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Molecular imaging and targeted radiotherapy with radiolabeled

cholecystokinin-2 receptor (CCK2R) targeting peptide probes

holds high promise to improve the clinical management of patients
with metastatic medullary thyroid carcinoma and other CCK2R-

expressing malignancies. Low stability and suboptimal targeting

of currently available radiolabeled peptide analogs has prompted
us to seek new stabilization strategies. In this study, we present

a new minigastrin analog with site-specific C-terminal modifications

showing a highly optimized targeting profile. Methods: DOTA-

D-Glu-Ala-Tyr-Gly-Trp-(N-Me)Nle-Asp-1-Nal-NH2 (DOTA-MGS5) ra-
diolabeled with 111In, 68Ga, and 177Lu was evaluated in extensive

in vitro stability studies. For 177Lu-DOTA-MGS5, additional metabolic

studies were performed on BALB/c mice. Receptor affinity and

cell uptake were studied in A431 human epidermoid carcinoma
cells transfected with human CCK2R (A431-CCK2R), as well as

the same cell line transfected with the empty vector (A431-mock).

A431-CCK2R/A431-mock xenografted athymic BALB/c nude mice

were used for biodistribution studies and small-animal SPECT/CT.
Results: DOTA-MGS5 radiolabeled with 111In and 177Lu showed

a highly increased stability against enzymatic degradation in differ-

ent media up to 24 h of incubation. Similar results were observed for
68Ga-DOTA-MGS5 incubated up to 4 h. In the blood of mice in-

jected with 177Lu-DOTA-MGS5, at least 70% intact radiopeptide

was detected up to 1 h after injection. The unlabeled peptide and

the complexes with the natural isotopes showed retained receptor
affinity, and the radiopeptides showed unexpectedly high cell

uptake in A431-CCK2R cells (.60% at 4 h). Regardless of the

radiometal used for labeling, impressively high uptake in A431-

CCK2R xenografts was found (∼20% injected activity/g 1–4 h after
injection), whereas the uptake in A431-mock xenografts was negli-

gible. Low background activity and favorable tumor-to-kidney ratios

(4–6) allowed for high image contrast in small-animal SPECT/CT.
Conclusion: The excellent targeting properties of DOTA-MGS5

support future clinical studies evaluating the diagnostic and thera-

peutic potential in patients with progressive or metastatic medullary

thyroid carcinoma, as well as other advanced-stage CCK2R-express-
ing malignancies.
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Cholecystokinin-2 receptors (CCK2R) are expressed at high
incidence in medullary thyroid carcinomas (MTC, . 90%), small

cell lung cancers (.50%), astrocytomas (.60%), insulinomas,

stromal ovarian cancers, gastrointestinal stromal tumors, and more

than 20% of gastroenteropancreatic tumors (1,2). CCK2R target-

ing, therefore, offers a highly personalized diagnostic and thera-

peutic approach for different cancers when safe and effective

systemic therapies are lacking. This is especially the case for

patients with unresectable, locally advanced, or metastatic MTC.

Because of substantial side effects, targeted treatment with the

multikinase inhibitors vandetanib and cabozantinib is restricted

to patients with progressive and symptomatic disease (3). In patients

with metastasized MTC, a higher tumor detection rate (.90%) was

found for CCK2R imaging in comparison to somatostatin receptor

imaging (40%) (4). Also, for about 20% of the patients with carcinoids

and other neuroendocrine tumors, an additive value of CCK2R

imaging was reported (5). Initial targeted radiotherapy in MTC

patients showed encouraging therapeutic effects; nephrotoxicity

was, however, found to be a major concern (6).
CCK2R-targeting peptide probes are based on the natural

ligands cholecystokinin and gastrin. Gastrin analogs generally

show higher receptor-specific uptake, but the kidney uptake is also

high. Renal accumulation was successfully reduced by depletion

of the penta-Glu sequence in minigastrin but was connected with

reduced physiologic half-life and poor diagnostic efficacy (7). A

high variety of synthetic modifications in the N-terminal part of

the peptide sequence was investigated to increase enzymatic stability,

reduce kidney retention, and improve tumor targeting (8,9). In the

C-terminal sequence Trp-Met-Asp-Phe-NH2, known to be essential

for receptor binding (10), only replacement of oxidation-sensitive

Met allowed maintenance of receptor affinity (8,11).
For 2 novel radiopeptides, clinical trials have recently been

initiated. In 4 MTC patients, 111In-labeled DOTA-(D-Glu)6-Ala-Tyr-
Gly-Trp-Met-Asp-Phe-NH2 (CP04) visualized all known tumor lesions
(12). Also, 177Lu-PP-F11N, derived from CP04 by replacement
of Met with Nle, showed high CCK2R-specific tumor uptake in
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a patient with progressive, metastatic MTC (13). Despite physiologic
uptake observed in stomach, colon, kidneys, and urinary bladder, the
dosimetry studies indicate the feasibility of targeted radiotherapy.
A main issue remaining unsolved is the limited enzymatic

stability of these linear peptide analogs in vivo. Rapid cleavage in
the C-terminal receptor-specific sequence occurs, and no improve-
ment in tumor uptake can be achieved by coadministration of
protease inhibitors (13). We have recently described a new stabili-
zation strategy based on site-specific amino acid modifications with
unnatural aromatic amino acids and N-methylated amino acids
preventing the metabolization of the C-terminal receptor-specific
sequence. When applied to the truncated minigastrin analog DOTA-
MG11 missing the penta-Glu motif (7), these modifications led to
compounds with high CCK2R affinity, improved bioavailability,
limited kidney retention, and highly increased tumor uptake (14).
In the present study, we have further refined our approach and

present the new minigastrin analog DOTA-D-Glu-Ala-Tyr-Gly-
Trp-(N-Me)Nle-Asp-1-Nal-NH2 (DOTA-MGS5) with an opti-
mized targeting profile. Specific modifications were applied in
the C-terminal receptor-specific sequence of the peptide, namely
replacement of Met with Nle and of Phe with 1-naphtyl-alanine
(1-Nal), as well as N-methylation of the peptide bond between
Trp and Nle. A comprehensive preclinical evaluation of the
DOTA-conjugated peptide analog radiolabeled with 111In,
68Ga, and 177Lu was performed. These studies included extensive
in vitro and in vivo stability studies, receptor affinity and cell
uptake studies, and tumor targeting and biodistribution studies in
an animal tumor model, highlighting the specific features of this
novel CCK2R-targeting peptide analog.

MATERIALS AND METHODS

Materials

All commercially obtained chemicals were of analytic grade and
used without further purification. 111InCl3 was purchased from Mal-

linckrodt Medical. Non–carrier-added 177LuCl3 produced from highly

enriched 176Yb was purchased from Isotope Technologies Garching.
68GaCl3 was obtained from a commercial 68Ge/68Ga generator with

nominal activity of 1,850 MBq (Eckert and Ziegler Eurotope) eluted

with 0.1N HCl solution (Rotem). DOTA-MG11 (DOTA-D-Glu-Ala-
Tyr-Gly-Trp-Met-Asp-Phe-NH2) and CP04 used for comparative stud-

ies were purchased from piCHEM. The A431 human epidermoid

carcinoma cell line stably transfected with human CCK2R (A431-

CCK2R), as well as the same cell line transfected with the empty

vector (A431-mock), was kindly provided by Dr. Luigi Aloj and cul-

tured as described elsewhere (15).

Peptide Synthesis

DOTA-MGS5 (DOTA-D-Glu-Ala-Tyr-Gly-Trp-(N-Me)Nle-Asp-1-

Nal-NH2) was synthesized and analyzed following a previously de-
scribed protocol (14). The chemical structure is displayed in Figure 1.

Radiolabeling and Characterization In Vitro

Standard protocols were used for labeling with the different

radiometals (9,14,16). Radiochemical purity of the radiopeptides

was analyzed using a high-performance liquid chromatography sys-

tem described elsewhere (9) together with a water/acetonitrile/0.1%
trifluoroacetic acid gradient with increasing concentrations of acetonitrile

(111In and 177Lu: 0–3 min, 10%; 3–18 min, 10%–55%; 18–20 min,

55%–80%; 20–21 min, 80%–10%; 20–25 min, 10%; 68Ga: 0–2 min,

20%; 2–12 min, 20%–70%; 12–12.1 min, 70%–20%; 12.1–15 min, 20%).
The stability of 111In-, 68Ga- and 177Lu-labeled DOTA-MGS5 was

investigated after incubation in phosphate-buffered saline (PBS; n 5 1)

and fresh human serum (1–2 nmol of peptide/mL, n 5 2). A PBS

sample of the radiolabeled peptides (;0.05 nmol/mL) was used to
determine the distribution coefficient (log D; n 5 8). A serum sample

(;0.5 nmol/mL) was used to assess the protein binding by size-exclusion

chromatography (n 5 2). For comparison, the same assays were per-
formed with 111In-CP04. The enzymatic degradation of radiolabeled

DOTA-MGS5 (n 5 2 for 111In; n 5 1 for 68Ga and 177Lu) was further

assessed in rat liver and kidney homogenates (;0.5 nmol of peptide/mL).

Previously published protocols were followed for this in vitro charac-
terization (14,17).

Cell Uptake and Receptor Binding Studies

The receptor affinity of DOTA-MGS5 (n 5 3), as well as CP04,

DOTA-MG11, and pentagastrin (n 5 1), was evaluated in competition

assays against 125I-Tyr12-gastrin-I on A431-CCK2R cells. Binding
assays, including also receptor binding studies with DOTA-MGS5

complexed with natIn, natLu and natGa (n 5 1), were performed as

described elsewhere (16). Half maximal inhibitory concentrations
(IC50s) were calculated following nonlinear regression using Origin

software (Microcal Origin, version 6.1).
Internalization and externalization experiments were performed on

A431-CCK2R and A431-mock cells following previously published

protocols (14,18). For internalization experiments, the cells were incu-
bated with the radiopeptides (final peptide concentration of 0.4 nM)

for up to 4 h, and the radioactivity of the lysed cells was determined

in relation to the total radioactivity added (% internalized radioac-
tivity). For externalization experiments, after 2 h of incubation the

medium was replaced with 3 mL of fresh medium (unblocked) or

medium containing 1 mM pentagastrin (blocked) and the efflux of

radioactivity evaluated in relation to the cell uptake (% externalized
radioactivity). Nonspecific binding was assessed in A431-mock

cells. In an additional experiment, the cell uptake in dependence

on the peptide concentration within the range of 0.04–160 nM was
investigated. Furthermore, comparative internalization studies at 2 h

of incubation were performed for DOTA-MGS5 and CP04 radiola-

beled with different radiometals, including blocking of the receptor-
specific uptake with 1 mM human minigastrin.

Animal Studies Evaluating the In Vivo Stability and

Tumor Uptake

Metabolic and biodistribution studies were performed in accor-
dance with the ethical standards of the institution and approved by the

Austrian Ministry of Science (BMWFW-66.011/0075-WF/V/3b/2016).

The metabolic stability of 177Lu-DOTA-MGS5 (10, 30, and 60 min
after injection; n5 1) and 177Lu-CP04 (30 min after injection; n5 1) was

evaluated in 5- to 7-wk-old female BALB/c mice (Charles River). Mice
were injected intravenously through a lateral tail vein with 20–45 MBq of

the 177Lu-labeled peptide (#2 nmol total peptide), and the percentage of

intact radiopeptide in blood was analyzed as described elsewhere (14,18).
Biodistribution studies were performed on female athymic BALB/c

nude mice (Charles River) injected subcutaneously with A431-CCK2R

FIGURE 1. Chemical structure of DOTA-MGS5.
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and A431-mock cells (2 · 106 in 200 mL) at an age of 6–8 wk. After

7–11 d, when tumors reached a volume of about 0.3 mL (1 mouse did
not develop the A431-mock xenograft), the mice were injected in-

travenously via a lateral tail vein with about 0.02 nmol of radiolabeled
peptide (;0.05 MBq for 111In, ;0.8 MBq for 68Ga, ;0.4 MBq for
177Lu) in groups of 4. After sacrifice at 1 or 4 h after injection, tumors
and other tissues were removed and weighed, and the radioactivity

was measured in the g-counter (Perkin Elmer Life Sciences and An-

alytic Sciences) together with a standard. Results were expressed as
percentage of injected activity per gram of tissue (%IA/g), and tumor-

to-organ activity ratios were calculated for selected tissues. Statistical
analysis (independent-samples t test, P , 0.05) was performed using

Origin software.
The imaging properties of 111In-DOTA-MGS5 were evaluated by

small-animal SPECT/CT. Three xenografted athymic BALB/c nude
mice (Charles River) were injected with 10 MBq (0.3 nmol) of the

radiolabeled peptide. Whole-body SPECT/CT images were obtained
at 1 and 4 h after injection under inhaled anesthesia (1 L/min 1.5%

isoflurane in O2) in the prone position on a heated bed using a small-animal
SPECT/CT 4-head camera (Bioscan). SPECT images were acquired in

helical scanning mode with 24 projections using 1.4-mm-pinhole col-
limators and a voxel size of 100 · 100 mm, and CT images were

acquired with a 45-kVp x-ray source (180 projections over 6 min)
(14). Region of interest analysis of the coregistered SPECT and CT

images was performed using VivoQuant image analysis software
(inviCRO LLC). After being scanned, the animals were sacrificed to

determine the tracer uptake in tumors and other tissues.

RESULTS

Peptide Synthesis and Radiolabeling

DOTA-MGS5 was synthesized with moderate yield and high purity
of at least 95%. Radiolabeling with the different radiometals

generally resulted in radiochemical purity of at least 95% at a
molar activity of no more than 35 GBq/mmol for 111In, no more than
40 GBq/mmol for 177Lu, and no more than 60 GBq/mmol for 68Ga.

Characterization of the Radiopeptides In Vitro

Table 1 summarizes the in vitro characteristics of radiolabeled
DOTA-MGS5 in comparison with 111In-CP04. For 111In-DOTA-
MGS5 and 177Lu-DOTA-MGS5, the stability in PBS and human
serum was analyzed for up to 24 h after incubation. Because of the
short half-life of 68Ga, 68Ga-DOTA-MGS5 was incubated only for
up to 4 h. The radiolabeled complexes showed a high stability in
aqueous solution. Also, in human serum more than 95% intact
radiopeptide was found. Comparative studies with 111In-CP04 showed
a high stability in PBS, whereas a lower stability (,90% intact radio-
peptide) was found in serum. 68Ga-DOTA-MGS5, 177Lu-DOTA-MGS5,
and 111In-DOTA-MGS5 showed a higher log D value than 111In-
CP04, confirming a somewhat lower hydrophilicity. Protein binding
was, however, comparable to 111In-CP04. A much higher degree of
degradation, with less than 30% intact radiopeptide, after 2 h was
found in rat liver homogenates than in human serum. 68Ga-DOTA-
MGS5 showed a faster degradation over time than the 111In- and
177Lu-labeled radiopeptides. In rat kidney homogenates, all radio-
peptides were almost completely degraded (Fig. 2).

Receptor Binding and Internalization Studies

A high CCK2R affinity with IC50s of less than 1 nM was
observed for DOTA-MGS5 and for the complexes with the natural
isotopes natIn, natLu, and natGa. A similar binding affinity was also
found for pentagastrin, DOTA-MG11, and CP04 (Table 2).
With 111In-DOTA-MGS5, remarkably high cell uptake values of

more than 60% were reached in A431-CCK2R cells after 4 h of
incubation (Fig. 3A). Efflux studies showed only a minor release of

radioactivity (,10%) under unblocked as-
say conditions, whereas much higher values
of more than 40% were reached when the
reuptake was blocked by addition of penta-
gastrin (Fig. 3B). Stable uptake values of
more than 50% were observed within a con-
centration range of 0.04–1.6 nM. At a con-
centration of 4 nM, the uptake was slightly
reduced to approximately 40% and further
dropped to 5%–10% at 40 nM and 160 nM
(Fig. 3C). The nonspecific uptake in A431-
mock cells was always below 1.5%. DOTA-
MGS5 radiolabeled with 111In, 68Ga, and
177Lu showed a considerably increased cell
uptake of 50%–60% in A431-CCK2R cellsFIGURE 2. Intact radiopeptide in rat homogenates of liver (A) and kidney (B).

TABLE 1
In Vitro Characteristics of Radiolabeled DOTA-Peptides

Radiolabeled peptide log D Protein binding* (%)

Stability in PBS*

(% intact radiopeptide)

Stability in serum*

(% intact radiopeptide)

68Ga-DOTA-MGS5 −2.37 ± 0.09 23.0 ± 0.3 95.5 96.6 ± 0.8

111In-DOTA-MGS5 −2.03 ± 0.12 44.3 ± 0.3 97.7 97.2 ± 0.6

177Lu-DOTA-MGS5 −2.18 ± 0.11 39.0 ± 1.6 95.5 96.5 ± 0.1

111In-CP04 −4.70 ± 0.35 33.0 ± 0.3 96.0 88.2 ± 0.1

*111In and 177Lu: 24 h of incubation; 68Ga: 4 h of incubation.
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at 2 h after incubation (Fig. 4A) when compared with radiolabeled
CP04 (15%–30%; Fig. 4B). Blocking studies with human mini-
gastrin showed uptake values below 1.5%, confirming the receptor
specificity (Fig. 4C).

Metabolic Studies and Biodistribution Studies In Vivo

In BALB/c mice injected with 177Lu-DOTA-MGS5, 86% intact
radiopeptide was present in blood at 10 min after injection and still

77% and 70% intact radiopeptide could be detected at 30 and 60

min after injection, respectively. In comparative studies per-

formed with 177Lu-CP04 at 30 min after injection, only 5% intact

radiopeptide was observed in blood. Representative radiochro-

matograms at 30 min after injection are displayed in Figure 5.
In the biodistribution studies, DOTA-MGS5 radiolabeled with

different radiometals was rapidly cleared from the body, mainly

through the kidneys, and a low nonspecific uptake generally
occurred in most tissues (Fig. 6; Supplemental Table 1; supplemen-

tal materials are available at http://jnm.snmjournals.org). In blood,

lung, heart, spleen, and liver, 68Ga-DOTA-MGS5 showed a slightly

higher uptake than 111In-DOTA-MGS5 at 1 h after injection (P .
0.05). In CCK2R-expressing stomach and pancreas, the uptake of
68Ga-DOTA-MGS5 was lower but was significantly reduced only

for stomach (P , 0.01). The uptake of 111In-DOTA-MGS5 sig-

nificantly decreased over time in blood, lung, heart, spleen, liver,

and kidney (P , 0.03). When 111In-DOTA-MGS5 and 177Lu-

DOTA-MGS5 were compared at 4 h after injection, only in

CCK2R-expressing pancreas (P , 0.02) was a significant differ-

ence found. The uptake in kidneys remained at less than 6 %IA/g

for all radiopeptides and time points studied. Impressive tumor

uptake and tumor retention were observed for 111In-DOTA-MGS5

in A431-CCK2R xenografts, with values of 19.53 6 5.42 %IA/g at

1 h after injection and 23.49 6 1.25 %IA/g at 4 h. A similar tumor

uptake was also observed with 68Ga-DOTA-MGS5 (23.25 6 4.70

%IA/g, 1 h after injection) and 177Lu-DOTA-MGS5 (24.456 3.11

%IA/g, 4 h after injection), whereas only minimal uptake occurred

in A431-mock xenografts (,1 %IA/g). When comparing the up-

take of 111In-DOTA-MGS5 at 0.02 nmol (biodistribution, 4 h after

injection) and 0.3 nmol (imaging, ;5 h after injection), that in

A431-CCK2R xenografts was reduced by 40% (P , 0.02) at the

higher peptide amount. Also, the uptake in CCK2R-expressing

pancreas (P , 0.01) and stomach (P , 0.02), as well as intestine

(P , 0.01) and kidneys (P , 0.01), was significantly lower. The

low activity levels in blood and normal tissue combined with

strong uptake and prolonged retention in the tumor over time

resulted in high tumor-to-organ activity ratios, especially at 4 h

after injection, with mean values of 256–572 for blood, 6.11–6.53

for kidneys, and 3.08–4.74 for stomach (Supplemental Table 2).
Small-animal SPECT/CT imaging with 111In-DOTA-MGS5

ultimately confirmed the favorable biodistribution profile (Fig. 7).
On the maximum-intensity projections, a low background activity
and high image contrast were observed. At 1 h after injection, the
most prominent structure was the A431-CCK2R tumor. Excretion
of radioactivity via the kidneys and bladder could also be seen. No
uptake was observed in A431-mock tumors, which were visible
only on CT. At 4 h after injection, the bladder was almost emptied
and the kidneys could no longer be seen, whereas the tumor uptake
remained comparatively high (0.41 and 0.36 MBq at 1 and 4 h,
respectively). From the region-of-interest analysis performed on
2 mice, a tumor-to-kidney ratio of more than 2 and more than 4
was calculated for 1 and 4 h after injection, respectively.

DISCUSSION

Despite extensive radiopharmaceutical development, radiolabeled
CCK2R-targeting peptide analogs have not yet been introduced

into routine clinical practice. In the present study, we describe the

novel minigastrin analog DOTA-MGS5 with site-specific stabiliza-

tions in the C-terminal receptor-specific sequence. It has recently

been reported that the radiolabeled minigastrin analogs currently

investigated in clinical trials are rapidly metabolized at this site

by different proteases (13). The preclinical characterization of

DOTA-MGS5 radiolabeled with 111In, 68Ga, and 177Lu shows that

FIGURE 3. Cell uptake of 111In-DOTA-MGS5. (A) Internalized activity in A431-CCK2R and A431-mock cells. (B) Efflux of radioactivity from A431-

CCK2R cells. (C) Internalization in dependence on peptide concentration.

TABLE 2
IC50 as Calculated from Competition Assays Against

125I-Tyr12-Gastrin-I

Peptide analog IC50 (nM)

DOTA-MGS5 0.4 ± 0.2

natIn-DOTA-MGS5 0.2 ± 0.04

natGa-DOTA-MGS5 0.6 ± 0.2

natLu-DOTA-MGS5 0.6 ± 0.1

CP04 0.4 ± 0.1

DOTA-MG11 0.9 ± 0.3

Pentagastrin 1.0 ± 0.2
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this new peptide analog fulfils important criteria for diagnostic and
therapeutic use in nuclear medicine: excellent target-to-nontarget
ratios, specific binding to tumor tissue, and high metabolic stabil-
ity (19). To our knowledge, this is the first report on a radiolabeled
CCK2R-targeting peptide probe with such an intense tumor uptake
along with favorable tumor-to-kidney ratios.
Because most of the CCK2R-targeting radiopeptides previously

developed have been studied in the A431-CCK2R/A431-mock
mouse tumor model (9,14,20), this model was used for the pre-
clinical evaluation of DOTA-MGS5. An impressively high and
persistent tumor uptake (.20 %IA/g) was observed in A431-
CCK2R xenografts together with considerably improved tumor-
to-kidney ratios (.6). The uptake was clearly receptor-specific, as
shown by the limited uptake in A431-mock xenografts (,1 %IA/
g), and was confirmed in blocking studies on A431-CCK2R cells
in vitro. The extraordinary targeting properties also become clear
from the small-animal SPECT/CT imaging performed with 111In-
DOTA-MGS5 at a 10-fold higher peptide amount, even though
partial saturation effects occurred in A431-CCK2R tumors and
in CCK2R-expressing tissues.
DOTA-MGS5 also seems highly promising for targeted radio-

therapy, as the tumor uptake of 177Lu-DOTA-MGS5 is more than
tripled in comparison with the radiopeptides currently used in
clinical trials. 177Lu-CP04 and 177Lu-PP-F11N show a tumor up-
take of 6.70 6 0.56 and 6.94 6 0.82 %IA/g in A431-mock xeno-
grafts when injected at a comparable peptide dose of 0.01 nmol. In
xenografts based on human MTC cells (MZ-CRC-1), in line with a

higher number of binding sites, a higher uptake (10–20 %IA/g)
was observed for both radiopeptides. Still, tumor-to-kidney ratios
with values of 3–4 were clearly inferior (13). In comparative cell
uptake studies using CP04 and DOTA-MGS5 radiolabeled with
different radiometals, we could confirm the highly increased cell
internalization of DOTA-MGS5.
When analyzing our data, different parameters explain the

optimized targeting profile of radiolabeled DOTA-MGS5.
Even though the C-terminal sequence Trp-X-Asp-Phe-NH2

(with X being Met or a Met-like substituent) (7) was postulated
to be essential for receptor binding, DOTA-MGS5, with methyl-
ation of the peptide bond between Trp and Nle and the voluminous
amino acid 1-Nal at the C terminus, showed high binding affinity.
For CCK4 analogs, the exchange of Met with (N-Me)Nle resulted
in increased CCK2R affinity (21), whereas the additional substitution
of Phe with 1-Nal abolished this positive effect (22). As reported
previously also for another minigastrin analog (23), we saw no
metal-related changes on receptor affinity and cell uptake. We
found evidence in the literature that the C terminus of gastrin
assumes a well-defined b-turn that interacts with a hydrophobic
pocket of the CCK2R (24). Especially, the aromaticity of Phe was found

FIGURE 5. Radiometabolites as analyzed by radio–high-performance

liquid chromatography from blood of BALB/c mice 30 min after injection

with 177Lu-DOTA-MGS5 (A) and 177Lu-DOTA-CP04 (B). Dashed line

shows radiochromatogram of radiopeptide before injection.

FIGURE 6. Biodistribution of DOTA-MGS5 radiolabeled with different

radiometals in A431-CCK2R/A431-mock xenograft–bearing BALB/c

nude mice. Data are mean ± SD (n 5 4). p.i. 5 after injection.

FIGURE 4. Cell internalization of DOTA-MGS5 (A) and CP04 (B), as well as blocking studies for DOTA-MGS5 (C).
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to increase polar receptor–ligand interactions (25). The amino acid
substitutions applied in DOTA-MGS5 increase the lipophilicity
of the radiopeptide, possibly promoting the receptor interaction.
We could show that the specific substitutions in the C-terminal

sequence of DOTA-MGS5 successfully prevent the metabolic
degradation in vivo. In the blood of BALB/c mice injected with 177Lu-
DOTA-MGS5, 70% intact radiopeptide was still found at 1 h after
injection. Such a stabilization could not be achieved with N-terminal
modifications (13,26). This improved stability against enzymatic deg-
radation in vivo was not an unexpected finding. Methylation of the
peptide bond between Trp and Nle and introduction of voluminous
amino acids at the C terminus were already investigated for CCK4
analogs, achieving compounds that are protected from degradation
in rat brain homogenates (23). Higher bioavailability is likely to
increment the amount of intact radiopeptide reaching the target
site. In the efflux studies from A431-CCK2R cells, we found a
much higher efflux of radioactivity under blocked assay conditions,
suggesting that the intact radiopeptide is excreted from the cells and
that only under unblocked assay conditions can reuptake occur.
Interestingly, DOTA-MGS5, because of its lower hydrophilicity,

revealed a 3-fold increased protein binding in vitro compared with
111In-DOTA-MG11, with values of 41.0% versus 10.1% at 4 h
(14). Also, 111In-CP04 showed an increased protein binding of
33.0%. The combination of increased enzymatic stability and in-
creased protein binding enhancing the initial systemic circulation
seems to be responsible for the reinforced specific CCK2R inter-
action at the tumor site. This hypothesis is supported by our recent
findings with another 111In-labeled minigastrin analog showing C-
terminal modifications. 111In-DOTA-MGS4 substituted with (N-Me)Nle
and (N-Me)Phe (instead of 1-Nal) showed enzymatic stability

similar to 111In-DOTA-MGS5 but a much lower protein binding.
The blood levels of 111In-DOTA-MGS5 at 1 h after injection (1.19 6
0.29 %IA/g) were more than 5 times higher than those of 111In-DOTA-
MGS4 (0.2 6 0.07 %IA/g). Consequently, 111In-DOTA-MGS5
showed a 2-fold higher tumor uptake in A431-CCK2R xenografts than
did 111In-DOTA-MGS4 (14). At the later time point of 4 h after
injection, the blood values of 111In-DOTA-MGS5 and 177Lu-DOTA-
MGS5 declined to low levels of about 0.1 %IA/g, comparable to
111In-DOTA-MGS4 (0.08 6 0.09 %IA/g), indicating that no pro-
longed systemic circulation occurred. Also, the 3-fold improvement
in tumor uptake of 111In-CP04 when compared with 111In-DOTA-
MG11 could be attributed to its higher protein binding rather than
stabilization against metabolic degradation.
The impressive targeting properties become clear from the small-

animal SPECT/CT imaging performed with 111In-DOTA-MGS5 and
indicate that with this new CCK2R-targeting peptide analog a higher
absorbed dose may be reached in the tumor also in targeted radiother-
apy with 177Lu-DOTA-MGS5. The absorbed dose of the kidneys could
potentially be reduced by the use of kidney protective agents such
as Gelofusine (B. Braun) (27). Also, the higher uptake observed in
the stomach when compared with 177Lu-CP04 and 177Lu-PP-F11N
(13) seems not to be limiting for a therapeutic application, as it
slowly decreases with time and in dependence on the injected peptide
amount. In radiation therapy, doses of less than 45 Gy are generally
accepted for the stomach without unacceptable complications (28).
Besides improved molecular imaging, DOTA-MGS5 seems therefore
especially promising for targeted radiotherapy in patients with ad-
vanced MTC and other CCK2R-expressing malignancies.

CONCLUSION

The high and persistent tumor uptake and favorable tumor to-
background activity ratios, including kidneys, give high promise
that new radiopharmaceuticals based on DOTA-MGS5 will be
powerful peptide probes in the localization and treatment of
patients with CCK2R-expressing tumors. DOTA-MGS5 radiola-
beled with different radiometals—111In for SPECT, 68Ga for PET,
or b-emitting radionuclides such as 177Lu—seems therefore most
suited for future clinical studies evaluating the diagnostic and therapeutic
potential in patients with progressive or metastatic MTC, as well as
other advanced-stage CCK2R-expressing malignancies.
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23. Lipiński PFJ, Garnuszek P, Maurin M, et al. Structural studies on radiopharma-

ceutical DOTA-minigastrin analogue (CP04) complexes and their interaction

with CCK2 receptor. EJNMMI Res. 2018;8:33.

24. Giragossian C, Schaschke N, Moroder L, Mierke DF. Conformational and molec-

ular modeling studies of beta-cyclodextrin-heptagastrin and the third extracellular

loop of the cholecystokinin 2 receptor. Biochemistry. 2004;43:2724–2731.

25. Ahmed SI, Wibowo F, Gembitsky DS, Bozsó Z, Murphy RF, Lovas S. Impor-
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