin-releasing peptide receptors antagonists. J. Label. Compd. Radiopharm. 2017, 60, 200-212. [CrossRef]
Mitran, B.; Rinne, S.S.; Konijnenberg, M.W.; Maina, T.; Nock, B.A.; Altai, M.; Vorobyeva, A.; Larhed, M.;
Tolmachev, V.; De Jong, M.; et al. Trastuzumab cotreatment improves survival of mice with PC-3 prostate
cancer xenografts treated with the GRPR antagonist 17’ Lu-DOTAGA-PEG,-RM26. Int. ]. Cancer 2019,
145, 3347-3358. [CrossRef]

Gourni, E.; Mansi, R.; Jamous, M.; Waser, B.; Smerling, C.; Burian, A.; Buchegger, F; Reubi, ].C.; Maecke, H.R.
N-Terminal Modifications Improve the Receptor Affinity and Pharmacokinetics of Radiolabeled Peptidic
Gastrin-Releasing Peptide Receptor Antagonists: Examples of 68Ga- and 64Cu-Labeled Peptides for PET
Imaging. J. Nucl. Med. 2014, 55, 1719-1725. [CrossRef]

Tolmachev, V.; Yim, C.-B.; Rajander, J.; Perols, A.; Karlstrom, A.E.; Haaparanta-Solin, M.; Gronroos, T.J.;
Solin, O.; Orlova, A. Comparative Evaluation of Anti-HER?2 Affibody Molecules Labeled with 64Cu Using
NOTA and NODAGA. Contrast Media Mol. Imaging 2017, 2017, 1-12. [CrossRef]

Gynther, M,; Peura, L.; Vernerova, M.; Leppénen, J.; Karkkdinen, J.; Lehtonen, M.; Rautio, J.; Huttunen, K M.
Amino Acid Promoieties Alter Valproic Acid Pharmacokinetics and Enable Extended Brain Exposure.
Neurochem. Res. 2016, 41, 2797-2809. [CrossRef]

Strand, J.; Honarvar, H.; Perols, A.; Orlova, A.; Selvaraju, R.K.; Karlstrom, A.E.; Tolmachev, V. Influence
of Macrocyclic Chelators on the Targeting Properties of 68Ga-Labeled Synthetic Affibody Molecules:
Comparison with 111In-Labeled Counterparts. PLoS ONE 2013, 8, €70028. [CrossRef] [PubMed]

Mansour, N.; Paquette, M.; Ait-Mohand, S.; Dumulon-Perreault, V.; Guérin, B. Evaluation of a novel GRPR
antagonist for prostate cancer PET imaging: [**Cu]-DOTHA2-PEG-RM26. Nucl. Med. Biol. 2018, 56, 31-38.
[CrossRef] [PubMed]

Gourni, E.; Del Pozzo, L.; Kheirallah, E.; Smerling, C.; Waser, B.; Reubi, ].-C.; Paterson, B.M.; Donnelly, P.S.;
Meyer, P.T.; Maecke, H.R. Copper-64 Labeled Macrobicyclic Sarcophagine Coupled to a GRP Receptor
Antagonist Shows Great Promise for PET Imaging of Prostate Cancer. Mol. Pharm. 2015, 12, 2781-2790.
[CrossRef] [PubMed]

Tolmachev, V.; Stone-Elander, S. Radiolabelled proteins for positron emission tomography: Pros and cons of
labelling methods. Biochim. Biophys. Acta Gen. Subj. 2010, 1800, 487-510. [CrossRef] [PubMed]

Thisgaard, H.; Olesen, M.L.; Dam, ].H. Radiosynthesis of 55Co- and 58™(Co-labelled DOTATOC for positron
emission tomography imaging and targeted radionuclide therapy. J. Label. Compd. Radiopharm. 2011,
54,758-762. [CrossRef]

Sample Availability: Samples of the compound NOTA/NODAGA-PEG2-RM26 is available from the authors.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jlcr.3491
http://dx.doi.org/10.1002/ijc.32401
http://dx.doi.org/10.2967/jnumed.114.141242
http://dx.doi.org/10.1155/2017/8565802
http://dx.doi.org/10.1007/s11064-016-1996-8
http://dx.doi.org/10.1371/journal.pone.0070028
http://www.ncbi.nlm.nih.gov/pubmed/23936372
http://dx.doi.org/10.1016/j.nucmedbio.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29154145
http://dx.doi.org/10.1021/mp500671j
http://www.ncbi.nlm.nih.gov/pubmed/26132879
http://dx.doi.org/10.1016/j.bbagen.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20153401
http://dx.doi.org/10.1002/jlcr.1919
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Labeling, Stability, and In Vitro Characterization of [64Cu]Cu-NOTA/NODAGA-PEG2-RM26 
	In Vivo Characterization of [64Cu]Cu-NOTA/NODAGA-PEG2-RM26 and Comparison with 55/57Co-Labeled Counterparts 
	Imaging 

	Discussion 
	Materials and Methods 
	Labeling and Stability 
	In Vitro Studies 
	In Vivo Studies 
	Imaging 
	Statistics 

	Conclusions 
	References

