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ABSTRACT: Radiolabeled gastrin analogues have been proposed for
theranostics of cholecystokinin subtype 2 receptor (CCK,R)-positive cancer.
Peptide radioligands based on other receptor antagonists have displayed
superior pharmacokinetics and higher biosafety than agonists. Here, we present
DGAL, a derivative of the nonpeptidic CCK,R antagonist Z-360 carrying an
acyclic tetraamine, for [**™Tc]Tc labeling. Preclinical comparison of [**™Tc]Tc-
DGAL with [*™Tc]Tc-DG2 (CCK,R-agonist reference) was conducted in
HEK293-CCK,R/CCKyy R cells and mice models, qualifying [**™Tc]Tc-
DGAL for further study in patients with CCK,R-positive tumors and single-
photon emission computed tomography/CT.

KEYWORDS: molecular imaging, [*"Tc]Tc radiotracer, tumor single-photon emission computed tomography imaging, CCK, receptor,
CCK,R antagonist

B INTRODUCTION shown superior pharmacokinetic profiles compared to their
agonist counterparts, characterized by higher tumor local-
ization and faster background clearance even from tissues
physiologically expressing their cognate receptors.'” Several

The cholecystokinin subtype 2 receptor (CCK,R) has been
regarded as an attractive molecular target for directing
diagnostic and therapeutic radionuclide carriers on tumor

sites.' ™ High density and high incidence of CCK,R expression examples from the somatostatin and bombesin peptide families
have been reported in medullary thyroid cancer (MTC).’ have confirmed these observations. As a result, a number of
Overexpression of CCK,R has also been documented in other theranostic radioligands based on SST, or GRPR antagonists
malignancies, including small-cell lung cancer, tumors of the are currently under clinical evaluation.”’** However, similar
gastrointestinal system, and stromal ovarian cancer.””'” A fair efforts toward the development of radiolabeled CCK,R
number of suitably tailored CCK/gastrin-based radioligands antagonists seem to be in their infancy so far.

have been developed as candidates in the theranostic A wide range of CCK,R antagonists reported in the
management of such CCK,R-expressing cancers, with a few literature could serve as motifs for the development of the
reaching the stage of clinical validation.”>™*° Thus far, these respective radioligands, with only very few being peptides. In
agents have been based on peptide CCK,R agonists. As most cases, diverse classes of small-size organic peptidomi-
expected, after injection to patients, they bind and activate the metics with the antagonistic profile at the CCK,R have been

CCK,R, eliciting a series of adverse effects that resemble those
of the pentagastrin test.'® These effects depend upon the
potency and injected dose of each analogue. Side effects may
become a major hurdle in the clinical application of agonist-
based radioligands, especially in the case of radionuclide
therapy, whereby higher peptide amounts need to be
administered to patients.

Recently, a shift of paradigm from receptor agonists to
receptor antagonists has occurred in the field of radiopeptide
development for cancer theranostics.'”'® Radiolabeled recep-
tor antagonists, despite their inability to internalize, have often

proposed for a number of clinical indications.”>™** The two
most prominent candidates, currently undergoing clinical
testing, were the benzodiazepine derivatives netazepide
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Scheme 1. Flow Chart for the Synthesis of DGA1 Adopting a Mixed Mode Strategy of SPPS and LPPS
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(YF476)*" and nastorazepide (Z-360).>*"** Our interest
was particularly triggered by Z-360, allowing the successful
conjugation of (i) a [*™Tc]Tc-chelate for molecular imaging
of CCK,R-expressing tumors with single-photon emission
computed tomography (SPECT)/CT,”” (ii) a fluorescent
near-infrared dye for guided biopsy and surgery of CCK,R-
positive lesions,’’ and (iii) delivery of cytotoxic drugs to
CCK,R-positive cancer cells with high specificity.*’ These
findings have verified that the Z-360 motif could be indeed
structurally modified to accommodate appropriate entities for a
number of theranostic applications and have strongly
motivated the present work.

For this purpose, we have attached an acyclic tetraamine
chelator, previously shown to facilitate the formation of several
classes of peptide radioligands with the eminent diagnostic
SPECT radionuclide technetium-99m,*> to Z-360 via a
nonmetabolizable PEG;-(DGlu), spacer. This spacer was
expected to enhance hydrophilicity and background clearance
of the end radiotracer without deteriorating receptor affinity.
Previous studies on (DGlu)s-gastrin radioligands, as for
example, the CCK,R agonist-based ['''In]In-CP04,'>*
showed excellent CCK,R affinity, high tumor targeting, and
rapid background clearance in preclinical models and in man.
Further benefits of selecting a nonpeptidic CCK,R antagonist
for clinical use would be higher biosafety and resistance to
degrading peptidases, such as neprilysin (neutral endopepti-
dase; NEP), an ecto-peptidase involved in the rapid in vivo
catabolism of CCK and gastrin.M_46
abovementioned expected advantageous qualities, we con-
ducted head-to-head comparison of DGAl and DG2 (a
CCK,R-agonist reference)'”'* and their end [®™Tc]Tc
radiotracers, [*™Tc]Tc-DGAL and [*™Tc]Tc-DG2, at the
cellular level and in mice models. To the best of our
knowledge, this is the first direct comparison of a CCK,R
antagonist radioligand with an agonist-based reference and is
expected to further boost the search for safe and effective
CCK,R-directed theranostic agents.

In order to confirm the
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B MATERIALS AND METHODS

Chemicals and Instrumentation. Compounds and
Radionuclides. Fmoc-(9-fluorenylmethoxycarbonyl)-protected
amino acid analogues and PEG; were purchased from Iris
Biotech (Marktredwitz, Germany) or Bachem (Bubendorf,
Switzerland). 2-Chloro-trityl-chloride polystyrene resin was
obtained from Rapp Polymers (Tibingen, Germany). The
protected chelator N,(‘Boc),-NHS was sourced from piCHEM
(Graz, Austria). Nastorazepide (Z-360) was bought from
MedKoo Biosciences, Inc., USA. Solvents and all other organic
reagents were purchased from Sigma-Aldrich (Vienna,
Austria). Demogastrin 2 (DG2, N,-Gly-DGlu-(Glu);-Ala-
Tyr-Gly-Trp-Met-Asp-Phe-NH,; N, = 6-carboxy-1,4,8,11-
tetraazaundecane) was prepared as previously reported."
Human [Leu'*]gastrin-17 (pGlu-Gly-Pro-Trp-Leu-(Glu)s-Ala-
Tyr-Gly-Trp-Leu-Asp-Phe-NH,) used for radioiodination was
obtained from Bachem (Bubendorf, Switzerland).

For radiolabeling, [*™Tc]TcO,” was eluted in normal saline
from a commercial [*’Mo]Mo/[**™Tc]Tc generator (Ultra-
technekow, Tyco Healthcare, Petten, The Netherlands), while
['**I]Nal in a 10~ M NaOH solution (pH 8—10, 185 MBq in
& 10 puL) was purchased from Perkin Elmer.

Instrumentation. Solid-phase peptide synthesis (SPPS) was
carried out using a SYRO-II (Biotage Uppsala, Sweden).
Analytical reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) was performed on an Agilent 1100 low-
pressure gradient HPLC system with a UV detector (Agilent,
Waldbronn, Germany) using a Nucleosil 100 C18 (5 ym, 150
X 4.0 mm) column (Macherey-Nagel, Diiren, Germany). The
products were analyzed applying different gradients of 0.1%
(v/v) trifluoroacetic acid (TFA) in H,O (solvent A) and 0.1%
TFA (v/v) in acetonitrile (solvent B) at a constant flow of 1
mL/min at UV 225 nm (system 1). Preparative RP-HPLC was
performed on a high-pressure gradient semi-preparative.
HPLC system LC-8A with a Shimadzu UV detector SPD-
20A using a Nucleodur C18 HTec (7 pym, 250 X 21 mm)
column (Macherey-Nagel, Diiren, Germany) at a constant flow
of 12 mL/min. The products and intermediates were purified

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00605
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using different gradients of 0.1% (v/v) TFA in H,0O (solvent
A) and 0.1% TFA (v/v) in acetonitrile (solvent B) at UV 220
nm. For purified DGAl (Z-360-PEG;-DGlu-DGlu-DGlu-
DGu-Lys(N,)—OH; Scheme 1), UV detection at 215 nm
was applied, and the abovementioned analytical Nucleosil C18
column was eluted with the following gradient: B 0.1% TFA in
MeCN 10% B to 90% B in 50 min. Matrix-assisted laser
desorption/ionization time of flight mass spectrometry
(MALDI-TOF-MS) spectra were acquired on an Axima
Assurance mass spectrometer (Kratos; Manchester, UK).
Further HPLC analysis of DGA1 was conducted on a Waters
chromatograph with a 600 solvent delivery system coupled to a
996 photodiode array UV detector; Millennium software was
used for data processing and for controlling the HPLC system.
A Waters RP-18 XTerra column (5 pm, 3.9 mm X 20 mm) was
eluted at a 1.0 mL/min flow rate with the following gradient:
0% B to 50% B in 50 min, where A = 0.1% aq. TFA and B =
MeCN (system 2). An automated well-type gamma counter
[NaI(Tl) 3” crystal, Canberra Packard Auto-Gamma 5000
series instrument] calibrated for technetium-99m or iodine-
125 was used for radioactivity measurements.

Synthesis of DGA1. Synthesis of 1. For the synthesis of 1
(H-PEG;-DGlu(O'Bu)-DGlu(O'Bu)-DGlu(O'Bu)-DGu-
(O'Bu)-Lys(Boc)-OH), H-Lys(Boc)-2Cl-Trityl-PS resin was
used with a substitution of >0.52 mmol/g as a starting material.
Coupling of the consecutive amino acids was achieved by
applying a 10-fold excess of Fmoc amino acid derivatives in
relation to the resin loading in DMF in the presence of 10
equiv of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU) and 10 equiv of (N,N-diisopropy-
lethylamine) DIPEA for 40 min at ambient temperature.
Coupling of Fmoc—NH—PEG;-COOH (3-fold excess) was
accomplished with 3 equiv of benzotriazol-1-yloxytris-
(pyrrolidino)phosphonium hexafluorophosphate (PyBOP)
and S equiv of DIPEA in DMF. Fmoc deprotection was
carried out by treatment with a solution of 30% piperidine in
DMF 3 X 5 min followed by five times DMF wash. Finally,
release of 1 from the resin was achieved by treatment with a 1/
4 v/v mixture of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and
dichloromethane (DCM) for 15 min at ambient temperature.
After solvent evaporation, crude 1 was purified by preparative
RP-HPLC. Pure fractions identified by liquid chromatogra-
phy—mass spectroscopy (LC—MS) were combined and freeze-
dried to furnish 1 (Supporting Information, Figures S1 and
S2).

Synthesis of 2. For the synthesis of 2 (Z-360-PEG;-DGlu-
DGlu-DGlu-DGu-Lys-OH), Z-360 was coupled with 2 equiv
of 1 by the addition of 2 equiv of PyBOP and 5 equiv of
DIPEA in DMF. The conversion was monitored by HPLC and
MS (Supporting Information, Figures S3 and S4, respectively).
After 4 h of reaction time, the coupling step was completed
and the solvent was evaporated, and the residue was
redissolved in 30% MeCN and freeze-dried. Finally, all
protecting groups were removed by treatment of crude 2
with TFA/DCM in a ratio of 50:50 v/v at ambient
temperature. The deprotection step was monitored by LC—
MS. The reaction mixture was evaporated to dryness,
redissolved in 30% MeCN, and purified by preparative RP-
HPLC. Pure fractions (Supporting Information, Figures SS and
S6) were pooled and freeze-dried to yield 2.

Synthesis of DGAT1. For the synthesis of DGAl (Z-360-
PEG;-DGlu-DGlu-DGlu-DGu-Lys(N,)—OH), 2 was dissolved
in a mixture of DMF and DIPEA (10 equiv), and a slurry of
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N,(‘Boc),-NHS (4 equiv) in DMF was added. The reaction
mixture was stirred at room temperature for 24 h following the
progress of the conversion by LC—MS. After evaporation of
the solvents (Supporting Information, Figure S7), the ‘Boc
groups were cleaved by treatment of the residue with a mixture
of TFA and DCM in a ratio of 30:70 v/v at ambient
temperature with the ‘Boc removal monitored by LC—MS.
The reaction mixture was dried and redissolved in 20% MeCN,
and DGAL1 was isolated by preparative RP-HPLC (Supporting
Information, Figure S8A,B). MALDI-TOF-MS confirmed the
formation of DGA1 (calculated MW: 1554.74, found: 1555.1;
Supporting Information, Figure S9), and analytical HPLC
revealed a purity of the desired conjugate exceeding 96%
(Supporting Information, system 1: single peak at t; = 15.3
min/system 2: single peak at t; = 31.0 min; Figure S8B,C,
respectively).

Radiolabeling and Quality Control. Preparation and
Analysis of [*"Tc]Tc-DGAT and [P*"Tc]Tc-DG2. Lyophilized
DGAL1 was dissolved in bidistilled water and DG2 in 20 mM
NaHCO;, both to a concentration of 2 mg/mL; solutions
thereof were stored at —20 °C in 50 uL aliquots. For [**™Tc]
Tc labeling, the following solutions were added into an
Eppendorf tube containing 0.5 M phosphate buffer (pH 11.5;
25 uL): 0.1 M sodium citrate (3 L), [**™Tc]Tc-NaTcO, (210
uL, 140—280 MBq) generator eluate, DGAl or DG2 stock
solution (7.5 pL, 7.5 nmol), and finally fresh SnCl, solution in
EtOH (S ug, S pL). After 30 min of incubation at ambient
temperature, the reaction mixture was neutralized by the
addition of 1 M HCI (4 uL), and EtOH was added (25 uL); in
the case of DG2, methinone (2 mM) was added to suppress
the oxidation of Met'® to the respective sulfoxide(s)."*> Quality
control comprised radioanalytical HPLC and instant thin-layer
chromatography (ITLC). HPLC analyses were performed on a
Waters chromatograph coupled to a 2998 photodiode array
UV detector (Waters, Vienna, Austria) and a Gabi gamma
detector (Raytest RSM Analytische Instrumente GmbH,
Germany). A Waters Symmetry Shield RP-18 column (S ym,
3.9 mm X 20 mm) was eluted at a 1.0 mL/min flow rate with
the following gradient: 0% B to 60% B in 20 min, where A =
0.1% aq. TFA B = MeCN (system 3). Under these conditions,
[#"Tc]TcO,”, [P™Tc]Tc-DG2, and [*™Tc]Tc-DGAL eluted
at 0.9 min, 12.6 min, and 15.4 min, respectively (Supporting
Information, Figure S10). For the detection of reduced
hydrolyzed technetium ([**™Tc]TcO,-xH,0), ITLC was
conducted on ITLC-SG strips (Pall Corporation, NY/USA),
as previously described."

Preparation of ['?[][I-Tyr'? Leu’*]gastrin-17. Radioiodina-
tion of [Leu'*]gastrin-17 was performed according to the
chloramine-T method, and ['I]J[I-Tyr'?Leu"*]gastrin was
isolated in high purity by HPLC. Aliquots of the radioligand
stock solution in 0.1% BSA-PBS buffer were kept at —20 °C
and were used in competition binding experiments (molar
activity of 74 GBq/umol).>*"’

All manipulations with gamma and beta emitting radio-
nuclides and their solutions were performed behind sufficient
shielding by trained personnel in facilities supervised by the
Greek Atomic Energy Commission and in compliance to
national and international radiation safety guidelines.

Cells and Cell Culture. For in vitro assays that monitor
ligand binding or internalization and for tumor induction in
animals, we used HEK293 cells transfected to stably express
the human CCK,R or the CCK,;, R splice variant, which were
a kind gift from Dr. P. Laverman (Randbound University

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00605
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Nijmegen Medical Center, Nijmegen, The Netherlands) and
Prof. M. R. Hellmich (University of Texas Medical Branch,
Galverston, TX, USA).M_49 Nontransfected HEK293T cells
were used as negative controls. Transfected HEK293 cells were
grown in Dulbecco’s modified Eagle medium (DMEM) with
GlutaMAX-I supplemented with 10% (v/v) fetal bovine serum
(FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and
400 pg/mL G418. Control HEK293T cells were cultured in
DMEM with GlutaMAX-I supplemented with 10% (v/v) FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin. All culture
media were purchased from Gibco BRL, Life Technologies
(Grand Island, NY, USA), and supplements were supplied by
Biochrom KG Seromed (Berlin, Germany). Cells were kept in
a controlled humidified air containing 5% CO, at 37 °C.
Splitting of cells with a ratio of 1:3 to 1:5 was performed when
approaching confluency using a trypsin/EDTA solution
(0.05%/0.02% w/v).

For in vitro assays, to determine [Ca®*], HEK293 cells
obtained from the American Type Culture Collection (Cat. no.
CRL-1573; Manassas, VA) were transfected to transiently
express the human CCK,R. The cells were maintained in
DMEM media (Thermo Fisher Scientific) containing 25 mM
glucose and supplemented with 10% FBS and 1% penicillin—
streptomycin. The human CCK,R ¢cDNA (NM_176875) in
plasmid pCMV6-Entry was obtained from OriGene Tech-
nologies, Inc. (Cat. no. RC200676; Rockville, MD, USA). This
plasmid was introduced into HEK293 cells by transfection
using Lipofectamine and Plus reagent (Thermo Fisher Sci.).
Resultant HEK293-hCCK,R cells were maintained in DMEM
cell culture medium. (Thermo Fisher Sci.) containing 25 mM
glucose and supplemented with 10% FBS and 1% penicillin—
streptomycin.

In Vitro Assays. Receptor Agonism/Antagonism Assays
of DGA1 and DG2. HEK293 cells transfected to transiently
express the human CCK,R and grown in monolayers were
harvested by trypsinization. Aliquots of the resulting single-cell
suspension were plated onto rat tail collagen-coated 96-well
Costar 3904 plates for fura-2-based measurements of [Ca**];
using a Flexstation 3 microplate reader in the kinetic mode
(Molecular Devices, Sunnyvale, CA).*> The composition of
the standard extracellular saline solution (SES) and fura-2
acetoxymethyl ester loading solution (fura-2 AM) were as
described previously.” Test solutions were administered using
the automated pipetting feature of the Flexstation under
computer control. Spectrofluorimetry was performed using
excitation light at 335/9 and 375/9 nm (center/bandpass
wavelengths) delivered using a 455 nm dichroic mirror.™
Emitted light was detected at 505/15 nm, and the ratio of
emission light intensities due to excitation at 335 and 375 nm
was calculated.”® Raw data were exported to Origin v7.5
(Origin Lab., Northhampton, MA) for processing. The percent
change in fura-2 ratio (A340/380) is illustrated after baseline
subtraction so that a value of 0.5 indicates a 50% increase in
ratio. The repeatability of findings was confirmed by
performing all experiments a minimum of three times.

Competition Binding Assays of DGA1 and DG2 in
HEK293-CCK;iys,R Cell Membranes. Competition binding
experiments of DGA1 and DG2 against ['*I][I-Tyr'?Leu'*]-
gastrin were conducted in HEK293-CCKy; R cell membranes,
harvested as previously described;'” unmodified Z-360 served
as the reference compound. Increasing concentrations of the
test compound (107" to 107 M) were mixed with the
radioligand (50 pM, ~30,000 cpm) and the membrane
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homogenate in a total volume of 300 xL binding buffer (pH
7.4, 50 mM HEPES, 1% BSA, 5.5 mM MgCl, 35 uM
bacitracin). Triplicates of each concentration point were
incubated for 60 min at 22 °C in an incubator-orbital shaker
unit (MPM Instr. Srl, Italy). The incubation was interrupted
by adding ice-cold washing buffer (10 mM HEPES pH 7.4, 150
mM NaCl), followed by rapid filtration over glass fiber filters
(Whatman GF/B, presoaked in binding buffer) on a Brandel
Cell Harvester (Adi Hassel Ingenieur Biiro, Munich,
Germany). Filters were washed with cold washing buffer and
were counted for their radioactivity content in the gamma
counter. The 50% inhibitory concentration (ICs,) values were
calculated by nonlinear regression according to a one-site
model applying the PRISM 6.0 program (Graph Pad Software,
San Diego, CA) and were expressed as mean + SD of three
experiments performed in triplicate.

Cell Binding and Internalization of [**™Tc]Tc-DGA1 and
[P Tc]Tc-DG2. For time-dependent internalization studies
with [?™Tc]Tc-DGAL and [**™Tc]Tc-DG2, HEK293-
CCKyR, HEK293-CCK R, or HEK293T (negative control)
cells were seeded in six-well plates 24 h before the experiment.
Cells were rinsed twice with ice-cold internalization medium
(DMEM Glutamax-I, supplemented by 1% (v/v) FBS), and
then, fresh medium was added (1.2 mL) at 37 °C, followed by
test radiopeptide (200 fmol total peptide in 150 uL 0.5% BSA-
PBS, 100,000—200,000 cpm). Nonspecific internalization was
determined by a parallel triplicate series containing 1 #M DG2.
Radiotracer incubation in HEK293-CCK,,,R or HEK293-
CCK;,R cells at 37 °C was interrupted at 15, 30, 60, or 120 min
by placing the plates on ice, removal of the medium, and
washing with 0.5% BSA-PBS; incubation in control HEK293T
cells was interrupted only at 1 h. Membrane-bound fractions
were collected by incubating the cells 2 X 5 min in acid-wash
solution (2 X 0.6 mL, S0 mM glycine buffer pH 2.8, 0.1 M
NaCl) at room temperature. Cells were subsequently rinsed
with 0.5% BSA—PBS, aspirated and lysed by the addition of 1
M NaOH (2 X 0.6 mL); lysates representing internalized
fractions were collected. Samples were measured for radio-
activity in the gamma counter, and the percentage of specific
internalized and membrane-bound fractions was calculated
with Microsoft Excel by subtracting the nonspecific values
(obtained in the presence of 1 uM DG2) from totals. Results
represent specific internalized+SD of total added radioactivity
per well from at least three experiments performed in triplicate.

In Vivo Tests. Metabolic Stability of [*°"Tc]Tc-DGA1 and
[P°"Tc]Tc-DG2 in Mice. A bolus containing [¥™Tc]Tc-DGAL
or [®™Tc]Tc-DG2 (100 uL, 55.5—111 MBgq, 3 nmol of the
total peptide in vehicle: saline/EtOH 9/1 v/v) was injected in
the tail vein of healthy male Swiss Albino mice (30 + 5 g
NCSR “Demokritos” Animal House Facility). Animals were
euthanized S min post injection (pi), and blood was collected
in prechilled polypropylene vials containing EDTA and Met
placed on ice. Samples were centrifuged at 2000g at 4 °C for 10
min, and plasma was collected and mixed with an equal volume
of ice-cold MeCN and centrifuged again for 10 min at 15,000g
at 4 °C. The supernatant was collected and concentrated to a
small volume (%~0.0S mL) under a gentle N, flux at 50 °C,
diluted with physiological saline (~400 uL), and filtered
through a Millex GV filter (022 pm, @13 mm). Suitable
aliquots of the filtrate were analyzed by RP-HPLC on a
Symmetry Shield RP18 (S ym, 3.9 mm X 20 mm) column
(Waters, Germany) eluted at a flow rate of 1 mL/min and
adopting gradient system 4: 100% A/0% B to 50% A/50% B in
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Scheme 2. Labeling of DGAI1 with Technetium-99m and Formation of [*mTc]Tc-DGAL
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50 min; A = 0.1% TFA in H,O and B = MeCN. The elution
time (tz) of the intact radioligand was determined by
coinjection with a sample of the labeling reaction solution.
Experiments were repeated three times.

In separate animal groups, a 100 uL bolus containing
[*"Tc]Tc-DGAL or [P™Tc]Tc-DG2 (100 wL, 55.5—111
MBgq, 3 nmol of the total peptide in vehicle: saline/EtOH 9/
1 v/v) was injected in the tail vein of healthy male Swiss
Albino mice. After 30 min, animals were sacrificed, and the
urine was collected from their bladder with a syringe in
prechilled polypropylene vials containing EDTA and Met
placed on ice. Samples were centrifuged at 35,000 rpm for 10
min, and aliquots of the supernatant (containing >95% of total
urine activity) were analyzed by HPLC under the conditions
described above.

Biodistribution of [*"Tc]Tc-DGAT and [P™Tc]Tc-DG2 in
Tumor-Bearing Mice. A ~150 uL bolus containing a
suspension of freshly harvested HEK293-CCK,;, R or
HEK293-CCK,R (1.8 X 107) cells in normal saline was
subcutaneously inoculated in the left flanks of 6 week-old male
SCID mice (NCSR “Demokritos” Animal House, 18 + 2 g
body weight); the respective HEK293T inocula (1.5 X 10’
cells in normal saline) were implanted on the right flanks of the
animals to serve as negative controls. After approximately 3
weeks, well palpable HEK293-CCK,;, R or HEK293-CCK,R
tumors (200 + 130 mg) were developed at the inoculation
sites, and biodistribution was conducted as follows. Animals
were injected in the tail vein with a bolus containing
[*™Tc]Tc-DGAL or [®™Tc]Tc-DG2 (100 uL, 148—185
kBq, 10 pmol of the total peptide, in vehicle: saline/EtOH
9/1 v/v) and were euthanized in groups of at least four at 1, 4,
and 24 h pi; gelofusine (100 uL) was coinjected in additional 4
h pi groups of mice bearing HEK293-CCK,;, R tumors. Mice
were dissected, and blood samples, organs of interest, and
tumors were collected, weighted, and counted in the gamma
counter. Biodistribution data were calculated as the percent of
injected dose per gram tissue (%ID/g) with the aid of suitable
standards of the injected dose, using the Microsoft Excel
program. Results represent average values & SD, n > 4.
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Statistical Analysis. For statistical analysis of biodistribution
results, the two-way ANOVA with multiple comparisons was
used applying Tukey’s post hoc analysis (GraphPad Prism
Software, San Diego, CA). P values of <0.05 were considered
to be statistically significant.

SPECT/CT Imaging. For SPECT/CT imaging, four mice
bearing twin HEK293-CCK,,, R and HEK293T tumors were
injected in the tail vein with a bolus containing [*™Tc]Tc-
DGAL (100 uL, 37 MBq of [**™Tc]Tc-DGAL associated with
1.5 nmol of DGAL, in vehicle: saline/EtOH 9/1 v/v) together
with vehicle (100 uL; controls) or with gelofusine (100 uL;
Gelo) and were euthanized at 4 h pi. Tomographic SPECT/
CT imaging was performed with the y-CUBE/x-CUBE
systems (Molecubes, Belgium). The SPECT system is based
on monolithic Nal detectors attached to SiPMs, with a 0.6 mm
intrinsic resolution. The CT system is based on a structured
CMOS detector of CsI with pixels of 75 pm and operates
between 35 and 80 kVp and 10—500 uA tube current, with a
33 pm fixed focal spot size. SPECT scans were acquired at 4 h
pi, with a 40 min duration protocol based on the injected
activity, and each SPECT scan was succeeded by a CT scan,
following a general-purpose protocol under S0 kVp, for
coregistration purposes. SPECT images were reconstructed
using the MLEM reconstruction method with a 250 pm voxel
size & 500 iterations. CT images were reconstructed using the
ISRA reconstruction method with a 100 gm voxel size.

Images were exported and postprocessed on VivoQuant
software, version 4.0 (Invicro, Boston). A smoothing median
filter (0.6 mm, spherical window) was applied to the images,
and the bladder was removed for consistency purposes.
Normalization of images was performed on tumor uptake
(i.e, tumors having the same maximum number of counts), to
achieve a direct visual comparison between control and
experimental groups.

All animal experiments were carried out in compliance with
European and national regulations and after approval of
protocols by national authorities.

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00605
Mol. Pharmaceutics 2020, 17, 3116—3128


https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00605?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.0c00605?fig=sch2&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://dx.doi.org/10.1021/acs.molpharmaceut.0c00605?ref=pdf

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

A

HEK293-hCCK2R Cells

B

12
[DG2]
° —@— 100 nM
£ 094 _e—10mm
« —e— 1nM
w 064 —e—100pM
T 10 pM
< 034 —e—1pMm
—O— Vehicle S333t%
0.0
0 50 100 150 200 250 300
Time (s)
C HEK293 WT Cells
0.4
[DG2] [ADP]
,g 034 —®—10uM —e— 20uM
15:“ —eo— 3uM
o —o— 1uM
& 024 W
5 —e—03uM
[T .
< 044 0.1 uM I$.
0.0 60440000000 POCIIAAARSANSSY
0 50 100 150 200 250 300
Time (s)

HEK293-hCCK2R Cells

0.8 -
—®— 100 pM DG2

L 064 —e— 0.1uMDGAT +
& 100 pM DG2
Qg4 ] —®— 1uMDGA1+
© v 100 pM DG2
=}
I8 —O— Vehicle
< 0.2

0.04

0 50 100 150 200 250 300
Time (s)

HEK293-hCCK2R Cells

1.2+
ECsgo 79 pM
%0.9- ,
= Hill Coeff. 0.6
N
'E 0.6
>
I
< 0.3
0.0
3 2 4 o 1 2

log [DG2] (nM)

HEK293-hCCK2R Cells

0.8+

—@— 100 nM DG2
S 06 —e— 1uMDGAT +
g 100 nM DG2
Q4] —® 10uMDGA1 +
© 7 100 nM DG2
T —o0— Vehicle | _
< 0.2 -

0.0

150 200 250 300
Time (s)

100

0 50

HEK293-hCCK2R Cells

0.8+
[DGA1]

L 064 —e—1uM
©
o —e— 0.1uM
?‘5 0.44 —®—0.01uM
5 —O— Vehicle
[T
< 0.2

0.04

100 150 200 250 300
Time (s)

0 50

Figure 1. Antagonist properties of DGAI at the CCK,R monitored in fura-2 assays of [Ca**],. (A) Dose-dependent action of the CCK,R agonist
DG2 (1 pM—100 nM) to increase levels of [Ca®"]; in HEK293-hCCK,R cells. (B) Linear regression analysis of the dose response data illustrated in
the panel (A). (C) DG2 (0.1—10 uM) fails to elevate levels of [Ca**]; in untransfected HEK293 cells, whereas ADP (20 M) does exert an agonist
action. (D) Partial antagonism of 100 nM DG2 agonist action by 1 or 10 uM DGAL. (E) Full antagonism of 100 pM DG2 agonist action by 1 yM
DGAL. (F) Little or no agonist action of DGA1 administered alone when tested at 0.01—1 yM. For panels (A—F), test solutions were administered
at the 100 s time point. Each data point was sampled at 6 s intervals so that the time course of the change in fura-2 ratio could be measured over a
300 s time frame. Standard deviation (SD) error bars indicate the average of eight wells for each time point in a single experiment. lustrations are

representative examples obtained in n = 3 separate experiments.

B RESULTS

Synthesis of DGA1. Synthesis was performed by a mixed
mode strategy of SPPS and liquid-phase peptide synthesis
(LPPS) using the Fmoc-protection methodology, as summar-
ized in Scheme 1. The peptide including the PEG, spacer (H-
PEG;-[DGlu(O'Bu)],-Lys(Boc)-OH) was assembled on a 2-
chlor-trityl resin followed by HFIP cleavage of the protected
fragment and subsequent RP-HPLC purification. Nonmodified
Z-360 was coupled in solution to the N-terminus of the PEG;
spacer followed by TFA deprotection and RP-HPLC
purification. Finally, the protected N, chelator (N,N’,N",N"-
tetrakis-(t-butoxycarbonyl)-6-(carboxy)-1,4,8,11-tetraazaunde-
cane) was attached to the lysine side chain; after removal of all
lateral protecting groups, the DGA1 product was obtained by
chromatographic purification and freeze drying. MALDI-TOEF-
MS data were consistent with the expected formula, whereas
analytical HPLC verified a >96% purity (Supporting
Information, Figures S1—S9).
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Radiochemistry. Radiolabeling of DGA1 (Scheme 2) and
DG2 with technetium-99m was accomplished after 30 min of
incubation at room temperature in an alkaline aqueous
medium containing citrate anions and SnCl,. A >96%
radiometal incorporation into the open-chain tetraamine
chelator was verified by RP-HPLC analysis (Supporting
Information, Figure S10). Radiopeptides were obtained at
molar activities of 18—37 MBq/nmol in >96% radiochemical
purity and hence were used as such in all subsequent biological
experiments.

In Vitro Assays. Agonism/Antagonism of DGAT and DG2
at the hCCK,R. The CCK,R agonist DG2 (1 pM—100 nM)
acted in a dose-dependent manner to stimulate a transient
increase in [Ca®']; in HEK293-hCCK,R cells (Figure 1A).
Linear regression analysis of this DG2 dose—response
relationship established the ECg, and Hill co-efficient values
to be 79 pM and 0.6, respectively (Figure 1B). No such agonist
action of DG2 was measured for HEK293 cells not transfected
with the CCK,R (Figure 1C), thereby establishing that this cell
line does not express endogenous CCK,R for DG2. Still, these
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untransfected cells did respond to the nucleotide ADP (20
uM) that served as a positive control by virtue of its ability to
stimulate endogenous purinergic receptors that are coupled to
Ca’" mobilization in HEK293 cells (Figure 1C).

We next demonstrated that DGA1 counteracted the agonist
action of DG2, as measured in HEK293-hCCK,R cells. For
this analysis, cells were pretreated for 20 min with DGAI and
then stimulated with a test solution that contained DG2 in
combination with DGA1. It was established that the action of
100 nM DG2 was reduced by ca. 50% by pretreatment with 10
uM DGA1 (Figure 1D). Additional dose—response analysis
was then performed using a lower concentration of DG2 (100
pM) that approximates its ECg, value in this assay. This
revealed that the agonist action of 100 pM DG2 was partially
inhibited (ca. 54%) by 0.1 uM DGA1, whereas DG2 agonist
activity was fully suppressed by 1 uM DGA1 (Figure 1E).
Importantly, when DGA1 (0.01—-1 uM) was administered
alone in the absence of DG2, the basal [Ca®*]; was barely
altered (Figure 1F). It may be concluded that DGAIL exhibits
antagonist properties to block DG2 agonist action at the
CCK,R.

Affinities of DGAT and DG?2 for the HEK293-CCKj;ys,R. As
shown in Figure 2, DGAl and DG2 displaced ['*I][I-
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Figure 2. Displacement curves of ['2°I][I-Tyr'2Leu'*]gastrin from
CCKyyye R sites on HEK293-CCK,y R cell membranes by increasing
concentrations of Z-360 (gray; ICso = 1.57 + 0.14 nM), DGAL1 (blue;
ICg, = 1.62 + 0.17 nM), and DG2 (red; ICso = 5.04 + 0.29 nM);
results are given as mean IC;, values + SD, n = 3.

Tyr'?,Leu'®]gastrin from CCK,,,R sites on HEK293-
CCK,jy R cell membranes in a monophasic and dose-
dependent manner. The antagonist DGA1 displayed equally
high affinity for the CCKyyR (ICs, = 1.62 + 0.17 nM)
compared to the unmodified Z-360 reference (ICg, = 1.57 +
0.14 nM), indicating that all structural modifications under-
taken were well tolerated by the receptor. In comparison, the
agonist DG2 showed less CCK,,,, R affinity (IC, = 5.04 +
0.29 nM) compared to either DGA1 or Z-360.

Cell Binding—Internalization of [*"Tc]Tc-DGAT and
[P*"Tc]Tc-DG2. Time-dependent cell association and internal-
ization rate curves for [™Tc]Tc-DGAI and [*™Tc]Tc-DG2
in HEK293-CCK,;,, R cells are shown in Figure 3A,B,
respectively. As shown in the figure, the overall CCKy R~
specific uptake of the antagonist [*™Tc]Tc-DGAl was
significantly lower than that of the agonist [*™Tc]Tc-DG2
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in all time points. For example, at 1 h of incubation at 37 °C,
the total specific cell uptake for [**™Tc]Tc-DGALI reaches 20.8
+ 2.0% of total added radioactivity and is almost equally
distributed in the membrane-bound (10.0 + 1.1%) and the
internalized (10.0 + 1.1%; n = 3) fractions. The respective
value for [*™Tc]Tc-DG2 is more than twice as high as 52.9 +
0.4% of total added radioactivity. Notably, the major portion of
the cell-associated activity is found within the cell (42.8 + 0.7%
internalized and 10.1 + 0.3% membrane-bound; n = 3), as
consistent with a radioagonist profile. Specific cell binding and
internalization rate curves for [**™Tc]Tc-DGAL and [*™Tc]-
Tc-DG2 in HEK293-CCK,R cells are additionally presented in
Figure S11A,B, respectively (Supporting Information), leading
to similar observations. In all the abovementioned cases,
nonspecific values did not exceed 1% of total added activity
(representative graphs for [*™Tc]Tc-DGAL and [*™Tc]Tec-
DG2 in HEK293-CCK,y R cells at 1 h are shown in the
Supporting Information, Figure S12). It should be noted that
the specific cell uptake of [*™Tc]Tc-DGAL in wild-type
HEK293T cells, devoid of CCK,R/CCK,;,, R expression, was
negligible at 1 h of incubation at 37 °C (Supporting
Information, Figure S12).

In Vivo Results. Metabolic Stability of [P Tc]Tc-DGAT
and [®"Tc]Tc-DG2 in Mice. [*™Tc]Tc-DGA1 remained
practically intact (97.0 £ 0.5% intact; n = 3) in peripheral
mouse blood at S min pi, as opposed to [*™Tc]Tc-DG2 that
showed noticeable degradation within the same period in
mouse circulation (54.4 + 5.7% intact; n = 4). Representative
radiochromatograms for the metabolic fate of [*™Tc]Tec-
DGALI and [*™Tc]Tc-DG2 in mouse circulation at 5 min pi
are displayed in Figure 4A,B, respectively. Interestingly,
radioactivity excreted in the urine at 30 min pi contained a
considerable portion of intact [**™Tc]Tc-DGAL (>55% intact;
Figure 4C).

Biodistribution of [*"Tc]Tc-DGAT and [P™Tc]Tc-DG2 in
Tumor-Bearing Mice. Biodistribution data for [*™Tc]Tec-
DGAI and [®™Tc]Tc-DG2 at 1, 4, and 24 h pi in animals
bearing double HEK293-CCK,, R-positive and HEK293-
CCK,yysR-negative tumors are summarized in Table 1; results
are expressed as %ID/g and represent mean values + SD, n =
4. We observe a very rapid washout of both radiotracers from
the body of mice predominantly via the kidneys and the
urinary tract. [*™Tc]Tc-DGAL displayed higher values in
blood, liver, and intestines compared to [*™Tc]Tc-DG2,
especially in the initial time intervals. For example, blood
values for [*™Tc]Tc-DGAL were significantly higher than
those for [*™Tc]Tc-DG2 at 1 h pi (7.46 + 1.38%ID/g vs 0.33
+ 0.03%ID/g; P < 0.001). Likewise, uptake in the kidneys was
significantly higher for [*Tc]Tc-DGA1 (96.09 + 12.01%ID/
g at 4 h pi) compared to [**"Tc]Tc-DG2 (51.73 + 8.91%ID/g
at 4 h pi; P < 0.0001), but renal values were found similar at 24
h pi (16.69 + 3.30%ID/g vs 11.92 + 1.81%ID/g; P > 0.05).
Interestingly, coinjection of gelofusine resulted in a drastic
reduction of renal accumulation for both radiotracers.”’ For
example, renal values after gelofusine coinjection dropped to
33.61 + 2.67%ID/g at 4 h pi for [*"Tc]Tc-DGAL (in
controls: 96.09 + 12.01%ID/g; P < 0.0001).

Both tracers displayed considerably higher uptake in the
HEK293-CCK,yy R-positive tumors compared to the tumors
devoid of CCKyy,R expression in all time intervals (P <
0.00001), consistent with a receptor-specific process. Notably,
[®™Tc]Tc-DGAL displayed about twice as high uptake in the
HEK293-CCKyy,,R-expressing tumors (e.g., 31.63 = 4.59%ID/
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Figure 4. Representative radiochromatograms of metabolic patterns in peripheral mouse blood S min after injection of (A) [*™Tc]Tc-DGAL (blue
line; 96.8% intact) and (B) [*™Tc]Tc-DG2 (red line; 55.0% intact), revealing the superior metabolic stability of the receptor antagonist; (C)
representative radiochromatogram of a mouse urine sample collected 30 min after [**"Tc]Tc-DGAIL, showing the major part of excreted
radioactivity in the form of the intact radioligand (blue scattered line).

g at 4 h pi) compared to [*"Tc]Tc-DG2 (e.g, 16.39 + 3.18%
ID/g at 4 h pi; P < 0.0001), and this uptake was not affected by
gelofusine coinjection (e.g., 32.13 + 3.53%ID/g at 4 h pi; P >
0.05). At the 24 h time intervals, the uptake of both
radiotracers declined in the CCK,,R-expressing xenografts
to comparable levels ([**™Tc]Tc-DGAL: 11.85 + 1.02%ID/g
and [*™Tc]Tc-DG2: 9.11 + 0.65%ID/g; P > 0.05).

Similar observations were made for the biodistribution of
[*Tc]Tc-DGAL and [*™Tc]Tc-DG2 in animals bearing
double HEK293-CCK,R-positive and HEK293-CCK,R-neg-
ative tumors for the 1, 4, and 24 h pi intervals (Supporting
Information, Table S1).

SPECT/CT Imaging. Mice SPECT/CT images obtained 4 h
after injection of [*™Tc]Tc-DGAL are presented in Figure 5.
Significant accumulation was achieved in the CCKyyueR-
expressing xenografts, but no uptake was evident in the
HEK293T tumors devoid of CCK,y,R expression. Clear
differences in renal accumulation could be observed between
control (Figure SAB) and gelofusine-treated animals (Figure
SC,D). Normalization on the tumor uptake (i.e., tumors having
the same maximum number of counts) has been performed to
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provide a clear visualization of the reduced accumulation on
kidneys, when gelofusine is administered, confirming biodis-
tribution results.

B DISCUSSION

Aiming to explore the potential of antagonist-based radio-
tracers in the diagnostic imaging of CCK,R-expressing tumors
in man, we herein introduced DGAL. In this peptidomimetic,
the small-size CCK,R-antagonist Z-360°7333%38 ywas com-
bined with an acyclic tetraamine chelator for technetium-99m
labeling,** and the two entities were linked together by a
PEG;-(DGlu), chain (Schemes 1 and 2). Z-360 displayed high
affinity and antagonistic profile at the CCK,R and was shown
to elicit antiproliferative effects in gastrointestinal cancer
models. As a result, it has been selected for clinical validation
in the treatment of pancreatic cancer in combination with
gemcitabine.”® Recently, Z-360 has been used as a motif for the
development of antagonist-based probes in the molecular
targeting of CCK,R-positive lesions with near-infrared dyes
(for fluorescence-guided surgery applications)*’ and techne-
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Table 1. Biodistribution of [**"Tc]Tc-DGAL1 and [**™Tc]Tc-DG2 in SCID Mice Bearing Twin HEK293-CCK,;, R-Positive
and HEK293-CCK,;,,,R-Negative Tumors at 1, 4, and 24 h pi, Expressed as %ID/g and Representing Mean Values + SD, n = 4

% ID/g + SD, n = 4

[®™Tc]Tc-DGA1 [®™Tc]Tc-DG2
organs 1h 4 h 4 h“ 24 h 1h 4 h 4 h“ 24 h

blood 7.46 + 1.38 0.94 + 031 091 + 0.12 0.09 + 0.03 0.33 + 0.03 0.09 + 0.01 0.10 + 0.03 0.04 + 0.01
liver 4.59 + 0.23 1.80 + 0.62 1.65 + 0.24 0.33 + 0.04 0.37 + 0.02 0.22 + 0.03 0.29 + 0.18 0.09 + 0.03
heart 3.12 + 0.35 0.64 + 0.13 0.50 + 0.07 0.12 + 0.03 0.28 + 0.03 0.08 + 0.03 0.11 + 0.07 0.08 + 0.02
kidneys 113.53+15.26 96.09+12.01 33.614+2.67 16.69+3.30 99.97+8.2 51.73+8.91 9.47+0.85 11.924+1.81
stomach 1.68 + 0.38 0.75 + 0.21 0.79 + 0.24 0.13 + 0.05 2.00 = 0.5 126 + 0.23 1.95 + 0.58 0.61 + 0.02
intestines 1.60 + 0.33 1.32 + 0.39 1.15§ + 0.37 0.23 + 0.0 0.55 + 0.15 0.29 + 0.09 0.51 + 0.1S 0.11 + 0.03
spleen 231 +£0.53 0.88 + 0.18 0.82 + 0.08 0.43 + 0.01 0.38 + 0.06 0.20 + 0.02 0.32 + 0.12 0.33 + 0.07
muscle 1.03 + 0.12 0.19 + 0.04 0.19 + 0.03 0.06 + 0.02 0.12 + 0.03 0.03 + 0.01 0.05 + 0.03 0.04 + 0.01
lungs 4.67 + 0.45 1.02 + 0.20 1.10 + 0.18 0.21 + 0.01 0.34 + 0.03 0.06 + 0.01 0.13 + 0.05 0.05 + 0.01
pancreas 2.06 + 0.24 0.38 + 0.09 0.39 + 0.07 0.07 £+ 0.02 0.25 = 0.01 0.12 £ 0.01 0.25 + 0.15 0.09 + 0.03
CCKyyeR(+) 31.9243.66 31.63+4.59 32.13+3.53 11.85+1.02 16.67+0.71 16.39+3.18 11.56+1.31 9.114+0.65

tumor
CCK,yR(—) 1.87+0.11 0.60+0.11 0.65+0.15 0.16+0.01 0.43+0.03 0.2440.05 0.26+0.06 0.1540.01

tumor

“Coinjection of 100 uL of gelofusine.

Figure S. Static whole body SPECT/CT images of mice 4 h after
injection of [*™Tc]Tc-DGAL (A,B) alone or (C,D) with gelofusine
coinjection; green arrows are showing the radiotracer uptake in the
HEK293-CCK,, R xenografts, orange arrows are pointing to the
HEK293T tumors, and white arrows are indicating the kidneys.
Intense uptake is observed in the CCK,;,, R-expressing tumors, but no
uptake is evident in the tumors devoid of CCK,, R expression; when
gelofusine is administered, the renal uptake has been significantly
reduced. The color bar indicates the difference in accumulated activity
(purple being the lowest and white being the highest level of
accumulation).

tium-99m (for diagnostic imaging with SPECT)** and for
delivering cytotoxic payloads to cancer cells."' First, results
from these studies have demonstrated the feasibility of
structurally modifying Z-360 to obtain conjugates retaining
good affinity to the CCK,R and showing promising qualities
for a number of clinical applications. However, important
parameters in the biological profile of the abovementioned
technetium-99m-based CCK,R-antagonists at the cellular level
(cell binding and internalization experiments; functional
assays) and in animals (metabolic stability) have not been
investigated. Moreover, comparison with established radio-
labeled CCK,R agonists have not been made.

3124

In the present work, we aimed to acquire the above-
mentioned missing information for further assessing the
applicability and efficacy of radiolabeled CCK,R antagonists
in the theranostic management of oncological patients. For this
purpose, we have designed our first CCK,R antagonist, DGA1.
In this new analogue, an acyclic tetraamine was selected for
technetium-99m labeling, instead of the peptide-based chelator
used in the initial reports on Z-360 which forms square
pyramidal mono-oxo Tc-complexes. Tetraamines have been
shown to form hydrophilic monocationic and in vivo robust
octahedral trans-dioxo Tc-complexes in high purity and high
molar activity, most suitable for labeling peptide ligands with
technetium-99m.*” In addition, this modification offered us the
advantage of head-to-head comparisons with [*Tc]Tc-DG2,
carrying the same tetraamine moiety via a Gly-linker to
[DGlu']minigastrin for labeling with technetium-99m. In
previous studies, [*™Tc]Tc-DG2 displayed an attractive
profile in preclinical models and in MTC patients,">"*
qualifying as a suitable CCK,R-agonist reference during the
preclinical evaluation of [*™Tc]Tc-DGAL.

Finally, the PEG;-(DGlu), linker was selected mainly for
improving pharmacokinetics. Data on Z-360 conjugates have
hinted at the problem of high lipophilicity and ensuing high
background levels after radioligand administration.”” Hence,
the introduction of hydrophilic spacers serving as pharmaco-
kinetic modifiers was proposed. For this goal, we decided to
use the PEG;-(DGlu), linker. First, the (DGlu), chain,
although nonsusceptible to protease degradation, could
provide four negatively charged carboxylate groups which, in
addition to the pendant carboxylate group of Lys, were
expected to enhance hydrophilicity and promote rapid
clearance of [*™Tc]Tc-DGAL via the kidneys and the urinary
tract. Radiolabeled gastrin analogues containing the (Glu)s
sequence of the natural CCK,R ligand have been notorious for
their high kidney uptake and retention.”’ However, recent
studies in animal models have shown that such renal retention
could be drastically cut down by simply replacing the original
(Glu)s chain with (DGlu)s, without, at the same time,
compromising tumor uptake.'>**>* Moreover, either (Glu)s/
(DGlu); group was reported to favor affinity to the CCK,R
and to be associated with higher metabolic stability. ">
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Notably, the abovementioned structural interventions did
not deteriorate CCK,R affinity, with DGAl and Z-360
displaying identical affinities during competition assays (Figure
2). Furthermore, DGA1 displayed an antagonistic profile at the
CCK,R during a [Ca®]; mobilization assay, by barely altering
basal [Ca’*]; when administered alone and by suppressing the
potent agonist activity of DG2 (ECsy = 79 pM), newly
established herein, under the same experimental settings
(Figure 1). To our knowledge, this is the first study confirming
the antagonistic properties of a Z-360 bioconjugate at the
CCK,R at the cellular level. Furthermore, the cell uptake and
internalization rates of the end radiotracer [*™Tc]Tc-DGAL
were directly compared with those of the CCK,R-agonist
reference [**™Tc]Tc-DG2. Comparisons were performed in
two cell lines transfected to stably express the human CCK,R
and its splice variant CCKyy, R, characterized by a 64 amino
acid insertion in the third cytoplasmic domain.*” The
CCK,4 R was found to be more tumor-specific and often
coexpressed with the CCK,R in cancer cells. As shown in
Figure 3 (and Figure S11, Supporting Information), [*™Tc]-
Tc-DGAL reached the highest cell uptake at 60 min of
incubation with the radioactivity equally distributed between
the cell membrane and the intracellular compartment. This
behavior albeit intriguing for a receptor antagonist is not
unique. Previous studies at the cellular level have shown that
well-characterized CCK,R antagonists may induce receptor
internalization while others do not.>*** In contrast, [*™Tc¢]Tc-
DG2 displayed considerably higher internalization as con-
sistent with a receptor agonist profile.

Of particular interest was the superior metabolic stability of
[®™Tc]Tc-DGAL versus the peptide-based [**™Tc]Tc-DG2 in
peripheral mouse blood (Figure 4A,B, respectively). The
metabolic fate of radiolabeled gastrin analogues, carrying the
radiometal chelate at the N-terminus, was shown to depend on
two major proteases, ACE and NEP."** Several studies have
demonstrated that the (Glu)s chain of native minigastrin
increased the resistance of related radioligands to proteolytic
enzymes, whereas truncated analogues lacking this sequence
were rapidly degraded in mice and human.'***® However,
even the (Glu);/(DGlu) chain containing radioligands, such
as [™Tc]Tc-DG2 or ['M'In]In-CP04, displayed a considerable
degree of in vivo degradation.s‘g’57 In contrast, [*™Tc]Tc-
DGALI was detected intact, confirming that the organic Z-360
moiety coupled to the PEG;-(DGlu), linker could resist
hydrolyzing proteases and other enzymes as well. Moreover,
the radioactivity excreted in urine contained a significant
amount of intact [*™Tc]Tc-DGAL, whereas [*™Tc]Tc-DG2
was excreted totally degraded."

Of great interest are the comparative biodistribution results
of [®™Tc]Tc-DGAL and [*™Tc]Tc-DG2 in mice bearing
CCK,yueR- (Table 1) or CCK,R-expressing xenografts (Table
S1, Supporting Information). In all cases, [*™Tc]Tc-DGA1
showed notably superior uptake compared with [*™Tc]Tc-
DG2 at 1 h and 4 h pi, reflecting the higher receptor affinity
and metabolic stability of the receptor antagonist. Elevated
values of [*™Tc]Tc-DGAL in blood and the liver at 1 h pi
rapidly declined with time, resulting in lower tumor-to-blood
and tumor-to-liver ratios for the receptor antagonist. It should
be noted that these ratios were superior for [*™Tc]Tc-DGAl
at all time points compared with the previously reported Z-360
radiotracer [*™T¢]Tc-CRL-3*’ (tumor-to-blood, [*™T¢]Tc-
DGAI1/[*™Tc]Tc-CRL-3: 33.6/7.0 at 4 h pi, 131.7/63 at 24 h
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pi; tumor-to-liver, [*™Tc]Tc-DGA1/[*™Tc]Tc-CRL-3: 17.6/
2.9 at 4 h pi, 35.9/4.5 at 24 h pi).

On the other hand, the renal uptake of [*™Tc]Tc-DGAI
was unfavorably high, higher than [**Tc]Tc-DG2 at both 1
and 4 h pi. It remains to be seen, if this elevated renal uptake is
clinically relevant. During the evaluation of the structurally
related [*"Tc]Tc-DG2 agonist in MTC patients, renal
clearance turned out to be very fast and kidney uptake in
human was found to be very low as opposed to the
corresponding values observed in mice.'”'* The renal uptake
of [*™Tc]Tc-DGAI1 was clearly unexpected, in view of the fact
that the previously reported [*™Tc]Tc-CRL-3 displayed
remarkably lower kidney uptake (13.4 + 2.1%ID/g at 4 h pi
and 2.6 + 1.6%ID/g at 24 h pi),” whereas the (DGlu), chain
(x < 6) was previously shown not to induce renal
accumulation in the case of minigastrin-based radiotracers.””>*
Each of the metal chelate, linker, or vector parts of [*™Tc]Tc-
DGA1 was not individually associated with elevated kidney
uptake with their combination, however, leading to this
unfavorable result. Interestingly, treatment of mice with
gelofusine was successful to strongly reduce kidney values of
[*Tc]Tc-DGAL, hinting at the involvement of the cubilin—
megalin system in the observed retention.’’ Following
gelofusine injection, the tumor-to-kidney ratios of [*™Tc]Tec-
DGAL were reduced, matching those of [**"Tc]Tc-CRL-3 at 4
h pi (~1). However, comparison of biodistribution data,
including kidney uptake values, between [**™Tc]Tc-DGAL and
[*"Tc]Tc-CRL-3, should be taken with caution because
different animal species were used in each case (male SCID
versus female nu/nu mice) and markedly different radioactivity
and peptide amounts (185 kBq associated with 10 pmol DGA1
versus 5.55 MBq associated with 10 nmol CRL-3)*" were
applied.

B CONCLUSIONS

A new technetium-99m radiotracer based on a CCK,R
antagonist has been developed and evaluated for its
applicability in the diagnostic imaging of human tumors with
SPECT in a series of cell and animal models. To our
knowledge, this is a first study whereby a CCK,R antagonist
was characterized at the cellular level in a head-to-head
comparison with the corresponding CCK,R agonist. Moreover,
clear advantages of the new [*™Tc]Tc-DGAL versus the
established [*™Tc]Tc-DG2 CCK,R-agonist reference could be
shown, including higher metabolic stability and superior
localization in CCK,R-positive tumors in mice, although
there is still space for improvement of pharmacokinetics.
These findings strongly support previous data on the feasibility
of developing a new generation of radioligands, based on
nonpeptidic CCK,R antagonists and associated with higher
safety, for use in theranostic management of cancer patients.
Systematic structure—activity relationship investigations in
search of further clinically effective and safe radioligands
seem therefore warranted.
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[(3R)-1-(3,3-dimethyl-2-oxobutyl)-2-0x0-S-pyridin-2-yl-3H-
1,4-benzodiazepin-3-yl]-3-[3-(methylamino)phenyl]urea;
CP04, DOTA-(DGlu)¢-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH,;
NEP, neprilysin, neutral endopeptidase; [Leu'*]gastrin, pGlu-
Gly-Pro-Trp-Leu-(Glu),-Ala-Tyr-Gly-Trp-Leu-Asp-Phe-NH,;
['*1][I-Tyr'?Leu"*]gastrin, pGlu-Gly-Pro-Trp-Leu-(Glu)s-
Ala-["T]I-Tyr-Gly-Trp-Leu-Asp-Phe-NH,; HPLC, high-per-
formance liquid chromatography; ITLC, instant thin-layer
chromatography; MALDI-TOF-MS, matrix-assisted laser
desorption/ionization time of flight mass spectrometry; LC—
MS, liquid chromatography—mass spectroscopy; SPPS, solid-
phase peptide synthesis; LPPS, liquid-phase peptide synthesis;
MTC, medullary thyroid cancer; SAR, structure—activity
relationships
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