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ARTICLE INFO ABSTRACT

Keffsword.s: Background: ['®F]AIF-NOTA-octreotide is an '®F-labeled somatostatin analogue which is a good clinical alter-
ALF native for °®Ga-labeled somatostatin analogues. However, radiolabeled somatostatin receptor (SSTR) antagonists
NOTA-JR11

might outperform agonists regarding imaging sensitivity of neuroendocrine tumors (NETs). No direct comparison
between the antagonist [ISF]AIF—NOTA—JRH and the agonist [18F]A1F—NOTA—0ctreotide as SSTR PET probes is
available. Herein, we present the radiosynthesis of ['8F]AIF-NOTA-JR11 and compare its NETs imaging prop-
erties directly with the established agonist radioligand ['®F]AIF-NOTA-octreotide preclinically.

Methods: [*®F]AIF-NOTA-JR11 was synthesized in an automated synthesis module. The in vitro binding charac-
teristics (ICs0) of ["F]AIF-NOTA-JR11 and ["*F]AIF-NOTA-octreotide were evaluated and the in vitro stability of
[lgF]AlF—NOTA—JRll was determined in human serum. In vitro cell binding and internalization was performed
with [18F]A1F—NOTA—JR1 1 and [18F]A1F—NOTA—octreotide using SSTR2 expressing cells and the pharmacokinetics
were evaluated using pPET/CT in mice bearing BON1.SSTR2 tumor xenografts.

Results: Excellent binding affinity for SSTR2 was found for ["F]AIF-NOTA-octreotide (ICso of 25.7 + 7.9 nM).
However, the ICsq value for ["'F]JAIF-NOTA-JR11 (290.6 + 71 nM) was 11-fold higher compared to ["*F]AIF-
NOTA-octreotide, indicating lower affinity for SSTR2. ['®F]AIF-NOTA-JR11 was obtained in a good RCY (50 + 6
%) but with moderate RCP of 94 + 1 %. [!®F]AIF-NOTA-JR11 demonstrated excellent stability in human serum
(>95 % after 240 min). 2.7-fold higher cell binding was observed for ['®F]AIF-NOTA-JR11 as compared to ['°F]
AIF-NOTA-octreotide after 60 min. pPET/CT images demonstrated comparable pharmacokinetics and tumor
uptake between [®F]AIF-NOTA-JR11 (SUVpay: 3.7 + 0.8) and ['®F]AIF-NOTA-octreotide (SUVpay: 3.6 + 0.4).
Conclusions: [**F]AIF-NOTA-JR11 was obtained in good RCY, albeit with a moderate RCP. The cell binding study
showed significant higher binding of [*®F]AIF-NOTA-JR11 compared to [\®F]AIF-NOTA-octreotide, despite the
higher ICsg value of AIF-NOTA-JR11. However, pharmacokinetics and in vivo tumor uptake was comparable for
both radiotracers. Novel Al'®F-labeled derivatives of JR11 with higher SSTR2 affinity should be developed for
increased tumor uptake and NET imaging sensitivity.

NOTA-octreotide
Somatostatin
Antagonist

1. Introduction tools for the diagnosis and treatment of patients with neuroendocrine
tumors (NETs), respectively [1,2]. [*8F]AIF-NOTA-octreotide (Fig. 1), a

Radiolabeled somatostatin receptor (SSTR) agonists, such as [*3Ga] promising 18F-labeled somatostatin analogue (agonist) and potential
Ga-DOTA-TATE and [177Lu]Lu-DOTA-TATE, have become important alternative for 68Ga-DOTA—peptides, is under clinical evaluation [3-5].
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The Al'®F-method combines the advantages of chelator based radio-
labeling method with the logistical advantages of *®F [6].

The longer half-life of ' F compared to 3Ga (T1: 109.8 min versus
68 min respectively) enables imaging patients at later time points after
injection, which may improve detection rates. Further, due to the high
yield cyclotron production of F, more patients can be injected with a
single batch production and '®F-labeled tracers can be produced cen-
trally and transported to PET centres without onsite radiopharmaceu-
tical production facilities.

SSTR agonists are known to undergo internalization of the ligand-
receptor complex after high-affinity binding to the receptor, which
was long seen as an ideal property of a vector molecule for PET appli-
cations [7]. However, Ginj et al. were the first to show in a preclinical
setting that radiolabeled SSTR antagonists can outperform agonists for
targeting NETs [8]. The current hypothesis for this observation is that
antagonists bind to a greater number of binding sites than agonists [8].

A direct preclinical comparison revealed a two-fold higher tumor
uptake of radiolabeled antagonist ["''n]In-DOTA- [p-NO2-Phe-c(DCys-
Tyr-DTrp-Lys-Thr-Cys) DTyr-NH,] ([}'!In]In-DOTA-BASS; ICs0 = 9.4 +
0.4 nM) versus agonist [''1n] In-diethylenetriaminepentaacetic acid
(DTPA)-TATE using HEK293-SSTR2-tumor bearing mice [8]. Further-
more, in vitro receptor autoradiography revealed that ['”’Lu]Lu-DOTA-
BASS accumulated approximately four times more in SSTR2-expressing
human tumor samples than the SSTR agonist [”7Lu]Lu-DOTA-TATE
[9]. However, ®*Cu-labeled 4,11-bis(carboxymethyl)-1,4,8,11-tetraaza-
bicyclo[6.6.2]hexadecane-BASS  ([®*Cu]Cu-CB-TE2A-BASS)  rather
demonstrated lower tumor uptake compared to the agonist [**Cu]Cu-
CB-TE2A-Y3-TATE in rat pancreatic AR42J xenografts [10].

To overcome this limitation, the next generation of SSTR antagonists
including JR10 ((p-NOz-Phe-c[d-Cys-Tyr-d-Aph(Cbm)-Lys-Thr-Cys]-d-
Tyr-NHg; DOTA-JR10 IC50 = 0.62 + 0.21 nM)) and JR11 ((Cpa-c[d-Cys-
Aph(Hor)-d-Aph(Cbm)-Lys-Thr-Cys]-d-Tyr-NHy; DOTA-JR11 ICs5p =
0.72 £ 0.12 nM)) was developed to improve receptor affinity. Among
these antagonists, radiolabeled JR11 derivatives such as [®8Ga]Ga-
DOTA-JR11 for imaging applications and [!”’Lu]Lu-DOTA-JR11 for
therapy demonstrated the best affinity [11,12]. As a result, several (pre)
clinical studies using JR11 as vector molecule have demonstrated its
promising potentials as a targeting vector molecule for imaging and
treatment of NETs [13-16]. For example, a first-in-human study of
metastasized neuroendocrine neoplasias patients demonstrated higher
tumor doses of [7”Lu]Lu-DOTA-JR11 (3.5-fold) versus ["7Lu]Lu-DOTA-
TATE [17].

Hence, the SSTR2 antagonist JR11 might be an ideal vector molecule
in combination with the Al'®F-method, offering improved imaging
properties for NETs in combination with logistical advantages over %®Ga-
tracers such as [68Ga] Ga-DOTA-JR11.

Xie et al. described the manual synthesis of [18F]AIF-NOTA-JR11
(Fig. 1), cellular uptake, internalization, and saturation binding using
HEK293-SSTR2 cells. Biodistribution and micro-PET imaging studies
were carried out in HEK293-SSTR2 tumor-bearing mice and a pilot

["®FJAIF-NOTA-JR11
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clinical PET/CT imaging study on ten patients with neuroendocrine
neoplasms was performed with [8F]AIF-NOTA-JR11 and compared
with the clinical established tracer [°®Ga]Ga-DOTA-TATE [18]. The
authors observed improved imaging properties of [\®F]AIF-NOTA-JR11
compared to [68Ga] Ga-DOTA-TATE. However, no direct comparison
between the antagonist [lsF]AlF-NOTA-JRll and the agonist [18F]A1F-
NOTA-octreotide is available.

In this study, our aim was to automate the radiosynthesis of [‘8F]AIF-
NOTA-JR11 and to compare its NETs imaging properties directly with
the established radioligand [*8F]AIF-NOTA-octreotide in a preclinical
setting. We evaluated the in vitro binding characteristics (ICsq) of ["*'F]
AIF-NOTA-JR11 and [*F]AIF-NOTA-octreotide and assessed the in vitro
stability, in vitro cellular uptake and internalization of [‘8F]AIF-NOTA-
JR11 and ['8F]AIF-NOTA-octreotide using SSTR2-overexpressing cells.
Further in vivo tumor accumulation of both tracers was compared using
WPET/CT studies in QGP1-SSTR2 and BON1-SSTR2 tumor-bearing mice.

2. Experimental section
2.1. Materials

2.1.1. Reagents and solvents

All chemicals and solvents were purchased from commercial sup-
pliers such as Sigma-Aldrich (Bornem, Belgium), Fluka (Bornem,
Belgium), Fisher (Doornik, Belgium) and Acros Organics (Geel, Belgium)
and were used without further purification. All radiolabeling buffers
were treated with Chelex 100 [sodium form (50-100 mesh, Sigma
Aldrich)] for 15 min to remove trace metals. All solutions were degassed
and filtered before use.

2.2. Metal complex membrane-based affinity studies

2.2.1. Cold synthesis of ["“FJAIF-NOTA-JR11 and ["F]JAIF-NOTA-
octreotide

The reaction was started by adding 490 pL AlCl3 (5.1 mM in 0.1 M
sodium acetate, pH 4.1, 10 equiv.) to 10 pL NaF (10 mg/mL in 0.1 M
sodium acetate, pH 4.1, 10 equiv.) and the reaction mixture was stirred
for 5 min. 500 pL of absolute ethanol was added to the aluminum
fluoride mixture and added to 1 mg NOTA-JR11 trifluoroacetate (ABX,
Radeberg, Germany) or NOTA-octreotide trifluoroacetate (ABX). The
reaction was heated at 95 °C for 30 min. Water (V = 10 mL, high-
performance capillary electrophoresis (HPCE) grade; Sigma-Aldrich)
was used to dilute the reaction mixture after cooling for 10 min and
this was loaded onto a Sep-Pak Plus Light Cg cartridge (Waters, Milford,
Massachusetts) that was pretreated with 3 mL absolute EtOH and 3 mL
water. Next, the cartridge was rinsed with 2 mL water and the purified
ligand was eluted with 1 mL absolute ethanol into a vial. The ethanol
was evaporated under vacuum and 1 mL of water and 0.5 mL of
acetonitrile (LC-MS grade) was added. The mixture was sonicated for 5
min and filtered using a Captiva PTFE + GF 0.45 pm filter (Agilent,
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Fig. 1. Chemical structures of [*®F]AIF-NOTA-JR11 and ['®F]AIF-NOTA-octreotide.
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Santa Clara, CA). The compounds were analyzed using HRMS by a
Dionex Ultimate 3000 LC System (Dionex, Germering, Germany)
coupled to a high-resolution time-of-flight mass spectrometer (maXis
impact, Bruker, Bremen, Germany) equipped with an orthogonal elec-
trospray ionization interface (UPLC-HRMS). Acquisition and processing
of data were performed using HyStar® and Compass DataAnalysis®
(version 4.1, Bruker) respectively. Table 1 provides mass data and purity
of the cold compounds.

Competition binding studies (ICsp) were performed as previously
described using purified Chinese hamster ovary-K1 (CHO-K1) cell
membranes overexpressing human SSTR2 (Perkin Elmer, Zaventem,
Belgium) [19]. Briefly, prior to the assay, the plate filters were pre-
soaked in 200 pL 0.1 % polyethylenimine for 1 h at room temperature
(rt). The assay buffer consists out of 25 mM HEPES pH 7.4, 10 mM
MgCl,, 1 mM CaCl;, and 0.5 % Bovine Serum Albumin (BSA), while the
washing buffer consisted out of 50 mM Tris-HCI pH 7.4, 0.2 % BSA.
Human SSTR2" membranes derived from CHO-K1 cells (1 x 400 units,
25 pg protein/unit) were prepared as follows: 0.125 mL of membrane +
4.875 mL assay buffer (1:40 dilution). Following pre-incubation, the
diluted membranes (178 pL), [}''In]In-DOTA-TATE (2 pL, 10~° M), and
various concentrations of the competing non-radioactive compounds
["F]AIF-NOTA-JR11 or ["F]JAIF-NOTA-octreotide (20 L,
10~12-107° M) were added to each well, for a total volume of 200 pL/
well. The plates were incubated at rt for 90 min. After incubation, the
solution in each well was filtered using a vacuum manifold and followed
by ten washes with ice-cold wash buffer (200 pL, each wash was filtered
through). Each plate filter was removed carefully, placed in a counting
tube and activity was measured in the gamma counter. The assay
measures binding affinity (ICs¢) by evaluating the ability of the com-
pounds ["FJAIF-NOTA-JR11 and ["™F]AIF-NOTA-octreotide to
compete with the radioactive reference ligand ['"'In]In-DOTA-TATE for
SSTR2 binding sites on CHO-K1 membranes. ICs values were calculated
using nonlinear regression (four parameters) using GraphPad Prism 9
(Graph Pad Software, San Diego, CA, USA) based on three independent
biological replicates for each concentration tested.

2.3. Radiochemistry

2.3.1. Radio-synthesis and QC system

['8F]AIF-NOTA-JR11 was synthesized in an automated AllinOne®
synthesis module (Trasis, Ans, Belgium) as follows: during the place-
ment of vials and reagents on the cassette, 25 pL of 2 mM aluminum
chloride (AICl3 anhydrous, powder, 99.999 % trace metals basis, Sigma-
Aldrich) in sodium acetate buffer (0.1 M, pH 4.1) was added to the 4 mL
cyclic olefin copolymer reactor.

[*8F1fluoride (9.8 + 2.4 GBq) was transferred to the module and
trapped on a Sep-Pak light Accel plus anion exchange cartridge (Cl™
form: Waters). Subsequently, the cartridge was washed with 6 mL of
water (HPCE grade, Sigma Aldrich). [18F]ﬂu0ride was eluted from the
QMA cartridge into a reservoir (5 mL Inject syringe; BBraun, Melsungen,
Germany) with 500 pL of the eluent solution, containing 250 pL NaCl
0.9 % ((99.999 % trace metals basis NaCl (Sigma Aldrich) in HPCE grade
water (Sigma Aldrich)) and 250 pL absolute ethanol. 250 pL of the [*8F]
fluoride containing eluate was transferred to the reactor containing the
AlClj3 solution. To form [18F]A1F, the solution was stirred for 2 min at rt.
under gentle nitrogen flow (N3).

Table 1
Mass data and purity of ["*FJAIF-NOTA-JR11 and ["*F]AIF-NOTA-octreotide.

Compound Expected mass  Observed mass Purity (LC 220

nm)

["F]AIF-NOTA-JR11 1632.7854 Da 1632.7837 + 0.02 >96
Da
["F]AIF-NOTA- 1348.7545Da  1348.7547 + 0.02 >96

octreotide Da
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The precursor solution (600 pL of 0.2 mg/mL NOTA-JR11 tri-
fluoroacetate) and 0.95 mg/mL sodium ascorbate in sodium acetate 0.1
M pH 4.1/absolute ethanol (50/50 V/V) was added to the reactor, which
was then sealed and heated for 10 min at 100 °C. After transfer to the
reactor, approximately 100 pL of precursor solution remained in the
precursor vial. After cooling the reactor to 40 °C, the reaction mixture
was transferred to a dilution vial filled with 15 mL formulation solution
(0.59 % NaAsc in 0.9 % NaCl solution) and mixed under gentle nitrogen
flow (N3). The diluted solution was applied to a Sep-Pak light C;g car-
tridge (Waters) that had been preconditioned with 3 mL absolute EtOH
and 3 mL water. Following that, the cartridge was washed with 20 mL
formulation solution and flushed with nitrogen to remove unreacted
['8F]JAIF and free [‘®F]fluoride. [®F]JAIF-NOTA-JR11 was eluted with
1.8 mL absolute ethanol from the SPE cartridge to the dispensing cell,
and the SPE cartridge was flushed with 17.2 mL of the formulation
solution.

The eluate was passed through a 0.22 pm sterile filter (Millex-GV,
0.22 pm, PVDF, 13 mm, Merck KGaA, Darmstadt, Germany) into a
sterile 25 mL dose vial. The final drug product solution ([ISF] AIF-NOTA-
JR11 in ((0.59 % NaAsc in 0.9 % NacCl solution)) was measured in an
ionization chamber-based dose calibrator (COMECER VIK-203, Comecer
S.p.A., Castel Bolognese, Italy) and samples were taken for quality
control. ['®F]AIF-NOTA-octreotide was synthesized as previously
described [13]. High pressure liquid chromatography (a Shimadzu
LC20A HPLC System, Shimadzu, Kyoto, Japan) coupled in series to a
DAD-UV detector (wavelength = 220 nm) and a shielded 3-in. Nal (T1)
scintillation detector connected to a single channel analyzer (Gabi box,
Elysia-Raytest, Straubenhardt, Germany) was used for the identification
and the determination of radiochemical purity (RCP) of [*8F]AIF-NOTA-
JR11. Recovery of [*8F]AIF and ['®F]F~ on this system is >95 %, as
earlier determined by Tshibangu et al. [20,21]. HPLC column: Cyg col-
umn (Waters XBridge® 3.5 pm, 3.0 x 100 mm); mobile phase compo-
sition: A (0.05 M ammonium acetate, pH = 5.5): 0-5 min (95 %), 5-25
min (80 — 75 %), 25.1-30 min (95 %); B (acetonitrile): 0-5 min (5 %),
5-25 min (20 — 25 %), 25.1-30 min (5 %); flowrate of 0.8 mL/min.

2.3.2. Invitro stability of [®F]JAIF-NOTA-JR11

50 pL of purified [*8F]AIF-NOTA-JR11 (5-10 MBq) was added to a 1
mL vial containing either 450 pL of PBS, human serum or formulation
buffer and the solution was incubated at 37 °C under constant gentle
shaking (Eppendorf ThermoMixer®, Hamburg, Germany). To determine
the percentage (%) of intact [18F]A1F-NOTA-JR11, 5 pL of the reaction
mixture was taken for analysis at 10, 30, 60, 120 and 240 min whiles
radio-HPLC was determined at 240 min. The fraction of intact tracer was
evaluated by radio-HPLC (see method above). Stability of [*8FAIF-
NOTA-octreotide was already reported using the same method [20].

2.3.3. Cell binding and internalization

Cellular uptake and internalization of ['8FJAIF-NOTA-JR11 and
[*8F]AIF-NOTA-octreotide on SSTR2 transfected BON1.SSTR2 and
QGP1.SSTR2 cells were investigated [22]. Non-specific uptake was
determined in the presence of 100 pM octreotide acetate at 60 min time-
point (ABX, Radeberg, Germany). Briefly, BON1.SSTR2 (4 x 10° cells)
or QGP1.SSTR2 (3 x 10° cells) cells were cultured in a 24-well plate
overnight. Adherent cells were incubated with the radioligand of in-
terest (n = 3, 180-190 kBq/well) for 5, 10, 30, 60, 120, 180 and 240 min
at 37 °C in the presence or absence of octreotide acetate (100 pM, n = 3).
After incubation, the supernatant was removed, and the cells were
washed with three times 250 pL/well ice-cold PBS and were added to the
supernatant. Subsequently, cells were incubated twice with 50 mM
glycine-HCl pH 2.8 (500 pL/well) for 5 min at rt. followed by three
washing steps with ice-cold PBS (250 pL/well). Then, cells were lysed
using 250 pL of reagent A100 (Chemometec, Allerod, Denmark). Re-
agent B (Chemometec) was used for rinsing the wells and to quench the
lysing of the cells. Quantification of the amount of bound and inter-
nalized activity was performed using a gamma counter (Wallac Wizard



S. Ahenkorah et al.

1480, PerkinElmer, Waltham, MA). The number of cells per well was
counted using an automated counting device (NucleoCounter® NC-
100™, Chemometec, Allerod, Denmark). Results were expressed as
percentage of applied radioactivity bound to 10° cells.

2.3.4. Animals

Animals were kept in individually ventilated cages in a temperature-
controlled (approximately 22 °C) and humidity-controlled facility with a
12 h-12 h light-dark cycle and unlimited access to food and water. All
animal procedures were approved by the KU Leuven ethical review
board (ethical approval reference P054/2021) and were carried out in
accordance with Directive 2010/63/EU and reported according to the
ARRIVE guidelines [22].

2.3.5. Preparation of tumor xenograft model

The subcutaneous tumor xenograft model was prepared following a
published procedure [23]. Briefly, BON1.SSTR2 (5 x 109 or QGP1.
SSTR2 (2 x 106) cells mixed with Cultrex (1:1; Cultrex Basement
Membrane Extract, R&D systems, Minneapolis) and were implanted
subcutaneously into the right shoulder of female 6-8 week-old SCID
mice (SCID Beige C B17.Cg-Prkdc scid Lystbg-J/Crl; Charles River Lab-
oratories, Sulzfeld, Germany). After an average of four weeks, the tumor
mice were used in biodistribution and PET/computed tomography (CT)
imaging studies. Tumor volumes ranged from 150 to 400 mm?®
(measured by caliper, h x 1 x w), while the tumor mass-to-body weight
ratio was 0.16-2.44 %. All animals included in the study were randomly
selected among the in-house bred mice of the correct age. There were no
exclusion criteria, and all subsequent studies and analyses were con-
ducted unblinded.

2.3.6. PET/CT imaging and biodistribution study

Small animal whole-body PET imaging was performed by intrave-
nously administering [ISF]AIF-NOTA-JRll or [ISF]AIF-NOTA-octreo-
tide (1.5-3.0 MBg/mouse) in the presence or absence of octreotide
acetate (5 mg/kg) into BON1.SSTR2 or QGP1.SSTR2 tumor-bearing
mice. Dynamic PET images were acquired for 75 min immediately
after intravenous injection using a p-cube PET scanner (Molecubes,
Gent, Belgium). The mice were kept under gas anesthesia during the
entire procedure (2.5 % isoflurane in Oy at 1 L/min flow rate), with
temperature and respiration monitored throughout. After PET scanning,
a CT image was acquired for anatomic coregistration with an X-cube CT
scanner (Molecubes), using the ‘general’ protocol with the following
parameters: 50 kVp, 480 exposures, 85 ms/projection, 100 pA tube
current, rotation time 60 s.

2.3.7. Image processing and analysis

PET data were histogrammed into 14 frames (4 x 15s, 4 x 1 min, 1
x 5min, 5 x 10 min) and reconstructed into a 192 x 192 image matrix
with 0.4 mm voxels using 30 iterations the native MLEM algorithm with
corrections for randoms, scatter, attenuation and decay. CT Data were
reconstructed using a regularized statistical (iterative) image recon-
struction algorithm using non-negative least squares, using an isotropic
200 pm voxel size and scaled to Hounsfield Units (HUs) after calibration
against a standard air/water phantom. Using PFUS v4.0 to display the
fused PET-CT image (PMOD Technologies GmbH, Ziirich, Switzerland),
volumes of interest were manually drawn over the tumor while a sphere
of 3 mm diameter was placed over the left lobe of the liver.

2.3.8. Statistical analysis

Quantitative data are expressed as mean + standard deviation (SD)
unless stated otherwise. Means were compared using the independent-
samples t-test (t-test: two-sample assuming unequal variances in
Microsoft Excel). Values were considered statistically significant for p <
0.05.
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3. Results and discussion
3.1. Metal complex membrane-based affinity studies

We assessed the in vitro binding characteristics (ICsp) of ["3F]AlF-
NOTA-JR11 and [™F]AIF-NOTA-octreotide on SSTR2-overexpressing
CHO-K1 cell membranes using [ In]In-DOTA-TATE as the competing
ligand [5]. SSTR2 overexpressing cells were used in this assay because
SSTR2 is the most abundant SSTR in the majority of NETs, even when
other subtypes are present [7]. The ICs value of DOTA-TATE was also
determined for comparison (Table 2).

Excellent binding for SSTR2 was found for ["*'F]AIF-NOTA-octreo-
tide (ICsp of 25.7 + 7.9 nM). However, the ICsy value for ["F]AIF-
NOTA-JR11 (290.6 + 71.5 nM) was 11-fold higher compared to [*'F]
AlF-NOTA-Octreotide, indicating lower affinity for SSTR2. Xie et al. also
reported a slightly higher K4 value for ['8F]AIF-NOTA-JR11 (Kd = 11.59
+ 1.02 nM) compared to [*®Ga]Ga-DOTA-TATE (K4 = 7.36 + 1.31 nM),
indicating indeed a lower affinity of [!®F]AIF-NOTA-JR11 compared to
[°8GalGa-DOTA-TATE for SSTR2. However, in this study HEK293-
SSTR2 cells were used instead of SSTR2-overexpressing CHO-K1 cell
membranes [18]. It might be of interest to determine the Kd of [18F] AlF-
NOTA-JR11 using BON1.SSTR2 or QGP.SSTR2 cells.

The ICsq observed for ["*F]AIF-NOTA-octreotide was around 7-fold
higher than what is reported in literature (3.6 + 0.6 nM) [5], but this
experiment was performed using the rat pancreatic AR42J cell line
which expresses all SSTR subtypes. DOTA-TATE as such, on the other
hand, exhibited the lowest ICs( value (4.6 + 2.1 nM) in our experiment.
According to Reubi et al., these noticeable changes in receptor affinity
profiles are caused not only by the different charges, but also by the
different chemical structures and hydrophilicity of these compounds
[24]. Fani et al. has also shown that SSTR2 antagonists are particularly
sensitive to N-terminal modifications which could lead to the higher ICsq
value which was observed for [ISF]AIF-NOTA-JRll [12].

3.2. Radiolabeling and in vitro stability of [*®FJAIF-NOTA-JR11

NOTA-JR11 was radiolabeled with ['®F]JAIF in an automated Alli-
nOne® synthesis module ([18F]AIF-NOTA-octreotide method) [20] and
the corresponding [*8F]AIF-NOTA-JR11 was obtained in good radio-
chemical yield (RCY) [(49.7 + 6 %, (decay-corrected, activity final
batch of purified product/activity in reactor, n = 6, apparent molar
activity 27 + 6 GBq/pmol)] but with an unsatisfactory radiochemical
purity (RCP) of 91.8 + 6 % (Fig. 2A).

[*8F]AIF-NOTA-JR11 eluted as two diastereomers at 12 and 13 min
(peaks 1 and 2, respectively). Formation of two stereoisomers of [*®F]
AlIF-NOTA-JR11 is already reported in literature, and this was also re-
ported for the agonist [*8F]AIF-NOTA-octreotide [5,18,20]. One hy-
pothesis for this phenomena is that the metal chelation results in
conformational difference depending on which side the metal binds to
the macrocycle of the bi-functional chelator [25]. The fast conforma-
tional modification through continuous cycles of metal release and
recombination leads to molecules with different physico-chemical
properties such as hydrophilicity.

Radio-HPLC analysis (Fig. 2A) showed a relatively high fraction (~6
%) of free [ISF]F’ or [18F]AIF species (retention time 1.5 min). Further,
we also observed an unidentified radioactive impurity (~3 %) eluting

Table 2

ICso values of the reference compounds using SSTR2 over-
expressing CHO-K1 cell membranes (£SD, n = 3 (independent
biological assays)).

Compound 1Cso (nM)
["F]AIF-NOTA-JR11 290.6 + 71.5
["F] AIF-NOTA-octreotide 25.7 +£7.9
DOTA-TATE 4.6+ 2.1
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Fig. 2. HPLC radiochromatogram of (A) ['8F]AIF-NOTA-JR11 after automated radiosynthesis and purification. A RCP of 91.8 % ([*®F]AIF-NOTA-JR11, retention: 12
and 13 min for peaks 1 and 2 respectively) was observed with ~6 % free [*8F]F~ or ['®F]AIF (retention: 1.5 min) and extra radioactive impurity eluting before [*®F]
AIF-NOTA-JR11; (B) [*8F]AIF-NOTA-JR11 after automated radiosynthesis and purification with altered synthetic sequence. A RCP of 94 % ([*®F]AIF-NOTA-JR1 1,
retention: 14 and 15 min for peak 1 and 2 respectively) was observed with <1 % free [*8F1F~ or ['®F]AIF (retention: 1.5 min) and an extra radioactive impurity (~6
%) eluting before ['®F]AIF-NOTA-JR11. (C) In vitro stability of ['®F]AIF-NOTA-JR11. The stability of ['®F]AIF-NOTA-JR11 was evaluated in PBS, formulation buffer

and human serum at 37 °C up to 4 h after end of synthesis.

before ['®F]AIF-NOTA-JR11.

To improve the RCP, we modified the radiosynthesis parameters by
changing the synthesis sequence on the AllinOne® synthesis module. As
we suspected that traces of unbound [*8F]F~ or [18F]AIF-species were
still present in the tubing where our final elution step with absolute
ethanol took place, we bypassed this tubing and as a result we did not
observe free ['®F]F~ or [18F]A1F-species. Radio-HPLC analysis (Fig. 2B)
showed <1 % of unbound ['®F]F or ['SF]AIF species. However, the
unidentified impurity was still present in the radiochromatogram
resulting in a RCP of 94 %.

As ['8F]AIF-NOTA-JR11 showed higher lipophilicity on the HPLC
system compared to the unwanted impurity, we tried to purify the
radiocomplex via solid phase extraction (Sepak Plus light, C;g, Waters)
by varying the concentration of absolute ethanol of the washing solution
(5 %-40 %), but were unsuccessful as it was not possible to isolate [*8F]
AIF-NOTA-JR11 from the impurity. Similar results were observed by Xie
et al. and they isolated ['®F]AIF-NOTA-JR11 with semi-preparative
reversed-phase HPLC to obtain a final RCP of 98.74 + 1.24 % [20].

As published by Tshibangu et al., a RCP of >91 % ['®F]AIF-NOTA-
octreotide of total radioactivity, with <5 % sum of [*8F]F and [18F]AIF,
as determined with radio-HPLC, was required as acceptance criteria
[20]. However, in the monograph 07,/2021:3116 “PSMA-1007 (18F)
injection”, a radiochemical purity of >95 % [*8F]F-PSMA-1007 of total
radioactivity, with <5 % sum of [18F]F’ and [18F]A1F, as determined
with radio-HPLC, is advised as acceptance criteria. Therefore, for
possible future clinical translation, semi-preparative reversed-phase

HPLC purification is recommended to increase the RCP above 95 %.
Radio-HPLC analysis of [18F]A1F-NOTA showed an excellent in vitro
stability with >95 % intact complex of the starting radiotracer up to 4 h
in all tested conditions (human serum, PBS and formulation buffer,
Fig. 2C).

3.3. Cell binding and internalization

Membrane binding and internalization of [18F]A1F-NOTA-JR11 and
[*8F]AIF-NOTA-octreotide on BON1.SSTR2 and QGP1.SSTR2 cells were
investigated in the absence or presence of excess octreotide acetate (100
uM). BON1 and QGP1 are originally of human origin derived pancreatic
NETs and are transfected with pcDNA3.1-huSSTR2 to overexpress the
human SSTR2 [22]. We employed these recombinant cell lines to eval-
uate the cell binding profile of [*8FJAIF-NOTA-JR11 and ['®F]AIF-
NOTA-octreotide towards SSTR2. The total cell-bound fraction of [lsF]
AIF-NOTA-JR11 on both cell lines was observed to be higher than that of
[ISF]AlF-NOTA-octreotide, which is counterintuitive because the
observed ICsq value of [18F] AIF-NOTA-JR11 was 11-fold higher than for
['8F]AIF-NOTA-octreotide. After 60 min incubation, 75.9 + 0.8 %
binding (of which 4.5 + 0.5 was internalized) as compared to 28.1 +
1.9 % binding (of which 21.2 + 1.7 % was internalized) were recorded
for [*®FJAIF-NOTA-JR11 and ['®F]AIF-NOTA-octreotide respectively
using BON1.SSTR2 cells (Fig. 3A).

Similar results were observed when using the QGP1.SSTR2 cell line.
After 60 min incubation, 85.2 + 0.9 % binding of [\®F]AIF-NOTA-JR11
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Fig. 3. Cell binding and internalization of ['®F]AIF-NOTA-octreotide and [*®F]AIF-NOTA-JR11 on (A) BON1.SSTR2 and (B) QGP1.SSTR2 cell lines. Adherent cells
were incubated with the radioligand of interest (n = 3, 180-190 kBq/well) for 5, 10, 30, 60, 120, 180 and 240 min at 37 °C in the presence or absence of octreotide

acetate (100 pM, n = 3). AD = absorbed dose.

(of which 5.1 + 0.6 % was internalized) was observed as compared to
34.9 + 5.6 % binding of ['F]AIF-NOTA-octreotide (of which 23.5 + 3.6
was internalized). At 240 min, the total uptake of [18F]A1F—NOTA—JR11
was approximately two times higher of that of [1®F]AIF-NOTA-octreo-
tide for both cell lines (Fig. 3B). Furthermore, most radioactivity uptake
of ['®F]AIF-NOTA-octreotide was internalized (>70 %), whereas only
10 % of the total bound fraction of ['®F]AIF-NOTA-JR11 was internal-
ized after 240 min, consistent with the radiotracer receptor agonist
versus receptor antagonist properties [8,26]. Little to no uptake was seen
(>99 % blocking), when cells were incubated with 100 pM octreotide
acetate for 60 min, demonstrating receptor specificity of both radio-
tracers (Fig. 3).

Dalm et al. observed up to five times more cellular uptake of [M7Lu]
Lu-DOTA-JR11 compared to [177Lu]Lu-DOTA-TATE using a human os-
teosarcoma SSTR2 transfected cell line (U20S-SSTR2) after 4 h incu-
bation. According to the authors, 12 % of the total bound fraction of
[”7Lu]Lu-DOTA-JR11 was internalized whereas 74 % of ['”’LulLu-
DOTA-TATE out of the total bound fraction was internalized [26]. This
overall higher cellular uptake of the antagonist compared to the agonist
analogue has been consistently observed and has been discussed in the
literature by several groups [26,27]. However, there are only

hypotheses about the cause of this difference in in vitro cellular uptake
behavior by agonist and antagonist somatostatin analogues. The dif-
ference is explained by two types of receptor states: those that are
coupled to G-proteins and those that are uncoupled [27]. Antagonists
bind to all receptor states, whereas agonists only bind to G-protein-
coupled forms, which are thought to represent a small proportion of the
total receptor population. G-protein coupled receptors are frequently
overexpressed in cancer, and the antagonist [*°1]1-JR11 has shown
superior binding than the agonist ['2°I]I-Tyr3-octreotide towards the
gastrin-releasing peptide receptor, SSTR2 and SSTR3, and the glucose-
dependent insulinotropic polypeptide receptor (GIPR) [27,28].

On the contrary, Xie et al. observed surprisingly higher cellular up-
take for [°®Ga]Ga-DOTA-TATE than for ['F]AIF-NOTA-JR11 after 2 h
incubation (8.90 &+ 0.50 % AD versus 4.5 + 0.3 % AD; AD is absorbed
dose) using the HEK293-SSTR2 cell line [18]. These findings pave the
way for further research into the in vitro affinity behavior of agonist and
antagonist somatostatin analogues in relation to the conjugated chelator
and radionuclide selection. We can speculate that the binding degree of
these SSTR analogues is dependent on both the used cell line, vector
molecule, chelator and radionuclide.
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Fig. 4. TACs (SUVy,y) representing PET/CT imaging of BON1.SSTR2 tumor-bearing mice: (A) [18F]A1F—NOTA—JR11; (B) [*®F]AIF-NOTA-JR11 + 5 mg/kg octreotide;
(9] [lsF]AlF-NOTA-octreotide; (D) [*®F]AIF-NOTA-octreotide + 5 mg/kg octreotide; MIP image (65-75 min p.i.): (E) [* F]AIF-NOTA-JR11 5 (B) [*F]AIF-NOTA-JR11
+ 5 mg/kg octreotide; G) [18F]AIF-NOTA-octre0tide; (H) ['®F]AIF-NOTA-octreotide + 5 mg/kg octreotide. Blue circles and black arrows represent tumor and thymus
regions respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. In vivo imaging of ['®FJAIF-NOTA-JR11 and [*®F]AIF-NOTA-
octreotide

WPET/CT images demonstrated fast clearance from the liver (SUVax
< 0.4) for both ['®F]AIF-NOTA-JR11 and ['®F]AIF-NOTA-octreotide
(Figs. 4 & 5). ['8F]AIF-NOTA-JR11 showed fast clearance from the
thymus (SUVpax < 0.2) in BON1.SSTR2 and QGP1.SSTR2 tumor bearing
mice. However, [*8F]AIF-NOTA-octreotide demonstrated consistent and
sustained uptake in the thymus (SUVpx > 2). The lower [*8F]AIF-
NOTA-JR11 uptake in the thymus could be explained by the difference
in SSTR affinities for ['®F]AIF-NOTA-JR11 and ['®F]AIF-NOTA-octreo-
tide. Ten Bokum et al. has reported tissue distribution of octreotide
binding receptors in normal mice and mice prone to autoimmunity. In
this study, the authors observed high specific uptake of activity in the
thymus (1-1.7 %ID/g) for all mice strains [29]. It was therefore not
surprising to see uptake of [\®F]AIF-NOTA-octreotide in this organ in

our study. Autoradiography with [*2°I]I-octreotide in the human thymus
revealed the existence of somatostatin receptor subtypes in the thymic
medulla. However, [Hlln] In-DTPA-octreotide was not taken up by the
typical human thymus. SSTRs are expressed selectively in the thymus of
various species, including humans, in both microenvironmental and
lymphoid cells [29]. Their role, however, has to be investigated further.

Comparable tumor uptake between [*8F]AIF-NOTA-JR11 (SUVax:
3.7 + 0.8) and [18F]A1F—NOTA—0ctreotide (SUVpax: 3.6 + 0.4) was
observed for the BON1.SSTR2 tumor bearing mice (p = 0.96). Also the
tumor uptake of [**FJAIF-NOTA-JR11 (SUVpax: 7.3 + 2.4) for QGP1.
SSTR2 tumor bearing mice was not significantly different to that of [*®F]
AlF-NOTA-octreotide (SUVpax: 7.5 £ 1.9). Radiotracer uptake was
reduced upon co-injection of 2.5 mg/kg octreotide acetate in line with
previous reports, indicating SSTR2 specific uptake of both tracers as
expected (Figs. 4 and 5).

Currently, there are contradictory reports regarding the tumor
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Fig. 5. TACs (SUVpay) representing PET/CT imaging of QGP1.SSTR2 tumor-bearing mice: (A) ['®F]AIF-NOTA-JR11; (B) ['®F]AIF-NOTA-JR11 + 5 mg/kg octreotide;
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Table 3
Preclinical comparative studies between SST antagonist (JR11) labeled tracers
and SST agonist (TATE) radiotracers.

Radiotracer Uptake Tumor type

[®3Ga]Ga-DOTA-JR11"
[°®Ga]Ga-NODAGA-
JR11°
[*®Ga]Ga-DOTA-TATE"
[®4Cu]Cu-NODAGA-
JR11°
[®*Cu]Cu-DOTA-TATE"
[*8F]AIF-NOTA-JR11"
[°®Ga]Ga-DOTA-TATE"

23.8 + 3.7%IA/g
30.7 £ 1.6 %IA/g

HEK-hSSTR2 tumor mice [12]

17.8 + 2.2 %IA/g
7.7 + 2.5%IA/g HEK-hSSTR2 tumor mice [32]
2.8 + 0.23%IA/g

9.02 + 0.92 %IA/g
31.35+ 5.9 %IA/g

HEK293-SSTR2 tumor mice
[18]

# Antagonist.
b Agonist.

uptake of JR11 labeled tracers in both animal and human studies.
Table 3 is a summary of preclinical studies comparing in vivo tumor
binding affinity of SST antagonist (JR11) labeled tracers with SST
agonist (TATE) radiotracers. It seems that not only the agonistic and
antagonistic properties are important for optimal tumor accumulation,
but also the tumor type, radionuclide and chelator might influence the
tumor uptake.

Krebs et al. conducted the first-in-humans research of [*®Ga]Ga-
DOTA-JR11, which revealed rapid tumor and high tumor-to-background
ratios [14]. In addition, Nicolas et al. directly compared the sensitivity of

[*8GalGa-NODAGA-JR11 and [%®GalGa-DOTA-TOC and demonstrated
that the antagonist outperformed the agonist in terms of sensitivity,
lesion detection, and image contrast in humans [30]. However, Zhu
et al. recorded overall lower primary tumor uptake of [*8Ga]Ga-DOTA-
JR11 than [68Ga]Ga-DOTA-TATE (SUVpax: 18.7 + 17.4 vs 32.1 + 23.7
respectively; p = 0.013) in NET patients [31]. A similar trend was
observed in other organs including the liver (SUVpax: 18.6 £ 12.5 vs
27.3 + 15.4 for [%®Ga]Ga-DOTA-JR11 and [%®Ga]Ga-DOTA-TATE
respectively; p < 0.001).

Differences in SSTR affinity may explain the variability in these re-
ported results. The SSTR2 affinity of [®Ga]Ga-NODAGA-JR11 is com-
parable to that of [®8GalGa-DOTA-TOC (ICs0: 1.2 vs. 2.5 nmol/L) but
substantially higher than that of [*8Ga]Ga-DOTA-JR11 (ICsq: 29 nmol/
L) [31]. Similarly, [177Lu]Lu—DOTA—JR11 exhibits a substantially higher
affinity for SSTR2 than [%8Ga]Ga-DOTA-JR11 (ICs = 0.73 vs 29 nmol/
L) [31]. Also, in vitro experiments to determine the SSTR2 affinity of
JR11 in the (HEK-hSSTR2 cell line) demonstrated the effect of using
different non-radioactive metals and chelators [8]. Yttrium- or indium-
DOTA complex (ICsp: 0.47 £ 0.05 versus 3.8 + 0.7) retained a high
SSTR2 affinity comparable to the DOTA-JR11 (ICsp: 0.72 + 0.12).
Copper and especially gallium displayed the lowest SSTR2 affinity (ICso:
16.0 + 1.2 versus 29.0 + 2.7). Interestingly, when DOTA was replaced
by NODAGA, the effect of gallium on SSTR2 affinity was totally restored
(ICso: 1.2 £ 0.2) [12].

In terms of cell binding, [*8F]AIF-NOTA-JR11 outperformed [*8F]
AIF-NOTA-octreotide. However, in an in vivo setting, both tracers
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demonstrated comparable and specific uptake in both BON-1.SSTR2 and
QGP-1.SSTR2 xenografts, though uptake in QGP-1.SSTR2 was generally
higher. The reason for the comparable tumor uptake of both tracers
despite higher in vitro binding of [\®F]AIF-NOTA-JR11 might be the 11-
fold lower affinity of ["F]AIF-NOTA-JR11 compared to ["F]AIF-
NOTA-octreotide for SSTR2. Novel Al'®F-labeled JR11 derivatives with
higher affinity might result in higher in vivo tumor accumulation as
described for other high affinity JR11 derivatives [12,18,32].

Also, the improved imaging properties of [®F]AIF-NOTA-JR11
compared to [%8GalGa-DOTA-TATE observed by Xie et al. in the human
studies could be attributed to lower liver background observed for JR11
rather than higher tumor uptake. In a clinical setting, we also observed
lower liver background for ['8F]AIF-NOTA-octreotide compared to
[*8GalGa-DOTA-TATE, resulting in increased tissue-to-background ratio
[3].

4. Conclusion

[18F]A1F-NOTA-JR11 was synthesized in good RCY with RCP of 94
%. [*8F]AIF-NOTA-JR11 demonstrated superior in vitro cell binding in
comparison to ['®F]AIF-NOTA-octreotide. However, ["F]AIF-NOTA-
octreotide demonstrated 11-fold lower ICsq values over ["F]AIF-NOTA-
JR11. Both radiotracers displayed similar in vivo tumor uptake with
rapid renal clearance and limited bone uptake indicating excellent in
vivo stability. [*8F]AIF-NOTA-octreotide showed consistent and sus-
tained thymus uptake whereas [18F]A1F-NOTA-JR11 demonstrated
lower thymus uptake, indicating different affinities of both compounds
for different subtypes of SSTRs. Although in vitro studies were very
encouraging, in vivo studies did not show improved tumor targeting of
[*8F]AIF-NOTA-JR11 compared to [*8F]AIF-NOTA-octreotide in our
SSTR2 overexpressing tumor models. Novel high affinity Al'®F-labeled
JR11 derivatives might be valuable tools to increase NET imaging
sensitivity. Further, toxicity of therapeutic JR11 derivatives needs to be
evaluated carefully as the compound might also be binding to low SSTR
expressing, non-cancerous, tissue due to increased binding potential.
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