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Cholecystokinin-2 receptors (CCK;R) are overexpressed in neuroendocrine tumors, making them attractive
targets for radiopharmaceutical therapy. However, clinical CCK,R-targeting agents demonstrate limited
therapeutic efficacy, with only a small fraction of patients achieving sufficient tumor uptake for effective
treatment. This study presents the evaluation of novel gastramide theranostic compounds GA4 and
GA13, designed with enhanced structural properties for superior CCK,R targeting. DOTA-GA4, DOTA-
GAl3, and the clinical standard CP04 were synthesized and radiolabeled with lutetium-177 (*7Lu) for
comprehensive evaluation. The gastramide analogues achieved superior radiochemical stability (=99%
vs. 94% for CP04) and demonstrated three-fold improved metabolic stability in vivo, with 87% intact
peptides remaining compared to only 29% for CP04. [V’LulLu-DOTA-GA4 and [Y7LulLu-DOTA-GAL3
translated these stability advantages and increased binding affinity into exceptional therapeutic

R 4 14th N ber 2025 performance, reducing AR42J cell viability to 30% and 19% respectively compared to 50% for CP04. In

eceive th November . . . .

Accepted 23rd December 2025 xenograft studies, 20 MBqg doses of gastramide compounds extended median survival by 22-23.5 days
versus only 6 days for CP04. These results establish gastramide theranostics as an effective approach to

DOI: 10.1035/d5ra08789a CCK,R-targeted therapy, addressing current limitations and providing an improved treatment option for
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Introduction

Peptide-based radiopharmaceuticals have become important
therapeutics in oncology, delivering targeted radiation directly to
cancer cells while ensuring rapid clearance from healthy tissue.™*
Peptides that bind with high affinity to receptors overexpressed
on tumor cells can be used for imaging when labeled with
positron-emitting radionuclides such as gallium-68 (**Ga), or for
therapy when labeled with cytotoxic radionuclides such as the
beta emitter lutetium-177 (*”’Lu). This dual approach is termed
theranostics and has shown promising clinical success.>”
Cholecystokinin-2 receptors (CCK,R) are overexpressed in
various cancers, including the majority of medullary thyroid
carcinomas (MTC), more than half of small cell lung cancers
(SCLC), and various neuroendocrine tumors (NETs).*® This
expression pattern makes CCK,R an attractive target for nuclear
medicine imaging and therapy. The endogenous CCK,R ligand
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neuroendocrine tumors with substantially enhanced therapeutic outcomes.

gastrin and its 13-amino acid truncated form, minigastrin, have
formed the basis for CCK,R theranostic development.'®** CP04
(PP-F11) represents a well-established scaffold and is one of the
most thoroughly studied ligands for CCK,R imaging in clinical
settings (Fig. 1).">** The CP04 peptide was developed from the
minigastrin structure by substituting the N-terminal r-glutamic
acid residues with their p-isomers, resulting in enhanced
metabolic stability and reduced renal uptake and retention.***¢
Our clinical experience with [*®Ga]Ga-DOTA-CP04 PET/CT
across 33 patients with various tumor types has demonstrated
significant diagnostic utility while revealing opportunities for
improvement. In medullary thyroid cancer, CP04-positive find-
ings altered management in 33% of cases by enabling surgical
resection, and CCK,R-targeted imaging has shown valuable
outcomes in challenging atypical lung carcinoids.*® Notably, 89%
of NETs patients showed CCK,R-positive disease despite many
having negative somatostatin receptor 2 (SST-2R) expression.*
However, clinical findings have revealed important limita-
tions of '”’Lu-labeled CP04 for therapeutic applications. Many
tumors demonstrated heterogeneous and relatively low uptake
in CCK,R-positive tumors (average lesion SUV,,x 6.8)."* Only
two of eighteen patients with exceptionally high tumor uptake
(SUVax > 34) were considered suitable for ['””Lu]Lu-DOTA-
CP04 therapy, clearly indicating the need for improved agents
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Fig.1 Chemical structures of CCK,R targeting peptides CP04, GA4, and GA13.

that optimize tumor targeting while retaining minimal physio-
logical uptake.*”*

MGS5 represents one promising approach to addressing
these limitations. This minigastrin-derived truncated peptide
has demonstrated clinical utility in both advanced medullary
thyroid cancer and small cell lung cancer.*® In parallel, we
have independently developed our innovative gastramide series
of CCK,R-targeting compounds, which represents a distinct
approach to this therapeutic space and will be comprehensively
evaluated in this study.

Our approach led to the development of a novel library of
CCK,R-binding peptides with enhanced structural properties
designed to stabilize a biologically active B-hairpin structure.”>**
This methodology yielded GA4 and GA13, demonstrating
superior potency both in vitro and in vivo when targeting CCK,R
(Fig. 1).”?** When coordinated with natural gallium, GA4
(ICs0: 0.16 nM) and GA13 (ICs0: 0.10 nM) achieved notable 14-
and 24-fold improvements in binding affinity respectively
compared to CP04 (ICsq: 2.33 nM)."” The performance of GA4
has been validated through comprehensive metabolic stability
studies, demonstrating excellent human serum stability over 24
hours with >97% intact peptide, and substantially extended
half-lives of 25 h in mouse kidney homogenates (CP04 #: 0.2 h)
and 70 h in mouse liver homogenates (CP04 #3: 6 h)."

2124 | RSC Adv, 2026, 16, 2123-2132

The present study assesses the efficacy of GA4 and GA13
peptides as therapeutic radiopharmaceuticals when conjugated to
a DOTA chelator and labeled with the cytotoxic radionuclide 'L
As part of this evaluation, we examine the stability of these struc-
tures against radiolytic degradation, their in vitro toxicity, and their
in vivo therapeutic efficacy, using the clinically established CP04 as
a benchmark. This study is the first to systematically investigate
gastramide peptides as B-hairpin structures for CCK,R-targeted
radiotherapy.

Methods

All chemicals were purchased from commercial suppliers at the
highest available purity and used without further purification.
Reagents, coupling agents, and amino acids were obtained from
Sigma-Aldrich Australia, Merck (Germany), Combi-Blocks,
ChemPep Inc, Chem-Impex International, Auspep Australia,
and GL Biochem. Purified water was prepared using an in-house
water purification system (Milli-Q® Advantage A10 system).
Organic solvents (ACS grade) and anhydrous solvents included
diethyl ether (Thermo Fisher Scientific), dichloromethane
(DCM, Thermo Fisher Scientific), methanol (Thermo Fisher
Scientific),  acetonitrile = (MeCN, Merck), and di-
methylformamide (DMF, Thermo Fisher Scientific). DOTA was
supplied by Combiblocks for DOTA coupling reactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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YMO22, a selective CCK,R antagonist,” was used as a block-
ing agent in proliferation assays and purchased from Sigma-
Aldrich (Cat. # SML0220). The Cell Counting Kit-8 (CCK-8)
reagent for cell viability determination was obtained from
Sigma Aldrich Australia (Cat. # 96992-100TESTS-F).

Cell culture

AR42] rat pancreatic carcinoma cells were obtained from the
American Type Culture Collection (ATCC, CRL-1492) and
maintained in RPMI-1640 medium (Thermo Fisher Scientific,
Cat. # 11875093) supplemented with 20% fetal bovine serum
(FBS, Sigma-Aldrich Australia). Cells were cultured at 37 °C in
a humidified atmosphere containing 5% CO, and grown to
approximately 90% confluence before use.

Peptide synthesis and radiolabeling

The DOTA-modified peptides CP04, DOTA-GA4, and DOTA-
GA13 were synthesized using standard protocols, and then
purified, and isolated using established protocols to afford the
target compounds in high chemical purity (>95% purity
observed at 220 nm UV wavelength).'”** Briefly, peptides were
synthesized via Fmoc-based solid phase peptide synthesis
(SPPS) using Rink amide resin on a CEM Liberty Blue micro-
wave synthesizer at a 0.1 mmol scale. Fmoc groups were
removed using a 20% piperidine/DMF solution containing
oxyma under microwave irradiation. After rinsing with DMF,
Fmoc-amino acids were coupled with DIC and oxyma in DMF,
also using microwave irradiation. The peptide-resins were
rinsed with dichloromethane prior to global deprotection and
cleavage from the resin using a TFA-based cocktail for 2 hours.

Crude peptides were isolated and purified via preparative
HPLC on a Phenomenex Gemini 5 pm C18 110 A LC column
(250 mm x 30 mm) using a gradient of MeCN: 0.1% (v/v) TFA.
The gradient started at 30% MeCN for 1 minute, increased to
70% over 20 minutes, then to 90% for 2 minutes, and returned
to 30%, all at a flow rate of 30 mL min~". Quality control was
conducted using analytical HPLC/MS on a Shimadzu HPLC
system.

For the conjugation of DOTA to peptides, DOTA (1.5 eq. rela-
tive to the peptide) was pre-activated with NHS (2.25 eq.) using
EDCI (2.25 eq.) and DIPEA (3 eq.) in anhydrous DMSO (approxi-
mately 500 pL) and sonicated at 50 °C for 30 minutes until di-
ssolved. N-terminal free peptides GA4, GA13 and CP04 (1 eq.) were
dissolved in a minimal volume of anhydrous DMSO (200-500 pL),
shaken for 30 minutes at room temperature, and monitored by
LC-MS. Upon completion, distilled water was added to create
a 20:80 DMSO:water mixture, and the crude peptides were
purified using reverse-phase HPLC employing the aforemen-
tioned conditions, yielding the final products as a white solids.

These DOTA-peptides subsequently radiolabeled
with 7Lu as detailed in the SI materials. As a negative control
for in vitro assays, '’’Lu-labeled diethylenetriaminepentaacetic
acid (DTPA), an acyclic metal chelator with similar properties to
DOTA but without peptide conjugation, was prepared.
Comprehensive quality control testing was performed on all
radiolabeled peptides, including assessment of final

were
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formulation appearance, pH, radionuclidic identity (half-life
verification), radiochemical purity, and radiochemical identity
(see Table S1 for complete specifications and results).

In vitro proliferation assays

AR42] cells, a rat pancreatic tumor cell line with endogenous
CCK;,R expression, served as an established model for investi-
gating CCK,R-targeting ligands.?****** Cell-based assays were
performed to assess cytotoxicity of ”’Lu-labeled CP04, GA4, and
GA13 and their subsequent impact on cell proliferation. [*””Lu]
Lu-DTPA served as a control to evaluate *”’Lu effects that occur
independently of CCK,R binding.

Cells were grown to log phase and divided into 1 x 10° cell
aliquots across three treatment groups for each ligand: “No
Treatment”, “Treatment”, and “Treatment + Blocking”. After
washing with cold binding buffer (RPMI-1640 + 1% FCS), the
“Treatment + Blocking” groups were pre-treated with YM022
(500 pL, 1 pM) for 1 hour at room temperature with gentle
rotation, while “Treatment” groups received binding buffer only
(500 pL) under identical conditions. The radiolabeled ligands
["7Lu]Lu-CP04, ["’Lu]Lu-DOTA-GA4, ["’Lu]Lu-DOTA-GA13,
and control [*"Lu]Lu-DTPA were prepared at 5 MBq per mL
(100-115 nM) and added to appropriate aliquots (500 uL each).
Following 4 hours of gentle rotation at room temperature, cells
were washed with ice-cold binding buffer to remove unbound
ligand, resuspended in growth media, and plated at 750 cells
per well in flat-bottomed 96-well plates (100 pL). Cell prolifer-
ation was monitored daily over 10 days using the CCK-8 color-
imetric assay. The reagent was diluted 1:10 in binding buffer,
added to 96-well plates, and incubated at 37 °C for 1 hour before
reading absorbance at 450 nm.

In vivo metabolism studies

All animal experiments were conducted in accordance with the
Australian Code for the Care and Use of Animals for Scientific
Purposes (8th Edition, 2013) and approved by the Peter Mac-
Callum Cancer Centre Animal Experimentation Ethics
Committee (Ethics application number AEEC E636). Naive
female BALB/c nude mice were injected with 15 MBq of *""Lu-
labeled CP04, GA4, and GA13 (50 pL injections). After 15
minutes, blood (500 uL) and urine (20 uL) was collected.

Proteins in blood were precipitated out in equal volume of
acetonitrile (500 pL) which was vortexed. Samples were centri-
fuged at 14 000 rpm for 3.5 minutes. Supernatant (50 puL) was
added to MilliQ water (50 pL) and transferred to LC-MS glass
vials with inserts and analyzed using quantitative radio-HPLC.

The collected urine was diluted 1:5 in ultrafiltered MilliQ
water. Diluted urine (100 puL) was added to acetonitrile (100 pL)
to precipitate proteins. Samples were centrifuged at 14 000 rpm
for 3.5 minutes. Supernatant (100 pL) was transferred to LC-MS
glass vials with inserts and analyzed using quantitative radio-
HPLC.

In vivo therapy study

Female BALB/c nude mice (6-9 weeks old, 14-20 g) were sourced
from Animal BioResources (Moss Vale, New South Wales) and
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subcutaneously implanted with 3 x 10° AR42] cells with high
endogenous CCK,R expression. Cells were injected in a 1:1
Matrigel (Corning) : PBS mixture (100 pL) on the right flank.

Following inoculation, mice were monitored with thrice-
weekly measurements of body weight and tumor dimensions
using electronic calipers. Tumor volume (mm?®) was calculated
using the formula: length x width x height x m/6. Once
tumors reached appropriate volumes, animals were random-
ized into groups of six and administered intravenous injections
of either vehicle control, ['”’Lu]Lu-CP04, ["/’Lu]Lu-DOTA-GA4,
or [""Lu]Lu-DOTA-GA13 at doses of 10 MBq or 20 MBq.

Mouse weights (Tables S5 and S6) and tumor volumes
(Tables S7 and S8) are detailed in SI materials. Mice were
euthanized when tumors reached the endpoint volume (>1200
mm?®) or met other predefined humane criteria as outlined in
the Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes.

Statistics

In vitro proliferation assays were conducted using pairwise
comparisons between treatment groups with multiple two-
tailed t-tests and Holm-Sidak correction. For in vivo survival
analyses, Kaplan-Meier curves were compared using the log-
rank (Mantel-Cox) test. Hazard ratios and confidence intervals
were not calculated, as the focus was on assessing relative
therapeutic efficacy and survival benefits. Data were analyzed
using GraphPad Prism Software version 10.0.3 (GraphPad
Software, California, USA).

Results and discussion

Gastramide peptides ['”’Lu]Lu-DOTA-GA4 and [""’Lu]Lu-
DOTA-GA13 demonstrate enhanced radiostability compared
to [V"Lu]Lu-CP04

All DOTA-modified peptides were synthesized using previously
established methods, yielding the target compounds with >95%
purity.'”*"** Detailed methods for synthesis, DOTA coupling
and subsequent radiolabeling with ’’Lu can be found in SI
materials. For radiolabeling, non-carrier-added ['”’Lu]LuCl,
was obtained from the Australian Nuclear Science and Tech-
nology Organisation (ANSTO). Radiolabeling with '"’Lu was
performed using a buffer composed of 0.4 M ammonium
acetate, 0.24 M gentisic acid, 0.067 M L-methionine, and 0.05 M
sodium ascorbate, dissolved in a 4 : 1 mixture of H,O and EtOH,
achieving over 98% radiochemical incorporation and radio-
chemical purity of =94% (Table S1). The inclusion of gentisic
acid, -methionine, and sodium ascorbate ensured that the final
formulation remained stable against radiolytic breakdown for
at least 48 hours post-synthesis, with purities =90%. L-Methi-
onine was particularly crucial for stabilizing ['’’Lu]Lu-CP04,
preventing the methionine in the sequence from undergoing
radiolytic oxidation to the corresponding sulfoxide.
Comprehensive quality control assessment was conducted
on each radiolabeled peptide, evaluating final formulation
appearance, pH, and radiochemical purity (Table S1). All radi-
oligands consistently met established quality control criteria
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throughout the study, including radiochemical purity verifica-
tion by both HPLC and TLC analysis.

The methionine residue in CP04 (Fig. 1) is susceptible to
radiolytic oxidation at elevated temperatures during radio-
labeling, compromising radiochemical purity as determined by
HPLC analysis.*® This represents a well-documented challenge,
with the sulfoxide oxidation product typically comprising 5-
10% of the final radioligand.>*** Our radiosynthesis of ['”’Lu]
Lu-CP04 yielded comparable results, achieving 94% radio-
chemical purity despite the use of stabilizing agents (Table S1).
The oxidized product accounted for approximately 6% of the
final material (Fig. S1, and Table S2).

The reactive methionine in CP04 was substituted with the
non-oxidizing isosteric analogue norleucine, which was N-
methylated at the amide bond to induce a turn motif in the
peptide sequence during the development of GA4 and GA13."7**
When conjugated to DOTA and radiolabeled with either *®Ga
or "’Lu, these gastramide analogues consistently demon-
strated improved radiochemical purity (=99%) compared to
CP04 (Table S1, Fig. S2 and S3)."”** While all radioligands in this
study met established preclinical quality standards, GA4 and
GA13 offer notable advantages for clinical translation through
their enhanced radiochemical stability and reduced degrada-
tion, making them promising candidates for clinical
development.

['”7Lu]Lu-CP04 is more readily metabolized in vivo compared
to gastramide radioligands GA4 and GA13

Radiolabeled peptides were evaluated for metabolic stability by
quantifying the amount of intact radiopeptide present in naive
BALB/c mouse blood and urine 15 minutes after injection. The
percentage of intact peptide was determined by radio-HPLC
analysis, quantifying the relative area under the curve (AUC)
of peaks corresponding to the intact and metabolized peptide.
This provides an important assessment of peptide stability after
traversing murine in vivo excretory pathways.

The analysis of blood samples showed that no detectable
signals were found for [”’Lu]Lu-CP04, ['””Lu]Lu-DOTA-GA4, or
['7Lu]Lu-DOTA-GA13 (see Fig. S5-S7). This suggests that all
three peptides are cleared from the bloodstream rapidly, with
no radiometabolites detected after 15 minutes.

[V7Lu]Lu-CP04 was readily metabolized in vivo at 15 minutes
post-injection, the majority of which was detected as a single
unresolved peak at the solvent front (Fig. S8). Along with small
peaks detected at 6.27 and 8.23 minutes (Table 1), the metab-
olized peptide accounted for 71.0 £ 10.8% of the peptide
detected by radio-HPLC. GA4 and GA13 were developed to
address the limitations identified in earlier investigations."” The
structural modifications introduced in GA4 and GA13 resulted
in substantial improvement in metabolic stability in vivo:
['’Lu]Lu-DOTA-GA4 and ["’Lu]Lu-DOTA-GA13 were found
87.0 £ 2.2% and 86.7 £ 2.4% intact respectively in mouse urine
(Table 1). This represents an approximate three-fold improve-
ment in stability of gastramide peptides compared to CP04.

In summary, the analysis indicated that the radio-
metabolites of the three ligands appeared as unresolved peaks

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In vivo peptide metabolism as determined by peptide % intact in urine at 15 minutes post-injection. Molar activity, retention, %

composition of *’Lu-labeled CP04 and gastramide peptides GA4, and GA13 (n = 3)

Molar activity” (Am)

Intact peptide Metabolized peptide

[V7Lu]Lu-CP04 27.68 MBq per nmol

[""Lu]Lu-DOTA-GA4 21.19 MBq per nmol

["7Lu]Lu-DOTA-GA13 19.93 MBq per nmol

b

Retention time (min) 5.72 1.59, 6.27, 8.23
Composition (%) 29.0 + 10.8 71.0 + 10.8
Retention time (min)* 12.47 1.57
Composition (%) 87.0 £ 2.2 13.0 £ 2.2
Retention time (min)* 12.46 1.58
Composition (%) 86.7 £ 2.4 13.3 £ 2.4

“ Molar activity at end of synthesis. ” HPLC conditions: Kinetex XB C18 column (5 pm, 100 &, 250 x 4.60 mm) eluted at 1 mL min~" with a gradient
of MeCN: 0.05% (v/v) TFA, starting at 25% MeCN for 1 min, increased to 35% over 9 minutes, then instantly increased to 90% and maintained for 2
minutes before returning to 25% MeCN. ¢ HPLC conditions: Kinetex XB C18 column (5 um, 100 A, 250 x 4.60 mm) eluted at 1 mL min~* with
a gradient of MeCN: 0.05% (v/v) TFA, starting at 5% MeCN for 2 min, increased to 60% over 13 minutes, then instantly increased to 90% and

maintained for 2.5 minutes before returning to 5% MeCN.

at the solvent front, representing rapidly generated polar, low-
molecular-weight peptide fragments, with no intermediate or
late-eluting radioactive species observed. The observed differ-
ences in the proportion of intact peptide between CP04 and the
GA analogues underscore the enhanced resistance of the latter
to proteolytic degradation.

177Lu-labeled GA4 and GA13 demonstrated enhanced
cytotoxicity in AR42J cells compared to [""Lu]Lu-CP04

This proliferation assay was designed to assess the relative
cytotoxicity and proliferation effects of CP04 and the gastramide
peptides GA4 and GA13 in AR42] cells, a rat cell line that
endogenously expresses CCK,R. This cell line is widely
employed for preclinical evaluation of minigastrin-based
imaging and therapeutic constructs and allows for direct
comparison against historical CP04 and other CCK,R targeting
ligands.

By treating AR42] cells with CCK,R-targeting radioligands
and monitoring cell viability over 10 days, the relative cytotox-
icity of these agents was quantitatively determined. ['"’Lu]Lu-
DTPA served as a negative control to assess toxicity from non-
specific ""Lu exposure without CCK,R targeting. To confirm
receptor-specific binding, YM022 blocking treatment groups
were included for all radioligands, with raw absorbance values
plotted alongside untreated controls. AR42] cells exhibit slow
proliferation kinetics with a doubling time of approximately
three days, as demonstrated in the untreated control groups
across all treatments (Fig. 2). Pairwise comparison of “Treat-
ment” and “Treatment + Blocking” was performed to evaluate
differences between these treatments, starting from day 3 as
cells were stabilizing on days 1-2 (Fig. 2). After initial culture
stabilization, cells exhibited the expected exponential growth
from day 4 onward, reaching maximum density by day 10. This
timepoint was selected as the assay endpoint to avoid exceeding
the upper detection limit of the CCK-8 colorimetric assay.

The effect of YM022 treatment on cell proliferation was
observed in growth rate graphs and quantified in pairwise
comparison of treatments (Fig. 2). Compared to “No treatment”
cohorts, YM022-treated cells in “No Treatment + Blocking” di-
splayed decreased cell proliferation on days 3-6 and 8-9, with
a significant difference observed on day 8 (73.6 + 4.1% cell

© 2026 The Author(s). Published by the Royal Society of Chemistry

viability versus 100 £ 7.5% “No Treatment”, p = 0.012). The anti-
proliferative effects of YM022 have been previously investigated,
with studies showing YMO022 inhibited both gastrin-induced
and basal proliferation in various cell types.*® AR42] cells are
derived from rat pancreatic tumors and naturally express
CCK,R, which respond to gastrin and cholecystokinin (CCK) by
activating pathways associated with cell growth and survival.>*
Therefore, blocking CCK,R with YM022 results in reduced cell
proliferation.

["”Lu]Lu-DTPA treatment, with or without YM022 blocking,
showed no significant impact on cell growth compared to
controls throughout the assay, demonstrating that CCK,R-
specific targeting is essential for '”’Lu therapeutic efficacy
(Fig. 2).

[V7Lu]Lu-CP04 exhibited a growth profile similar to
untreated and ['”’Lu]Lu-DTPA controls during the initial phase
(days 0-5), with modest growth inhibition beginning to emerge
by day 7. In contrast, the gastramide radioligands ([*””Lu]Lu-
DOTA-GA4 and ["’Lu]Lu-DOTA-GA13) demonstrated rapid
and pronounced growth inhibition evident as early as day 3.

Cell viability following [*”’Lu]Lu-DTPA treatment remained
statistically equivalent to untreated controls on each recorded
day (Fig. 2). Over ten days, cell viability of ['”’Lu]Lu-DTPA-
treated cells was 109.0 £+ 33.1% and 93.0 + 11.5% for “Treat-
ment” and “Treatment + Blocking” respectively.

Quantitative cell viability analysis revealed distinct thera-
peutic profiles among the radioligands tested. AR42] cells
treated with ["”’Lu]Lu-CP04 had cell viability greater than 75%
on days 1-8, indicating limited observable effect on cell prolif-
eration. The cytotoxic activity of CP04 became pronounced on
days 9 and 10, with cell viability of 71.0 & 2.4% and 50.5 £ 5.1%
respectively compared to “No Treatment” controls.

In contrast, ['”’Lu]Lu-DOTA-GA4's cytotoxic effect was
observed earlier, with 25.8 + 1.4% and 24.9 £ 2.6% cell viability
on days 3 and 4 respectively compared to untreated controls.
['“Lu]Lu-DOTA-GA4 continued to significantly impact cell
proliferation on subsequent days, with an average cell viability
of 33.7% across days 5-9. Specificity of ["’Lu]Lu-DOTA-GA4-
dependent cytotoxicity was confirmed by statistically signifi-
cant differences between GA4 “Treatment” and “Treatment +
Blocking” cohorts (Fig. 2). [V’Lu]Lu-DOTA-GA4 consistently

RSC Adv, 2026, 16, 2123-2132 | 2127
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Fig.2 (A) AR42J growth rates for no treatment (NT) + blocking (B), and treated with [¥”/LulLu-DTPA, [*7LulLu-CP04, [Y’LulLu-DOTA-GA4, and
[*LulLu-DOTA-GA13 over 10 days. Each ligand was evaluated in “No Treatment’, “Treatment”, and “Treatment + Blocking" cohorts. In blocking
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Pairwise comparison of treatments analyzed on days 3-10. Cell viability determined by normalizing to “No Treatment” control cohort. P-Value
threshold determined using the Holm-Sidak method and stratified according to APA style: p < 0.033 (*¥), p < 0.002 (**), p < 0.001 (***). Only p

values greater than 0.05 have been indicated.

impacted AR42] cell proliferation throughout the study, ulti-
mately reaching cell viability of 30.0 £ 10.4% on day 10. At study
conclusion, [“’Lu]Lu-DOTA-GA4 treatment decreased cell
viability 3.3-fold compared to the “No Treatment” group, and
1.6-fold more effectively than ['7’Lu]Lu-CP04 treatment.
["Lu]Lu-DOTA-GA13  also  displayed strong anti-
proliferative effects on cell growth, demonstrating 25.0 +

2128 | RSC Adv, 2026, 16, 2123-2132

1.2% cell viability on day 3, with a marginal increase on day 4 at
44.1 + 10.3%. On day 10, [*”"Lu]Lu-DOTA-GA13 was the most
cytotoxic agent for AR42] cells, with cell viability of 18.6 £ 3.6%.
This represents a 2.8-fold greater cytotoxic effect than [*”’Lu]Lu-
CP04.

Both GA4 and GA13 candidates exhibited significant cyto-
toxicity, impacting AR42] cell proliferation. Additionally,
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toxicity was confirmed to be CCK,R-specific, with cell viability
on day 10 at 30.0 £+ 10.3% and 18.6 £ 3.6% for GA4 and GA13
“Treatment” respectively compared to 89.6 + 0.4% and 80.0 +
1.9% “Treatment + Blocking” for the gastramide peptides

(Fig. 2).

77Lu-labeled gastramide radioligands demonstrate enhanced
tumor control and survival benefits in the AR42] xenograft
model

Cohorts of six AR42] xenograft mice received a single intrave-
nous injection of either saline vehicle or *”’Lu-labeled peptides
(CP04, GA4, and GA13) at doses of 10 MBq or 20 MBq on day 0,
with tumor growth monitored over 40 days (Fig. 3). Mice
receiving vehicle control demonstrated rapid tumor progres-
sion, with mice reaching endpoint from day 7. ['"’Lu]Lu-CP04
treatment produced modest tumor growth suppression at
both 10 MBq and 20 MBq doses. Comparison of therapeutic
effects at 10 MBq and 20 MBq showed no significant difference
in median survival (p = 0.96).

['”7Lu]Lu-DOTA-GA4 treatment resulted in an average tumor
volume of 405 mm? at day 13 for the 10 MBq cohort, while the
20 MBq treatment resulted in average 119 mm?® tumor volume,
representing a 3.4-fold reduction. Treatment with ['”’Lu]Lu-
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DOTA-GA13 yielded average tumor volumes of 274 mm® at day
13 for the 10 MBq dose and 204 mm® for the 20 MBq treatment.
These results demonstrate that gastramide analogues achieved
superior therapeutic efficacy compared to ['"’Lu]Lu-CP04
(Fig. 3).

Mice treated with 10 MBq of the gastramide peptides began
reaching endpoint from day 15 onwards. In contrast, 20 MBg-
treated mice displayed substantial tumor suppression even at
day 20, with average tumor sizes of 209 mm?® and 248 mm?® for
[7Lu]Lu-DOTA-GA4 and ["’Lu]Lu-DOTA-GA13 respectively.
These results demonstrate dose-dependent improvements in
tumor control for gastramide radioligands. The enhanced
tumor control translated into significant survival benefits. In
the 10 MBq treatment group, median survival was prolonged by
12.5 days ([/"Lu]Lu-DOTA-GA4) and 14.5 days ([*""Lu]Lu-DOTA-
GA13) compared to vehicle-treated mice (Table 2). In the 20
MBq treatment group, median survival was prolonged by 22
days ([V’Lu]Lu-DOTA-GA4) and 23.5 days (['’’Lu]Lu-DOTA-
GA13) compared to vehicle-treated mice (Fig. 3, and Table 2).
Furthermore, the difference between survival of mice treated
with ["7Lu]Lu-DOTA-GA4 and ["”"Lu]Lu-DOTA-GA13 at 10 MBq
(p = 0.42) and 20 MBq (p = 0.32) was not statistically significant,
indicating both agents are similarly effective at CCK,R-specific
tumor suppression (Table 2). While the present data
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Fig. 3 (A) Mean tumor (AR42J) volumes of mice treated with either 10 MBq or 20 MBq of [”/Lu]Lu-CP04, [*”LulLu-DOTA-GA4, and [*”Lu]Lu-
DOTA-GA13 compared to vehicle (n = 6 per group). (B) Kaplan—Meier survival plots showing probability of survival in the 10 MBg and 20 MBq

treatment groups compared to vehicle.

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 2123-2132 | 2129


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra08789a

Open Access Article. Published on 07 January 2026. Downloaded on 6/9/2026 4:26:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 Median survival (days) of mice bearing AR42J tumors for 10 MBq or 20 MBq of [Y7LulLu-CP04, [Y’LulLu-DOTA-GA4 or [Y’LulLu-

DOTA-GA13 compared to vehicle

10 MBq treatment 20 MBq treatment “p-values
Vehicle 10.5 days
[""Lu]Lu-CP04 17.5 days 16.5 days 0.96 (ns)
[""Lu]Lu-DOTA-GA4 23.0 days 32.5 days 0.005 (**)
[*”7Lu]Lu-DOTA-GA13 25.0 days 34.0 days 0.022 (*)
bp.yalues 0.42 (ns) 0.32 (ns)

“ p-values determined by comparing same ligand at 10 MBq and 20 MBq treatments using log-rank (Mantel-Cox) test.  P-Values determined by
comparing ['”’Lu]Lu-DOTA-GA4 and ['”’Lu]Lu-DOTA-GA13 at different doses using log-rank (Mantel-Cox) test.

demonstrates substantial preclinical efficacy, these findings
require confirmation in human-CCK,R models prior to clinical
translation.

These results demonstrate dose-dependent improvements in
both tumor control and survival for the gastramide radio-
ligands, with ["’Lu]Lu-CP04 showing moderate therapeutic
response compared to the superior efficacy and survival benefits
of the gastramide analogues. No treatment-related weight loss
or early morbidity were observed in any cohort, including at the
highest administered activity (Tables S5 and S6). Given that GA4
and GA13 retain the same radionuclide (*"’Lu) and chelator
(DOTA) as CP04, their toxicity profile is expected to be compa-
rable to established minigastrin-based radiotherapeutics eval-
uated at similar doses. Formal organ-specific and chronic
toxicity assessments will be undertaken in future therapy-
enabling studies as these candidates progress toward clinical
translation.

Conclusion

This preclinical evaluation demonstrates that gastramide radi-
oligands ["7’Lu]Lu-DOTA-GA4 and ["Lu]Lu-DOTA-GA13
exhibit improved performance compared to the -clinically
established ['”’Lu]Lu-CP04 for CCK,R-targeted radiotherapy. In
contrast to CP04, which is susceptible to radiolytic oxidation
during '"’Lu labeling and rapid enzymatic degradation in vivo,
the gastramide analogues exhibited improved radiochemical
purity, resistance to radiolytic breakdown (=99% vs. 94%
purity), and a three-fold improvement in metabolic stability in
vivo. The gastramide analogues achieved improved cytotoxic
potency (18.6-30.0% vs. 50.5% cell viability), and superior
therapeutic efficacy with median survival extensions of 22-23.5
days for the gastramide compounds compared to 6 days for
CP04 following treatment with 20 MBq of radioligand.

These findings validate our B-hairpin stabilization strategy
and highlight GA4 and GA13 as promising candidates for the
treatment of CCK,R-positive malignancies. The structural
features designed for conformational control not only enhance
stability and tumor uptake but also represent significant
advancements in peptide design. The synthetic accessibility,
favorable stability profile, and therapeutic performance of GA4
and GA13 position these agents comparably to clinically trans-
lated CCK,R ligands like CP04 and MGS5, paving the way for
future therapeutic applications.
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DOTA

cholecystokinin 2 receptor
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid

PBS phosphate buffered saline

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HPLC high-performance liquid chromatography

YMO022 (R)-N-{2,3-Dihydro-1-[2-(2-methylphenyl)-2-oxoethyl]-2-
oxo-5-phenyl-1H-1,4-benzodiazepin-3-yl]-N'-(3-
methylphenyl)-urea

DMEM Dulbecco's modified eagle medium

TFA trifluoroacetic acid

TIPS  triisopropylsilane

DIPEA N,N-diisopropylethylamine

NHS  N-hydroxysuccinimide

EDCI  N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride

DIC N,N-diisopropylcarbodiimide

DCM  dichloromethane

MeCN acetonitrile

DMSO dimethylsulfoxide

NaOH sodium hydroxide
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