~ International Journal of
Molecular Sciences

Article

Bis(Disulfide)-Bridged Somatostatin-14 Analogs and Their
[1'In]In-Radioligands: Synthesis and Preclinical Profile

Aikaterini Tatsi 1", Theodosia Maina 1*(, Beatrice Waser 3, Eric P. Krenning 4, Marion de Jong 5%,
Jean Claude Reubi 3, Paul Cordopatis 2t and Berthold A. Nock !

check for
updates

Citation: Tatsi, A.; Maina, T.; Waser,
B.; Krenning, E.P.; de Jong, M.; Reubi,
J.C.; Cordopatis, P.; Nock, B.A.
Bis(Disulfide)-Bridged
Somatostatin-14 Analogs and Their
['"'In]In-Radioligands: Synthesis and
Preclinical Profile. Int. ]. Mol. Sci.
2024, 25,1921. https://doi.org/
10.3390/ijms25031921

Academic Editors: Serena Martini and

Davide Tagliazucchi

Received: 28 December 2023
Revised: 25 January 2024
Accepted: 27 January 2024
Published: 5 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 Molecular Radiopharmacy, INRaSTES, NCSR “Demokritos”, GR-15341 Athens, Greece;
ktatsil9@gmail.com or ktatsi@upatras.gr (A.T.); nock_berthold.a@hotmail.com (B.A.N.)

Department of Pharmacy, University of Patras, GR-26500 Patras, Greece

Institute of Pathology, University of Berne, CH-3010 Berne, Switzerland; waserpatho@rubigen.ch (B.W.);
jean.reubi@pathology.unibe.ch (J.C.R.)

4 Cyclotron Rotterdam BV, Erasmus MC, 3015 Rotterdam, The Netherlands; erickrenning@gmail.com

5 Department of Radiology and Nuclear Medicine, Erasmus MC, 3015 Rotterdam, The Netherlands

*  Correspondence: maina_thea@hotmail.com; Tel.: +30-210-650-3891

These authors are deceased.

Abstract: The overexpression of one or more somatostatin receptors (SST1_5R) in human tumors
has provided an opportunity for diagnosis and therapy with somatostatin-like radionuclide carriers.
The application of “pansomatostatin” analogs is expected to broaden the clinical indications and
upgrade the diagnostic/therapeutic efficacy of currently applied SST,R-prefering radioligands. In
pursuit of this goal, we now introduce two bicyclic somatostatin-14 (S514) analogs, AT5S (DOTA-Alal-
Gly?-c[Cys®-Lys*-Asn’-c[Cys®-Phe”-DTrp8-Lys’-Thr!?-Cys!!]-Thr!2-Ser!3-Cys!#]) and AT6S (DOTA-
Ala'-Gly?-c[Cys3-Lys*-c[Cys®-Phe®-Phe’-DTrp8-Lys’-Thr!?-Phe!!-Cys!?]-Ser!'3-Cys!4]), suitable for
labeling with trivalent radiometals and designed to sustain in vivo degradation. Both AT5S and AT6S
and the respective [Mn]In-AT5S and [M11In]In-AT6S were evaluated in a series of in vitro assays,
while radioligand stability and biodistribution were studied in mice. The 8/12-mer bicyclic AT6S
showed expanded affinity for all SST;_5R and agonistic properties at the SST;R, whereas AT5S lost
all affinity to SST;_sR. Both [M1In]In-AT5S and [M1In]In-AT6S remained stable in the peripheral
blood of mice, while [ In]In-AT6S displayed low, but specific uptake in AR4-2] tumors and higher
uptake in HEK293-SST3R tumors in mice. In summary, high radioligand stability was acquired by
the two disulfide bridges introduced into the S514 motif, but only the 8/12-mer ring AT6S retained a
pansomatostatin profile. In consequence, ['!'In]In-ATé6S targeted SST,R-/SST3R-positive xenografts
in mice. These results call for further research on pansomatostatin-like radioligands for cancer
theranostics.

Keywords: DOTA-conjugated somatostatin; ['!'In]In-radioligand; bicyclic somatostatin; metabolic
stability; tumor targeting; theranostics

1. Introduction

The clinical advent of OctreoScan® ([11In]In-DTPA-octreotide; DTPA, diethylenetri-
aminepentaacetic acid; octreotide, H-DPhe!-c[Cys?-Phe3-DTrp*-Lys®-Thr®-Cys”]-Thr8-ol)
in the diagnostic imaging of neuroendocrine tumors (NET) with high expression of the
somatostatin subtype 2 receptor (SST;R) in the early 1990s has been a game changer in
nuclear medicine [1-4]. In the following years, a plethora of cyclic octapeptide analogs,
based on octreotide and carrying macrocyclic chelators to stably bind medically relevant
radiometals, were developed and evaluated in preclinical models and in patients. As a
result, [®®Ga]Ga/['””Lu]Lu-DOTA-TATE (DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid; TATE, [Tyr3,Thr8]octreotide) and [8Ga]Ga/['””Lu]Lu-DOTA-TOC (TOC,
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[Tyr3Joctreotide) are currently approved radiopharmaceuticals broadly used in the manage-
ment of NET patients [5-10]. Along these lines, diagnostic imaging is applied to identify
patients with SST,R-positive lesions and hence eligible for radionuclide therapy. Further-
more, imaging is essential for dosimetry and therapy planning, as well as for monitoring
therapy outcomes according to a personalized theranostic approach [11].

Although the SST,R is the predominant receptor subtype in most NET lesions, there
are many instances whereby it is co-expressed with other somatostatin receptor subtypes
(SST1-5R) [12-15]. For example, the SST3R is frequently found together with SST5R in
growth hormone (GH)-secreting pituitary adenomas, or in various combinations, e.g., with
SST1R, in gastroenteropancreatic (GEP)-NETs [16-18]. Furthermore, one or more SST1_5R
may be expressed in tumors devoid of SST,R [12,15-22], such as in exocrine pancreatic
ductal adenocarcinoma [19,20], or in primary androgen-dependent prostate cancer [21,22].
Based on these findings, it is rational to assume that radioligands displaying high affinity to
all five SST1_5R can be used in broader clinical indications and show enriched diagnostic ac-
curacy or therapeutic efficacy compared to SST,R-prefering analogs. It should be noted that
octreotide, per se, shows affinity to both SST;R and SST5R, whereas some of its analogs dis-
play broader SST;_sR profiles. For example, DOTA-NOC (DOTA-1-Nal3-octreotide; 1-Nal,
1-naphtyl-Ala), DOTA-NOCATE (DOTA-1-Nal3-Thr8-octreotide), DOTA-BOC (DOTA-1-
BzThi3-octreotide; 1-BzThi, benzothienyl-Ala), and DOTA-BOCATE (DOTA-1-BzThi3-Thr®-
octreotide) exhibited extended affinity to SST;R, SST3R, and SST5R, while their radioligands
preserved the metabolic stability of OctreoScan® [23-26]. To promote somatostatin-based
therapy, two more multi-somatostatin receptor analogs were introduced next, the 6-mer ring
SOM230 (c[Hyp(Unk)-Phg-DTrp-Lys-Tyr(Bn)-Phe]; Hyp(Unk), 2-aminoethyl-carbamoyl-
oxy-Pro; Phg, phenylGly; Bn, benzyl) with high affinity to SST1_35R [27] and the 8-mer
ring KE108 (Tyr-c[DDab-Arg-Phe-Phe-DTrp-Lys-Thr-Phe]; Dab, diaminobutyric acid) with
a pansomatostatin affinity profile [28]. However, the inability of SOM230 or KE108 to
induce SST,R internalization turned out to severely reduce the uptake of their respective
radioligands in SST,R-positive cells and tumors. Hence their diagnostic/therapeutic value
was compromised [29-31].

Joining this effort, we have previously reported on a series of [ In]In-radioligands ob-
tained by the covalent coupling of DOTA to the N-terminal of native somatostatin 14 (5514)
or somatostatin 28 (S528) analogs [32,33]. As expected, the resulting compounds showed a
pansomatostatin affinity profile, but uptake in implanted SST,R/SST3R/ SST5R-positive
tumors in mice was found dependent on in vivo stability. Indeed, SS14 and, to a lesser
extent, SS28 were rapidly degraded in vivo by the ectoenzyme neprilysin (NEP) [34,35].
By co-injection of the potent NEP-inhibitor phosphoramidon (PA) with [M'In]In-AT1S
(AT1S, DOTA-Ala!-Gly?-c[Cys3-Lys*-Asn’-Phe®-Phe’-Trp8-Lys’-Thr!?-Phe!! -Thr!?-Ser!3-
Cys14—OH]; Figure 1a), we were able to induce marked radioligand stabilization (from
<2% intact in controls to 86% intact in PA-mice at 5 min post-injection, pi) and signifi-
cant uptake increases in AR4-2] xenografts (calculated as intact activity per g of tissue
(%IA/g)—from 1%IA/g to 14%IA /g at 4 h pi), confirming the involvement of NEP in
[M"In]In-AT1S catabolism [36]. Furthermore, we investigated a series of AT1S analogs
with decreasing ring-size (from 12-mer to 6-mer), while keeping the total number of amino
acids to 14, in search of pansomatostatin and NEP-resistant radioligands [37]. Ring-size
and stereochemistry turned out to have a profound effect on the SST1_5R affinity profile,
SSTpR-internalization, and in vivo stability. Interestingly, the 6-mer ring AT3S (DOTA-
Ala'-Gly?-Nle3-Lys*-Asn®-c[Cys®-Tyr’-DTrp8-Lys’-Thr!?-Cys!!]-Thr'2-Ser!3-Gly'#) lost all
affinity to SST;_sR but [M"In]In-AT3S remained >90% intact in the blood of mice. In contrast,
the 8-mer ring AT4S (DOTA-Ala’ —GlyZ—c[Cys3—Lys4—Asn5 —c[Cysé—Phe7—DTrp8—Lysg—Thrlo—
Cys'!]-Thr!2-Ser!3-Cys!4]) showed a pansomatostatin affinity profile and ['!'In]In-AT4S
displayed marked stability improvements (>68% intact) compared with [1!In]In-AT1S.



Int. J. Mol. Sci. 2024, 25,1921 30f17

N o o o o
o = o} NH
0 o\ o o
OHHO HO
(a)

[ N o NH :</1L{I AN/§7 Jﬁ(H\)L \)L H\)L n //
LGy Ay U, o Ty Ty T L
N ~o S! O g (¢} o ° 5 o ;
08 TS o NH H A "
Oﬁ% HOMHY\H%\}}([E%W\/\NHZ o HOM IGNLNY\EJ%LNMNHZ
’ © bHHo ° o ° oH @o
(b) (c)

Figure 1. Molecular structures of (a) [!''In]In-AT1/2S: (DOTA-Ala'-Gly?-c[Cys®-Lys*-Asn®-Phe®-
Phe7-T1q;>8 / DTrpS-Lysg-Thrlo-Phen-Thrlz-Ser13—Cysl4-OH], DOTA, 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid), respectively; (b) bicyclic 6/12-member-ring [ n]In-AT5S (DOTA-
Ala!-Gly?-c[Cys3-Lys*-Asn®-c[Cys®-Phe’ -DTrp®-Lys’-Thr!%-Cys!!]-Thr!2-Ser!3-Cys!4]) and (c) bi-
cyclic 8/12-member-ring ['!'In]In-AT6S (DOTA-Ala!-Gly?-c[Cys3-Lys*-c[Cys®-Phe®-Phe’-DTrp®-
Lysg—Thrlo—PheH-Cyslz]—SerB-CysM]); disulfide bridges in [M1In]In-AT5S and [M1In]In-AT6S are
highlighted in blue.

Intrigued by these findings, we decided to study two additional bicyclic analogs
with either a double 6/12-mer ring (AT5S, DOTA-Ala!-Gly?-c[Cys3-Lys*-Asn®-c[Cys®-Phe’-
DTrp8-Lys’-Thr!%-Cys!!]-Thr!?-Ser!3-Cys!4]) or a double 8/12-mer ring (AT6S, DOTA-Ala'-
Gly?-c[Cys®-Lys*-c[Cys®-Phe®-Phe’-DTrp8-Lys’-Thr!?-Phe!!-Cys!?]-Ser!*-Cys!4]) (Figure 1).
By carefully monitoring their biological responses in the same experimental setting, we
aimed to further explore the somatostatin system. Important new data may be smartly
exploited to better design pansomatostatin radioligands for successful use in cancer thera-
nostics.

2. Results
2.1. Synthesis of Bicyclic Peptide-Conjugates
2.1.1. Synthesis of AT5S

For the synthesis of AT5S, the linear protected sequence DOTA(tris(‘Bu))-Ala!-Gly?-
Cys(Acm)3-Lys(Boc)4-Asn(Trt)5—Cys(Trt)6-Phe7—DTrp(Boc)8-Lys(Boc)9-Thr(tBu)lo-Cys(Trt)11—
Thr('Bu)!2-Ser(‘Bu)!3-Cys(Acm)!4- was built on the H-Cys(Acm)-2-Cl-Trt resin adopting
Fmoc/'Bu methodologies (Figure 2a; and detailed in Sections 4.1 and 4.2 in Section 4).
Couplings were successful, but the DOTA(tris(‘Bu)) chelator precursor required two rounds
to full attachment. Release from the resin with concomitant deprotection of lateral groups,
except for Acm, was achieved by a TFA/TIS/EDT/anisole/H20 (93:3:2:1:1) solution. Next,
the first disulfide bond formation between Cys® and Cys'! and the generation of the re-
spective 6-mer ring followed, using a mixture of 0.01 M phosphate, pH 7.5, and 1% DMSO.
This step turned out to be slow (27 h) as monitored by the Ellman test and reverse-phase
high performance liquid chromatography (RP-HPLC). The product was purified by RP-
HPLC twice and its formation was confirmed by electrospray-ionization mass-spectroscopy
(ESI-MS). The second oxidation conducted by I, in aqueous acetic acid was completed
rapidly (25 min) under concomitant Acm removal and formation of the second disulfide
Cys3-Cys!* bond (12-mer ring) [38]. The bicyclic peptide-conjugate was isolated by RP-
HPLC to 94% purity and the ESI-MS result was in agreement with the expected structure
(Table 1) in a 27% yield; the latter was lower from the one reported for other monocyclic
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DOTA-tris(tBu)-Ala-Gly-Cys(Acm)-Lys(Boc)-Asn(Trt)-Cys(Trt)-Phe-
DTrp(Boc)-Lys(Boc)-Thr(tBu)-Cys(Trt)-Thr(tBu)-Ser(tBu)-Cys(Acm)—O

DOTA-Ala-Gly-Cys(Acm)-Lys-Asn-

ATXS products [37]. This was attributed to the high number of by-products from the first
oxidation step, necessitating repeated purification by RP-HPLC prior to moving further to
the second oxidation and the closure of the 12-mer ring.

TFATIS/EDT/Anisole

-Phe-DTrp-Lys-Thr-

0.01 M phosphate buffer, pH 7.5

-Thr-Ser-Cys(Acm)-OH

DOTA-tris(tBu)-Ala-Gly-Cys(Acm)-Lys(Boc)-Cys(Trt)-Phe-Phe-
DTrp(Boc)-Lys(Boc)-Thr(tBu)-Phe-Cys(Trt)-Thr(tBu)-Ser(tBu)-Cys(Acm)}—O-

-Phe-Phe-DTrp-Lys-Thr-Phe-Cys-Ser-Cys(Acm)-OH

TFA/TIS/EDT/Anisole

DOTA-Ala-Gly-Cys(Acm)-Lys-

0.01 M phosphate buffer, pH 7.5
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Figure 2. Synthesis of (a) bicyclic 6/12-member-ring AT5S and (b) bicyclic 8/12-member-ring AT6S,
conducted on a solid support. The assembly of the respective protected peptide chains on the resin
by Fmoc//Bu methodology was followed by the coupling of the protected DOTA-chelator at the
N-terminus, release from the resin, and removal of lateral protecting groups by TFA treatment. The
formation of the first disulfide bridge (Cysé—Cys11 for AT5S and CysS—Cysl2 for AT6S) was achieved
with 1% DMSO in phosphate buffer and the second disulfide bridge (Cys®-Cys!#) by I, oxidation in
an aqueous acetic acid solution, concomitantly removing the Acm protecting groups.

2.1.2. Synthesis of AT6S

A similar process was followed for the synthesis of AT6S. This time, the protected linear
sequence DOTA (tris(‘Bu))-Ala'-Gly2-Cys(Acm)3-Lys(Boc)*-Cys(Trt)®>-Phe®-Phe’-DTrp(Boc)®-
Lys(Boc)9-Thr(tBu)lo—Phe“—Cys(Tr’t)lz-Ser(tBu)13—Cys(Acm)14 was built on the same resin
(Figure 2b; and detailed in Sections 4.1 and 4.2 in Section 4), but all coupling reactions were
straightforward, not requiring repetition. The two disulfide bonds, Cys®-Cys'? (8-mer ring)
and Cys3-Cys!# (12-mer ring), were consecutively formed following the same protocol used
for AT5S. Again, the first cyclization using DMSO required longer reaction times (24 h),
careful monitoring, and isolation of the product by RP-HPLC prior to starting the second
cyclization step, which lasted only 25 min. The final compound was isolated by RP-HPLC
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to >93% purity in an overall yield of 27% and the ESI-MS result was consistent with the
expected structure (Table 1 and Figures S1-54 in Supplementary File).

Table 1. Analytical Data for AT5S and AT6S.

HPLC tg (min), UV Trace
C d Rings 2 o . b [M + xH*/x] €
ompoun ings % Purity MW Calcd Found/Caled System 1 4 System2°
6_(oell X =2:967.3/968.1
AT5S 5 ysz_CC ysn((162)) >94.0 1934.23 X = 3: 645.6/645.7 82 10.34
ik x = 4: 484.5/484.6
5 ol x = 2: 1007.4/1007.7
AT6S Cys-Cys ®) >93.0 2013.37 x =3: 672.0/672.1 304 20.06

Cys?-Cys!(12)

x =4:504.7/504.3

2 Cys-residues participating in the ring closures with number of amino acids in the rings in parenthesis. ® Purity
was determined by HPLC system 2. ¢ Fragment ion peaks found by ESI-MS with the calculated mass included.
d System 1: RP-HPLC on an XBridgeTM Shield RP18 cartridge column (5 pm, 4.6 mm x 150 mm; Waters, Eschborn,
Germany) eluted at a 1 mL/min flow rate with a linear gradient from 80%A /20%B to 60%A /40%B in 40 min;
and © System 2: RP-HPLC on a Symmetry C18 analytical column (3.5 um, 4.6 mm x 75 mm; Waters, Eschborn,
Germany) eluted at a 1 mL/min flow rate with a linear gradient from 90%A /10%B to 50%A /50%B in 20 min,
whereby A = 0.1% aqueous TFA, B = MeCN.

2.2. Radiochemistry
Radiolabeling of AT5S and AT6S with In-111-Quality Control

Labeling of the two bioconjugates with In-111 was achieved by heating at 95 °C for
20 min at pH 4.6 to facilitate the full incorporation of the radiometal without formation
of undesirable hydroxides. Radiochemical purities of >94% were achieved at a molar
activity of 3.7-7.4 MBq/nmol. As verified by RP-HPLC analysis, a single radiopeptide
species was obtained each time and therefore, the forming [MMIn]In-AT5S and [MIn]In-
AT6S radioligands were used without further purification in all subsequent biological
tests. Moreover, the preservation of the radiochemical purity of both [1'In]In-AT5S and
[1''In]In-AT5S was confirmed prior to and at the end of the assays by RP-HPLC.

2.3. In Vitro Studies
2.3.1. Affinity Profile of AT5S and AT6S to the Five Human SST;_sR

The binding affinities of AT5S and AT6S to each of the five human SST;_5R (hSST_5R)
were evaluated in CHO (hSST1R), CCL39 (hSST,R, hSST3R, or hSST4R), or HEK293
(hSST5R) cells transfected to stably express one of the above subtypes. Competition bind-
ing assays against the pansomatostatin radioligand [1251][Leu8,DTrp22,Tyr25 1SS28 ([1#°1]1-
[LTT]SS28) were performed in suitably prepared frozen slices of the cells. Receptor autora-
diography methods were applied to determine half-maximum inhibitory constants (ICsg),
using S514 and AT2S as reference compounds [32,37]. The results summarized in Table 2
represent mean ICsy values £ SEM (standard error of the mean) in nM.

Table 2. Affinity profile (IC5g in nM) of AT5S and AT6S for the five hSST;_5R, determined by receptor
autoradiography; ['2°T]I-[LTT]SS28 was used as the radioligand and SS14 and AT2S as controls.

Code hSST;R hSST,R hSST;R hSST4R hSSTsR
SS14(12)  194+05()* 074+02() 33+17@) 16+08(4) 42+0703)
AT2S (12) 14+2(3) 154+03(3) 24+053) 37+07(3) 124+23)

AT5S (6, 12) >1000 (3) 616 + 148 >1000 (3) >1000 (3) >1000 (3)
AT6S (8, 12) 12433 6.3+ 0.6 9.7 +36 54408 26 + 7.0

* Values represent mean ICs values == SEM in nM with the number of experiments shown in parentheses.

As shown in Table 2, AT5S with a 6- and a 12-member ring, lost affinity binding to
all five hSST1_5R, unlike AT6S with an 8- and a 12-member ring, which exhibited a clear
pansomatostatin affinity profile. Compared with AT2S [32,37], the bicyclic AT6S showed
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comparable affinities for the hSST{R and hSST4R, but lower affinities for the hSST,R
(<4 fold), hSST3R (=4 fold) and hSSTsR (<2 fold). Compared with the native hormone,
a more pronounced drop in binding affinities was observed for all of the somatostatin
receptors, hSST1R (<6 fold), hSST,R (9 fold), hSST3R (=3 fold), hSST4R (<3 fold) and
hSST5R (<6 fold).

2.3.2. Ligand-Induced Internalization of the hSST,R

An immunofluorescence microscopy-based internalization assay was performed in
HEK293 cells transfected to stably express the hSST;R tagged with the T7-epitope (HEK293-
SST,R) to determine the agonistic/antagonistic properties of AT5S and AT6S, using native
5514, TOC, and AT1S as reference agonists [32]. As shown in Figure 3, in the absence of a
hSST,R-ligand, the receptor remains on the cell membrane of the cells (a), but the known
agonists 5514 (at 10 nM, (b)), TOC (at 10 nM—(c); 1 uM—(d)), and AT1S (at 1 uM, (e)) were
clearly able to trigger the internalization of hSST;R. On the other hand, the 6/12-member
ring AT5S failed to trigger the hSST,R internalization at 1 uM (f) or even at 10 pM (g). It
furthermore failed to prevent the hSST,R internalization induced by 10 nM S514 in the
same cells, even at a concentration of 10 uM (h). Therefore, it behaves neither as an agonist
nor as an antagonist in this assay, a finding attributed to its poor affinity for the hSST,R. In
contrast, the 8/12-member ring bicyclic AT6S, exhibiting a single-digit binding affinity for
the hSST,R, behaved as a potent agonist triggering the internalization of the receptor at
1 uM ().

(f)

(8) (h) (1)

Figure 3. Agonist stimulated hSST;R-internalization in HEK293-hSST;R cells determined by im-
munofluorescence microscopy. HEK293-hSST;R cells were treated for 30 min at 37 °C with (upper
row) (a) either vehicle alone (no peptide added, negative control), or (b) 10 nM S514 (positive control),
(c,d) 10 nM and 1 uM TOC, respectively (positive controls), (e) 1 uM AT1S (positive control), (lower
row) (f,g) 1 uM and 10 uM AT5S, respectively, (h) 10 nM 5514 + 10 uM ATS5S, and (i) 1 uM AT6S; cells
were then processed for immunofluorescence microscopy. Compared to SS14, TOC, and AT1S, AT6S is
a strong agonist, while AT5S is not an agonist, since it is not able to stimulate hSST,R-internalization
up to 1 and 10 uM. Moreover, AT5S is not an antagonist either, since it cannot inhibit the SS14-induced
internalization of the receptor even in high molar excess over the native hormone (10 M to 10 nM).

2.3.3. Internalization of [1'1In]In-AT6S in AR4-2] and HEK293-hSST5R Cells

The internalization of ['!'In]In-AT6S was studied in AR4-2] cells that endogenously
express the rat SST;R (rSST2R) [39,40] and in HEK293 cells transfected to stably express the
hSST3R (HEK293-hSST5R). The [11In]In-AT5S was not included in this study, in view of its
lack of affinity for any of the hSST;_5R, as well as its lack of agonist/antagonist behavior at
the hSST,R during the immunofluorescence microscopy-based analysis. For [ In]In-AT6S,
assays were conducted by a 1 h incubation at 37 °C at 1-2 nM without or in the presence
of 1 uM blocker to determine non-specific internalization (TATE for rSST,R blockade in
AR4-2] cells) and KE108 (for hSST3R blockade in HEK293-hSST3R cells) [28]. The results are
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summarized in Figure 4, revealing low internalization (0.63 &= 0.10%) and overall uptake
(1.17 £ 0.39%) of the radioligand in the AR4-2] cells, with these values turning out to be
clearly higher in the HEK293-hSST3R cells (2.35 £ 0.63% and 4.76 £ 0.67%, respectively).

5A
5<
4 "
3 3
2 5]
14 1
0- 0 -
MB In
(a) (b)

Figure 4. Internalization and cell uptake of bicyclic 8/12-member-ring AT6S [1'In]In-ATé6S in (a)
AR4-2] cells and (b) in HEK293-hSST3R cells. Blue bars correspond to the results in the absence of
blocker and gray bars to the results in the presence of 1 uM blocker; the blocker is TATE for AR4-2]
cells and KE108 for HEK293-hSST3R cells. The results represent the mean percentages of total-added
activity per well =+ sd of at least two experiments performed in triplicate.

The percentage of specific internalization of [1''In]In-AT6S was found to be lower
when compared with either [M''In]In-AT1S (AR4-2J: 1.30 4 0.37% and HEK293-hSST3R:
443 + 1.61%) or [M1In]In-AT2S (AR4-2]: 3.72 4 0.83% and HEK293-hSST3R: 6.08 + 1.62%) [32],
revealing the unfavorable influences of the double 8/12-mer rings on internalization rates.

2.4. Animal Studies
2.4.1. Metabolic Stability of [!1'In]In-AT5S and ['!!In]In-AT6S in Mice

The metabolic stability of [N In]In-AT5S and [* In]In-AT6S after their entry into the
circulation of mice was studied by the analysis of blood samples collected 5 min post-
injection (pi) by radio-HPLC. Representative radiochromatograms are included in Figure 5,
revealing the high metabolic stability of the bicyclic analogs.
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Figure 5. Representative radiochromatograms of blood samples collected 5 min pi of (a) bicyclic 6/12-
member-ring [Mn]In-AT5S and (b) bicyclic 8/12-member-ring [Mn]In-AT6S (system 3). The tg of
the intact radioligands was established after co-injection with radiolabeled samples not administered
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in mice in the HPLC-column and are indicated with the arrows.

An impressive improvement of stability is observed for both bicyclic analogs com-
pared with those previously reported for monocyclic ['''In]In-AT1S (2.2% intact) and
[MMIn]In-AT2S (6.5% intact) [32]. The rapid degradation of the latter two monocyclic
radioligands in the peripheral blood of mice could be assigned to the rapid proteolytic
action of neprilysin (NEP) [34,36]. It should be noted that the 6-member ring mono-
cyclic [MIn]In-AT3S (AT3S, DOTA-Ala!-Gly?-Nle?-Lys*-Asn®-c[Cys®-Tyr”-DTrp8-Lys’-
Thr!?-Cys!]-Thr'2-Ser!3-Gly'#-OH) also displayed high metabolic stability (>96% intact
at 5 min pi) [37]. On the other hand, a significant improvement was achieved in the
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metabolic stability of [!''In]In-AT6S (>98% intact) vs. the corresponding monocyclic 8-
member ring ['!'In]In-AT4S (AT3S, DOTA-Ala!-Gly?-Nle?-Lys*-c[Cys®-Phe®-Phe’-DTrp®-
Lys’-Thr!%-Phe!!-Cys!2]-Ser!3-Gly'4-OH; >68% intact) [37], as a result of the second 12-
member ring closure.

2.4.2. Biodistribution of ['1'In]In-AT6S in Mice

The bicycle 6/12-member ring ['!!In]In-AT5S was not included in the biodistribution
studies, due to its inability to interact with any of the five hSST;_sR. The biodistribution of
[MIn]In-AT6S was assessed in rSSTyR-positive AR4-2] tumors raised in severe combined
immunodeficiency disease (SCID) mice at 4 and 24 h pi and during in vivo SST,R-blockade
at 4 h pi induced by co-injection of excess TATE [32]. In addition, [Mn]In-AT6S was
studied in HEK293-hSST3R xenograft-bearing SCID mice at 4 h pi and during in vivo
SST3R-blockade at 4 h pi by co-injection of excess KE108 [28]. The results, calculated as
percent injected activity per gram tissue (%IA/g), are summarized in Table 3 and represent
mean values =+ sd (n = 4). Moreover, the comparative uptake of [MMIn]In-AT6S and [ M In]In-
AT2S for the AR4-2] and the HEK293-hSST3R tumors, as well as in mice kidneys at 4 h
pi [32] is included in Figure 6.

Table 3. Biodistribution of ['''In]In-AT6S in AR4-2] and HEK293-hSST3R tumor-bearing SCID mice

as %lA/g; values represent mean + sd (n = 4).

[ In]In-AT6S (%IA/g)

Organs/Tissues AR4-2] HEK293-hSST3;R
4 h Block * 4h 24h 4 h Block ** 4h
Blood 0.3 +0.08 0.3 +£0.01 0.07 £ 0.00 0.1£0.01 0.3 +0.02
Liver 173 +28 16.6 £1.5 121+24 104+ 04 16.6 £1.5
Heart 0.7£0.1 0.5 £ 0.05 0.3 £0.06 0.1 £0.00 0.5 £ 0.05
Kidneys 49.5 £10.5 86.7 +10.9 341439 26.8 +54 61.1 +10.6
Stomach 05+02 0.8 +0.04 0.3 +0.03 0.1+0.04 0.8 +0.05
Intestines 2.6 £0.6 20+05 0.6 £ 0.08 05+0.1 23+02
Spleen 6.9 +0.9 63+1.3 6.0+1.1 46+0.3 73+12
Muscle 0.2 +0.04 0.2 +0.03 0.1+0.03 0.06 £ 0.01 0.3 +£0.05
Femur 09 £03 0.9 £0.09 0.6 £0.1 0.2 £0.03 08 £0.1
Pancreas 05+0.1 05+0.1 0.4 +£0.07 0.1 £ 0.00 *** 0.5+ 0.04
Tumor 0.8 £ 0.05 *** 19+0.1 0.8+0.1 0.3 £ 0.05 *** 37+04

* In vivo SST,R blockade by co-injection of 100 nmol TATE; ** In vivo SST3R blockade by co-injection of 80 nmol
KE108; *** corresponds to p < 0.001.
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Figure 6. Comparative uptake of [Mn]In-AT2S (reference [32], gray bar) and [Mn]In-AT6S (blue
bar) in (a) AR4-2] tumors, (b) HEK293-SST3R tumors and (c) kidneys in SCID mice at 4 h pi (%IA/g,
mean + sd, n =4).

The radioligand exhibited low levels in the blood at 4 h pi and showed visible uptake
in the liver, spleen, intestines, and especially in the kidneys, but uptake declined further at
24 h pi. Uptake in the AR4-2] tumors was low at 4 h pi (1.9 & 0.1%IA/g) and significantly
dropped with the co-injection of excess TATE (0.8 £ 0.05%IA/g; p < 0.001). The AR4-2]
tumor values of [1!1In]In-AT6S declined at 24 h pi (0.8 £ 0.1%IA/g). In the animals bearing
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the HEK293-hSST3R xenografts, a similar pattern was observed in healthy organs and
tissues at 4 h pi, but [ In]In-AT6S achieved a markedly higher uptake in the HEK293-
hSST3R tumors (3.7 &= 0.4%IA/g), in line with its higher uptake in the HEK293-hSST3R
cells. Tumor uptake could be significantly reduced during hSST3;R-blockade by co-injection
of excess KE108 (0.3 & 0.05%IA/g; p < 0.001), confirming a hSST;R-mediated process. It
is interesting to observe the drop of renal uptake in both groups of blocked animals by
co-injection of either TATE (from 86.7 £ 10.9%IA /g to 49.5 &+ 10.5%IA/g; p < 0.001) or
KE108 (from 61.1 £ 10.6%IA/g to 26.8 + 5.4%IA/g; p < 0.001). Both peptide analogs
carry pendant primary amines (Lys® in TATE; DDab'! /Lys® in KE108), which may partially
saturate the cubilin/megalin system in the endocytic apparatus of the renal proximal tubule
of the kidneys [41,42], thereby facilitating the excretion of radioactivity into urine.

Compared with the quickly biodegradable [1!!In]In-AT2S (~6% intact at 5 min pi in the
peripheral blood of mice) [32], [MMIn]In-AT6S displayed similar uptake in the AR4-2] tumors
but a notably higher uptake in the HEK293-hSST3R xenografts (Figure 6a,b, respectively).
Of particular interest are the elevated renal values of [Mn]In-AT6S compared to [Mn]In-
AT2S, tentatively attributed to their different metabolic fates and further processing of
['''In]In-AT2S-derived radiometabolites (Figure 6c).

3. Discussion

Previous efforts to develop metabolically robust pansomatostatin-like radioligands for
cancer theranostics were driven by the co-expression of SST;_s5Rs in different combinations
in NET and other tumor lesions [8,13-18,27,28,31,43]. The accomplishment of this goal has
been hitherto impeded by two major challenges. On one hand, SS14 and S528 and their
radiolabeled pansomatostatin-like analogs, such as [Mn]In-AT1S and [MIn]In-AT2S, were
shown to undergo fast enzymatic degradation after entering the circulation [32,34,36]. On
the other hand, less biodegradable synthetic analogs of smaller ring size ended up with
partial or total loss of SST;_sR affinity. In addition, such analogs have been often linked
with the absence of SST,R-internalization as well as unfavorable pharmacokinetics in mice,
compromising their clinical applicability [29-31,33,37,44]. It should be stressed that the
currently applied octreotide-based radioligands, like [*®*Ga]Ga/['””Lu]Lu-DOTA-TOC and
[#8Ga]Ga/[YLu]Lu-DOTA-TATE, are actually SST,R-preferring [5,6,8,9,11]. Their clinical
success relies on the 6-member ring octapeptide structure leading to high metabolic stability
and to enhanced internalization in cancer cells [6,8,31]. These features, in combination
with the prevailing SST,R-expression in NETs and other human tumors, have synergis-
tically contributed to the high diagnostic accuracy and therapeutic efficacy achieved in
patients [5,7,15].

In contrast to the above, we have observed that 6-member ring analogs containing
a total of 14 amino acids, like AT3S, unexpectedly lost affinity to all SST;_s5Rs, while the
respective [M1n]In-AT3S remained stable in mouse circulation [37]. Furthermore, the
8-member ring 14-peptide analog, AT4S, showed a pansomatostatin affinity profile and
the corresponding [*!!In]In-AT4S was notably more stable compared to the 12-mer ring
analogs [MM"In]In-AT1S and [M'In]In-AT2S [32,37]. In a continuation of this work, we
have now synthesized two bicyclic 6/12-mer and 8/12-mer ring 14-peptide analogs by
introducing two disulfide bridges in the SS14 scaffold, namely, Cys®-Cys!! /Cys3-Cys!* for
AT5S and Cys®-Cys!?/Cys3-Cys!* for AT6S (Figure 1). In this way, the issue of metabolic
stability is vigorously addressed for both. Concurrently, the effects of enhanced molecule
rigidity on SST1_5R affinity, internalization, and tumor uptake could be compared with their
respective monocyclic counterparts (AT3S and AT4S) [37], as well as with the AT1S/AT2S
prototypes [32].

The first results on SST1_5R affinity, obtained by receptor autoradiography on cells
expressing one of the five receptors are summarized in Table 1. The introduction of the
second Cys3-Cys!* disulfide bridge in AT5S failed to improve the affinity to any of the
five SST1_5R when compared with monocyclic AT3S [37]. However, the same intervention
(introduction of a second Cys3-Cys!* disulfide bridge) in AT6S led to affinity enhancement
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in all five receptor subtypes with the exception of SST4R, compared with the monocyclic
8-mer ring AT4S [37], revealing the positive influence of the increased rigidity of the bicyclic
molecule. The unexpected lack of SST1_5R affinity of AT3S and AT5S is truly intriguing, in
view of the high SST,R-affinity of related 6-mer monocyclic octapeptide analogs, such as
octreotide, having identical 6 amino acid rings. Dedicated studies using NMR methodology
may reveal conformational changes between 6-mer monocyclic and 6/12-mer bicyclic
tetradecapeptide analogs compared to their octapeptide counterparts, causing this discrep-
ancy in affinity, especially on the SST,R. The agonist/antagonist properties of AT5S and
AT6S were studied next by an immunofluorescence microscopy-based internalization assay
in HEK293-SST3R cells and the results are summarized in Figure 3. As expected by its
poor SST,R-affinity, AT5S failed not only to trigger SST,R-internalization in concentrations
up to 10 uM, but also to inhibit the SS14-induced internalization of the receptor even in
high molar excess (10 uM to 10 nM). Hence, AT5S behaved neither as an agonist nor as an
antagonist at the SST,R. On the other hand, the 8/12-mer bicyclic AT6S, similarly to its
monocyclic AT4S counterpart [37], behaved as a strong agonist in the same assay by stimu-
lating the SST,R-internalization at 1 uM. Lastly, the internalization of [MIn]In-AT6S was
investigated in AR4-2] and HEK293-SST3R cells (Figure 4). Internalization in AR4-2] cells
was comparable to that of the monocyclic 8-mer ring [M11In]In-AT4S [37], but clearly inferior
to the internalization of the monocyclic 12-mer ring [M"In]In-AT1S and [M'In]In-AT2S [32].
Interestingly, the internalization of [ In]In-AT6S was more pronounced in the HEK293-
SST3R cells. A similar higher internalization in HEK293-SST3R cells than in HEK293-SST,R
cells was reported for [MMIn]In-DOTA-LTT-SS28 [33]. The latter internalized much more
efficiently compared to ['!'In]In-AT6S in both cell lines, most probably due to the higher
affinity of DOTA-LTT-SS28 and ["@'In]In-DOTA-LTT-SS28 for SST,R and SST3R [33].

The bicyclic 6/12-mer [MIn]In-AT5S and 8/12-mer ['!'In]In-AT6S showed >96%
stability in the peripheral blood of mice, in contrast to the monocyclic 12-mer ring [32]. The
rapid cleavage of peptide bonds in the 5514 motif could be previously assigned to NEP
by monitoring the formation of (radio)metabolites without or in the presence of potent
NEP-inhibitors, like PA and thiorphan [34-36,45]. It is interesting to note that increased
stability was already observed for the respective 6-mer ring [ In]In-AT3S (96%) and 8-mer
ring [1In]In-AT4S (>68%) 14-peptide analogs. Furthermore, the DCys®-substituted 8-mer
ring [11'In]In-AT9S showing moderate affinities to all SST;_sR was >92% stable in the same
assay. These findings confirm previous observations that molecule rigidity imposed by
the two disulfide bridges, along with ring size and conformation play a critical role in the
in vivo stability of SS14-based radioligands.

The biodistribution of pansomatostatin-like and in vivo robust [Mn]In-AT6S was
studied in mice bearing either AR4-2] (rSST,R-positive) or HEK293-hSST3R xenografts with
the aim to evaluate its suitability for clinical use (Table 3 and Figure 6). Compared with
the quickly biodegradable but more SST;R-affine [N n]In-AT2S, [*1 In]In-AT6S showed
similar levels of uptake in AR4-2] tumors, but superior uptake in HEK293-hSST3R tumors,
emphasizing the importance of metabolic stability for good tumor localization [32,37]. This
assumption was further supported by the high values attained by the fairly stable and
highly SST;_sR-affine [ In]In-DOTA-LTT-SS28 in the same tumor models [33]. Unluckily,
by increasing the stability of SS14-based analogs, an unfavorably increasing kidney accu-
mulation was most often observed, which was found to be overwhelming in the case of
[M"n]In-DOTA-LTT-SS28 [32,33,36,37]. Administration of positive amino acid solutions
alone or together with plasma expanders, such as Gelofusine, have been previously pro-
posed to mitigate this problem [41,42]. It is interesting to compare our findings with another
class of bicyclic somatostatin-like peptides comprising an octreotide ring and a head-to-tail-
coupled Arg-Dab(DOTA) 8-mer ring cycle, such as AM3 (DOTA-Tyr-c{[Dab-Arg-c[Cys-Phe-
DTrp-Lys-Thr-Cys]}) [46]. These analogs were SSToR/SST3R-preferring, having reduced
affinities for SST;R and SST5R. However, their [*®*Ga]Ga/ 177Lu]Lu—radioligands were
likewise metabolically robust. They displayed superior internalization in SST,R/SST3R-
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positive cells and hence in respective tumors xenografted in mice. Kidney values were
moderate and were reduced by half by pre-treatment of mice with a Lys solution [46].

4. Materials and Methods
4.1. Materials and Instrumentation
4.1.1. Chemicals

All chemicals were reagent grade and used without further purification. The protected
chelator 2-(4,7,10-tris(2-tert-butoxy-2-oxoethyl)-1,4,7,10-tetraazacyclo-dodecan-1-yl)acetic
acid (DOTA-tris(tert-butyl) (‘Bu) ester;) was supplied by CheMatech (Dijon, France). The
L-amino acid precursors (9-fluorenylmethyloxycarbonyl (Fmoc))-Ala-OH, Fmoc-Gly-OH,
Fmoc-Cys(triphenylmethyl) (Trt)-OH), Fmoc-Lys(tert-butyloxycarbonyl) (Boc)-OH, Fmoc-
Asn(Trt)-OH, Fmoc-Phe-OH, Fmoc-Thr(‘Bu)-OH, Fmoc-Ser(!Bu)-OH, the D-amino acid
precursor Fmoc-DTrp(Boc)-OH, and H-L-Cys(S-acetamidomethyl) (Acm)-2-chlorotrityl
resin (substitution 0.40 mmol/g) that was used in solid-phase peptide synthesis (SPPS)
were purchased from CBL (Patras, Greece). The L-amino acid precursor Fmoc-Cys(Acm)-
OH was purchased from Novabiochem (Darmstadt, Germany). For the coupling of the
Fmoc-amino acids and the protected chelator DOTA-tris(‘Bu)ester, the activating agents
1-hydroxybenzotriazol (HOBt) (CBL, Patras, Greece) and N,N’-diisopropylcarbodiimide
(DIC) (Sigma Aldrich, Steinheim, Germany) were employed. The In-111 used for labeling
was purchased from Mallinckrodt Medical B.V. (Petten, The Netherlands) in the form
of ["'In]InCl; in a solution of 50 mM HCI at a 370 MBq/mL activity concentration on
calibration date.

4.1.2. Analysis-Radiochemistry

The peptide products were purified by semipreparative HPLC using a Mod.10 AKTA
system from Amersham Biosciences (Piscataway, NJ, USA). A Supelcosil C18 (5 um,
8 mm X 250 mm) column from Sigma Aldrich (St. Louis, MO, USA) was eluted at a
flow rate of 2 mL/min with a linear gradient from 90%A /10%B to 40%A /60% B in 50 min,
whereby A = 0.1% aqueous trifluoroacetic acid (TFA) and B = 0.1% TFA in MeCN. For-
mation of expected products was confirmed by ESI-MS using a Micromass-Platform LC
instrument (Waters Micromass Technologies, Milford, MA, USA). The purity of the final
products was assessed by a Waters Chromatograph (Waters, Vienna, Austria) with a 600E
multi-solvent delivery system coupled to a Waters 2998 photodiode array UV detector.
Analyses were performed System 1: on an XBridge™ Shield RP18 cartridge column (5 um,
4.6 mm x 150 mm; Waters, Eschborn, Germany) eluted at a 1 mL/min flow rate with
a linear gradient from 80%A /20%B to 60%A /40%B in 40 min, and System 2: RP-HPLC
on a Symmetry C18 analytical column (3.5 pm, 4.6 mm x 75 mm; Waters, Micromass
Technologies, Milford, MA, USA) eluted at a 1 mL/min flow rate with a linear gradient
from 90%A /10%B to 50%A /50%B in 20 min, whereby A = 0.1% aqueous TFA, B = MeCN.
Data processing and chromatographic control were conducted using Empower 2 software
(Waters, Eschborn, Germany). Radiochemical HPLC analyses were performed on the same
Waters Chromatograph coupled to a Gabi y-detector (Raytest, RSM Analytische Instru-
mente GmbH, Straubenhardt, Germany). Radioactivity measurements were conducted
in an automated well-type y-counter (an automated multi-sample well-type instrument
with a Nal(T1) 3" crystal, Canberra Packard Cobra™ Quantum U5003/1, Auto-Gamma®
counting system; Little Rock, AR/USA).

4.2. Synthesis of the Bicyclic DOTA-S5514 Peptide Conjugates
4.2.1. Peptide-Chain Assembly and Chelator-Coupling

The orthogonally protected sequences: DOTA(tris(‘Bu)ester)-Ala!-Gly?-Cys(Acm)3-
Lys(Boc)*-Asn(Trt)*-Cys(Trt)®-Phe’-DTrp(Boc)®-Lys(Boc)’-Thr(*Bu)'0-Cys(Trt) - Thr(‘Bu)!2-
Ser(‘Bu)!3-Cys(Acm)'* (AT5S) and DOTA(tris(‘Bu)ester)-Ala'-Gly?-Cys(Acm)3-Lys(Boc)*-
Cys(Trt)?-Phe®-Phe’-DTrp(Boc)®-Lys(Boc)’-Thr(‘Bu)'?-Phe!!-Cys(Trt)!2-Ser(‘Bu)'3-Cys(Acm) 4
(AT6S) were assembled on an H-L-Cys(Acm)-2-chlorotrityl resin (250 mg with a 0.4 mmol/g
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loading) applying Fmoc/!Bu methodology. The elongation of the protected peptide chain
was performed step by step for each residue in 3 molar excess (0.3 mmol), HOBt (69 mg,
0.45 mmol) and DIC (51.1 pL, 0.33 mmol). After coupling of the terminal Fmoc-Ala-OH,
the Fmoc group was removed and the peptide-loaded resin, either Ala!-Gly?-Cys(Acm)?3-
Lys(Boc)*-Asn(Trt)*>-Cys(Trt)®-Phe’-DTrp(Boc)®-Lys(Boc)’-Thr(*Bu) 1°-Cys(Trt) ! -Thr(*Bu) -
Ser(‘Bu)!3-Cys(Acm)!*-O-CI-Trt-R (AT5S) or Ala'-Gly?-Cys(Acm)3-Lys(Boc)*-Cys(Trt)>-
Phe®-Phe”-DTrp(Boc)8-Lys(Boc)’-Thr(‘Bu)!°-Phe!!-Cys(Trt)'2-Ser(*Bu)'3-Cys(Acm)4-O-Cl-
Trt-R (AT6S), was washed, dried, and divided in two equal parts. The first was stored at
—20 °C and the second was used to complete the synthesis. The protected DOTA-precursor,
DOTA (tris('Bu)ester) (0.15 mmol, 3 eq), was coupled using HOBt (35 mg, 0.23 mmol)
and DIC (25.6 pL, 0.17 mmol) in N,N-dimethylformamide (DMF). The resin was washed
and dried under vacuum. The peptide-conjugates were released from the solid support
and the protecting groups, except for the Acm, were removed by 4 h treatment with a
TFA /triisopropylsilane, (TIS)/ethanedithiol, (EDT)/anisole/H,O 93:3:2:1 (v/v/v/v) mix-
ture at room temperature.

4.2.2. Cyclization and Isolation of DOTA-Conjugates

For the formation of the first disulfide bridge, Cys®-Cys!! (AT5S) or Cys®-Cys'? (AT6S),
the linear peptide was dissolved in 0.01 M phosphate buffer, pH 7.5 (final concentration
1 mg/mL) and 1% DMSO was added. The mixture was stirred at room temperature and the
formation of the monocyclic product was monitored by HPLC and MS. For the formation
of the second disulfide bridge (Cys3-Cys'#, 12 member ring), oxidation with iodine in a
AcOH/H,0 4:1 (v/v) solution after in situ removal of the Acm groups was pursued, as
previously described [38]. The bicyclic analogs were isolated by semi-preparative HPLC
and lyophilized. Analytical HPLC confirmed the high purity of peptide conjugates and
ESI-MS spectra were consistent with the expected formula (Table 1 and Figures S1-54 in
Supplementary File).

4.3. Radiolabeling with In-111 and Quality Control

Labeling of the peptide-conjugates with In-111 was conducted by adding 10 nmol
peptide analog per 37 to 74 MBq of ['!'In]InCl3 in 0.1 M sodium acetate buffer and 10 mM
sodium ascorbate. The typical end pH was 4.6. Labeling was completed by incubation
in a boiling water bath for 20 min. Prior to HPLC quality control, EDTA in 0.1 M acetate
buffer was added to a final concentration of 1 mM to the labeling reaction mixture as a
“free” [M''In]In3* scavenger. Analyses were performed on a RP18 column using system 2.

4.4. In Vitro Studies
4.4.1. Cell Lines and Cell Culture

For in vitro assays, CHO cells transfected to stably express the hSST{R were kindly
offered by Drs. T. Reisine and G. Singh (University of Pennsylvania, Philadelphia, PA, USA),
whereas the CCL39 cells transfected to stably express one of the hSST,;R, hSST3R, or hSST4R
were a kind gift of Dr. D. Hoyer (Novartis Pharma, Basel, Switzerland). Furthermore,
HEK?293 cells, transfected to stably express one of the expressing the T7-epitope-tagged
hSST,R, hSST3R or hSSTsR, were given by Dr. S. Schultz (Institute of Pharmacology and
Toxicology, Friedrich Schiller University of Iena, Jena, Germany). CHO cells were cultured
in Ham's F-12 medium, CCL39 cells in a mixture of Dulbecco’s modified Eagle’s medium
(DMEM) and Ham'’s F-12 medium in a 1:1 v/v ratio. HEK293 cells were grown in DMEM
GLUTAMAX-I. Media were supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin and 100 pg/mL streptomycin along with 400-500 pg/mL G418-sulfate. The rat
pancreatic tumor cell line AR4-2], endogenously expressing the SST,;R, was provided by
Prof. S. Mather (St. Bartholomew’s Hospital, London, UK) and cultured in F-12 K medium
supplemented as above, but without addition of G418. All culture reagents were obtained
from Gibco BRL, Life Technologies (Grand Island, NY, USA) or from Biochrom KG Seromed
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(Berlin, Germany). Cells were cultured at 37 °C and a humidified 5% CO, atmosphere and
weekly passages were performed using a Trypsin/EDTA (0.05%/0.02% w/v) solution.

4.4.2. Receptor Autoradiography

The hSST1_5R affinity profiles of monocyclic AT2S and of the two bicyclic AT5S and
AT6S analogs were determined by receptor autoradiography [43,47]. Cell membrane
pellets were prepared from CHO-hSST1R cells, CCL39-hSST,R, CCL39-hSST3R, and CCL39-
hSST4R cells, and HEK293-hSSTR cells and stored at —80 °C. Receptor autoradiography
was performed on 20-um-thick cryostat (Microm HM 500, Walldorf, Germany) sections
of the membrane pellets mounted on microscope slides, and then stored at —20 °C, as
previously described [33]. For each of the tested compounds, complete displacement exper-
iments were performed with the universal 5528 radioligand 125 I][LeuS,DTrpzz,I—Tyr25 15528
((**1]I-[LTT]SS28) (74 GBq/mmol; Anawa, Wangen, Switzerland) using 15,000 cpm /100 pL
and increasing concentrations of the unlabeled peptide ranging from 0.1 to 1000 nM. Native
5514 was run in parallel as an internal control using the same increasing concentrations. The
sections were incubated with [*2I]I-[LTT]SS28 for 2 h at room temperature in 170 mmol /L
Tris-HCl buffer (pH 8.2), containing 1% bovine serum albumin (BSA), 40 mg/L bacitracin,
and 10 mmol/L MgCl, to inhibit endogenous proteases. The incubated sections were
washed twice for 5 min in cold 170 mmol/L Tris-HCI (pH 8.2) containing 0.25% BSA.
After a brief dip in 170 mmol/L Tris-HCI (pH 8.2), the sections were dried quickly and
exposed for 1 week to Kodak BioMax MR film (Rochester, NY, USA). IC5, values were
calculated after quantification of the data using a computer-assisted image processing sys-
tem as described previously [33]. Tissue standards (Autoradiographic [12°T] and /or [*4C]
microscales, GE Healthcare; Little Chalfont, UK) that contain known amounts of isotope,
cross-calibrated to tissue-equivalent ligand concentrations, were used for quantification.

4.4.3. Immunofluorescence Microscopy-Based Internalization Assay

An immunofluorescence microscopy-based internalization assay for hSST,R was
performed in HEK293-hSST,R cells, grown on poly-DLys (20 pg/mL) (Sigma-Aldrich,
St. Louis, MO, USA) coated 35-mm four-well plates (Cellstar, Greiner Bio-One GmbH,
Frickenhausen, Germany) [44,48]. Cells were treated for 30 min at 37 °C in growth medium
containing either the compounds to be tested (AT5S: 1 uM, 10 uM or 10 pM + 10 nM SS14;
AT6S: 1 uM) or TOC (10 nM and 1 pM) and SS14 (10 nM), serving as positive controls.
HEK293-hSST3R cells treated with vehicle alone were used as a negative control. The cells
were then rinsed twice with PS (100 mM phosphate buffer containing 0.15 M sucrose), fixed
and permeabilized for 7 min with cold methanol (—20 °C), rinsed twice with PS, and then
blocked for 60 min at room temperature with PS containing 0.1% BSA. Next, cells were
incubated for 60 min at room temperature with the hSST,R-specific primary antibody R2-88
(provided by Dr. A. Schonbrunn, Houston, TX, USA) diluted 1:1000 in PS and washed
3 x 5 min with PS containing 0.1% BSA. The cells were incubated for 60 min at room
temperature in the dark with the secondary antibody Alexa Fluor 488 goat anti-rabbit IgG
(H+ L) (Molecular Probes, Inc., Eugene, OR, USA) diluted in PS (1:600), washed 3 x 5 min
with PS containing 0.1% BSA, embedded with PS/glycerol 1:1, and covered with a glass
cover slip. The cells were imaged using a Leica DM RB immunofluorescence microscope
(Leica, Deerfield, IL, USA) and an Olympus DP10 camera (Olympus Corporation, Shinjuku,
Tokyo, Japan).

4.4.4. Radioligand Internalization in AR4-2] and HEK293-hSST3R Cells

Radioligand internalization experiments were performed using the rSST,R-positive
AR4-2] cells and HEK293-hSST3R cells [32]. Cells were grown to confluence in six-well
plates 24 h prior to the experiment. The following day, the cells were washed twice with
ice-cold internalization medium (F-12 K with 1% FBS for the AR4-2] cells and DMEM
GLUTAMAX-I with 1% FBS for the HEK293-hSST3R cells). They were supplied with
fresh medium (1.2 mL) and [MIn]In-AT6S (150 uL, ~300,000 cpm/2 pmol peptide) were
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added per well, followed by 0.5% BSA phosphate buffered saline (PBS) alone (150 puL,
total series) or by a 1 pM TATE (AR4-2] cells) or a KE108 (HEK293-hSST3R cells) solution
(0.5% BSA-PBS; 150 puL, nonspecific series). Cells were incubated at 37 °C for 60 min and
incubation was interrupted by the removal of the medium and rapid rinsing with ice-cold
0.5% BSA-PBS. Cells were incubated (2 x 5 min) at ambient temperature in acid wash buffer
(50 mM glycine in 0.1 M NaCl, pH 2.8). The supernatants were collected (membrane-bound
radioligand fraction). The cells were rinsed with 0.5% BSA-PBS, lysed with 1 N NaOH
and collected (internalized radioligand fraction). Collected fractions were measured for
their radioactivity content in the y-counter and the percentage of internalized activity was
calculated versus the total added activity per well. Experiments were performed twice in
triplicate.

4.5. Animal Studies
4.5.1. Metabolic Stability of ["'In]In-AT5S and [''!In]In-AT6S in Mice

The radioligand, [Mn]In-AT5S or [M1In]In-AT6S, was injected as a 150 puL bolus
(11-22 MBgq, 3 nmol total peptide) in the tail vein of male Swiss albino mice (30 £ 5 g,
NCSR “Demokritos” Animal House, Athens, Greece) [32,36]. At 5 min pi blood (~1mL)
was collected from the heart of mice in a prechilled insulin syringe and swiftly placed in an
ice-cold polypropylene tube containing EDTA on ice. Blood samples were centrifuged at
2000x g at 4 °C for 10 min. The supernatant (>90% radioactivity recovered) was collected
and an equal volume of MeCN was added. The mixture was centrifuged for 10 min at
15,000x g at 4 °C. The supernatant (>90% recovery of radioactivity) was collected, and
the organic solvent was removed under a mild Nj-stream; the residue was redissolved in
physiological saline, passed through a 0.22-um Millex-GV filter (Millipore, Milford, CT,
USA) (>90% recovery of radioactivity), and analyzed by RP-HPLC (>96% radioactivity
recovered). An RP18 Symmetry Shield cartridge column (5 pm, 3.9 mm x 20 mm, Wa-
ters, Vienna, Austria) was eluted at a 1 mL/min flow rate with the following gradient:
100%A /0%B to 60%A /40%B in 40 min, whereby A = 0.1% aqueous TFA and B = MeCN
(system 3). Co-injection of blood samples with aliquots of the original labeling reaction on
the HPLC column helped to identify intact [M"In]In-AT5S or [M1In]In-AT6S by co-elution
in this system (identical tR).

4.5.2. Biodistribution of ['''In]In-AT6S in AR4-2] Tumor-Bearing SCID Mice

For biodistribution experiments, male SCID mice of 7 weeks of age (1520 g) on arrival
day (NCSR “Demokritos” Animal House, Athens, Greece) were subcutaneously injected in
their flanks with a suspension of AR4-2]J cells (150 pL inocula of ~1 x 107 cells in PBS) [32].
The animals were kept under aseptic conditions for 12 days until well-palpable tumors were
grown at the inoculation site. On the day of the biodistribution experiment, animals were
injected in the tail vein in groups of four with [1llIn]In—AT6S (100 puL, 37 to 74 kBq, 10 pmol
total peptide) and were sacrificed at 4 and 24 h pi. In an additional group, animals were
co-injected with excess TATE (100 nmol) together with the radioligand (blocked animals)
and were sacrificed at 4 h pi. Blood was immediately collected, and the organs of interest
were excised and weighed. Sample radioactivity was measured in the y-counter using
proper standards of the injected activity. Data were calculated as %IA /g with the aid of
standard solutions and represent mean values + sd. For comparisons, a Two-way ANOVA
with Tukey’s post hoc analysis was applied (PRISM™ GraphPad—6 Software, San Diego,
CA, USA). p values < 0.05 were considered statistically significant.

4.5.3. Biodistribution of [''In]In-AT6S in HEK293-hSST3R Tumor-Bearing SCID Mice

For the second biodistribution experiments, male SCID mice of 7 weeks of age (15-20 g)
on arrival day (NCSR “Demokritos” Animal House, Athens, Greece) were subcutaneously
injected in their flanks with a suspension of HEK293-hSST3R cells (150 pL inocula of
~3 x 107 cells in PBS) [32]. The animals were kept under aseptic conditions for 3—4 weeks
until well-palpable tumors were grown at the inoculation site. On the day of the biodistribu-
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tion experiment, animals were injected in the tail vein in groups of four with [1'1In]In-AT6S
(100 uL, 37 to 74 kBq, 10 pmol total peptide) alone, or co-injected with excess KE108
(80 nmol) (blocked animals). Mice were sacrificed at 4 h pi, and biodistribution analyses
were conducted, as described above.

Mice experiments complied with European and national regulations and study pro-
tocols were approved by the Department of Agriculture and Veterinary Service of the
Prefecture of Athens (#440448, 01-06-2021 for the stability studies and #440451, 01-06-2021
for the biodistribution and imaging studies).

5. Conclusions

This work on bicyclic 6/12-mer and 8/12-mer ring SS14 analogs and their [1!'In]In-
labeled versions, has shown that the introduction of two rings was a successful strategy
to ensure the metabolic stability of the radioligands in circulation. On the other hand,
it revealed that other factors are equally important for effective tumor targeting. Thus,
changes in molecule rigidity, ring(s) size and conformation induced by the double ring
system directly impacted the SST;_sR affinity profile, internalization capacity, and phar-
macokinetics. Accordingly, the bicyclic 6/12-mer AT5S/['!!In]In-AT5S failed to interact
with any of the SST;_sR, despite its high stability and presence of the “-Phe’-DTrp8-Lys’-
Thr!%-“ pharmacophore sequence. In contrast, the bicyclic 8/12-mer AT6S/['!!In]In-AT6S
behaved like a pansomatostatin and showed superior biological features compared with a
previously reported monocyclic 8-mer counterpart (AT4S/['!In]In-AT4S). It is interesting
to note that unlike other bicyclic analogs with reduced overall number of amino acids, the
tetradecapeptide AT6S/[!'In]In-AT6S retained a pansomatostatin character, albeit show-
ing inferior internalization at the SST>R and lower SST,R-specific tumor uptake in mice.
More studies are warranted to better explore and smartly exploit structural interventions
leading to the most advantageous combination of all of the above factors in order to make
available true pansomatostatin radiopharmaceuticals for successful application in tumor
cancer theranostics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms25031921/s1.

Author Contributions: Conceptualization, P.C., M.d.]. and B.A.N.; methodology, A.T., TM., BW.
and B.A.N,; validation, TM., ].C.R,, E.PK,, P.C. and B.A.N.; formal analysis, TM., M.dJ., ].CR.,
P.C. and B.A.N; investigation, A.T., TM, B.W. and B.A.N; resources, TM., ].C.R., EPK,, P.C. and
B.A.N,; data curation, TM., ].C.R.,, M.d.]., EPK,, P.C. and B.A.N.; writing—original draft preparation,
T.M.; writing—review and editing, all authors; supervision, E.P.K,, J.C.R., P.C. and B.A.N.; project
administration, J.C.R., E.PK,, M.d.]., PC. and B.A.N. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Mice experiments were conducted in licensed facilities (EL
25 BIO exp021) in accordance with the Declaration of Helsinki and complied with European and
national regulations. The study protocols were approved by the Department of Agriculture and
Veterinary Service of the Prefecture of Athens (#440448, 1 June 2021 for the stability studies and
#440451, 1 June 2021 for the biodistribution studies).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and in the Supplementary File.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

1.  Lamberts, S.W.J.; Hofland, L.J. Anniversary review: Octreotide, 40 years later. Eur. J. Endocrinol. 2019, 181, R173-R183. [CrossRef]

[PubMed]


https://www.mdpi.com/article/10.3390/ijms25031921/s1
https://www.mdpi.com/article/10.3390/ijms25031921/s1
https://doi.org/10.1530/EJE-19-0074
https://www.ncbi.nlm.nih.gov/pubmed/31398712

Int. J. Mol. Sci. 2024, 25,1921 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Krenning, E.P,; Bakker, W.H.; Kooij, PP,; Breeman, W.A; Oei, H.Y.; de Jong, M.; Reubi, ]J.C.; Visser, T.J.; Bruns, C.; Kwekkeboom,
D.J.; et al. Somatostatin receptor scintigraphy with indium-111-DTPA-D-Phe-1-octreotide in man: Metabolism, dosimetry and
comparison with iodine-123-Tyr-3-octreotide. J. Nucl. Med. 1992, 33, 652-658. [PubMed]

Krenning, E.P.; Kwekkeboom, D.J.; Reubi, ].C.; Van Hagen, PM.; van Eijck, C.H.; Oei, H.Y.; Lamberts, S.W. 111In-octreotide
scintigraphy in oncology. Metabolism 1992, 41, 83-86. [CrossRef] [PubMed]

de Jong, M.; Breeman, W.A.; Kwekkeboom, D.J.; Valkema, R.; Krenning, E.P. Tumor imaging and therapy using radiolabeled
somatostatin analogues. Acc. Chem. Res. 2009, 42, 873-880. [CrossRef]

Levine, R.; Krenning, E.P. Clinical history of the theranostic radionuclide approach to neuroendocrine tumors and other types of
cancer: Historical review based on an interview of Eric P. Krenning by Rachel Levine. J. Nucl. Med. 2017, 58, 35-9S. [CrossRef]
[PubMed]

Stueven, A.K,; Kayser, A.; Wetz, C.; Amthauer, H.; Wree, A.; Tacke, F.; Wiedenmann, B.; Roderburg, C.; Jann, H. Somatostatin
analogues in the treatment of neuroendocrine tumors: Past, present and future. Int. J. Mol. Sci. 2019, 20, 3049. [CrossRef]
Hennrich, U.; Kopka, K. Lutathera®: The first FDA- and EMA-approved radiopharmaceutical for peptide receptor radionuclide
therapy. Pharmaceuticals 2019, 12, 114. [CrossRef]

Park, S.; Parihar, A.S.; Bodei, L.; Hope, T.A.; Mallak, N.; Millo, C.; Prasad, K.; Wilson, D.; Zukotynski, K.; Mittra, E. Somatostatin
receptor imaging and theranostics: Current practice and future prospects. J. Nucl. Med. 2021, 62, 1323-1329. [CrossRef]

Fani, M.; Mansi, R.; Nicolas, G.P,; Wild, D. Radiolabeled somatostatin analogs-A continuously evolving class of radiopharmaceu-
ticals. Cancers 2022, 14, 1172. [CrossRef] [PubMed]

Bodei, L.; Herrmann, K.; Schoder, H.; Scott, A.M.; Lewis, ].S. Radiotheranostics in oncology: Current challenges and emerging
opportunities. Nat. Rev. Clin. Oncol. 2022, 19, 534-550. [CrossRef] [PubMed]

Ambrosini, V.; Kunikowska, J.; Baudin, E.; Bodei, L.; Bouvier, C.; Capdevila, J.; Cremonesi, M.; de Herder, WW.; Dromain, C.;
Falconi, M.; et al. Consensus on molecular imaging and theranostics in neuroendocrine neoplasms. Eur. J. Cancer 2021, 146, 56-73.
[CrossRef]

Reubi, J.C. Peptide receptors as molecular targets for cancer diagnosis and therapy. Endocr. Rev. 2003, 24, 389-427. [CrossRef]
[PubMed]

Reubi, J.C. Somatostatin and other Peptide receptors as tools for tumor diagnosis and treatment. Neuroendocrinology 2004, 80
(Suppl. S1), 51-56. [CrossRef]

Reubi, J.C.; Waser, B. Concomitant expression of several peptide receptors in neuroendocrine tumours: Molecular basis for in vivo
multireceptor tumour targeting. Eur. |. Nucl. Med. Mol. Imaging 2003, 30, 781-793. [CrossRef] [PubMed]

Reubi, J.C.; Waser, B.; Schaer, ].C.; Laissue, ].A. Somatostatin receptor sst1-sst5 expression in normal and neoplastic human tissues
using receptor autoradiography with subtype-selective ligands. Eur. J. Nucl. Med. 2001, 28, 836-846. [CrossRef] [PubMed]
Reubi, J.C.; Schaer, ].C.; Waser, B.; Mengod, G. Expression and localization of somatostatin receptor SSTR1, SSTR;, and SSTR3
messenger RNAs in primary human tumors using in situ hybridization. Cancer Res. 1994, 54, 3455-3459. [PubMed]

Schaer, J.C.; Waser, B.; Mengod, G.; Reubi, ].C. Somatostatin receptor subtypes sstl, sst2, sst3 and sst5 expression in human
pituitary, gastroentero-pancreatic and mammary tumors: Comparison of mRNA analysis with receptor autoradiography. Int. J.
Cancer 1997, 70, 530-537. [CrossRef]

Hofland, L.J.; Liu, Q.; Van Koetsveld, PM.; Zuijderwijk, J.; Van Der Ham, E; De Krijger, R.R.; Schonbrunn, A.; Lamberts, S.W.
Immunohistochemical detection of somatostatin receptor subtypes sstl and sst2A in human somatostatin receptor positive
tumors. J. Clin. Endocrinol. Metab. 1999, 84, 775-780. [CrossRef]

Buscail, L.; Saint-Laurent, N.; Chastre, E.; Vaillant, ].C.; Gespach, C.; Capella, G.; Kalthoff, H.; Lluis, F; Vaysse, N.; Susini, C.
Loss of sst2 somatostatin receptor gene expression in human pancreatic and colorectal cancer. Cancer Res. 1996, 56, 1823-1827.
[PubMed]

Reubi, J.C.; Horisberger, U.; Essed, C.E.; Jeekel, J.; Klijn, ].G.; Lamberts, S.W. Absence of somatostatin receptors in human exocrine
pancreatic adenocarcinomas. Gastroenterology 1988, 95, 760-763. [CrossRef]

Reubi, J.C.; Waser, B.; Schaer, ].C.; Markwalder, R. Somatostatin receptors in human prostate and prostate cancer. J. Clin. Endocrinol.
Metab. 1995, 80, 2806-2814. [CrossRef]

Reubi, J.C.; Schaer, ].C.; Waser, B.; Hoeger, C.; Rivier, ]. A selective analog for the somatostatin sst1-receptor subtype expressed by
human tumors. Eur. J. Pharmacol. 1998, 345, 103-110. [CrossRef] [PubMed]

Ginj, M.; Chen, ].; Walter, M.A_; Eltschinger, V.; Reubi, J.C.; Maecke, H.R. Preclinical evaluation of new and highly potent
analogues of octreotide for predictive imaging and targeted radiotherapy. Clin. Cancer Res. 2005, 11, 1136-1145. [CrossRef]
[PubMed]

Wild, D.; Schmitt, J.S.; Ginj, M.; Macke, H.R.; Bernard, B.F.,; Krenning, E.; De Jong, M.; Wenger, S.; Reubi, ].C. DOTA-NOC, a
high-affinity ligand of somatostatin receptor subtypes 2, 3 and 5 for labelling with various radiometals. Eur. J. Nucl. Med. Mol.
Imaging 2003, 30, 1338-1347. [CrossRef]

Reubi, J.C.; Macke, H.R; Krenning, E.P. Candidates for peptide receptor radiotherapy today and in the future. . Nucl. Med. 2005,
46 (Suppl. S1), 675-75S. [PubMed]

Virgolini, I.; Ambrosini, V.; Bomanji, ].B.; Baum, R.P; Fanti, S.; Gabriel, M.; Papathanasiou, N.D.; Pepe, G.; Oyen, W.; De
Cristoforo, C.; et al. Procedure guidelines for PET/CT tumour imaging with ®Ga-DOTA-conjugated peptides: ®®Ga-DOTA-TOC,
8Ga-DOTA-NOC, 8Ga-DOTA-TATE. Eur. . Nucl. Med. Mol. Imaging 2010, 37, 2004-2010. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/1349039
https://doi.org/10.1016/0026-0495(92)90038-C
https://www.ncbi.nlm.nih.gov/pubmed/1355591
https://doi.org/10.1021/ar800188e
https://doi.org/10.2967/jnumed.116.186502
https://www.ncbi.nlm.nih.gov/pubmed/28864612
https://doi.org/10.3390/ijms20123049
https://doi.org/10.3390/ph12030114
https://doi.org/10.2967/jnumed.120.251512
https://doi.org/10.3390/cancers14051172
https://www.ncbi.nlm.nih.gov/pubmed/35267479
https://doi.org/10.1038/s41571-022-00652-y
https://www.ncbi.nlm.nih.gov/pubmed/35725926
https://doi.org/10.1016/j.ejca.2021.01.008
https://doi.org/10.1210/er.2002-0007
https://www.ncbi.nlm.nih.gov/pubmed/12920149
https://doi.org/10.1159/000080742
https://doi.org/10.1007/s00259-003-1184-3
https://www.ncbi.nlm.nih.gov/pubmed/12707737
https://doi.org/10.1007/s002590100541
https://www.ncbi.nlm.nih.gov/pubmed/11504080
https://www.ncbi.nlm.nih.gov/pubmed/8012966
https://doi.org/10.1002/(SICI)1097-0215(19970304)70:5%3C530::AID-IJC7%3E3.0.CO;2-Z
https://doi.org/10.1210/jcem.84.2.5497
https://www.ncbi.nlm.nih.gov/pubmed/8620499
https://doi.org/10.1016/S0016-5085(88)80025-8
https://doi.org/10.1210/jcem.80.9.7673428
https://doi.org/10.1016/S0014-2999(97)01618-X
https://www.ncbi.nlm.nih.gov/pubmed/9593601
https://doi.org/10.1158/1078-0432.1136.11.3
https://www.ncbi.nlm.nih.gov/pubmed/15709181
https://doi.org/10.1007/s00259-003-1255-5
https://www.ncbi.nlm.nih.gov/pubmed/15653654
https://doi.org/10.1007/s00259-010-1512-3

Int. J. Mol. Sci. 2024, 25,1921 17 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Weckbecker, G.; Lewis, L; Albert, R.; Schmid, H.A.; Hoyer, D.; Bruns, C. Opportunities in somatostatin research: Biological,
chemical and therapeutic aspects. Nat. Rev. Drug Discov. 2003, 2, 999-1017. [CrossRef]

Reubi, ].C.; Eisenwiener, K.P; Rink, H.; Waser, B.; Macke, H.R. A new peptidic somatostatin agonist with high affinity to all five
somatostatin receptors. Eur. J. Pharmacol. 2002, 456, 45-49. [CrossRef] [PubMed]

Waser, B.; Cescato, R.; Tamma, M.L.; Maecke, H.R.; Reubi, ].C. Absence of somatostatin SST, receptor internalization in vivo after
intravenous SOM230 application in the AR42J animal tumor model. Eur. |. Pharmacol. 2010, 644, 257-262. [CrossRef]

Cescato, R.; Loesch, K.A.; Waser, B.; Macke, H.R.; Rivier, J.E.; Reubi, J.C.; Schonbrunn, A. Agonist-biased signaling at the
sst2A receptor: The multi-somatostatin analogs KE108 and SOM230 activate and antagonize distinct signaling pathways. Mol.
Endocrinol. 2010, 24, 240-249. [CrossRef]

Ginj, M.; Zhang, H.; Eisenwiener, K.P,; Wild, D.; Schulz, S.; Rink, H.; Cescato, R.; Reubi, ].C.; Maecke, H.R. New pansomatostatin
ligands and their chelated versions: Affinity profile, agonist activity, internalization, and tumor targeting. Clin. Cancer Res. 2008,
14,2019-2027. [CrossRef]

Tatsi, A.; Maina, T.; Cescato, R.; Waser, B.; Krenning, E.P.; de Jong, M.; Cordopatis, P.; Reubi, J.C.; Nock, B.A. [Hlln-
DOTA]Somatostatin-14 analogs as potential pansomatostatin-like radiotracers-first results of a preclinical study. ENMMI Res.
2012, 2, 25. [CrossRef]

Maina, T.; Cescato, R.; Waser, B.; Tatsi, A.; Kaloudi, A.; Krenning, E.P; de Jong, M.; Nock, B.A.; Reubi, J.C. [!"'In-DOTA]LTT-SS28,
a first pansomatostatin radioligand for in vivo targeting of somatostatin receptor-positive tumors. J. Med. Chem. 2014, 57,
6564-6571. [CrossRef]

Patel, Y.C.; Wheatley, T. In vivo and in vitro plasma disappearance and metabolism of somatostatin-28 and somatostatin-14 in the
rat. Endocrinology 1983, 112, 220-225. [CrossRef] [PubMed]

Sakurada, C.; Yokosawa, H.; Ishii, S. The degradation of somatostatin by synaptic membrane of rat hippocampus is initiated by
endopeptidase-24.11. Peptides 1990, 11, 287-292. [CrossRef]

Nock, B.A.; Maina, T.; Krenning, E.P.; de Jong, M. “To serve and protect”: Enzyme inhibitors as radiopeptide escorts promote
tumor targeting. J. Nucl. Med. 2014, 55, 121-127. [CrossRef] [PubMed]

Tatsi, A.; Maina, T.; Cescato, R.; Waser, B.; Krenning, E.P.; de Jong, M.; Cordopatis, P.; Reubi, J.C.; Nock, B.A. [DOTA]Somatostatin-
14 analogs and their "' In-radioligands: Effects of decreasing ring-size on sst1-5 profile, stability and tumor targeting. Eur. ]. Med.
Chem. 2014, 73, 30-37. [CrossRef] [PubMed]

Kamber, B.H.A; Eisler, K.; Riniker, B.; Rink, H.; Sieber, P; Rittel, W. The Synthesis of Cystine Peptides by Iodine Oxidation of
S-Trityl-cysteine and S-Acetamidomethyl-cysteine Peptides. Helvetica Chim. Acta 1980, 63, 899-915. [CrossRef]

Viguerie, N.; Tahiri-Jouti, N.; Esteve, ].P; Clerc, P.; Logsdon, C.; Svoboda, M.; Susini, C.; Vaysse, N.; Ribet, A. Functional
somatostatin receptors on a rat pancreatic acinar cell line. Am. J. Physiol. 1988, 255, G113-G120. [CrossRef]

Froidevaux, S.; Hintermann, E.; Torok, M.; Macke, H.R.; Beglinger, C.; Eberle, A.N. Differential regulation of somatostatin receptor
type 2 (sst 2) expression in AR4-2] tumor cells implanted into mice during octreotide treatment. Cancer Res. 1999, 59, 3652-3657.
[PubMed]

Gotthardt, M.; van Eerd-Vismale, J.; Oyen, W.J.; de Jong, M.; Zhang, H.; Rolleman, E.; Maecke, HR.; Behe, M.; Boerman, O.
Indication for different mechanisms of kidney uptake of radiolabeled peptides. J. Nucl. Med. 2007, 48, 596—601. [CrossRef]
[PubMed]

Rolleman, E.J.; Melis, M.; Valkema, R.; Boerman, O.C.; Krenning, E.P.; de Jong, M. Kidney protection during peptide receptor
radionuclide therapy with somatostatin analogues. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 1018-1031. [CrossRef]

Reubi, J.C.; Schar, ].C.; Waser, B.; Wenger, S.; Heppeler, A.; Schmitt, J.S.; Macke, H.R. Affinity profiles for human somatostatin
receptor subtypes SST1-SST5 of somatostatin radiotracers selected for scintigraphic and radiotherapeutic use. Eur. J. Nucl. Med.
2000, 27, 273-282. [CrossRef] [PubMed]

Cescato, R.; Schulz, S.; Waser, B.; Eltschinger, V.; Rivier, J.E.; Wester, H.]J.; Culler, M.; Ginj, M.; Liu, Q.; Schonbrunn, A.; et al.
Internalization of sst2, sst3, and sst5 receptors: Effects of somatostatin agonists and antagonists. J. Nucl. Med. 2006, 47, 502-511.
Roques, B.P; Noble, F,; Dauge, V.; Fournie-Zaluski, M.C.; Beaumont, A. Neutral endopeptidase 24.11: Structure, inhibition, and
experimental and clinical pharmacology. Pharmacol. Rev. 1993, 45, 87-146.

Fani, M.; Mueller, A.; Tamma, M.L.; Nicolas, G.; Rink, H.R.; Cescato, R.; Reubi, ].C.; Maecke, H.R. Radiolabeled bicyclic
somatostatin-based analogs: A novel class of potential radiotracers for SPECT/PET of neuroendocrine tumors. J. Nucl. Med. 2010,
51, 1771-1779. [CrossRef]

Cescato, R.; Erchegyi, ].; Waser, B.; Piccand, V.; Maecke, H.R.; Rivier, ].E.; Reubi, ].C. Design and in vitro characterization of highly
sst2-selective somatostatin antagonists suitable for radiotargeting. J. Med. Chem. 2008, 51, 4030-4037. [CrossRef]

Reubi, J.C.; Erchegyi, ].; Cescato, R.; Waser, B.; Rivier, J.E. Switch from antagonist to agonist after addition of a DOTA chelator to a
somatostatin analog. Eur. J. Nucl. Med. Mol. Imaging 2010, 37, 1551-1558. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nrd1255
https://doi.org/10.1016/S0014-2999(02)02651-1
https://www.ncbi.nlm.nih.gov/pubmed/12450568
https://doi.org/10.1016/j.ejphar.2010.07.005
https://doi.org/10.1210/me.2009-0321
https://doi.org/10.1158/1078-0432.CCR-07-1687
https://doi.org/10.1186/2191-219X-2-25
https://doi.org/10.1021/jm500581d
https://doi.org/10.1210/endo-112-1-220
https://www.ncbi.nlm.nih.gov/pubmed/6128222
https://doi.org/10.1016/0196-9781(90)90084-I
https://doi.org/10.2967/jnumed.113.129411
https://www.ncbi.nlm.nih.gov/pubmed/24287321
https://doi.org/10.1016/j.ejmech.2013.12.003
https://www.ncbi.nlm.nih.gov/pubmed/24378707
https://doi.org/10.1002/hlca.19800630418
https://doi.org/10.1152/ajpgi.1988.255.1.G113
https://www.ncbi.nlm.nih.gov/pubmed/10446977
https://doi.org/10.2967/jnumed.106.036020
https://www.ncbi.nlm.nih.gov/pubmed/17401097
https://doi.org/10.1007/s00259-009-1282-y
https://doi.org/10.1007/s002590050034
https://www.ncbi.nlm.nih.gov/pubmed/10774879
https://doi.org/10.2967/jnumed.110.076695
https://doi.org/10.1021/jm701618q
https://doi.org/10.1007/s00259-010-1445-x
https://www.ncbi.nlm.nih.gov/pubmed/20396884

	Introduction 
	Results 
	Synthesis of Bicyclic Peptide-Conjugates 
	Synthesis of AT5S 
	Synthesis of AT6S 

	Radiochemistry 
	In Vitro Studies 
	Affinity Profile of AT5S and AT6S to the Five Human SST1–5R 
	Ligand-Induced Internalization of the hSST2R 
	Internalization of [111In]In-AT6S in AR4-2J and HEK293-hSST3R Cells 

	Animal Studies 
	Metabolic Stability of [111In]In-AT5S and [111In]In-AT6S in Mice 
	Biodistribution of [111In]In-AT6S in Mice 


	Discussion 
	Materials and Methods 
	Materials and Instrumentation 
	Chemicals 
	Analysis-Radiochemistry 

	Synthesis of the Bicyclic DOTA-SS14 Peptide Conjugates 
	Peptide-Chain Assembly and Chelator-Coupling 
	Cyclization and Isolation of DOTA-Conjugates 

	Radiolabeling with In-111 and Quality Control 
	In Vitro Studies 
	Cell Lines and Cell Culture 
	Receptor Autoradiography 
	Immunofluorescence Microscopy-Based Internalization Assay 
	Radioligand Internalization in AR4-2J and HEK293-hSST3R Cells 

	Animal Studies 
	Metabolic Stability of [111In]In-AT5S and [111In]In-AT6S in Mice 
	Biodistribution of [111In]In-AT6S in AR4-2J Tumor-Bearing SCID Mice 
	Biodistribution of [111In]In-AT6S in HEK293-hSST3R Tumor-Bearing SCID Mice 


	Conclusions 
	References

