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ABSTRACT: Minigastrin (MG) analogues, known for their high
potential to target cholecystokinin-2 receptor (CCK2R) expressing
tumors, have limited clinical applicability due to low enzymatic
stability. By introducing site-specific substitutions within the C-
terminal receptor-binding sequence, reduced metabolization and
improved tumor targeting can be achieved. In this work, the influence
of additional modification within the N-terminal sequence has been
explored. Three novel 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid (DOTA)-conjugated CCK2R ligands with proline
substitution at different positions were synthesized. Substitution did
not affect CCK2R affinity, and the conjugates labeled with indium-111
and lutetium-177 showed a high enzymatic stability in different
incubation media as well as in vivo (57−79% intact radiopeptide in
blood of BALB/c mice at 1 h p.i.) combined with enhanced tumor uptake (29−46% IA/g at 4 h in xenografted BALB/c nude mice).
The inclusion of Pro contributes significantly to the development of CCK2R ligands with optimal targeting properties for application
in targeted radiotherapy.

■ INTRODUCTION

Specific targeting of cholecystokinin-2 receptors (CCK2R) for
molecular imaging and targeted therapy with radiolabeled
peptide derivatives shows a high potential to improve the
clinical management of CCK2R-related malignancies. The
development of different CCK2R-targeting peptide derivatives
was particularly directed toward improving the diagnosis and
therapy of medullary thyroid carcinoma (MTC).1,2 In addition,
the application could be extended also to other tumor entities,
such as small cell lung cancer, astrocytoma, stromal ovarian
cancer, gastrointestinal stromal tumors, gastroenteropancreatic
tumors and other tumors of neuroendocrine origin.3−6 The
design of radiolabeled peptide constructs was based on peptide
fragments of the natural ligands for the receptor, namely,
cholecystokinin-8 (Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH2,
CCK-8) and human minigastrin (Leu-Glu-Glu-Glu-Glu-Glu-
Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH2, MG). Both contain the
C-terminal sequence Trp-Met-Asp-Phe-NH2, which is neces-
sary for receptor binding.7−9 To identify a peptide analogue
combining high CCK2R affinity with an optimal pharmacoki-
netic profile, specific synthetic modifications have been
introduced into the peptide sequences.10−12 These attempts
mainly focused on MG, which has more favorable targeting
properties compared to CCK8.13,14

Already more than 2 decades ago, the high potential to
target CCK2R with radiolabeled MG analogues was confirmed
in clinical investigations.8,15 Early developed radiolabeled MG
analogues based on [DGlu1]MG (MG0) showed a particularly
high retention in the kidneys and therefore needed further
refinement. The high renal uptake of these MG analogues
could be associated with the N-terminal penta-Glu motif in
positions 2−6 of the peptide.16 Removal of this part of the
sequence efficiently reduced the kidney uptake and also led to
a substantial reduction of the stability in vivo connected with a
reduced tumor uptake.17,18 The simple inversion of the
configuration of these five N-terminal amino acids from LGlu
to DGlu led to the peptide derivatives [DGlu1−6]MG (CP04,
formerly PP-F11) and [DGlu1−6,Nle11]MG (PP-F11N).19−21

In preclinical investigations, a strongly reduced renal retention
and thus an improved biodistribution profile together with
moderate stability against enzymatic degradation was reported
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for both peptide derivatives.11,20,22 Therefore, clinical studies
with 111In-labeled CP04 (ClinicalTrials.gov identifier:
NCT03246659) and 177Lu-labeled PP-F11N (ClinicalTrials.-
gov identifier: NCT02088645) have been initiated, investigat-
ing the safety as well as the diagnostic and therapeutic
potential of these CCK2R-targeting radiopharmaceuticals.23,24

A major issue only partly addressed in former optimization
approaches is the limited enzymatic stability of MG within the
C-terminal receptor-specific sequence potentially affecting the
targeting properties.12,25 As previously reported by our group,
it is possible to hinder the metabolization of this vulnerable
part of the peptide by introducing bulky unnatural aromatic
amino acids as well as N-methylated amino acids.26−28 Most
interestingly, the introduction of such amino acids within the
receptor-binding sequence resulted in novel MG analogues,
which besides increased resistance against enzymatic degrada-
tion, also showed an enhanced receptor interaction, leading to
increased cell uptake of the radiolabeled peptides in CCK2R-
expressing cell lines. Comprehensive preclinical investigations
evaluating the new modifications introduced within this part of
the peptide sequence led to very promising results.26,27 Based
on the truncated MG analogue [DGlu1,DesGlu2−6]MG
(MG11), the peptide derivative MGS5 substituted with (N-
Me)Nle in position 11 and 1-Nal in position 13 was developed.
MGS5 conjugated to the bifunctional chelator 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) ra-
diolabeled with different radiometals showed a highly

improved biodistribution profile. The remarkable enhancement
in CCK2R-related tumor uptake was combined with low
unspecific tissue uptake, leading to very favorable tumor-to-
background activity ratios. These improvements were
independent of the radiometal-chelator approach used for
radiolabeling.27,28 Introduction of an additional N-methylated
peptide bond between Asp in position 12 and 1-Nal in position
13 further increased the resistance against enzymatic
degradation in vivo and the tumor uptake. However, also the
kidney uptake was drastically increased, a drawback especially
with regard to therapeutic applications.28

Since further modification within the C-terminal four amino
acids of the peptide sequence may potentially affect the
receptor affinity and additional introduction of N-methylated
peptide bonds has shown to negatively impact pharmacoki-
netics, our current research activities focus on the introduction
of alternative tertiary amide bonds in other parts of the peptide
sequence.
Tertiary peptide bonds are formed naturally when the amino

acid proline, containing a cyclic pyrrolidine side chain, is part
of the peptide backbone. The presence of Pro leads to
increased conformational rigidity,29,30 whichin analogy to
small cyclic peptide analogues of somatostatin or MG31,32
can be expected to enhance the stability toward enzymatic
degradation. Within the peptide sequence of human MG, Ala
in position 7, Tyr in position 8, and Gly in position 9, similarly
to Pro, are uncharged amino acids. We have therefore

Figure 1. Structural formulas and amino acid sequences of 1−3.
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investigated the impact of additional introduction of Pro in
these three different positions of the peptide. When
substituting Tyr in position 8 with Pro, Tyr was shifted to
position 7 in replacement of Ala to maintain the hydrophilicity
of the peptide sequence. In this work, we present the outcome
of the preclinical studies with three new peptide constructs
derived from DOTA-MGS5 by applying Pro substitution in
different N-terminal positions. The effect of Pro substitution
on the CCK2R affinity and cell uptake, as well as the
biodistribution profile and tumor targeting of the radiolabeled
peptide derivatives were investigated in tumor-xenografted
mice. Major attention was directed toward the characterization
of the enzymatic stability in vivo. Owing to the importance of
stability mainly for the therapeutic application, the peptide
derivatives conjugated to the bifunctional chelator DOTA and
radiolabeled with indium-111 and lutetium-177 were charac-
terized in this study.

■ RESULTS
Solid-Phase Peptide Synthesis (SPPS) and Radio-

labeling. The chelator-conjugated peptide analogues were
obtained in moderate yield (∼15%) using Fmoc solid-phase
peptide synthesis (SPPS). The molecular structure, amino acid
sequence, and analytical data for the DOTA-peptides are
presented in Figure 1 and Table 1. The amino acid sequence

was defined per synthesis protocol. High-performance liquid
chromatography (HPLC) chromatograms and mass spectrom-
etry (MS) spectra are presented in the Supporting Information
(Figure S1).
Radiolabeling with lutetium-177 and indium-111 was carried

out at 95 °C for 15−20 min with a radiochemical purity
(RCP) of ≥95% and a nonoptimized molar activity of 11
GBq/μmol for 111In-labeled and 55 GBq/μmol for 177Lu-
labeled compounds. For in vivo biodistribution studies, the
radiolabeled peptides were purified by solid-phase extraction
(SPE). Radiochromatograms are presented in the Supporting
Information (Figure S2).
Characterization of the In Vitro Properties and

Stability Studies in Different Media. First, in vitro
investigations were performed with the 111In-labeled peptide
derivatives. A summary of the results is shown in Table 2. The
stability analysis in phosphate-buffered saline (PBS) and

human serum showed high stability of the radiometal complex.
Only minor enzymatic degradation with ≥97% intact radio-
peptide occurred in serum after 24 h incubation for [111In]In-
1, [111In]In-2 and [111In]In-3. The radiopeptides showed a
very similar hydrophilicity in relation to their distribution
coefficient (logD) with values in the order of [111In]In-3
(−2.05 ± 0.08) > [111In]In-1 (−2.03 ± 0.10) > [111In]In-2
(−1.75 ± 0.10), which corresponds to the minor differences in
HPLC retention times (∼17.1 min). The radiopeptides also
showed very similar protein binding at the different time points
investigated. After 24 h incubation, protein binding in the
order of [111In]In-3 (46.0 ± 0.5%) < [111In]In-1 (52.8 ± 0.2%)
< [111In]In-2 (53.4 ± 0.2%) was found.
A higher degree of enzymatic degradation was observed for

[111In]In-1 and [177Lu]Lu-1 as well as [111In]In-2 and
[177Lu]Lu-2 in rat kidney and liver homogenates as analyzed
for up to 120 min after incubation. The amount of intact
radiopeptide found at each time point is presented in Figure 2.
In rat liver homogenates, only minor differences between 1 and
2 were observed regardless of the radionuclide used for
labeling with values of intact radiopeptide between 39 and 53%
for 1 and 50 and 61% for 2 after 120 min incubation. A much
faster degradation occurred in kidney homogenate, with values
of ∼5% intact radiopeptide for [111In]In-1 and [177Lu]Lu-1
and values between 25 and 34% for [111In]In-2 and [177Lu]Lu-
2. In the radio-HPLC chromatograms, mainly one metabolite
with a retention time of 15 min was formed for each
radiopeptide (see Figure S3, Supporting Information). Despite
the higher exposure to extracellular and intracellular proteases
released after tissue homogenization, a similar trend of
metabolization was found for 111In- and 177Lu-labeled 1 and
2. The obtained results justified further animal studies
analyzing the stability of all three peptide derivatives in vivo.

Receptor Binding and Calcium Mobilization Assays.
Apparent half-maximal inhibitory concentration (IC50) values
evaluated in competition assays against [125I][3-iodo-
Tyr12,Leu15]gastrin-I on A431-CCK2R cells using unlabeled
1−3 are in the low-nanomolar range confirming a high affinity
of these new CCK2R-targeting compounds. The mean IC50
values obtained from three independent assays were 1.4 ± 0.6
nM for 1, 0.6 ± 0.3 nM for 2, and 1.3 ± 0.8 nM for 3.
Representative binding curves are displayed in Figure 3. In
previous assays with pentagastrin (1.0 ± 0.2 nM), DOTA-
MG11 (0.9 ± 0.3 nM) and DOTA-MGS5 (0.4 ± 0.2 nM),
comparable values were found.27

Calcium mobilization assays performed on A431-CCK2R
stably transfected with human CCK2R and AR42J cells
expressing rat CCK2R revealed that 1−3 provoked an
intracellular Ca2+-mobilization already at a low peptide
concentration (∼1 nM) followed by a stable and lasting
increase in Ca2+ concentration, leading to a plateau phase

Table 1. Summary of the Analytical Data of 1−3

compound
purity
(%)

calculated
mass found mass

HPLC tR
(min)

1 96.6 1474.7 1476.9 [M + H]+ 16.9
2 98.2 1474.7 1476.9 [M + H]+ 16.9
3 95.3 1488.7 1490.9 [M + H]+ 16.8

Table 2. Summary of the Analytical Data of [111In]In-1, [111In]In-2 and [111In]In-3 in Comparison with [111In]In-DOTA-
MGS527

protein binding (%) intact radiopeptide in human serum (%) intact radiopeptide in PBS (%)

time after incubation

compound logD 4 h 24 h 24 h 24 h

[111In]In-DOTA-MGS5 −2.03 ± 0.12 41.0 ± 0.2 44.3 ± 0.3 96.6 ± 0.8 95.5
[111In]In-1 −2.03 ± 0.10 44.5 ± 1.8 52.8 ± 0.2 98.0 ± 0.3 98.0
[111In]In-2 −1.75 ± 0.10 56.8 ± 0.1 53.4 ± 0.2 98.1 ± 0.8 97.6
[111In]In-3 −2.05 ± 0.08 41.2 ± 0.1 46.0 ± 0.5 96.5 ± 0.1 99.5
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when increasing the peptide concentration. As shown in Table
3, EC50 values between 12.3 and 14.2 nM were obtained in the

transfected A431-CCK2R cell line, whereas in rat AR42J cells,
EC50 values between 1.3 and 1.9 nM were found. The
difference in EC50 values between the two cell lines is in
accordance with values found for the control pentagastrin
(A431-CCK2R cells: 2.80 ± 0.52 nM; AR42J cells: 0.43 ± 0.19
nM) and can be explained by different post-translational
modifications of the receptor protein in transfected cells and
cells with physiological receptor expression.
In both cell lines, 1−3 exhibited an efficacy similar to that

obtained with pentagastrin, suggesting an agonistic behavior
for all three peptide analogues. Dose−response curves and

maximal Ca2+ response in relation to pentagastrin observed in
both cell lines are displayed in Figure 4.

Cell Uptake Studies. In accordance with retained high
CCK2R affinity, radiolabeled 1−3 showed a high and
persistent uptake in the CCK2R transfected cell line A431-
CCK2R. [111In]In-1, [111In]In-2, and [111In]In-3 showed a cell
internalization increasing over time with values of >10% after
15 min and up to ≥60% after 4 h of incubation. In mock-
transfected A431 cells incubated under the same conditions
and therefore serving as negative control, an uptake of <0.9%
was observed for all radiopeptides at each time point,
confirming a highly receptor-specific cell uptake. Representa-
tive internalization assays for the investigated radiopeptides are
depicted in Figure 5.

Stability Studies in BALB/c Mice. In the in vivo stability
studies performed with 111In-labeled 1 and 2 at 10 min p.i.,
only minor differences in the resistance against enzymatic
degradation were observed. A high amount of intact radio-
peptide was found in blood ([111In]In-1: 80.0 ± 5.2%;
[111In]In-2: 82.3 ± 1.8%) and liver ([111In]In-1: 76.0 ± 0.4%;
[111In]In-2: 73.9 ± 1.2%), whereas a faster degradation was
observed in kidneys ([111In]In-1: 23.4 ± 4.2%; [111In]In-2:
30.2 ± 0.5%) and urine ([111In]In-1: 21.8 ± 8.1%; [111In]In-2:
30.3 ± 5.9%). As described for rat organ homogenates, a major
metabolite with a retention time of 15 min was confirmed in
kidneys and liver. The in vivo studies allowed us to monitor
some additional metabolites with lower retention time around
5 min. Radiochromatograms showing the amount of intact
[111In]In-1 and [111In]In-2 in blood, liver, kidneys, and urine
of female BALB/c mice at 10 min p.i. are displayed in the
Supporting Information (Figure S4).
Further studies were carried out to investigate the enzymatic

stability of the 177Lu-labeled peptide analogues also for later
time points after injection. These studies were carried out for
all three 177Lu-labeled peptide derivatives for the time points of
30 and 60 min after injection. The highest amount of intact
radiopeptide was found for [177Lu]Lu-2 with values of 79.1% in
blood, 74.5% in liver, 11.0% in kidneys, and 18.8% in urine
after 60 min incubation. At the same time point, the amounts
of intact radiopeptide for [177Lu]Lu-1 and [177Lu]Lu-3 were
56.6 and 63.5% in blood, 30.8 and 35.6% in liver, 8.1 and 7.2%
in the kidneys, and 23.0 and 20.6% in urine. The radio-
chromatograms showing the amount of intact radiopeptide
found for [177Lu]Lu-1, [177Lu]Lu-2, and [177Lu]Lu-3 in blood,

Figure 2. Intact radiopeptide after incubation at 37 °C in (a) rat liver homogenate and (b) rat kidney homogenate for [111In]In-1 (red star),
[177Lu]Lu-1 (red square), [111In]In-2 (blue star), and [177Lu]Lu-2 (blue square); for comparison, previously reported data of [111In]In-DOTA-
MGS5 (gray star) and [177Lu]Lu-DOTA-MGS5 (gray square) are added.27

Figure 3. Representative binding curves obtained for 1 (red), 2
(blue), and 3 (green) on A431-CCK2R cells.

Table 3. EC50 Values as Calculated from Dose-Related
Calcium Mobilization Assays Performed on A431-CCK2R
and AR42J Cells of 1−3 and Pentagastrin

EC50 (nM)

compound A431-CCK2R cells AR42J cells

1a 12.34 ± 2.40 1.74 ± 0.81
2a 14.23 ± 2.07 1.91 ± 0.49
3b 12.38 ± 3.83 1.27 ± 0.72
pentagastrinc 2.80 ± 0.52 0.43 ± 0.19

an = 5. bn = 3. cn = 10.
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liver, kidneys, and urine of female BALB/c mice at 60 min p.i.
are presented in Figure 6.
A prolonged stabilization against enzymatic degradation in

vivo could be confirmed for all three radiopeptides. The studies
were only conducted with one mouse for each time point and
therefore do not allow conclusions to be drawn about
differences between the three radiopeptides. A summary
showing the amount of intact [177Lu]Lu-1, [177Lu]Lu-2, and
[177Lu]Lu-3 for both time points of 30 min and 60 min p.i. can
be found in the Supporting Information (Figure S5).
Biodistribution in BALB/c Nude Mice Bearing A431-

CCK2R/Mock Xenografts. Biodistribution studies in A431-
CCKR2/A431-mock-xenografted female BALB/c nude mice
with an injected peptide amount of 20 pmol for the time point
of 4 h p.i. were conducted for 177Lu-labeled 1−3 as well as
111In-labeled 1 and 2. For [177Lu]Lu-1 and [177Lu]Lu-2,
additional studies at the later time point of 12 h p.i. as well as
at a higher peptide amount of 150 pmol were carried out. The
tumor uptake and tissue distribution, as well as the tumor-to-

Figure 4. Calcium mobilization assays: dose−response curves obtained with (a) A431-CCK2R cells and (b) AR42J cells, as well as maximal Ca2+

response in relation to pentagastrin for (c) A431-CCK2R cells and (d) AR42J cells; pentagastrin (black), 1 (red), 2 (blue), and 3 (green).

Figure 5. Cell uptake over time of [111In]In-1 (red), [111In]In-2
(blue), and [111In]In-3 (green) in A431-CCK2R cells (solid line) and
A431-mock cells (dashed line) expressed as % of the total activity
added (n = 3).

Figure 6. Results of in vivo stability studies in BALB/c mice showing
the intact radiopeptide in blood, liver, kidney, and urine at 60 min p.i.
for (a) [177Lu]Lu-1 (red), (b) [177Lu]Lu-2 (blue), and (c) [177Lu]Lu-
3 (green).
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organ ratios are summarized in Table 4 and Figure 7.
Additional data can be found in the Supporting Information
(Table S1). All three radiopeptides were rapidly excreted from
the body, mainly through the kidneys, resulting in low uptake
in most organs. The uptake values found for A431-CCK2R
xenografts (tumor weight: 0.24 ± 0.16 g) were in the order of
[177Lu]Lu-1 (34.72 ± 9.40% IA/g) > [177Lu]Lu-2 (33.25 ±
6.34% IA/g) > [177Lu]Lu-3: (28.60 ± 7.95% IA/g). These
differences were however not statistically significant (p > 0.8).
A very low unspecific uptake <0.5% IA/g was observed in
A431-mock xenografts (tumor weight: 0.33 ± 0.24 g). The
CCK2R-specific uptake of the three radiopeptides in stomach
(5−7% IA/g) and pancreas (1−2% IA/g) was comparable.
Additionally, a moderate uptake occurred in kidneys (4−7%
IA/g).

Based on the more favorable tumor-to-kidney ratios found
for [177Lu]Lu-1 and [177Lu]Lu-2, these two peptide derivatives
were selected for additional studies with indium-111, as well as
studies at a later time point after injection and at a higher
injected peptide amount when labeled with lutetium-177.
Also under these conditions, a rapid renal excretion with fast

washout from most tissues occurred. [111In]In-1 (42.81 ±
9.25% IA/g) and [111In]In-2 (46.29 ± 8.16% IA/g) displayed a
somewhat higher uptake in A431-CCK2R xenografts (tumor
weight: 0.15 ± 0.03), which was statistically significant only for
[111In]In-2 (p = 0.045). [111In]In-1 showed a significantly
reduced kidney uptake compared to [111In]-2 (p = 0.006).
[177Lu]Lu-1 and [177Lu]Lu-2, analyzed at a later time point

of 12 h p.i., revealed a good washout of the radioactivity over
time, as shown by the significant reduction of the radioactivity

Table 4. Results of Biodistribution Studies Evaluated in A431-CCK2R/A431-Mock Xenografted BALB/c Nude Mice of the
177Lu- and 111In-Labeled Peptide Derivatives (20 pmol, 4 h p.i.)a

compound [177Lu]Lu-1 [177Lu]Lu-2 [177Lu]Lu-3 [111In]In-1 [111In]In-2

blood 0.07 ± 0.02 0.08 ± 0.01 0.06 ± 0.03 0.07 ± 0.02 0.07 ± 0.02
lung 0.14 ± 0.05 0.17 ± 0.01 0.17 ± 0.05 0.18 ± 0.02 0.20 ± 0.02
heart 0.09 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.09 ± 0.01
muscle 0.06 ± 0.05 0.06 ± 0.03 0.09 ± 0.05 0.07 ± 0.03 0.04 ± 0.02
spleen 0.18 ± 0.04 0.16 ± 0.01 0.19 ± 0.02 0.18 ± 0.00 0.18 ± 0.05
intestine 1.14 ± 0.51 0.56 ± 0.10 0.95 ± 0.23 0.81 ± 0.60 0.56 ± 0.06
liver 0.42 ± 0.06 0.43 ± 0.08 0.52 ± 0.12 0.39 ± 0.07 0.41 ± 0.06
kidney 3.97 ± 1.31 5.53 ± 1.51 6.61 ± 1.75 3.74 ± 0.44 5.00 ± 0.41
pancreas 2.09 ± 0.84 1.21 ± 0.49 1.78 ± 0.72 2.14 ± 2.20 1.18 ± 0.22
stomach 7.37 ± 2.26 4.68 ± 0.93 4.73 ± 2.29 9.07 ± 2.60 8.40 ± 0.52
A431-CCK2R 34.72 ± 9.40 33.25 ± 6.34 28.60 ± 7.95 42.81 ± 9.25 46.29 ± 8.16
A431-mock 0.32 ± 0.14 0.25 ± 0.06 0.25 ± 0.06 0.36 ± 0.12 0.29 ± 0.03
tumor-to-blood 540 ± 103 429 ± 134 709 ± 470 640 ± 222 690 ± 270
tumor-to-liver 83.3 ± 23.0 80.6 ± 26.5 58 ± 19.2 109 ± 16 115 ± 31
tumor-to-kidney 9.58 ± 3.84 6.51 ± 2.29 4.52 ± 1.41 11.6 ± 3.0 9.33 ± 1.98
tumor-to-stomach 5.22 ± 2.68 7.31 ± 1.84 6.49 ± 1.32 5.02 ± 1.90 5.49 ± 0.71

aValues are expressed as % IA/g (mean ± standard deviation (SD), n = 4).

Figure 7. Tumor uptake and tissue distribution in selected organs obtained from biodistribution studies in A431-CCK2R/A431-mock xenografted
BALB/c nude mice for (a) [177Lu]Lu-1 and (b) [177Lu]Lu-2, at different time points and injected peptide amounts. Values are expressed as % IA/g
(mean ± SD, n = 4).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c01233
J. Med. Chem. 2020, 63, 14668−14679

14673

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.0c01233/suppl_file/jm0c01233_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01233?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01233?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01233?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01233?fig=fig7&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01233?ref=pdf


in blood (p < 0.003) observed for both radiopeptides. A good
tumor retention of >60% was observed for both [177Lu]Lu-1
(23.43 ± 8.64% IA/g) and [177Lu]Lu-2 (25.02 ± 4.92% IA/g).
A significant reduction of the organ uptake was further found
in stomach for [177Lu]Lu-1 (p = 0.036) and in kidneys for
[177Lu]Lu-2 (p = 0.030).
When increasing the injected peptide amount to 150 pmol,

some saturation effects occurred in CCK2R-expressing tissues.
The tumor uptake in A431-CCK2R xenografts was reduced by
about 50%, with values of 16.68 ± 1.48% IA/g (p = 0.009) for
[177Lu]Lu-1 and 15.26 ± 6.84% IA/g (p = 0.010) for
[177Lu]Lu-2, whereas no effect was observed in A431-mock
xenografts. The saturation effects were even more prominent in
CCK2R-expressing stomach and pancreas. Kidney uptake
remained stable in the case of [177Lu]Lu-1, but was
significantly increased in the case of [177Lu]Lu-2 (p =
0.055). [177Lu]Lu-2 showed a significantly increased unspecific
uptake also in spleen (p = 0.029) and liver (p = 0.014).
When comparing [177Lu]Lu-1 and [177Lu]Lu-2, at the

different time points and injected peptide amounts studied,
kidney uptake and tumor-to-kidney ratio were in favor for
[177Lu]Lu-1, whereas no relevant differences were observed for
the tumor-to-stomach ratio of both radiopeptides.

■ DISCUSSION
A common strategy in the development of radiotracers suitable
for nuclear medical applications is to use natural ligands with
high affinity for a selected target as molecular templates, which
are then chemically modified.33,34 Modifications are necessary
to meet basic requirements such as stable labeling with
radionuclides as well as high resistance of the molecular
structure against enzymatic degradation. Conjugation to
bifunctional chelators allows for fast labeling in high yields
with corresponding radiometals, applicable for single photon
emission computed tomography (SPECT), positron emission
tomography (PET), and targeted radiotherapy and is therefore
frequently used for peptide-based radiotracers.35,36 To achieve
the required in vivo stability and bioavailability, a variety of
different strategies such as the introduction of unnatural amino
acids or amino acids in D-configuration, shortening of the
peptide sequence or the introduction of linkers, cyclization, as
well as the inclusion of modified peptide bonds such as 1,2,3-
triazoles or N-methylated bonds have been explored.
Especially for CCK2R-targeting peptide analogues, different

strategies have been investigated over the last 2 decades to
further optimize the biodistribution profile and targeting
properties of the ligands for theranostic applications in patients
with MTC and other CCK2R-related malignancies.1,20,27,36−39

In recent studies performed by our group, it has been
demonstrated that it is possible to strongly increase the
enzymatic stability of MG analogues by introducing N-
methylated tertiary peptide bonds in the C-terminal
receptor-specific sequence, which leads to a significantly
increased tumor uptake as shown for DOTA-MGS4, DOTA-
MGS5, or HYNIC-MGS11.26−28 Recently, the introduction of
modified peptide bonds within the structure of MG was also
studied by another group. Insertion of 1,2,3-triazoles in
different positions of the peptide backbone resulted in MG
analogues showing advantageous properties in preclinical
studies.39,40 Within this study, we have extended the approach
of introducing stabilizing tertiary peptide bonds to the
insertion of proline, the only proteinogenic amino acid that
naturally forms tertiary peptide bonds. In the new peptide

analogues, the C-terminal substitutions of DOTA-MGS5,
which are associated with strongly increased bioavailability as
well as a favorable biodistribution profile,27 were combined
with further Pro substitutions in the N-terminal part of the
peptide sequence. The receptor affinity studies confirmed that
Pro substitution in different N-terminal positions does not
affect CCK2R affinity. Similar results were also obtained in
previous studies investigating the receptor affinity of CCK2R-
targeting peptide derivatives with different modifications, such
as changes of the N-terminal amino acids, dimerization, or
cyclization of the peptide sequence, as long as only minor
changes were applied in the C-terminal region Trp-Met-Asp-
Phe-NH2. The receptor affinity of all three peptide analogues
with IC50 values of ∼1 nM well compared to pentagastrin,
DOTA-MG11 and DOTA-MGS5. In calcium mobilization
assays, an agonistic behavior was confirmed for all three
compounds. The lower potency of the new derivatives tested
in cell lines expressing rat or human CCK2R compared to
pentagastrin is possibly related to the changes applied in the C-
terminal region.
DOTA-MGS5 shows reduced hydrophilicity compared to

other MG analogues like DOTA-MG11 (logD = −2.03 ± 0.12
vs −3.55 ± 0.23 of the corresponding 111In-labeled
compounds26,27). To avoid a further reduction in hydro-
philicity of the new MG derivatives, only nonpolar amino
acids, such as Ala in position 7 and Gly in position 9, were
selected for further substitution by Pro. These amino acids
form highly flexible peptide bonds due to their small aliphatic
side chains. Substitution with Pro leads to increased rigidity of
the peptide chain; thus, increased stability could be expected.
Furthermore, we aimed to investigate substitution with Pro
also for position 8. To maintain hydrophilicity, Tyr was shifted
to position 7 replacing Ala, thus allowing us to introduce Pro in
position 8. The corresponding CCK2R ligand can be classified
as a CCK8 derivative. The results of the in vitro character-
ization confirmed a hydrophilicity comparable to DOTA-
MGS5, with a logD value ∼2 for all three 111In-labeled
compounds. High stability of the metal complex was observed
for incubation in PBS together with a similar binding to serum
proteins of all three compounds with values of ∼50%,
comparable to [111In]In-DOTA-MGS5. The new derivatives
also showed high stability when incubated in human serum,
with more than 95% intact radiopeptide still present after 24 h
incubation.
When incubated in rat organ homogenates, a measure

suitable to get a deeper insight into the resistance against
enzymatic degradation, increased stability compared to 111In-
labeled as well as 177Lu-labeled DOTA-MGS5, was observed
for both 1 and 2 when labeled with the same radionuclides.
These results indicate that additional insertion of tertiary
peptide bonds is associated with increased stability against
enzymatic degradation and justified further metabolic studies
in vivo. During incubation in organ homogenates, the
radiopeptides are exposed to a higher number of proteases,
therefore extending the in vitro characterization of metabolic
degradation. However, also intracellular proteases are consid-
ered, which might not affect the enzymatic degradation in
vivo,2,41 potentially leading to an underestimation of the
stability in vivo. Only limited information is available in the
literature regarding the stability against enzymatic degradation
of CCK2R-targeting peptides in vivo. Most of the in vivo
studies with other radiopeptides previously studied have been
performed only for short time points after injection, such as 5−
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10 min after injection. In this study, the metabolic stability in
vivo was analyzed also for later time points of 30 and 60 min.
Therefore, we can relate the results only to data generated by
our group for DOTA-MGS5 and CP04.27 For all three Pro-
substituted peptide analogues, comparable to DOTA-MGS5, a
higher stability during circulation in vivo was observed, whereas
a much higher degree of metabolization occurs during renal
excretion. The comparison with [177Lu]Lu-CP04, showing 5%
intact radiopeptide in the blood of mice at 30 min p.i., best
demonstrates the prominent increase in enzymatic stability.27

The percentage of intact radiopeptide in blood of the new
derivatives compares well with [177Lu]Lu-DOTA-MGS5.27

Some additional metabolites with higher retention time could
be detected for the new peptide analogues, indicating an
additional stabilization in the N-terminal area achieved by the
insertion of Pro. In ongoing experiments, we are further
characterizing the formed metabolites, as they may give hints
for other alternative stabilizing modifications.
The influence of the new substitutions on the biodistribu-

tion profile was evaluated in BALB/c nude mice xenografted
with A431-CCK2R and A431-mock cells. At the moment, this
transfected cell line seems most suitable to evaluate the
targeting potential, since no natural cell line expressing human
CCK2R is currently available. This mouse-xenograft-model
also includes a mock-transfected negative control, allowing us
to demonstrate the specificity of tumor binding and has already
been used for the evaluation of a variety of CCK2R-targeting
peptide analogues allowing for comparison with data generated
by other groups. When comparing the influence of Pro
substitution in the different N-terminal positions with data
obtained for DOTA-MGS5, a similar biodistribution profile in
terms of nonspecific organ uptake as well as uptake in kidneys
and CCK2R-expressing organs, stomach and pancreas, was
found. However, the uptake in CCK2R-expressing tumor
xenografts of the new radiolabeled peptide analogues with
values ranging from 29 to 46% ID/g was increased by a factor
of 1.2−1.9, possibly reflecting the improved stabilization
against enzymatic degradation in vivo.27 Compared to the
tumor uptake in A431-CCK2R xenografts of 7−9% IA/g
combined with a tumor-to-kidney ratio of 1−2 and a tumor-to-
stomach ratio of 3−4 observed for [111In]In-PP-F11 and
[177Lu]Lu-PP-F11N, two MG analogues currently investigated
in clinical trials,20,22 the new MG analogues besides a clear
increase in tumor uptake by a factor of 4−5 also show
improved tumor-to-kidney (5−12) and tumor-to-stomach
ratios (5−7). [177Lu]Lu-3 showed the lowest tumor-to-kidney
and tumor-to-liver ratio of the three tested peptide analogues
and was therefore not further characterized in additional
biodistribution studies at a later time point and at a higher
injected peptide amount. When considering all three tested
peptide analogues, [177Lu]Lu-1 with a tumor uptake of 35%
IA/g at 4 p.i. in combination with a tumor-to-kidney ratio of
10 and a tumor-to-stomach ratio of 5, seems to be most
suitable for peptide receptor radionuclide therapy. The tumor
retention at a later time point is in line with other CCK2R-
targeting peptide analogues. For different 177Lu-labeled and
111In-labeled MG analogues, a comparable reduction of the
radioactivity within the first 24 h after injection was reported
for different tumor xenografts.37,42 The same applies for the
saturation effects observed in A431-CCK2R xenografts and in
stomach when injecting a higher peptide dose. Receptor-
saturation with increasing injected peptide amounts has been
reported also for other 111In-labeled MG analogues, showing a

similar reduction of the tumor uptake in AR42J42,43 and A431-
CCK2R xenografts.26,27,44

■ CONCLUSIONS
In recent years, several successes have been achieved in the
clinical translation of CCK2R ligands. Low enzymatic stability
of the radioligands remains a major hurdle, and no therapeutic
application has yet found its way into nuclear medicine routine.
In this study, we could successfully show that the combination
of the C-terminal modifications of DOTA-MGS5 with
additional N-terminal Pro substitution in different positions
results in an improved biodistribution profile in the preclinical
animal model. [177Lu]Lu-1, displaying the highest tumor
uptake and most favorable tumor-to-kidney ratio of the three
different conjugates tested, seems most promising for clinical
translation. In parallel, in ongoing studies, we are character-
izing the radiometabolites formed in vivo to better understand
the underlying degradation mechanisms and possibly derive
other alternative stabilization strategies.

■ EXPERIMENTAL SECTION
Materials and General Methods. All commercially obtained

chemicals were of analytical grade and used without further
purification unless otherwise stated. [111In]InCl3 was purchased
from Mallinckrodt Medical (Petten, The Netherlands). No-carrier-
added [177Lu]LuCl3 produced from highly enriched ytterbium-176
was provided by Isotope Technologies Garching (Munich, Germany).
All synthesized compounds were characterized by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) and analytical HPLC and were optained in a purity >95%.

For preparative HPLC purification, a Gilson 322 chromatography
system (Gilson International, Limburg, Germany) with Gilson UV/
vis-155 multiwavelength detector, equipped with an Eurosil Bioselect
Vertex Plus C18A precolumn (300 Å, 5 μm, 30 × 8 mm2) and a
Eurosil Bioselect Vertex Plus C18A column (300 Å, 5 μm, 300 × 8
mm2) (Knauer, Berlin, Germany) was used with a gradient system
starting from 80% solvent A (water containing 0.1% trifluoroacetic
acid (TFA)) and increasing concentrations of solvent B (acetonitrile
(ACN) containing 0.1% TFA) with a flow rate 2 mL/min: 0−4 min
20% B, 4−24 min 20−60% B, 24−26 min 60% B, 26−27 min 60−
80% B, 27−28 min 80% B, 28−29 min 80−20% B, 29−37 min 20% B.

Analytical HPLC was performed using an UltiMate 3000
chromatography system (Dionex, Germering, Germany) consisting
of an HPLC pump, a variable UV detector (UV−vis at λ = 280 nm),
an autosampler, and a radiodetector (GabiStar, Raytest, Strauben-
hardt, Germany), equipped with a Phenomenex Jupiter 4 μm Proteo
C12 90 Å, 250 × 4.6 mm2 column (Phenomenex Ltd., Aschaffenburg,
Germany) using a flow rate of 1 mL/min together with the following
gradient system: 0−3 min 10% B, 3−18 min 10−55% B, 18−20 min
80% B, 20−21 min 80−10% B, 21−25 min 10% B. The radiodetector
was equipped with two different loops, a low-sensitivity loop of 5 μL
and a high-sensitivity loop of 250 μL allowing for a better signal
during analysis of samples with low activity obtained from stability
studies in vivo.

For matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) a Bruker microflex benchtop
MALDI-TOF MS (Bruker Daltonics, Bremen, Germany) was used
in reflector acquisition mode with a positive-ion source and 200 shots
per spot. MALDI samples were prepared on an α-cyano-4-
hydroxycinnamic acid (HCCA) matrix using the dried droplet
procedure. Flex Analysis 2.4 software was used to analyze the
recorded data.

Solid-Phase Peptide Synthesis. Compounds 1−3 were
synthesized following a standard 9-fluorenylmethoxycarbonyl
(Fmoc) solid-phase peptide synthesis (SPPS) protocol on Rink
amide MBHA resin (Novabiochem, Hohenbrunn, Germany). The
following protection groups for reactive side chains of selected amino
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acids were used: tert-butyl ester for Asp and DGlu, tert-butyl ether for
Tyr, and tert-butyloxycarbonyl (BOC) for Trp. Starting from 100 mg
of resin (with capacity 0.65 mmol/g), all coupling reactions were
performed using a 5-fold excess of Fmoc-protected amino acids, 1-
hydroxy-7-aza-benzotriazole (HOAt) and O-(7-azabenzotriazole-1-
yl)-N,N,N′N′-tetramethyluronium hexa-fluorophosphate (HATU) in
N-methyl-2-pyrrolidone (NMP) pH adjusted to 8−9 with N,N′-
diisopropylethylamine. Fmoc-protected amino acids following (N-
Me)Nle were coupled twice. For the coupling of DOTA, a 3-fold
molar excess of DOTA-tris(t-Bu)ester, HOAt and HATU, was used.
Cleavage of the peptide conjugates from the resin and removal of
acid-labile protecting groups was performed with a mixture consisting
of TFA, triisopropylsilane, and water in a ratio of 95/2.5/2.5 v/v/v.
The crude products were precipitated and washed with ice-cold
diethyl ether, followed by preparative and analytical HPLC to purify
and characterize the synthesized peptide conjugates. The identity of
the final product was confirmed by MALDI-TOF MS and, and the
product was lyophilized and stored at −20 °C in a fraction of 0.5−1
mg.
Radiolabeling. For labeling with indium-111 and lutetium-177,

1−3 (10−20 μg) were incubated with ≤120 μL of the corresponding
radiometal in hydrochloric acid solution (30−70 MBq [111In]InCl3,
0.05 M HCl; 100−350 MBq [177Lu]LuCl3, 0.04−0.05 M HCl). A 1.2-
fold volume of a 0.4 M sodium acetate/0.24 M gentisic acid solution
adjusted to pH 5 was added (total volume <0.3 mL), and the mixture
was heated at 95 °C for 20 min. Radiochemical analysis of the
radiolabeled peptide conjugates was performed using the analytical
HPLC system. For biodistribution studies, an SPE purification of the
radiolabeled peptides was performed to remove any free radiometal.
Therefore, the radiolabeling mixture was diluted to 1 mL with saline
and passed through a C18 SepPak Light cartridge (Waters, Milford),
pretreated with 5 mL of ethanol and 5 mL of saline. The cartridge was
washed with 2 mL of saline, the radiolabeled peptide eluted with 0.2−
0.4 mL of 60−80% ethanol/phosphate-buffered saline (PBS) and
diluted with saline or PBS to a final volume of 1−2 mL. This method
efficiently removed all hydrophilic and non-peptide-related impurities.
The solutions injected in mice further contained 0.1 mM sodium
bicarbonate solution and a 20-fold excess of diethylenetriaminepenta-
acetic acid (DTPA).
Radioiodination of human [Leu15]gastrin-I (Bachem, Bubendorf,

Switzerland) was carried out using the chloramine-T method and
carrier-free Na[125I]I (PerkinElmer, Boston, MA). After HPLC
purification, [125I][3-iodo-Tyr12,Leu15]gastrin-I at high molar activity
was obtained and stored in aliquots at −20 °C (further details are
presented in Figure S6, Supporting Information).
Cell Culture. The stably transfected A431 human epidermoid

carcinoma cell line containing the plasmid pCR3.1 incorporating the
full coding sequence for the human CCK2R (A431-CCK2R) and the
same cell line transfected with the empty vector alone (A431-mock)
kindly provided by Dr. Luigi Aloj were used as a cell model. A number
of 4.7 × 106 binding sites per cell have been determined for A431-
CCK2R cells in binding affinity studies.45 The cell lines were cultured
in 10% (v/v) fetal bovine serum and 5 mL of 100× penicillin−
streptomycin−glutamine supplemented Dulbecco’s modified Eagle’s
medium (DMEM) at 37 °C in a humidified 95% air/5% CO2
atmosphere. AR42J rat pancreatic tumor cells (ECACC, Salisbury,
U.K.), physiologically expressing the rat CCK2R were cultured in
Roswell Park Memorial Institute (RPMI) 1640 medium containing
the same supplements as described above at 37 °C in a humidified
95% air/5% CO2 atmosphere. Subculturing of the cells was performed
three times a week when cells approached confluence in a ratio of
1:2−1:3 using a 10× trypsin (2.5%) solution. Media and supplements
were purchased from Fisher Scientific (Vienna, Austria).
Characterization of the In Vitro Properties and Stability

Studies in Different Media. First, in vitro characterizations of 1−3
were performed after 111In-labeling to generate data comparable to
previously investigated MG analogues presented by our group. In vitro
stability studies characterizing the complex stability as well as the
metabolic stability of the radiolabeled peptide analogues were carried
out in PBS, fresh human serum, and rat liver and rat kidney

homogenates. Organ homogenates were prepared from freshly
dissected organs homogenized (IKA-Werke, Staufen, Germany) for
1 min at room temperature (RT) in a 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer at pH 7.3 (30% w/v).
A fraction of 0.1 mL of radiolabeled peptide diluted in PBS/HEPES
was added to 0.9 mL of medium reaching a final concentration of
∼500 pmol/mL and incubated at 37 °C for up to 120 min in rat organ
homogenates (n = 2) and up to 24 h in human serum or PBS (n = 1).
At each time point, 100 μL of sample was taken treated with 150 μL
of ACN to precipitate proteins centrifuged (2000g, 2 min), diluted
with water (1:1), and a fraction of 100 μL was injected to the
analytical HPLC system. For serum and tissue homogenates, only the
soluble phase extracted after centrifugation was analyzed, whereas the
radioactivity lost in the pellet was not considered.

To determine the logD of the 111In-labeled peptide analogues, 500
μL of the radiopeptide solution (50 pmol/mL in PBS) was added to
500 μL of octanol (1:1) and vigorously vortexed for 15 min (n = 8).
After a time of 10 min sufficient for the separation of the two phases,
100 μL aliquots of both layers were measured in a γ counter (2480
Wizard2 3 in., PerkinElmer Life Sciences and Analytical Sciences,
formerly Wallac Oy, Turku, Finland) and the distribution coefficient
(logD) was calculated. The protein binding in human serum (500
pmol/mL, n = 2) was assessed by Sephadex G-50 size-exclusion
chromatography (GE Healthcare Illustra, Little Chalfont, U.K.) for up
to 24 h.

Receptor Binding and Calcium Mobilization Assays. The
binding affinity of 1−3 was tested in competitive binding assays
against [125I][3-iodo-Tyr12,Leu15]gastrin-I on A431-CCK2R cells.
Binding assays were carried in 96-well filter plates (Multi-
ScreenHTS-FB, Merck Group, Darmstadt, Germany) pretreated
with 10 mM TRIS/139 mM NaCl buffer, pH 7.4 (TRIS-buffer) (2
× 250 μL) before 400 000 A431-CCK2R cells per well were added in
35 mM HEPES buffer, pH 7.4, containing 10 mM MgCl2, 14 μM
bacitracin, and 0.5% bovine serum albumin (BSA).46 Competition
assays were performed three times in triplicate using increasing
concentrations of competitor (0.003−1000 nM) and a constant
amount of radioligand (∼40 000 cpm). After 1 h of incubation at
room temperature (RT), the medium was removed and the filters
were rapidly rinsed with ice-cold TRIS-buffer (2 × 200 μL), removed
and counted in a γ-counter. Half-maximal inhibitory concentration
(IC50) values were calculated following nonlinear regression with
Origin software (MicroCal Origin 6.1, Northampton, MA). Even
though incubation was performed in a hypoosmotic solution
disturbing the integrity of the cell membrane, we cannot totally
exclude that a limited extent of internalization affecting the binding
equilibrium occurred. Therefore, the binding affinity measurements
obtained from these studies are presented as “apparent IC50” rather
than IC50.

For calcium mobilization assays evaluating receptor activation,
A431-CCK2R cells stably transfected with human CCK2R and AR42J
cells expressing rat CCK2R were seeded in flat clear bottom black 96-
well plates (Corning, Bagneaux-sur-Loing, France), previously coated
with poly-D-ornithine (100 μg/mL, 1 h, 37 °C), at densities of 60 000
and 120 000 cells/well, respectively. After 24 h in culture in a 5% CO2
atmosphere, the cells were rinsed twice with modified HBSS buffer
(20 mM HEPES, 0.5 mM MgCl2, 2.6 mM CaCl2, 7.7 mM Na2CO3,
1.4 mM MgSO4, 5.3 mM KCl, 138 mM NaCl, 0.1% BSA, 5.5 mM
glucose, 2.5 mM probenecid, pH 7.4) (Sigma-Aldrich, Saint-Quentin-
Fallavier, France) and loaded (40 min at 37 °C) with the calcium-
sensitive dye Fluo-4 AM (ThermoFisher Scientific, Montigny-Le-
Bretonneux, France) containing pluronic acid (20% in dimethyl
sulfoxide (DMSO)). The cells were then washed twice with modified
HBSS, and the effects of graded concentrations of 1−3 and
pentagastrin on Ca2+ mobilization were measured during 150 s with
a FlexStation III fluorometric imaging plate reader (Molecular
Devices, Sunnyvale, CA) with an excitation wavelength of 485 nm
and an emission wavelength of 525 nm. Briefly, after 18 s recording in
basal conditions, 50 μL of graded concentrations of the investigated
peptides was added to the incubation medium with a built-in eight-
channel pipettor to assess activity. After subtraction of mean
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fluorescence background, data were normalized taking as references
the amplitudes measured after ejection of medium alone (0%, no self-
effect) or 10−6 M pentagastrin (100%, maximum response). EC50
values were calculated with the Prism 4.0 software using a logistic
equation. Results were expressed as mean ± standard error of the
mean (SEM) for at least three independent experiments in triplicate.
Cell Uptake Studies. For internalization experiments, A431-

CCK2R and A431-mock cells were seeded at a density of 1.0 × 106

cells per well in six-well plates and grown for 48 h until reaching
almost confluence. On the day of the experiment, the cells were
washed twice with ice-cold internalization medium supplemented
with 1% (v/v) fetal bovine serum. The assay was performed at a final
peptide concentration of 0.4 nM in a total volume of 1.5 mL at a
temperature of 37 °C three times in triplicate (n = 3). Cell uptake was
stopped by removal of the medium and rapid rinsing with ice-cold
internalization medium (two times) followed by an acid wash (50
mM glycine buffer pH 2.8, 0.1 M NaCl, two times) for 5 min, to
remove the membrane-bound radioligand (two times). Finally, the
cells were lysed in 2 mL of 1 M NaOH and collected (internalized
radioligand fraction). All of the collected fractions (supernatant,
surface wash, lysed cells) were measured together with a standard in
the γ counter. The radioactivity of the lysed cells was expressed as a
percentage of the total radioactivity added (% of internalized
radioactivity). The same assays were performed with A431-mock
cells for control. Cell internalization of 1−3 was evaluated after 111In-
labeling at five different time points for up to 4 h.
Stability Studies in BALB/c Mice. All animal experiments were

conducted according to Austrian animal protection laws and with the
approval of the Austrian Ministry of Science (BMWF-66.011/0075-
WF/V/3b/2016).
Metabolic studies evaluating the stability of the radioligands were

carried out in 7- to 8-week-old female BALB/c mice. With the 111In-
labeled peptide derivatives, the studies were performed for the time
point of 10 min p.i. (n = 2). With the 177Lu-labeled peptide
derivatives, additional studies were also carried out for the time point
of 30 min and 60 min p.i. (n = 1 for each time point). To allow
monitoring of the metabolites by analytical HPLC, the mice were
injected with a higher amount of radioactivity (6−9 MBq indium-111,
30−45 MBq lutetium-177) corresponding to ∼1 nmol total peptide
intravenously through a lateral tail vein. At different time points, the
mice were euthanized by cervical dislocation and urine and a blood
sample was collected. Liver and kidneys were excised and
homogenized in 20 mM HEPES buffer pH 7.3. The amount of
intact radiopeptide and the formation of metabolites was analyzed by
analytical HPLC. Prior to injection into the HPLC system, all samples
were treated as described for human serum and rat organ homogenate
samples.
Biodistribution in BALB/c Nude Mice Bearing A431-CCK2/

Mock Xenografts. Biodistribution studies evaluating the tumor
uptake of the radiolabeled peptides were performed in 7- to 9-week-
old female athymic BALB/c nude mice (Charles River, Sulzfeld,
Germany). For the induction of tumor xenografts, 150 μL of DMEM
containing 2 × 106 A431-CCK2R and A431-mock cells were injected
subcutaneously in the right and left flank of each mouse, respectively.
And 10−14 days after injection, tumors reached a medium weight of
∼0.25 g. The mice were divided into groups of four and injected
intravenously via a lateral tail vein with 0.2 MBq of 111In-labeled
compound (0.02 nmol) and 0.7 and 1.5 MBq of the 177Lu-labeled
compound (0.02 and 0.15 nmol). At 4 and 12 h p.i., the mice were
sacrificed and the tumors and other tissues (blood, lung, heart,
muscle, spleen, intestine, liver, kidneys, stomach, and pancreas) were
removed, weighed, and their radioactivity measured in the γ counter
together with the rest of the body. Initial biodistribution studies were
performed with the three 177Lu-labeled CCK2R-targeting ligands at an
injected peptide amount of 20 pmol for the time point of 4 h p.i.
From these studies, two peptide analogues were selected to further
characterize the biodistribution profile also at a later time point of 12
h p.i. and at a higher injected peptide amount of 150 pmol. Additional
animal studies were performed for the 111In-labeled conjugates.
Percentage of injected activity per gram tissue (%IA/g), tumor-to-

organ activity ratios, as well as whole body activity were calculated for
each sample and statistical analysis using independent two-population
t-test (significance level p < 0.05) was performed using Origin
software. For the comparison of more than two groups, data were
analyzed using one-way analysis of variance (ANOVA) Holm−
Bonferroni-adjusted post hoc analysis (significance level p < 0.05)
using Microsoft Excel 2010 software (Microsoft Excel 2010, Microsoft
Corporation, WA).
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■ ABBREVIATIONS

ACN, acetonitrile; BSA, bovine serum albumin; BOC, tert-
butyloxycarbonyl; CCK, cholecystokinin; CCK2R, cholecysto-
kinin-2 receptors; DMEM, Dulbecco’s modified Eagle’s
medium; DTPA, diethylenetriaminepentaacetic acid; DOTA,
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid;
HATU, O-(7-azabenzotriazole-1-yl)-N,N,N′N′-tetramethy-
luronium hexa-fluorophosphate; HCCA, α-cyano-4-hydroxy-
cinnamic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid; HOAt, 1-hydroxy-7-aza-benzotriazole; MTC,
medullary thyroid carcinoma; MG, minigastrin; (N-Me)-Nle,
N-methyl-norleucine; NMP, N-methyl-2-pyrrolidone; RCP,
radiochemical purity; RT, room temperature; SPPS, solid-
phase peptide synthesis; SPE, solid-phase extraction; TFA,
trifluoroacetic acid
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