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Abstract

Abstract

Aim: Due to the insufficient metabolic stability in vivo of currently known GRPR-targeted peptides as
a consequence of proteolytic cleavage, especially by the neutral endopeptidase (NEP, EC 3.4.24.11), we
investigated different structural modifications (cyclization, substitution by unnatural amino acids) to
address these issues. Based on the structure of the current gold standard among gastrin-releasing peptide
receptor (GRPR-) targeted ligands, RM2 (DOTA-Pip®-phet-GIn’-Trp8-Ala®-Val'’-Gly!-His!?-Sta’3-
Leu*-NHy), several analogs were designed and examined by state-of-the-art experiments (ICso, logD7 4,
receptor-mediated internalization, plasma stability, biodistribution and imaging studies in mice). Fur-
thermore, the novel radiohybrid (rh) concept developed by our group and successfully applied to pros-
tate-specific membrane antigen (PSMA) inhibitors, was to be transferred to bombesin (BBN)-based
compounds. Therefore, a silicon-fluoride-acceptor (SiFA) moiety and several N-terminal modifications

required for the compensation of the bulky and lipophilic SiFA group, were introduced.

Methods: All compounds were synthesized via standard Fmoc-based solid-phase peptide synthesis
(SPPS). Y"Lu-labeling was carried out at 95 °C within 10 min (1.0 M sodium acetate buffer, pH = 5.5,
0.1 m sodium ascorbate). GRPR affinity (ICso) and receptor-mediated internalization (37 °C, 1 h) were
evaluated on PC-3 cells. Lipophilicity (expressed as n-octanol/PBS distribution coefficient; logD-.4) and
metabolic stability in vitro in murine as well as in human plasma (37 °C, 72 £ 2 h) were investigated.
Biodistribution studies 24 h post-injection (p.i.) and xSPECT/CT imaging 1, 4, 8, 24 and 28 h p.i. were
carried out on PC-3 tumor-bearing CB17-SCID mice.

Results: Synthesis of the RM2 analogs via SPPS yielded 4-15% HPLC-purified labeling precursor.
7L u-labeling proceeded quantitatively. Among the designed "’Lu-labeled RM2 derivatives, particu-
larly those substituted by unnatural amino acids at the metabolically less stable GIn’-Trp® site, revealed
promising overall data in vitro (ICso [nM], logDy 4, receptor-mediated internalization [%], metabolic sta-
bility in murine vs. human plasma [%]): RM2 (3.5+0.2, —2.51 £0.02, 2.92 £0.20, 71.2 £ 3.6,
33.5+2.7), NeoBOMB1 (4.2+0.1, —0.57+£0.03, 13.91+0.64, 73.5+3.4, 60.8+1.2), DOTA-
[Cit']MJ9 (11.6+2.1, —3.22+0.15, 1.82+0.16, 72.9+0.8, 38.3+12.4), DOTA-[Hse’]MJ9
(19.7+1.6, —2.25+0.06, 1.40+0.16, 70.8+35, 454+7.6), DOTA-[Bta®]MJ9 (4.6 +0.2,
—-1.81+£0.02, 2.26+0.18, 58.3+6.0, 16.2+3.5), DOTA-[a-Me-Trp¢]MJ9 = AMTG (3.0+0.1,
—2.28+0.06, 3.03+0.18, 75.0+115, 77.6+10.1) and DOTA-GA-[a-Me-Trp¥]MJ9 = AMTG2
(47+0.2,-2.51+£0.11,5.88 £ 0.33,80.8 + 3.8, 64.4 + 4.7).

In vivo, [""LUJAMTG exhibited the highest tumor-to-blood ratio 24 h p.i. as well as a favorable overall
biodistribution profile. As demonstrated by xSPECT/CT imaging, [*""LUJAMTG revealed a less rapid
clearance from the tumor and the pancreas than [*"/LU]RM2. Interestingly, both DOTA-[Hse’]MJ9 and
DOTA-[Bta®]MJ9, which showed low tumor-to-background ratios 24 h p.i., displayed favorable biodis-

tribution profiles 1 h p.i., as tumor uptake was comparable or even increased to RM2 but clearance from

Vi



Abstract

non-tumor organs was more rapid. Despite several N-terminal linker modifications, BBN-SiFA ligands
suffered from moderate GRPR affinity and lipophilicity, which resulted in low retention in the tumor
24 h p.i. Moreover, high renal retention (> 100 %ID/g) was observed, most likely as a consequence of
the various hydrophilic modifications.

Due to its favorable preclinical data in vitro and in vivo, AMTG was selected for a proof of concept
(PoC) study in a prostate cancer (PCa) patient, which revealed high accumulation of [Y’LU]JAMTG in
several tumor lesions 1 and 4 h p.i.

Conclusion: Based on its improved metabolic stability and very promising overall data, the novel
GRPR-targeted antagonist AMTG might have the potential to outperform the current gold standards
among GRPR-targeted ligands (RM2, NeoBOMB1) for targeted radiotherapy in men. Both modifica-
tions, homoserine (Hse) and S-(3-benzothienyl)alanine (Bta), could be useful for the future design of
diagnostic compounds, as both revealed superior pharmacokinetics in the early window due to a de-
creased metabolic stability, which accelerated clearance from non-tumor organs, whereas tumor uptake
was not negatively affected. BBN-SiFA ligands require further optimization within the N-terminal linker
section, as retention in the kidneys was massively increased for these compounds, whereas retention in

the tumor was low 24 h p.i.

Vil



Kurzzusammenfassung

Kurzzusammenfassung

Zielsetzung: Aufgrund unzureichender metabolischer Stabilitat in vivo gegenwaértig eingesetzter
GRPR-gerichteter Peptide als Konsequenz proteolytischer Spaltung, insbesondere durch die Neutrale
Endopeptidase (NEP, EC 3.4.24.11), wurden verschiedene strukturelle Modifikationen (Zyklisierung,
Substitution durch unnatirliche Aminosduren) untersucht, um dieses Problem zu beheben. Basierend
auf der Struktur des Goldenen Standards innerhalb der gastrin-releasing peptide receptor (GRPR-) ge-
richteten Liganden, RM2 (DOTA-Pip®-phes-GIn’-Trp8-Ala®-Val'’-Gly!-His!?-Sta®3-Leu*-NH), wur-
den mehrere Analoga entworfen und in State-of-the-Art Experimenten (ICso, logD~.4, Rezeptor-indu-
zierte Internalisierung, Plasmastabilitit, Biodistributions- und Bildgebungsstudien in M&usen) unter-
sucht. Des Weiteren sollte das neue Radiohybrid (rh) Konzept, welches in unserer Gruppe entwickelt
und erfolgreich bei Prostata-spezifischen Membranantigen (PSMA) Inhibitoren angewandt wurde, auf
Bombesin (BBN)-basierte Verbindungen tbertragen werden. Hierfiir wurde eine Silikon-Fluorid-Ak-
zeptor (SiFA) Einheit sowie mehrere N-terminale Modifikationen eingefiihrt, welche zur Kompensation

der sperrigen, lipophilen SiFA Gruppe notwendig waren.

Methoden: Alle Verbindungen wurden durch Fmoc-basierte Festphasen-Peptidsynthese (SPPS) herge-
stellt. Y’Lu-Markierungen wurden bei 95 °C in 10 min durchgefiihrt (1.0 M Natriumacetat-Puffer,
pH = pH = 5.5, 0.1 M Natriumascorbatlosung). Die GRPR-Affinitat (ICso) und die Rezeptor-induzierte
Internalisierung (37 °C, 1 h) wurde auf PC-3 Zellen evaluiert. Die Lipophilie (als n-Octanol/PBS-Dis-
tributionskoeffizient ausgedriickt; logD7.4) und die metabolische Stabilitét in vitro in murinem und hu-
manem Plasma (37 °C, 72 £ 2 h) wurde untersucht. Biodistributionsstudien 24 h p.i. sowie Bildgebung
via uSPECT/CT 1, 4, 8, 24 und 28 h p.i. wurden in PC-3 Tumor-tragenden CB17-SCID Mé&usen unter-

sucht.

Ergebnisse: Die Synthese der RM2-Analoga durch SPPS wurden 4-15% an HPLC-aufgereinigtem Mar-
kierungsvorlaufer erhalten. Die *’Lu-Markierungen verliefen quantitativ. Innerhalb der synthetisierten
Y7L u-markierten RM2-Derivate zeigten vor allem diejenigen vielversprechende in vitro-Daten (ICso
[nM], logDy.4, Rezeptor-induzierte Internalisierung [%], metabolische Stabilitat in murinem vs. Huma-
nem Plasma [%]), welche an der unstabilen GIn’-Trp? Stelle durch unnatirliche Aminosauren substitu-
iert wurden: RM2 (3.5+£0.2, —2.51 £0.02, 2.92+0.20, 71.2+ 3.6 vs. 33.5+2.7), NeoBOMB1
(42+0.1, —0.57+0.03, 13.91+0.64, 73.5+3.4 vs. 60.8+1.2), DOTA-[Cit']MJ9 (11.6+2.1,
-3.22+0.15, 1.82+0.16, 72.9£0.8 vs. 38.3+12.4), DOTA-[Hse’']MJ9 (19.7 £ 1.6, —2.25 + 0.06,
1.40+0.16, 70.8+35 vs. 454+7.6), DOTA-[Bta®)]MJ9 (4.6 £0.2, —1.81+£0.02, 2.26 +0.18,
58.3+6.0 vs. 16.2 + 3.5), DOTA-[a-Me-Trp¥]MJ9 = AMTG (3.0+0.1, —2.28 £ 0.06, 3.03 + 0.18,
75.0+11.5 vs. 77.6 £10.1) und DOTA-GA-[a-Me-Trpé]MJ9 = AMTG2 (4.7 £0.2, —2.51+£0.11,
5.88+0.33,80.8 +£3.8Vvs.64.4+£4.7).
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[Y"LU]JAMTG zeigte in vivo 24 h nach Injektion (p.i.) die hochsten Tumor-zu-Blut- und Tumor-zu-Mus-
kel-Verhéltnisse sowie ein vorteilhaftes Biodistributionsprofil. Wie durch Bildgebung mit xuSPECT/CT
gezeigt, offenbarte [""LUJAMTG eine langsamere Clearance aus dem Tumor und dem Pankreas als
[Y"LU]RM2. Interessanterweise zeigten sowohl DOTA-[Hse’]MJ9 als auch DOTA-[Bta®]MJ9 vorteil-
hafte Biodistributionsprofile 1 h p.i., obwohl beide geringe Tumor-zu-Hintergrund-Verhéltnisse 24 h
p.i. vorzeigten. Dies war dadurch gegeben, dass die Tumoraufnahme vergleichbar oder sogar verbessert
war als bei RM2 und gleichzeitig die Clearance aus Nicht-Tumor-Organen schneller verlief. Trotz meh-
rerer N-terminaler Modifikationen litten BBN-SiFA-Liganden unter der moderaten GRPR-Affinitat und
Lipophilie, was in einer geringen Tumorretention resultierte. Des Weiteren wurden hohe renale Re-
tentionen (> 100 %I1D/g) beobachtet, was héchstwahrscheinlich der Vielzahl an hydrophilen Modifika-

tionen geschuldet ist.

Aufgrund seiner vorteilhaften préklinischen in vitro- und in vivo-Daten wurde AMTG flr eine Proof-
of-Concept (PoC) Studie in einem Prostatakrebs (PCa) Patienten ausgewahlt, welche eine hohe Akku-

mulation von [Y’LUJAMTG in mehreren Tumorlasionen 1 und 4 h p.i. zeigte.

Schlussfolgerung: Aufgrund seiner verbesserten metabolischen Stabilitat und dulerst vielversprechen-
den Daten, kdnnte der neue GRPR-gerichtete Antagonist AMTG das Potential haben, die gegenwartigen
Goldenen Standards innerhalb der GRPR-gerichteten Liganden (RM2, NeoBOMBL1) bei der Endoradi-
otherapie zu Ubertreffen. Beide Modifikationen, Homoserine (Hse) und S-(3-benzothienyl)alanin (Bta)
kénnten fiir das Design zukiinftiger Verbindungen niitzlich sein, da beide eine verbesserte Pharmakoki-
netik zu friiheren Zeitpunkten offenbarten. Dies war einer verringerten metabolischen Stabilitat geschul-
det, welche zu einer beschleunigten Clearance aus Nicht-Tumor-Organen fiihrte, wohingegen die Tu-
moraufnahme nicht negativ beeinflusst wurde. Die BBN-SiFA-Liganden bendtigen weitere Optimie-
rungen innerhalb des N-terminalen Linkers, da die Nierenretention dieser VVerbindungen massiv erhoht,

die Tumorretention 24 h p.i. aber gering war.






Introduction

I. Introduction

1. General

As a conseguence to poor survival rates at progressed stages of disease, prostate cancer (PCa) and breast
cancer (BCa), the most common cancer types in the respective sexes globally, remain difficult tasks to
medical treatment!3, As it was shown that treatment success is higher the sooner it is diagnosed and

treated, new options for early detection and treatment are desired® .

PCa is commonly screened by digital rectal examination (DRE) or elevated prostate specific antigen
(PSA) values in the blood. However in both cases, biopsy and subsequent histopathological verification
are necessary to confirm the medical diagnosis®. Whereas increased PSA levels are a potential indicator
for early-stage disease, biopsy-detected PCa revealed that high-grade disease is not infrequently found
in men showing normal PSA levels® 7. On the contrary, elevated PSA values were also determined in
case of non-malignant conditions, such as prostatitis or benign prostatic hyperplasia (BPH)® °.

For diagnosis of BCa, screening methods such as mammography, which reveals reliable findings espe-
cially in women above the age of 50, and ultrasonography examination of the breast are the ones most
commonly used®® ', However, mammography is reportedly more controversial in younger women (age
< 50), most commonly due to over-diagnosis'?*4. Although mammography is strongly recommended by

medical guidelines, additional biopsy is often required in order to prevent false-positive findings®:.

Improved prognosis for different cancer types has been accomplished since introduction of the Gleason
score (GS), a value obtained by histological examination of glandular tissue from biopsy samples. An
elevated GS generally correlates with advanced disease and poor survival prognosist® 6. Furthermore,
the TNM (tumor, node, metastasis) classification was implemented for accurate staging of the disease.
Therefore, extent of the main tumor (T), possible infiltration of adjacent lymph nodes (N) as well as
probably present metastasis (M) are described'’. Non-invasive techniques, such as computed tomogra-
phy (CT), magnetic resonance imaging (MRI) and bone scintigraphy are also used for tumor localization

and staging although reliable visualization remains difficult*®.

Over the last decades, application of positron emission tomography (PET) or single-photon emission
computed tomography (SPECT), mostly in combination with CT or MRI have gathered growing inter-
est’8, Both non-invasive techniques are based on radiolabeled molecules, which accumulate fast and
almost exclusively at the tumor site®®. This allows for an improved detection rate compared to conven-

tional imaging methods® 2,

Considering PCa, prostate-specific membrane antigen (PSMA) addressing tracers are currently most
commonly used for imaging and targeted radiotherapy (TRT) of PCa the??. Nevertheless, due to its
abundance and overexpression in PCa and BCa, the gastrin-releasing peptide receptor (GRPR) has

emerged as a viable alternative*?¢, GRPR is found to show higher expression levels and density in early

1
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stages of PCa whereas PSMA overexpression is observed to be higher in advanced stages of disease?*
21.28 Furthermore, especially estrogen receptor (ER)-rich BCa (ER expressed in over 80% of all breast
cancers) and its metastases show high GRPR expression?: 3,

For this reason, GRPR-targeted tracers could be a useful tool as an alternative for PCa patients with low
or absent PSMA expression. Additionally, the same GRPR-addressing ligands could also be applied for
diagnosis and therapy of BCa.
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2. The gastrin-releasing peptide receptor (GRPR)

2.1. Composition of bombesin receptors

The mammalian bombesin (BBN) receptor family consists of the neuromedin-B receptor (NMBR, BB:),
the gastrin-releasing peptide receptor (GRPR, BB-) as well as the bombesin receptor subtype 3 (BRS-3,
BB:3). As part of the family of G protein-coupled receptors (GPCR), the three receptors show similarities
among each other and also with other GPCRs, for example somatostatin (SST) and cholecystokinin
(CCK) receptors®.

Each of the mentioned receptors contains seven regions of hydrophobic amino acids, which are compat-
ible with the typical seven transmembrane structure of GPCRs (Fig. 1, solid boxes)®*. The human GRPR
protein comprises 384 amino acids and shows a homology of about 90% to the murine GRPR protein®,
Furthermore, human GRPR demonstrates an amino acid overlap of 55% to human NMBR (Fig. 1) and
an amino acid similarity of 51% to human BRS-3%2 %,
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Fig. 1: Amino acid overlap for human GRPR (upper sequence) and NMBR (lower sequence). Vertical lines show amino acid
identity between both receptors. Seven regions composed predominantly of hydrophobic amino acids, and which as such are
indicators of the typical transmembrane domains of GPCRs, are shown for both receptors (solid boxes)3?.

Each of the three mammalian BBN receptors comprises a conserved DRY (Asp-Arg-Tyr) sequence
within the second intracellular loop as well as many serine (S) and threonine (T) residues within the
intracellular tail (Fig. 1-2). The DRY sequence was shown to be essential for binding of the heterotri-
meric G protein in most GPCRs. S and T residues enable binding of protein kinase C (PKC), which is

responsible inter alia for down-regulation of the receptor after its activation® 3.
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mGRP receptor

Fig. 2: Amino acid sequence of the murine GRPR (90% identity to human GRPR), displaying the extracellular side above and
the intracellular side below. Glycosylation sites are shown by asparagine residues (N) containing a Y symbol. The 14 amino
acids within the extracellular side, which are assumed to play important roles for high affinity binding of the gastrin-releasing
peptide (GRP), are highlighted by white circles®.

The molecular mass of human and murine GRPR has been determined to 60 + 1 kDa and 82 + 2 kDa,
respectively. The noticeably enhanced molecular mass of the murine GRPR, despite its high sequential

homology, is attributed to two additional glycosylated asparagine (N) sites®.

Selectivity studies by Nakagawa et al. exhibited several amino acids (Fig. 2, white circles) within the
extracellular domain (EC) of the murine GRPR that are responsible for high affinity binding of the
mammalian endogenous ligand, the gastrin-releasing peptide (GRP)*. Additionally, Nakagawa et al.
estimated a large cavity between the seven transmembrane regions and the extracellular loops for the
murine GRPR by molecular modeling, which was associated with the putative binding pocket (Fig. 3,
orange)*. Furthermore, the helical transmembrane domains were expected to be rigid, for which reason
amino acid residues within these domains are only able to rotate their side chains for potential interac-
tions with ligands®. In contrast, extracellular loops were assumed to be more flexible, allowing their
amino acids more possibilities to shift towards feasible interactions®. Several amino acids pointing in-
wards within a distance of less than 6 A to the putative binding pocket were determined to be important

for ligand binding (Fig. 3, yellow and green colored amino acids)®.
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Fig. 3: Molecular modeling of the murine GRPR from both sides of view, revealing seven rigid helical transmembrane domains
and the more flexible extracellular loops (cyan, white, dark green). The large putative binding pocket (orange) is located be-
tween the seven transmembrane regions and the extracellular loops. Several colored amino acids pointing towards the binding
pocket were determined to be important for ligand binding (yellow and green colored amino acids)®.

Early structure activity relationship (SAR) studies of the natural, amphibian tetradecapeptide bombesin
(H-pGlut-GIn?-Arg3-Leu*-Gly®-Asn®-GIn’-Trpé-Ala®-Val*-Gly!!-His!2-Leu'®-Met!4-NH,) showed that
its aromatic amino acids (Trp® and His'?) play a key role in biologic activity for BBN receptors®.. This
was indirectly confirmed via computational analysis by Sharma et al., reporting a helical arrangement

of the ligand inside GRPR, which is stabilized by z-z stacking through Trp and His®’.

Further SAR studies revealed that the two C-terminal amino acids of BBN analogs are not necessary for
receptor binding but indeed, for its activation and internalization®. Thus, most antagonists are designed
by disruption of the C-terminal amino acid or introduction of a pseudopeptide bond between the penul-
timate and the last amino acid at the C-terminus® 342, This likely leads to enhanced flexibility and
rotational freedom of the C-terminus within the receptor due to the absence of hydrogen bonding, which
then impedes its biological activation**. However, as GRPR shows enhanced tolerance towards this
grade of flexibility compared to NMBR or BRS-3, there are noticeably more GRPR antagonists availa-
ble to date®!.
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2.2.  Occurrence of GRPR

Expression of GRPR mRNA was found in several human tissues, especially in the pancreas and the
gastrointestinal (Gl) tract**. Binding of GRP to GRPR mediates a variety of physiological and patho-
physiological processes, such as stimulating contraction of smooth muscle cells in the GI tract and the
urogenital system® 45, GRPR-GRP interaction also plays a significant role in secretion and releasing of

gastrointestinal hormones and neurotransmitters, for example gastrin, insulin and somatostatin (SST)*
47

Moreover, GRPR mRNA expression levels were also discovered in the central nervous system (CNS)
and the brain. Studies with GRPR knockout mice, which are not able to express GRPR, revealed issues
concerning regulation of circadian rhythm, body temperature, anxiety behavior and satiety®!“8, For this
reason, a similar role of GRPR in human CNS is presumed but has not yet been confirmed*. Binding
of GRP to GRPR was also reported to have distinct effects on immune cells*. Additionally, GRPR is

further supposed to play a key role in early fetal lung branching®.

In addition to occurring in a variety of healthy tissues, GRPR expression was also observed in a multi-
tude of malignant tissues. It was found inter alia in PCa (100% in early stages, ~60% in later stages of
disease), BCa (76%), colorectal cancer (24-100%), SCLC (53%), NSCLC (63%), glio-/neuroblastomas
(72-85%) and head/neck squamous cell cancers (up to 100%)2> % 31.51-53 However, in these studies, the
discovery of even small amounts of GRPR mRNA was counted as positive for this statistic, alhough,
most of these expression levels are too insignificant for successful targeting by radiopharmaceuticals.
For the usually administered pico- or nanomolar ligand concentrations in nuclear medicine, high recep-

tor densities on the respective tumor cells are necessary to obtain appropriate amounts of bound activity.

Using autoradiographic methodology, Reubi et al. determined GRPR expression densities in a variety
of tumors. Therefore, receptor density values were estimated by disintegrations per minute per milligram
tissue (dpm/mg), whereas values beyond 1000 dpm/mg and 5000 dpm/mg were considered as high and
very high receptor densities, respectively? %555 However, the authors suggested that a receptor den-
sity of > 2000 dpm/mg can be considered as sufficient for radiotherapy?®. Mean receptor density of
GRPR in PCa and BCa was determined as approximately 5000 dpm/mg and 10000 dpm/mg, respec-
tively?> 26:54 In contrast to the high expression density in malignant PCa tissue, its respective receptor
density in benign prostatic hyperplasia (BPH) and normal prostate tissue was ascertained to be either
absent or very low®* %6, Nevertheless, several reports showed that GRPR expression in high densities is
present especially in primary PCa (85-100%), which decreases in later, Androgen-independent stages

of disease (~50%)>5% %4 57 %8,
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GRPR was also found to be overexpressed in high density in over 70% of primary BCa, especially in
estrogen receptor (ER) rich BCa?® 3% %, Dalm et al. demonstrated high mRNA levels of somatostatin-2
receptor (SST2R) and GRPR in about 75% of ER-positive tissues, whereas ER-negative tissue exhibited
rather high C-X-C chemokine receptor type 4 (CXCR4) expression?®. Additionally, it was shown that
high GRPR expression in primary BCa is retained in 95% of nodal metastases? 0. Not surprisingly,
several studies with different ®®Ga-labeled GRPR-targeted tracers enabled high-contrast imaging of (ER-
positive) BCa®-62,

Good uptake of GRPR-targeted compounds was also found in normal breast tissue®™ 2. Interestingly,
uptake seemed to correlate with menstrual cycle of pre-menopausal women, as accumulation in the se-
cretory phase was increased. In comparison, post-menopausal women as well as women in the non-
secretory phase revealed decreased uptake. The authors suggested an influence of the menstrual cycle
on ER expression, which is known to correlate with GRPR expression®2. Nonetheless, this has to be
considered when administering GRPR-addressing radiopharmaceuticals, as this accumulation charac-

teristic could negatively influence the contrast of malignant and healthy breast tissue.

As already mentioned, GRPR expression has also been determined in non-small cell lung cancer
(NSCLC), small cell lung cancer (SCLC) and a variety of cancers in the gastrointestinal tract. However,

in most cases, expression was associated with minor receptor densities 5% 83 64,
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2.3. Differences to PSMA expression in prostate cancer (PCa)

The prostate-specific membrane antigen (PSMA) is a type 1l transmembrane glycoprotein, which com-
prises 750 amino acids and has a molecular weight of ~100 kDa®®. It is also known as folate hydrolase
I, N-acetyl-L-aspartyl-L-glutamate peptidase | as well as carboxypeptidase Il and requires dimerization
for enzymatic activity®® ®”. In healthy tissue, it is highly expressed in the proximal tubules of the kidney,
the salivary glands, the spleen and duodenum®. Low expression is also found in the cell membrane of
healthy prostate cells® %, Nonetheless, overexpression in PCa cells is found to be noticeably higher than

in normal prostate cells (up to 1000-fold)®® ©°,

PSMA expression correlates with the stage of PCa with highest levels found in later stages, especially
in hormone-refractory and metastatic castration-resistant PCa (mCRPC) patients™® ™. Radiolabeled
PSMA inhibitors typically show fast blood clearance and rapid tumor accumulation, most likely due to
the high affinity and low lipophilicity of the small molecules’>"*. Not surprisingly, 18F- and *Ga-labeled
as well as Y’Lu-labeled PSMA-targeted ligands demonstrated intense uptake in PCa lesions and allowed

for the detection or therapy of even small metastases®® "47°,

However, PSMA expression in Androgen-dependent stages seems to be unfavorable, thus requiring al-
ternatives for improved primary staging® & 8, This could open up a niche for other targets, for example
GRPR, which demonstrates overexpression more commonly in early, Androgen-dependent stages of
PCa (Fig. 4)% 52,
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Fig. 4: Simplified model for the differences between GRPR and PSMA in PCa in terms of receptor expression density compared
to the grade of histological differentiation and expression of the Androgen receptor (AR).

A meaningful comparison between PSMA- and GRPR-targeted ligands for PCa is difficult because there
are few studies that investigate both tracers within the same patients. However in general, PSMA-tar-
geted compounds reveal significantly higher standardized uptake values (SUVS) in tumor lesions com-
pared to GRPR-targeted analogs® 2. On the one hand, a recent study by Hobertick et al. revealed no
additional benefit for eight PSMA-negative patients using [®3Ga]RM2, as no uptake was observed in any
of these patients”™. On the other hand, Minamimoto et al. reported a comparative study in seven PCa
patients with BCR (GS = 6-9) using both, [®3Ga]PSMA-11 and [®#3Ga]RM2. In this study, no significant
differences were observed between these two compounds in most patients in terms of tumor detection,

as SUVmean Was comparable for both (Fig. 5)8. Obviously, biodistribution was different, as the GRPR-
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targeted compound was only observed in the pancreas and the bladder whereas the PSMA-targeted an-

alog was found in the kidneys, the salivary glands, the liver and the spleen®,
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Fig. 5: Whole body scan of seven PCa patients examined with both, [%Ga]RM2 (above) and [#Ga]PSMA-11 (below) revealing
different biodistribution but comparable uptake in tumor lesions®.

Schollhammer et al. reported that [**IN|RM2 was able to discriminate between low-risk PCa and inter-
mediate-risk PCa samples in vitro, which was not observed for [1**InN]PSMA-617 in the same samples®.
This could be beneficial for primary staging of PCa and support a superior role of GRPR-targeted agents
for imaging and improved staging. Interestingly, Baratto et al. report a patient examined with both,
[8Ga]RM2 and [®®Ga]PSMA-11, revealing two different primary PCa lesions in the same patient®,
Therefore, a complementary role of GRPR- and PSMA-targeted ligands in PCa patients is assumed.

Nonetheless, based on the generally lower GRPR expression in advanced stages and the higher expres-
sion at early stages of PCa, it would be preferable to address early-stage PCa with BBN-based analogs®®
58,75,83,85,.86 However, as shown for some patients so far, there is a possibility of positive GRPR-targeted
imaging and therapy in PSMA-negative patients despite an advanced stage character®’. For this reason,

more data is necessary for GRPR-targeted conjugates in order to understand their clinical impact.
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3. Design of GRPR-targeted ligands

3.1.  Historical development

The tetradecapeptidic hormone BBN was first isolated in 1971 from the skin of the frog Bombina bom-
bina, which was adopted eponymously for this class of ligands®. The 27 amino acid containing GRP,
exhibiting ten equal amino acids to BBN at the C-terminus except for position 7 (His’ instead of GIn’),
was first isolated from porcine stomach (1979) and later also discovered in humans®. Both are natural
ligands with high affinity for GRPR, for which reason both were used as a lead structure for early radi-
opharmaceutical purposes.

Therefore, either a chelating agent was attached at the N-terminus or radioiodination was performed in
order to generate radiolabeled analogs®. However, radiolabeled BBN and GRP demonstrated rapid deg-
radation in vivo, which was addressed by co-injection of Phosphoramidon (PA), an inhibitor of the neu-
tral endopeptidase (NEP, EC 3.4.24.11) amongst others® %, This protease is shown to cleave peptidic
sequences at the N-terminal side of hydrophobic residues and is considered a main issue for BBN-based
structures in vivo® . Nonetheless, in order to limit potential side effects in humans, application of trac-
ers without co-administration of enzyme inhibitors is preferred, as a lot of such compounds are found to

be toxic to the Gl tract or the pancreas®.

For this reason, BBN/GRP derivatives have to be structurally modified, for example via substitution by
unnatural amino acids®” %, As GRP derivatives were shown to be highly unstable in vivo, ligand devel-
opment has concentrated on the structure of BBN for further modifications®. Therefore, general num-

bering of GRPR-targeted conjugates is based on the 14 amino acid sequence of the natural BBN (Fig. 6).
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Fig. 6: Molecular structure of the tetradecapeptide bombesin, which typically forms the basis for numbering of GRPR-targeted
analogs.

Truncated BBN conjugates, likewise BBNe.14 analogs, were shown to retain their biological activity.
Concurrently, increased metabolic stability in vivo was determined after introducing a D-phenylalanine
(phe®) moiety at the N-terminal position*? 100-102 Supstitution of phe® by the structurally similar tyr®
additionally enabled *?°I-labeling by means of the lodo-Gen® method. This yielded the potent GRPR-
addressing conjugate [3-[1%1]1-tyr®, p-Alalt, Phe®, Nlel*]BBNq.14, Which is also called universal radi-
oligand. Unexpectedly, this derivative also displayed high affinity to each of the other two mammalian

10
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BBN receptors as well as a fourth BBN receptor, which is found in amphibians but not in mammals®
102,103 By virtue of its poor selectivity towards each BBN receptor, further analogs were required to
successfully address only GRPR-expressing tumor sites in animal studies and humans.

Due to the former belief that compounds have to internalize in order to yield prolonged retention in
tumors, only agonists were designed initially® ¢7- %4, This was challenging because modifications within
the pharmacophore (GIn’-Trp®-Ala®-Val'’-Gly*-His'?) as well as its peptide backbone were reported to
noticeably decrease GRPR affinity** 195197 Furthermore, agonists were observed to clear relatively
slowly from GRPR-positive non-tumor organs, likewise the pancreas and the Gl tract. This resulted in
unfavorable tumor-to-background (T/B) ratios in PET and SPECT images!® 1%, Additionally, GRPR
agonists caused severe side effects after intravenous administration, for example nausea, diarrhea and

abdominal cramps®® 110,

Since SST receptor antagonists were shown to exhibit unexpectedly superior characteristics in vivo com-
pared to agonists, the focus of GRPR research also shifted towards antagonistic structures . Disruption
of the C-terminal amino acid or deletion of the carbonyl oxygen between positions 13 and 14 did not
cause significant loss of receptor affinity, but resulted in antagonists*. Interestingly, GRPR antagonists
displayed noticeably improved selectivity towards the other BBN receptors. It was supposed that both
NMBR and BRS-3 are not as tolerable towards C-terminal modifications as GRPR. This would explain
why there are noticeably more antagonistic ligands available for GRPR- than for NMBR-/BRS-3-tar-
geting®L.

Comparison of GRPR-targeted antagonists and agonists within the same tumor model revealed higher
uptake and retention in tumors as well as a more rapid clearance from GRPR-positive non-tumor or-
gans!®® 109 112 Moreover, antagonists were not observed to cause side effects after intravenous admin-
istration®® 87113 Thus, most GRPR-targeted derivatives nowadays are designed with antagonistic char-
acter3® 41114 However, there are also reports of agonistic BBN analogs, especially concerning potential

a-radiation therapy*>*17,

11



Introduction

3.2.  State of the art in the development of BBN-based ligands

Over the last decade, several GRPR-targeted conjugates have been developed and evaluated preclini-
cally, whereas only a few were investigated in clinical studigs?® 40 58 66.85.87. 118,119 ' Begpite some prom-
ising results, there is currently no GRPR-targeted ligand in clinical routine. This is likely due to the
limited data available from the small patient cohorts examined so far. Nonetheless, there are some pos-
itive examples for successfully administered BBN analogs for imaging (and therapy) of GRPR-targeted

tumor lesions, which will be discussed below.

3.2.1. Imaging with GRPR-targeted tracers
3.2.1.1. Currently used isotopes and BBN-based compounds
%MmTc-technetium

In recent years, several ®mTc-labeled GRPR-addressing conjugates for SPECT imaging were reported,
demonstrating some positive findings preclinically and clinically*?58 60.120.121 'Bye to its favorable prop-
erties (ti2 = 6.0 h, Emax = 141 keV), its excellent availability from commercially distributed **Mo/*™Tc
generators and ease of synthesis, ®*™Tc-technetium is widely used in nuclear medicine!?, Early ®™Tc-
labeled GRPR agonists, which were examined in mice, suffered either from low tumor uptake or high

uptake in background organs, such as pancreas, liver and intesting!*-126,

Nonetheless, in a first-in-man study using [**"Tc]Demobesin-4 some tumor lesions could be detected,
especially in patients with early-stage PCa®. More recently, Nock et al. demonstrated enhanced tumor
uptake and retention in mice with several mimics of the potent antagonist [*™Tc]Demobesin-1
([**™Tc]N4 -diglycolate-[phe®, Leu-NHEt**]BBNs.13) though, mostly at cost of increased accumulation

in the pancreas and the intestine®.

Kaloudi et al. also reported two GRP-based tracers, [*"Tc]Ns-GRP14.27 and [*°™Tc]Ns-GRP1s.27, which
exhibited good tumor uptake 4 h p.i. (8.4 + 4.2 %ID/g and 7.1 £ 1.3 %ID/g, respectively). However,
uptake in pancreas and intestine at the same time was also high (35.2 + 4.7 %ID/g and 7.6 + 2.2 %ID/g
[N4-GRP14.27] as well as 35.2 + 4.7 %ID/g and 7.6 + 2.2 %ID/g [N4-GRP1s.27], respectively). Co-injec-
tion of the enzyme inhibitor PA increased tumor uptake 4 h p.i. noticeably (38.2 + 4.8 %ID/g and
28.4 + 8.1 %ID/g, respectively) although pancreas accumulation rose to about 100 %ID/g for both ana-
logs*?. For this reason, there is still a lot of room for improvement concerning *"Tc-labeled BBN de-

rivatives.

Mn-indium

Besides *™Tc-labeling, other GRPR-targeted compounds for SPECT imaging are mostly labeled with
Wn-indium3 114127130 Because of its long half-life (ti, = 67.2 h), In-indium is often used for dosi-

metric studies as a surrogate for therapeutic isotopes with similar coordination chemistry, such as *"’Lu-

lutetium and Y -yttrium?®3L,
12
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A few years ago, Mansi et al. reported a novel antagonist, [*1In]RM2, which revealed superior pharma-
cokinetic properties in mice, especially at later time points due to its rapid clearance from GRPR-posi-
tive non-tumor organs (pancreas, intestine)®. This derivative is currently considered as the gold standard
of BBN-based peptides and is the most clinically evaluated derivative of the GRPR-targeted ligands.

However, most studies used different isotopes (®8Ga-gallium or *’Lu-lutetium)? 87132,

In contrary, **In-labeled GRP-based analogs (agonists) suffered from high pancreatic and intestinal
uptake and retention as well as low tumor uptake'?’. A comparative study using different chelators for
Mn-labeling of a GRPR antagonist (RM26) by Mitran et al. revealed low tumor and background uptake
for all tested compounds*?®. Another antagonist, [*'tIn]SB3, exhibited good tumor and low pancreatic
uptake 1 h p.i., resulting in favorable T/B ratios®. Later time points additionally increased these ratios,
as the activity in the pancreas was cleared more rapidly compared to the activity in the tumor®. SB3 had
already been used for a clinical study with %Ga-gallium, visualizing about 50% of all tumor lesions

despite the advanced stage of the patients’ PCa®.

Lymperis et al. examined a potential benefit of substituting glycine by D-alanine within the SB3 structure
yielding [1**In]SB4. Most likely due to a threefold decreased affinity, [1**In]SB4 revealed lower tumor
uptake compared to [1**In]SB3. However, biodistribution with co-injection of PA showed noticeably
less benefit compared to [*'!In]SB3, indicating a stabilization effect by this substitution!?. Another re-
port by the same group showed immense tumor uptake and retention of a novel antagonist, [*'*In]SB9,

which indeed suffered from massive pancreatic uptake and retention,

As mentioned above, *In-indium is mostly used as a surrogate in preclinical studies, for which reason

no clinical studies have been published in recent years using this isotope.

%4Cu-copper

Only a few BBN derivatives using ®*Cu-copper (tuz = 12.7 h, Emax = 655 keV [18%]) have been pub-
lished over the last years'?? 1331%_ Availability of ®*Cu-copper is limited as it requires cyclotron produc-

tion. However, its long half-life enables distribution even from distant production sites?.

Gourni et al. observed favorable biodistribution in mice with a ®**Cu-labeled RM2 analog (NOTA and
NODAGA instead of DOTA)*®. Another study utilizing the structurally similar RM26 revealed poor to
moderate tumor uptake and poor retention. Moreover, background organs such as pancreas and liver
showed high and moderate uptake, respectively*3. Wieser et al. reported a first-in-man study in four
patients suffering from primary PCa using a %Cu-labeled GRPR antagonist. This conjugate revealed
high tumor uptake in three and moderate tumor uptake in one patient®®. Based on the small number of
published data in recent years, impact of ®*Cu-copper for GRPR-targeted conjugates can be currently

considered as modest.
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8Ga-gallium

Its favorable availability (°®Ge/%®Ga generator) compensates for the relatively short half-life
(tu2 = 68.1 min) of the PET isotope ®Ga-gallium. Despite its relatively high positron emission energy
(Emean = 890 keV), ®8Ga-gallium was used most frequently over the last decade for PET imaging in nu-
clear medicine®??. This is due to its short half-life, which also limited absorbed dose to healthy tissue of
patients. For this reason, several preclinical and clinical reports utilizing ®Ga-labeled BBN-based tracers

have been published over the last years? 59 62. 75 82,8587, 132, 135137

One recent clinical study in PCa patients revealed that there is potential for GRPR-targeted imaging and
subsequent TRT in PCa patients with BCR who do not demonstrate sufficient PSMA expression®’. Ad-
ditionally, it was shown that %Ga-labeled BBN-based tracers exhibited favorable performance, espe-
cially in rather early-stage patients?® %8385 Similar results were observed for imaging of BCa*%2, The
agent frequently used for clinical studies was the potent GRPR antagonist RM2 or analogs thereof,
which showed high potential for further studies. Nevertheless, other %8Ga-labeled derivatives, such as
NeoBOMB1, SB3 or derivatives thereof, also displayed promising preclinical and clinical data® 52 130
137139 Not surprisingly, [®8Ga]RM2 as well as [®3Ga]NeoBOMBL1 are currently enrolled in several phase

I and 11 studies!*0-145,

In conclusion, ®Ga-labeled GRPR-targeted tracers currently have a distinct clinical impact and further

studies with this isotope are expected in the coming years.

BE_fluorine

In addition to ®Ga-gallium, the PET isotope 8F-fluorine has gathered growing interest in recent years.
As a consequence of its unique physical properties (ti> = 109.7 min, Emax = 635 keV), it allows the gen-
eration of superior images with enhanced resolution compared to other PET isotopes®® %. However, as
cyclotron production is required, overall availability of this isotope is limited due to its relatively short
half-life. Furthermore, by virtue of its high electronegativity, rigorous reaction conditions are required
to attach [*®F]fluoride to a carbon atom of a (in most cases) prosthetic group*® 4. Therefore, high
precursor amounts and time-consuming purification steps are necessary, resulting in low radiochemical
yields (RCYs) and molar activities®, For this reason, other labeling strategies were developed, exploit-

ing the higher affinity of fluoride to boron, aluminum or silicon compared to carbon atoms?® 146149150,

In general, only a few studies about *8F-labeled GRPR-targeted analogs have been reported in recent
years®s 9 148, 150-154 Djjkgraaf et al. described a ‘®F-labeled GRPR agonist, which was generated via
chelation of aluminum fluoride (AIF) by NOTA in about 45 min (single-step), yielding RCYs of 50-
90% [decay corrected (d.c.)] and molar activities (Aw) of about 10 GBg/umol®®. Nonetheless, tumor
uptake was low 1 h p.i., whereas pancreatic uptake was high®. Applying the same labeling technique,
Varasteh et al. obtained a *®F-labeled RM26 analog (antagonist) within 1 h, resulting in RCYs of 60-

65% [d.c.] and molar activities of about 55 GBg/umol*2. Biodistribution studies in mice exhibited good
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tumor uptake 3 h p.i., but the tracer also suffered from increased uptake in the Gl tract!2, Similar label-
ing results were reported by Carlucci et al. for an agonistic BBN derivative (50-60% RCY [d.c.], 1 h
synthesis time, Aw > 30 GBg/pumol). However, biodistribution did not demonstrate significant tumor
uptake®®. Chatalic et al. also described a [*®F]AlF-labeled GRPR antagonist, obtained in a one-step
synthesis within 20 min and without further purification, which resulted in yields of about 88% [n.d.c.]
and an Aw of 35 GBg/umol**°. Biodistribution data showed moderate tumor uptake 1 h p.i. as well as

low overall background accumulation?*,

Another approach was implemented by Pourghiasian et al., using isotopic exchange reaction with an
ammoniomethyltrifluoroborate (AmBFsz) moiety within an antagonistic tracer (**F-AmBFz-MJ9)%. This
enabled one-step synthesis within 25 min and rapid purification by cartridge, yielding RCYs of 23 + 5%
[n.d.c.] and molar activities of 100 + 32 GBg/umol?3. However, tumor uptake 1 h p.i. was low whereas
intestinal and pancreatic uptake was slightly increased?. A first-in-man study by Sah et al., investigating
a potent ®F-labeled GRPR antagonist (3-cyano-4-trimethylammonium-benzoyl moiety for nucleophilic
substitution), yielded a RCY of approximately 15% [d.c.] and a molar activity of about 170 GBg/umol.
PET imaging in ten patients (five with preliminary PCa, five with BCR) revealed positive findings in

three patients with preliminary PCa and in two PCa patients with BCR% 152,

Another reported technique using a silicon fluoride acceptor (SiFA) moiety for rapid isotopic exchange
was also applied for BBN-based compounds*®. This resulted in unfavorable images due to the typical
enhanced lipophilic character of the SiFA group‘®. Nevertheless, facile one-step labeling with short
overall synthesis time (purification by cartridge) is suggested, resulting in high molar activities of up to
680 GBg/umol**®. Adaption of this technique and further optimization by our group yielded superior
[*®F]SiFA-PSMA inhibitors within 15 min and RCYs of 50 + 10% [d.c.], which resulted in high molar
activities of about 60 GBg/umol*®. Lipophilicity issues were compensated by introduction of a novel
radiohybrid strategy, which enabled superior PET images with PSMA inhibitors. Thus, this strategy will

be discussed in the following chapter.
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3.2.1.2. SiFA methodology and radiohybrid concept

In order to obtain high RCYs and molar activities, '8F-labeling should proceed rapidly. Furthermore,
time-consuming purification steps, such as RP-HPLC, should be avoided due to the relatively fast decay
of the isotope“®. A smart approach for *8F-labeling for subsequent in vivo studies was already reported
in 1985 by Rosenthal et al., using the affinity of silicon to fluorine for facilitated labeling®’. However,
rapid hydrolysis in agueous medium was observed. This was most likely due to the lack of stabilizing
moieties for the silicon-fluorine (Si-F) bond, which led to a release of free [*8F]fluoride®®’.

In 2006, Schirrmacher et al. described enhanced stability of the Si-F bond towards hydrolysis. In order
to shield the Si-F bond from water molecules, sterically demanding substituents (phenyl moiety and two
tert-butyl moieties) were attached to the silicon atom®#. Indeed, studies performed in mice with a
[*®F]SiFA-containing SST2R agonist did not demonstrate accumulation in bone, confirming the en-
hanced hydrolytic stability of the Si-*8F bond. However, as a consequence of the enhanced lipophilicity
associated with the bulky SiFA group, uptake in liver and Gl tract was massively increased®®. This was
addressed by a variety of hydrophilic modifications, such as carbohydrates and aspartate moieties, re-

sulting in good pharmacokinetics in mice for a SiFA-bearing SST2R-targeted compound*%,

This newly achieved stability of the Si-F bond towards hydrolysis allowed for further optimization of
the labeling procedure. Employing the Munich method for drying of [*®F]fluoride instead of azeotropic
drying, the labeling procedure was significantly accelerated and further simplified**°16!, Using this
methodology, Niedermoser et al. reported the achievement of high RCY's (50 £ 6%, n = 20) and radio-
chemical purities (RCP) of at least 98% within 20-25 min for labeling of an SST derivative!*®. Due to
the small amounts of precursor used (25 nmol), high molar activities of 44-63 GBg/umol were deter-
mined!®®, Moreover, due to mild labeling conditions and the chemical identity of precursor and labeled

product, purification was rapidly achieved by cartridge.

On the one hand, this methodology is based on the affinity between silicon and fluorine. On the other
hand, it is based on vacant low energy d-orbitals of the tetravalent silicon atom, which enables formation
of hypervalent intermediate states!®2. The activation energy of the isotopic exchange reaction is also
reported to be relatively low. Furthermore, the Arrhenius pre-exponential factor is increased compared
to the nucleophilic substitution reaction at a carbon atom. Thus, an equilibrium for substitution of

[*°F]fluoride by [*®F]fluoride at the silicon atom is rapidly reached?,

The Arrhenius pre-exponential factor indicates the frequency of collisions between reactant molecules.
This was demonstrated to be noticeably in favor for the SiFA group (Asira= 7.6 x 10** M-!s't) compared
to acommonly used prosthetic group, ethyleneglycol-di-p-tosylate (Atosyiae = 2.9 % 10° Ms1)163, More-
over, as an excess amount of precursor that carries °F-fluorine is used, the probability of a reversible
reaction of free [*°*F]fluoride (subsequent to the substitution by [*8F]fluoride) is negligible. For this rea-

son, the isotopic exchange reaction can be considered as irreversible under these circumstances'®®. The
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rapid incorporation of [*®F]fluoride is apparent, which explains the aforementioned good results of this

labeling procedure.

Despite the promising observations so far, limitations remain. This is also reflected by the small number
of preclinical and lack of clinical studies published in recent years applying the SiFA methodology**®
162 The major issue remains the high steric demand as well as the lipophilicity of the SiFA unit. By
virtue of this drastic gain of lipophilicity, several hydrophilic modifications are typically required in
order to obtain suitable SiFA-containing conjugates!®8: 159, 163-165,

This major drawback was converted into an advantage by developing a novel concept of radiohybrid
(rh) compounds. The lipophilic character of this group was therefore addressed inter alia by hydrophilic
chelators, such as DOTA and DOTA-GA. Such rh ligands contain a SiFA moiety and a chelating unit
allowing for chemically identical derivatives (X), irrespective of the hot and cold isotopes used
([*°F][%8Ga/*n/*"Lu] X is chemically indistinguishable from [*®F][™'Ga/™In/"™Lu]X)*%¢. A conven-
tional theranostic pair, such as [#3Ga/*"’Lu]X, is not chemically equal because of the different coordina-

tion chemistry of gallium and lutetium, for example.

However, a suitable position for the bulky SiFA unit as well as the variety of modifications within the
sequence also has to be determined. As previously mentioned, this concept has already been successfully
implemented within our group for PSMA-targeted ligands®®. For this reason, it is suggested that this

concept could also lead to improved imaging properties for other targets, for example GRPR.
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3.2.2. Targeted radiotherapy (TRT) with GRPR-targeted compounds

Kirby et al. reported a relapse rate of 10-20% of PCa patients within five years of follow-up, leading to
mMCRPC¥, Despite some research progress in recent years, prognosis for mCRPC patients remains ra-
ther poor®. Due to insufficient conventional therapy options, especially for late-stage disease, novel en-
hanced treatment options are desired. In the field of nuclear medicine, receptor-targeted radiotherapy is
currently applied for late-stage PCa. Particularly PSMA-targeted compounds that are labeled with either
an o- or a f-emitting nuclide, accumulate preferably at the tumor site and deliver significant amounts

of cytotoxic radiation dose?®®.

Over the last years, a few ’Lu-labeled PSMA-addressing ligands were reported to successfully treat
PCa tumor lesions by TRT, for example PSMA-617 and PSMA I&T" 9171 |n a German multicenter
study reported by Rahbar et al., receptor-mediated TRT with 7Lu-labeled PSMA-targeted conjugates
were determined to be a more appropriate choice for mCRPC patients compared to other third-line ther-

apies, due to their high efficiency?’2.

However, as mentioned above, there are reports of mMCRPC patients who did not show sufficient PSMA
expression despite a late-stage character of the respective tumors or metastases®? &. For those cases,
powerful alternatives for TRT are necessary, which opens the door for other targets, such as GRPR.
Moreover, GRPR expression in high density lymph node metastases derived from GRPR-positive pri-

mary breast tumors was observed in about 95%, making GRPR an attractive target for TRT®,

Both, GRPR agonists and antagonists have been and are currently used for addressing PCa and BCa
though, only for diagnostic purposes?® 40: 66 82.85.99,113, 121,132 GRPR agonists showed some painful side
effects after administration and displayed worse pharmacokinetics due to a slower washout from non-
tumor tissues. Thus, development of GRPR antagonists for TRT increased in recent years3® 8 97. 173,
However, only one study in humans using a GRPR antagonist for TRT in PCa patients has been reported

so far.

The GRPR antagonist most often used, RM2, showed favorable pharmacokinetics as high tumor accu-
mulation, fast clearance from non-tumor tissue and good retention in the tumor. Particularly at later time
points, this conjugate demonstrated high contrast in mice as well as in humans?® 36182 For this reason,
[Y""Lu]RM2 was utilized in a first-in-human dosimetry study and TRT in four PCa patients (GS = 8-10),
who were not eligible for PSMA-targeted therapy.

Administration of ["’Lu]RM2 (4.5 + 0.9 GBq) was reported to be safe, as no side effects were observed
in these patients. Two of four patients received a second cycle®”. Tracer uptake in non-tumor organs was
only observed in the pancreas and the bladder, whereas several tumor lesions displayed significant ac-
cumulation (Fig. 7)¥”. Mean absorbed dose in the pancreas was high (1.08 + 0.44 Gy/GBq), whereas
other organs revealed lower absorbed doses (0.35+0.14 Gy/GBq [kidneys], 0.05 +0.02 Gy/GBq
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[liver], 0.10 + 0.06 Gy/GBq [spleen], 0.016 + 0.009 Gy/GBq [red bone marrow]). The mean dose for
tumor lesions was calculated to be 6.20 + 3.00 Gy/GBq.
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Fig. 7: Whole-body SPECT images showing uptake and retention of [*7’LU]JRM2 at different time points in a mCRPC patient.
High accumulation is found in the pancreas, which was cleared within the first 24 h. Tumor retention was still present 68.5 h
p.i., suggesting sufficient radiation duration in tumor lesions®’.

Despite promising results of RM2 in the TRT and dosimetric study mentioned, there is still a lot of room
for improvement, as BBN-based peptides still suffer from metabolic instability in vivo® 32, Another
recently published derivative, NeoBOMB1, showed enhanced stability in vitro and in vivo in preclinical
studies®® 137139 Fyrthermore, PET imaging with [%8Ga]NeoBOMBL visualized several tumor lesions in
mCRPC patients, indicating a potential role for therapeutic purposes, too**°. However, dosimetric cal-
culations for [}"’Lu]NeoBOMBL1 in humans exhibited unfavorable absorbed doses for red bone marrow
(~0.11 Gy/GBq), Gl tract (~0.15-0.17 Gy/GBq) and osteogenic cells (~0.45 Gy/GBq) due to the en-
hanced lipophilicity of this compound%® 174, In contrast to the high hydrophilic PSMA inhibitors, BBN-
based compounds generally show higher lipophilicities (logD74 of > -3, Y"Lu-RM2: —2.51 + 0.02),

which is sufficient but could be optimized to further improve clearance kinetics®® 153 175,176,

Further dosimetric or therapeutic studies with *’’Lu-labeled GRPR-targeted analogs have not been re-
ported yet. Translation of promising diagnostic candidates, such as SB3 or SB9 for TRT will be difficult

because of the high pancreatic uptake and retention determined in preclinical studies®® 9 114,
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3.2.3. Instability issues of GRPR-targeted ligands

Considering BBN-based compounds, there are several reports about metabolic instability in vivo, most
likely limiting further accumulation in malignant tissues® % 13813 problems occurring from the meta-
bolic degradation of linear BBN structures are suggested to be caused by the neutral endopeptidase
(NEP, EC 3.4.24.11), which is known to cleave linear peptides at the N-terminal side of hydrophobic

amino acids® %.

Linder et al. evaluated the metabolic stability of the GRPR agonist [*”"LuJAMBA (DOTA-4-aminoben-
zoyl-GIn’-Trp8-Ala®-Val'’-Gly!-His!?-Leu'*-Met*-NH) in murine and human plasma in vitro, reveal-
ing several cleavage sites within its sequence. The major unstable sites were determined to be His*?-
Leu®® in both plasmas as well as Met!*-OH in murine and Trp8-Ala® in human plasma. Furthermore,
enzymatic cleavage between GIn’-Trp® seemed to be accelerated after first cleavage (Trp®-Ala®) had
occurred. Moreover, this study did not demonstrate any affinity for the determined metabolites, suggest-

ing a necessity for an intact pharmacophore for appropriate receptor binding*’’.

As described earlier, development of GRPR antagonists resulted in several advantages, such as more
rapid clearance from the pancreas and increased tumor uptake. Furthermore, enhanced metabolic stabil-
ity was also observed, most likely due to some key substitutions within the sequence. Substitution of
Met!* by Leu* led to enhanced stability towards aminopeptidase 3.4.11.1. Introduction of a statine moi-
ety (Sta®®) instead of the easily oxidizable Met™® yielded enhanced stability towards NEP at the C-termi-

nust’e.

Nevertheless, a first-in-man study revealed only 19% of the administered activity of the antagonist
[*®Ga]RM2 (DOTA-Pip®-phe®-GIn’-Trps-Ala’-Val'’-Gly*-His'?-Sta®3-Leu¥-NH,) to be still intact
65 min p.i.1¥, RM2 was reported to be cleaved in humans between DOTA and Pip® (major cleavage
site), Ala® and Val'® as well as at the side chain of GIn’ (hydrolysis)®. Particularly the major cleavage

site, however, could not be confirmed by Popp et al. in a stability study in mice!”.

Structural modifications within the pharmacophore (GIn’-Trp®-Ala®-Val'°-Gly*'-His'?) were considered
as time-consuming and assumed to negatively influence the peptide’s pharmacokinetics® . For this
reason, metabolic instability has often been addressed indirectly by co-injection of PA, an inhibitor of
NEP®+12°, Despite the stability issues within the pharmacophore, many groups focused their work pref-
erably on modifying BBN-based analogs at the C- and/or N-terminus®® 414294138 Thys, studies to met-
abolically stabilize the pharmacophore by introduction of unnatural amino acids at dedicated positions
are rare. Amongst others, substitution of Gly*! by N-Me-Gly*! or ala'! was reported, wherein both mod-

ifications revealed slightly positive effects on metabolic stability!?® 178 181,
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Taking into account the small amount of intact tracer mentioned (19% 65 min p.i. for [®®Ga]RM2), a
virtually stabilized [*""Lu]RM2 would have likely resulted in enhanced tumor accumulation and reten-
tion in the aforementioned TRT study by Kurth et al. (Fig. 7)%”. However, increased metabolic stability
of the linear structure towards enzymes in vivo could also lead to augmented uptake and retention in the
pancreas, which was indirectly shown in mice by co-injection of PA% 114116 This has to be considered
for potential GRPR-targeted TRT in future examinations.
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4, Objectives

Due to the high incidence and difficult treatment at later stages of disease, novel options for earlier
detection and treatment of both PCa and BCa are warranted, which could be achieved by molecular
imaging as well as TRT applied in nuclear medicine. For diagnosis and TRT of PCa, PSMA inhibitors
are currently applied the most. However, particularly in earlier disease stages (Androgen-dependent),
PSMA expression seemed to be limited, whereas high GRPR expression was observed in earlier (An-
drogen-dependent) stages of PCa. For this reason, PSMA and GRPR could play complementary roles
in PCa. In case of BCa, over 80% of all tumors showed high ER expression. As a high correlation of ER
and GRPR expression was found in BCa, targeting of GRPR could be a powerful tool for diagnosis.
Moreover, as 95% of nodal metastases displayed high GRPR expression density when primary BCa also
showed high density expression, TRT using GRPR-addressing ligands could be of clinical value.

Currently used GRPR-addressing ligands suffer from enzymatic degradation in vivo, which particularly
impedes an enhanced therapeutic impact. A first-in-man study using the gold standard among GRPR-
targeted ligands, [%8Ga]RM2, revealed that only 19% of the administered activity located in blood was
still intact. Enzymatic degradation is mainly caused by NEP, which is reported to cleave BBN-based
conjugates particularly at the dipeptidic GIn’-Trp? site.

Therefore, the major objective of this thesis is the development of novel GRPR antagonists with in-
creased metabolic stability compared to RM2. The less stable sites within the pharmacophore are there-
fore to be substituted by unnatural amino acids, especially the GIn”-Trp® site. We hypothesize that un-
natural amino acids located at these unstable sites impede enzymatic recognition and thus cleavage of
linear BBN-based compounds. Furthermore, overall lipophilicity should be improved via substitution
of different positions by more hydrophilic amino acids, as it has been shown that more lipophilic struc-
tures are generally more prone to enzymatic degradation in the liver than hydrophilic conjugates. Be-
sides stabilization of linear peptides, cyclization approaches (disulfide bridge formation, Click chemis-
try) already applied for other receptors of the GPCR family (SST2R, CXCR4) are also considered as a
potential strategy to improve metabolic stability. Each modified RM2 analog will first be evaluated in
ICso studies, as high GRPR affinity is a prerequisite for successful molecular imaging or TRT. Promising
RM2 derivatives will be further investigated by state-of-the-art in vitro (logD-.4, receptor-mediated in-
ternalization, plasma stability studies) and in vivo (biodistribution and imaging studies) experiments
with the aim of a clinical translation of a novel GRPR antagonist with distinctly improved metabolic

stability and thus enhanced pharmacokinetics.

A second objective of this thesis is the transfer of a novel radiohybrid (rh) concept to BBN-based com-
pounds. This concept was developed within our group for PSMA-targeted analogs and exhibited out-
standing results in terms of imaging quality (}3F-fluorine PET), preparation time and synthetic yields.
While typical *8F-labeling approaches suffer from long synthesis time or poor conversion rates, the SiFA

methodology provides high RCY's within short synthesis times as well as easy handling throughout the
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whole process. However, the bulky and lipophilic SiFA group requires several hydrophilic modifica-
tions to maintain sufficient pharmacokinetics. Therefore, the effect of the SiFA introduction as well as
N-terminal linker modifications on GRPR affinity and lipophilicity will be studied. Promising BBN-
SiFA compounds will be further investigated in biodistribution studies to discover potential positive or
negative effects of these modifications on pharmacokinetics in vivo.
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Materials and Methods

Il. Materials and Methods

1. General information

The Fmoc-(9-fluorenylmethoxycarbonyl-) and all other protected amino acid analogs were purchased
from Bachem Inc. (Bubendorf, Switzerland), Sigma-Aldrich GmbH (Munich, Germany) or Iris Biotech
GmbH (Marktredwitz, Germany). The H-Rink amide ChemMatrix® resin (35-100 mesh particle size,
0.4-0.6 mmol/g loading) was purchased from Sigma-Aldrich GmbH (Munich, Germany). CheMatech
(Dijon, France) delivered the chelators DOTA('Bu)s as well as DOTA-GA('Bu).. Peptide syringes were
obtained from VWR International GmbH (Bruchsal, Germany).

All necessary solvents and other organic reagents were purchased from either, Alfa Aesar (Karlsruhe,
Germany), Sigma-Aldrich GmbH (Munich, Germany) or VWR International GmbH (Bruchsal, Ger-
many). Solid-phase synthesis of the peptides was carried out by manual operation using a Scilogex MX-
RL-E Analog Rotisserie Tube Rotator (Scilogex, Rocky Hill, CT, USA). H.O was used after purification
by a Barnstead MicroPure system (Thermo Fisher Scientific Inc., Waltham, MA, USA).

Analytical and preparative reversed-phase high performance liquid chromatography (RP-HPLC) were
performed using Shimadzu gradient systems (Shimadzu Deutschland GmbH, Neufahrn, Germany), each
equipped with a SPD-20A UV/Vis detector (220 nm, 254 nm). Different gradients of MeCN (0.1%
TFA) in H20 (0.1% TFA) were used as eluents for all RP-HPLC operations.

For analytical measurements, a Nucleosil 100 C18 (125 x 4.6 mm, 5 um particle size) column (CS Chro-
matographie Service GmbH, Langerwehe, Germany) was used at a flow rate of 1 mL/min. Both specific
gradients and the corresponding retention times tr as well as the capacity factor K’ are cited in the text.
Preparative RP-HPLC purification was done with a Multospher 100 RP 18 (250 x 10 mm, 5 um particle
size) column (CS Chromatographie GmbH, Langerwehe, Germany) at a constant flow rate of 5 mL/min.
Analytical and preparative radio RP-HPLC was performed using a Nucleosil 100 C18 (5 um, 125 x 4.0
mm) column (CS Chromatographie GmbH, Langerwehe, Germany). Electrospray ionization-mass spec-
tra for characterization of the substances were acquired on an expression- CMS mass spectrometer (Ad-
vion Ltd., Harlow, UK).

For radiolabeling, [*”’Lu]LuCls (Molar Activity (Aw) > 3000 GBg/mg, 740 MBg/mL, 0.04 M HCI, ITG
GmbH, Garching, Germany) was used. Radioactivity was detected through connection of the outlet of
the UV-photometer to an AceMate 925-Scint Nal(TI) well-type scintillation counter from EG&G Ortec
(Oak Ridge, TN, USA). Radioactive probes were measured by a WIZARD?® 2480 Automatic y-Counter
(Perkin Elmer, Waltham, MA, USA) and determination of 1Cs, values was carried out using GraphPad
Prism 6 (GraphPad Software Inc., San Diego, CA, USA). For radio TLC, a Scan-RAM™ Scanner with
Laura™ software (LabLogic Systems Ltd., Broomhill, Sheffield, United Kingdom) was used.
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NMR spectra were recorded on a Bruker (Billerica, United States) AVHD-300 or AVHD-400 spectrom-
eters at 300 K. Lyophilization was accomplished using an Alpha 1-2 LDplus lyophilizer (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Deutschland) combined with a RZ-2 vacuum
pump (Vacuubrand GmbH & Co KG, Olching, Germany).

For in vitro and in vivo studies, the used nutrition mixture Dulbecco’s modified eagle's medium/Ham’s
F-12 (DMEM/F-12, viv = 1/1, with stable glutamine), fetal bovine serum (FBS Superior), phosphate
buffered saline (PBS Dulbecco, without Ca?*/Mg?"), trypsin/EDTA (0.05%/0.02% in PBS without
Ca?*/Mg?") solution as well as Hank’s balanced salt solution (HBSS, with 0.35 g/L NaHCO; and
Ca?*/Mg?*) were obtained from Biochrom GmbH (Berlin, Germany). Solving of purified products was
applied using Tracepur® H,O (Merck KGaA, Darmstadt, Germany). Bovine serum albumin (BSA) was

purchased from Biowest (Nuaillé, France).

Cells were cultured in CELLSTAR® cell culture flasks and seeded in 24-well plates (Greiner Bio-One
GmbH, Kremsmidinster, Austria) after being counted with a Neubauer hemocytometer (Paul Marienfeld,
Lauda-Kdnigshofen, Germany) using Trypan Blue (0.4% in 0.81% NaCl and 0.06% potassium phos-
phate) solution (Sigma-Aldrich GmbH, Munich, Germany). Cells were handled inside a MSC Advantage
laminar flow cabinet and maintained in a Heracell 150i incubator (Thermo Fisher Scientific Inc., Wal-
tham, MA, USA) at 37 °C in a humidified 5% CO, atmosphere.
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2. Execution protocols

2.1.  General procedures of solid-phase peptide synthesis (SPPS)
On-resin peptide formation (GP1)

The respective side-chain protected Fmoc-AA-OH (1.5 eq.) is dissolved in NMP and pre-activated by
adding TBTU (1.5 eq.), HOAt (1.5 eq.) and DIPEA (4.5 eq.). After activation for 10 min, the solution
is added to resin-bound free amine peptide and shaken for 1.5 h at rt. Subsequently, the resin is washed
with NMP (6 x 20 mL/g resin) and after Fmoc deprotection (GP2), the next amino acid is coupled anal-
ogously.

On-resin Fmoc deprotection (GP2)
The resin-bound Fmoc-peptide is treated with 20% piperidine in NMP (v/v) for 5 min and subsequently
for 15 min. Afterwards, the resin is washed with NMP (6 x 20 mL/g resin).

On-resin Dde deprotection (GP3)

Dde deprotection is performed by adding a solution of imidazole (75 eq.), hydroxylamine hydrochloride
(100 eqg.) in NMP (7 mL) and DCM (3 mL) for 3 h at rt. After completed deprotection, the resin is
washed with NMP (6 x 20 mL/g resin).

Conjugation of a chelator (GP4)

The protected chelator DOTA('Bu)s or DOTA-GA('Bu)4 (1.5 eq.) is dissolved in NMP and pre-activated
by adding TBTU (1.5 eq.), HOAt (1.5 eq.) and DIPEA (4.5 eq.). After activation for 10 min, the solution
is added to resin-bound N-terminal deprotected peptide (1.0 eq.) and shaken for 3 h at rt. Subsequently,
the resin is washed with NMP (3 x 20 mL/g resin) and DCM (3 x 20 mL/g resin).

Peptide cleavage from the resin with additional deprotection of acid labile protecting groups
(GP5)

The fully protected resin-bound peptide is washed with DCM, afterwards dissolved in a mixture of
TFA/TIPS/DCM (viviv; 95/2.5/2.5) and shaken for 45 min. The solution is filtered off and the resin is
treated in the same way for another 45 min. Both filtrates are combined and concentrated under a stream
of nitrogen. After dissolving the residue in MeOH and precipitation in diethyl ether, the liquid is de-

canted and the remaining solid is dried.

Complete deprotection of ‘Bu (GP6)

Removal of remaining '‘Bu/Boc protecting groups after peptide cleavage from the resin (GP5) is carried
out by dissolving the crude DOTA or DOTA-GA coupled product in TFA and stirring for 6 h and 16 h
at rt, respectively. After removing TFA under a stream of nitrogen, the crude unprotected product is

obtained.
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2-CTC resin loading (GP7)

Loading of the 2-chlorotrityl chloride (2-CTC) resin (Bachem Inc., Bubendorf, Switzerland) with a
Fmoc-protected amino acid (AA) is carried out by shaking a solution of the 2-CTC resin (1.5-
1.9 mmol/g) and Fmoc-AA-OH (1.5 eq.) in DMF with DIPEA (1.5 eq.) in a 20 mL peptide syringe at rt
for 15 min. After further addition of DIPEA (3.0 eq.), the syringe is shaken at rt for further 2 h. Remain-
ing 2-chlorotrityl chloride is capped by the addition of methanol (2 mL/g resin) for 15 min. Subse-
quently, the resin is washed five times with each DMF, MeOH and DCM (2 x 5 mL/g resin) as well as
dried in vacuo. Final loading | of Fmoc-AA-OH coupled resin is determined by the following equation:

m. = mass of loaded resin [g]

I [mmol] _ (m;—m;)x1000 m1 = mass of unloaded resin [g]

& (Mw—=Mgc1) m; Mw = molecular weight of AA [g/mol]

Muci = molecular weight of HCI [g/mol]

Disulfide bridge formation (GP8)

Cyclization via disulfide bond formation is obtained applying a procedure published by our group*e,
Therefore, a peptide containing two sulfide side chain residues (cysteine) is resuspended in 50 mL of
THF (per 300 mg of peptide). Thereafter, NHsOAc (5 mm) is added until a clear solution is obtained.
Subsequent to adjusting the solution to pH = 7 by addition of saturated NaHCOs solution, 100 pL (per
300 mg of peptide) of H,0, (30%) are added and the mixture is stirred for 30 min at rt. The solvents are
evaporated and the cyclized product is purified using preparative RP-HPLC.

On-resin coupling of p-nosyl (p-Ns) protecting group (GP9)
A solution of p-nosyl chloride (5.0 eq.) and 2,4,6-collidine (10.0 eq.) in NMP is added to the resin lo-
cated in a peptide syringe, shaken for 30 min at rt and then washed with NMP (6 x 20 mL/g resin).

On-resin N-alkylation under Mitsunobu conditions (GP10)

A solution of triphenylphosphine (0.3 M in dry THF, 5.0 eq.) and the respective alkyl alcohol (10.0 eq.)
is added to the resin located in a peptide syringe and the mixture is shaken for 1 min at rt. After adding
DIAD (5.0 eq.), the resulting suspension is shaken for 30-60 min and then, the resin is filtered. The

procedure is repeated twice and thereafter, the resin is washed with NMP (6 x 20 mL/g resin).

On-resin peptide formation at secondary amines (GP11)

The resin is suspended in dry THF, transferred to a flask containing a septum and heated to 60 °C under
stirring. In another flask, bis(trichloromethyl) carbonate (2.0 eq.) and Fmoc-AA-OH (5.0 eq.) are dis-
solved in dry THF and cooled on ice. After adding 2,4,6-collidine (14.0 eq.), the resulting suspension is
transferred to the flask containing the resin and stirred at 60 °C for 2 h. The reaction is terminated by
cooling to rt and addition of MeOH. Subsequently, the resin is filtered and washed with MeOH
(2 x 20 mL/g resin) and NMP (6 x 20 mL/g resin). The procedure is repeated once for enhanced con-

version rates.
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On-resin azidation of alkyl bromides (GP12)

After washing of the resin with DMF, a solution of sodium azide (5.0 eq.) in DMF is added to the resin
located in a peptide syringe, shaken for 16 h at rt and then washed with DMF (3 x 20 mL/g resin) as
well as NMP (3 x 20 mL/g resin).

On-resin deprotection of the p-nosyl protecting group (GP13)
A solution of g-mercaptoethanol (10.0 eq.) and DBU (5.0 eq.) in NMP is added to the resin located in a
peptide syringe, shaken for 15 min at rt (twice) and then washed with NMP (6 x 20 mL/g resin).

Cyclization via Click chemistry (GP14)

The respective cleaved (from resin) and purified (by RP-HPLC) backbone modified peptides (1.0 eq.)
are dissolved in 1 mL Tracepur® H,O/'BUOH (v/v = 1/1). After successive addition of sodium ascorbate
solution (6.7 eq. in 250 pL Tracepur® H20) and CuSO, solution (4.4 eq. in 250 pL Tracepur® H,0) the
mixture is stirred extensively for 16 h at rt. Thereafter, the brownish suspension is centrifuged, the su-

pernatant decanted and purified by preparative RP-HPLC.
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2.2. Synthesis and characterization of the SiFA building block

Synthesis of the silicon fluoride acceptor (SiFA) building block was performed according to a previously
published procedure which was slightly modified by our group'®. All water- and oxygen-sensitive re-

actions were executed in dried reaction vessels under an argon atmosphere using a vacuum gas manifold.

((4-Bromobenzyl)oxy)(tert-butyl)dimethylsilane (3)

To astirred solution of 4-bromobenzylalcohol (1.0 eq., (1)) in anhydrous DMF, imidazole (1.2 eq.) and
TBDMS-CI (1.2 eq., (2)) were added and the resulting mixture was stirred at rt for 16 h. The mixture
was poured into ice-cold H,O and extracted five times with Et,O. The combined organic fractions were
washed with saturated NaHCOg3 as well as brine, then dried, filtered and concentrated in vacuo to give
the crude product which was further purified by flash column chromatography (silica, 5% EtOAc in

petrol, v/v) to give ((4-bromobenzyl)oxy)(tert-butyl)dimethylsilane (3) as a colorless oil (95%).

RP-HPLC (50—100% MeCN in 15 min): tg = 15.0 min, K* = 8.38.
'H-NMR (400 MHz, CDCls, 300 K): 6 [ppm] = 0.10 (6H, s, SiMestBu), 0.95 (9H, s, SiMestBu), 4.69
(2H, s, CH20Si), 7.21 (2H, d), 7.46 (2H, d).

Di-tert-butyl(4-((tert-butyldimethylsilyloxy)methyl)phenyl)fluorosilane (5)

At —78 °C under stirring, a solution of 'BuLi (1.7 mol/L in pentane, 2.4 eq.) was added to a solution of
((4-bromobenzyl)oxy)(tert-butyl)dimethylsilane ((3), 1.0 eq.) in dry THF. After the reaction mixture
was stirred at —78 °C for 30 min, the resulting suspension was added dropwise over a period of 30 min
to a cooled (-78 °C) solution of di-tert-butyldifluorosilane ((4), 1.2 eq., Fluorochem Ltd., UK) in dry
THF. The reaction mixture was allowed to warm up to rt over a period of 12 h and was then quenched
with brine. The organic layer was separated and the aqueous layer was extracted with Et,O
(3 x 100 mL). The combined organic layers were dried over MgSO4 and filtered. The filtrate was con-
centrated in vacuo to afford di-tert-butyl(4-((tert-butyldimethylsilyloxy)methyl)phenyl)fluorosilane (5)

as a yellowish oil (95%) which was used for subsequent reactions without further purification.
RP-HPLC (50—100% MeCN in 15 min): tr = 19.0 min, K* = 10.88.

4-(Di-tert-butylfluorosilanyl)benzyl alcohol (6)

A catalytic amount of concentrated aqueous HCI was added to a suspension of di-tert-butyl(4-((tert-
butyldimethylsilyloxy)methyl)phenyl)fluorosilane ((5), 1.0 eg.) in methanol which was stirred for 18 h
at rt. The solvent was removed under reduced pressure, the residue then redissolved in Et;O and the
solution was washed with saturated NaHCOs. The aqueous layer was extracted with Et,O (3 x 100 mL)
and the combined organic layers were dried over MgSO. as well as filtered. The filtrate was concentrated
in vacuo to yield 4-(di-tert-butylfluorosilanyl)benzyl alcohol (6) as a yellowish oil (98%) which solidi-

fied. The product was used without further purification.

RP-HPLC (50—100% MeCN in 15 min): tr = 8.2 min, K* = 4.13.
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4-(Di-tert-butylfluorosilyl)benzaldehyde (7)

A solution of 4-(di-tert-butylfluorosilanyl)benzyl alcohol ((6), 1.0 eg.) in dry DCM was added dropwise
to a stirred ice-cooled suspension of pyridinium chlorochromate (2.5 eq.) in dry DCM. After the reaction
mixture was stirred at 0 °C for 30 min and for additional 2.5 h at rt, anhydrous Et,O was added and the
supernatant was decanted from the black gum-like material. The insoluble material was washed thor-
oughly with Et,O and the combined organic phases were passed through a short pad of silica gel (10 cm
per gram of crude product) for filtration. The solvents were removed in vacuo to yield 4-(di-tert-bu-
tylfluorosilyl)benzaldehyde (7) as a yellowish oil (96%).

RP-HPLC (50—100% MeCN in 15 min): tr = 10.5 min, K* = 5.56.

4-(Di-tert-butylfluorosilyl)benzoic acid (8)

KMnO4 (1 M in H20, 6.0 eq.) was added to a mixture of 4-(di-tert-butylfluorosilyl)benzaldehyde ((7),
1.0eq.) in tert-butanol, DCM, and NaH,POs;-H,O buffer (1.25Mm in H)O) at pH=4.0-45
(viviv = 10/1/7). After the mixture was stirred for 25 min, it was cooled to 5 °C and excess KMnO,
(1.0 eq.) was added. Then, the reaction was quenched by addition of saturated Na,SOs. Formed MnO;
was dissolved by addition of HCI (2 M in H,0). The resulting solution was extracted with Et;O three
times. The combined organic layers were washed with saturated NaHCOj3 solution, dried over MgSOs,
filtered, and concentrated in vacuo. The obtained solid was purified by recrystallization from Et,O/n-

hexane (v/v = 1/3), yielding 4-(di-tert-butylfluorosilyl)benzoic acid (8) as a colorless solid (60%).

RP-HPLC (50—100% MeCN in 15 min): tr = 8.5 min, K* = 4.31.
Calculated monoisotopic mass (CisH23FO,Si): 282.4; found: m/z = 281.1 [M-H];, 235.1 [M-COOH].
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Scheme 1: Synthesis of 4-(di-tert-butylfluorosilyl)benzoic acid (8): a) TBDMS-CI (2), imidazole (DMF, rt, 16 h); b) ‘BuLi, di-
tert-butyldifluorosilane (4) (THF, -78 °C—rt, 12 h); c) HCI (MeOH, rt, 18 h); d) pyridinium chlorochromate (DCM, 0 °C,
30 min and rt, 2.5 h); ) KMnO4 (DCM, tert-butanol, NaH2PO4 buffer, 5 °C).
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2.3. Synthesis and characterization of the glu-urea-glu (eue) motif

The hydrophilic non-PSMA-binding ‘Bu-protected glu-urea-glu motif ((tBuO)eue(OtBu),, (14)) was
synthesized in analogy to a previously published procedure which was slightly modified?#.

Di-tert-butyl-(1H-imidazole-1-carbonyl)-D-glutamate (11)

A solution of DCM containing 1-di-tert-butyl-D-glutamate-HCI ((9), 1.0 eq.) was stirred on ice for
30 min and afterwards treated with TEA (3.5 eq.) and DMAP (0.04 eq.). After additional stirring for
5 min, 1,1'-carbonyldiimidazole (CDI (10), 2.0 eq.) dissolved in DCM was slowly added over a period
of 30 min. The reaction mixture was further stirred for 16-24 h and allowed to warm up to rt. The reac-
tion was stopped using saturated NaHCOj3 and subsequent washing twice each with H>O and brine. The
remaining solvent was removed in vacuo yielding di-tert-butyl-(1H-imidazole-1-carbonyl)-D-glutamate

(11) as a colorless oil (91%) which was used without further purification.

RP-HPLC (10—90% MeCN in 15 min): tr = 14.5 min, K* = 8.06.
Calculated monoisotopic mass (C17H27N30s): 353.2; found: m/z = 376.3 [M+Na]".

5-Benzyl-1-(tert-butyl)-(((R)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)-D-glutamate
(13)

A solution of di-tert-butyl-(1H-imidazole-1-carbonyl)-D-glutamate ((11), 1.0 eq.) in 1,2-dichloroethane
(DCE) was cooled on ice for 30 min. After addition of TEA (3.0 eq.) and H-glu(OBn)-O'Bu-HCI ((12),
1.0 eq.), the solution was stirred at 40 °C for 16 h. The remaining solvent was evaporated under reduced
pressure and the crude product was purified by silica gel flash-chromatography with an eluent mixture
containing EtOAc, n-hexane and TEA (v/v/v = 500/500/0.8). After removal of the solvent, 5-benzyl-1-
(tert-butyD-(((R)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)-D-glutamate (13) was obtained

as a colorless oil (84%).

RP-HPLC (10—90% MeCN in 20 min): tz = 17.4 min, K* = 9.88.
Calculated monoisotopic mass (CaoHsN20g): 578.3; found: m/z = 411.3 [M-3'Bu+H]*, 467.3 [M-
2'Bu+H]*, 523.3 [M-'Bu+H]*, 601.5 [M+Na]".

D-('BuO)glutamate-urea-D-glutamate(O'Bu), ((‘BuO)eue(O'Bu),) (14)

A mixture of 5-benzyl-1-(tert-butyl)-(((R)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)-D-glu-
tamate ((13), 1.0 eq.) dissolved in EtOH and palladium (10% on activated charcoal, 0.1 eq.) was initially
purged with hydrogen gas and stirred for 16 h at rt under light hydrogen gas pressure. The crude product
was purified through celite and the obtained solvent was evaporated in vacuo yielding b-(‘BuO)gluta-
mate-urea-D-glutamate(O'Bu). (('‘BuO)eue(O'Bu),) (14) as a colorless oil (82%) which solidified.

RP-HPLC (10—90% MeCN in 15 min): tr = 12.0 min, K* = 6.50.
Calculated monoisotopic mass (C2sH9N20g): 488.3; found: m/z = 489.5 [M+H]*, 516.4 [M+Na]".
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Scheme 2: Synthesis of (‘BuO)eue(O'Bu)2 (14): a) TEA, DMAP, CDI (10) (DCM, 0 °C—rtt, 16-24 h); b) H-glu(OBn)-
O'Bu-HCI (12), TEA (DCE, 40 °C, 16 h); c) Pd/C (10%), Hz (EtOH, rt, 16 h).
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2.4. Labeling Experiments

2.4.1. Cold Complexations

"'Ga-gallium complexation: The purified chelator-containing compound (10 m in Tracepur® H0,
1.0 eq.) and [™'Ga]Ga(NOs)s * 6 H,O (10 mm in Tracepur® H,0, 1.5 eq.) were diluted with Tracepur®
H.O to a final concentration of 10 M and heated to 70 °C for 30 min. After cooling to rt, the crude
product was obtained.

"_u-lutetium complexation: The purified chelator-containing ligand (10 M in Tracepur® H-O, 1.0 eq.)
and [™Lu]LuCls (20 mm in Tracepur® Hz0, 2.5 eq.) were diluted with Tracepur® H,O to a final concen-

tration of 10 m and heated to 95 °C for 30 min. After cooling to rt, the crude product was obtained.

2.4.2. Radiolabeling

125]-labeling: The respective reference ligands for 1Cso studies ([3-[*®I]1-Tyr*]BBN, [3-[*®I]I-tyr®, p-
Alatt, Phe®®, Nle*|BBNe.14, [3-[12°1]1-tyr6]MJ9) were prepared according to a previously published pro-
cedure which was slightly modified by our group®. Briefly, 0.2 mg of the respective precursors
([Tyr‘]BBN, [tyr5, p-Ala®, Phe'®, Nle'*]|BBNs.14, [tyr®]MJ9) were dissolved in 20 uL Tracepur® H,O
and 280 pL TRIS buffer (25 mm TRIS HCI, 0.4 m NaCl, pH = 7.9). After addition of the solution to a
vial containing 150 pg lodo-Gen® (1,3,4,6-Tetrachloro-3a,6a-diphenylglycouril, surface-bound, Merck
KGaA, Darmstadt, Germany), 5.0 uL (16 MBq) [*®1]Nal (74 TBg/mmol, 3.1 GBg/mL, 40 mm NaOH,
Hartmann Analytic, Braunschweig, Germany) were added. The reaction solution was incubated for 15
min at rt and purified by RP-HPLC. Immediately after purification, sodium ascorbate (0.1 M in
Tracepur® H,0, 10 vol-%) was added to prevent radiolysis.

RP-HPLC (15—35% MeCN in 15 min): tz = 8.3 min, K’ = 4.53 ([3-[*®I]1-Tyr“|BBN).

RP-HPLC (15—35% MeCN in 15 min): tr = 14.5 min, K’ = 8.66 ([3-[**°I]I-tyrS, p-Ala't, Phe!3, Nlel]-
BBNe.14).

RP-HPLC (20—35% MeCN in 20 min): ts = 18.9 min, X’ = 10.46 ([3-[*51]1-tyr’]MJ9).

[3-["**1]1-Tyr4|BBN
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O (0]
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Y7 u-labeling (preclinical): *’Lu-labeling was done using a procedure developed within the group.
Therefore, a solution of the purified chelator-containing ligand (10 m in Tracepur® H,O, 1 uL), NaOAc
buffer (1 M, pH =5.50, 10 pL) and approximately 10-30 MBq [*"’Lu]LuCls (0.04 M in HCI) were di-
luted with HCI (0.04 m) to a total volume of 90 pL and heated to 95 °C for 10 min. Immediately after
labeling, sodium ascorbate (0.1 M, 10 pL) was added to prevent radiolysis. Incorporation of the *""Lu-
lutetium was determined by radio TLC (ITLC-SG chromatography paper, mobile phase: 0.1 M trisodium
citrate). Radiochemical purity of the labeled compound was determined by radio RP-HPLC.

7Lu-labeling (clinical): For patient studies, test synthesis was executed applying an established proto-
col at the Klinikum rechts der Isar (TU Munich, Germany). Therefore, 20 ug of the purified AMTG
(AcOH salt) were dissolved in Tracepur® H,O containing 10 vol-% of a NaOAc buffer (1 min Tracepur®
H0, pH = 5.50) and then, the mixture was labeled with 1 GBq [*"’Lu]LuCl; (0.04 m in HCI) by heating
to 95 °C for 15 min. Immediately after labeling, 10 vol-% of a sodium ascorbate solution (0.1 M in
Tracepur® H,0) was added to prevent radiolysis. Radiochemical purity of the labeled ligand was deter-
mined by radio RP-HPLC. After confirmation of a quantitative labeling, the solution containing
[Y"LU]JAMTG was filtered via a sterile filter and diluted with NaCl solution (0.9% in PBS, v/v) to the

desired volume.
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2.5.  Invitro experiments

2.5.1. Determination of receptor affinity (1Cso)

Cells were harvested 24 + 2 h before the experiment and seeded in 24-well plates (1.5 x 10° cells in
1 mL/well). After removal of the culture medium, the cells were washed once with 500 pL of HBSS
(Hank’s balanced salt solution, Biochrom GmbH, Berlin, Germany, with addition of 1% bovine serum
albumin (BSA, v/v)) and left in 200 pL HBSS (1% BSA, v/v) for 9 min at rt for equilibration. Next,
25 pL per well of solutions, containing either HBSS (1% BSA, v/v) as control or the respective com-
pound in increasing concentration (10°2° M — 10 m in HBSS (1% BSA, v/v)), were added with subse-
quent addition of 25 pL of the respective competing radiolabeled reference ([3-[*2°I]I-Tyr*]BBN, [3-
[22°1]1-tyr®, p-Alalt, Phe'?, Nle**]BBNg.14, [3-[*2°1]1-tyre]MJ9) (2.0 nm) in HBSS (1% BSA, V/v).

All experiments were performed in triplicate for each concentration. After 2 h incubation at rt, the ex-
periment was terminated by removal of the medium and consecutive rinsing with 300 puL of HBSS (1%
BSA, v/v). The media of both steps were combined in one fraction and represent the amount of free
radiolabeled reference. Afterwards, the cells were lysed with 300 pL of 1 M NaOH for at least 15 min
and united with the 300 uL NaOH of the following washing step. Quantification of bound and free
radiolabeled reference was accomplished in a y-counter. 1Cso determination for each conjugate was re-

peated twice.

2.5.2. n-Octanol-PBS distribution coefficient (logD7.4)

Approximately 1 MBq of the labeled tracer was dissolved in 1 mL of a 1:1 mixture (v/v) of phosphate
buffered saline (PBS, pH = 7.4) and n-octanol in an Eppendorf tube (1.5 mL). After vigorous mixing of
the suspension for 3 min at rt, the vial was centrifuged at 9000 rpm for 5 min (Biofuge 15, Heraeus
Sepatech, Osterode, Germany) and 200 uL aliquots of both layers were measured in a y-counter. The

experiment was repeated at least five times.

2.5.3. Receptor-mediated internalization studies

For internalization studies, PC-3 cells were harvested 24 + 2 h before the experiment and seeded in poly-
L-lysine coated 24-well plates (1.5 x 10° cells/well, 1 mL, Greiner Bio-One, Kremsminster, Austria).
Subsequent to the removal of the culture medium, the cells were washed once with 500 pL DMEM/F-
12 (5% BSA, v/v) and left to equilibrate at 37 °C for at least 15 min in 200 pL DMEM/F-12 (5% BSA,
v/v). Each well was treated with either 25 uL of DMEM/F-12 (5% BSA, v/v) or 25 pL ["™Lu]RM2
(10 m) for blockade. Next, 25 pL of the 121/*7"Lu-labeled BBN analog (10 nm) was added and the cells

were incubated at 37 °C for 60 min.

The experiment was terminated by placing the 24-well plate on ice for 1 min and consecutive removal
of the medium. Each well was rinsed with 300 pL ice-cold PBS and the fractions from these first two
steps were combined, representing the amount of free radiolabeled reference. Removal of surface bound

activity was accomplished by incubation of the cells with 300 pL of ice-cold Acid Wash solution
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(0.02 M NaOAc, pH =5.0) for 10 min at rt and rinsed again with 300 pL of ice-cold PBS. The internal-
ized activity was determined by incubation of the cells in 300 pL NaOH (1 m) and the combination with
the fraction of a subsequent washing step with 300 pL NaOH (1 m).

Each experiment (control and blockade) was performed sixfold. Free, surface bound and internalized

activity was quantified in a y-counter. Data was corrected for non-specific internalization.

2.5.4. Plasma studies

In vitro stability was determined applying a procedure published by Linder et al. which was slightly
modified by our group’’. Therefore, the *"’Lu-labeled ligands were accomplished as described above
and immediately after labeling, 200 puL of human plasma (100 pL of murine plasma) were added and
the mixture (final volume of 300 pL and 200 pL, respectively) was incubated at 37 °C for 72 + 2 h.
Proteins were precipitated by treatment with 150 pL of ice-cold EtOH and 450 pL of ice-cold MeCN
(in case of murine plasma: 100 pL EtOH and 300 L MeCN), followed by centrifugation for 20 min at

13000 rpm. The supernatants were decanted and these samples were analyzed using radio RP-HPLC.
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2.6.  Invivo experiments

2.6.1. General

All animal experiments were conducted in accordance with general animal welfare regulations in Ger-
many (German animal protection act, as amended on 18.05.2018, Art. 141 G v. 29.3.2017 | 626, ap-
proval no. 55.2-1-54-2532-71-13) and the institutional guidelines for the care and use of animals. To
establish tumor xenografts, PC-3 cells (5.0 x 106 cells per 200 L) were suspended in a 1:1 mixture (v/v)
of Dulbecco modified Eagle medium / Nutrition Mixture F-12 with Glutamax-1 (1:1) and Cultrex® Base-
ment Membrane Matrix Type 3 (Trevigen, Gaithersburg, MD, USA) and inoculated subcutaneously
onto the right shoulder of 6-10 weeks old CB17-SCID mice (Charles River, Sulzfeld, Germany). Mice
were used for experiments when tumors had grown to a diameter of 5-8 mm (2-3 weeks after inocula-

tion).

2.6.2. Biodistribution

Approximately 1-5 MBq (100 pmol) of the ’Lu-labeled GRPR antagonists were injected into the tail
vein of PC-3 tumor-bearing female CB17-SCID mice and sacrificed after 1 h and 24 h post injection
(n = 4). Selected organs were removed, weighted and measured in a y-counter. For competition studies,
3.62 mg/kg (40 nmol) of ["*Lu]RM2 (10 m in PBS) was co-administered.

2.6.3. WSPECT/CT imaging

Imaging studies were performed at a MiLabs VECTor* small-animal SPECT/PET/OI/CT (MlILabs,
Utrecht, the Netherlands). Data were reconstructed using the MILabs-Rec software (version 10.02) and
a pixel-based Similarity-Regulated Ordered Subsets Expectation Maximization (SROSEM) algorithm
with a window-based scatter correction (20% below and 20% above the photopeak, respectively). Fur-
ther data analysis was accomplished using the PMODA4.0 software (PMOD TECHNOLOGIES LLC,
Zurich, Switzerland) at defined settings (voxel size CT: 80 um, voxel size SPECT: 0.8 mm, 1.6 mm
(FWHM) Gaussian blurring post processing filter, with calibration factor in kBg/mL and decay correc-

tion and no attenuation correction).

For uSPECT studies mice were anesthetized with isoflurane and injected with 2—4 MBq (100 pmol) of
the ’Lu-labeled tracer into the tail vein. Static images were recorded 1, 4, 8, 24 and 28 h p.i. with an
acquisition time of 45-60 min using the HE-GP-RM collimator and a step-wise multi-planar bed move-
ment. For competition studies, 3.62 mg/kg (40 nmol) of ["Lu]RM2 (107 M in PBS) was co-adminis-

tered.
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2.7. Human Application

Clinical evaluation in the patient was conducted under compassionate use in compliance with the Ger-
man Medicinal Products Act, AMG 813 2b, and in accordance with the responsible regulatory body
(Government of Oberbayern). A proof of concept (PoC) study was performed at the Klinikum rechts der
Isar (TU Munich, Germany).

Human application of ['""LUJAMTG

In a PoC study, one patient suffering from mCRPC PSMA-avid lesions on a pretherapeutic PET scan
([*®F]["™Ga]rhPSMA-7.3) received 1.11 GBq of [}"LUJAMTG. The uptake of the tracer was imaged by
scintigraphy 1 hand 4 h p.i. Each scan was obtained at a speed of 12 cm/min on a dual-headed SYMBIA
T6 (Siemens Medical Solutions, Erlangen, Germany) equipped with 9.5 mm Nal(TI) crystals and me-
dium-energy low-penetration collimators. A 20% and a 12% energy window were placed around the
208 keV and 113 keV peak of Y7Lu-lutetium, respectively.
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3. Characterization of GRPR-targeted ligands

3.1.  Agonistic derivatives

All mentioned agonists were synthesized by standard Fmoc-based SPPS (GP1, GP2, GP5) using a H-
Rink amide ChemMatrix® resin (35-100 mesh particle size, 0.4-0.6 mmol/g loading). [Tyr‘]BBN and
BBN were purchased from Sigma-Aldrich GmbH (Munich, Germany).

Bombesin (BBN)
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:H :H iy, : H IH :OH :

H
OL 0 Y 0 N 0 /NHo A 0 \(\NHO N
N0 0 N=/ S

H-pGlu'-GIn?-Arg*-Leu*-Gly>-AsnS-GIn’-Trp8-Ala’-val 1°-Gly'"' -His'>-Leu!3-Met'*-NH,

RP-HPLC (10—90% MeCN in 15 min): tg = 6.7 min, K* = 3.19.
Calculated monoisotopic mass (C71H110N24018S): 1618.8, found: m/z=810.2 [M+2H]**, 1619.2
[M+H]"*.

[Tyr‘]BBN

JHWJLNJSWJL%&«WNJ&*(%NHZ

HZN/QO \©\ \“/NHZ 81\1 N‘ EN

RP-HPLC (10—90% MeCN in 15 min): tr = 6.6 min, K* = 3.13.
Calculated monoisotopic mass (CzaH10sN2401sS): 1668.8, found: m/z =835.1 [M+2H]?**, 1669.1
[M+H]".
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[phe®, g-Alalt, Phe®3, Nle*]BBNg.14 (Universal ligand, UL)

RP-HPLC (10—90% MeCN in 15 min): tg = 9.7 min, K* = 5.07.
Calculated monoisotopic mass (Cs7H7sN14010): 1116.6, found: m/z = 559.5 [M+2H]?*, 1117.2 [M+H]*.

[tyrS, p-Alall, Phe®, Nle**]BBNs.14 (Iabeling precursor of agonistic radiolabeled reference)

RP-HPLC (10—90% MeCN in 15 min): tr = 9.1 min, K* = 4.67.
Calculated monoisotopic mass (Cs7H7sN14011): 1132.6, found: m/z = 567.0 [M+2H]?*, 1132.9 [M+H]*.

[3-1-tyrS, p-Alalt, Phe'®, Nle**]BBNs.14 (cold standard of agonistic radiolabeled reference)

I
< NH

H H\)OL H\)OL H H\)(J)\ H\)(J)\
HZN/\H/N: N A N\/\H/N: N NS am,

0 = H o H H 0 o = /H o =

NH
C O L
H,N" 0

RP-HPLC (10—90% MeCN in 15 min): tg = 9.5 min, K* = 4.94.
Calculated monoisotopic mass (Cs7H75IN14O11): 1258.5, found: m/z = 630.2 [M+2H]?*, 1259.5 [M+H]".
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3.2. MJ9 derivatives

All mentioned compounds based on the core structure of MJ9 were synthesized by standard Fmoc-based
SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size, 0.4-
0.6 mmol/g loading). As the structure of MJ9*% was similar to RM23°, but contains no chelator, all listed
derivatives below were also synthesized without a chelator yielding a free amine at the respective N-

terminus.

MJ9 (H-Pip-phe-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-NH>)

m&%m J#

H,N" 0

H-Pip>-phe®-GIn’-Trp3-Ala®-val 1’-Gly!"' -His'2-Sta!3-Leu!*-NH,

RP-HPLC (10—90% MeCN in 15 min): tg = 9.0 min, K* = 4.63.
Calculated monoisotopic mass (Ce2Ho2N16012): 1252.7, found: m/z = 627.5 [M+2H]?*, 1253.4 [M+H]*.

[tyr8]MJ9 (labeling precursor of antagonistic radiolabeled reference [3-[1°1]1-tyr¢]MJ9)

OH
HoN /©/ ~ ~
\G o N o MER" 0 O H
VAR NJNI(Nﬁ L J¢
H o = H o H H o

H,N™ S0

RP-HPLC (10—90% MeCN in 15 min): tg = 8.9 min, K* = 4.56.
Calculated monoisotopic mass (Cs2Hg2N16013): 1268.7, found: m/z = 635.0 [M+2H]?*, 1269.8 [M+H]".

[3-1-tyrfJMJ9 (cold standard of antagonistic radiolabeled reference)

@JN«[(NJL $ i U;NJ \ﬂ J¢

H,N o

RP-HPLC (10—90% MeCN in 15 min): tg = 10.1 min, K* = 5.31.
Calculated monoisotopic mass (Cs2Ho1IN16013): 1394.6, found: m/z = 698.4 [M+2H]?*, 1395.7 [M+H]".
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3.2.1. Ala-Scan derivatives

All mentioned Ala-Scan conjugates based on the core structure of MJ9 were synthesized by standard
Fmoc-based SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle
size, 0.4-0.6 mmol/g loading). Similar to MJ9, all listed derivatives below were also synthesized without
a chelator yielding a free amine at the respective N-terminus. Structure of the respective compounds was
equal to MJ9 except for the Ala substitutions in the respective positions.

MJ9
HN /@ «_ NH «_ NH
(0] z e O ht (0] H O ht OH O
\GN\)LN/-\WN\_)LN NJNI(TULNJ;;MN "
H O/i IO I H Y ol

O

H,N” S0

H-Pip>-phe®-GIn’-Trp 8_Ala%-val 10-Glyll-Hislz-StaB-Leul"-N H,

l l l l l On-resin substitution by Ala
[Ala’]MJ9 | [Ala’]MJ9 [Ala'']MJ9 | [Ala'2[MJ9 | [Ala'¥IMJ9
[Ala®IMJ9  [Ala®|MJ9 [Ala'1MJ9  [Alal3|MJ9
[Ala®IMJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 10.7 min, K* = 5.69.
Calculated monoisotopic mass (CssHgsN1sO12): 1183.7, found: m/z = 592.7 [M+2H]?*, 1184.4 [M+H]".

[Ala]MJ9

RP-HPLC (10—90% MeCN in 15 min): tg = 9.7 min, K* = 5.06.
Calculated monoisotopic mass (CssHssN1sO12): 1176.7, found: m/z = 589.5 [M+2H]?*, 1177.7 [M+H]".

[Ala’]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.7 min, K* = 5.06.
Calculated monoisotopic mass (CeoHsoN15011): 1195.7, found: m/z = 598.9 [M+2H]?*, 1196.4 [M+H]".

[Ala®]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 8.7 min, K* = 4.44.
Calculated monoisotopic mass (CssHs7N15012): 1137.7, found: m/z = 569.9 [M+2H]?*, 1138.4 [M+H]".

[Alal*]MJ9

RP-HPLC (10—90% MeCN in 15 min): tz = 10.3 min, K* = 5.44.
Calculated monoisotopic mass (CeoHssN16012): 1224.7, found: m/z = 613.0 [M+2H]?*, 1224.6 [M+H]".
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[Alai]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 10.5 min, K* = 5.56.
Calculated monoisotopic mass (CesHeaN16012): 1266.7, found: m/z = 634.3 [M+2H]?*, 1267.0 [M+H]*.

[Ala?]MJ9

RP-HPLC (10—90% MeCN in 15 min): tg = 9.9 min, K* =5.19.
Calculated monoisotopic mass (CseHeoN14012): 1186.7, found: m/z = 594.2 [M+2H]?*, 1186.9 [M+H]*.

[Ala*]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.4 min, K* = 4.88.
Calculated monoisotopic mass (Cs7Hs2N1s0'): 1166.6, found: m/z = 584.2 [M+2H]?*, 1166.9 [M+H]*.

[Ala**]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.0 min, K* = 4.63.
Calculated monoisotopic mass (CsoHssN1s012): 1210.7, found: m/z = 606.2 [M+2H]?*, 1211.7 [M+H]".
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3.2.2. Backbone N-methylated derivatives

All mentioned backbone N-methylated analogs based on the core structure of MJ9 were synthesized by
standard Fmoc-based SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh
particle size, 0.4-0.6 mmol/g loading). Similar to MJ9, all listed conjugates below were also synthesized
without a chelator yielding a free amine at the respective N-terminus. Structure of the respective deriv-
atives was equal to MJ9 except for the backbone N-methylated substitutions in the respective positions.

H-Pip3-pheS-GIn’-Trp3-Ala’-val 1°-Gly!!-His'2-Sta'3-Leu!*-NH,

N

T A g JLTW*UL T
ok e T

On-resin substitution by corresponding N-methyl amino acids

[N-Me-Val’]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.5 min, K* = 4.94.
Calculated monoisotopic mass (Cs3HeaN16012): 1266.7, found: m/z = 634.4 [M+2H]?*, 1267.2 [M+H]".

[N-Me-Gly*1MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.3 min, K* = 4.81.
Calculated monoisotopic mass (CesHgaN16012): 1266.7, found: m/z = 634.1 [M+2H]?*, 1267.4 [M+H]".

[N-Me-His2]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.4 min, K* = 4.88.
Calculated monoisotopic mass (CesHgaN16012): 1266.7, found: m/z = 634.8 [M+2H]?*, 1267.3 [M+H]".

[N-Me-Val*%, N-Me-Gly']MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.6 min, K* = 5.00.
Calculated monoisotopic mass (CesHasN16012): 1280.7, found: m/z = 641.6 [M+2H]?*, 1281.6 [M+H]".

[N-Me-Val'®, N-Me-His?]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 10.1 min, K* = 5.31.
Calculated monoisotopic mass (CesHasN16012): 1280.7, found: m/z = 641.5 [M+2H]?*, 1281.0 [M+H]".

[N-Me-Gly, N-Me-His2]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 9.8 min, K* = 5.13.
Calculated monoisotopic mass (CesHasN16012): 1280.7, found: m/z = 641.8 [M+2H]?*, 1281.5 [M+H]".
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[N-Me-Val®, N-Me-Gly*!, N-Me-His'?]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 10.3 min, K =5.44,
Calculated monoisotopic mass (CesHosN16012): 1294.8, found: m/z = 648.6 [M+2H]?*, 1295.9 [M+H]*.
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3.2.3. Monosubstituted MJ9 derivatives

All mentioned monosubstituted conjugates based on the core structure of MJ9 were synthesized by
standard Fmoc-based SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh
particle size, 0.4-0.6 mmol/g loading). Similar to MJ9, all listed analogs below were also synthesized
without a chelator yielding a free amine at the respective N-terminus. Structure of the respective deriv-
atives was equal to MJ9 except for the substitutions in the respective positions.

[TxaS]MJ9

/© ~ SN
O z I O o O I (0] H
OAN'“WN%N S NJL NAA
H = H z H
N o/g o * 0
H,N [6)

RP-HPLC (10—90% MeCN in 15 min): tr = 7.6 min, K* = 3.75.
Calculated monoisotopic mass (CesHosN1sO12): 1251.7, found: m/z = 626.7 [M+2H]?*, 1252.0 [M+H]*.

OH
H,N /©/ AL ~
\O o 7N o Y0 h © H
wo boaow 0osow

H,N™ 0

[tyrf]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 6.7 min, K* = 3.19.
Calculated monoisotopic mass (Ces2Hg2N16013): 1268.7, found: m/z = 635.0 [M+2H]?*, 1269.3 [M+H]".

H2N©¢LN«W A J%,%Jj;( JL \%3 J¢

H,N o

[nal®IMJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 7.0 min, K* = 3.38.
Calculated monoisotopic mass (CesHgaN16012): 1302.7, found: m/z = 652.7 [M+2H]?*, 1303.1 [M+H]".
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[(4-NH2)Phe’]MJ9

H,N" 0

RP-HPLC (10—90% MeCN in 15 min): tr = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (Cs2He3sN17012): 1267.7, found: m/z = 634.5 [M+2H]?*, 1268.4 [M+H]".

HNYNHZ
NH
HN 0 0 \NHO o} =
H H H H
wo om0 H ]

H,N" S0

[ArgéIMJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 6.2 min, K* = 2.88.
Calculated monoisotopic mass (CsoHesN19012): 1261.7, found: m/z = 631.6 [M+2H]?*, 1262.0 [M+H]".

[arg®]MJ9

HzN@JLN«[er g e BN e

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.2 min, K* = 2.88.
Calculated monoisotopic mass (CsoHgssN19O12): 1261.7, found: m/z = 631.7 [M+2H]?*, 1262.3 [M+H]".

OYNHZ
NH
HN 0 0 \NHO 0 \
T A A

H,N" Y0

[Cit*]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (CssHaaN15013): 1262.7, found: m/z = 632.2 [M+2H]?*, 1262.9 [M+H]".
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[cit’]MJ9

HQN@JN«WWL g e BN e J¢

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (CsoHesN1sO13): 1262.7, found: m/z = 632.5 [M+2H]?*, 1263.1 [M+H]".

m&ﬁ%aw e

RP-HPLC (10—90% MeCN in 15 min): tr = 6.9 min, K* = 3.31.
Calculated monoisotopic mass (CeiHeiN15012): 1225.7, found: m/z = 614.0 [M+2H]?*, 1226.8 [M+H]*.

[Hse’IMJ9

[(4-NH,)Phe]MJ9

mfﬂ%m J#
A

NH,

RP-HPLC (10—90% MeCN in 15 min): tr = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (CesHgaN16011): 1286.7, found: m/z = 644.5 [M+2H]?*, 1287.4 [M+H]".

[Orn'IMJ9

QG JN«WNJL g ERES ¢M
SRR

RP-HPLC (10—90% MeCN in 15 min): tr = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (Ces2HaaN16011): 1238.7, found: m/z = 620.4 [M+2H]?*, 1240.0 [M+H]".
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[Bta®]MJ9

H

Q) 1
HoN S  NH
\G o N o Yo q O Y on o
N\)LN/'\[rN\)LN N\_)LN N\)LN N\_/'\)LN NH,
H H : J n Y no

RP-HPLC (10—90% MeCN in 15 min): tg = 10.3 min, K* = 5.44.
Calculated monoisotopic mass (Ce2Hs1N15012S): 1269.7, found: m/z = 635.9 [M+2H]?, 1271.1 [M+H]".

[3-Me-Tyré]MJ9

mw%%@ﬂw \w e

H,N™ 0

RP-HPLC (10—90% MeCN in 15 min): tr = 9.4 min, K* = 4.88.
Calculated monoisotopic mass (CsiHesN15O13): 1243.7, found: m/z = 623.0 [M+2H]?*, 1244.6 [M+H]".

[Dap’IMJI9

HN 0 /©o \NHO 0 \
Ho ooz u | ;\NHH s
2

H,N” Y0

RP-HPLC (10—90% MeCN in 15 min): tg = 6.7 min, K* = 3.19.
Calculated monoisotopic mass (Cs2He3N17012): 1267.7, found: m/z = 635.2 [M+2H]?*, 1269.1 [M+H]".

[Ser®ImMJ9

H,N" 0

RP-HPLC (10—90% MeCN in 15 min): tr = 6.8 min, K* = 3.25.
Calculated monoisotopic mass (Ces2Hg2N16013): 1268.7, found: m/z = 635.4 [M+2H]?*, 1269.2 [M+H]".
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[ala®]MJ9

H,N" S0

RP-HPLC (10—90% MeCN in 15 min): tg = 9.0 min, K* = 4.63.
Calculated monoisotopic mass (Ce2Ho2N16012): 1252.7, found: m/z = 627.6 [M+2H]?*, 1253.2 [M+H]*.

[ser’IMJ9

O/((; Y on ©

H,N

RP-HPLC (10—90% MeCN in 15 min): tr = 6.8 min, K* = 3.25.
Calculated monoisotopic mass (Ce2Ho2N16013): 1268.7, found: m/z = 635.5 [M+2H]?*, 1269.0 [M+H]*.

[Hse’IMJ9
ReETes f?ﬂﬁm s ¢
N E/\n/N : E N : E N N
O O \ )

H,N™ 0

RP-HPLC (10—90% MeCN in 15 min): tg = 6.8 min, K* = 3.25.
Calculated monoisotopic mass (Ce3HeaN16013): 1282.7, found: m/z = 642.4 [M+2H]?*, 1283.2 [M+H]".

[Chg*]MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 10.7 min, K* = 5.69.
Calculated monoisotopic mass (CesHasN16012): 1292.7, found: m/z = 647.6 [M+2H]?*, 1293.9 [M+H]".
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[CpgIMJI9

N=\
~_ NH H

HZNOJLN«WWL AL ¢M
HN/QO Y O

RP-HPLC (10—90% MeCN in 15 min): tg = 7.2 min, K* = 3.50.
Calculated monoisotopic mass (CesHoaN16012): 1278.7, found: m/z = 640.4 [M+2H]?*, 1279.3 [M+H]*.

[Stal*]MJ9

T AWEL JL WL J¢

H,N" 0

RP-HPLC (10—90% MeCN in 15 min): tr = 10.1 min, K = 5.31.
Calculated monoisotopic mass (CesHesN16013): 1310.8, found: m/z = 656.7 [M+2H]?*, 1311.5 [M+H]".

[AsnIMJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 5.4 min, K* = 2.38.
Calculated monoisotopic mass (Ce1HsoN17013): 1267.7, found: m/z = 635.0 [M+2H]?*, 1268.7 [M+H]".

[alat]MJ9

H2N©¢L«W¢L$¢L7§ﬁ \M¢

H,N o

RP-HPLC (10—90% MeCN in 15 min): tz = 10.5 min, K* = 5.56.
Calculated monoisotopic mass (CesHgaN16012): 1266.7, found: m/z = 634.5 [M+2H]?*, 1267.4 [M+H]".
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[OrntMJ9
H,N
HN /@ <M
(6] z I (6] o (0] H (@] H OH O
H O/i i bosow [ ol Y ol

H,N" S0

RP-HPLC (10—90% MeCN in 15 min): tr = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (CeiHesN1sO12): 1229.2, found: m/z = 615.2 [M+2H]?*, 1230.1 [M+H]*.

[Tza2]MJ9
) ig
HN < NH N
O = I O o O H O o OH O
H O/C wo oson ] ol Y ol

H,N” 0

RP-HPLC (10—90% MeCN in 15 min): tg = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (CeiHeiN17012): 1253.7, found: m/z = 628.1 [M+2H]?*, 1255.3 [M+H]*.

[(4-NH,)Phe'2]MJ9

NH,
HzN\G o {@o \HNHO g 0 > oH o
VNI T R T,
H O/C O O il Y il

H,N” S0

RP-HPLC (10—90% MeCN in 15 min): tg = 6.9 min, K* = 3.31.
Calculated monoisotopic mass (CesHesN1sO12): 1277.7, found: m/z = 640.0 [M+2H]?*, 1278.4 [M+H]".

[Orn**JMJ9
NH,
H-N /@ \NH HN:\\N
Z\O o N0 a0 u © oy OH 0
W NJX(NJJ;VM i
H O/f v olo: H Hol Y Ho

H,N" S0

RP-HPLC (10—90% MeCN in 15 min): tr = 6.0 min, K* = 2.75.
Calculated monoisotopic mass (Ce1He1N17012): 1253.7, found: m/z = 627.0 [M+2H]?*, 1254.4 [M+H]".
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[Ser*YIMJ9

be
H,N A N OH
\O o N o Yoo u O Y on o
PPS SV NESNEE e
o boaom bosow [ ol Y no
HZN/QO

RP-HPLC (10—90% MeCN in 15 min): tr = 6.1 min, K* = 2.81.
Calculated monoisotopic mass (CsoHssN1s013): 1226.7, found: m/z = 614.5 [M+2H]?*, 1227.3 [M+H]".

[Thr*]MJ9

o 2w
HZN\G o 57 9 \H 0 . \H OH O on
N\)LN/'\[rN\_)LN N\_)LN N\)LN N\_/'\)LN NH,
O O N A il Y no
HZN/(O

RP-HPLC (10—90% MeCN in 15 min): tr = 6.1 min, K* = 2.81.
Calculated monoisotopic mass (CeoHssN1s013): 1240.7, found: m/z = 621.4 [M+2H]?*, 1241.4 [M+H]*.

[His“]MJ9
HN HN
O " B N
\G o 7N o Yoo q O Y on o
H O/E: no osow no Y no

H,N” Y0

RP-HPLC (10—90% MeCN in 15 min): tg = 5.9 min, K* = 2.69.
Calculated monoisotopic mass (Cs2HgsN1sO12): 1276.7, found: m/z = 639.4 [M+2H]?*, 1277.3 [M+H]".

[Hse4IMJ9
/@ HN OH
H,N ~ N H N
\G o N o Yoo u O Y on o
NQLN/'\WN:JLNI‘ QLNI(QLNJ;?MNJ;
H O/E: wo bosow ] nol Y ol

H,N” S0

RP-HPLC (10—90% MeCN in 15 min): tr = 6.0 min, K* = 2.75.
Calculated monoisotopic mass (CeoHssN16013): 1240.7, found: m/z = 621.3 [M+2H]?*, 1241.4 [M+H]".
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3.2.4. Multisubstituted MJ9 derivatives

All mentioned multisubstituted compounds based on the core structure of MJ9 were synthesized by
standard Fmoc-based SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh
particle size, 0.4-0.6 mmol/g loading). Similar to MJ9, all listed conjugates below were also synthesized
without a chelator yielding a free amine at the respective N-terminus. Structure of the respective analogs
was equal to MJ9 except for the multiple substitutions in the respective positions.

[GlyS, cit’]MJ9

H,N__O
X
HN—\
(0}
oS JgJ$ .
H
O

Y

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (CssHssN17013): 1179.7, found: m/z = 590.8 [M+2H]?*, 1180.0 [M+H]".

[Txa®, arg®]MJ9

HZNYNH
HN
\I\ ~NH ~
(0} N O (0] (@]
: H H H H
VO,\JLNNN%N N%NX(NJ Bt
H = H z H
H,N O£ o ° 0
H,;N (@)

RP-HPLC (10—90% MeCN in 15 min): tr = 6.3 min, K = 2.94.
Calculated monoisotopic mass (CeoHesN1sO12): 1260.8, found: m/z = 631.3 [M+2H]?*, 1260.8 [M+H]".

[Ala®, Arg®IMJ9

WLHX gﬁﬁ(ﬁﬁ UL

he

H,N o

RP-HPLC (10—90% MeCN in 15 min): tg = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (CssHgsN1sO12): 1192.7, found: m/z = 597.5 [M+2H]?*, 1193.8 [M+H]".
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[ala®, arg®]MJ9

HN%AWJJ%%JU%¢L$ o

he

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (CssHssN1sO12): 1192.7, found: m/z = 597.2 [M+2H]?*, 1193.0 [M+H]".

[Gly®, arg®]MJ9

H2N\)L,\[r\)L$\)L\/Q(\)L$ NH,

A

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.2 min, K* = 2.87.
Calculated monoisotopic mass (CssHssN1sO12): 1178.7, found: m/z = 590.3 [M+2H]?*, 1179.0 [M+H]*.

[Ala®, argfIMJ9

" HN
HZN\)L,\W\)LJ?\)L\/(N\)L/Q;‘ N NH,

T

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.3 min, K* = 2.94.
Calculated monoisotopic mass (CssHgsN1sO12): 1192.7, found: m/z = 597.3 [M+2H]?*, 1193.0 [M+H]".

Hmrﬁgﬂj%ﬂﬁ

e

[desPip®, arg®1MJ9

HZN

H

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (Cs2HgsN17011): 1121.7, found: m/z = 561.8 [M+2H]?*, 1122.1 [M+H]".
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[desPip®, Arg®]MJ9

H,N NH
Y
HN HN
(0}
H,N E\)J\N \)J\I‘/ \)J\ /g:/ NH,
z H
O

RP-HPLC (10—90% MeCN in 15 min): tr = 6.3 min, K* = 2,94,
Calculated monoisotopic mass (Cs2Hs3N17011): 1121.7, found: m/z = 561.8 [M+2H]?*, 1122.0 [M+H]".

[Arg®, His'IMJ9

©¢LJ§ Jg&ﬁﬁﬁc

RP-HPLC (10—90% MeCN in 15 min): tg = 6.0 min, K* = 2.75.
Calculated monoisotopic mass (CeoHoaN20011): 1270.7, found: m/z = 636.4 [M+2H]?*, 1271.5 [M+H]*.

[arg®, His'IMJ9
-

O «m‘ut g EREes ¢

RP-HPLC (10—90% MeCN in 15 min): tg = 6.0 min, K* = 2.75.
Calculated monoisotopic mass (CeoHsaN20011): 1270.7, found: m/z = 636.2 [M+2H]?*, 1271.2 [M+H]".

Y !

[Bta®, Chg'’]MJ9

HN\
S

HZN\G o 757 9 \H 0 g O \HNOHO

VAN R I T e T
O O Y A il Y no 0
H,N" Y0

RP-HPLC (10—90% MeCN in 15 min): tr = 7.8 min, K* = 3.88.
Calculated monoisotopic mass (CesHosN15012S): 1309.7, found: m/z = 655.8 [M+2H]%*, 1310.9 [M+H]".
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[Stal, desGly*1MJ9

H,>N (0]
2 HN—)
N

O = OH O
IS ~ A QL J\m g I ¢MN
H z H
T 3 \ R
RP-HPLC (10—90% MeCN in 15 min): tr = 10.4 min, K* = 5.50.

Calculated monoisotopic mass (CssHesN1sO12): 1253.7, found: m/z = 627.9 [M+2H]?*, 1255.6 [M+H]".

[Valyl-Stal?, desGly']MJ9

-

it

RP-HPLC (10—90% MeCN in 15 min): tg = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (Ce2HosN15012): 1239.7, found: m/z = 620.3 [M+2H]?*, 1240.1 [M+H]*.

[y-Val®, desGly']MJ9

A

.

RP-HPLC (10—90% MeCN in 15 min): tg = 6.6 min, K* = 3.13.
Calculated monoisotopic mass (Cs2HesN1s011): 1223.7, found: m/z = 613.6 [M+2H]?*, 1225.2 [M+H]".

[Txa'?, desGly'*]MJI9

HN\
N

H,N_O
L
W N
0 0 B N M
N/\n/ N . N Y
H S H
0 0 0
H,N E/ENH

NH,

z

RP-HPLC (10—90% MeCN in 15 min): tr = 10.6 min, K* = 5.63.
Calculated monoisotopic mass (CesHasN15011): 1235.7, found: m/z = 619.2 [M+2H]?*, 1236.8 [M+H]".
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[Gly®, arg®, His']MJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 6.2 min, K* = 2.88.
Calculated monoisotopic mass (CssHssN19O11): 1187.7, found: m/z = 594.7 [M+2H]?*, 1188.3 [M+H]".

[Txa®, desVal®, desGly*]MJ9

-
N

©¢1¢$¢© o

H,N" S0

RP-HPLC (10—90% MeCN in 15 min): tr = 10.2 min, K* = 5.38.
Calculated monoisotopic mass (CeoHssN14010): 1164.7, found: m/z = 583.6 [M+2H]?*, 1165.3 [M+H]*.

o Y m

@J«WJ«WWA«WJwM

[trpd, ala®, val®, his?]MJ9

O

H,N” Y0

RP-HPLC (10—90% MeCN in 15 min): tz = 10.8 min, K* = 5.75.
Calculated monoisotopic mass (Ce2Hg2N16012): 1252.7, found: m/z = 627.9 [M+2H]?*, 1254.1 [M+H]*
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3.3.  RM2 derivatives

All mentioned compounds based on the core structure of RM2, were synthesized by standard Fmoc-
based SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size,
0.4-0.6 mmol/g loading). After finishing the peptide sequence with slightly modifications within the
RM2 sequence, a chelator was coupled at the resin (GP4). Thereafter, the peptide was cleaved (GP5)
and furthermore, remaining acid labile protection groups were deprotected by TFA (GP6) and purified
by RP-HPLC.

RM2 (DOTA-Pip-phe-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-NH,)

o} 0
4 N=\
HO%N/_\N HN o /@ 0 <M 0 ~Mou o
HO [N Nj OH \O\I\)LN/\WE\)LN I%\)J\N\/g‘/ﬁ\)LN ﬁ\/V\)J\N NH:
O}/._/ \_/%O H O/i o0 = H v 0 Y Ho 0

H,N” 0

RP-HPLC (10—90% MeCN in 15 min): tg = 6.8 min, K* = 3.25.

Calculated monoisotopic mass (CzsH118N20019): 1638.9, found: m/z = 820.2 [M+2H]?*, 1639.1 [M+H]".
["*Ga]RM2: RP-HPLC (10—90% MeCN in 15 min): tr = 6.7 min, K* = 3.19.

Calculated monoisotopic mass (CzsH115GaN20010): 1704.8, found: m/z = 854.0 [M+2H]?", 1707.3
[M+H]".

[*Lu]RM2: RP-HPLC (10—90% MeCN in 15 min): tz = 6.6 min, K¢ = 3.13.

Calculated monoisotopic mass (CzsH115LUN20O19): 1810.8, found: m/z =906.2 [M+2H]?", 1811.1
[M+H]".
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3.3.1. Monosubstituted RM2 derivatives

DOTA-[Dap’]MJ9

Q P /@ X NH X /¢
%N/_\N/—< o I O n 9 g ¢ H
w0 WJ% JIWL hou

}/_/\_/% N, O

H,N™ S0

RP-HPLC (10—90% MeCN in 15 min): tr = 6.7 min, K* = 3.19.
Calculated monoisotopic mass (C7aH112N20019): 1584.8, found: m/z = 793.0 [M+2H]*, 1584.6 [M+H]".

DOTA-[Txa’]MJ9

L .
Q : H Q no 9 u ¢ H
O%N/_\N/—é) VOU\E/\WN\)LQ N\)LE\/Q‘/N\)L N
HN 0 o = 0
OH o

HO [ j
HO N N

7/
(¢} 6}

H,N

RP-HPLC (10—90% MeCN in 15 min): tr = 7.4 min, K* = 3.63.
Calculated monoisotopic mass (C7oH119N19019): 1637.9, found: m/z = 819.5 [M+2H]?*, 1637.7 [M+H]".

DOTA-[Cit']MJ9
N/_\N/_{IN /© NP
(o D o R LR CH L X R MJ¢
A IO S i G

RP-HPLC (10—90% MeCN in 15 min): tz = 6.7 min, K* = 3.19.
Calculated monoisotopic mass (C7eH121N21019): 1667.9, found: m/z = 834.9 [M+2H]?*, 1669.3 [M+H]".
[Lu]DOTA-[Cit'IMJ9: RP-HPLC (10—90% MeCN in 15 min): tr = 6.5 min, K* = 3.06.

Calculated monoisotopic mass (CroH11sLUN21O19): 1839.8, found: m/z =921.5 [M+2H]%*, 1842.4
[M+H]*.
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DOTA-[Hse’]MJ9

o) 0
i N=\
HO%N/_\N HN o _/© o =~ NHO o ~ NHOH o
HO, [N Nj OH \O\I\)LN/\WE\)LN EJPI(I%JN I%\/'\/U\N NH,
O}/._/\_/%O HO(;HOEHO HOYHO
OH

RP-HPLC (10—90% MeCN in 15 min): tr = 6.9 min, K* = 3.31.
Calculated monoisotopic mass (C77H117N19O10): 1611.9, found: m/z = 807.8 [M+2H]*, 1613.2 [M+H]".
["'Ga]DOTA-[Hse’]MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.8 min, K* = 3.25.

Calculated monoisotopic mass (C77H114GaN1s0O19): 1677.8, found: m/z = 840.2 [M+2H]?*, 1679.0
[M+H]*.
[*Lu]DOTA-[Hse’]IMJ9: RP-HPLC (10—90% MeCN in 15 min): tr = 6.8 min, K¢ = 3.25.

Calculated monoisotopic mass (Cr7H114LUN19O10): 1783.8, found: m/z =892.7 [M+2H]*, 1784.5
[M+H]*.

DOTA-[Bta®]MJ9

HZ%N/_\N/_{N /© ~ Nj\ NH
O>/’_/ \_/%o H 0/( Hoo = H 9 o0 Y Hoo

H,N" S0

RP-HPLC (10—90% MeCN in 15 min): tg = 7.1 min, K* = 3.44.

Calculated monoisotopic mass (CzsH117N1901eS): 1655.9, found: m/z =829.2 [M+2H]?**, 1657.2
[M+H]".

[*'Ga]DOTA-[Bta®]MJ9: RP-HPLC (10—90% MeCN in 15 min): tg = 7.0 min, K¢ = 3.38.
Calculated monoisotopic mass (CrzsH114GaN19010S): 1721.8, found: m/z = 862.0 [M+2H]?*, 1723.1
[M+H]*.

[*LUu]DOTA-[Bta®]MJ9: RP-HPLC (10—90% MeCN in 15 min): tr = 7.0 min, K = 3.38.
Calculated monoisotopic mass (CzsH11aLUN19010S): 1827.8, found: m/z = 915.1 [M+2H]**, 1828.9
[M+H]*.
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AMTG (DOTA-[a-Me-Trpt]MJ9)

< NH
O 0 Ve
Lo QLN PP W ™
H :z H
g O Y

RP-HPLC (10—90% MeCN in 15 min): tr = 6.9 min, K* = 3.31.

Calculated monoisotopic mass (C7eH120N20010): 1652.9, found: m/z = 826.9 [M+2H]?*, 1652.6 [M+H]".
["**Ga]JAMTG: RP-HPLC (10—90% MeCN in 15 min): tr = 7.0 min, K* = 3.38.

Calculated monoisotopic mass (CzeH117GaN20010): 1718.8, found: m/z =860.2 [M+2H]?*", 1719.6
[M+H]".

["*LU]JAMTG: RP-HPLC (10—90% MeCN in 15 min): tg = 7.0 min, K* = 3.38.

Calculated monoisotopic mass (CroH117LUN20O19): 1824.8, found: m/z =913.1 [M+2H]?*", 1825.6
[M+H]".

AMTG2 (DOTA-GA-[a-Me-Trpt]MJ9)

lo) HO o
HO NN /@ N=\
[ j HN N1
w SO e O R O
N N “_N N NH
© © NUOTN H : B i

RP-HPLC (10—90% MeCN in 15 min): t = 7.0 min, K* = 3.38.

Calculated monoisotopic mass (Cs2H124N20021): 1724.9, found: m/z = 863.6 [M+2H]?*, 1724.1 [M+H]".
["Ga]AMTG2: RP-HPLC (10—90% MeCN in 15 min): tz = 6.9 min, K* = 3.31,

Calculated monoisotopic mass (CszH121GaN20021): 1790.8, found: m/z = 896.3 [M+2H]*, 1792.6
[M+H]".

[**LU]JAMTG2: RP-HPLC (10—90% MeCN in 15 min): tz = 7.0 min, K* = 3.38.

Calculated monoisotopic mass (CsaH121LUN20O21): 1896.8, found: m/z = 949.5 [M+2H]%*", 1897.6
[M+H]*.
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DOTA-[a-Me-trpf]MJ9

H
J OHWGJN L Jj;( X NM
O>_/ /\lf/\( /ﬁ(
H,N” 0
RP-HPLC (10—90% MeCN in 15 min): tr = 6.9 min, K* = 3.31.
Calculated monoisotopic mass (CzoH120N20010): 1652.9, found: m/z = 827.1 [M+2H]*, 1653.5 [M+H]".
[ u]DOTA-[a-Me-trp¥]MJ9: RP-HPLC (10—90% MeCN in 15 min): te = 7.1 min, K* = 3.44.
Calculated monoisotopic mass (Cz9H117LUN20O10): 1824.8, found: m/z = 913.8 [M+2H]?*", 1825.9
[M+H]"*.

DOTA-[Chg]MJ9

(6} 0}
N=\
borcho @ HeG e
H H H H H
HO N N OH N\)J\N/\"/N : N N\:)J\N N N N\:/k)J\N NH,
\__/ H o = H = H H = H
S ( N

RP-HPLC (10—90% MeCN in 15 min): tr = 7.2 min, K* = 3.50.
Calculated monoisotopic mass (Cs1H122N20019): 1678.9, found: m/z = 840.3 [M+2H]?*, 1679.6 [M+H]".

DOTA-[Cpgl’]MJ9

>\ﬂ N\ /—4  NH \
J oﬂ@ugwwL AL %M J¢
o>/_/ /(

H,N” S0

RP-HPLC (10—90% MeCN in 15 min): tr = 7.0 min, K* = 3.38.
Calculated monoisotopic mass (CsoH120N20019): 1664.9, found: m/z = 833.3 [M+2H]?*, 1665.4 [M+H]".
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3.3.2. Multisubstituted RM2 derivatives

NeoBOMB1 (DOTA-pABzA-DIG-phe-GIn-Trp-Ala-Val-Gly-His-NH-CH[CH.-CH(CH5).].)

%mr« O
g A NJJ:%JLX(NJ@

{9 o

H,N 0
RP-HPLC (10—90% MeCN in 15 min): tz = 11.8 min, K* = 6.38.
Calculated monoisotopic mass (C77H110N1501s): 1574.8, found: m/z = 788.2 [M+2H]?*, 1575.6 [M+H]".
["Lu]NeoBOMBL: RP-HPLC (10—90% MeCN in 15 min): tg = 9.6 min, K* = 5.00.

Calculated monoisotopic mass (C77H107LUN1sO15): 1746.7, found: m/z = 874.5 [M+2H]?*", 1747.3
[M+H]*.

DOTA-[desPip®, arg’]MJ9

%EM%N“WWLE JI( ¢

RP-HPLC (10—90% MeCN in 15 min): tg = 6.2 min, K* = 2.88.
Calculated monoisotopic mass (CssH10sN21018): 1507.8, found: m/z = 754.7 [M+2H]?*, 1508.5 [M+H]".

DOTA-[Hse’, Bta®]MJ9

>\ﬂ/—\/—4
JONGJLWUL JLIW‘UL M¢

RP-HPLC (10—90% MeCN in 15 min): tr = 6.0 min, K¢ = 2.75.

Calculated monoisotopic mass (C77H116N1s010S): 1628.8, found: m/z = 815.6 [M+2H]?*, 1629.3
[M+H]*.

[*LU]DOTA-[Hse’, Bta®]MJ9: RP-HPLC (10—90% MeCN in 15 min): tg = 6.1 min, K = 2.81.
Calculated monoisotopic mass (C77H113LUN1s010S): 1800.8, found: m/z = 901.9 [M+2H]**, 1802.7
[M+H]*.
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DOTA-[Bta®, Chg®JMJ9

>\’j 2% /_( s \
j OH \G\)LN/\WH\)L \)L H\)J\ II‘{‘\/'\)J\ /¢
o>/_/ /\(

H,N” >0

RP-HPLC (10—90% MeCN in 15 min): tr = 7.6 min, K* = 3.75.
Calculated monoisotopic mass (CsiH121N19016S): 1695.9, found: m/z =848.8 [M+2H]**, 1696.5
[M+H]".

DOTA-[Bta®, Cpg°IMJ9

N=\
S <« NH
j \G Y on o
OH \)J\N/\[rN\)J\ \)J\ N\:/'\)J\N NH,
0 = o0
't h
H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 7.3 min, K* = 3.56.
Calculated monoisotopic mass (CsoHi119N19015S): 1681.9, found: m/z =841.9 [M+2H]*, 1682.5
[M+H]".
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3.3.4. Linker-extended RM2 derivatives

All mentioned analogs based on the core structure of MJ9 were synthesized by standard Fmoc-based
SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size, 0.4-
0.6 mmol/g loading). After finishing the peptide sequence, one or two amino acids were added by SPPS
to obtain a linker and thereafter, a chelator was coupled at the resin (GP4). Importantly, on-resin cou-
pling of D/L-2,3-diaminopropionic acid was performed by using 2,4,6-collidine (6.0 eq.) instead of DI-
PEA for its pre-activation. Then, the peptide was cleaved (GP5) and furthermore, remaining acid labile
protection groups were deprotected by TFA (GP6) and purified by RP-HPLC.

DOTA-Dap*-MJ9

%mﬂ
LN@JAWJLJ:%JI(J@M
%u% N

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.6 min, K* = 3.13.
Calculated monoisotopic mass (CsiH124N22020): 1724.9, found: m/z = 864.3 [M+2H]?*, 1726.0 [M+H]".

DOTA-Dap*-[Txa’]MJ9

4
z
)

o - \
w bt Lt QL EM
HZ%N/_\N ON HVO E/\[C])/( H : E
[ j ! 0 H,N (6]
HO N N OH 2
0>_/\_/;<0

RP-HPLC (10—90% MeCN in 15 min): tr = 7.2 min, K* = 3.50.
Calculated monoisotopic mass (Cs2H12sN21020): 1723.9, found: m/z = 863.5 [M+2H]?*, 1725.4 [M+H]".

DOTA-Orn*-MJ9

NH,

O% —\ /—(O H NH Nj\NH

HO N N H Q H H H oH
D NP P PSP A o,
_/ -

7 C Ng

RP-HPLC (10—90% MeCN in 15 min): tr = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (CssH12sN22020): 1753.0, found: m/z = 878.1 [M+2H]?*, 1754.9 [M+H]".
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[PLu]DOTA-Orn*MJ9: RP-HPLC (10—90% MeCN in 15 min): tg = 6.3 min, K¢ = 2.94.
Calculated monoisotopic mass (CesHi2sLUN22O20): 1924.9, found: m/z =963.9 [M+2H]?*, 1926.5
[M+H]".

DOTA-Dap3-0Orn*-MJ9

N
E 0
N N7 OHN 0 \G\I\)L ﬁ H\)L H\)J\ EM NH,

RP-HPLC (10—90% MeCN in 15 min): tg = 6.5 min, K* = 3.06.

Calculated monoisotopic mass (CssH13sN24021): 1839.0, found: m/z = 921.1 [M+2H]?*, 1840.9 [M+H]".
[@Lu]DOTA-Dap3-0Orn*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tg = 6.4 min, K = 3.0.
Calculated monoisotopic mass (CgsH13iLUN24O21): 2010.9, found: m/z = 671.7 [M+3H]%*, 1007.0
[M+2H]2".

DOTA-Orn3-Dap*-MJ9

o) 0 NH,
ki 0 ;9 R
Y N (0] z (0] (0]
- H B H H H
HO OH~ 0 \C‘\I\)]\ : N\)J\ N\)]\ ji”/ \)J\ N\/'\/u\
AN | Y YWY O
d 0 NH, /E
H,N” 0
RP-HPLC (10—90% MeCN in 15 min): tg = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (CgsH134N24021): 1839.0, found: m/z = 921.0 [M+2H]?*, 1841.0 [M+H]".
[t u]DOTA-Orn3-Dap*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.3 min, K* = 2.94.
Calculated monoisotopic mass (CssH131LUN24021): 2010.9, found: m/z = 671.8 [M+3H]*", 1007.0
[M+2H]?.

DOTA-orn3-dap?*-MJ9

el 2 g 5
WEMJ% Hz @JN«[(HJL JLIWQL S /¢

N

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (CssH134N24021): 1839.0, found: m/z = 920.8 [M+2H]?*, 1841.0 [M+H]".
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[P'Lu]DOTA-orn3-dap*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.4 min, K¢ = 3.00.
Calculated monoisotopic mass (CssHi31LUN24O21): 2010.9, found: m/z =671.6 [M+3H]*", 1006.7
[M+2H]?*.

DOTA-GA-orn®-dap*-MJ9

H:\Aﬂ mg_\_{ /::\O Q J;/gwo \
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H,NT Y0

RP-HPLC (10—90% MeCN in 15 min): tg = 6.5 min, K* = 3.06.

Calculated monoisotopic mass (CgoH13sN24023): 1911.0, found: m/z =638.6 [M+3H]%*, 957.2
[M+2H]?".

[ u]DOTA-GA-orn3-dap*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.3 min, K* = 2.94.
Calculated monoisotopic mass (CsgH13sLUN240,3): 2083.0, found: m/z = 695.6 [M+3H]%", 1042.8
[M+2H]?".

DOTA-Pip3-Pip*-MJ9

HZ}—EN/_\T\S—{H
H}_/N\_/N\_<0 g\o\l ]1\{1 /@ o -
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RP-HPLC (10—90% MeCN in 15 min): tz = 6.5 min, K = 3.06.

Calculated monoisotopic mass (Ce2H142N24021): 1919.9, found: m/z = 961.2 [M+2H]?*, 1920.9 [M+H]".
[@'Lu]DOTA-Pip?-Pip*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.5 min, K = 3.06.
Calculated monoisotopic mass (CoaH139LUN24O21): 2091.0, found: m/z = 698.3 [M+3H]*", 1046.8
[M+2H]?",

DOTA-dap?-Pip*-MJ9

:ﬁﬁﬁfﬁﬁﬁl%ﬁﬁéﬁ%“*% o
L L

H,N” 0

68



Materials and Methods

RP-HPLC (10—90% MeCN in 15 min): tg = 6.7 min, K* = 3.19.

Calculated monoisotopic mass (CssH13sN24O21): 1865.0, found: m/z =623.6 [M+3H]**, 934.4
[M+2H]2".

[Lu]DOTA-dap3-Pip*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.5 min, K¢ = 3.06.
Calculated monoisotopic mass (CssH133LUN24O21): 2037.0, found: m/z =680.9 [M+3H]*", 1020.5
[M+2H]2".

DOTA-ser3-Pip*-MJ9

HO

0>_/ — \—< H,N Y0
RP-HPLC (10—90% MeCN in 15 min): tg = 6.6 min, K* = 3.13.
Calculated monoisotopic mass (CssH1asN2sO22): 1866.0, found: m/z =623.3 [M+3H]**, 934.2
[M+2H]?".

["'Lu]DOTA-ser®-Pip*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.5 min, K* = 3.06.
Calculated monoisotopic mass (CssH132LUN23O22): 2037.9, found: m/z =680.1 [M+3H]%*, 1019.5
[M+2H]?".

DOTA-orn3-Pip*-MJ9

H H H
0 z

0>_\ o] WI&I /@ . NH Nj\NH

/\ /—< 0 N 0 = o) o) 0 OH O

HO [N Nj HN N/Q o] \G\I\)LNWE\)LN IP\II\)LN g\)LN g\/'\)LN NH,
< °r ? o Y Too

o 0 NH, H,N

RP-HPLC (10—90% MeCN in 15 min): tg = 6.6 min, K* = 3.13.

Calculated monoisotopic mass (CeoH140N24021): 1893.1, found: m/z=632.6 [M+3H]%", 948.2
[M+2H]?.

[PLu]DOTA-0orn3-Pip*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tg = 6.4 min, K¢ = 3.00.
Calculated monoisotopic mass (CeoH137LUN24021): 2065.0, found: m/z = 689.7 [M+3H]%**, 1034.4
[M+2H]?.
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DOTA-asp3-Pip*-MJ9

N=\
S~ NH
OH O
HO SH (6] E H O

% u% g

H,N o

RP-HPLC (10—90% MeCN in 15 min): tg = 6.8 min, K* = 3.25.
Calculated monoisotopic mass (CsoH13sN23023): 1894.0, found: m/z=632.9 [M+3H]%*", 948.5
[M+2H]?",
[P'Lu]DOTA-asp?-Pip*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tr = 6.6 min, K = 3.13.
Calculated monoisotopic mass (CsgH132L.UN23O23): 2065.9, found: m/z = 690.4 [M+3H]*".

DOTA-cit3-Pip*-MJ9

RP-HPLC (10—90% MeCN in 15 min): tg = 6.7 min, K* = 3.19.

Calculated monoisotopic mass (CoeiH141N2502): 1936.1, found: m/z =647.0 [M+3H]*, 969.3
[M+2H]?",

[PLu]DOTA-cit®-Pip*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.6 min, K¢ = 3.13.
Calculated monoisotopic mass (Ce1H13sLUN25022): 2108.0, found: m/z = 704.3 [M+3H]*".

DOTA-Pip3-cit*-MJ9

O+ NH,

NH
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H,N" Y0

RP-HPLC (10—90% MeCN in 15 min): tg = 6.8 min, K* = 3.25.
Calculated monoisotopic mass (CoeiH141N2502): 1936.1, found: m/z = 646.8 [M+3H]*", 970.6
[M+2H]",
[PLu]DOTA-Pip3-cit*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tz = 6.6 min, K¢ = 3.13.
Calculated monoisotopic mass (CoiH13sLUN25O52): 2108.0, found: m/z =704.3 [M+3H]%*, 1056.3
[M+2H]%.
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DOTA-Pip3-ser*-MJ9

HO%N/—\ /—4
HZ%N LA /r* @%N«WN% $ it Im»w ¢M ¢

H,N o

RP-HPLC (10—90% MeCN in 15 min): tg = 6.6 min, K* = 3.13.

Calculated monoisotopic mass (CssH13sN2302): 1866.0, found: m/z =623.5 [M+3H]*", 934.6
[M+2H]?",

[*'Lu]DOTA-Pip3-ser*-MJ9: RP-HPLC (10—90% MeCN in 15 min): ts = 6.4 min, K* = 3.00.
Calculated monoisotopic mass (CssH132LUN23O22): 2037.9, found: m/z = 680.4 [M+3H]%*, 1019.6
[M+2H]?".

DOTA-Pip3-asp*-MJ9

B /—\
“C O ¢ J?
DA OﬁNW A QLIT¢L EM J¢

H,N o

RP-HPLC (10—90% MeCN in 15 min): tg = 6.8 min, K* = 3.25.

Calculated monoisotopic mass (CgoH13sN23023): 1894.0, found: m/z =632.7 [M+3H]*, 949.1
[M+2H]?.

[@'Lu]DOTA-Pip?-asp*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tr = 6.7 min, K = 3.19.
Calculated monoisotopic mass (CsgH132L.UN230O23): 2065.9, found: m/z = 690.2 [M+3H]®".

DOTA-asp3-asp*-MJ9

0 0 i
< o on N=\
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RP-HPLC (10—90% MeCN in 15 min): tg = 6.9 min, K* = 3.31.
Calculated monoisotopic mass (CgsH12sN22025): 1868.9, found: m/z =624.6 [M+3H]*, 936.3
[M+2H]?.
[P'Lu]DOTA-asp®-asp*-MJ9: RP-HPLC (10—90% MeCN in 15 min): tr = 6.7 min, K¢ = 3.19.
Calculated monoisotopic mass (CgsH12sLUN2Ozs): 2040.9, found: m/z =681.5 [M+3H]*, 1022.0
[M+2H]?",
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3.3.5. BBN-SiFA ligands
3.3.5.1. First generation BBN-SiFA ligands

All mentioned derivatives based on the core structure of MJ9 were synthesized by standard Fmoc-based
SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size, 0.4-
0.6 mmol/g loading). On-resin coupling of D/L-2,3-diaminopropionic acid was performed similar to
other amino acids (GP1), indeed using 2,4,6-collidine (6.0 eq.) instead of DIPEA for its pre-activation.
The SiFA group (1. 2.2) was coupled via the side chain of D/L-2,3-diaminopropionic acid immediately
after removal of its Dde protecting group and before its Fmoc deprotection (GP3). Chelators were cou-
pled after the end of synthesis of the sequence at the resin (GP4). Thereafter, the peptide was cleaved
(GP5) and furthermore, remaining acid labile protection groups were deprotected by TFA (GP6). There-
after, the peptide was purified by RP-HPLC.

DOTA-GA-[dap(SiFA)]]MJ9

OH
o) O Sl
% / N\ O X

")

HO 0

%bﬂwoﬁﬁﬂéaﬁw\g é\

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 12.4 min, K = 6.75.
Calculated monoisotopic mass (CeoH140FN2102,Si): 1914.0, found: m/z =638.6 [M+3H]**, 957.5
[M+2H]?.

DOTA-GA-Asp*-[dap(SiFA)]]MJ9

o “E ¢ &
ww$Htqu Jnﬂ S 3 ¢

H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 12.4 min, K* = 6.75.
Calculated monoisotopic mass (CasH14sFN22025Si): 2029.1, found: m/z = 677.6 [M+3H]**, 1015.4
[M+2H]",
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DOTA-GA-Asp®-Asp*-[dap(SiFA)IMJ9

OH
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H,N o

RP-HPLC (10—90% MeCN in 15 min): tr = 12.1 min, K* = 6.56.
Calculated monoisotopic mass (CesHis0FN2302sSi): 2144.1, found: m/z = 715.9 [M+3H]*, 1074.4
[M+2H]?".

DOTA-GA-Ala’*-[dap(SiFA)!IMJ9
~

%“H g -
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e

H,N™ 0

RP-HPLC (10—90% MeCN in 15 min): tg = 12.2 min, K* = 6.63.
Calculated monoisotopic mass (CesH14sFN2,023Si): 1985.1, found: m/z =662.9 [M+3H]**, 994.0
[M+2H]?.

DOTA-GA-Ala®-Ala*-[dap(SiFA)JMJ9

OH

HZ%N/_O\ES_\_(O >(SI
(o D i L,
A YL L Wrw ¢k1ﬁw M¢
(6] '\’/ (@]

RP-HPLC (10—90% MeCN in 15 min): tz = 11.7 min, K* = 6.31.
Calculated monoisotopic mass (CoesH1s0FN23024Si): 2056.1, found: m/z = 686.7 [M+3H]**, 1029.4
[M+2H]?",
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[dap(SiIFA)]IMJ9

Xsl
HZNKH&w&g&I(J \ﬁ J¢

H,N o

RP-HPLC (10—90% MeCN in 15 min): tg = 13.9 min, K* = 7.69.
Calculated monoisotopic mass (C71H110FN17013Si): 1455.8, found: m/z = 728.1 [M+2H]**, 1457.0
[M+H]*.

DOTA-GA-[desPip®, dap(SiFA)IMJ9

RP-HPLC (10—90% MeCN in 15 min): tr = 12.5 min, K* = 6.81.
Calculated monoisotopic mass (CssH12sFN19021Si): 1773.9, found: m/z = 888.5 [M+2H]?*", 1774.8
[M+H]".

DOTA-GA-[Ala%, dap(SiFA)!]MJ9
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RP-HPLC (10—90% MeCN in 15 min): tr = 12.4 min, K* = 6.75.
Calculated monoisotopic mass (CssH13sFN2002.Si): 1845.0, found: m/z =616.1 [M+3H]**, 924.0
[M+2H]%.

74



Materials and Methods

DOTA-GA-dap(SiFA)*MJ9
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RP-HPLC (10—90% MeCN in 15 min): tr = 12.3 min, K* = 6.69.
Calculated monoisotopic mass (CeoH140FN22023Si): 2061.1, found: m/z = 688.5 [M+3H]**, 1031.7

[M+2H]?.
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3.3.5.2. Second generation BBN-SiFA ligands

All mentioned conjugates based on the core structure of MJ9 were synthesized by standard Fmoc-based
SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size, 0.4-
0.6 mmol/g loading). After completion of the peptide sequence, three amino acids were added by SPPS
for obtaining a linker. On-resin coupling of L-2,3-diaminopropionic acid was performed similar to other
amino acids (GP1), indeed using 2,4,6-collidine (6.0 eq.) instead of DIPEA for its pre-activation. The
SiFA group (1. 2.2) was coupled via the side chain of L-2,3-diaminopropionic acid immediately after
removing of its Dde protecting group and before its Fmoc deprotection (GP3). Chelators were coupled
after the end of synthesis of the sequence at the resin (GP4). Thereafter, the peptide was cleaved (GP5)
and furthermore, remaining acid labile protection groups were deprotected by TFA (GP6). Thereafter,
the peptide was purified by RP-HPLC.

DOTA-GA-dap(SiFA)!-GIn%-Arg®-Leu*-MJ9

g L Loe o d gt
>_\N HN/Y \)ijﬁ( \)L /Q \% O > NHO PN (6] T\NHOH o Y

RP-HPLC (10—90% MeCN in 15 min): tz = 14.8 min, K¢ = 8.25.

Calculated monoisotopic mass (CiisH1s0FN20027Si): 2458.3, found: m/z = 821.1 [M+3H]**, 1230.8
[M+2H]?",

[*'Ga]DOTA-GA-dap(SiFA)*-GIn?-Arg3-Leu*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tz = 14.7 min, K¢ = 8.19.

Calculated monoisotopic mass (C11sH177FGaN202;Si): 2524.2, found: m/z = 843.4 [M+3H]%*, 1264.6
[M+2H]?",

["*Lu]DOTA-GA-dap(SiFA)-GIn2-Arg®-Leu*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tg = 14.7 min, K = 8.13.

Calculated monoisotopic mass (Ci1sH177FLUN29027Si): 2630.3, found: m/z = 878.4 [M+3H]**, 1317.7
[M+2H]?.
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DOTA-GA-dap(SiFA)-Asn?-Arg3-Asn*-MJ9
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RP-HPLC (10—90% MeCN in 15 min): tz = 11.4 min, K¢ = 6.13.

Calculated monoisotopic mass (Ci1sH173FN3002sSi): 2445.3, found: m/z = 816.4 [M+3H]*", 1223.9
[M+2H]?".

[*Ga]DOTA-GA-dap(SiFA)-Asnz-Arg3-Asn*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tz = 11.2 min, K¢ = 6.00.

Calculated monoisotopic mass (C113H170FGaN3002sSi): 2511.2, found: m/z = 839.0 [M+3H]%**, 1257.6
[M+2H]?",

["*Lu]DOTA-GA-dap(SiFA)-Asn?-Arg-Asn*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tz = 11.2 min, K¢ = 6.00.

Calculated monoisotopic mass (Ci1sH170FLUN30026Si): 2617.2, found: m/z = 873.9 [M+3H]%**, 1310.1
[M+2H]?",

DOTA-GA-dap(SiFA)-GIn-Arg3-Dap*-MJ9

X&@\@ Hﬁ( QL QW fL;JWN¢ Jﬁr ¢ Y ¢ ﬁ:ﬁr ¢

O}—\ 2 HN/W JL
>_/N\_/N\_<O H,N 0

RP-HPLC (10—90% MeCN in 15 min): tz = 14.4 min, K¢ = 8.00.

Calculated monoisotopic mass (Ci13H17sFN3oO27Si): 2431.3, found: m/z = 811.9 [M+3H]**, 1216.6
[M+2H]",

["'Lu]DOTA-GA-dap(SiFA)*-GIn?-Arg®-Dap*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tr = 14.2 min, K* = 7.88.

Calculated monoisotopic mass (Ci1sH172FLUN30027Si): 2603.2, found: m/z = 869.4 [M+3H]**, 1303.4
[M+2H]",

77



Materials and Methods

DOTA-GA-dap(SiFA)*-GIn%-Dap3-Orn*-MJ9
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RP-HPLC (10—90% MeCN in 15 min): tg = 14.0 min, K* = 7.75.

Calculated monoisotopic mass (Ci12H173FN2sO27Si): 2389.3, found: m/z =797.9 [M+3H]*", 1196.3
[M+2H]?".

["L_u]DOTA-GA-dap(SiFA)!-GIn%-Dap?-Orn*-MJo:

RP-HPLC (10—90% MeCN in 15 min): tg = 13.9 min, K* = 7.69.

Calculated monoisotopic mass (Ci112H170FLUN2s027Si): 2561.2, found: m/z = 855.0 [M+3H]%*, 1281.9
[M+2H]2".

DOTA-GA-dap(SiFA)!-GIn?-Orn3-Dap*-MJ9

5O JH¢9W§J¢T“W*¢WM

HO>_\N HN/Y
HO, [N Nj
O>_/ \_J %O H,N 0

RP-HPLC (10—90% MeCN in 15 min): tg = 14.0 min, K = 7.75.

Calculated monoisotopic mass (Ci12H17sFN2sO27Si): 2389.3, found: m/z = 797.7 [M+3H]**, 1196.0
[M+2H]?.

["*Lu]DOTA-GA-dap(SiFA)-GIn2-Orn3-Dap*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tg = 13.9 min, K = 7.69.

Calculated monoisotopic mass (Ci112H170FLUN2s027Si): 2561.2, found: m/z = 855.1 [M+3H]*, 1282.1
[M+2H]?*.
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3.3.5.3. Third generation BBN-SiFA ligands

All mentioned derivatives based on the core structure of MJ9 were synthesized by standard Fmoc-based
SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size, 0.4-
0.6 mmol/g loading). After completing the peptide sequence, two or three amino acids were added by
SPPS to obtain a linker. On-resin coupling of D/L-2,3-diaminopropionic acid was performed similar to
other amino acids (GP1), indeed using 2,4,6-collidine (6.0 eq.) instead of DIPEA for its pre-activation.
Both, the SiFA group (11. 2.2) as well as the chelator (GP4) were coupled via the side chains of the two
successive D-amino acids, each immediately after removing of their respective Dde protecting groups
and before their Fmoc deprotection (GP3). Finally, the 'Bu-protected eue (glu-urea-glu) motif was cou-
pled to the N-terminus. Thereafter, the peptide was cleaved (GP5) and furthermore, remaining acid la-
bile protection groups were deprotected by TFA (GP6). Thereafter, the peptide was purified by RP-
HPLC.

eue-dap(SiFA)!-dap(DOTA-GA)?-orn3-dap*-MJ9
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RP-HPLC (10—90% MeCN in 15 min): tg = 9.2 min, K* = 4.75.
Calculated monoisotopic mass (Ci2:H1ssFN30034Si): 2649.3, found: m/z = 885.3 [M+3H]**, 1326.5
[M+2H]2*,
eue-dap(SiFA)-dap(["Lu]DOTA-GA)?-orn3-dap*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tr = 9.0 min, K* = 4.63.
Calculated monoisotopic mass (Ci21H1s2FLUN30034Si): 2821.3, found: m/z = 942.2 [M+3H]*".
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eue-dap(SiFA)-dap(DOTA-GA)!-asp2-orni-dap*-MJ9
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RP-HPLC (10—90% MeCN in 15 min): tg = 9.2 min, K* = 4.75.

Calculated monoisotopic mass (CizsHie0FN31037Si): 2764.4, found: m/z =692.9 [M+4H]*, 923.4
[M+3H]**.

eue-dap(SiFA)-dap(["'Lu]DOTA-GA)-asp?-orn3-dap*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tg = 9.0 min, K* = 4.63.

Calculated monoisotopic mass (Ci2sH1s7FLUN31037Si): 2936.3, found: m/z = 980.9 [M+3H]*".

eue-dap(SiFA)-dap(DOTA-GA)-asp*-asp*-orn3-dap*-MJ9
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RP-HPLC (10—90% MeCN in 15 min): tg = 9.2 min, K* = 4.75.

Calculated monoisotopic mass (Ci2oH1esFN32040Si): 2879.4, found: m/z =721.2 [M+4H]*, 961.7
[M+3H]**.

eue-dap(SiFA)-dap(["'Lu]DOTA-GA)-aspt-asp?-orni-dap*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): ts = 9.0 min, K* = 4.63.

Calculated monoisotopic mass (Ci2sH102FLUN32040Si): 3051.3, found: m/z = 1019.0 [M+3H]3*.

eue-dap(SiFA)-dap(DOTA-GA)*-orn?-asp3-dap*-MJ9
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RP-HPLC (10—90% MeCN in 15 min): tg = 9.2 min, K* = 4.75.

Calculated monoisotopic mass (CizsHis0FN31037Si): 2764.4, found: m/z =692.6 [M+4H]**, 923.3
[M+3H]?.

eue-dap(SiFA)-dap(["'Lu]DOTA-GA)-orn?-asp3-dap*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tz = 9.0 min, K* = 4.63.

Calculated monoisotopic mass (CizsH1s7FLUN31037Si): 2936.3, found: m/z = 980.8 [M+3H]*".
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eue-dap(SiFA)-dap(DOTA-GA)!-asp?-Pip-Pip*-MJ9
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RP-HPLC (10—90% MeCN in 15 min): tg = 9.3 min, K* = 4.81.

Calculated monoisotopic mass (CisiH10sFN31037Si): 2844.4, found: m/z =711.7 [M+4H]*", 948.6
[M+3H]*".

eue-dap(SiFA)-dap([™Lu]DOTA-GA)!-asp?-Pip3-Pip*-MJ9:

RP-HPLC (10—90% MeCN in 15 min): tg = 9.2 min, K* = 4.75.

Calculated monoisotopic mass (Ci31H1esFLUN310357Si): 3016.4, found: m/z = 1007.1 [M+3H]%".
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3.4.  Cyclic MJ9 derivatives and linear precursors

Cyclic derivatives were obtained by either disulfide bridge formation when containing cysteine residues
within the linear structure or by Click chemistry when containing backbone modifications.

3.4.1. Cyclization via disulfide bridge formation

All mentioned cyclized analogs based on the core structure of MJ9 were synthesized by standard Fmoc-
based SPPS (GP1, GP2, GP5) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size,
0.4-0.6 mmol/g loading) and were cyclized by disulfide bridge formation (GP8).

H-GIn-Cys-cyclo[Ala-val-Gly-His]-Cys-Leu-NH-

RP-HPLC (10—90% MeCN in 15 min): tr = 7.6 min, K* = 3.75 (linear peptide).
RP-HPLC (10—90% MeCN in 15 min): tr = 7.4 min, K* = 3.63 (cyclized peptide).
Calculated monoisotopic mass (CssHsaN1204S2): 826.4, found: m/z = 827.9 [M+H]".

H-phe-Cys-cyclo[Trp-ala-Val-Gly]-Cys-Sta-NH:

J\w@

Oﬁ ngJLj,, R,
e

RP-HPLC (10—90% MeCN in 15 min): tg = 11.1 min, K* = 5.94 (linear peptide).
RP-HPLC (10—90% MeCN in 15 min): tg = 11.0 min, K* = 5.88 (cyclized peptide).
Calculated monoisotopic mass (CasHe2N1009S2): 938.4, found: m/z = 939.5 [M+H]".
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H-Pip-Cys-cyclo[GIn-trp-Ala-Val]-Cys-His-NH;

RP-HPLC (10—90% MeCN in 15 min): tr = 7.8 min, K* = 3.88 (linear peptide).
RP-HPLC (10—90% MeCN in 15 min): tr = 7.7 min, K* = 3.81 (cyclized peptide).
Calculated monoisotopic mass (CasHs2N1409S2): 982.4, found: m/z = 983.1 [M+H]".
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3.4.2. Cyclization via Click chemistry

All mentioned cyclized derivatives based on the core structure of MJ9 were synthesized by standard
Fmoc-based SPPS (GP1, GP2) using a H-Rink amide ChemMatrix® resin (35-100 mesh particle size,
0.4-0.6 mmol/g loading). Before propargylation, Fmoc-deprotected N-terminus was protected by a p-
nosyl group (GP9) and then propargylated under Mitsunobu conditions (GP10). After deprotection of
the p-nosyl group (GP13), following coupling required harsher condition to succeed (GP11). Thereafter,
all couplings were carried out by SPPS (GP1, GP2) until second alkylation. Therefore, the Fmoc-depro-
tected N-terminus was protected by p-nosyl (GP9), alkylated with 4-bromobutan-1-ol under Mitsunobu
conditions (GP10) and further azidated (GP12). After deprotection of p-nosyl (GP13), following cou-
pling was accomplished by harsher conditions (GP11). After finishing the peptide sequence by SPPS
(GP1, GP2), the linear peptide was cleaved (GP5) and purified by RP-HPLC. The peptide was cyclized
by Click reaction (GP14) quantitatively and used without further purification.

H-Pip-phe-cyclo[N(GIn-Trp-Ala-Val-Gly)]-His-Sta-Leu-NH-

=N
N

N
H,N o
0 OTNH
I\O\
NH,

RP-HPLC (30—70% MeCN in 15 min): tr = 9.5 min, K* = 4.94 (linear peptide).
RP-HPLC (30—70% MeCN in 15 min): tg = 7.6 min, K* = 3.75 (cyclized peptide).
Calculated monoisotopic mass (CesH101N19012): 1387.8, found: m/z = 695.1 [M+2H]?*, 1388.8 [M+H]".

H-Pip-phe-cyclo[N(GIn-Trp-Ala-Val)]-Gly-His-Sta-Leu-NH-
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RP-HPLC (30—70% MeCN in 15 min): tr = 10.1 min, K* = 5.31 (linear peptide).
RP-HPLC (30—70% MeCN in 15 min): tr = 8.5 min, K* = 4.31 (cyclized peptide).
Calculated monoisotopic mass (CeoH101N19012): 1387.8, found: m/z = 695.7 [M+2H]*, 1388.9 [M+H]".

H-Pip-phe-cyclo[N(GIn-Trp-Ala)]-Val-Gly-His-Sta-Leu-NH>

% Y

RP-HPLC (30—70% MeCN in 15 min): tg = 11.6 min, K* = 6.25 (linear peptide).
RP-HPLC (30—70% MeCN in 15 min): tr = 10.0 min, K* = 5.25 (cyclized peptide).
Calculated monoisotopic mass (CesH101N19012): 1387.8, found: m/z = 695.5 [M+2H]?*, 1388.2 [M+H]".

H-Pip-phe-cyclo[N(GIn-Trp)]-Ala-Val-Gly-His-Sta-Leu-NH-

=3
Q ‘x& ﬂm}

RP-HPLC (30—70% MeCN in 15 min): tr = 10.4 min, K* = 5.50 (linear peptide).
RP-HPLC (30—70% MeCN in 15 min): tr = 8.7 min, K* = 4.44 (cyclized peptide).
Calculated monoisotopic mass (CesH101N19012): 1387.8, found: m/z = 695.7 [M+2H]?*, 1388.6 [M+H]".
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H-Pip-phe-GIn-cyclo[N(Trp-Ala-Val-Gly)]-His-Sta-Leu-NH-

(0]

Heppet

@%

RP-HPLC (30—70% MeCN in 15 min): tg = 11.3 min, K* = 6.06 (linear peptide).
RP-HPLC (30—70% MeCN in 15 min): tr = 9.9 min, K* = 5.19 (cyclized peptide).
Calculated monoisotopic mass (CesH101N19012): 1387.8, found: m/z = 696.1 [M+2H]?*, 1388.4 [M+H]".

Q

HN
|
N ZEN,
/

H-Pip-phe-GlIn-cyclo[N(Trp-Ala-Val)]-Gly-His-Sta-Leu-NH>

H,N

RP-HPLC (30—70% MeCN in 15 min): tg = 12.0 min, K* = 6.50 (linear peptide).
RP-HPLC (30—70% MeCN in 15 min): tg = 10.2 min, K* = 5.38 (cyclized peptide).
Calculated monoisotopic mass (CesH101N19012): 1387.8, found: m/z = 695.6 [M+2H]?*, 1389.0 [M+H]".
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H-Pip-phe-GIn-cyclo[N(Trp-Ala)]-Val-Gly-His-Sta-Leu-NH-

RP-HPLC (30—70% MeCN in 15 min): tg = 11.9 min, K* = 6.44 (linear peptide).
RP-HPLC (30—70% MeCN in 15 min): tr = 9.9 min, K* = 5.19 (cyclized peptide).
Calculated monoisotopic mass (CesH101N19012): 1387.8, found: m/z = 695.4 [M+2H]?*, 1388.6 [M+H]".

88






Results

I11. Results

1. Development of a cell-based assay for GRPR-targeted compounds

1.1.  Assay development using agonistic radiolabeled references

Both agonistic precursors ([Tyr*]BBN and [tyr®, p-Alall, Phe!®, Nle¥]BBNs.14) were labeled as de-
scribed under 11. 2.4.2. Identity of the respective radiolabeled references was confirmed by quality con-
trol (QC) using RP-HPLC with additional co-injection of the respective cold standards (data not shown).
125]-labeling of [Tyr*]BBN and [tyr®, f-Ala!, Phe®, Nle'*]BBNg.14 resulted in RCY's of 0% and 22-32%,
respectively. For this reason, [3-[*®1]1-tyr®, p-Alal!, Phe!®, Nle**]BBNg.14 Was selected as the reference

compound for further competition studies (1Cso).

First uptake studies using [3-[*?°1]1-tyrS, p-Alall, Phe'®, Nle*]BBNs.14 as radiolabeled reference were
carried out on PC-3 cells according to an established protocol within our group usually applied to LNCaP
cells (1.0 x 10° cells/well, pre-incubation at 37 °C for 24 + 2 h after seeding, incubation of the radio-
labeled compound for 1 h on ice on the day of experiment)84, After incubation of the GRPR-addressing
reference (without addition of competing agents) for 1 h on ice and the following workup, radioactivity
uptake was measured via a y-counter. Applying this protocol, the maximum cell uptake of [3-[*2°1]1-tyr®,
B-Alatt, Phe®®, Nle*]BBNe.14 on PC-3 cells was < 4% (n = 3).
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1.2.  Improvement of cell uptake by variation of assay conditions

In order to enhance cell uptake of [3-[121]1-tyrS, p-Alatt, Phe®3, Nle**]BBNs.12 on PC-3 cells, different
cell numbers, incubation temperatures and times were studied. In a first experiment, the cell number
was set to 1.0 x 10° cells/well, whereas the effect of the incubation temperature (ice, rt) and time (0-
2.5 h) on the cell uptake of the radiolabeled reference was investigated. Cell uptake at both temperatures

did not reach 4% regardless of the incubation time (Fig. 8).

rt
—ice

cell binding [%]

T T T T T T T T
0 0.5 1.0 15 2.0 25 3.0
incubation time [h]

Fig. 8: Cell uptake of [3-[*21]1-tyrS, g-Alall, Phe!3, Nlel]BBNs-14 on GRPR-expressing PC-3 cells (1.0 x 10° cells) in percent,
dependent on the incubation time at different temperatures (ice, rt).

However, a cell uptake of about 4% was already reached after incubation for 1.0 h at rt. In contrast,
highest cell uptake on ice was observed after incubation for 2.5 h, which was slightly decreased com-
pared to the cell uptake at rt. Moreover, incubation on ice revealed decelerated uptake kinetics over time

compared to an incubation at rt.

On the basis of the highest uptake at both temperatures, an incubation time of 2.5 h was set for a second
experiment, which included the examination of the cell uptake with increasing cell number. At both
temperatures, the radiolabeled reference showed an enhanced uptake with increasing cell number except

for a slightly decreased value when incubated on 2.0 x 10° cells on ice (Fig. 9).
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Fig. 9: Cell uptake of [3-[*?®I]I-tyr5, g-Alat, Phe'3, Nle!¥]BBNs.14 on PC-3 cells, dependent on the cell number at different
temperatures when incubated for 2.5 h.

Interestingly, in this experiment, cell uptake of the radiolabeled reference on 1.0 x 10° cells was below
2% when incubated for 2.5 h on ice, which is in contrast to the first experiment (cell uptake ~ 3.5%).
However, regardless of the cell number, cell uptake was distinctly higher when incubated at rt compared

to the incubation on ice, which is why no cell-based experiments were further executed on ice.

It has to be mentioned that cell uptake of the radiolabeled reference (2.0 x 10° cells/well, incubation for
2.5 h at rt) was observed to distinctly decline, dependent on the day of evaluation. When [3-[*21]1-tyr®,
B-Alatt, Phet®, Nle*]BBNs.14 Was used for cell-based assay studies on the day of synthesis, cell uptakes
of ~ 9% were observed. In contrast, cell uptake was ~ 2% under the same conditions when executed one
week after synthesis of the radiolabeled reference. QC by radio RP-HPLC revealed an intact tracer
amount of < 20% one week after synthesis, despite storage at 4 °C (chromatograms not shown). The

observed instability of the radiolabeled reference was attributed to radiolytic degradation over time.

In order to counteract the degradation by radiolysis, ascorbic acid (10 vol-% of a 0.1 M solution in H,0)
was added as a stabilizing agent (radiolytic quencher) immediately after *#1-labeling (by means of the
lodo-Gen® method) and following RP-HPLC purification, according to a reported protocol*®. By this,
> 95% of the radiolabeled reference remained intact when stored at 4 °C for four weeks, which was

confirmed by QC via radio RP-HPLC (chromatograms not shown).
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1.3.  First ICso studies and further assay issues

By stabilization of [3-[*®1]I-tyr®, p-Ala®l, Phe®, Nle'¥]BBNs.14 towards radiolysis, cell uptake could be
increased up to ~25% (2.0 x 10° cells/well, incubation at rt for 2.5 h). As a comparable cell uptake was
achieved when the radiolabeled reference was incubated for 2 h instead of 2.5 h (data not shown), it was
decided to execute further cellular assays with 2.0 x 10° cells/well at rt and an incubation time of 2 h.

In order to validate our assay conditions, the binding affinity of several known GRPR agonists (BBN,
[Tyr‘]BBN, [phe®, g-Ala, Phe®3, Nle¥]BBNs.14) was investigated by means of competition studies
against the radiolabeled reference (ICso). Furthermore, [3-1-tyr®, p-Ala't, Phe'®, Nle**]BBNs.14 (cold
standard), [tyr, p-Ala'!, Phe'®, Nle!*]BBNs.14 (precursor of the radiolabeled reference) and the potent
GRPR-targeted antagonist MJ9 were included in this study (Tab. 1).

Tab. 1: Binding affinities of the BBN analogs by means of ICso values, determined on PC-3 cells (2.0 x 10° cells/well) and [3-

[2351]1-tyrs, g-Alat, Phe'®, NIe*]BBNs-14 (¢ = 0.2 nm) as the radiolabeled reference (2 h, rt, HBSS + 1% BSA, v/v). Data are
expressed as mean £ SD (n = 3).

BBN ligand 1Cs0 = SD [nM] (n = 3)
BBN 358+3.9
[tyr®, g-Alal, Phe®3, Nle'4|BBNe.14 67.4+4.1
[3-1-tyrS, g-Alall, Phe'®, Nle'*]BBNe.14 209+14
[phe®, g-Alatt, Phe®3, Nle*]BBNs.14 375+59
[Tyr‘|BBN 0.42 +0.04

MJ9 (1) 0.002 + 0.000

MJ9 (2) 33.2+16

Whereas the native BBN showed an 1Csp of 35.8 + 3.9 nM, the ICs value of the truncated BBN deriva-
tive [tyr®, p-Alatl, Phe®, Nle'¥]|BBNs.12 Was twice as high. Interestingly, iodination of this truncated
analog led to a more than threefold decreased I1Cso value. The known BBN-derived universal ligand
[phe®, p-Alalt, Phe®®, Nle!*]BBNs.14 revealed a comparable ICso value to the native BBN. Although it
differs only in one position compared to the native BBN, [Tyr*]BBN revealed a picomolar ICs, value,

whereby it was the most affine agonist within this small study.

Applying these assay conditions, no definite 1Cso value could be determined for the antagonistic ligand
MJ9, as either ICso values comparable to the native BBN or ICs values in the low picomolar range were
observed. As other compounds were evaluated on the same respective day as MJ9, cell-derived problems
as well as stability issues of the radiolabeled reference could be excluded. However, as each other BBN
analog of this small study was an agonist, it was suggested that antagonistic ligands such as MJ9 have
to compete against an antagonistic radiolabeled compound under the conditions applied here, because

agonists and antagonists generally show different internalization patterns when incubated at rt.
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1.4, Assay optimization using a novel antagonistic radiolabeled reference

In order to generate a potent antagonistic radiolabeled reference, the MJ9 derivative [tyr®]MJ9 (H-Pip-
tyr-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-NH,) was radioiodinated by means of the lodo-Gen® method
(Fig. 10).
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Fig. 10: Chemical structure of the antagonistic precursor (middle) as well as the radiolabeled reference (bottom), both derived
from the GRPR-targeted antagonist MJ9 (top).
Synthesis of this novel compound was accomplished by standard Fmoc-based SPPS vyielding 16%
HPLC-purified precursor. 1#I-labeling resulted in RCYs of 33-48% after RP-HPLC purification. Imme-
diately after purification, ascorbic acid (0.1 M in H20, 10 vol-%) was added to prevent radiolysis. Char-
acterization of [3-[*%1]1-tyr]MJ9 was accomplished by QC via co-injection of the cold standard ([3-I-
tyr5]MJ9). Without added quencher solution [3-[*?*I]1-tyr]MJ9 was found to be > 95% intact for only

three days, whereas it was still > 95% intact after six weeks in a solution containing ascorbic acid.

First uptake studies with the novel antagonistic radiolabeled reference under the above mentioned assay
conditions (2.0 x 10° cells/well, incubation for 2 h at rt) revealed a total cell binding of about 50% with-
out added competitor. Applying a lower cell number (1.5 x 10° cells/well) at the same conditions, cell
uptake remained at ~ 50%, for which reason these conditions were defined for all 1Cso studies of this
work. Over the time of this PhD thesis, total cell binding of the respective radiolabeled reference (radi-

osynthesis of a new batch every six weeks) was in a range of 49-67% (without added competitor) under
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these conditions (1.5 x 10° cells/well, incubation for 2 h at rt, [3-[1%1]1-tyr®]MJ9 as radiolabeled refer-

ence).

First competition studies were performed with the potent GRPR antagonist MJ9, [tyr®]MJ9 (precursor
of the radiolabeled reference) as well as [3-1-tyr®]MJ9 (cold standard). Furthermore, [Tyr‘]BBN, which
demonstrated the highest affinity among all agonists in the previous study (Tab. 1), was examined
(Tab. 2).

Tab. 2: Binding affinities of the BBN analogs by means of 1Cso values, determined on PC-3 cells (1.5 x 10° cells/well) and [3-

[*%51]1-tyr8]MJ9 (c = 0.2 nm) as radiolabeled reference (2 h, rt, HBSS + 1% BSA, v/v). Data are expressed as mean + SD (n = 3).

*n=5**n=2

BBN ligand I1Cs0 £ SD [nM] (n = 3)
MJ9 0.74 +0.09
[tyrs]MJ9 1.27 +0.17
[3-1-tyrfiMJ9 1.33+£0.36
[Tyr*]BBN (1) 0.61 +£0.05*
[Tyr‘]BBN (2) 35.9 + 4.3

All antagonists studied showed ICsp values in the high picomolar or low nanomolar range, with MJ9
revealing a higher affinity than its tyr®- or 3-I-tyré-substituted derivatives. Similar to MJ9 competing
against a radiolabeled agonist, no definite binding affinity could be determined for the agonistic
[Tyr‘]BBN competing against a radiolabeled antagonist, as ICso values of 0.61 + 0.05 nm (n = 5) but
also 1Cso values of 42.9 + 2.3 nM (n = 2) were observed under the same conditions. This was also at-

tributed to the different internalization pattern of agonists and antagonists when incubated at rt.

However, as only antagonistic BBN analogs were to be examined in this work, the competition assay
developed at rt applying an antagonistic radiolabeled reference was maintained. It has to be stated that
over the course of this work, no further issues with indefinite 1Cso values occurred for the antagonists

developed when competing against [3-[*2°1]1-tyr®]MJ9 within the described assay.
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2. In vitro studies

In order to metabolically stabilize BBN derivatives and further improve clearance kinetics by decreasing
lipophilicity, we aimed to substitute several amino acids within the BBN-based sequence by (hydro-
philic) unnatural and natural as well as D-configured amino acids. As mentioned in the introduction,
particularly the dipeptidic site GIn’-Trp® is prone to enzymatic degradation by NEP. Substitution at these
two positions by unnatural amino acids while maintaining sufficient GRPR affinity were thus considered
as particularly beneficial. However, we also addressed further positions within our BBN-based peptides,
as instability issues were reported for other sites as well. In order to reduce overall lipophilicity of BBN
derivatives, we aimed to substitute amino acids containing lipophilic side chains by more hydrophilic
ones. In another approach, we aimed to cyclize linear BBN-based structures to increase metabolic sta-
bility, as cyclic compounds such as DOTATATE or CXCR4-targeted ligands were shown to be more

stable in vivo.
2.1. Linear MJ9 derivatives

In a first set of experiments, the potent GRPR antagonist MJ9 was implied as a reference for structural
studies to analyze the effect of the substitutions within its sequence regarding binding affinity (Fig. 11).

H-Pip>-pheb-GIn’-Trp8-Ala’-val'’-Gly!!-His'2-Sta'3-Leu!*-NH,

/@ NH Nj\NH

HQN\G 0o N 9 \H 0 b0 \H OH O
N\)LN/'\[rN\_)LN N\_)LN N\)LN N\_/'\)LN NH,
H O/f O A ol Y ool

H,N" 0

Fig. 11: Chemical structure of the GRPR antagonist MJ9. Numbering of the amino acids is based on the native BBN. Pip = 4-
amino-1-carboxymethyl-piperidine

Therefore, we started with an alanine scan to determine the importance of the given amino acids within
the MJ9 sequence for high GRPR affinity. Furthermore, a partial N-methyl scan was performed to ana-
lyze the effect of backbone methylations. Based on these results, both mono- and multisubstituted MJ9
derivatives were evaluated regarding GRPR affinity and assessed considering the suitability of the re-

spective substitution (Tab. 3).

Each MJ9 derivative was synthesized by standard Fmoc-based SPPS and subsequently purified by RP-

HPLC, resulting in total yields of 9-19%. ICso values were determined as described in chapter 11. 2.5.1.
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Tab. 3: Binding affinities of MJ9 and its derivatives by means of ICso values, determined on PC-3 cells (1.5 x 10° cells/well)
and [3-[*?1]1-tyrS]MJ9 (¢ = 0.2 nm) as radiolabeled reference (2 h, rt, HBSS + 1% BSA, v/v). Data are expressed as mean + SD
(n = 3). * Valyl-Sta = (3S,4S)-4-amino-3-hydroxy-5-methyl-hexanoic acid, ** Tza = $-(1,2,3-triazolyl) alanine, R: reference

compound
BBN ligand
MJ9
Alanine scan derivatives
[Ala5]MJ9
[Ala®]MJ9
[Ala’]MJ9
[Ala®IMJ9
[AlalIMJ9
[Alal]MJ9
[Alat?IMJ9
[Alar¥IMJ9
[Ala}4IMJ9
Partial N-methyl scan derivatives
[N-Me-Val®]MJ9
[N-Me-GlyMJ9
[N-Me-His?]MJ9
[N-Me-Val'°, N-Me-Gly']MJ9
[N-Me-Val?, N-Me-His'?]MJ9
[N-Me-Gly!, N-Me-His?]MJ9
[N-Me-Val'?, N-Me-Gly!!, N-Me-His?]MJ9
Monosubstituted MJ9 derivatives
[Txa’]MJ9
[tyr]MJ9
[nalé]MJ9
[(4-NH2)Phef]MJ9
[ArgéIMJ9
[arg®]MJ9
[CitsIMJI9
[cits]MJ9
[Hse'IMJ9
[(4-NH2)PheIMJ9
[Orn"1MJ9
[Bta8]MJ9

[3-Me-Tyré]MJ9

I1Cs0 £ SD [nM] (n = 3)

0.74 £0.09

1.78 £0.28
412 +0.44
16.7+1.7
153 + 22
271427
2099 + 226
314+9.1
1439 + 378
515+43

902+7
3.28 +£0.49
1463 + 31
1132 + 52

> 10000
2099 + 226

> 10000

0.77 £0.14
5.67 +0.38
3.64+0.19
4.96 +0.22
2.53+0.28
7.95+0.77
6.22 + 0.56
13.8+45
4.61+0.31
35.3%0.6
1053 + 37
2.50 £0.53

50.8 +4.7
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[Dap’IMJI9
[Ser®IMJ9
[ala®]MJ9
[ser’IMJ9
[Hse’IMJ9
[Chgl°]MJ9
[Cpg'IMJ9
[Sta’]MJ9
[AsnIMJ9
[alal]MJ9
[Orn?IMJ9
[Tzal2]MJ9**
[(4-NH2)Phe2]MJ9
[Orn*41MJ9
[Ser4]MJ9
[Thr*]MJ9
[His®“]MJ9
[Hse“IMJ9
Multisubstituted MJ9 derivatives
[Gly?®, citsMJ9
[Ala®, ArgflMJ9
[Ala%, argf]MJ9
[ala®, argf]MJ9
[Gly®, arg®]MJ9
[Txa5, argé]MJ9
[desPip®, argf]MJ9
[desPip®, ArgéIMJ9
[Arg®, His'IMJ9
[arg®, His'IMJ9
[Bta?, Chg'°IMJ9
[Stal®, desGly'IMJ9
[Valyl-Sta®®, desGly'|MJ9*
[y-Val®, desGly']MJ9
[Txa', desGly*MJ9
[Gly®, arg®, His'IMJ9
[Txa®, desVal®®, desGly*]MJ9

[trpd, ala®, val'?, his?)MJ9

Results
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86.0+35
3.23+0.13
1743 £ 25
1453 + 82
31725
126+1.1
1.86 £0.19
2647 £ 67
292 +10
36.7+21
3867 = 325
104 +6
27.8+6.6
4300 + 216
8.93+1.26
6.15+0.90
103+14

172+£4.2

211+34
650 * 27
174 +0.6
120+10
6.10 £0.74
416 +1.01
0.91+0.21
36.0+£5.9
5.80 £0.29
6.29 £0.22
17.7+34
163+ 6
505+8
> 10000
4550 £131
6.43 +£0.93
> 10000

> 10000
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Among the alanine scan derivatives of MJ9, each conjugate showed a lower GRPR affinity compared
to the parent compound. However, the N-terminal located amino acids Pip and phe seemed to be re-
placeable without a drastic loss of affinity, as both [Ala®]MJ9 and [Ala®]MJ9 still displayed 1Cso values
in the low nanomolar range, respectively. In fact, a lot of the substitutions performed at these two N-
terminal positions maintained good affinity. The replacement of Pip® by the structurally similar tranex-
amic acid (Txa) exhibited comparable 1Cso values to the unmodified MJ9. Similarly, substitution of phe®
by other aromatic amino acids (tyr, nal, (4-NHz)Phe) only slightly decreased GRPR affinity. However,
each of the aromatic substitutes revealed a similar 1Cso value as [Ala®]MJ9, suggesting that an aromatic
residue at this site is not necessary for high binding affinity. We additionally substituted phe® by the
positively charged D/-L-arginine and the neutral D/-L-citrulline. Interestingly, substitution by a L-enan-
tiomeric arginine showed higher affinity than a substitution by a D-enantiomeric arginine. Moreover,
[Arg®IMJ9 revealed higher affinity than the aromatic substitutes, probably interacting with aromatic
residues of the binding pocket through cation-n interactions. Both neutral charged citrulline conformers
showed the lowest affinity of all phe® substitution derivatives, but still maintained good affinity. Similar
to the arginine substitution, the L-enantiomeric citrulline revealed higher affinity than the D-enantio-

meric.

In contrast, substitution of the unnatural statin moiety (Sta*—Ala®), which is required for the antago-
nistic character of statin-based BBN analogs such as MJ9 or RM2 derivatives, led to a micromolar
GRPR affinity. As we aimed to focus on statin-based BBN conjugates and wanted to maintain the an-
tagonistic behavior, we did not further substitute the Sta'®site in this work. Substitution of Gly!! by
alanine resulted in a micromolar affinity, which suggests that no side chain residues are tolerated at this
site. However, substitution by D-alanine resulted in a moderate affinity pointing that D-conformers are

rather tolerated at this position.

Substitution of the key site described for metabolic instability (GIn’-Trp®) was rendered by several un-
natural amino acids: GIn” was replaced by homoserine, (4-NH)phenyl alanine and ornithine, while Trp®
was substituted by 3-Me-Tyr and S-(3-benzothienyl)alanine (=Bta). The alanine scan revealed a distinct
loss of affinity for the Trp—Ala substitution but only a modest loss of affinity for the GIn—Ala substi-
tution. Interestingly, the positively charged ornithine at position 7 led to a micromolar affinity suggest-
ing that such charges are not tolerated by GRPR. The aromatic (4-NH,)Phe substitution showed moder-
ate GRPR affinity, whereas the neutral aliphatic amino acid Hse exhibited an only slightly decreased
GRPR affinity compared to the parent compound. Whereas substitution of Trp® by Ala caused an 1Cso
value in the high nanomolar range, a replacement by aromatic residues led to moderate (3-Me-Tyr) and

high GRPR affinity (Bta), suggesting that an aromatic side chain is important at this site.

Substitution of Ala® by short positively charged (2,3-diaminopropionic acid = Dap) and neutral (Ser,
Hse) amino acids as well as D-enantiomeric (ser, ala) side chains resulted in decreased GRPR affinity

compared to MJ9. Whereas substitution by the short neutral amino acid serine maintained an affinity in
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the low nanomolar range, the short positively charge Dap showed a high nanomolar 1Cs; value. Positive
charges seem to have a negative influence on GRPR affinity at this site, as substitution by the prolonged
but neutral charged Hse showed improved ICso values. Interestingly, both D-enantiomeric side chain

modifications demonstrated 1Cso values in the micromolar range.

Replacement of Val* by neutral side chains of different length and spatial demands led to versatile
GRPR affinities. The cyclopentyl substitution maintained high GRPR affinity, whereas the cyclohexyl
derivative showed slightly increased 1Cso values. However, both compounds exhibited higher GRPR
affinity than the alanine scan derivative, suggesting that more lipophilic or spatially demanding residues
are preferred at this site. This was further corroborated, as substitution by the more hydrophilic aspara-
gine led to a low GRPR affinity. As expected, a prolonged peptide backbone by insertion of Sta at this

position caused an I1Cs value in the micromolar range.

His'? was substituted by aromatic (8-(1,2,3-triazolyl) alanine = Tza, (4-NH)Phe'?) or positively charged
amino acids (ornithine), as z-z and cation-r interactions with Trp® were assumed. Interestingly, substi-
tution by a positively charged Orn yielded poor GRPR affinity. Furthermore, substitution by the enlarged
aromatic ring of (4-NHz)Phe led to a distinctly higher GRPR affinity than substitution by the smaller

triazole ring. We thus did not consider further modifications at this site.

Substitution of the C-terminal leucine by more hydrophilic amino acids (Orn, Ser, Thr, His, Hse) re-
sulted in noticeably decreased affinities compared to the parent compound. As already observed for the
GIn—O0rn and His—Orn substitution, the insertion of Orn at position 14 also led to a micromolar affin-
ity, suggesting that BBN derivatives prefer positive charges only at the N-terminus. Although the alanine
scan ligand only exhibited moderate affinity, which suggests that more lipophilic or spatially demanding
side chains such as leucine are favored, substitution by the small serine led to a high affinity. [His**JMJ9
showed an ICso value in the low nanomolar range. Replacement of Leu by Thr, His or Hse revealed only
good to moderate GRPR affinity, and thus it was not considered a rational alternative to the lipophilic

leucine at the C-terminus.

In order to further analyze the impact of modifications within the MJ9 sequence, we performed an N-
methyl scan within the tripeptidic Val'°-Gly*'-His'? section. All mono- and multisubstituted N-methyl
compounds were synthesized by standard Fmoc-based SPPS but required a longer coupling time (2.5-
3 hinstead of 1.5 h for quantitative on-resin coupling to a N-methylated amino acid). Among the partial
N-methyl scan derivatives, only [N-Me-Gly**]MJ9 revealed high affinity, whereas each of the other
compounds exhibited ICso values in the high nanomolar of micromolar range. Within this tripeptidic
section, only the proton of the amidic nitrogen between valine and glycine does not seem to be involved
in hydrogen bonding interactions that generally stabilize the arrangement of the peptide within GRPR.
For this reason, potential backbone modifications within this part of the peptide could be feasible at that

position.
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In order to analyze the effect of multiple substitutions within the same peptide on GRPR affinity, we
replaced two or more amino acids within the 10 amino acid containing MJ9-based structure. It has to be
mentioned that most of these multisubstitutions did not maintain high affinity and are thus not consid-
ered as potential building blocks for the improvement of metabolic stability and lipophilicity, respec-
tively. Replacement of H-Pip® and phe® by Ala® and Arg® led to a poor GRPR affinity. Interestingly,
substitution by Ala® and arg® exhibited a moderate affinity. This was unexpected, as in the monosubsti-
tution analysis, [Arg®]MJ9 showed a threefold lower 1Cso value than [arg®]MJ9. Further multisubstitu-
tions containing arg® ([ala®, arg®]MJ9, [Gly®, arg®]MJ9, [Txa®, arg®]MJ9) also revealed good GRPR af-
finity. Of these three, the most affine compound ([Txa®, arg¥]MJ9) showed lower 1Cso values than the
monosubstituted [arg®]MJ9 but still a fivefold higher 1Cso value than the native MJ9. Noteworthy, the
deletion of Pip® as well as the insertion of arg® led to a comparable 1Cso value to MJ9, whereas its
diastereomer [desPip®, Arg®]MJ9 revealed an only moderate affinity. However, if the Pip linker is pre-
sent in position 5, substitution by Arg leads to superior affinities, which was shown for [Arg®]MJ9 and

[arg®]MJ9, respectively, and also for [Arg®, His'JMJ9 and [arg®, His']MJ9, respectively.

Further multisubstitutions such as [Bta®, Chg'®]MJ9 or [Gly®, arg®, His’]MJ9 revealed moderate to good
affinity. However, the use of these substitutions has to be further evaluated by other in vitro experiments,
as in case of GRPR affinity, there is no benefit for either conjugate. Stabilization of the MJ9 sequence
was also attempted via deletion of Gly* and concomitant substitution of Val® by statin analogs (Sta and
Valyl-Sta), a prolonged valine derivative (y-Val) or Txa. However, none of these unnatural amino acids
could compensate the loss of the dipeptide Val'°-Gly*! in terms of GRPR affinity. Partial stereoinversion
of the pharmacophore ([trp?, ala®, val®®, his*?]MJ9) caused a drastic loss of affinity, as an I1Cso value of
> 10 uMm was determined, suggesting that only minor modifications within the pharmacophoric section
are tolerated by GRPR.
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2.2. Linear RM2 derivatives

Based on the results of the structural studies of MJ9, the most promising substitutions were further
implemented for RM2 analogs. Either DOTA or DOTA-GA was attached as a chelator N-terminally.
Each mono- or multisubstituted conjugate was compared to the reference compound RM2 and the re-
spective metal complex regarding GRPR affinity (I1Cso) and lipophilicity (logD7.). Furthermore, as sev-
eral groups have shown a positive effect of positive charges at the N-terminus on GRPR affinity, we
aimed to improve pharmacokinetics of our ligands by addition of positively charged or hydrophilic
amino acids. Moreover, due to the success of our PSMA-SIFA ligands, we aimed to transfer the de-
scribed radiohybrid (rh) methodology to BBN analogs. Therefore, we designed several silicon-fluoride
acceptor (SiFA)-comprising compounds with the aim of maintaining high GRPR affinity and also com-

pensating for the high lipophilicity of the SiFA group.

Each RM2 derivative was synthesized by standard Fmoc-based SPPS and was purified by RP-HPLC,
resulting in total yields of 4-15%. 1Cs values were determined as described in chapter I1. 2.5.1. Lipo-
philicity was evaluated as n-octanol-PBS distribution coefficient at physiological pH (logD-.4) as de-
scribed under 11. 2.5.2. If not further stated, 1Cso values were determined with "™Lu-complexed and
logD7 4 values with Y’Lu-labeled RM2 analogs (Tab. 4).
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Tab. 4: Binding affinities of RM2 and its derivatives by means of ICso values, determined on PC-3 cells (1.5 x 10° cells/well)
and [3-[*?1]1-tyrS]MJ9 (¢ = 0.2 nm) as radiolabeled reference (2 h, rt, HBSS + 1% BSA, v/v). Data are expressed as mean + SD
(n=3). *77Lu-labeled, R: reference compound

BBN ligand 1Cs0 £ SD [nM] logD7.4 + SD Projected potential
(n=23) (n=6)* of the compound
RM2 (= DOTA-MJ9) 445+0.11 / R
["@Ga]RM2 1.94+0.16 / R
[MaLu]RM2 3.45+0.18 -2.51+0.02 R
Monosubstituted RM2 derivatives
DOTA-[Dap5MJ9 9.40 +3.18 ~1.99 +0.06 0
DOTA-[Txa’]MJ9 4.43 £ 0.55 -1.85£0.04 +
["Lu]DOTA-[Cit'IMJ9 11.6+2.1 -3.22+0.15 i
["*Ga]DOTA-[Hse’]MJ9 12.2+0.2 / +
[Lu]DOTA-[Hse’]MJ9 19.7+16 ~2.25+0.06 ++
[Ga]DOTA-[Btaf]MJ9 3.06 +0.15 / +
["*Lu]DOTA-[Bta®]MJ9 4.63+0.23 -1.81 +£0.02 ++
[*Ga]DOTA-[a-Me-Trpf]MJ9 (=AMTG) 3.28+0.33 / +
["Lu]DOTA-[a-Me-Trpé]MJ9 (=AMTG) 3.04 +0.08 —2.28 +0.06 +++
["Ga]DOTA-GA-[a-Me-Trpé]MJI9 (FAMTG2) 5.82 +0.23 / +
["Lu]DOTA-GA-[a-Me-Trp8]MJ9 (FAMTG2) 4.74+0.23 -2.51+0.11 o+
["Lu]DOTA-[a-Me-trp8]MJ9 509 + 46 n.d. --
DOTA-[Chg*°]MJ9 67.3+6.6 -1.64+£0.10 =
DOTA-[Cpg*°]MJ9 36.6 +15.9 —-1.94 +0.04 -
Multisubstituted RM2 derivatives
["aLu]NeoBOMB1 422 +0.14 -0.57+£0.03 R
DOTA-[desPip®, argf]MJ9 12.8+0.9 -3.67 £0.08 0
[tLu]DOTA-[Hse’, Btaf]MJ9 153 + 20 -1.53 +0.05 --
DOTA-[Bta®, Chg'IMJ9 952+174 -1.07 £ 0.05 -—
DOTA-[Bta?, Cpgl°]MJ9 115+ 21 -1.36 +0.03 ——
Linker-extended RM2 derivatives
DOTA-Dap*MJ9 2.94 £0.82 —2.56 £0.09 +
DOTA-Dap*[Txa5|MJ9 4.61+1.97 -2.42+0.01 0
[Lu]DOTA-Orn*-MJ9 1.73+0.12 -3.64 £0.19 +++
["Lu]DOTA-Dap3-Orn*-MJ9 1.06 +0.02 —2.52+£0.09 ++
["*Lu]DOTA-Orn3-Dap*-MJ9 0.86 + 0.06 -2.78 £ 0.08 ++
["Lu]DOTA-ornd-dap*-MJ9 0.96 +0.03 —3.46 £0.14 +++
["Lu]DOTA-GA-orn3-dap*-MJ9 1.65+0.03 -3.72£0.05 +++
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u -Pip®-Pip*-
["Lu]DOTA-Pip®-Pip*-MJ9
["tLu]DOTA-dap®-Pip*-MJ9
[Lu]DOTA-ser3-Pip*-MJ9
["*Lu]DOTA-orn®-Pip*-MJ9
u -asp®-Pip*
nat| ]DOTA-asp®-Pip*-MJ9
["*Lu]DOTA-Cit>-Pip*-MJ9
["tLu]DOTA-Pips-cit*-MJ9
["Lu]DOTA-Pip3-ser*--MJ9
u -Pip%-asp*-
["Lu]DOTA-Pip3-asp*-MJ9
u -asp-asp*-
nat|_]DOTA-asp®-asp*-MJ9
First generation BBN-SiFA derivatives
DOTA-GA-[dap(SiFA)]MJ9
DOTA-GA-Asp*-[dap(SiFA)IMJ9
DOTA-GA-Asp3-Asp*-[dap(SiFA)¢IMJ9
DOTA-GA-Ala*-[dap(SiFA)]]MJ9
DOTA-GA-Ala3-Ala*-[dap(SiFA)(IMJ9
[dap(SiFA)6IMJ9
DOTA-GA-[desPip®, dap(SiFA)(]MJ9
DOTA-GA-[Ala5, dap(SiFA)]MJ9
DOTA-GA-dap(SiFA)*MJ9
Second generation BBN-SiFA derivatives
["*Ga]DOTA-GA-dap(SiFA)-GIn?-Arg3-Leu*-MJ9
["*Lu]DOTA-GA-dap(SiFA):-GIn>-Arg3-Leu*-MJ9
natGa]DOTA-GA-dap(SiFA)-Asn2-Arg3-Asn*-MJ9
p g
[ u]DOTA-GA-dap(SiFA)-Asn?-Arg3-Asn‘-MJ9
["Lu]DOTA-GA-dap(SiFA)!-GIn?-Arg3-Dap*-MJ9
["Lu]DOTA-GA-dap(SiFA)!-GIn2-Dap3-Orn*-MJ9
["*Lu]DOTA-GA-dap(SiFA)!-GIn2-Orn3-Dap*-MJ9
Third generation BBN-SiFA derivatives
eue-dap(SiFA)!-dap(["*Lu]DOTA-GA)?*-orn3-dap*-MJ9

eue-dap(SiFA)-dap(["Lu]DOTA-GA)!-asp?-orni-dap*-MJ9

eue-dap(SiFA)-dap(["*Lu]DOTA-GA)-asp!-asp>-orn3-dap*-MJ9

eue-dap(SiFA)-dap(["Lu]DOTA-GA)-orn?-asp®-dap*-MJ9

eue-dap(SiFA)-dap(["Lu]DOTA-GA)!-asp?-Pip3-Pip*-MJ9
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2.14+0.17
2.42 £ 0.69
2.01+£0.43
1.20+0.32
2.34+£0.36
212+031
2.52+0.82
4.15+0.28
3.63+0.83

3.16 £ 0.67

238 £ 27
483 + 18
585 + 28
1380 £ 51
910 + 83
593+21
87372
971+ 13

276+70

6.27 +£0.42
5.13+0.53
28.2+9.1
30.9+0.1
5.45+0.39
4.23+0.19

3.96 +£0.29

10.0+0.1

104+15
9.74+£1.01

143+15

9.69+2.14

—2.62+0.14
—2.77£0.15
—2.69 £ 0.09
—3.07 +£0.03
—3.19+0.08
—2.97 +0.07
—3.08 £ 0.05
—3.09 £ 0.08
—3.60 + 0.08

-3.75+0.10

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

0.67 +0.06

/

0.58 £ 0.06
/
—1.41 +0.06
—0.60 +0.08
—0.94 +0.05

—0.90 + 0.05

—1.71 £ 0.09
—1.71 £ 0.06
-1.96 £ 0.15
-1.96 +0.15

—2.05+0.08
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The gold standard among BBN-based ligands, RM2, as well as its complexes with "™Ga-gallium or "Lu-
lutetium were used as reference compounds within the novel antagonistic competition assay in terms of
GRPR affinity. Using [3-[**°I]I-tyr®]MJ9 as radiolabeled reference, unlabeled RM2 as well as
["Ga]RM2 and [™Lu]RM2 showed a low nanomolar ICs, value. Furthermore, RM2 revealed a good
hydrophilic character with a logD7.4 of —2.51 + 0.02. As a second reference, the literature-cited antago-
nist NeoBOMB1 was established. It revealed a comparable 1Csp value but a distinctly higher lipophilic-
ity than RM2.

Based on the results of the studies on the MJ9 sequence, only a few substitutions were considered as
potential alternatives (Tab. 3): Txa®, Hse’, Bta®, Cpg®, Chg® and [desPip®, arg®]. We thus attached a
DOTA chelator N-terminally and evaluated the resulting ligands in terms of GRPR affinity and lipo-
philicity. Despite an equal ICs value of MJ9 and [Txa’]MJ9, addition of a chelator led to a slightly
decreased affinity and distinctly higher lipophilicity for DOTA-[Txa’]MJ9 compared to RM2. Substitu-
tion of Pip (tertiary amine) by Dap (primary amine) led to higher 1Cs values, which was unexpected, as
BBN analogs were reported to prefer positive charges at the N-terminus. As substitution of Pip by the
neutral Txa resulted in a comparable ICso value, we assumed that the molecular structure of Pip or Txa
is more important for GRPR affinity at this site than a positive charge. This was further corroborated by
comparison of DOTA-[desPip®, arg¥]MJ9 and [desPip®, arg®]MJ9, neither of which comprise a Pip moi-
ety. Without a coupled chelator, high affinity was determined (ICso: 0.91 £ 0.21 n™m), whereas the
DOTA-conjugated analog revealed a distinctly decreased GRPR affinity (ICs: 12.8 £ 0.9 nm). How-
ever, due to the substitution of phe by the more hydrophilic arg, DOTA-[desPip®, arg®]MJ9 revealed a
high hydrophilic character. Surprisingly, RM2 analogs comprising either Cpg'® or Chg? only exhibited
moderate to poor GRPR affinity. As expected, substitution by either Cpg*® or Chg led to increased
logDyr.4 values, as both amino acids were considered more lipophilic than valine. However, none of the

above described substitutions still showed promising overall data after the coupling of DOTA.

We thus focused on the GIn’-Trp® dipeptide and the Hse or Bta modifications. Due to the necessity of
having a stabilizing amino acid at the GIn’-Trp® site, we additionally introduced two other unnatural
amino acids: citrulline and a-methyl tryptophan. With the exception of AMTG and AMTG2, ™Ga-
complexed compounds showed lower ICso values than their "™Lu-complexed analogs. Among the
nat177|_y-labeled GIn’-Trp8-modified compounds, AMTG exhibited the lowest ICso value, which was
comparable to [*"LUJRM2. Whereas DOTA-[Bta®]MJ9 also displayed high GRPR affinity, DOTA-
[Cit"IMJ9 and DOTA-[Hse’]MJ9 revealed only moderate affinity. However, both compounds showed
an enhanced lipophilicity compared to DOTA-[Bta®¥]MJ9, with DOTA-[Cit’]MJ9 exhibiting the lowest
lipophilicity among all GIn’-Trp8-modified ligands. The noticeably higher lipophilicity of DOTA-
[Bta®]MJ9 compared to RM2 was unexpected, as both compounds only differ in one atom (indole nitro-
gen [RM2] vs. indole sulfur). Due to high GRPR affinity and good lipophilicity, AMTG and AMTG2
were considered as the most promising conjugates among these GIn’-Trp8-modified RM2 derivatives.

Nonetheless, despite showing certain weaknesses, the other GIn’-Trp®-modified RM2 analogs were also
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considered as potential alternatives to the metabolic unstable RM2. However, an improved metabolic
stability first has to be shown in further experiments. The only exceptions of these positive assessments
were DOTA-[a-Me-trp8]MJ9 (diastereomer of AMTG) and the disubstituted DOTA-[Hse’, Bta¥]MJ9,
as both revealed 1Cs values in the high nanomolar range.

In another set of structural studies, we aimed to improve pharmacokinetic properties of RM2 derivatives
by modification of a prolonged linker section. Therefore, we inserted different amino acids (posi-
tively/negatively charged, neutral) between the chelating agent (DOTA or DOTA-GA) and its binding
sequence. Coupling of L-/D-2,3-diaminopropionic acid (L-/D-Dap) was accomplished using 2,4,6-col-
lidine (6.0 eq.) instead of DIPEA. The desired products resulted in > 95% enantiomeric excess after the
coupling of the respective Dap enantiomer. Except for DOTA-Dap?-[Txa*]MJ9, each linker-extended
RM2 derivative displayed either enhanced GRPR affinity, lipophilicity or both compared to the parent
compound (I1Cso: 3.45 £ 0.18, logD7.4: —2.51 £ 0.02). In particular, beneficial effects on the affinity were
observed for most linker-extended ligands. Positively charged primary amines of L-/D-Dap or Orn at
position 4 contributed more for GRPR affinity than the positively charged tertiary amine of Pip. None-
theless, the positive charge of Pip improved GRPR affinity to a higher extent than the neutral ser, cit,

respectively, or the negatively charged asp.

Position 3 did not show distinct effects on GRPR affinity, except for L-/D-Orn, which further decreased
ICso values. Not surprisingly, DOTA-Orn3-Dap*-MJ9 and DOTA-orn3-dap*-MJ9 exhibited the highest
affinity among the linker-extended RM2 analogs. Coupling of DOTA-GA instead of DOTA led to
slightly decreased GRPR affinity but also slightly improved lipophilicity. Analogously, addition of asp
generated minor GRPR affinity but also decreased lipophilicity. As RM2 already showed favorable
pharmacokinetics in preclinical and clinical studies, only the linker-extended compounds with distinctly
improved GRPR affinity and lipophilicity were considered as a potential upgrade. L-/D-ornithine-con-
taining compounds such as DOTA-Orn*-MJ9, DOTA-GA/DOTA-orn®-dap*-MJ9 and DOTA-orn3-Pip*-
MJ9 exhibited (nearly) subnanomolar affinity as well as a logD7.4 <—3. Also worth mentioning is
DOTA-asp?-asp*-MJ9, which revealed a similar 1Cso value to RM2 despite the introduction of two asp
residues at the positive charge-preferring N-terminus but, due to this modification, also displayed the
lowest lipophilicity among all ligands in this study (logD7.4: —3.75 £ 0.10). Because of this favorable
combination of high GRPR affinity and low lipophilicity, these ligands could be appropriate standalone
compounds. However, the applied modifications (L-/D-Orn, L-/D-Dap, asp) could also be implemented
if pharmacokinetics were not sufficient, for example to compensate the loss of affinity and hydrophilic

character when the bulky, lipophilic SiFA group is introduced into BBN analogs.
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As already mentioned, the radiohybrid (rh) concept, developed by our group for PSMA inhibitors, led
to favorable pharmacokinetic properties preclinically and clinically. In order to transfer this successful
strategy to GRPR-targeted compounds, a SiFA moiety along with several (hydrophilic) amino acids was
introduced at the N-terminal end. This was accomplished by the coupling strategy described under
11. 3.3.5. In brief, after successful coupling of Fmoc-L-/D-Dap(Dde)-OH, the Dde group was deprotected
first, followed by the coupling of either a SiFA moiety or a chelator to the then free sidechain of Dap.
Thereafter, the N-terminal Fmoc group was deprotected and another coupling was enabled. Complying
with this strategy, no isomer formations were observed over the course of this study.

A first attempt for the introduction of the bulky SiFA group was made at position 6 (instead of phe) of
the RM2 sequence, as the MJ9 analog [nal®JMJ9 revealed high affinity (Tab. 3). We thus hypothesized
that there is sufficient space for steric demanding moieties at this site, even allowing for the introduction
of a SiFA building block. Therefore, several ligands were designed with a dap moiety at position 6,
which acted as a trifunctional linker, thereby enabling the coupling of the SiFA group to its free amine
side chain. Except for the [dap(SiFA)®]MJ9 derivative, each ligand of this series contained a DOTA-GA
chelator. In order to evaluate the effect of the introduction of the SiFA group, only 1Cso values were
determined, which was executed as described in chapter I1. 2.5.1. Each BBN-SiFA compound of this
series revealed poor GRPR affinity. As none of the modifications applied (addition of Ala or Asp in
position 3 and 4, deletion/substitution of Pip®) led to enhanced affinity, we designed a novel BBN-SiFA
conjugate (DOTA-GA-dap(SiFA)*-MJ9), which contained the dap(SiFA) moiety at position 4 instead
of position 6. As this ligand displayed the highest GRPR affinity of all first generation BBN-SiFA de-
rivatives, we suggested that the bulky SiFA building block does not fit into the binding pocket and had
thus to adjust our design concept. However, as DOTA-GA-dap(SiFA)*-MJ9 only showed moderate
GRPR affinity as well as poor lipophilicity (logD-.4: 0.67 + 0.06), we assumed that the distance between
the SiFA group and the pharmacophore has to increase and the SiFA moiety must be compensated, in

terms of lipophilicity, with hydrophilic amino acids.

Therefore, we designed a series of dap(SiFA)*-containing BBN-SiFA ligands with a prolonged linker
that comprised hydrophilic building blocks (second generation BBN-SiFA compounds). First, we intro-
duced the tripeptide GIn-Arg-Leu into positions 2-4, which is derived from the sequence of the native
BBN. This did not improve the high lipophilicity but the GRPR affinity, revealing an ICsy value in the
low nanomolar range. Substitution of GIn? and Leu* by asparagine residues led to a massive decrease in
lipophilicity (logD-4: —1.41 £ 0.06) but also in GRPR affinity, as the ICso value was only moderate.
Complexation of either "Ga-gallium or "™Lu-lutetium was not observed to have a distinct impact. As
we noticed positive effects in our studies on linker-extended RM2 analogs when positively charged
amino acids (Dap, Orn) were located in position 4, we synthesized three novel conjugates, which con-
tained either a Dap or a Dap and an Orn moiety at positions 3 and 4. Indeed, each of these three com-
pounds displayed an 1Cso value in the low nanomolar range. However, logD- .4 values were not consid-

ered sufficient for in vivo purposes.
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The inappropriate lipophilicity was thus addressed by further hydrophilic modifications such as dap,
orn, asp and Pip as well as the highly hydrophilic glu-urea-glu (eue) motif at the N-terminus (third
generation BBN-SiFA ligands). These complex structures were synthesized as described under
11. 3.3.5.3). As expected, the modifications applied distinctly improved lipophilicity, as each of these
ligands displayed a logD7.4 value in a range of —2.1 to —1.7, which was assessed as sufficient for in vivo
studies. Due to the addition of the hydrophilic amino acids and the eue unit, GRPR affinity was de-
creased compared to the most affine second generation BBN-SiFA ligands. However, we evaluated
these affinities as sufficient and assumed that in vivo kinetics would be favorable as a consequence of

the improved lipophilicity.
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2.3.  Cyclic MJ9-based compounds

Besides substituting amino acids on one or more sites within linear compounds to enhance metabolic
stability, cyclization of linear structures was also shown to be effective, for example for CXCR4- or
SST2R-targeted peptides. As both receptors as well as the bombesin receptor family are part of the
GPCR family, we assumed that such cyclization approaches could thus be feasible for GRPR-targeted
ligands. Therefore, cyclization of MJ9 derivatives was carried out by two different approaches, on the
one hand via disulfide bridge formation and on the other hand via Click chemistry. Both concepts and

their impact on GRPR affinity are described in the following.
2.3.1. Cyclization by disulfide bridge formation

In a first set of experiments, GRPR-targeted ligands were designed on the basis of typical SST deriva-
tives such as DOTATATE, which consists of eight amino acids and a N-terminal attached chelator.
Within its structure, two cysteine residues are located in the penultimate positions of both termini that
form a disulfide bridge. For a simplified spatial cyclization, a D-amino acid is included at the fifth posi-

tion counting from the C-terminal end (Fig. 12)*°,

HOA/g
/_ on
JL o

NH,

Fig. 12: Typical structure of a cyclic SST2R-targeted ligand (DOTATATE) containing two cysteine residues (red), which form
a disulfide bridge within the six amino acid cycle, as well as a b-amino acid (green) which facilitates spatial cyclization.

For the cyclic BBN approach, the sequence of MJ9, comprising ten amino acids, was truncated by two
amino acids to obtain a similar backbone length as for DOTATATE. The amino acid sequence was
additionally modified by two cysteine residues and a D-amino acid in the above described positions. As
we used different (C-terminal) starting points for our syntheses, we obtained three different cyclic MJ9-
based compounds: H-GIn-Cys-cyclo[Ala-val-Gly-His]-Cys-Leu-NH,, H-phe-Cys-cyclo[Trp-ala-Val-
Gly]-Cys-Sta-NH; and H-Pip-Cys-cyclo[GIn-trp-Ala-Val]-Cys-His-NH; (Fig. 13).
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Fig. 13: Chemical structure of the three cyclic BBN derivatives H-GIn-Cys-cyclo[Ala-val-Gly-His]-Cys-Leu-NH: (left), H-
phe-Cys-cyclo[Trp-ala-Val-Gly]-Cys-Sta-NH: (middle) and H-Pip-Cys-cyclo[GlIn-trp-Ala-Val]-Cys-His-NH: (right).

The respective linear derivatives were synthesized via standard Fmoc-based SPPS, cleaved from the
resin and cyclized by sulfide oxidation according to a procedure published by our group?®2, After puri-
fication by RP-HPLC, all three cyclic ligands were obtained in total yields of 14-16%. The cyclization
step resulted in conversion rates of > 85%. The non-cyclized peptide was removed by RP-HPLC using
a linear gradient (25—35% MeCN in H,O in 20 min). Analysis by ESI-MS revealed the abstraction of
two protons compared to the respective linear educts.

ICso values of the three cyclic compounds were determined as described in chapter 11. 2.5.1 on PC-3
cells (1.5 x 10° cells/well) and [3-[1%1]1-tyr]MJ9 (c = 0.2 nMm) as radiolabeled reference (2 h, rt, HBSS
+ 1% BSA, v/v). None of the three ligands showed any GRPR affinity (ICso values > 10 um), suggesting
that the GRPR does not tolerate the limited flexibility of the cyclic ligands. In order to verify this sug-
gestion, we additionally evaluated their linear counterparts (H-GIn-Cys-Ala-val-Gly-His-Cys-Leu-NHz,
H-phe-Cys-Trp-ala-Val-Gly-Cys-Sta-NH, and H-Pip-Cys-Gln-trp-Ala-Val-Cys-His-NH,). Interest-
ingly, also none of the linear compounds showed any GRPR affinity (ICso values > 10 um). We thus
assumed that the substitutions performed (two cysteine residues, one respective D-conformer) within the
pharmacophoric sequence impede the interaction of the ligands within the binding pocket of GRPR. For
this reason, we tried to design cyclic BBN derivatives without major substitutions within the pharmaco-

phore and this will be described in the following chapter.
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2.3.2. Cyclization by Click chemistry

In order to avoid substitutions of one or more amino acids within the pharmacophore, we developed a
strategy to cyclize linear BBN-based compounds using backbone modifications. We therefore attached
an alkyne as well as a N-azido alkyl group on different amidic nitrogen atoms within the peptide back-
bone to perform a cyclization reaction via Click chemistry. The synthesis of these backbone-modified
compounds was performed according to a modified procedure (1. 3.4.2), which is depicted in general

in Scheme 397,

a,b g H e.d H @
HzN— pp—— HzN—@_N— — > p-Ns—NN—
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Scheme 3: Novel strategy for the general synthesis of backbone-modified cyclic BBN ligands obtained by a final Click reaction.
a) Fmoc-X-OH (1.5 eq.), HOAt (1.5eq.), TBTU (1.5 eq.), DIPEA (4.5eq.), NMP, 1 h, rt; b) piperidine/NMP (v/v = 1/4),
1x5 min/1x15 min, rt; c) p-NsCl (5.0 eq.), 2,4,6-collidine (10.0 eq.), NMP, 30 min, rt; d) Propargyl alcohol (10.0 eq.), PPhs
(5.0 eq.), DIAD (5.0 eq.), THF, 2x30 min, rt; €) 2-Mercaptoethanol (10.0 eq.), DBU (5.0 eq.), NMP, 2x15 min, rt; f) Fmoc-X-
OH (5.0 eq.), BTC (2.0 eq.), 2,4,6-collidine (14.0 eq.), THF, 2 x 2 h, 60 °C; g) 4-Bromobutan-1-ol (10.0 eq.), PPhs (5.0 eq.),
DIAD (5.0 eq.), THF, 2 x 2 h, rt; h) NaNs (5.0 eq.), DMF, 16 h, rt; i) TFA/TIPS/DCM (v/v/v = 95/2.5/2.5), 30 min, rt; k)
CuSO04-5 H20 (4.4 eq.), L-ascorbic acid (6.7 eq.), Tracepur® H20/'BuCOH (v/v = 2/1), 16 h, rt. Fmoc-X-OH = respective, Fmoc-

protected amino acid.

Due to the results of the partial N-methyl scan (Tab. 3), we aimed to substitute the amide proton of the

Val'%-Gly* bond by an alkyne residue, as the abstraction of this proton still led to a low nanomolar
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GRPR affinity. The N-azido alkyl group required for a Click reaction was inserted into the peptide back-
bone at several sites at the N-terminal side of the MJ9 sequence to generate different cycle sizes

(Fig. 14).
Né\NHiO>—>~NH 0 Né\NHi())}NH o] z
H 0 HN—/ HN—/
Cohr ST
/] ° N 0
@QNH H }NH 0 N N}NH )

Fig. 14: Chemical structures of the cyclic GRPR-targeted ligands by Click chemistry: H-Pip-phe-cyclo[N(GIn-Trp-Ala-Val)]-
Gly-His-Sta-Leu-NH: (left) and H-Pip-phe-GIn-cyclo[N(Trp-Ala-Val)]-Gly-His-Sta-Leu-NH: (right).

In order to achieve the desired products, the derivatives were synthesized by standard Fmoc-based SPPS
up to the first alkylation step. Selective monoalkylation of the terminal amine was obtained by transient
p-Ns protection (Scheme 3, c). The following alkylation with propargyl alcohol under Fukuyama-
Mitsunobu conditions (2 x 30 min, Scheme 3, d) yielded conversion rates of > 85%, except for the ste-
rically more demanding valine. In this case, another repetition of the alkylation reaction was required to
generate equal conversion rates. After quantitative p-Ns deprotection (Scheme 3, e), the respective
amino acid had to be activated by bis(trichloromethyl) carbonate (BTC) to generate highly reactive acyl
chlorides (Scheme 3, f). This was necessary, as the activation agents (HOAt, TBTU, etc.) usually ap-
plied did not lead to successful coupling of the respective amino acids to the terminal alkyne-containing

secondary amine.

Subsequently, the synthesis was continued by standard SPPS up to the second alkylation. After another
p-Ns protection of the respective sulfonamide, the second alkylation was accomplished by coupling of
4-bromobutan-1-ol under Mitsunobu conditions (Scheme 3, g). This step was carried out with an en-
hanced reaction time of 2 h and was repeated once. The N-terminal 4-bromobutyl moiety obtained was
azidated using NaNs, which showed conversion rates of > 90% after 16 h (Scheme 3, h). After quanti-
tative p-Ns deprotection, the following coupling step was performed using BTC as activating agent. The
coupling was repeated once to obtain higher conversion rates. After finishing the sequence by SPPS, the
peptide was cleaved, purified by RP-HPLC and then cyclized quantitatively by a Click reaction in solu-
tion (Scheme 3, i/k). Unlike cyclization in solution, several on-resin attempts did not yield the desired
product. Successfully obtained products were determined via RP-HPLC using a linear gradient
(25—35% MeCN in H;O in 20 min). In general, the cyclic products exhibited retention times shorter by
a magnitude of about 2 min compared to their respective linear precursors.
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After purification by preparative RP-HPLC, ICsq values of the cyclic BBN ligands were determined as
described under 1. 2.5.1. Both compounds, H-Pip-phe-cyclo[N(GIn-Trp-Ala-Val)]-Gly-His-Sta-Leu-
NH; as well as H-Pip-phe-GIn-cyclo[N(Trp-Ala-Val)]-Gly-His-Sta-Leu-NH, demonstrated 1Cs values
> 10 umM, suggesting that the cyclic structure is not capable of interacting with the receptor.

In order to eliminate potential conceptual mistakes with regard to the positions of the alkyne and N-
azido alkyl group, these two alkylations required for Click chemistry were varied within the MJ9 se-
guence. This resulted in five additional ligands with different cycle sized, which were also evaluated in
terms of GRPR affinity via 1Cs studies (Fig. 15).

H-Pip-phe-cyclo[ N(GIn-Trp-Ala-Val-Gly)]-His-Sta-Leu-NH , H-Pip-phe-cyclo[N(GIn-Trp-Ala)]-Val-Gly-His-Sta-Leu-NH ,
% NH
0, N
N 0 —\ 7 o
B 0 NH OH N/kfo
@J\j o N NH O N
NH HZNY\iN (:L?\l \_H(N \TNH

H-Pip-phe-cyclo[N(GIn-Trp)]-Ala-Val-Gly-His-Sta-Leu-NH , H-Pip-phe-Gln-cyclo[ N(Trp-Ala-Val-Gly)]-His-Sta-Leu-NH ,

N 0
N/\W NH,
o}
— HoN
NONHO i o
g

NH,

H-Pip-phe-Gln-cyclo[ N(Trp-Ala)]-Val-Gly-His-Sta-Leu-NH ,

<FLLJ" HNﬁNH

NH OH

Fig. 15: Chemical structure of cyclic BBN ligands with different cycle sizes obtained by the Click chemistry concept.

Similar to other cyclic BBN ligand in this study, each of these five cyclic ligands revealed an ICs value
> 10 pm, although we did not modify the amino acid sequence but only the peptidic backbone. However,
the interaction of cyclic BBN compounds within the binding pocket of the GRPR is probably impeded
by its increased rigidity not allowing for high binding affinities. We thus did not continue with any

cyclization approach, as high GRPR affinity is a prerequisite for successful tracer applications.
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2.4.  Receptor-mediated internalization studies and plasma stability in vitro

Within our previous studies on the MJ9 and RM2 structure, respectively (chapter I1. 2.1-11. 2.2), we
discovered only a handful of RM2 derivatives which may be superior to the established RM2 (and Ne-
oBOMB1) due to a potential enhanced metabolic stability. Although several studies revealed that the
antagonistic behavior of BBN analogs is mainly decided by the (unnatural) amino acids present at the
C-terminus, we aimed to confirm the supposed antagonistic character of our RM2 analogs first. There-
fore, we performed receptor-mediated internalization studies on PC-3 cells at 1 h as described under
I1. 2.5.3. Furthermore, comparative studies in murine and human plasma under the same conditions
(37 °C, 72 £ 2 h) were executed as described in chapter 11. 2.5.4 to investigate the metabolic stability in
vitro. For both experiments, the literature-known antagonists [*”’LUu]RM2 and [*/’Lu]NeoBOMB1 were
used as reference compounds. All previously determined in vitro data of the most promising candidates
DOTA-[Cit"IMJ9, DOTA-[Hse’]MJ9, DOTA-[Bta®]]MJ9, AMTG and AMTG2 as well as the reference
ligands RM2 and NeoBOMBL are given in Tab. 5. The radiolabeled reference used for 1Cs studies, [3-
[221]1-tyr5]MJ9, was only analyzed in terms of receptor-mediated internalization to prove its antagonis-
tic character, which was required for the antagonistic competition assay we developed. Neither its lipo-
philicity nor its metabolic stability in vitro was determined.

Tab. 5: In vitro data of the GRPR-targeted compounds. Data are expressed as mean + SD. Affinities were determined on PC-
3 cells (1.5 x 10° cells/well) and [3-[*?°1]I-tyr®]MJ9 (c = 0.2 nm) as radiolabeled reference (2 h, rt, HBSS + 1% BSA, v/v).
Receptor-mediated internalization of the Y"’Lu-labeled compounds (0.25 pmol/well) was determined on PC-3 cells as percent
[%0] of the applied activity after incubation for 1 h (37 °C, DMEM/F-12 + 5% BSA (v/v), 1.5 x 10° cells/well). Data is corrected

for non-specific binding (1072 m [™Lu]RM2). Metabolic stability in vitro was determined in murine and human plasma by

incubation at 37 °C for 72 £ 2 h (n = 3). * "™L_u-labeled, ** 1""Lu-labeled, *** 1%5|-labeled

Receptor-mediated =~ Amount of intact ~ Amount of intact

) 1Cs0 [nM] logD7.4 _ o ) ) )
GRPR ligand internalization [%]  tracer in murine tracer in human
(n=3)* (n=6)**
(n=5)** plasma (n = 3)** plasma (n = 3)**
[3-1-tyrfJMJ9 13+04 n.d. 3.57 £ 0.57*** n.d. n.d.
RM2 35+02 | -251+0.02 2.92+0.20 71.2 +3.6% 335+£2.7%
NeoBOMB1 42+x01 | -0.57+£0.03 13.91 £ 0.64 73.5+3.4% 60.8 £ 1.2%
DOTA-[Cit'IMJ9 116+21 | -3.22+0.15 1.82+0.16 729+0.8% 38.3+12.4%
DOTA-[Hse']MJ9 19.7+1.6 | —2.25+0.06 1.40+£0.16 70.8 £ 3.5% 454 +7.6%
DOTA-[Bta®]MJ9 46+02 | -1.81+£0.02 2.26+0.18 58.3 +6.0% 16.2 +3.5%
DOTA-[a-Me-
3.0£01  —2.28+0.06 3.03+0.18 75.0+11.5% 77.6 +10.1%
Trpé]MJ9 (FAMTG)
DOTA-GA-[a-Me-
47+02 | 251011 5.88 £0.33 80.8 £3.8% 64.4+£4.7%

Trp’lMJ9 (=AMTG2)
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Most compounds revealed comparable or lower receptor-mediated internalization values to [}"’Lu]RM2
after incubation on PC-3 cells (1.5 x 10° cells/well) at 37 °C for 1 h, so that each of these conjugates
were considered as antagonists. Not surprisingly, the radiolabeled reference for all 1Cso studies also
exhibited low receptor-mediated internalization, which further validated our developed antagonistic
competition assay (I11. 1.4). AMTG2 showed a slightly enhanced receptor-mediated internalization,
which was indeed distinctly lower than the value determined for the literature-cited antagonist Neo-
BOMBL1. For this reason, AMTG2 was also considered as an antagonist.

Metabolic stability in vitro for each ligand was analyzed in both, murine and human plasma via incuba-
tion at 37 °C for 72 + 2 h. Subsequent to the work-up of the respective samples, radio RP-HPLC was
performed to determine the remaining amount of the respective intact ’’Lu-labeled compound. For each
conjugate, these experiments were repeated twice (n = 3). In vitro stability studies in murine plasma
revealed comparable amounts of intact tracer for the "’Lu-labeled compounds, with AMTG and
AMTG2 showing the highest (75.0 + 11.5% and 80.8 + 3.8%, respectively) and DOTA-[Bta®]MJ9 the
lowest amounts (58.3 £ 6.0%).

To further evaluate whether this metabolic stability pattern is also representative of the human situation,
studies on the metabolic stability in vitro in human plasma were also conducted under the same condi-
tions (*’’Lu-labeled, 37 °C, 72 £ 2 h). Interestingly, the metabolic stability pattern was noticeably dif-
ferent to the murine situation. High metabolic stability in vitro was observed for AMTG, AMTG2 and
NeoBOMB1, with AMTG showing the highest intact amounts (77.6 + 10.1%). In contrast, RM2 dis-
played less than half the intact amount compared to AMTG, suggesting that the Trp—a-Me-Trp substi-
tution indeed has a high impact on stability, as these two compounds only differ in this one methyl
group. Both, DOTA-[Cit’]MJ9 and DOTA-[Hse’]MJ9 exhibited slightly increased metabolic stability
in human plasma compared to RM2. Similar to the murine situation, DOTA-[Bta®]MJ9 also exhibited
the lowest metabolic stability in the human plasma (16.2 £+ 3.5%). This was unexpected, as we hypoth-
esized that substitution of the GIn’-Trp® dipeptide by unnatural amino acids leads to improved metabolic
stability. However, as NEP is known for the cleavage at the N-terminal side of lipophilic amino acids,
this increased metabolism was attributed to the enhanced lipophilicity of DOTA-[Bta®]MJ9 compared

to RM2 despite differing in only one atom (indole sulfur vs. nitrogen).

Exemplary RP-HPLC chromatograms of each *'’Lu-labeled ligand for both plasma species (murine and
human) are shown in Fig. 16-17. Interestingly, the major metabolite present at early retention times
when incubated in human plasma was not or only to a limited extent present when incubated in murine
plasma. However, particularly for AMTG but also for AMTG2 and NeoBOMBL1, distinctly decreased
amounts of the major metabolite at early retention times were observed. We thus assume that there are
significant differences in the metabolic activity of murine and human NEP, with the human NEP demon-

strating accelerated metabolism rates under these conditions.
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Fig. 16: Exemplary radio RP-HPLC chromatograms (20—35% MeCN in H20 + 0.1% TFA in 20 min) of plasma samples
incubated in vitro with [Y’LUJRM2, [*""Lu]NeoBOMB1, [Y"’LUJAMTG and [*’LU]JAMTG2. Stability of A: [Y"’LU]RM2 in
murine plasma; B: [Y"’Lu]NeoBOMB1 in murine plasma; C: [*"’LUJAMTG in murine plasma; D: [*"LUu]JAMTG2 in murine
plasma, A: [Y’LU]RM2 in human plasma; B: [*"’Lu]NeoBOMB1 in human plasma; C: [Y"’LUJAMTG in human plasma; D:

[*"LU]JAMTG?2 in human plasma; all samples incubated at 37 °C for 72 + 2 h. Fractions representing the intact, non-metabo-

lized compounds are indicated by black arrows ([*’Lu]lRM2: K’

tr = 17.1 min; [*7LUJAMTG: K’ = 13.2, tr = 17.0 min; ["LUJAMTG2: K> = 11.5, tr = 18.7 min).
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Fig. 17: Exemplary radio RP-HPLC chromatograms (20—35% MeCN in H20 + 0.1% TFA in 20 min) of plasma samples
incubated in vitro with [Y7Lu]DOTA-[Cit"]MJ9, [*’Lu]DOTA-[Hse’]MJ9 or [Y’Lu]DOTA-[Bta®]MJ9. Stability of A:
[*"Lu]DOTA-[Cit']MJ9 in murine plasma; B: [*’LUu]DOTA-[Hse’]MJ9 in murine plasma; C: [*”/Lu]DOTA-[Bta®]MJ9 in
murine plasma; D: [Y7LU]DOTA-[Cit']MJ9 in human plasma; E: [*’Lu]DOTA-[Hse’IMJ9 in human plasma; F:
[*"Lu]DOTA-[Bta®]MJ9 in human plasma; all samples incubated at 37 °C for 72 + 2 h. Fractions representing the intact, non-
metabolized tracers are indicated by black arrows ([*/’Lu]DOTA-[Cit"]MJ9: K’ = 9.3, tr = 15.5 min; [*"’Lu]DOTA-[Hse’1MJ9:
K’ =9.9, tr = 16.4 min; [V"Lu]DOTA-[Bta¥]MJ9: K’ = 11.2, tr = 18.3 min).
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3. Biodistribution studies

Based on the overall data determined in vitro, AMTG and AMTG2 seem to be promising candidates to
compete with the established GRPR antagonists RM2 and NeoBOMBL1, particularly due to improved
metabolic stability and lipophilicity, respectively. By virtue of these encouraging overall in vitro data of
our GIn’-Trp8-modified RM2 analogs, we performed biodistribution studies with each *"’Lu-labeled
compound on PC-3 tumor-bearing mice 24 h p.i. to evaluate the effect of these modifications on the
metabolic stability under in vivo conditions. In terms of metabolic stability in vitro, all modified com-
pounds revealed enhanced stability compared to RM2 in both murine and human plasma, except for
DOTA-[Bta®]MJ9. However, this ligand was evaluated as well to examine the validity of our metabolic
stability studies in vitro. *’Lu-labeling was carried out with a precursor amount of 100 pmol of the
respective ligands and 1-5 MBq of [*"’Lu]LuCls as described under 11. 2.4.2. The results of the biodis-
tribution studies are given in Fig. 18.

As expected, the pharmacokinetic profile of RM2 exhibited high retention in the tumor (> 8% ID/g) and
low background activity 24 h p.i., especially in the GRPR-positive organs (pancreas, stomach, intestine).
In contrast, NeoBOMBL still revealed high pancreatic and slightly enhanced retention in liver, spleen,
stomach, intestine, adrenals and blood. Retention of NeoBOMBL1 in tumor tissue was also high but lower
than that of RM2. Most of the observed background retention was expected and attributed to its in-
creased lipophilicity compared to RM2. As expected from the comparable overall in vitro data, particu-
larly the metabolic stability in murine plasma, both AMTG and AMTG2 showed similar biodistribution
profiles to RM2 with high retention in the tumor and low background activity. Retention in most organs
was comparable to RM2. However, AMTG revealed slightly increased hepatic retention to RM2 and
AMTG2, whereas AMTG2 exhibited slightly enhanced pancreatic retention to RM2 and AMTG. On the
other hand, RM2 displayed slightly increased retention in the adrenals. As the major difference of these
three compounds was observed in metabolic stability in human plasma, we assume a noticeable stabili-
zation effect in patients through the a-Me-Trp substitution, which has indeed to be evaluated in clinical

studies.

The low retention of DOTA-[Bta®]MJ9 in tumor tissue corroborated well with its metabolic stability in
vitro, as it was the least stable compound in both murine and human plasma. Apart from that, background
activity was comparable to RM2, except for a slightly increased hepatic retention. The low metabolic
stability of DOTA-[Bta¥]MJ9 was anticipated due to the plasma stability data and disproved our hypoth-
esis that substitution of either GIn’ or Trp® by unnatural amino acids leads to enhanced metabolic stabil-
ity as a consequence of a minor recognition by proteases. Our hypothesis was further weakened by the
results of DOTA-[Cit']MJ9 and DOTA-[Hse’]MJ9, respectively. Both ligands exhibited similar or in-
creased metabolic stability in both murine and human plasma compared to RM2. However, biodistribu-
tion suggests decreased metabolic stability, showing low retention in the tumor (< 2 %ID/g 24 h p.i.),

which was comparable to the retention of DOTA-[Bta®]MJ9 in the tumor.
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Fig. 18: Biodistribution of [Y’LU]RM2 (red), [*"’Lu]NeoBOMB1 (cyan), [*’Lu]lDOTA-[Cit’]MJ9 (gray), [*'Lu]DOTA-
[Hse’IMJ9 (blue), [Y"’Lu]DOTA-[Bta®]MJ9 (green), [V"LUJAMTG (yellow) and [*""LUJAMTG2 (white) in selected organs (in
%ID/g) 24 h p.i. on PC-3 tumor-bearing CB17-SCID mice (100 pmol each). Data is expressed as mean + SD (n = 4).
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DOTA-[Hse’]MJ9 exhibited comparable retention to RM2 in most organs, except for a slightly en-
hanced retention in liver and spleen but also slightly reduced pancreatic retention. DOTA-[Cit']MJ9
showed the lowest retention of all GIn’-Trp8-modified RM2 analogs in non-tumor organs, which was
attributed to an enhanced clearance due to its favorable lipophilicity.

It has to be mentioned that increased bone uptake was caused by small amounts of free *’’Lu-lutetium
within the injected solution, as *'’Lu-labeling for the respective compounds did not result in quantitative
yields. The labeling issues were attributed to the presence of sodium ascorbate during the heating step
of the Y’Lu-labeling, suggesting that the buffer capacity of sodium acetate (1 M, pH = 5.50) was not
sufficient for the amount of sodium ascorbate added (0.1 M, 10 vol-%). In later labeling experiments,
this issue was addressed by adding sodium ascorbate only after the heating step. Only quantitative yields
for the Y’Lu-lutetium incorporation were determined on use of this experimental modification. As bio-
distribution data of NeoBOMB1, AMTG2 and DOTA-[Cit"]MJ9 were collected at later times, these
compounds were labeled by means of the novel concept and thus did not reveal increased bone uptake.
For this reason, we are convinced that RM2, AMTG, DOTA-[Hse’]MJ9 and DOTA-[Bta®]MJ9 would

also display low bone uptake if labeled via the novel concept.

Not surprisingly, tumor-to-background (T/B) ratios 24 h p.i. were generally higher for the more stable
ligands such as RM2, NeoBOMB1, AMTG and AMTG2 (Fig. 19). Interestingly, DOTA-[Hse’]MJ9 and
DOTA-[Bta®]MJ9 both displayed distinctly lower T/B ratios although tumor retention was only about
fourfold decreased compared to RM2, AMTG and AMTG2. This also indicates a less rapid clearance
from non-tumor organs. Surprisingly, DOTA-[Cit"]MJ9 also revealed good T/B ratios in most organs,
despite its low retention in the tumor. This was attributed to its rapid clearance kinetics and thus low
background activity in non-tumor tissue. In contrast, NeoBOMB1, which displayed high retention in the
tumor, exhibited noticeably lower T/B ratios to RM2, AMTG, AMTG2 and DOTA-[Cit"IMJ9 for all
organs, except for tumor-to-muscle ratio. We assume that the minor T/B ratios of NeoBOMBL1 are

caused by its high lipophilicity and thus increased accumulation and retention in non-tumor tissues.

In general, T/B ratios of both AMTG and AMTG2 were comparable or even superior to RM2. AMTG2
showed the highest T/B ratios for most organs, especially tumor-to-heart, tumor-to-lung and tumor-to-
muscle ratio. However, tumor-to-blood ratio was clearly in favor of AMTG, which is a strong indicator
for rapid blood clearance. This is important as enhanced blood retention was observed to lead to in-
creased doses to the red bone marrow, which has to be taken into consideration for TRT as elevated
doses to this critical organ could cause leukemia. Considering these results, overall biodistribution data

and T/B ratios point to AMTG as the most promising compound of this study.
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Fig. 19: Tumor-to-background ratios for the selected organs of [Y""LU]JRM2 (red), [*""Lu]NeoBOMBL (cyan), [*"’Lu]DOTA-
[Cit']MJ9 (gray), [Y’LU]DOTA-[Hse’]MJ9 (blue), [*’Lu]DOTA-[Bta®]MJ9 (green), [Y'LUJAMTG (yellow) and
[*"LU]AMTG2 (white) 24 h p.i. on PC-3 tumor-bearing CB17-SCID mice. Data is expressed as mean = SD (n = 4).
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By virtue of the unexpected results for the GIn’-Trp®-modified RM2 analogs, which did not comprise
an o-Me-Trp modification in position 8 and exhibited distinctly lower tumor retention, we aimed to
evaluate early pharmacokinetics of these ligands. Therefore, we additionally performed biodistribution
studies 1 h p.i. with the least stable compounds (DOTA-[Hse’]MJ9 and DOTA-[Bta®]MJ9) as well as
RM2 as a reference. All labelings were executed with a precursor amount of 100 pmol of the respective
ligands and 1-5 MBq of [*”"Lu]LuCls and carried out as described in chapter 11. 2.4.2. Each conjugate
revealed low background activity 1 h p.i. (n = 4), except for the GRPR-positive organs such as pancreas,
stomach, intestine and tumor (Fig. 20).
B VulDOTA-MI9 (= Lu]RM2)

20 4 [V LuIDOT A [Hse'IMI9

1 2]V "Lu]DOT A [Hse IMI9 (competition)

| ['"Lu]DOT A [Bta®]MIS
7]} Lu]DOT A [Bta®]MIS (competition )

12 -

10 +

Activity accumulation [%ID/g]
]

Fig. 20: Biodistribution of [*""Lu]RM2 (red, dotted), [*""Lu]DOTA-[Hse’]MJ9 (blue, dotted) and [*"Lu]DOTA-[Btaf]MJ9
(green, dotted) in selected organs (in %ID/g) 1 h p.i. on PC-3 tumor-bearing CB17-SCID mice (100 pmol each). Data is ex-
pressed as mean + SD (n = 4). For competition studies (hatched) of [*"’LUu]DOTA-[Hse’]MJ9 (light blue) and [*"’LU]DOTA-
[Bta®]MJ9 (light green) 1 h p.i., an excess of ["{Lu]RM2 (3.62 mg/kg) was co-injected. Data is expressed as mean + SD (n = 3).
Interestingly, both modified ligands revealed higher uptake values in the tumor compared to the parent
compound 1 h p.i., with DOTA-[Hse’]MJ9 showing the highest accumulation. Both conjugates also
displayed decreased accumulation in most non-tumor organs compared to RM2, especially in the pan-
creas. These findings point to a decreased metabolic stability but also to different metabolism rates of
tumor and non-tumor organs, as tumor accumulation was not affected 1 h p.i. As a consequence of this

inferior metabolic stability and the different metabolism rates, an improved biodistribution profile was
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observed for the modified RM2 derivatives at early but not a later time points. This could be useful for

the future design of purely diagnostic compounds.

In order to investigate whether the accumulation of both DOTA-[Hse’]MJ9 and DOTA-[Bta®]MJ9
(100 pmol each) observed in the GRPR-positive organs of PC-3 tumor-bearing CB17-SCID mice is
specific, an excess of ["Lu]RM2 (3.62 mg/kg) was co-injected and biodistribution profiles were deter-
mined 1 h p.i. (n = 3). The competition experiments revealed that it is possible to successfully block the
uptake in the GRPR-positive organs (pancreas, stomach, intestine and tumor). Surprisingly, enhanced
uptake was observed in lung, liver and spleen for both modified RM2 analogs, but this was not examined

further.

T/B ratios for each organ further illustrated the improved pharmacokinetics of DOTA-[Hse’]MJ9 and
DOTA-[Bta®]MJ9 compared to RM2 1 h p.i. (Fig. 21). DOTA-[Hse’]MJ9 showed the highest T/B ratios
for most organs. However, DOTA-[Bta®]MJ9 revealed slightly increased tumor-to-pancreas, tumor-to
stomach and tumor-to-intestine ratios. Based on these results, both RM2 analogs can be considered as

potential diagnostic tracers, which indeed has first to be evaluated with diagnostic isotopes such as ®Ga-

gallium.
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Fig. 21: Tumor-to-background ratios for the selected organs of [*"’LU]RM2 (red), [*""Lu]DOTA-[Bta®]MJ9 (green) and
["Lu]DOTA-[Hse’]MJ9 (blue) 1 h p.i. (dotted) on PC-3 tumor-bearing CB17-SCID mice (n = 4).
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In another biodistribution study the effect of N-terminal modifications, especially the introduction of
positively charged amino acids that led to improved GRPR affinity and lipophilicity, was investigated
under in vivo conditions. Therefore, promising RM2 analogs containing a prolonged linker unit (DOTA-
Orn®-Dap*-MJ9, DOTA-GA-orn®*-dap*-MJ9, DOTA-Pip3-Pip*-MJ9 and DOTA-orn3-Pip*-MJ9) as well
as three third generation BBN-SiFA ligands were *’Lu-labeled (1-5 MBq and 100 pmol each) and eval-
uated on PC-3 tumor-bearing CB17-SCID mice 24 h p.i. (n =4) and compared to the data of RM2
(Fig. 22).

Similar to the parent conjugate, each RM2 analog displayed low background activity 24 h p.i. in most
organs. Not surprisingly, enhanced hepatic retention was observed for the more lipophilic BBN-SiFA
compounds. However, the non-SiFA-containing DOTA-Orn®-Dap*-MJ9 also showed increased reten-
tion in the liver, which could be due to a minor metabolic stability within the linker, as two L-amino
acids (Dap, Orn) were introduced into this N-terminal section. This was assumed since the other three
non-SiFA-containing compounds, which comprised D-amino acids instead of L-amino acids within the
linker, did not show enhanced hepatic retention. DOTA-Orn3-Dap*-MJ9, DOTA-GA-orn3-dap*-MJ9
and two BBN-SiFA ligands also revealed slightly increased retention in the spleen. Bone uptake was
enhanced for RM2 and DOTA-Orn3-Dap*-MJ9, as these two compounds were *’Lu-labeled by the old
concept (sodium ascorbate was present during the heating step), which did not result in quantitative
yields due to the issues described above.

Major differences within this series were observed for the retention in the kidneys. Whereas RM2 and
DOTA-Pip3-Pip*-MJ9 revealed comparably low renal retention, DOTA-Orn3-Dap*-MJ9, DOTA-GA-
orn®-dap*-MJ9 and DOTA-orn®-Pip*-MJ9 exhibited distinctly increased retention in the kidneys (15-
25 %ID/g). Astonishingly, the three BBN-SiFA ligands displayed massively elevated renal retention
(> 100 %ID/g), which was not expected. Because of its stereoinversion, the attached eue (glu-urea-glu)
unit should not show the typical accumulation characteristics of the well-known PSMA inhibitor motif
EUE (Glu-urea-Glu), which is indeed observed to exhibit high renal accumulation and retention. For this
reason, we suspect the dap(SiFA) moiety in combination with the (negatively) charged amino acids

within the N-terminal section to be responsible for these massively increased kidney values.
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Fig. 22: Biodistribution of [*Lu]RM2 (red), [Y"’Lu]DOTA-Orn3-Dap*-MJ9 (ocher), [7’Lu]DOTA-GA-orn3-dap*-MJ9 (pur-
ple), [V7Lu]DOTA-Pip3-Pip*-MJ9 (orange), [Y"’Lu]DOTA-orn3-Pip*-MJ9 (cyan green), eue-dap(SiFA)-dap([*"’Lu]DOTA-
GA)-aspt-asp?-ornd-dap*-MJ9 (magenta), eue-dap(SiFA)-dap([*’’Lu]DOTA-GA)!-orn?-asp3-dap*-MJ9 (light green) as well as
eue-dap(SiFA)-dap([*"Lu]DOTA-GA) -asp-Pip3-Pip*-MJ9 (steel blue) in selected organs (in %ID/g) 24 h p.i. on PC-3 tumor-
bearing CB17-SCID mice (100 pmol each). Data is expressed as mean + SD (n = 4).

124



Results

Apart from that, noticeable differences were also discovered for the retention of the N-terminally mod-
ified ligands in the tumor. DOTA-Orn®-Dap*-MJ9 and DOTA-orn?-Pip*-MJ9 displayed a comparable
retention in the tumor to RM2 (> 7.5 %ID/g). Both ligands suffered from elevated kidney retention,
which was why none was considered a satisfactory alternative. Despite its enhanced GRPR affinity,
DOTA-GA-orn®-dap*-MJ9 revealed slightly decreased retention in the tumor compared to these three
conjugates. This was attributed to the increased renal retention, as these tracer molecules could not fur-
ther participate in the blood circulation and were thus not available for potential tumor uptake. Interest-
ingly, DOTA-Pip3-Pip*-MJ9, which exhibited a biodistribution pattern similar to RM2, showed dis-
tinctly decreased retention in the tumor and was thus also not considered a satisfactory alternative to the

parent conjugate.

In addition to massively elevated renal retention, the three BBN-SiFA ligands also revealed the lowest
retention in the tumor. Interestingly, the least affine of these three third generation compounds, eue-
dap(SiFA)-dap([DOTA-GA)-orn?-asp®-dap*-MJ9 (ICso of 14.3 + 1.5 nm, logD74 of -1.96 + 0.15), ex-
hibited the highest retention in the tumor. For this reason, these retention patterns cannot be explained
by the lack of high GRPR affinity. However, they could be also attributed to the high renal retention,
which trapped most of these tracer molecules and prevented further circulation in the blood and thus
tumor accumulation. We assume that a solution of the renal retention issue would also improve the
retention pattern in the tumor. Based on the results of this biodistribution study, none of the BBN-SiFA
compounds can be considered sufficient for clinical translation despite their improved in vitro data com-

pared to first and second generation BBN-SiFA ligands, respectively.
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4, MSPECT/CT imaging studies

Due to the most favorable in vitro and in vivo characteristics among all RM2 analogs, [*LUJAMTG
was selected for additional imaging studies via USPECT/CT to visualize the biodistribution pattern over
time. Furthermore, [*"LU]RM2 was investigated as a reference. Therefore, both compounds were *’Lu-
labeled as described under I1. 2.6.3 (2-4 MBq, 100 pmol each) and injected via the tail vein of PC-3
tumor-bearing mice (n = 1). Imaging was performed 1, 4, 8, 24 and 28 h p.i. (Fig. 23).

1 hp.i. 4 hp.i. 8hp.i. 24 h p.i. 28 hp.i. 15 %ID/g

0 %ID/g
['”’Lu]RM2 (100 pmol, PC-3 tumor-bearing CB1

; 4hp.i 8hp.i. 24 hp.i. 3 h p.i. 15 %ID/g
s ‘ )
. A
\/ *
0 %ID/g

["7Lu]AMTG (100 pmol, PC-3 tumor-bearing CB17-SCID mice)

Fig. 23: Maximum intensity projection of PC-3 tumor-bearing CB17-SCID mice injected with each 100 pmol of [Y"’LUu]RM2
(top) and [Y"LU]JAMTG (bottom). Images were acquired 1, 4, 8, 24 and 28 h p.i. PC-3 tumors are depicted by white arrows.
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Both compounds revealed favorable biodistribution profiles, especially at later time points, which had
already been observed in the biodistribution studies (Fig. 18). Uptake in GRPR-positive organs (pan-
creas, intestine, stomach and tumor) was high for both ligands 1 h p.i. However, RM2 did not show
noticeable retention in the pancreas, stomach or intestine 4 h p.i., whereas retention in the tumor was
still high. This is attributed to the metabolic instability of RM2 as well as to the different metabolism
rates of tumor and non-tumor tissue. In contrast, AMTG displayed high retention in the tumor and the
pancreas, most likely due to its enhanced metabolic stability. Nevertheless, clearance of pancreatic ac-

tivity was mostly completed 24 h p.i., as only slight pancreatic retention was observed.

The less rapid pancreatic clearance of AMTG compared to RM2 might be a disadvantage on first glance;
however, the enhanced metabolic stability was also reflected in the retention in the tumor, as AMTG
showed higher retention 24 and 28 h p.i. than RM2. Interestingly, this was not observed in the biodistri-
bution studies (Fig. 18), as both compounds revealed similar retention in the tumor 24 h p.i. As these
imaging studies were only performed with one PC-3 tumor-bearing mouse in each, there could be dif-
ferences in metabolic activity between these two mice. Apart from these potential differences, both im-
aging studies clearly visualized the favorable biodistribution profiles and the clearance kinetics of RM2
and AMTG over time. As AMTG revealed enhanced metabolic stability in vitro in human but compa-
rable stability in murine plasma, we assume that the beneficial effects of the a-Me-Trp substitution will

be more pronounced in humans. However, this has first to be evaluated in clinical studies.

In order to confirm receptor-specific accumulation, both AMTG and AMTG2 were further analyzed via
competition experiments by co-injection of an excess of ["*LUu]RM2 (3.62 mg/kg). As expected, tumor
accumulation for both a-Me-Trp-modified RM2 derivatives was found to be specific, as GRPR-positive
organs (pancreas, stomach, intestine and tumor) were successfully blocked (Fig. 24). As already ob-
served for the competition studies with DOTA-[Hse’]MJ9 and DOTA-[Bta®]MJ9 1 h p.i. (Fig. 20), both
AMTG and AMTG2 revealed slightly increased retention in lung, liver and spleen, which was not ob-

served for the biodistribution of both compounds without added competitor.
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Fig. 24: A: Maximum intensity projection of PC-3 tumor-bearing CB17-SCID mice injected with each 100 pmol of
[*"LU]AMTG (left) as well as [V7LUJAMTG?2 (right) and co-injected with an excess of ["*LU]RM2 (3.62 mg/kg). Images were
acquired 24 h p.i. PC-3 tumors are depicted by white arrows; B: Biodistribution of [Y"’LUJAMTG (yellow) and [*""LUJAMTG2
(white) co-injected with an excess of ["*LU]RM2 (3.62 mg/kg) in selected organs (in %ID/g) 24 h p.i. on PC-3 tumor-bearing
CB17-SCID mice (100 pmol each). Data is expressed as mean + SD (n = 3).
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5. Patient studies

By virtue of its overall promising preclinical pharmacokinetic profile in vitro and in vivo, the modified
RM2 analog [*""LUJAMTG was selected for a PoC study in a patient suffering from metastatic castration

resistant prostate cancer (NCRPC).

In preliminary labeling experiments, the amount of precursor used was studied at the Klinikum rechts
der Isar (TU Munich, Germany). For a typical labeling approach, 25 pg AMTG (TFA salt) and 80 g
AMTG (TFA salt) were each mixed with approximately 1 GBq [*"’Lu]LuCls (0.04 M in HCI) and heated
to 95 °C for 15 min, yielding a radiochemical purity (RCP) of 7% and 99%, respectively. Labeling with
approximately 1 GBq [*"’Lu]LuCls (0.04 M in HCI) as well as 10 ug AMTG (AcOH salt) and 20 pg
AMTG (AcOH salt) at 95 °C for 15 min resulted in a RCP of 8% and 99.9%, respectively.

In a PoC study, the distribution pattern of [*”’LUJAMTG was determined 1 h and 4 h p.i. in a mCRPC
patient. Therefore, 1.11 GBq of [*"LUJAMTG were administered and the activity uptake was visualized
via SPECT (Fig. 25). Furthermore, the images obtained were compared to former SPECT (24 h p.i.,
8.2 GBq of ["LU]PSMA 1&T, Fig. 26) and PET (1 h p.i., 312 MBq of ['8F]['Ga]rhPSMA-7.3, Fig. 27)
images of the same patient.

Fig. 25: Whole body scan (SPECT) of a patient suffering from mCRPC visualizing several detectable tumor lesions (1.11 GBq
of [Y"LU]JAMTG) 1 (left) and 4 h p.i. (right).
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Fig. 26: Former whole body scan (SPECT) of the same subject (as depicted in Fig. 25) 24 h p.i. after administration of 8.2 GBq
of [Y7Lu]PSMA I&T for targeted radiotherapy (TRT).

Fig. 27: Former whole body scan (PET) of the same subject (as depicted in Fig. 25 and Fig. 26) demonstrating several detect-
able tumor lesions (312 MBq of [*8F]["'Ga]rhPSMA-7.3) 1 h p.i.
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The SPECT scan of the mCRPC patient injected with diagnostic amounts of [Y’LUJAMTG revealed
clearly visible uptake in several tumor lesions 1 and 4 h p.i. (Fig. 25). Except for the GRPR-positive
pancreas and the bladder, none of the background organs displayed high accumulation. Bladder uptake
indicated rapid renal clearance of the tracer, which confirmed the favorable pharmacokinetics observed
in preclinical studies. However, further clinical studies have to be performed to determine a potential
advantage over established GRPR-targeted compounds such as RM2 or NeoBOMBLL.

A comparison of the images obtained with former SPECT and PET scans of the same patient using
PSMA-based tracers ([*'’LU]PSMA I&T 24 h p.i. [Fig. 26] and [*¥F]["*Ga]rhPSMA-7.3 [Fig. 27] 1 h
p.i.) highlighted noticeably enhanced uptake in all tumor lesions as well as an increased number of
lesions in contrast to our GRPR-targeted ligand. This was attributed to the advanced disease stage of
this patient, as high PSMA expression on PCa cells was found especially in metastatic disease. As ex-
pected, enhanced retention of [*’LU]JPSMA I&T 24 h p.i. in normal organs was found for PSMA-posi-
tive tissues such as spleen, kidneys and duodenum. Accumulation of the diagnostic compound
[*¥F]["™Ga]rhPSMA-7.3 was visualized in the salivary glands, liver, spleen, kidneys and several tumor

lesions 1 h p.i.

Despite its inferior performance in an mCRPC patient compared to established PSMA inhibitors, AMTG
showed promising PoC data. A comparison of PSMA inhibitors and GRPR-targeted compounds is
strongly dependent on the disease stage of the patient. It was shown that GRPR expression is high on
primary tumors but decreased in metastatic disease, whereas PSMA expression generally reveals the
opposite behavior. Therefore, further studies with AMTG have to be carried out in more appropriate
patients (primary PCa, PSMA-negative PCa) in order to define its value for nuclear medicine. Moreover,
a direct comparison to other GRPR-addressing ligands such as RM2 and NeoBOMB1 would be desira-
ble.
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IV. Discussion

In the search for improved treatments for PCa and BCa, GRPR-targeted compounds have emerged as
an attractive option in recent years, as GRPR is overexpressed on both PCa cells and BCa cells in high
density, especially in early disease stages (primary PCa/BCa). Numerous BBN-based ligands revealed
promising preclinical as well as clinical results (RM2, NeoBOMB1). Whereas NeoBOMB1 exhibited
unfavorable blood clearance due to its increased lipophilicity, RM2 suffers from low metabolic stability
in vivo, as BBN analogs are reportedly degraded enzymatically, particularly at the GIn’-Trp8 site within
the pharmacophore. Hence, we aimed to address this issue by several approaches (cyclization, substitu-
tion by hydrophilic or unnatural amino acids) as we hypothesized that an enhanced metabolic stability
would increase tumor retention and thus lead to improved treatment outcomes via TRT. We therefore
investigated the effect of certain modifications on GRPR affinity, as we suggest that high affinity is a
prerequisite for molecular imaging or TRT. In order to do so, we first had to establish a valid competition

assay.

Development of a cell-based assay for GRPR-targeted compounds

All uptake and competition studies in this work were carried out on PC-3 cells, which overexpress GRPR
in high density. As most groups use [3-[*?°I]I-Tyr]BBN as radiolabeled reference, we wanted to use
this compound as well. Radioiodination in ortho position to the hydroxyl group of tyrosyl residues was
accomplished by means of the lodo-Gen® method. Due to the excess of the respective precursor used,
3,5-disubstitutions were not observed. However, ®1-iodination of [Tyr‘]BBN did not yield the desired
product. We suggest that the oxidative conditions of the lodo-Gen® method were not compatible with
the easily oxidized methionine residue within the precursor sequence. We thus decided to implement
another literature-cited BBN agonist as a radiolabeled reference, [3-[*?I]I-tyr®, B-Alal, Phe®,
Nle¥]BBNg.14, also called Universal Ligand (UL) due to its ability to effectively bind to all four recep-
tors of the BBN family*®. Due to its enhanced stability towards oxidation, *#*I-iodination by means of
the lodo-Gen® method could be carried out with good RCY's (22-32%).

First cellular uptake studies with an increased cell number (2.0 x 10° cells/well) revealed distinct differ-
ences in cellular uptake of [3-[*21]l-tyrS, p-Ala't, Phe®3, Nle**]BBNe.1+ when incubated for 2.5 h.
Whereas uptake was only about 2-3% on ice, it was up to 10% at rt. This was attributed to the slower
accumulation kinetics of the tracer at the receptor at lower temperatures. Indeed, Reile et al. showed that
specific binding of the agonistic [3-[**1]I-Tyr*]BBN towards GRPR was saturable as well as time- and
temperature-dependent, as maximal cellular binding was reached at 6 h, 60-90 min and 30-40 min at
4 °C, rt and 37 °C, respectively’®. As we observed a decline in cellular uptake of [3-[*?°I]I-tyr®, -Ala't,
Phe'®, Nle¥]BBNs.14 depending on the day of the experiment, we attributed this radiolytic degradation
issues. Indeed, de Blois et al. and Salako et al. determined the importance of stabilization of the radio-

labeled reference towards radiolysis'® 1%, As expected, the addition of ascorbic acid (0.1 m, 10 vol-%)
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noticeably increased radiolytic stability, as > 95% of the compound was still intact four weeks after
radiosynthesis. This concomitantly led to an increased cellular uptake of 20-25%, which confirmed the
necessity of radiolytic stabilization. We suggest that prior to this stabilization, vast amounts of the radi-
olabeled reference were not intact and thus resulted in only ~10% overall uptake.

First 1Cso studies (Tab. 1) exhibited moderate GRPR affinity for BBN and [phe®, g-Ala't, Phe®,
Nle*]BBNe.14, Which is less affine than reported by other groups?® %4, Evaluation of the antagonistic
MJ9 within this assay did not yield a definite 1Cso value (0.002 + 0.000 nm and 33.2 + 1.6 nM, respec-
tively, depending on the day of the experiment). This was attributed to undefined fractions of [3-[***I]I-
tyr®, p-Alall, Phe®®, Nle*|BBNs.14 that internalized over the course of 2 h (incubation time) at rt and
were thus not available for the competition against MJ9. As agonists are able to internalize at increased
temperatures'®, Reile et al. demonstrated increasing internalization rates for [3-[*2°I]I-Tyr‘]BBN with
enhanced temperature, which is why why competition studies with agonists are usually performed on
ice'®. However, as we already observed slow uptake kinetics on ice, we wanted to maintain the temper-

ature at rt.

As only antagonists were to be be investigated in this study, [3-[*%1]1-tyr]MJ9, which revealed high
GRPR affinity (1Cso of [3-1-tyr]MJ9: 1.3 + 0.4 nM) and antagonistic properties (receptor-mediated in-
ternalization: 3.57 + 0.57%), was introduced as a radiolabeled reference. Ascorbic acid had to be added
immediately after labeling to increase the stability of [3-[1%1]1-tyr®]MJ9 to over 6 weeks (instead of 2-3
days without any quencher). As shown in various uptake studies, maximum cellular uptake of the ago-
nistic radiolabeled reference did not exceed 25%. However, the novel antagonistic radiolabeled refer-
ence usually showed > 50% cellular uptake without added competitor. Similar observations were re-
ported by Cescato et al.}*2, Antagonists are reported to bind to a higher number of receptor binding sites

compared to agonists, as they are also able to bind to inactive receptors (non-G protein-coupled state)®*
111

As expected, indefinite 1Cso values were not observed over the course of this study when evaluating
antagonists within the antagonistic competition assay developed. However, 1Cso values of agonists such
as [Tyr*]BBN were indeed distinctly different depending on the day of the experiment (0.61 + 0.05 nm
and 42.9 £ 2.3 nm, respectively). We thus suggest that antagonists will not compete against agonists
when the assay is carried out at rt to avoid such ICsy issues. Both MJ9 and the modified precursor
([tyr®]MJ9) displayed ICso values in the high picomolar and low nanomolar range, which is in accord-
ance with similar GRPR antagonists reported by other groups!!?7°, As the cold standard ([3-I-tyr®]MJ9)
displayed high affinity towards GRPR (1.33 + 0.36 nm), the radiolabeled reference could be considered
as very potent itself. 1Cso values determined by this assay were thus considered as valid, as novel GRPR-

targeted ligands had to compete against this highly affine radiolabeled reference.
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Linear MJ9 derivatives

Metabolic stabilization by substitution of amino acids within the pharmacophore of BBN-based com-
pounds (GIn’-Trp2-Ala’-Val'’-Gly*-His'?) is often avoided as many modifications were shown to neg-
atively affect overall pharmacokinetics, particularly GRPR affinity. Indeed, successful substitutions
within the pharmacophore of BBN-based ligands are not described frequently® 1%, For this reason,
many groups prefer to address these issues indirectly by co-injection of NEP inhibitors such as Phos-
phoramidon (PA)®% 12% 18 Although a few NEP inhibitors are approved, (long-term) effects of such
inhibitors on cancer patients still need to be investigated. Moreover, as metabolism and thus the effect
of the inhibitor on the metabolic stability of the respective compound is different from men to men, we
assume that consistent TRT would be difficult. In order to circumvent this uncertainty for potential
clinical use, we concentrated on increasing metabolic stability chemically by various substitutions, par-
ticularly at the GIn’-Trp® site. In order to get some insight into the tolerability of GRPR towards modi-
fications within the MJ9 sequence, an alanine substitution scan was performed first. This technique was
implemented for several different compounds throughout multiple fields of pharmacology®1%4. As the
small side-chain methyl group of alanine has been shown not to participate noticeably in ligand-receptor
interactions, substitution by alanine may prevent the side-chain interaction of the respective substituted

amino acid.

Substitution by alanine at the N-terminus (Pip, phe) was tolerated well by GRPR (Tab. 3). This was
expected, as several BBN analogs that contain a different N-terminal design exhibited high GRPR af-
finity!2 123,138, 173,19 Introduction of Pip® and phe® was reported to increase GRPR affinity due to its
positive charge and metabolic stability, respectively® 1%, Nevertheless, both modifications are not nec-
essary for high GRPR affinity, as shown by various GRPR-addressing ligands!?: 17 198 Sybstitution of
amino acids within the pharmacophore (GIn-Trp-Ala-Val-Gly-His) had a drastic effect on GRPR affin-
ity, with substitution of either Trp® or Gly resulting in the highest 1Cso values. Stabilization of the
helical arrangement of BBN-based compounds inside GRPR via z-r stacking interactions between Trp?®

and His'? was reported®. Substitution of Trp was thus expected to decrease GRPR affinity.

Substitution of Gly by Ala/ala led to a distinct decrease in GRPR affinity, which was unexpected, as
there are BBN derivatives containing ala instead of the Gly that still display high GRPR affinity
(Tab. 3)10% 129 Several groups described BBN analogs that were substituted at the Gly site by -Ala,
which was not considered an appropriate option within our group, as f-amino acids at this position
decrease selectivity towards BRS-3% 104 108,199,200 Tq the pest of our knowledge there are no high-
affinity Sta'®-based BBN analogs reported, which comprise an amino acid with stereoinformation in
position 11%°, We thus suggest that the design of the C-terminus of BBN-based compounds has a distinct

effect on the Gly site, which has to be considered for future studies.
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C-terminal substitution also reduced GRPR affinity noticeably, which was expected as the unnatural
amino acid Sta is important for antagonistic behavior in statine-based BBN analogs (Tab. 3). Interest-
ingly, substitution of Leu* by more hydrophilic amino acids (Orn, Ser, Thr, His, Hse) also resulted in
noticeably decreased GRPR affinity. We thus assume that more lipophilic or spatial demanding side
chains such as leucine are favored at this site, why C-terminal modifications were not further considered.
It is worth mentioning that alternative designs to Sta-based BBN analogs at the C-terminus are reported
that display high GRPR affinity*: %13, However, these were not considered in this work as we aimed
to improve Sta-based GRPR antagonists.

A partial N-methyl scan performed to analyze the effect of the deletion of proton donor atoms for hy-
drogen bonding interactions due to backbone methylations within the tripeptidic Val°-Gly!!-His*? sec-
tion revealed that only the methylation of the amidic nitrogen atom of the Gly-Val dipeptide maintains
high GRPR affinity (Tab. 3). This was also observed by other groups for various BBN analogs®® 1%,
Hence, this amidic proton does not seem to be involved in the stabilization of the secondary structure
via hydrogen bonding. A similar scan experiment by Coy et al., in which peptide bonds were reduced
to the corresponding amines, exhibited a distinct loss of GRPR affinity for most of the BBN derivatives
examined. The authors also suggested that this is caused by destabilization of the secondary structure of
the respective ligands due to the absence of hydrogen bonding*. We thus assume that potential back-

bone modifications are only tolerated at the amidic nitrogen atom of the Gly-Val bond.

Further substitutions by other amino acids within the MJ9 sequence confirmed the highly conserved
nature of the pharmacophore of BBN analogs. Except for substitution of Pip® by the structurally similar
tranexamic acid (Txa), each modified MJ9 derivative exhibited decreased GRPR affinity (Tab. 3). Sub-
stitution of phe by other aromatic residues (tyr, nal, (4-NHz)Phe), a positively charged D/-L-arginine or
a neutral b/-L-citrulline resulted in slightly decreased, but still high GRPR affinity. However, as phe was
reported to increase metabolic stability and we only aimed to substitute it to improve lipophilicity with-

out loss of GRPR affinity, none of the substitutions performed were considered beneficial.

As expected, substitution of amino acids within the pharmacophore (GIn-Trp-Ala-Val-Gly-His) resulted
mostly in noticeably decreased GRPR affinity, which is why most of the substitutions performed were
not considered appropriate alternatives for the respective sites (Tab. 3). In case of the critical GIn’-Trp®
site, introduction of the neutral Hse at position 7 as well as substitution of Trp by the structurally very
similar p-(3-benzothienyl)alanine (Bta) only exhibited slightly decreased GRPR affinity for either mod-
ification. Due to the great importance of metabolic stabilization at this site, Hse and Bta were thus con-
sidered to be effective alternatives to GIn and Trp, respectively. Nock et al. reported **"Tc-labeled lig-
ands containing either gIn” or GIn’, both exhibiting similar GRPR affinity*. In addition, there are reports
of BBN analogs comprising His instead of GIn’, which is derived from the mammalian GRP°": 121, How-

ever, these options were not considered in this study.
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Substitution of Ala by the small, neutral Ser revealed only slightly decreased GRPR affinity, whereas
substitution by the positively charged Dap or prolonged Hse led to decreased affinity (Tab. 3). Stere-
oinversion of this site introducing ala or ser resulted in a massively decreased GRPR affinity. As the
pharmacophore is reported to form a helix-like arrangement inside GRPR, this loss of affinity was ex-
pected’. Similarly, Prasad et al. reported three derivatives containing an a-amino-isobutyric acid (Aib)
moiety at the alanine position, which did not show GRPR affinity?%:. Substitution of Val*® while main-
taining high affinity could only be accomplished when the structurally restrained amino acids cyclohexyl
(Chg) and cyclopentyl glycine (Cpg) were introduced. However, as both amino acids were unnatural,
we assumed there would be a positive effect on metabolic stability, which is why both Chg and Cpg
were considered potential alternatives to Val. As z-r stacking interactions were reported for Trp® and
His'?, His was substituted by aromatic (-(1,2,3-triazolyl) alanine = Tza, (4-NHz)Phe) amino acids,
which resulted in a distinct decrease of GRPR affinity. We thus suggest that an exact histidine mimic is

necessary to maintain high GRPR affinity.

In terms of the applied multisubstitutions, an overall trend could be observed, as modifications at the N-
terminus were tolerated best. Nevertheless, most multisubstituted MJ9 analogs displayed distinctly de-
creased GRPR affinity and were thus not considered sufficient for further studies (Tab. 3). Those show-
ing a low nanomolar 1Cso value were also not assessed positively as the N-terminal amino acids were
not shown to be critical for metabolic degradation. However, the truncated [desPip®, arg®]MJ9, which
revealed a ninefold lower 1Cso value than its Pip-containing analog ([arg®]MJ9) and a similar 1Csp value

to MJ9, was selected for further optimizations.

As already observed for various monosubstitutions, multisubstitutions within the pharmacophore had a
noticeably negative impact on GRPR affinity (Tab. 3). We suggest that these modifications impeded
the helix-like arrangement, which is preferred inside GRPR. As a metabolic instability was reported for
the Val'%-Gly*! site and the amidic proton of this bond was shown to not participate in hydrogen bonding,
we aimed to substitute this dipeptide by comparable structural motifs (Fig. 28).

E\g‘/ﬁ\jj\g %/ﬁ\_/oi)oj\§ %/g\_/(ﬂ)oj\% E/E\i/\)oj\g
© P

Y PN
Fig. 28: Molecular structure of the dipeptidic Val-Gly unit (left) of natural BBN-based ligands as well as the examined modi-
fications Sta (second from the left), VValyl-Sta (second from the right) and y-Val (right).
However, each approach resulted in a distinct loss of GRPR affinity (Tab. 3). Despite containing a
similar structure as the Val-Gly dipeptide, none of the three unnatural amino acids comprised an exact
backbone length, as more suitable unnatural amino acids were not commercially available. Hence, we
suggest that the isopropyl or isobutyl residue of the respective unnatural amino acids thus point in the

wrong direction, which is why receptor-ligand interactions are impeded. Interestingly, substitution by
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y-Val led to a complete loss of GRPR affinity. As substitution by Valyl-Sta ((3S,4S)-4-amino-3-hy-
droxy-5-methyl-hexanoic acid) led to poor but distinctly higher GRPR affinity than the y-Val modifica-
tion, we assume that an oxygen as proton acceptor moiety is important at this site. Furthermore, it was
surprising that the isopropyl residue of the Valyl-Sta motif, which is more similar to the side chain of
Val, led to a decreased GRPR affinity compared to the isobutyl residue of the Sta motif. In conclusion,
we suggest that the slightly shorter backbone length is mainly responsible for the decreased GRPR af-
finity. Therefore, moieties containing the exact backbone length as the Val-Gly dipeptide could be con-
sidered in future experiments. However, the deletion of the nitrogen atom as well as the presence of a
hydroxyl instead of a carbonyl group in this section could also negatively impact GRPR affinity.

Linear RM2 derivatives

As we aimed to develop RM2 analogs with improved pharmacokinetics compared to the parent com-
pound and NeoBOMB1, we introduced the most promising substitutions from previous studies on the
MJ9 sequence. Both ["Ga]RM2 and ["*Lu]RM2 exhibited even higher GRPR affinity than the reported
uncomplexed RM2 and [™In]RM2, respectively (ICso: 7.7 + 3.3 nm and 9.3 + 3.3 nM)*°. [™Lu]Neo-
BOMB1 also displayed high GRPR affinity, which was in accordance with the results described by
Kaloudi et al.*!. Most established compounds in nuclear medicine display a logD- .4 value < -2.0, which
typically results in desired renal clearance in vivo® 17% 202 However, many compounds exhibiting ex-
tremely low lipophilicity (logD7.4 < —4.0) showed undesired rapid clearance from the blood, which ham-
pered further accumulation in the tumor’® 203-205 1177 y]JRM2, which revealed favorable biodistribution
profiles in animals and men, displayed a logD .4 value of -2.51 + 0.02 (Tab. 4)8":2%, Despite its elevated
lipophilicity (logD7.4: -0.88 £+ 0.02), [®®Ga]NeoBOMB1 also showed favorable pharmacokinetics in

vivo'®, However, [}’Lu]NeoBOMBL revealed enhanced hepatic and intestinal retention 24 h p.i.** 137
139

Structural studies on the MJ9 sequence revealed only a few substitutions, which were considered to be
potential alternatives and thus introduced into the RM2 sequence (Tab. 3): Txa®, Hse’, Bta® Cpg'°,
Chg* and [desPip®, arg®]. As the GIn’-Trp® dipeptide was suspected to be the major cleavable site of
RM2 analogs in vivo, we additionally introduced two novel unnatural amino acids: Cit at position 7 and
a-Me-Trp at position 8. In general, RM2 derivatives showed higher 1Cso values compared to their MJ9
analogs (Tab. 4). This was expected, since BBN ligands were shown to prefer positive charges at the
N-terminus and the positive charge that is contributed by the free N-terminal amine group in MJ9 deriv-
atives is removed by the coupling of a chelator®® 128 135.136 However, substitution of Pip by Dap led to
higher ICso values, indicating that positive charges at this site are not the only requirement for high
GRPR affinity. This was confirmed by substitution by the neutral Txa, which is structurally similar to
Pip and did not cause a decrease in GRPR affinity. However, DOTA-[Txa*]MJ9 displayed noticeably
enhanced lipophilicity compared to RM2, which is attributed to the absent positive charge within the

Txa compared to the Pip moiety. Interestingly, coupling of DOTA to the highly affine [desPip®,
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arg®]JMJ9 resulted in a distinct decrease in GRPR affinity (1Cso: 0.91 £ 0.21 nm vs. 12.8 + 0.9 nM) com-
pared to coupling of DOTA to the Pip-containing MJ9 (ICso of MJ9 vs. DOTA-MJ9 [=RM2]:
0.74 £ 0.09 nM vs. 4.45 + 0.11 n™m). These observations further highlight the superiority of the Pip moi-
ety at this site.

Both DOTA-[Chg'’]MJ9 and DOTA-[Cpg**]MJ9 exhibited only moderate GRPR affinity, which was
expected for the former, as [Chg'®]MJ9 already revealed moderate GRPR affinity and the coupling of
DOTA was shown to further decrease GRPR affinity (Tab. 3-4). However, the high ICso value of the
latter was surprising, as [Cpg**]MJ9 showed a 20-fold lower ICso value. Further substitution of Chg- or
Cpg-containing RM2 analogs by Bta in the Trp position led to a distinct decrease in GRPR affinity and
increase in lipophilicity, which was expected, as the sole substitution of Trp by Bta also led to a higher
ICso and logD+.4 value. As each of the four compounds displayed unfavorable GRPR affinity and lipo-

philicity, we did not further pursue substitution at the Val® site.

Substitution of the critical GIn’-Trp® site in RM2 by either Cit’, Hse’, Bta® or a-Me-Trp® each led to a
favorable combination of GRPR affinity and lipophilicity (Tab. 4). Whereas substitution of GIn by Cit
and Hse resulted in decreased, but sufficient GRPR affinity as well as improved and comparable lipo-
philicity to RM2, respectively, substitution of Trp by Bta and «-Me-Trp maintained high affinity, but
slightly increased and comparable lipophilicity, respectively. It is worth mentioning that the introduction
of Cit led to a remarkable decrease in lipophilicity. This was unexpected, as Cit was not supposed to be
that more hydrophilic than GIn'* 207 |n addition, the lipophilic shift by the introduction of Bta was also
surprising as it differs from the Trp residue in only one atom (sulfur atom instead of a nitrogen atom
within the indole ring). Despite displaying sufficient GRPR affinity and lipophilicity when either Hse
or Bta was substituted, a combination of both unnatural amino acids within the same RM2 analog dras-
tically impaired both GRPR affinity and lipophilicity. As most of the RM2 derivatives multisubstituted
within the pharmacophore revealed unfavorable data, we did not further pursue this approach in this

study.

In general, all "™Ga-complexed ligands yielded higher GRPR affinities than their "L u-lutetium coun-
terparts, except for DOTA-[a-Me-Trpé]MJ9 (= AMTG). This was unexpected, as we assumed that the
additional negative charge of DOTA, which is present when gallium is complexed instead of lutetium,
would be detrimental for GRPR affinity. Gourni et al. observed that a NODAGA-containing MJ9 de-
rivative enabled a more facile labeling compared to its NOTA analog, indicating a positive influence of
the additional negative charge of the chelator®. Additionally, beneficial effects for tumor retention
using a DOTA-GA moiety was also reported for other targets’® 2%, Hence, the DOTA-GA analog of
AMTG (= AMTG2) was synthesized and evaluated as well, revealing slightly decreased GRPR affinity
but improved lipophilicity (Tab. 4).

In another approach, the D-enantiomeric a-Me-trp was introduced in the Trp position, which led to poor

GRPR affinity. We suggest that this was caused by the lack of z-z stacking interaction between a-Me-
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trp® and His!? due to an elevated distance because of the stereoinversion. As the interaction of Trp® and
His'? was described as crucial for the stabilization of the secondary helix-like structure of the ligand
within GRPR, the loss of affinity was expected’. In summary, only RM2 analogs generated by substi-
tution of either GIn” or Trp® revealed favorable GRPR affinity and lipophilicity. As we hypothesized
that substitution of this site by unnatural amino acids would lead to enhanced metabolic stability, these
five compounds (DOTA-[Cit"]MJ9, DOTA-[Hse’]MJ9, DOTA-[Bta®]MJ9, AMTG and AMTG2) were

investigated in further in vitro and in vivo studies.

So far, '8F-labeled BBN analogs have not been reported frequently. The non-SiFA-containing ligands
AmBF3-MJ9 and 3-cyano-4-trimethylammonium-benzoyl-Ala(SOzH)-Ala(SO3H)-Ava-GIn-Trp-Ala-
Val-N-Me-Gly-His-Sta-Leu-NH. both revealed 1Cso values in the low nanomolar range (0.6 £ 0.1 and
0.94 + 0.19 nm, respectively)? %1, However, both precursors suffered from increased reaction times,
which resulted in moderate to poor RCYs (~23% [n.d.c.] and ~15% [d.c.], respectively). As shown for
radiohybrid (rh)-based PSMA inhibitors within our group, the silicon fluoride acceptor (SiFA) method-
ology enables fast labeling [~15 min] under very mild conditions that allows for high molar activities
(Am), RCYs (50 + 10% [d.c.]) and radiochemical purities (RCPs)6® 2%° However, the introduction of
the bulky SiFA moiety is associated with a drastic impairment in affinity and lipophilicity, which is
attributed to the two 'Bu residues at the silicon atom that are required to prevent hydrolysis of the Si-F
bond?62 178,183,210 EFirst BBN-SiFA ligands reported displayed good to moderate GRPR affinity¢, Lind-
ner et al. described several agonistic SiFA-PESIN derivatives, which revealed sufficient GRPR affin-
ity’®4, In contrast, Hohne et al. described BBN-SiFA compounds, which showed moderate to poor GRPR
affinity®’®,

We thus assume that the design of rh-based BBN derivatives that compensates the negative effects of
the SiFA moiety on GRPR affinity and lipophilicity, could improve molecular imaging (and potentially
TRT) of GRPR-expressing malignancies noticeably. In order to improve GRPR affinity, several posi-
tively charged amino acids were thus introduced at the N-terminal linker, as this was shown to be bene-
ficial for BBN analogs®® 40 121,127, 128,136,173 prigr to the introduction of the SiFA moiety, we evaluated
these linker-extended RM2 derivatives in order to obtain some insight into positive effects on GRPR
affinity and lipophilicity. As the coupling of L-/D-2,3-diaminopropionic acid (L-/D-Dap) or L-/D-orni-
thine with the commonly used DIPEA (4.5 eq.) led to undesired racemization during the pre-activation
step, this was addressed via a switch to 2,4,6-collidine (6.0 eq.). This sterically more demanding and
weaker base was shown to prevent racemization of the structurally related amino acid cysteine?'! 212,

Adapting this strategy resulted in > 95% enantiomeric excess of the desired products.

Within this series of linker-extended RM2 derivatives, most compounds displayed improved GRPR af-
finity and lipophilicity compared to the reference RM2, indicating a broad tolerance towards potential
modifications of the linker section regarding length and charge distribution (Tab. 4). This was expected,

as a variety of BBN analogs that comprise linkers with different charge distribution and length, revealed
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good overall pharmacokinetics® 40 106 128,138, 154,179, 195,197,213 'Interestingly, enhanced GRPR affinity was
particularly observed for BBN analogs that contain positively charged primary amine residues (L/D-
Dap, L/D-Orn) within the linker, whereas positively charged tertiary amines (Pip) within the linker only
had a slight effect. The low logD.4 value of DOTA-Orn*-MJ9 was surprising, as other ligands within
this series possessed an enhanced number of charges, which resulted in higher lipophilicity. As expected,
DOTA-Orn3-Dap*-MJ9 displayed a similar GRPR affinity to its diastereomer DOTA-orn3-dap*-MJ9.
However, both differed noticeably in lipophilicity (logD7.4: -2.78 + 0.08 and -3.46 + 0.14, respectively).
This was not expected, as the difference in sterical information did not suggest to that this would result
in a distinct impact on lipophilicity. In general, insertion of a negatively charged asparagine residue
yielded slightly reduced GRPR affinities, but decreased logD-.4 values as well. The increase in hydro-
philic character was expected, as several reports described similar benefits by addition of negatively
charged moieties, irrespective of the target vectori?® 126128, 135,154,165 1t js worth mentioning that a few
derivatives revealed a remarkable combination of low lipophilicity and GRPR affinity. which could be

valuable in compensation of the introduction of the bulky and highly lipophilic SiFA moiety.

Throughout this study, the SiFA group was attached by coupling to the side chain of L-/D-Dap. Although
2,4,6-collidine was used during the pre-activation step, the formation of two isomers was observed after
occurred coupling of Fmoc-L-/D-Dap(Dde)-OH, whenever the Fmoc protection group was removed
prior to the Dde protection group, which was also described by other groups. The authors suggested a
chemical rearrangement of the side chain-bound Dde group to the free N-terminal amine because of the
spatial proximity in the case of 2,3-diaminopropionic acid®!* 22, Therefore, it was of utmost importance
to couple the SiFA moiety (or a chelating agent) after removal of the Dde protection group to the then
available free side chain amine. Only thereafter could cleavage of the Fmoc group be achieved without
the formation of undesired isomers. Employing these strategies, all desired BBN-SiFA were obtained in

> 95% enantiomeric excess.

Most of the first generation BBN-SiFA compounds displayed poor GRPR affinity, which is attributed
to the small distance of the SiFA moiety to the pharmacophore, as the dap(SiFA) unit was introduced at
position 6 instead of phe. Hence, we introduced the dap(SiFA) moiety into a prolonged sequence at
position 4, which resulted in distinctly improved GRPR affinity (1Cso of DOTA-GA-dap(SiFA)*-MJ9:
27.6 = 7.0 nMm), indicating an enhanced spatial flexibility at this site within GRPR. Indeed, Sharma et
al. revealed an a-helical structure for the GIn®—Met!** sequence of BBN and a type | S-turn for its
GIn>—Gly?® section inside GRPR?. This f-sheet arrangement exhibits more flexibility than the helix-
like conformation inside the receptor. We thus suggest that bulky residues should be introduced N-ter-
minally of position 6. Despite its improved GRPR affinity, DOTA-GA-dap(SiFA)*-MJ9 displayed an
unfavorably high lipophilicity (logD7.4: 0.67 £ 0.06). These values are in accordance with a first BBN-
SiFA compound (logD7.4: 1.3 + 0.1) reported by Hohne et al.}”®. Another BBN-SiFA ligand reported by
Dialer et al. exhibited a logD~.4 value of 0.3 £ 0.1, which resulted in enhanced accumulation in liver and

intestines in animal studies®.
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Both GRPR affinity and lipophilicity issues were addressed within a series of second generation BBN-
SiFA compounds, which comprised an extended linker unit between the MJ9 sequence and the N-ter-
minal DOTA-GA-dap(SiFA)! building block. Introduction of the tripeptide GIn-Arg-Leu at positions 2-
4, which is derived from the natural BBN, led to high GRPR affinity (1Cso: 7.73 + 0.68 nwm), but still
revealed high lipophilicity (logD7.4: 0.58 + 0.06). Substitution of both GIn? and Leu* by Asn residues
resulted in 3-4-fold decreased GRPR affinity, but also in distinctly improved lipophilicity (logD7.4:
—1.41 + 0.06). Introduction of positively charged Orn or Dap residues at positions 3 and 4 resulted in
the highest GRPR affinity among BBN-SiFA compounds in this work, which was in accordance with
our previous studies on RM2 analogs comprising a prolonged linker. However, the effect of the intro-
duction of Dap and Orn on the decrease of lipophilicity was minor. In general, introduction of hydro-
philic moieties into spatial proximity of the SiFA group led to improved lipophilicity, which was also
described for a PESIN-SiFA derivative!®.

In order to further compensate the high lipophilicity of the dap(SiFA) unit, it was sandwiched by a
dap(DOTA-GA) moiety C-terminally and the glu-urea-glu (eue) motif N-terminally. Based on its D-
enantiomeric character, the highly hydrophilic eue motif was not supposed to comprise any PSMA-
related drawbacks, such as high accumulation in kidney, spleen and the salivary glands and should thus
be perfectly suited for decreasing lipophilicity™ 8 17°. Additionally, one or more negatively charged asp
residues were inserted into the linker unit to further increase the hydrophilic character?®. Finally, posi-
tively charged residues (dap, orn or Pip) were introduced at position 3 and 4 to compensate the projected
loss of GRPR affinity due to the addition of negative charges (I1. 3.3.5.3). Due to these severe modifi-
cations within the prolonged linker section, the third generation BBN-SiFA analogs thus displayed de-
creased GRPR affinity (1Cso: 9.7-14.3 nm). However, the enhanced lipophilicity through the introduc-
tion of the SiFA moiety was successfully compensated (logD7.4: -2.05 to -1.71). It is worth mentioning
that the established PSMA inhibitors PSMA-617 and PSMA-1007 showed a similar lipophilicity
(logD7.4: —2.0 and -1.6), which is why we suggest that these third generation BBN-SiFA compounds

could be feasible for translation into animal studies!’® 214,

Cyclic MJ9-based compounds

In addition to the chemical modification of linear BBN-based structures, we also aimed to design cyclic
MJ9-based compounds. The enhanced metabolic stability of cyclic compounds generally supposed had
already been observed for other target molecules?'%-?Y’. Cyclization of linear structures limits the possi-
bilities of peptidic structures to arrange within the active site of enzymes and thus prevents degradation®*-
95, 98,180, 215, 218, 219 Ag SST2R, CCK2R, CXCR4 as well as GRPR belongs to the family of GPCRs, we
suspected structural similarities among these receptors®** 22°, Due to encouraging results with respect to
the metabolic stabilization of SST2R-, CCK2R- and CXCRA4-targeted ligands by cyclization, we as-

sumed that this concept could be also transferred to BBN-based conjugates?>-2Y7,
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However, both cyclization concepts applied to MJ9-derived compounds did not result in sufficient
GRPR affinity. The poor GRPR affinity observed for the cycles obtained by disulfide bridge formation
was attributed to the necessary modifications within the pharmacophore (eight amino acids, two cysteine
residues, one D-enantiomeric amino acid). This was confirmed, as the respective linear compounds prior
to the disulfide bridge formation also exhibited poor GRPR affinity. Hence, cyclization was intended
without substitution of amino acids within the sequence, but only on its backbone. Although modifica-
tions required for Click chemistry (alkyne and azide residue) were only introduced at the peptidic back-
bone, formation of the respective cycles also led to poor GRPR affinity. Other reported cyclic GRPR-
targeted compounds also suffered from poor GRPR affinity, indicating a general issue of the arrange-
ment of cyclic structures inside GRPR2 221, \We assumed that the cycles obtained could not mimic the
helix-like conformation of linear BBN analogs inside the receptor and thus could not maintain high
GRPR affinity. Due to the low amount of substance administered in nuclear medicine, high affinity to
the respective target is indeed a prerequisite. For this reason, metabolic stabilization by cyclization ap-

proaches was no longer pursued.

Although cyclic BBN derivatives did not accomplish the desired aim, the modified on-resin cyclization
concept via Click chemistry (Scheme 3) was carried out successfully and could be thus valuable for
other target structures®’. Moreover, after quantitative p-Ns deprotection, different approaches for the
coupling of the subsequent amino acid onto the alkylated amine using typical coupling reagents
(HOAUTBTU or HOAt/HATU in combination with DIPEA or DIC) did not show any conversion. Nor
did an increase in equivalents (from 1.5 eq. to 20 eq.) or reaction time (from 1.5 h to 5.5 h) solve this
issue. Similar observations were reported, in which the authors supposed that steric hindrance of the N-
methylated amines in combination with the sterically demanding HOBt/HOAL esters impedes a success-
ful conversion??, Sufficient coupling was then achieved via conversion of the respective amino acids
into highly reactive acyl chlorides using bis(trichloromethyl) carbonate (BTC)??%. Furthermore, it has to
be mentioned that on-resin cyclization attempts by Click reactions were reported to be difficult and often
unsuccessful. Hence, we cleaved the modified linear peptides from the resin, which were subsequently

purified by RP-HPLC and cyclized by a Click reaction in solution, resulting in quantitative yields?2-22°,

Receptor-mediated internalization studies and plasma stability in vitro

As several reports describe massive side effects (nausea, diarrhea, hot flush and abdominal cramps)
whenever agonistic GRPR-targeted ligands were administered in men, GRPR-addressing antagonists
are desired in today’s clinical application®® 108 110.112.179 "In order to investigate antagonistic behavior,
promising RM2 analogs were evaluated in terms of receptor-mediated internalization, as antagonists
usually do not internalize into cells. As expected for antagonists, each *"’Lu-labeled RM2 analog
(DOTA-[Cit']MJ9, DOTA-[Hse’IMJ9, DOTA-[Bta®]MJ9, AMTG, AMTG2) as well as the reference
RM2 revealed low internalization rates (1.4-5.9%) after incubation at 37 °C for 1 h0% 112,114,227 After

1 h, the receptor-mediated internalization of [*"’Lu]RM2 (2.92 + 0.20%) showed good correlation with
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the results of other published studies® 1% 17, In contrast, [*’Lu]NeoBOMB1 displayed a distinctly en-
hanced receptor-mediated internalization (13.91 + 0.64%). However, typical agonistic BBN derivatives
(PESIN, AMBA or BBN) showed an amount of receptor-mediated internalization of more than 25%
after 1 h10%228.229 Nevertheless, as its pharmacokinetic profile exhibited a prolonged retention in the
GRPR-positive pancreas and intestine, we suspect that this antagonist also comprises a slightly agonistic

character’®.

In order to get some insight into the effects of our modifications on metabolic stability within the phar-
macophore, we adapted a methodology described by Linder et al., who evaluated the GRPR-targeted
agonist [*’Lu]JAMBA (DO3A-CH,CO-Gly-(4-aminobenzoyl)-GIn-Trp-Ala-Val-Gly-His-Leu-Met-
NH) in human, rat and murine plasma. This study revealed several cleavage sites (GIn-Trp, Trp-Ala,
His-Leu, Leu-Met) within the AMBA sequence!’’. Based on this concept, we aimed to compare the
metabolic stability of our BBN analogs to the reference compounds in both murine and human plasma.
It has to be mentioned that in comparison to the studies conducted by Linder et al., the procedure was
slightly modified by our group. For their experiments, 990 uL of human plasma and 10 pL of
[}"LuJAMBA (~37 MBg, 6 nmol) were incubated at 37 °C for 3 d*”’. In contrast, we incubated 200 pL
of human plasma with 100 pL of the respective ’Lu-labeled tracers (~5 MBq, 1 nmol) at 37 °C for
72 + 2 h. Although Linder et al. observed a more rapid degradation of [*”’LUuJAMBA in murine plasma,
Pourghiasian et al. observed no metabolites for *®F-AmBFs-MJ9 when incubated under similar condi-
tions for 2 h. Hence, we assumed that a prolonged incubation time is required for a valid determination

of metabolic stability?3.

Unlike the four observed cleavage sites for AMBA, two were not expected for RM2 and its derivatives.
This was due to the Sta®® and Leu* moieties inserted, which should impede the cleavage of both unstable
C-terminal peptide bonds (His-Leu, Leu-Met) by NEP and aminopeptidase 3.4.11.1%"" 1’8, We thus fo-
cused on the GIn-Trp as well as the Trp-Ala bond as the possible major unstable sites within the RM2-
based sequence. In general, only one major and one minor metabolite was observed for the RM2 analogs
compared to the four reported for AMBA in human plasma (Fig. 16-17), which affirmed our assumption
in terms of the modified C-terminus®'4 129 151.2%0 _nterestingly, overall degradation in our studies seemed
to be enhanced in human plasma (Tab. 5), which is in contrast to the observations by Linder et al., as
metabolism in murine plasma was distinctly accelerated (Fig. 29)%!. However, the fact that we used
200 pL of human and only 100 pL of murine plasma for our experiments due to a scarcity of the latter

must be taken into account.
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Fig. 29: Metabolic degradation of [177LUuJAMBA in murine, rat and human plasma over time?Z,

Despite an increased incubation time in murine plasma, most RM2 derivatives exhibited comparable
intact tracer amounts (70-81%), which was unexpected, as most of the substitutions by unnatural amino
acids did not seem to influence overall metabolic stability. However, when incubated in human plasma
under the same conditions, the intact tracer amounts differed noticeably. Whereas DOTA-[Bta®]MJ9
revealed the lowest metabolic stability, each of the other derivatives evaluated displayed increased
amounts of intact tracer compared to RM2. We thus assumed that there are major differences in meta-
bolic activity between the human and the murine NEP, which is mainly responsible for the cleavage of
BBN-based peptides at the GIn’-Trp? site.

The low metabolic stability of DOTA-[Bta®]JMJ9 in both murine and human plasma was unexpected, as
we hypothesized decreased enzymatic degradation when either GIn” or Trp? is substituted. Moreover,
we did not expect a distinct difference between DOTA-[Bta®]MJ9 and RM2, as both differ in only one
atom (Bta: indole sulfur vs. Trp: indole nitrogen atom). However, logD~.4 values already revealed no-
ticeable differences in lipophilicity despite their high structural similarity (Tab. 5). We thus suppose
that the enhanced lipophilicity at this specific position led to an increased recognition and degradation
by NEP93—95, 178.

Among the RM2 derivatives, AMTG and AMTG2 exhibited the highest amounts of intact tracer when
incubated in human plasma. This corroborated well with the suggestion that the GIn’-Trp® bond is indeed
the weakest site within the RM2 structure. The methyl group at the same carbon atom that also contains
the indole residue of Trp probably impedes the arrangement of the peptide into the active site of NEP,

resulting in decreased enzymatic degradation®-*> %178 Pgsitive effects on the in vivo stability by inser-
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tion of a-methyl groups were already assumed by Eden et al. for peptoidic NMBR-selective antago-
nists?32 233, Moreover, AMTG also displayed an increased metabolic stability in vitro compared to Ne-
0BOMBL1, which is reported to be one of the most stable BBN analogs in vivo*. A comparison of typical
chromatograms of RM2 and AMTG after incubation in human plasma (Fig. 16) revealed a major me-
tabolite of RM2 at early retention times, which was almost absent for AMTG. We thus suppose that this
major metabolite, which was also observed for all other RM2 analogs, is generated by enzymatic deg-
radation of the GIn’-Trp® site. This corroborates our suggestion that the more lipophilic Bta at the Trp
site leads to increased metabolism, as DOTA-[Bta®]MJ9 also showed only one major metabolite at an
early retention time (Fig. 17). Furthermore, we assume that both the Cit” and Hse substitution positively
affect metabolic stability, as both compounds revealed increased amounts of intact tracer compared to

RMZ2 in human plasma when incubated under the same conditions.

Most groups describe the metabolic stability of BBN derivatives as absolute values, which were gener-
ated in mice in vivo. However, a standardized procedure for the determination of these values has not
yet been described, as different circulation times in vivo were found throughout the literature. For ex-
ample, the [*8Ga]RM2 was reported to exhibit an intact tracer amount of 55% 15 min p.i. in mice'™. In
contrast, 90% of [*’Ga]NeoBOMB1 was intact 30 min p.i., whereas 96% and 86% of [*Ga]ProBOMB1
and [Y’Lu]ProBOMB1, respectively, remained intact 5 min p.i. in vivo*" 138 139 [111n]SB3 only dis-
played an intact tracer amount of 37% 5 min p.i. in vivo, which was increased to an amount of 87% by
co-injection of the NEP inhibitor Phosphoramidon (PA)%. Therefore, a comparison of our results in
vitro with other reported GRPR-targeted antagonists in terms of metabolic stability is difficult, as most
of these ligands were only evaluated in vivo. Overestimation of metabolic stability of radiopeptides in
vitro was reported due to differences in metabolic activity in vitro and in vivo. On the other hand, disre-
garding differences between the human and murine species, even though only observed in vitro, could
also falsify expectations for clinical translation and should therefore be considered as well% 116177 \We
thus suggest that a relative comparison of our compounds with established derivatives (RM2, Neo-
BOMB1) under the same conditions is most valid. However, the discrepancy between the murine and
human plasma has to be further analyzed in future studies. We currently suggest that validity of our

results when incubated in human plasma is higher than when incubated in murine plasma.

Biodistribution and pSPECT/CT imaging studies

Based on the promising overall data in vitro, several Y’’Lu-labeled RM2 analogs were further evaluated
in female CB17-SCID mice to investigate their pharmacokinetic profile in vivo 24 h p.i. (Fig. 18). RM2
revealed a favorable biodistribution pattern with high tumor retention and low retention in non-tumor
organs, which was also observed by Dumont et al. 4 and 24 h p.i. (Tab. 6)?**. Tumor retention and most
tumor-background ratios were distinctly higher in our experiments for RM2 24 h p.i., which was at-
tributed to the higher molar activity (30 MBg/nmol vs. 17.2 MBg/nmol) due to the smaller amount of
substance (100 vs. 250 pmol) applied.
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Tab. 6: Biodistribution and tumor-to-background ratios of [*"’LU]RM2 in selected organs (in %IA/g) 4 and 24 h p.i. on PC-3
tumor-bearing CB17-SCID mice (250 pmol, 4.3 MBq each). Data is expressed as mean + SD (n = 5)%4,

Time (h)
Organs 4 24
Blood 0.07 = 0.02 0.01 = 0.00
Heart 0.05 = 0.02 0.02 = 0.00
Liver 0.31 = 0.01 0.16 = 0.01
Spleen 0.11 = 0.01 0.06 = 0.01
Lung 0.10 = 0.01 0.04 = 0.01
Kidney 2.09 = 0.19 0.88 = 0.09
Stomach 0.51 = 0.19 0.05 = 0.02
Intestine 0.14 = 0.038 0.04 = 0.00
Adrenal 0.59 = 0.11 0.49 = 0.07
Pancreas 0.70 = 012 0.11 = 0.02
Muscle 0.03 = 0.00 0.01 = 0.01
Bone 0.12 = 0.02 0.10 = 0.03
Tumor 10.97 = 0.99 4.66 = 0.44
Tumor-to-nontumor ratios
Tumor to blood 156.7 466
Tumor to liver 354 29.1
Tumor to kidney 5.3 5.3
Tumor to pancreas 15.7 42.4
Tumor to muscle 365.7 466

Data are %IA/g = SD; n = 5.

The RM2 analogs DOTA-[Cit’]MJ9, DOTA-[Hse’]MJ9 and DOTA-[Bta®]MJ9 revealed noticeably de-
creased tumor retention 24 h p.i. compared to RM2. This was expected for DOTA-[Bta®]MJ9, resulting
from its low metabolic stability already observed in vitro as a consequence of its increased lipophilicity
at the critical positions 7 and 8. However, it was not expected for DOTA-[Cit’]MJ9 and DOTA-
[Hse’IMJ9, as both ligands showed similar metabolic stability to the parent conjugate in vitro in the
murine plasma. This corroborates the reported assumption of overestimation of metabolic stability of
peptides based on their results in vitro®: %3, It is worth noting that DOTA-[Cit"]MJ9 displayed compara-
ble tumor-to-background ratios to RM2 (except for tumor-to-muscle ratio) despite its low tumor reten-

tion, which was attributed to its low lipophilicity and thus rapid clearance from non-tumor tissue.

The a-Me-Trp-containing RM2 derivatives, AMTG and AMTG2 exhibited comparable tumor retention
to RM2 24 h p.i. (Fig. 18). This corroborated well with the metabolic stability determined in murine
plasma. However, as already mentioned, the validity of this experiment in murine plasma has to be
further investigated. Nonetheless, overall retention in non-tumor organs was also low for both, indicat-
ing rapid renal clearance. Overall T/B ratios of AMTG and AMTG2 were thus superior or comparable
to the parent ligand in most organs 24 h p.i. (Fig. 19). Moreover, AMTG revealed an approximately
threefold increased tumor-to-blood ratio to its DOTA-GA counterpart and the parent compound. As the
probability of developing leukemia was determined to be approximately 2% when the absorbed dose to

the red bone marrow exceeds 2 Gy, this organ is considered the critical organ for most TRTs®" 2%,
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Hence, tumor-to-blood ratio is a critical factor for the assessment of the biosafety of TRTs in men with

regard to the dose administered to the bone marrow?%.

A comparison of AMTG and its DOTA-GA counterpart AMTG2 exhibited a comparable biodistribution
pattern as well as T/B ratios in most organs. Both displayed GRPR-specific accumulation in the tumor,
as no tumor retention was observed 24 h p.i. in competition experiments when excess of ["Lu]RM2
(3.62 mg/kg) was co-injected (Fig. 24). Interestingly, both compounds showed slightly enhanced reten-
tion in lung, liver and spleen in these competition experiments, but this was not investigated further.
Due to the structural similarity of these two compounds, comparable biodistribution profiles were ex-
pected, although distinct effects of the additional negative charge of DOTA-GA compared to DOTA
were reported. Indeed, slightly enhanced tumor retention using a DOTA-GA instead of a DOTA moiety
was described by Rinne et al. for anti-HER3 affibodies?®. Banerjee et al. also reported noticeably higher
tumor retention for a PSMA inhibitor that contained a DOTA-GA chelator compared to other chelators
they had used. However, the inhibitors comprising a DOTA-GA moiety also displayed a threefold in-
creased kidney retention’®. In contrast, Gourni et al. reported a slightly decreased tumor retention for
[**CU]NODA-GA-MJ9 compared to its NOTA analog 24 h p.i.*®. Each of these observations are in

contrast to our results, as AMTG2 revealed similar tumor and Kidney retention to AMTG.

Based on overall data and particularly due to the highest tumor-to-blood ratio, we decided to select
AMTG for further imaging studies alongside RM2 to compare pharmacokinetics over time. Therefore,
imaging studies with [*’LUJRM2 and [*"’LUJAMTG 1, 4, 8, 24 and 28 h p.i. on PC-3 tumor-bearing
mice (100 pmol each, n = 1) were performed (Fig. 23). Clearance from tumor and non-tumor organs
was less rapid for the latter, especially from the pancreas. This was anticipated as a consequence of the
projected increased metabolic stability by the a-Me-Trp substitution (instead of Trp). As mentioned
earlier, we hypothesized that the methyl group at the carbon atom, which also contains the indole residue
of Trp, impedes an arrangement of the respective ligand within the active site of peptidases such as NEP.
As this additional methyl group did not negatively affect GRPR affinity, lipophilicity or receptor-medi-
ated internalization, we considered it a valuable tool for metabolic stabilization. This was confirmed by
metabolic stabilization studies in human plasma. However, biodistribution studies 24 h p.i. in mice
(n = 4) revealed only comparable but not enhanced tumor retention, which was however favorable. In-
terestingly, in those two mice that were used for imaging studies, a difference between RM2 and AMTG
was clearly observable. Due to the enhanced metabolic stability determined in human plasma, we ex-
pected improved tumor retention and thus therapeutic outcomes in men as well. For this reason, AMTG

was then selected for a first PoC study in an mCPRC patient.

In contrast, the non-statin-comprising GRPR antagonist NeoBOMB.1 exhibited an increased overall re-
tention in non-tumor organs, especially in the pancreas (Fig. 18), which had also been observed by other
groups* ¥ Moreover, tumor retention was high, but slightly decreased compared to RM2, AMTG and

AMTG2, which resulted in minor T/B ratios in all organs in our studies (100 pmol, 24 h p.i.). However,
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an enhanced metabolic stability compared to RM2 in mice was reported for this compound, although it
is only modified at both termini, but not within the pharmacophoric section** 13, In our plasma stability
studies, NeoBOMBL revealed a comparable metabolic stability to RM2 in murine, but an approximately
twofold stability in human plasma. Interestingly, Dalm et al. reported an increased tumor and noticeably
decreased pancreatic retention when a lower molar activity (5 MBg/nmol vs. 100 MBg/nmol) was ad-

ministered (Fig. 30)*’.
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Fig. 30: Biodistribution of 10 (A) and 200 pmol (B) of [1"’Lu]NeoBOMB1 (1 MBq each) in selected organs (in %ID/g) on PC-
3 tumor-bearing mice. Tumor-to-background ratios are displayed in upper bar graphs. Bl = blood; GI = gastrointestinal tract;
Ki = kidney; Li = liver; Lu = lungs; Mu = muscle; Pa = pancreas; Sp = spleen; Tu = PC-3 tumor®®’,

Compounds with a decreased molar activity contain higher amounts of still highly-affine unlabeled pre-
cursors, which compete against the labeled amounts for target sites. The higher the amount of unlabeled
compound, the lower the retention in organs is expected to be. Decreased retention was thus expected
in non-tumor organs but a concomitant increased tumor retention was surprising. Based on its increased
metabolic stability, NeoBOMBL1 displayed good pharmacokinetic profiles at later time points (>24 h
p.i.) when a precursor amount of 200 pmol was applied*" **¥’. [1""Lu]NeoBOMB1 was thus selected for
a phase 1 study**. However, initial dosimetric extrapolation revealed unfavorable characteristics due to

the slow clearance from background organs, especially from the blood, which is probably a consequence
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of its enhanced lipophilicity and thus decreased clearance'®. As AMTG displayed a slightly and dis-
tinctly enhanced metabolic stability to NeoBOMB1 and RM2 in human plasma, respectively, as well as
improved overall pharmacokinetics to NeoBOMB1, we predict a superior performance in men regarding
biosafety and therapeutic efficiency. However, this has to be investigated in men in order to rule out an
overestimation of the metabolic stability of AMTG based on preclinical data.

In another experiment, *’Lu-labeled DOTA-[Bta®]MJ9 and DOTA-[Hse’]MJ9, which revealed low tu-
mor retention 24 h p.i., were further examined at 1 h p.i. to study initial tumor (and non-tumor) uptake,
as both compounds displayed distinctly decreased GRPR affinity compared to RM2 and we thus sus-
pected decreased accumulation in GRPR-positive organs. However, both compounds outperformed the
parent compound 1 h p.i., exhibiting higher tumor and lower overall non-tumor uptake (Fig. 20), which
led to superior T/B ratios 1 h p.i. (Fig. 21). Mansi et al. reported a tumor and pancreatic uptake of
15.2 %ID/g and 22.6 %ID/g for [*1IN]RM2 (10 pmol) 1 h p.i., which was slightly enhanced due to the
higher molar activity administered, but generally in accordance with our results for RM2 (100 pmol)®.
Surprisingly, DOTA-[Hse’]MJ9 exhibited the highest tumor uptake of this series despite showing the
lowest GRPR affinity (Tab. 4). Despite only having been observed for DOTA-[Bta®]MJ9 and the results
of the stability studies in murine plasma having to be considered carefully, we assumed that the superior
clearance rate to RM2 was caused by a decreased metabolic stability of these two RM2 derivatives. In
general, metabolism in non-tumor tissue was shown to be more rapid than in tumor tissue (Fig. 31)%
230 Further destabilization as a consequence of the lipophilic Bta® substitution within the pharmaco-
phoric section of BBN analogs thus led to an accelerated clearance from non-tumor organs, whereas
clearance from the tumor was not affected at early time points. However, we currently have no expla-
nation for the enhanced tumor accumulation 1 h p.i. despite showing a distinctly lower GRPR affinity
than RM2. Moreover, the reason for a metabolic destabilization via substitution of GIn by Hse is also
unclear, as we actually hypothesized that introduction of unnatural amino acids at either the Gln or the

Trp site would increase metabolic stability.

149



Discussion

Blood Urine
19.7%
»
j\ 0.7%
Ll L 1 L)
10 20 300

I'4
0 10 20 30
Time (min) Time (min)

ULM Kldney

8.4%

3.2%
»
o ’

I T T 1 r T T 1
0 10 20 300 10 20 30
Time (min) Time (min)

PC-3 tumor 47.2% Standard 98.5%

0 10 20 30 0 10 20 30
Time (min) Time (min)

Fig. 31: HPLC profiles of blood, urine, liver, kidney, and PC-3 tumor homogenates collected 1 h p.i. of a BBN analog on a
PC-3 tumor-bearing mouse as well as QC of said compound prior to injection®°. Clearance rates for the PC-3 tumor were
noticeably lower than for the other organs depicted.

A recently reported compound, [*8Ga]ProBOMB1 (20 pmol), displayed similar data as [*"’Lu]DOTA-
[Bta®]MJ9 1 h p.i., as both exhibited low overall background and reduced pancreatic accumulation
(4.7 %ID/g and 3.7 %ID/g, respectively). However, tumor uptake was in favor of [Y’Lu]DOTA-
[Bta®]MJ9 (12.1 %ID/g vs. 8.3 %1D/g). Moreover, competition experiments of [®Ga]ProBOMB1 ex-
hibited enhanced unspecific uptake in GRPR-positive organs'®®. This could be excluded for our *""Lu-
labeled compounds as both DOTA-[Hse’]MJ9 and DOTA-[Bta®]MJ9 (100 pmol each) did not show
considerable uptake in GRPR-positive organs 1 h p.i. when co-injected with ["*Lu]RM2 (3.62 mg/kg,
Fig. 20). As already observed in competition studies for AMTG and AMTG2 24 h p.i., enhanced uptake
was found in lung, liver and spleen for both DOTA-[Hse’IMJ9 and DOTA-[Bta®]MJ9. This phenome-
non has generally not been observed in the literature, as only kidney uptake was increased compared to
the background in competition studies with GRPR-targeted ligands®® 1°. However, Zhang et al. also
reported enhanced accumulation in lung, liver and spleen when blocking *8F-labeled BBN derivatives,
which was not further investigated®®. Therefore, future studies have to be performed to investigate these

findings.

Based on our data, we suggest that BBN analogs with decreased metabolic stability result in improved
biodistribution profiles at early time points. This could be valuable for molecular imaging in clinics, as

a favorable contrast is obtained more rapidly than with other GRPR-targeted ligands. However, the
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transferability of this concept from animals to humans has yet to be investigated in men. If such modified
compounds indeed exhibit a comparable contrast to other BBN derivatives at distinctly earlier times, it
would enable short waiting times for both the patients and the clinic personnel and facilitate daily rou-
tine. To our knowledge, the concept of decreasing metabolic stability has not yet been applied to GRPR-
targeted ligands, as most groups focus on increasing metabolic stability, particularly at both termini.

A second objective of this study was the transfer of our radiohybrid (rh) concept to BBN-based com-
pounds, which led to outstanding results when applied to PSMA inhibitors®® 237-23% As there are cur-
rently no ‘®F-labeled BBN-based tracers in clinical practice, we aimed to design SiFA-comprising RM2
analogs. Hence, several N-terminal linker modifications were examined to determine their effects on
GRPR affinity and lipophilicity prior to the introduction of the SiFA moiety (Tab. 4). In order to get
some insight into the effects of these linker modifications, a couple of promising ’’Lu-labeled ligands
(DOTA-Orn3-Dap*-MJ9, DOTA-GA-orn®-dap*-MJ9, DOTA-Pip3-Pip*-MJ9, DOTA-orn3-Pip*-MJ9)
was investigated further in vivo. Despite improved GRPR affinity and lipophilicity, tumor retention was
only comparable to or even lower than for RM2 24 h p.i. (Fig. 22). Moreover, elevated kidney retention
was observed for three ligands of this series. Similar observations were reported by Lindner et al. for
multimeric PESIN conjugates due to an increased tubular reabsorption as a result of an increased number
of positive charges?°. Moreover, Garcia Garayoa et al. reported that a BBN-based compound that con-
tained a positive charge at the N-terminus displayed unfavorably high retention in kidneys and liver in
mice, which was in accordance with our findings!?. We suggest that this enhanced kidney retention was
caused by small metabolites, which comprise the N-terminal linker with its several (positive) charges.
As a consequence, these short fragments containing several charges are absorbed by the kidneys to a

greater extent.

Interestingly, DOTA-Pip3-Pip*-MJ9, which comprises three consecutive positively charged Pip moieties
within the linker, did not show an elevated kidney retention 24 h p.i. However, tumor retention was
lower than that of the other compounds of this series. We thus assume that the enhanced kidney retention
was particularly caused by positively charged primary amine residues (L/D-Dap, L/D-Orn) within the
linker, but not by positively charged tertiary amines (Pip). Indeed, several reported GRPR-targeted con-
jugates that comprise positive charges at the N-terminus do not exhibit increased kidney retention3 4%
128 It is woth noting that most of these conjugates contain a positively charged chelator, but no free

amines within the N-terminal linker.

Based on these observations, a variety of BBN-SiFA ligands was designed. However, sufficiently re-
ducing the high lipophilicity obtained by the introduction of the SiFA group while maintaining high
GRPR affinity was difficult. Most of the first and second generation BBN-SiFA compounds suffered
from insufficient GRPR affinity or lipophilicity. As we considered the necessity of compensating lipo-
philicity more important than maintaining high GRPR affinity, we introduced several negatively charged

moieties (asp, eue motif) into the N-terminal linker section, although it was shown that BBN analogs

151



Discussion

prefer positive charges at the N-terminus. This resulted in five third-generation BBN-SiFA compounds,
which displayed reasonable GRPR affinity (ICso of 10-14 nm) and lipophilicity (logD7.4 of -2.1 to -1.8).
The three compounds showing the lowest lipophilicity were investigated further in vivo.

Biodistribution studies revealed low retention in non-tumor organs (except for the liver and the kidneys)
as well as moderate tumor retention 24 h p.i. (Fig. 22). The massively increased kidney retention
(> 100 %ID/qg) was attributed to the combination of the SiFA moiety along with the negative charges in
its spatial vicinity, which leads to elevated human serum albumin (HSA) binding. Similar results were
also observed for PSMA-SIFA inhibitors within our group. A comparison to other BBN-SiFA ligands
is difficult, as other groups evaluated their compounds *®F-labeled 1 h p.i. However, a first BBN-SiFA
ligand reported by Hohne et al. did not show significant tumor uptake but distinctly increased accumu-
lation in liver, gallbladder and intestines as a consequence of moderate GRPR affinity and high lipo-
philicity (ICso: 22.9 + 5.8 nMm, logD-7.4:1.3 + 0.1)*'8, Dialer et al. also reported unfavorably high accumu-
lation of a PESIN-based SiFA-containing GRPR agonist in the liver despite improved lipophilicity
(logD-.4: -1.22)**8, In contrast, we were able to compensate the high lipophilicity of the SiFA moiety by
various hydrophilic modifications within the linker section, as hepatic and intestinal retention 24 h p.i.

was low. However, these modifications had a drastic effect on renal retention, which has to be addressed.

Although exhibiting promising results compared to BBN-SiFA compounds reported, our current ligands
are not considered suitable for clinical translation. Hence, further studies on the N-terminal linker se-
guence containing a SiFA moiety are required to optimize overall pharmacokinetics of BBN-SiFA lig-
ands. As it is intended to use these ligands for diagnostic purposes, biodistribution and imaging studies

with 8F-labeled BBN-SiFA compounds 1 h p.i. have to be peformed in future studies.

Patient studies

GRPR-targeted diagnosis and therapy is currently not employed broadly in clinical practice. This was
attributed to the inferior standardized uptake values (SUVs) of BBN analogs in most prostate tumors
and metastases compared to PSMA inhibitors as a consequence of decreased GRPR expression and
receptor density at later stages of PCa®® 7> 76.82.85.86 However, a recently published first-in-human do-
simetric study on [*""LU]RMZ2 revealed favorable pharmacokinetics for this compound, such as low up-
take in all non-tumor organs except for the pancreas and high uptake in tumor lesions®. This study
included 35 mCRPC patients, who did not respond to PSMA-targeted diagnosis and/or therapy and who
were thus further examined via [®Ga]RM2-PET/CT. Out of these, four patients showed appropriate
accumulation in tumor lesions and were thus treated with [*’LuJRM2 (160 pg, 4.5 + 0.9 GBq). Mean
absorbed doses for pancreas, kidneys and bone marrow were 1.08 + 0.44 Gy/GBq, 0.35 + 0.14 Gy/GBq
and 15.9 + 5.5 mGy/GBq, respectively. For tumor lesions, a mean absorbed dose of 6.20 + 3.00 Gy/GBq

was determined.
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The authors suggest that a maximum activity of about 56 GBq by multiple treatment cycles would be
imaginable applying [*”’Lu]RM2. This maximum applicable dose would be higher than that of the rec-
ommended dose for the current gold standard among PSMA-addressing therapeutic compounds,
[Y"LU]PSMA-617 (36 GBQ)*®. Moreover, Kratochwil et al. observed enhanced xerostomia for several
patients after three therapy cycles with [Y""LUu]PSMA-617 (~6 GBq per cycle), which is derived from
the high salivary gland uptake. However, the authors considered this side effect harmless. Interestingly,
the absorbed dose per administered activity for the kidneys was more than twofold higher for
[Y"LU]PSMA-617 (0.75+0.19 Gy/GBq) compared to [*LuJRM2 (0.35 + 0.14 Gy/GBq)?" 6% 24,
However, it has to be mentioned that tumor dose rates for [*"’LU]RM2 are less than half of those gener-
ally achieved via PSMA-targeted therapies, which is attributed to the reduced receptor density on pros-

tate tumors®” 120,

Furthermore, Dalm et al. reported an extrapolated dosimetric study based on the preclinical results of
[}""Lu]NeoBOMBI1. An absorbed dose per administered activity of 0.11 Gy/GBq, 0.03 Gy/GBq and
0.11 Gy/GBq for pancreas, kidneys and red bone marrow was estimated, respectively®*’. Based on the
maximal absorbed dose permitted for the red bone marrow (< 2 Gy), a maximal activity of only 18 GBq
of [*""Lu]NeoBOMBL1 could be thus administered, which would be less than a third of the potential
activity applicable using [}"Lu]RM2. However, extrapolated doses cannot be considered reliable, which

is why further dosimetric studies in humans are required for a more detailed assessment.

Despite promising pre-clinical and first clinical studies, metabolically stable BBN analogs are still not
available, as even RM2 and NeoBOMBL1 are metabolized rapidly in vivo, which hampers overall bioa-
vailability™® 132 137 Haubner et al. reported a distinctly elevated tumor uptake and thus retention for a
glycosylated (compared to a non-glycosylated) RGD-comprising peptide. The authors concluded that
the metabolism of this compound in the liver was decreased as a result of the improved lipophilicity,
which increased overall bioavailability?*?, We thus assume that improved detection rates and treatment
of GRPR-expressing malignancies for metabolically stabilized or more hydrophilic BBN ligands are

due to the increased bioavailability thus obtained.

Based on its improved metabolic stability in human plasma and its projected increased bioavailability,
[}"LUJAMTG was selected for a PoC study in an mCPRC patient. Interestingly, labeling studies with
both the TFA and the AcOH salt of AMTG revealed that a fourfold amount of the former (80 g vs.
20 pug) was necessary to obtain a RCY > 99% when labeled with 1 GBq [*"/Lu]LuCls. The AcOH salt
was obtained adapting a RP-HPLC concept reported by McCalley et al.?*. Therefore, both MeCN and
H>O were supplemented with 0.1% AcOH (instead of 0.1% TFA) and adjusted to a pH =5 (using
NH4OH) to improve the elution from the RP-HPLC column. Originally, this concept was only developed
to generate alternative salts to the widely used TFA salts. However, in our case the AcOH salt delivered
distinctly improved results, which is why the AcOH salt will be used exclusively in future studies. We

assume that preparation of TRT could be performed using 200 pg AMTG (AcOH salt) and up to 10 GBq
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of [*"Lu]LuCls. However, we currently have no explanation for this difference in RCY between the
TFA and AcOH salt.

Similar to [*""Lu]RM2 reported by Kurth et al., [*""LUJAMTG (1.11 GBq) exhibited low uptake in all
non-tumor organs 1 and 4 h p.i. in the acquired SPECT/CT scans, except for the GRPR-positive pan-
creas (Fig. 25)%. Moreover, tumor accumulation and retention was clearly visible at both time points.
The favorable biodistribution profile was in accordance with several reports on BBN-based compounds
revealing relatively low background activity (except for the pancreas) and good uptake in tumor lesions
as wel|?0: 58 60, 66, 82, 85, 87, 113, 130 However, an improved metabolic stability in men compared to
[*"Lu]RM2 was not observed, as only early time points (1 and 4 h p.i.) were examined. Additional
SPECT/CT scans and dosimetric studies with [1"’LUJAMTG at later time points (> 24 h p.i) have thus

to be carried out to demonstrate its projected increased metabolic stability in men.

It has to be mentioned that the same patient was treated with [*"LU]JPSMA I&T (8.2 GBq) at a similar
time, showing significantly increased numbers of metastases and low background accumulation in most
organs (Fig. 26). Nonetheless, this SPECT scan was acquired 24 h p.i., which apparently results in a
lower background activity due to the longer excretion time. In addition, a PET scan of this patient was
also acquired a few weeks before the start of TRT using [*®F][™*Ga]rhPSMA-7.3. Similarly, an enhanced
number of metastases was detected compared to [*’LUJAMTG 1 h p.i. (Fig. 27). The superior perfor-
mance of the PSMA-targeted compounds was anticipated because of the advanced stage of the patient’s
PCa, as GRPR expression is reported to decrease in later stages of PCa% 7> 8. Moreover, the unique
characteristics of ®F-fluorine enabled an improved rate of detection of metastases when using
[2¥F]["™Ga]rhPSMA-7.3 compared to [}"’LUuJAMTG. However, as shown by Kurth et al., AMTG could
be valuable in the treatment of primary PCa or PSMA-negative PCa, as the role of GRPR-targeted and

PSMA-targeted compounds is generally assumed to be complementary®* &7,

Although currently only evaluated with *""Lu-lutetium, AMTG could also be used as a diagnostic tool
if labeled with %8Ga-gallium or **In-indium, as a comparable biodistribution is expected. Such conju-
gates could be favorable for primary staging of (PSMA-negative or -absent) patients with high-risk
prostate cancer®®®1"1, Several reports suggest that GRPR expression is high in early, Androgen-depend-
ent disease stages, which could be beneficial because early detection of recurrent PCa was reported to
be crucial®-52-57.%8.60.85 ‘Indeed, an approximately 80% chance for progression-free survival at five years

was observed for patients when initiating TRT below a PSA level of 0.5 ng/mL58 244245,

We thus suggest that the novel GRPR-targeted antagonist AMTG could be a beneficial tool for both
diagnosis and therapy of GRPR-expressing malignancies, such as PCa, (ER-rich) BCa and neuroendo-

crine tumors®® 59-61. 246,
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V. Conclusion

Throughout this work, novel GRPR antagonists based on the structure of RM2 were designed with the
aim of increasing metabolic stability and evaluated by state-of-the-art experiments (ICso, logDy 4, recep-
tor-mediated internalization, plasma stability, biodistribution and imaging studies). We hypothesized
that either cyclic ligands or compounds containing unnatural amino acids at metabolically less stable
sites (especially the GIn’-Trp® dipeptide) within the pharmacophore impede enzymatic recognition and
thus degradation. Cyclization of MJ9-based compounds via both disulfide bridge formation and Click
chemistry resulted in poor GRPR affinity due to suspected drastic changes in the structural arrangement
within GRPR, which prevents ligand-receptor interactions. We suspect that a wide variety of design
approaches (phage display) would be necessary to identify a sufficient lead structure for cyclic BBN
derivatives. However, at this point it is not assessable whether GRPR tolerates cyclic ligands to the same
degree as other GPCRs such as SST2R or CXCR4.

Among all linear RM2 derivatives, particularly ™/*"’Lu-labeled GIn’-Trp8-modified conjugates revealed
promising preclinical results (favorable or sufficient GRPR affinity and lipophilicity, antagonistic char-
acter). Except for DOTA-[Bta®]MJ9, all GIn’-Trp8-modified RM2 analogs displayed similar metabolic
stability to RM2 in murine plasma. However, metabolic stability in human plasma differed distinctly,
as only DOTA-[Bta®]MJ9 revealed a minor stability to RM2. The low stability of DOTA-[Bta®]MJ9 was
in contrast to our hypothesis but was attributed to its increased lipophilicity at the critical site (GIn’-Bta®
distinctly more lipophilic than GIn’-Trp®), which leads to enhanced degradation by NEP. Whereas
DOTA-[Cit"]MJ9 and DOTA-[Hse’]MJ9 showed a slightly enhanced metabolic stability to RM2, both
DOTA-[a-Me-Trpé]MJ9 (= AMTG) and DOTA-GA-[a-Me-Trpé]MJ9 (= AMTG2) exhibited noticea-
bly increased metabolic stability, even surpassing NeoBOMB1. Except for the Bta substitution, these in
vitro results confirmed our hypothesis that substitution of the metabolically unstable GIn’-Trp?® site by

unnatural amino acids leads to enhanced metabolic stability.

In vivo studies further confirmed our hypothesis, as both AMTG and AMTG2 displayed the highest T/B
ratios. Whereas NeoBOMBL1 suffers from its high lipophilicity, which led to low T/B ratios except for
the tumor-to-muscle ratio, both a-Me-Trp-modified RM2 derivatives benefit from the favorable biodis-
tribution pattern of RM2 and additionally from an increased metabolic stability. As RM2 and AMTG
structurally differ in only one methyl group (a-Me-Trp instead of Trp), we suggest that indeed enzymatic
degradation of RM2 and its analogs occurs at the GIn’-Trp8 site. Exhibiting the highest tumor-to-blood
ratio, AMTG was selected for a proof of concept study in an mCRPC patient. AMTG showed a favorable
biodistribution profile with rapid renal clearance as well as high accumulation and retention in several
tumor lesions and the GRPR-positive pancreas 1 and 4 h p.i. Due to its excellent overall data in vitro
and in vivo, we consider AMTG a promising GRPR antagonist for TRT of GRPR-expressing malignan-

cies in men, which might outperform currently established compounds (RM2, NeoBOMB1). However,
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further clinical and dosimetric studies with enlarged patient cohorts at later time points (> 24 h p.i.) are

required to verify these conclusions.

In contrast to the positive in vivo results of both AMTG and AMTG2, DOTA-[Cit']MJ9, DOTA-
[Hse’]MJ9 and DOTA-[Bta®]JMJ9 exhibited low retention in the tumor 24 h p.i. Due to its decreased
plasma stability, this was expected for the latter compound. However, the low retention of the GIn’-
modified RM2 analogs was surprising in the context of their increased metabolic stability in vitro. As
both ligands displayed decreased GRPR affinity, we considered this as a potential explanation. How-
ever, biodistribution studies 1 h p.i. revealed enhanced tumor uptake for both DOTA-[Hse’IMJ9 and
DOTA-[Bta®]MJ9 compared to RM2 despite a decreased GRPR affinity and metabolic stability, respec-
tively. Interestingly, background activity was concomitantly lower in all non-tumor organs compared to
RM2, which led to increased tumor-to-background (T/B) ratios 1 h p.i. We suggest that this was indeed
due to an enhanced metabolic instability, which resulted in a more rapid clearance from non-tumor or-
gans but not from the tumor in the early window, as metabolism in tumor was reported to be less rapid.
Nevertheless, the decreased metabolic stability in vivo compared to the in vitro situation in the case of
DOTA-[Cit"]MJ9 and DOTA-[Hse’]MJ9 has to be further analyzed.

Furthermore, as all experiments were executed with Y’Lu-labeled RM2 analogs, additional in vivo stud-
ies with diagnostic isotopes (4768Ga-gallium or **'In-indium) have to be performed to verify the phar-
macokinetic profile for the diagnostic situation. Moreover, promising diagnostic compounds still have
to be evaluated in men to confirm the beneficial effect of the decreased metabolic stability not only in
animals but also in men. Nevertheless, we are convinced that substitution by either Bta or Hse in order
to increase metabolism and thus accelerate clearance from non-tumor organs could be valuable for the
future design of GRPR-addressing ligands for diagnosis, for example improved **"Tc-labeled ligands

as well.

In another branch of this work, the radiohybrid concept developed within our group and successfully
applied to PSMA inhibitors was transferred to GRPR-addressing compounds. However, the only BBN-
SiFA ligands that displayed appropriate lipophilicity (logD74 < -1.8) suffered from distinctly elevated
renal retention 24 h p.i. (> 100 %ID/g). We suggest that the combination of the SiFA moiety and the
increased number of (negative) charges required for the compensation of the highly lipophilic SiFA unit
is responsible for this issue. Currently available BBN-SiFA ligands are thus not considered sufficient
for clinical translation and have to be further optimized in terms of linker length and charge distribution.
Nevertheless, we are convinced that suitable BBN-SiFA compounds could be attractive for clinical ap-
plication similar to PSMA-SiFA inhibitors, due to the advantage of a facilitated *8F-labeling via the
SiFA methodology as well as favorable *®F-fluorine PET images. Moreover, as delayed excretion into
the bladder was observed for PSMA-SIFA inhibitors, which is beneficial for the diagnosis of PCa, this
may also be possible with BBN-SiFA compounds.
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Appendix

VII. Appendix

List of schemes

Scheme 1: Synthesis of 4-(di-tert-butylfluorosilyl)benzoic acid (8): a) TBDMS-CI (2), imidazole (DMF,
rt, 16 h); b) 'BulLi, di-tert-butyldifluorosilane (4) (THF, -78 °C—rt, 12 h); ¢) HCI (MeOH, rt, 18 h); d)
pyridinium chlorochromate (DCM, 0 °C, 30 minand rt, 2.5 h); €) KMnO4 (DCM, tert-butanol, NaH.PO4

01U 1 17 g Tt 3 PSS 30
Scheme 2: Synthesis of (‘BuO)eue(O'Bu), (14): a) TEA, DMAP, CDI (10) (DCM, 0 °C—rtt, 16-24 h);
b) H-glu(OBn)-0'Bu-HCI (12), TEA (DCE, 40 °C, 16 h); ¢) Pd/C (10%), H, (EtOH, rt, 16 h)........... 32

Scheme 3: Novel strategy for the general synthesis of backbone-modified cyclic BBN ligands obtained
by a final Click reaction. a) Fmoc-X-OH (1.5 eq.), HOAt (1.5 eq.), TBTU (1.5 eq.), DIPEA (4.5 eq.),
NMP, 1 h, rt; b) piperidine/NMP (v/v = 1/4), 1x5 min/1x15 min, rt; c) p-NsCI (5.0 eq.), 2,4,6-collidine
(10.0 eg.), NMP, 30 min, rt; d) Propargyl alcohol (10.0 eq.), PPhs (5.0 eq.), DIAD (5.0 eq.), THF,
2x30 min, rt; e) 2-Mercaptoethanol (10.0 eq.), DBU (5.0 eq.), NMP, 2x15 min, rt; f) Fmoc-X-OH
(5.0eq.), BTC (2.0eq.), 2,4,6-collidine (14.0eq.), THF, 2 x 2h, 60 °C; g)4-Bromobutan-1-ol
(10.0 eq.), PPh; (5.0eq.), DIAD (5.0eq.), THF, 2 x 2h, rt; h) NaNs; (5.0 eq.), DMF, 16 h, rt;
i) TFA/TIPS/DCM (viviv = 95/2.5/2.5), 30 min, rt; k) CuSO4-5 H,O (4.4 eq.), L-ascorbic acid (6.7 eq.),
Tracepur® H,O/"BUOH (v/v = 2/1), 16 h, rt. Fmoc-X-OH = respective, Fmoc-protected amino acid. 110
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Illustration directory

Fig. 1: Amino acid overlap for human GRPR (upper sequence) and NMBR (lower sequence). Vertical
lines show amino acid identity between both receptors. Seven regions composed predominantly of
hydrophobic amino acids, and which as such are indicators of the typical transmembrane domains of
GPCRs, are shown for both receptors (S0lid DOXES)2. .........cocviiiiieceseee s 3
Fig. 2: Amino acid sequence of the murine GRPR (90% identity to human GRPR), displaying the
extracellular side above and the intracellular side below. Glycosylation sites are shown by asparagine
residues (N) containing a Y symbol. The 14 amino acids within the extracellular side, which are assumed
to play important roles for high affinity binding of the gastrin-releasing peptide (GRP), are highlighted
DY WHIE CITCIES®. ...ttt s s 4
Fig. 3: Molecular modeling of the murine GRPR from both sides of view, revealing seven rigid helical
transmembrane domains and the more flexible extracellular loops (cyan, white, dark green). The large
putative binding pocket (orange) is located between the seven transmembrane regions and the
extracellular loops. Several colored amino acids pointing towards the binding pocket were determined
to be important for ligand binding (yellow and green colored amino acids)®............c.cccceveevieeveiienene. 5
Fig. 4: Simplified model for the differences between GRPR and PSMA in PCa in terms of receptor
expression density compared to the grade of histological differentiation and expression of the Androgen
TECEPEON (AR, oot b bbbt R ettt r e 8
Fig. 5: Whole body scan of seven PCa patients examined with both, [%Ga]RM2 (above) and
[(8Ga]PSMA-11 (below) revealing different biodistribution but comparable uptake in tumor lesions®.9
Fig. 6: Molecular structure of the tetradecapeptide bombesin, which typically forms the basis for
numbering of GRPR-targeted analogs..........coviveiiiiiiii ettt st re e e 10
Fig. 7: Whole-body SPECT images showing uptake and retention of [1/’Lu]RM2 at different time points
in a mCRPC patient. High accumulation is found in the pancreas, which was cleared within the first
24 h. Tumor retention was still present 68.5 h p.i., suggesting sufficient radiation duration in tumor

LESIONSE . .t b bbb bbbttt ettt ettt ettt 19
Fig. 8: Cell uptake of [3-[**°I]I-tyr®, p-Alat, Phe'®, Nle**]BBNe.14 on GRPR-expressing PC-3 cells
(1.0 x 10° cells) in percent, dependent on the incubation time at different temperatures (ice, rt). ....... 90
Fig. 9: Cell uptake of [3-[1%1]I-tyr, g-Alatt, Phe®, Nle**]BBNs.14 on PC-3 cells, dependent on the cell
number at different temperatures when incubated for 2.5 N. ... 91
Fig. 10: Chemical structure of the antagonistic precursor (middle) as well as the radiolabeled reference
(bottom), both derived from the GRPR-targeted antagonist MJ9 (t0P). ......ccccovvevevecieve e, 93
Fig. 11: Chemical structure of the GRPR antagonist MJ9. Numbering of the amino acids is based on the
native BBN. Pip = 4-amino-1-carboxymethyl-piperiding.........c.cccovveiiii i 95

Fig. 12: Typical structure of a cyclic SST2R-targeted ligand (DOTATATE) containing two cysteine
residues (red), which form a disulfide bridge within the six amino acid cycle, as well as a D-amino acid
(green) which facilitates spatial CYCHZAtION. ...........cooiiiiiiiiee e 108
Fig. 13: Chemical structure of the three cyclic BBN derivatives H-GIn-Cys-cyclo[Ala-val-Gly-His]-
Cys-Leu-NH; (left), H-phe-Cys-cyclo[Trp-ala-Val-Gly]-Cys-Sta-NH, (middle) and H-Pip-Cys-
cyclo[GIn-trp-Ala-Val]-Cys-HiS-NHa (FIgNt)......ccooiiiee e 109
Fig. 14: Chemical structures of the cyclic GRPR-targeted ligands by Click chemistry: H-Pip-phe-
cyclo[N(GIn-Trp-Ala-Val)]-Gly-His-Sta-Leu-NH, (left) and H-Pip-phe-Gln-cyclo[N(Trp-Ala-Val)]-

Gly-His-Sta-Leu-NH2z (FHGNE).......ooie e 111
Fig. 15: Chemical structure of cyclic BBN ligands with different cycle sizes obtained by the Click
CREMISTIY CONMCEPL. ...ttt bbbttt bt bbbt et e e bbb b 112

Fig. 16: Exemplary radio RP-HPLC chromatograms (20—35% MeCN in H20 + 0.1% TFA in 20 min)
of plasma samples incubated in vitro with [Y’Lu]lRM2, [Y’Lu]NeoBOMBI1, [}’LUJAMTG and
[Y"LU]JAMTG2. Stability of A: [*"’LUu]RM2 in murine plasma; B: [*"’Lu]NeoBOMBL1 in murine plasma;
C: [*"LUJAMTG in murine plasma; D: [*"LUJAMTG2 in murine plasma, A: [*"LUuJRM2 in human
plasma; B: [*""Lu]NeoBOMB1 in human plasma; C: [*”"LUJAMTG in human plasma; D: [*"’LUu]JAMTG2
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in human plasma; all samples incubated at 37 °C for 72 £ 2 h. Fractions representing the intact, non-
metabolized compounds are indicated by black arrows ([}'’LulRM2: K> =11.9, tr=15.5 min;
[}"Lu]NeoBOMB1: K’ = 10.4, tr = 17.1 min; [*"LUJAMTG: K> = 13.2, tr = 17.0 min; [*"LUJAMTG2:
K2 = 105, TR = 18,7 MIN). oottt sttt ee st s e s te s e besre e e e ste e e e seeeneeneennean 115
Fig. 17: Exemplary radio RP-HPLC chromatograms (20—35% MeCN in H2O + 0.1% TFA in 20 min)
of plasma samples incubated in vitro with [Y’LU]DOTA-[Cit']MJ9, [}’Lu]DOTA-[Hse’IMJ9 or
[}"Lu]DOTA-[Bta®]MJ9. Stability of A: [Y’Lu]DOTA-[Cit’]MJ9 in murine plasma; B: [*"’LUu]DOTA-
[Hse’]MJ9 in murine plasma; C: [Y’Lu]DOTA-[Bta®]MJ9 in murine plasma; D: [Y’Lu]DOTA-
[Cit"]MJ9 in human plasma; E: [*"’Lu]DOTA-[Hse’]MJ9 in human plasma; F: [Y/"Lu]DOTA-[Bta®]MJ9
in human plasma; all samples incubated at 37 °C for 72 + 2 h. Fractions representing the intact, non-
metabolized tracers are indicated by black arrows ([*"’Lu]DOTA-[Cit']MJ9: K’ = 9.3, tr = 15.5 min;
[*7Lu]DOTA-[Hse’]MJI9: K’ = 9.9, tr = 16.4 min; ["Lu]DOTA-[Bta’]MJ9: K’ = 11.2, tr = 18.3 min).
............................................................................................................................................................. 116
Fig. 18: Biodistribution of [Y’LUu]RM2 (red), [*"’Lu]NeoBOMBL1 (cyan), [}’Lu]DOTA-[Cit"]MJ9
(gray), [Y""LU]DOTA-[Hse’IMJ9 (blue), [*""Lu]DOTA-[Bta®]MJ9 (green), [*"LUJAMTG (yellow) and
[F"LUJAMTG?2 (white) in selected organs (in %ID/g) 24 h p.i. on PC-3 tumor-bearing CB17-SCID mice
(100 pmol each). Data is expressed as mean = SD (N = 4). ..o 118
Fig. 19: Tumor-to-background ratios for the selected organs of [*”’LUu]RM2 (red), [*""Lu]NeoBOMB1
(cyan), [M7Lu]DOTA-[Cit'IMI9 (gray), ["Lu]DOTA-[Hse’]MJI9 (blue), [V'Lu]DOTA-[Bta’]MJI9
(green), [Y"LUJAMTG (yellow) and [*"LUJAMTG2 (white) 24 h p.i. on PC-3 tumor-bearing CB17-
SCID mice. Data is expressed as mean £ SD (N = 4). oo 120
Fig. 20: Biodistribution of [*LUu]RM2 (red, dotted), [*"’LUu]DOTA-[Hse’]MJ9 (blue, dotted) and
[}"Lu]DOTA-[Bta®]MJ9 (green, dotted) in selected organs (in %ID/g) 1 h p.i. on PC-3 tumor-bearing
CB17-SCID mice (100 pmol each). Data is expressed as mean = SD (n = 4). For competition studies
(hatched) of [*”Lu]DOTA-[Hse’IMJ9 (light blue) and [*’Lu]DOTA-[Bta®]MJ9 (light green) 1 h p.i., an
excess of ["'Lu]RM2 (3.62 mg/kg) was co-injected. Data is expressed as mean + SD (n = 3)........... 121
Fig. 21: Tumor-to-background ratios for the selected organs of [Y’Lu]RM2 (red), [*"’Lu]DOTA-
[Bta®]MJ9 (green) and [}’Lu]DOTA-[Hse’IMJ9 (blue) 1 h p.i. (dotted) on PC-3 tumor-bearing CB17-
SCID MICE (N = 4). ottt bbbt st b bbbt sb bbbt e e bt b bbb b 122
Fig. 22: Biodistribution of [Y’LUJRM2 (red), [*"’Lu]DOTA-Orn3-Dap*-MJ9 (ocher), [*"’LUu]DOTA-
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Abbreviations

L-amino acid first letter of the three letter code capitalized

D-amino acid three letter code completely uncapitalized

AcOH acetic acid

Aib a-amino-isobutyric acid

AMBA DOTA-4-aminobenzoyl-BBN7.14 (GRPR agonist)

AmBF; ammoniomethyltrifluoroborate

AMTG DOTA-Pip®-phet-GIn’-a-Me-Trp8-Ala®-Val'’-Gly!!-His!?-Sta'3-Leu't

AMTG2 DOTA-GA-Pip®-pheb-GIn’-a-Me-Trpé-Ala’-Val*-Gly!!-His!2-Stal3-
Leut

Ava 5-aminopentanoic acid

BBN bombesin

BCa breast cancer

BCR biochemical recurrent

Bimax maximal number of receptors in a particular tissue

Bn benzyl

Boc tert-butyloxycarbonyl

BPH benign prostatic hyperplasia

BRS-3 bombesin receptor subtype 3 (bombesin receptor 3, BB3)

BSA bovines serum albumin

Bta S-(3-benzothienyl)alanine

BTC bis(trichloromethyl) carbonate

CCK cholecystokinin

CCK2R cholecystokinin B receptor, cholecystokinin type-2 receptor

Chg cyclohexyl glycine

Cit citrulline

CNS central nervous system

Cpg cyclopentyl glycine

CT computed tomography

CXCR4 C-X-C chemokine receptor type 4

0 chemical shift

Dap 2,3-diaminopropionic acid

DBU 1,8-diazabicyclo(5.4.0)undec-7-ene
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d.c. decay corrected

DCE dichloroethane

DCM dichloromethane

Dde N-(1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl)

DIAD diisopropyl azodicarboxylate

DIC N,N'-diisopropylcarbodiimide

DIPEA N,N-diisopropylethylamine

DMAP 4-dimethylaminopyridine

DMEM Dulbecco’s modified eagle medium

DMF N,N-dimethyl formamide

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

DOTA-GA 5-(tert-butoxy)-5-ox0-4-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-
1,4,7,10-tetraazacyclododecan-1-yl)pentanoic acid

DRE digital rectal examination

DRY Asp-Arg-Tyr

EC extracellular domain

EDTA ethylenediaminetetraacetic acid

eq equivalent

ER estrogen receptor

ESI electron spray ionization

Et,O diethyl ether

EtOAC ethyl acetate

EtOH ethanol

eue D-glutamate-urea-D-glutamate

Fmoc 9-fluorenylmethoxycarbonyl

Gl gastrointestinal

GP general procedure

GPCR G protein-coupled receptor

GRP gastrin-releasing peptide

GRPR gastrin-releasing peptide receptor (bombesin 2 receptor, BB,)

GS Gleason score

HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxide hexafluorophosphate

HBSS Hank’s balanced salt solution

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
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HOAt
HOBt
HPLC
HSA
Hse
ICso
lodo-Gen®
K’

kDa
KMnO,
KOH

|OgD7_4

MCRPC
MeCN
MeOH
MJ9
MRI
MS

Nal
NaOH
n.d.c.
NEP
Nle

nm
NMB
NMBR
NMP
NMR
NOTA
NSCLC
Orn

PA
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1-hydroxy-7-azabenzotriazole
1-hydroxybenzotriazole

high performance liquid chromatography
human serum albumin

homoserine

half maximal inhibitory concentration
1,3,4,6-tetrachloro-3R,6R-diphenylglycoluril
capacity factor

kilo Dalton (unit for the molecular weight)
potassium permanganate

potassium hydroxide

wavelength

distribution coefficient at pH = 7.4

molar (moles per liter)

metastatic castration resistant prostate cancer
acetonitrile

methanol
H-Pip-phe-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-OH
magnetic resonance imaging

mass spectrometry

naphthyl alanine

sodium hydroxide

non decay corrected

neutral endopeptidase, EC 3.4.24.11
norleucine

nanometer

Neuromedin-B

Neuromedin-B receptor (bombesin 1 receptor, BB:)
N-methyl-2-pyrrolidone

nuclear magnetic resonance
1,4,7-triazacyclononane-triacetic acid
non-small cell lung cancer

ornithine

Phosphoramidon
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RM2

RP

rt

Am

SAR
SCLC
SD

SiFA
SPECT
SPPS
SST
SST2R
Sta

SUV
T/B ratio
TBDMS-CI
TBTU
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phosphate buffered salt solution
prostate cancer

positron emission tomography
4-amino-1-carboxymethyl-piperidine
protein kinase C

p-Nosyl, 4-nitrobenzenesulfonyl
proof of concept
triphenylphosphine
prostate-specific antigen
prostate-specific membrane antigen
quality control

radiochemical purity

radiochemical yield
arginine-glycine-aspartate
radiohybrid

DOTA-CH,CO-Gly-4-aminobenzoyl-phe-GIn-Trp-Ala-Val-Gly-His-
Sta-Leu-NH:

DOTA-Pip-phe-GIn-Trp-Ala-Val-Gly-His-Sta-Leu-NH>
reversed phase

room temperature

molar activity

structure-activity relationship

small cell lung cancer

standard deviation

silicon fluoride acceptor

single-photon emission computed tomography
solid-phase peptide synthesis

somatostatin

somatostatin type-2 receptor
(3S,4S)-4-amino-3-hydroxy-6-methylheptanoic acid
standardized uptake value

tumor-to-background ratio

tert-butyldimethylsilyl chloride

2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluorobo-
rate

180



Appendix

'‘Bu tert-butyl

'‘BuLi tert-butyllithium

TEA triethylamine

TFA trifluoroacetic acid

THF tetrahydrofurane

TIPS triisopropylsilane

TLC thin layer chromatography

TNM classification tumor, node, metastasis classification

tr retention time

Tris tris(hydroxymethyl)aminomethane

TRT targeted radiotherapy

Trt trityl

Txa tranexamic acid

Tza -(1,2,3-triazolyl) alanine

UL universal ligand, phe-GIn-Trp-Ala-Val-f-Ala-His-Phe-Nle-NH;
uv ultraviolet

Valyl-Sta (3S,4S)-4-amino-3-hydroxy-5-methyl-hexanoic acid
viv volume ratio

vol-% percentage of the volume
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