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ABSTRACT

Abstract

Due to its pivotal role in tumor growth and metastasis in several types of human cancer, the
chemokine receptor 4 (CXCR4) represents an innovative target for both diagnostic imaging and
endoradiotherapeutic approaches. Several CXCR4 ligands based on the small-molecule inhibitor
AMD3100, but also 14-mer cyclic peptides and cyclic pentapeptides have been evaluated pre-
clinically. Increasing clinical application of [®*Ga|Pentixafor PET demonstrates the capabilities of
cyclic pentapeptides as lead structures for CXCR4 targeting. In addition, the therapeutic ana-
logue, ['""Lu]Pentixather, has already indicated the therapeutic potency of CXCR4-targeted en-
doradiotherapy (ERT). The goal of this work was the development of further optimized, CXCR4
targeting peptides for PET imaging (*Ga, *F), fluorescence microscopy (fluorescent dye), and

endoradiotherapy (*"Lu) of CXCR4 associated malignancies.

A combination of solid-phase peptide synthesis and solution phase chemistry was applied for the
composition of the CXCR4 ligands. They generally consist of a radiometal chelator or a signaling
moiety (e.g. AmBF3, QD), connected with a CXCR4 binding scaffold via a peptidic spacer unit.
Determination of the affinity to hCXCR4 (IC5) was performed in a competitive binding assay
using CXCR4" Jurkat cells (hCXCR4) and [**I]JFC131 (cyclo[['*I|D-Tyr-Arg-Arg-2-Nal-Gly]) as
the radioligand. Binding affinity towards the murine receptor was determined on Ep-Myc1080
cells and ["*IJCPCR4.3 (cyclo[["*I|D-Tyr-N(hexylguanidino)-D-Ala-Arg-Nal-Gly]) as the radio-
ligand. Internalization and externalization rates of the respective radiolabeled peptides were
determined on ACXCR4-expressing Chem_ 1 cells. Further, the octanol distribution coefficient
(lipophilicity) and metabolic stability of the radiopharmaceuticals was investigated, together
with the in wvivo targeting efficiency using puPET, as well as biodistribution in Daudi-tumor-

bearing SCID mice.

Since CPCR4.3 (highly affine towards m/hCXCR4) lacks functionalities for the attachment of
chelators or other signaling units, a D-cysteine for glycine substitution was performed in a first
approach for the identification of novel peptides with feasible linkers without comprising CXCR4

affinity and species independence. Cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-Nal-D-Cys(1,4-phe-
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nylen-bismethanamine)ac-etamine)] proofed to be a functional CXCR4 affine ligand in
conjugation with DOTA as well as on the surface of QDs. In vitro and in vivo evaluation of the
respective DOT A-conjugated derivative showed high affinity towards murine as well as human
CXCR4, high stability in vivo and favorable pharmacokinetics in healthy mice. QDs decorated
with the novel CXCR4 targeting ligand showed specific accumulation on CXCR4 positive cells.
PET studies investigating CXCR4-associated pathologies in a mouse model are currently limited
to xenograft animal models, due to the absence of murine specific ligands. Consequently, the
novel ligand could function as a valuable lead structure for the development of powerful murine
CXCR4 targeting ligands with further optimized pharmacokinetic profiles especially with focus

on the enhanced liver accumulation of the present ligands.

In the second part of the project, an elaborated SAR study was conducted to optimize the length
and the structure of a linking unit between the pentixafor/-ther scaffold (cyclo[(3-iodo)D-Tyr-
N(Me)-D-Orn-Arg-2-Nal-Gly]) and the signaling unit (chelator). Ligands comprising the novel
linking unit “D-Arg-D-Ala-4-aminobenzoic acid” retained high binding affinity towards hCXCR4
(and surprisingly, mCXCR4 for ligands with iodinated binding scaffold), independently of the
incorporated (radio)metal. In contrast to Ga-Pentixafor based ligands, which loose binding
affinity towards CXCR4 in consequence of small structural changes (e.g. changing the
radiometal), the mnovel linking unit introduce a greater flexibility towards structural
modifications in regards to the development of BF-, “"Tc-, or fluorescent-labeled CXCR4

ligands.

DOTA-D-Arg-D-Ala-4-aminobenzoic acid-CPCR4 revealed an ICs; of 0.4 £+ 0.1 nM, fast and
efficient internalization in CXCR4" cells, elevated retention in CXCR4" tumor cells, high
CXCR4 specific binding and favorable pharmacokinetics in vivo. These traits qualify the novel
ligand to be a promising CXCR4-targeting radiopharmaceutical and possible candidate for
theranostic applications. An elaborated evaluation of ®*Ga- and '"Lu-labeled DOTA-D-Arg-D-
Ala-4-aminobenzoic acid-CPCR4 was performed in direct comparison with the established

radiopharmaceuticals [*Ga]Pentixafor (for PET), as well as [""Lu|Pentixather (for ERT). The D-
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Tyr*iodinated analogue revealed high human serum albumin (HSA) binding, extraordinary high
internalization efficiency and increased specific binding to human blood cells. In order to be able
to assess the full potential of novel peptides with higher binding affinity towards CXCRA4,
improved hydrophilicity and increased internalization in regards to endoradiotherapeutic probes,

initial dosimetry studies have to be performed.

Recently, the ACKR3 (CXCR7) was identified as the second endogenous receptor of CXCL12
and its involvement in several malignancies could be proven. In a first approach, a potential
anchor point for the introduction of additional functional groups (i.e. chelators, prosthetic
groups) into the reference ligand FC313 (cyclo[D-Tyr-Pro-2-Nal-N(Me)-Arg-Arg]) was identified,
and a reliable competitive binding assay employing CXCR7" U343 cells was established. The
preliminary results of the small project can be used for more elaborated SAR studies, which

could yield the first CXCR7 targeting PET probe.

In conclusion, a structural optimization of the linking unit between the binding scaffold and the
chelator led to the development of novel, high affine CXCR4 ligands with favorable
pharmacokinetic profiles for both diagnostic and therapeutic applications. Due to the
introduction of the novel linking unit, a greater flexibility was achieved in regards to structural
modifications of the targeting molecules, paving the way for the design of innovative CXCR4

targeting peptides.

vi
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Zusammenfassung

Der Chemokin Rezeptor Typ 4 (CXCR4) ist unter Anderem am Wachstum und an der
Metastasierung von Tumoren, sowie an Entziindungsprozessen im Korper beteiligt und eignet
sich daher hervorragend als Zielstruktur sowohl fiir die diagnostische Bildgebung, als auch fiir
therapeutische Ansétze. Zahlreiche Liganden basierend auf niedermolekularen Inhibitoren wie
AMD3100, aber auch groiere zyklische Peptide (14 Aminosduren) und zyklische Pentapeptide
wurden bereits in préklinischen Studien evaluiert. Die ansteigende Zahl an PET Untersuchungen
mit [®Ga]Pentixafor zeigt die Tauglichkeit der in dieser Arbeit verwendeten, zyklischen
Pentapeptide als Zielvektoren fiir CXCR4. Das therapeutische Analogon ['""Lu]Pentixather
wurde in initialen endoradiotherapeutischen Behandlungen eingesetzt und konnte bereits das
Potential einer CXCR4-gerichteten Endoradiotherapie andeuten. Ziel dieser Arbeit war die
Entwicklung neuer CXCR4 gerichteter Peptide fir die PET-Diagnostik (®Ga, “F),
Fluoreszenzmikroskopie (Fluoreszenzfarbstoffe, Quantum dots) und Endoradiotherapie (Lu)
von CXCR4 assoziierten Krankheiten. Dabei fokussierte sich das Ligandendesign auf die
Einfiihrung neuer Linkereinheiten zwischen dem Bindemotiv und der Bildgebungseinheit
(Chelator oder prosthetische Gruppe), um eine hohe Bindungsaffitit an m/hCXCR4 zu

gewahrleisten.

Die neuen CXCR4 Liganden wurden mittels Festphasen Peptidsynthese und Reaktionen in
Losung aufgebaut. Generell bestehen die Liganden aus einem zyklischen Bindungsmotiv und
einer Bildgebungseinheit (Radiometallchelat, radiomarkierte prosthetische Gruppe oder
Quantum Dots), die {iber einen Spacer oder Linker (zumeist ein kurzes Peptid) miteinander
verbunden sind. Die Bindungsaffinitdt zum humanen Rezeptor (IC5) wurde mittels kompetitiver
Bindungsstudien an Jurkat Zellen (hRCXCR4") unter Verwendung von ['**IJFC131 (cyclo[[**’I|D-
Tyr-Arg-Arg-2-Nal-Gly]) als Radioligand bestimmt. Des Weiteren wurde die Affinitdt an
murinen Ep-Myc1080 (mCXCR4") Zellen mit [**IJCPCRA4.3 (cyclo[["**I|D-Tyr-N(hexylguanidino)-
D-Ala-Arg-Nal-Gly]) als Radioligand bestimmt. Fiir die Erhebung der funktionellen in witro
Daten, wie Internalisierungs- und Externalisierungsrate wurden Chem 1 Zellen (ACXCRA4)
verwendet. Nach  Vorselektion anhand erhobener Bindungsaffinititen wurden die

vii
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vielversprechendsten Liganden auf ihre Lipophilie und die metabolische Stabilitdt in wivo
untersucht. Die abschlielende Bewertung der neuen Liganden erfolgte mittels Kleintier-PET und

Biodistributionsstudien in Daudi Tumor-tragenden SCID Ma&usen.

Im ersten Teil der Arbeit diente -cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-Nal-Gly] als
Bindungsmotiv fiir die Entwicklung neuer CXCR4 affiner Liganden, welches sich durch seine
auferordentlich hohe Bindungsaffinitdt sowohl zum murinen, als auch zum humanen Rezeptor
auszeichnet. Durch die Substitution von Glycin mit D-Cystein konnte die zyklische
Grundstruktur fir die Einfiihrung von verschiedenen Linkern zugénglich gemacht werden.
Cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-Nal-D-Cys(1,4-phenylen-bismethanamine)acetamine)]
erwies sich als ein hoch affines Peptid (gemessen an hCXCR4 und mCXCR4) sowohl als
Konjugat mit DOTA, als auch auf der Oberflache von QDs. Trotz hoher in vivo Stabilitdt des
%Ga-markierten Peptids und einer schnellen, renalen Ausscheidung, limitiert die erhohte
Anreicherung der neuen Verbindung in der Leber von gesunden Mausen die derzeitige
Verwendbarkeit des DOTA-Derivats. Dennoch kénnte der neue Ligand als Ausgangspunkt fiir
die Weiterentwicklung von potenten, spezies-unabhéngigen CXCR4 Liganden dienen, um

CXCR4 assoziierte Krankheitsprozesse im Mausmodel exakter untersuchen zu kénnen.

Im zweiten Teil der Arbeit wurde eine Struktur-Wirkungsbeziehung anhand der gemessenen
Bindungsaffinitdten zu hCXCR4 durchgefihrt, um die Linge und Beschaffenheit des Linkers
zwischen dem Bindungsmotiv (CPCR4 (cyclo[D-Tyr-N(Me)-D-Orn-Arg-2-Nal-Gly]) und dem
Chelator zu optimieren. Liganden, die den neuen Linker “D-Arg-D-Ala-4-aminobenzoeséure”
beinhalten, wiesen hohe Bindungsaffinitédten zu ACXCR4 (und tiberraschender Weise auch zu
mCXCR4, wenn das an D-Tyr® iodierte Grundgeriist verwendet wurde) auf, unabhéngig vom
komplexiertem Radiometall. Im Gegensatz zu ["**Ga]Pentixafor-basierten Liganden, die eine hohe
Abhéngigkeit der Bindungsaffinitit zum Rezeptor von strukturellen Verdnderungen aufweisen,
ermoglicht die neue Linkerstruktur eine hohere Flexibilitdt gegentiiber strukturellen
Modifikationen im Hinblick auf die Entwicklung von F-, “"Tc-, oder Fluoreszenz-markierte

CXCR4 Liganden.

viii
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Das optimierte Pentixafor-Derivat DOTA-D-Arg-D-Ala-4-ABA-CPCR4 ist ein hoch affiner (ICs
von 0.4 + 0.1 nM), gut internalisierender CXCR4 Ligand, der sich durch eine erhéhte Retention
in Tumorzellen und eine schnellen Pharmakokinetik in vivo auszeichnet. Eine genaue Bewertung
von %Ga- und '"Lu-markiertem DOTA-D-Arg-D-Ala-4-ABA-CPCR4 erfolgte durch einen
direkten Vergleich mit den bereits etablierten Radiopharmaka [®Ga|Pentixafor und
['""Lu|Pentixather. Das iodierte Analogon DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4 zeigte eine
aufergewohnlich gute Internalisierung, eine sehr hohe Bindung an Serumalbumin und eine nicht
vernachléassigbare Bindung an humane Blutzellen. Auflerdem wurde eine gesteigerte Affinitat zu

mCXCR4 bestimmt.

In einem abschlieBenden Projekt wurden neue ACKR3 (CXCR7Y) gerichtete Liganden entwickelt.
Als zweiter endogener Rezeptor von CXCL12 interagiert CXCR7 nicht nur mit der bekannten
CXCR4/CXCL12-Achse, sondern wurde auch mit diversen Krankheiten in Zusammenhang
gebracht. Die Referenzverbindung cyclo[D-Tyr-Pro-2-Nal-N(Me)-Arg-Arg]) wurde durch
Modifikationen in der Aminosduren Sequenz auf eine geeignete Substitutionsstelle untersucht,
um zuséatzliche funktionelle Gruppen einzufiithren (z.B. Chelatoren oder prosthetische Gruppen).
Dafiir musste ein verlésslicher Bindungsassay mit CXCRT7* U343 Zellen etabliert werden. Die
ersten Ergebnisse der Studie stellen eine Grundlage zur Entwicklung neuer CXCR7-gerichteter
Liganden dar, welche durch detaillierte Struktur-Wirkungsbeziehungsstudien erarbeitet werden

miissen.

Zusammenfassend konnte durch die Optimierung des Linkers zwischen Bindemotiv und Chelator
ein CXCR4 affines, theranostisches Derivat entwickelt werden, welches eine hohe Toleranz
beziiglich verschiedenster Radiometalle aufweist und daher breite Anwendung finden kénnte. Mit
Hilfe des optimierten Linkers war es zusatzlich moglich, neue Derivate zur 'F-Markierung und
Endoradiotherapie mit erhdhten Affinitdten und verbesserten pharmakokinetischen Figen-

schaften zu entwickeln.
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I. INTRODUCTION

1. Background
1.1. Chemokines and chemokine receptors

Comparable to surface adhesion molecules, chemokines are small secreted proteins that
guide the migration of distinct cells to sites of their specific niches . To date, 44 chemokines and
21 chemokine receptors have been described, with numerous receptors having more than only
one endogenous chemokine “#. The chemokine superfamily is separated into four branches, based
on the number and spacing of their conserved cysteines: 2 Cys residues may be adjacent (the CC
family); separated by an intervening residue (the CXC family); have only one of the first two
Cys residues (C chemokines); or contain both cysteines, separated by three intervening residues
(CX3C chemokines) * 4 ?. Chemokines mediate their functions by binding to chemokine receptors

often in a highly promiscuous way * °.

The corresponding receptors belong to the family of G-protein-coupled receptors (GPcRs or
seven-transmembrane domain receptors) and are designated CXCR1 through CXCR7, CCR1
through CCR11, XCR1, and CX3CR1, based on their specific preference for certain chemokines
%5 The interactions between such receptors and their respective chemokines coordinate the
trafficking and recruitment of cells to various tissues. The dissemination of lymphocytes between
blood and secondary lymphoid tissues, for example, is supposed to be a highly regulated process,

. Hence, in a process called

which is governed by tissue-specific expression of chemokines
“rolling”, circulating blood lymphocytes interact temporary and reversibly with vascular
endothelium through adhesion molecules (selectins, integrins). An elevated concentration of
chemokines on the luminal endothelial surface can activate chemokine receptors on the rolling
cells, which triggers integrin activation ’. Integrin activation in turn results in the trans-
endothelial migration into tissues where again, chemokine concentration gradients direct the
localization and retention of the respective cells °. This “homing” mechanism is an essential

processes for the development of the hematopoietic, cardiovascular and nervous systems during

embryogenesis, but also for organization and function of the immune system, and tissue
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replacement » "%, There is growing evidence that these physiologic mechanisms of tissue-specific

recruitment are functional in neoplastic cells > % % and in the process of metastatic spread & °.

1.2. Stromal cell-derived factor-1 (SDF-1/CXCL12) and its receptor CXCR4

Stromal cell-derived factor-1 (SDF-1) was initially described as a pre-B-cell growth
stimulating factor (PBSF) secreted by a stromal cell line . At the same time, the function of
CXCR4 as a co-receptor for the entry of T-tropic (X4) human immunodeficiency virus into
CD4* T cells was discovered and ignited a broad research effort to elucidate the function of this
receptor-ligand pair "*’. The activation of CXCR4 through binding of SDF-1, which is now
referred to as CXCL12 %, activates the downstream protein kinase B (AKT)/mitogen-activated
protein kinases (MAPK) signaling pathway, which leads to the alteration of gene expression,
actin polymerization, cell skeleton rearrangement and cell migration. The physiological functions
of the CXCL12/CXCR4 axis play a pivotal role in embryogenesis by regulation of embryonic
stem cell migration and positioning, immune response by leucocyte trafficking to sites of in-
flammation, hematopoiesis through the homing of hematopoietic stem/progenitor cells to the
bone marrow, brain development and neo-angiogenesis & 7 %%, Not surprisingly, genetic defects
displayed in Czcl12 and Czcr gene-deleted mice exhibit identical, lethal phenotypes with
severely impaired hematopoiesis and CNS development %, indicating a monogamous relation

between this chemokine and its receptor °.

Not until 2005, the concept of a monogamous relation between CXCL12 and CXCR4 was
challenged after another receptor, also known as orphan receptor RDC-1 (CXCR7 or ACKR3),
was shown to bind and internalize CXCL12 on T lymphocytes . Additionally, it was noticed
that murine fetal liver cells from CXCR4 knockout mice still bind radio-labeled CXCL12 *.
Elevated expression of CXCRY7 has been found in T lymphocytes and during B cell development
and differentiation * Y. Furthermore, CXCRY is involved in the differentiation of B cells into

plasma cells, which are competent to become antibody secreting cells 9%,
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1.3. The role of CXCR4/CXCL12 signaling in cancer
The pivotal role of CXCR4 and its chemokine CXCL12 was first demonstrated with the
discovery of its involvement in B-cell trafficking and tissue localization in chronic leukemia

29

patients # as well as in the regulation of organ specific metastasis in different breast cancer

models .

Based on the similarities of tumor cell migration and metastasis with leukocyte
trafficking (“rolling” and “homing”, as described before) % #, the crucial involvement of CXCR4
and CXCL12 could be proven. A significant overexpression of CXCR4 — relative to normal
breast tissue — by human breast cancer cell lines and primary and metastatic breast tumors was
demonstrated . Today, elevated CXCR4 expression is known in more than 20 human tumor
types, including hematopoietic malignancies, brain neoplasm, gastrointestinal cancer and other
cancer types (see Table 1). In general, CXCR4 overexpressing cancer cells are thought to exploit
the CXCR4/CXCL12 axis for tumor cell survival and the development of distant organ

15

metastasis °. The regulation of primary tumor growth and the mechanism of metastatic spread
are depicted in Figure 1. Tumor associated stromal cells constitutively express CXCL12 which
stimulates the proliferation and survival of CXCR4-positive tumor cells (paracrine signaling) *:
3 CXCR4-expressing bone marrow derived progenitor cells are thus recruited by the tumor,
where they contribute to the process of vascularization by supporting newly formed blood vessels
and by the release of other proangiogenic factors . Moreover, malignant primary cancer cells
invade their underlying extracellular matrix and subsequently circulate in the blood and

lymphatic system, where they migrate along the CXCL12 gradient to distant organs showing

peak levels of CXCL12 expression (see Figure 1, B).
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Table 1. Overexpression of CXCR4 in different types of malignancies based on literature from % & 1% 33

Hematopoietic malignancies

B-cell chronic lymphocytic leukemia (CLL) #
multiple myeloma *

lymphoma (B-cell, T-cell and non-Hodgkin NHL) #* %
acute lymphoblastic leukemia (ALL) %

acute myelogenous leukemia (AML) %7

Brain neoplasms Gastrointestinal cancer

glioma * % colorectal cancer #°

neuroblastoma, 4/ pancreatic cancer#

glioblastoma, ! hepatocellular carci-noma
(HCC) #

medulloblastoma #°
gastric and stomach cancer #¢

esophageal carcinoma, 47

Adrenal cancer

small-cell lung cancer

breast cancer
non-small-cell

ovarian cancer 4%
lung cancer *

prostate cancer #
nasopharyngeal carcinoma

renal cell carcinoma (NPC)
thyroid carcinoma soft tissue sarcoma *
chondrosarcoma * melanoma %

Consequently, organs and tissues, such as brain, bone marrow, lungs and liver that exhibit high

15, 33, 56, 57

expression levels of CXCL12 are common sites of metastasis Supporting this

hypothesis, the inhibition of the CXCR4/CXCL12 signaling axis by CXCR4 antagonists was
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shown to result in reduced metastatic spread in many mouse models of CXCR4" cancer types '*

58
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Figure 1. Involvement of the CXCR4 and CXCL12, in the tumor microenvironment and in the
development of organ targeted metastasis. A) Within hypoxic areas of tumors, both CXCL12 and
CXCRA4 expression on tumor cells increases. Expression of CXCL12 promotes tumor cell growth and
recruits circulating endothelial progenitors, which allow for tumor angiogenesis’. B) CXCL12 is released
only by certain organs (bone marrow, liver and lung) or under certain physiological conditions (tissue
damage, hypoxia etc.). CXCR4 expressing cells, such as stem cells or cancer cells are recruited by these
sites and leave the circulation for differentiation or for the formation of metastasis (misuse of the
physiological CXCR4/CXCL12 based stem cell axis) *.

In addition to the site specific development of metastasis, the mechanism of CXCR4 activation
also involves circulating tumor cells that “hijack” the CXCR4-CXCL12 axis for homing to
microenvironments that normally are restricted to hematopoietic progenitor cells (HPCs). More
precisely, tumor cells utilize CXCR4 to access the CXCL12-rich bone marrow microenvironment

that favors their growth and survival®.

The CXCR4/CXCL12 axis also contributes to the notion, that tumors are no insular masses of

proliferating cancer cells, but complex tissues composed of multiple distinct cell types that



INTRODUCTION

participate in heterotypic interactions with one another and establish a ‘‘tumor micro-
environment” which contributes to tumorigenesis, see Figure 1, A . Therefore, several factors
account for the upregulation of CXCR4 in malignant cells. Most importantly, the hypoxia-
inducible factor 1 (HIF-1) * % leads to upregulation of both CXCR4 and CXCL12 expression,
63

but also growth factors such as vascular endothelial growth factor (VEGF) %, epidermal growth

factor (EGF) % and many more.

It was shown, that CXCL12 gene expression is regulated by HIF-1 in endothelial cells, resulting
in an upregulated CXCL12 expression in ischemic tissue and consequently increased adhesion,
migration and homing of circulating CXCR4-positive progenitor cells to ischemic tissue ’. Since
neoplastic states are often characterized by profound hypoxia, studies indicate, that stem and
progenitor cells together with cancer cells share the CXCR4/CXCL12 axis for selective tissue
homing and therefore, contribute to tumor-tissue regeneration and tumor growth . On the
other hand, CXCR4-positive cancer cells can be recruited to CXCL12-rich mesenchymal stroma
niches. This recruitment mimics the “homing” of normal stem cells to the bone marrow * % 7 in
which they reside in a microenvironment that protects them in a CXCR4-dependent manner
(e.g. from chemotherapy) ** 7. This indicates that CXCR4/CXCL12 signaling events present in

the bone marrow niche can, directly or indirectly, contribute to resistance to chemotherapy in

leukemia % and solid tumors & %.

In summary, the CXCR4/CXCL12 axis is involved in proliferation, migration and invasion of
cancer cells in addition to angiogenesis of tumor tissue Y. Even in regards to therapeutic resis-
tance, the CXCR4/CXCL12 axis directly promotes cancer cell survival or homing in a pro-
survival microenvironment ° Therefore, CXCR4/CXCL12 axis signaling plays a key role in
tumor development and metastatic spread towards CXCL12-rich tissues (liver, lung, bone
marrow, lymph nodes) and became an important target for conventional therapy as well as
nuclear medicine applications . The expression of CXCR4 has been identified as an independent

71

biomarker of poor prognosis in several types of cancer ”. Quantifying CXCR4 expression non-

invasively might aid in prognostication (potential of metastatic spread) and patient stratification
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as a mean for personalized therapy and post treatment monitoring. This could improve

therapeutic outcome and reduce unnecessary toxicities 7.

In some tumor cell types however, co-expression of CXCR4 and CXCR7 was identified. For
example, CXCR7, but not CXCR4, is expressed by human glioblastoma cell lines, small cell lung
cancer cell lines transcribe CXCR4, but not CXCR7, and mixed expression of both receptors
occurs in some carcinoma cell lines as well ' ™. Therefore, the CXCR4/CXCR7 co-expression
further complicates the CXCL12 mediated signaling pathway. For a long time, CXCR7 was
thought to function as a scavenger receptor for CXCL12 in terms of down-tuning classical
CXCL12/CXCR4 signaling, since it exhibits an almost 10 fold higher affinity for CXCL12
compared to CXCR4 %, This assignment does not display the entire role of CXCR7 in cancer,
since activation of CXCR7 was shown to prevent glioblastoma cells from apoptosis induced by
cytotoxic drugs ™. In human glioblastomas, for example, the majority of more differentiated
glioblastoma cells exclusively express CXCR7. The co-expression of both receptors by distinct
cell subpopulations cannot be excluded ” and the cooperative function of CXCR4-CXCRT7
expression are known to regulate a number of biological processes including migration and

7. 7, Despite these various effects of CXCR7 expression,

therapeutic homing of progenitor cells
targeting of this receptor in different subpopulations of glioblastoma cells seems to be a

promising approach for nuclear medicine. Given its extensive and complex involvement in cancer

progression, the CXCR4/CXCR7-CXCL12 axis is an interesting target for future investigations.



INTRODUCTION

2. Structure based development of peptide and peptidomimetic ligands

for CXCR4

During the last decade, the clinical importance and the therapeutic implication of the CXCL12-

t 77 resulting in an increasing interest in CXCR4-

CXCR4 interaction have become aparen
targeted, potential anti-tumor and anti-metastatic agents > 7. The very first CXCR4 inhibitor
was the small-molecule CXCR4 antagonist, AMD3100 (Plerixafor, Mozobil®), which was
approved for clinical use in the United States and in Europe in 2008 and 2009, respectively .
Although AMD3100 was originally developed as an anti-HIV drug, it has been approved for
mobilization of hematopoietic stem cells (HSCs) into the peripheral blood. Besides AMD3100, a
great variety of CXCR4 antagonists have been developed, ranging from small-molecule inhibitors
(AMD3100 derivatives and others) to peptide ligands (5-14 amino acids) as well as CXCL12-
analogs (68 amino acids) and anti-CXCR4-antibodies *%°. Some are currently under clinical

investigation for their therapeutic potential * “. The development of the peptide lead structures,

used in this study, is described in more detail in the following section.

2.1 Structure of CXCR4

The structure of CXCR4 is encoded on chromosome 2 (q21) and consists of 352 amino
acid residues comprising an N-terminal domain, seven-tans membrane (TM) domains (I - VII),
three extra-cellular loops (ECL), three intra-cellular loops and a C-terminal domain (Figure 2) %.
Compared to other G protein-coupled receptors (GPCR), the binding cavity of CXCRA4 is larger,
more accessible and located closer to the extracellular surface *. The extracellular surface

exhibits mostly negative residues, which may be important for the initial interaction of potential

ligands with the receptor surface (see coloring of electrostatic potential, Figure 2).
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Figure 2. Structure of CXCR4 and electrostatic surface area representation of CXCR4 and CXCL12.
Left) Crystal structure of CXCR4 co-crystalized with small molecule inhibitor IT1t (magenta, PBD:
30DU). Right) Surface representation of CXCR4 and CXCL12, colored according to the electrostatic
potential from red (negative) to blue (positive). The CVX15 peptide (green ribbon) illustrates the binding
site for peptide ligands .

The complimentary charged surface of CXCL12 strengthens this hypothesis. Crump et al
proposed a two-site theory for the binding of the endogenous ligand CXCL12 with CXCR4 #.
First, the RFFESH loop (site 1, purple circle, see Figure 3) of CXCL12 interacts with the N-
terminal domain of CXCR4; then the N-terminal region (site 2, KPVSLSYR, blue circle, see
Figure 3) binds to the receptor groove comprising the TM helices and the extra-cellular loops.
The binding of CXCL12 triggers rapid internalization and various downstream signaling
pathways that result in a plethora of responses, such as increase in intracellular calcium level,

gene transcription, chemotaxis, cell survival, and proliferation .

2.2. CXCRA41 ligand development: A downsizing process

Figure 3 illustrates the ligand development of CXCR4 binding peptide antagonists
starting from the identification of antimicrobial peptides down to the development of small cyclic
pentapeptides, which are employed as lead structures in this study. Tachyplesin I and II and
polyphemusin I and II were isolated from the hemocytes of horseshoe crabs (Tachypleus

tridentatus and Limulus polyphemus) due to their potent anti-HIV properties.
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A downsizing process

CXCL12
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These peptides contain two disulfide bridges (colored red and green, Figure 3), which stabilize
the antiparallel B-sheet structure connected by a R-turn. Structure-activity relation (SAR)
studies on the basis of these highly potent peptides resulted in the identification of T22
(substitution of two phenylalanine with tyrosine, and valine with lysine, starting from

8 which retained the anti-parallel B-sheet structure similar to that

polyphemism II, respectively)
of tachyplesin ILImportantly, the two disulfide bridges and two repeated Tyr-Arg-Lys (Y-R-K)
motifs were shown to be indispensable to the anti-HIV activity of T22. With focus on molecular
size reduction (T22 contains 18 AS), the outer disulfide bond (indicated in green, Figure 3) of
T22, together with the two crucial Tyr-Arg-Lys (Y-R-K) sequences were retained in the novel
peptide structures. In addition, turn-stabilizing motifs (D-Lys-Pro or Pro-D-Lys, indicated in
blue, TW70) were introduced to the peptide sequence, resulting in the first, potent 14-residue
CXCR4 antagonist TW70. TW70 maintains an antiparallel B-sheet structure even though it has

only one stabilizing disulfide bridge #".

Further derivatization of TW70 was performed with the focus on decreasing cytotoxicity, which
was believed to result from the high number of basic amino acid residues. Subsequent
substitution of Arg- and Lys- residues with glutamic acid and citrulline (Cit) was conducted.
Consequently, T134 (substitution of lysine with L-Cit) and T140 (additional substitution of Trp
with L-3-(2-naphthyl)alanine (Nal)) exhibited the highest CXCR4 binding affinities measured so
far. Several different SAR studies, including an alanine scanning experiment of T140, revealed
the pivotal role of Arg? Nal®>, Tyr® and Arg' for the inhibitory activity against binding of
CXCL12 to CXCR4. Subsequent approaches to decrease cytotoxicity and to increase biological
stability were achieved by amidation of the C-terminus and substitution of Arg with L-Cit,
which resulted in TN14003 ([Cit®]-T140 with a C-terminal amide). Due to the superior stability
of TN14003 in human serum, a functional group was introduced to further exploit the optimized
peptide. Hence, a 4-fluorobenzoyl group constituted a novel pharmacophore for T140-based
CXCR4 antagonists, providing the most potent antagonist, TF14016 (4-fluorobenzoyl-TN14003,

see Figure 7), with subnanomolar binding affinity . This peptide CXCR4 antagonist was

11
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further employed for *F-or ®*Ga-based positron emission tomography (PET) imaging of CXCR4

expression in vivo, as discussed later %7,

The crystal structure of a T140 peptide analogue, CVX15 clearly supported the key role of
residues Arg?, Nal®, Tyr® and Arg!* as determined by SAR studies so far. These key residues were
employed in the following molecular-size reduction approach, wherein the four amino acids were
connected with a glycine linker, resulting in a cyclic pentapeptide (FC131 (R2), see Figure 3)
which is equipotent to T140. The indispensable functional groups of the side chains of FC131
(R2) were illustrated in further SAR studies including alanine scanning, N-methyl amino acid
scanning, optimization of amino acids and design of retro-inverso sequence peptides, which all
failed to improve the binding affinity of FC131 . A further increase of binding affinity was
only accomplished by N-methylation of Arg? in FC131 (R2) (FC122, see Figure 3), which
resulted in an alternative binding mode with a flipped D-Tyr'-N(Me)Arg® peptide bond in FC122
100. 101 VWWithin the scope of the development of molecular imaging probes for CXCR4, the N-
methylation approach was also employed to enhance binding affinity, while all side chains of
FC131 were tested for their feasibility of exchange. The substitution of Arg? with D-Ornithine
and subsequent N-methylation of D-Orn? yielded in CPCR4 (cyclo[D-Tyr'-N(Me)D-Orn*-Arg?*-
Nal-Gly’], (11), see Figure 3), which exhibits high binding affinity towards CXCR4 and in
addition comprises an anchor point for further modification ‘. Attempts to modify other side
chains of FC131 resulted in a total loss of activity, however N(Me)D-Orn has been found to be a
valuable attachment site for a variety of linking substituents. As expected from the massive
affinity losses of residue modification in the binding scaffold of FC131, the introduction of acyl
or alkyl substituents on Orn? of CPCR4 (11) reduced the binding affinity again, but
unexpectedly, the attachment of a benzoic acids on Orn® retained most of the CXCR4 binding
affinity. In a subsequent optimization step including more than 25 compounds, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was introduced into the molecule with
an optimized linking unit to yield Pentixafor (23, see Figure 3) as the first high affinity PET

tracer for CXCR4 9 9% 103,

12
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Starting from CPCR4 (11) an alternative approach was initiated to further optimize the
interaction of the cyclic pentapeptide ligands with the residues of CXCR4 in the binding cavity.
NMR studies revealed, that FC122 ([N(Me)-Arg’-FC131) despite its high affinity, exhibits two
conformations in slow equilibrium, wherein only one was assumed to be the bioactive
conformation %, In order to enhance stiffness of the cyclic peptides, the side chain of Orn? in
CPCR4 (11) was shifted from the o-carbon to the adjacent nitrogen atom assuming that the
peptide bond (cis-trans) would be frozen in its trans conformation. The resulting peptoid
compound CPCR4.3 (R1) exhibited a 10-fold higher affinity compared to FC131 #. The binding
scaffolds of R1 and CPCR4 (11) were utilized in the present work for the development of high
affinity molecular imaging and endoradiotherapeutic probes targeting CXCR4. Therefore,
information about the binding mode of the lead compounds can be utilized to find possible

attachment sites for radiolabeling moieties.

2.3. Binding mode of cyclic pentapeptides
An exact binding mode of FC131 (R2), CPCR4.3 (R1) or CPCR4 (11) is not known due

to the lack of crystal structures.

¥

Nal3

_a’- Arg2

“p

D171

Figure 4. Charge interactions in the crystal structure of CXCR4 in complex with the peptide CVX15 (A)
(PDB code: 30E0). Calculated binding mode of FC131 (R2), depicted in (B) and of the peptidomimetic
ligand CPCR4.3 (R1) (depicted in (C)) in CXCR4 using PDB code: 30E0 and the software glide.
Residues of the CXCR4 binding cavity, which are involved in ligand binding are highlighted in gray and

green, respectively % &
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However, binding models were derived from the crystal structure of CXCR4 complexed with the
T140 analog CVX15 (protein data bank (PDB) code: 30E0) # in combination with molecular
modeling and SAR studies. Both the crystal structure of the CVX15-CXCR4 complex and the
binding models for T140 to CXCR4 revealed binding of the N- and C-terminus of the ligands
into the cavity of the seven transmembrane helices of CXCR4. In the case of CVX15, Arg!, Arg?
Lys™ and Arg' are the key residues to form salt bridges with the receptor residues, see Figure 4.
These core-specific interactions are formed by Arg' and Aspl87, and Arg? which interacts with
Thr117 and Aspl71. Arg" establishes a salt bridge with Asp262 in addition to an intramolecular
hydrogen bond with the Tyr® side chain, which in turn makes hydrophobic contacts with helix V
side chains. Finally, the bulky naphthalene ring of Nal® is anchored in a hydrophobic region
bordered by helix V #. A detailed modeling study of FC131 suggested that FC131 (R2) binds in
the major binding pocket of CXCR4 (see Figure 4 and 5) in consistence with CVX15 and T140.
Arg' of FC131 forms charge-charge interactions with Asp187 in ECL-2, while Arg? interacts with
His113 and Aspl71 in TM-3. The aromatic 2-Nal® side chain is positioned in a tight hydrophobic
pocket facing TM-5, and sandwiched between Argl88 (cation-rr interactions) and His203 (m-m
interactions). D-Tyr’ points to the extracellular side of CXCRA4 (see Figure 4). Furthermore, the
backbone of FC131 interacts with the chemokine receptor-conserved Glu288 wvia two water
molecules. The side chain of Arg' is exposed to the extracellular environment to some extent (see
Figure 5 B), and thus, does not have important interactions with CXCR4. This finding was
corroborated by an alanine scan, where Arg' substitution decreased the CXCR4 affinity with
only a factor of 16. Ala-substitution of Nal®, D-Tyr® and Arg? however, completely diminished
the affinity and alanine substitution of Gly* decreased the affinity with a factor of 43.
Consequently, Gly* and Arg' appear to be the preferred attachment points for structural

modifications % 10 104,
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major binding pocket
binding pocket

fiE fp\ JHIE @
‘24 & 281 g2/

Figure 5. A) Helical wheel diagram of CXCR4 as seen from the extracellular side showing the upper
halves of the TMs and parts of ECL-2. Residues on gray background were mutated during a site-directed
mutagenesis study to determine crucial residues for FC131 interaction with CXCR4. B) Two-dimensional
representation of FC131-binding to CXCR4. Residue colors: red, negative; purple, positive; cyan, polar;
green, hydrophobic. Interactions: pink full and stippled arrows, H-bond with main and side chain

respectively; green line, m-1r stacking; red line, cation-m interaction; gray cloud, solvent-exposed atom %,

Molecular docking studies based on the crystal structure of CVX15 (PDB: 30E0) supported a
very similar binding mode of CPCR4.3 (R1) in the major binding pocket of CXCRA4.
Importantly, the N-alkylshift of the functional group of Orn' in CPCR4 (see Figure 3) towards
the adjacent N-alkylated Ala' resulted in an additional strong ionic interaction of the terminal

guanidine group and Asp262 and Glu277 (Figure 4). This enhanced interaction induced an
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almost 10-fold higher affinity of R1 in comparison to FC131 (R2). Furthermore, the hydrogen
bonding and electrostatic interactions are also established by Arg? (not Arg' compared with
FC131), which makes polar contacts with Asp97 and Aspl87. Nal® is embedded in the inner
portion of the receptor, establishing a well-oriented cation—mt interaction with Argl88, just like it
was proposed for FC131 (Figure 4 B,C) #. Again, Gly" appeared to be the preferred attachment

point for structural modifications based on the modeling data.

3. PET imaging of CXCR4 expression

Positron  emission tomography (PET) utilizes the decay of positron-emitting
radionuclides in which a proton in the nucleus is transformed into a neutron, a positon (B*) and

a neutrino (v).

QXN - Q—IXN+1+ﬁ++ V

After ejection from the nucleus, the positron loses its kinetic energy through interaction
(collision, ionization or electronic interaction) with atoms of the surrounding matter and comes
to rest, usually within a few millimeters of the site of its origin in body tissues (depending on the
energy of the ejected positron and the type of surrounding matter). The positron and an
ordinary electron temporary form a “pseudo-atom” called positronium, which has a mean
lifetime of 125 picoseconds and is converted according to the mass-energy equivalence (E = (m 4
+ m.) e ¢?) into two 511 keV annihilationphotons (y-photons) that are emitted in mutually
opposite directions, see Figure 6 /. A selection of positron emitting radioisotopes used in nuclear

medicine, their half-lives and maximal positron-energies is depicted in Table 2.

Near-simultaneous detection of the two annihilation photons allows PET to localize the origin of

positron-emitters along a line between the detectors (Fig. 6). This mechanism is called
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annihilation coincidence detection (ACD) and is usually measured within a timing window of 6 -
12 nanoseconds and an energy window of 300 — 650 keV. By incorporation of multiple opposing
detectors in a complete ring around the patient, data for multiple projection angles can be
acquired simultaneously. However, the quality of an image produced by PET is degraded by

several physical factors like detector sensitivity differences, random coincidences or scattering.

Table 2. Physical properties of selected PET isotopes (positron emitters) %.

maximum p*-

.. half-life
radioisotope energy
(t1/2)

(abundance)
ueo 20.4 min 1.0 MeV (99.8%)
BN 10.0 min 1.2 MeV (100%)
150 2.0 min 1.7 MeV (99.8%)
BBF 109.7 min 0.6 MeV (96.9%)
e 1274 0.7 MeV (19.3%)
BGa 67.6 min 1.9 MeV (90%)
N Zr 78.4 L 0.9 MeV (22.7%)
217 424 2.1 MeV (25%)

Therefore flat, ring-shaped lead or tungsten septa are used, not only to reduce the number of
scattered events collected, but to minimize other effects of radiation originating outside the field

of view 77,

To further optimize the PET signal, corrections for attenuation, dead-time and pile-up events
need to be applied to the projections prior to reconstruction. Finally, algorithms for
reconstructing PET images such as filtered back projection (FBP) and ordered subsets

108 The images

expectation maximization (OSEM) are used to process the raw data (sinograms)
that result from PET provide quantitative information about the voxel intensity and the amount
of radioactivity in a voxel. Calibration factors must be determined to translate the corrected

counts to radioactivity values (kBq/cm?) . The signal in a region of interest (ROI) can then be

17
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described as % injected dose per mL (% ID/mL), activity per volume (Bq/cm?), or as standar-
dized uptake value (SUV), which is defined as the activity concentration in thevolume of interest

[kBq/mL] times the body weight [kg] divided by the injected activity [kBql 1.

pasitron emision

pasitron annihilEtion
and
coincidence counting

Figure 6. Schematic representation of a PET scanner. The radioisotope decays by p*-emission.
Subsequent annihilation of the formed positronium results in two 511 keV y-photons, which are counted

by two opposite detector units electronically connected wvia a coincidence circuit.

If signals originate from very small structures, they will have their radioactivity concentrations
either overestimated or underestimated, since the activity signal (same total counts) seems to be
distributed over a larger volume due to image blurring and the way of image sampling during

105, 110

the PET signal analysis (partial-volume effect) . In addition, the finite positron range
(energy of ejected positron) and photon noncollinearity (annihilation photon are not exactly 180°
apart) also contribute to the spatial resolution of the resulting PET images. The resolution of a

preclinical scanner can reach up to 2.5 mm and 4 -6 mm on whole-body PET systems,

respectively %,

The in vivo behavior of a tracer is varying with time and depends on a number of components.
Tracer delivery, extraction from the vasculature, diffusion or transport into cells, metabolism

and excretion from the body (also referred to as the ADME principle in pharmacokinetics with
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absorption, distribution, metabolism and excretion). Dynamic PET imaging allows direct
measurement of the radioactivity concentration over different time frames and can therefore be

105,

employed to describe the kinetic of a radiopharmaceutical in the body ' /!, By applying ROIs
on different compartments (heart for blood pool and tumor for specific binding site for example),
the dynamic change of tracer concentration in these compartments can be observed and support

the understanding of tracer distribution ¢n vivo.

CXCRA4 ligands for PET: As a small-molecule CXCR4 antagonist used for PET imaging of
CXCR4, [“Cu]AMD3100 appeared to be fast and efficiently radiolabeled and showed rapid clear-
ance from the blood and accumulation in CXCR4 specific tissue. However, due to high accumu-
lation in the liver (>40% ID/g), the clinical applicability of this tracer is challenging '/* '**. An
optimized AMD3100 derivative, AMD3465 revealed promising target properties with very high
accumulation in CXCR4" tumors (> 100% ID/g), but also significant accumulation in the liver
(40% ID/g), whereas the ''C-labeled analogue unfortunately exhibited low tumor-to-background
ratios % 7. Other small-molecule CXCR4 antagonist [®*F]MSX-122F and [*F]M508F (see

Figure 7) displayed specific binding to CXCR4 in vitro, but were not further evaluated /% 7.

Radiolabeled analogues of CXCL12 (**T and *™Tc¢) were only used for in vivo biodistribution,

18, 119 p

but the specificity of the signal is doubted, due to rapid enzymatic degradation
addition '*I-labeled antibodies for CXCR4 were used for in wvitro and in vivo biodistribution
studies, but were not able to clearly distinguish CXCR4" from CXCR4 tissue . Very recently
an *Zr-labeled human CXCR4-mAb (*Zr-CXCR4-mAb) was evaluated for detection of CXCR4

expression. In wvitro and in wvivo evaluation of *Zr-CXCR4-mAb showed enhanced uptake in

CXCRA4* xenografts.
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Figure 7. Structures of selected PET imaging agents for CXCR4 targeting.

It also demonstrated the ability to detect lymph node metastases in an experimental model of
metastatic triple negative breast cancer. However, due to slow antibody clearance kinetics, late
imaging time points (optimum 7 days p.i.), and thus somewhat complicated imaging protocols,

the clinical applicability of ¥*Zr-CXCR4-mAbD is also challenging .

Radiolabeled derivatives of T140 (see Figure 7) were also employed for PET imaging. 4-'*F-T140
showed low tumor-to-background ratios mostly due to enhanced binding to red blood cells and
accessory elevated uptake in liver tissue . Even though the exchange of the fluorobenzyl group

with DOTA or NOTA reduced the unspecific binding to red blood cells in “Cu-DOTA-NFB #,
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Cu-NOTA-NFB " and Al["F]NOTA-T140 ¥, a significant accumulation in liver tissue
remained, which resulted in low tumor-to-background ratios. First clinical application was
reported for ®Ga-NOTA-NFB in healthy volunteers and glioma patients. Good tumor-to-
background ratios and a low background uptake were reported. However, ®Ga-NOTA-NFB
primarily accumulates in the spleen and the liver, which resulted in a slightly higher effective
radiation dose compared to [®*Ga]Pentixafor '*. The ®*Ga-labeled T140 derivative ®*Ga-CCIC16
demonstrated favorable pharmacokinetic properties along with CXCR4 specific accumulation

(tumor-to-muscle ratio: 9.5) .

Radioiodinated FC131 (R2) was the first cyclic pentapeptide based imaging agent. Unfortu-
nately, '-FC131 is very lipophilic, which is thought to be responsible for high uptake in the
liver and intestines, as lipophilic compounds are often excreted wvia the hepatobiliary route
(partition coefficient logP = —0.35 £ 0.02, as determined in octanol/PBS) *. Intensive research
and a library of peptide ligands resulted in [**Ga|Pentixafor ([*Ga|23, logP = —2.90 £+ 0.08),
that exploits a 4-aminomethyl-benzoic acid linked hydrophilic DOTA chelator for labeling. Due
to its highly specific binding to human CXCR4 and favorable pharmacokinetics, [**Ga]Pentixafor
is currently the only radiopharmaceutical suitable for CXCR4 imaging in patients and is assessed
in a broad range of clinical proof-of-concept studies for a variety of diseases (cancer, cardio-

vascular diseases, stroke or inflammation) # %% 127155,

4. CXCRA targeted therapeutic approaches

CXCR4 antagonists are therapeutically used for stem cell mobilization alone or in combination

with the granulocyte colony-stimulation factor. In addition, incorporating CXCR4-targeted

therapy into cancer treatment protocols was suggested to not only increase chemosensitivity, but

also prevent relapse of the disease by disruption of the interaction of residual CXCR4" cancer
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cells with the bone marrow niche. Consequently, numerous preclinical and clinical studies

currently investigate the potency of anti CXCR4 therapy & & 1%-197,

Endoradiotherapy is a versatile application in nuclear medicine by the specific delivery of
therapeutic radionuclides to target-expressing cells. In contrast to standard therapeutic approa-
ches, the amount of substance actually injected is significantly lower and therefore pharma-

cological effects are supposed to be unlikely %

. The emitted particles directly affect cells in the
vicinity of the targeted cell, but - depending on the energy of the emitter- can also irradiate cells
within a greater radius. Hence, endoradiotherapy can also be used for treatment of tumors with

heterogeneous receptor expression or with insufficient vascularization %.

Table 3. Physical properties of selected therapeutic radioisotopes (1% 140-142),

average Mean beta-

radio- half-life . y-energy
uclide (602) ecay energy particle range keV]
(keV) in water
Cu 61.9 h B 141 2.9 mm -
oy 2.67 d 8- 935 4.0 mm -
1] 8.0d 8- 182 0.4 mm 364, 637, 284
161 6.9 d B 154 0.2 mm 75
Ty 6.7d B 133 0.2 mm 113, 208
1%6Re 3.8d B 764 3.1 mm 137
HIAL 72 h a 6790 60 pm 687
13Bj 46 min o 8320 84 pm 440
2R, 11.4d o 6700 60 pum 269, 154, 324
"n 2.8d EC/Auger 0.02 > 100 nm 171, 245
1251 60.1d EC/Auger 0.015 > 100 nm 186

In addition to this “crossfire effect”, subsequent intracellular communication and the presence of

free radicals from irradiated cells can cause cytotoxicity (radiation-induced bystander effect) in

22



INTRODUCTION

the tumor lesion even outside the range of irradiation "#’. The effective irradiation (destruction of
covalent bonds, single- and double-strand breaks within the DNA, cross-link-reactions and
nucleobase modification resulting in cell death) depends on the amount of delivered energy and
the characteristics of the absorbed radiation 4. Only a high radiation dose (in the range of 20 —
70 Gy) induces the loss of cell vitality and long-term inability of mitosis due to chromosome
aberrations ’. Consequently, a detailed knowledge of the tumor volume and homogeneity is
crucial for the endoradiotherapeutic efficiency. Concerning the geometrical features, radio-
nuclides with long-range beta emission, such as Y and '"Re, are the most efficient agents for
irradiation of larger tumors /%, Consequently, Y is expected to exhibit reduced efficiency and
increase toxicity when targeting small metastases. A Monte Carlo simulation suggested, that
"Lu irradiate smaller spheres more effectively than Y, but with the addition, that *'Tb
outperform Lu in very small metastases (< 100 pm) mostly due to its large number of Auger
electrons, which are in the low-energy domain (< 50 keV) and deposit their entire dose over
short distances 4. Many p-emitters also exhibit y-emission, which generally increases the
undesired whole-body radiation dose. However, Lu possesses y-emission, which has appropriate
energy for whole-body distribution monitoring of the radiopharmaceutical by means of single-
photon emission computed tomography (SPECT), rendering '"Lu the clinical routine nuclide for
ERT ‘%, The determination of the amount and the spatial distribution of radiation dose to

tissues of interest in a patient helps to calculate the patient-specific dosimetry 4.

The highest linear energy transfer (LET) and accordingly a high cell damaging efficiency is
feasible in alpha emitting nuclides, due to the large volume of alpha particles. Their tissue
penetration is in the range of one to only a few cell diameters. Therefore, the application of
alpha emitters is limited to the treatment of residual tumor margins or hematological diseases,

such as leukemia % 48

. However, high target selectivity, rapid clearance from non-target organs
and detailed knowledge about the fate of the daughter radionuclides is very important for the

application of o-emitters.
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Auger electrons are emitted due to the rearrangement of the electron shells after electron capture

or internal conversion %’

. Auger-electron-emitting radionuclides are known to be extremely
radiotoxic and can produce extensive DNA damage. However, internalization of the radio-
pharmaceutical and translocation into the cell nucleus is required for the highly localized energy
deposition by Auger electrons with generally very low energy (typically < 30 keV, range in the
order of nanometers). Auger-electron emitters with clinical application are 'In, ***I, I or *™Tc¢

149 The radionuclide with the highest therapeutic potential of these low-energy emitters is '*1

with 20 electron emissions per decay in average '/~

CXCRA4 targeting endoradiotherapeutic approaches: Nuclear medicine has substantially
influenced the management of patients in terms of patient stratification, peptide-receptor radio-
nuclide therapy and therapy staging in the field of endocrine tumors . For CXCR4 associated
malignancies, targeted radionuclide therapy using anti-CD20 antibodies labeled with either *'T or
Y, were successfully used to treat patients with relapsed or refractory non-Hodgkin lymphomas
131152 Fxcellent preclinical results were obtained with radioimmunotherapy targeting CD38 7.
Not until 2015 (within the scope of this thesis), a first-in-man endoradiotherapeutic application
directly targeting CXCRA4 in three heavily pretreated patients with multiple myeloma (MM) was
conducted. After application of 15 and 23 GBq of ["Lu/"Y]Pentixather (['""Lu/"Y]24),
significant reduction of metabolic activity within the lesions could be observed already within
two weeks after application, therefore indicating the potential of CXCR4 targeted endoradio-
therapy *» . Given the small number of patients and the fact, that all patients received a
combination of high-dose chemotherapy, consecutive stem cell support and ['"Lu/”Y]Pentix-
ather endoradiotherapy, a clear assignment of the therapeutic effects of each individual treat-

ment is not possible. Nevertheless, it demonstrates the general feasibility and high potential of a

CXCR4-targeted endoradiotherapy approach.
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5. Objectives

CXCR4 resembles a highly relevant molecular target for imaging and endoradiotherapy * ',

due to the favorable expression profile and its high accessibility as a transmembrane receptor.
Thus, several CXCR4 antagonists have already been designed and utilized in a preclinical
manner. Out of this field of lead structures, cyclic peptides are known to offer excellent
structural traits for the development of highly stable vectors. Based on the previous work in our
group, the goal of this work was the development of novel cyclic pentapeptide CXCR4 ligands
for PET imaging (labeling with ®Ga, '*F), fluorescence microscopy, as well as "Lu-based endo-

radiotherapeutic treatment of patients with CXCR4" malignancies.

In general, within the design of novel radiopharmaceuticals, properties, such as affinity,
specificity, selectivity, lipophilicity, stability, and specific activity should be considered. Based on
the fundamental work within our group, several cyclic pentapeptides emerged and were utilized
as lead structures in this work. The first peptide scaffold (CPCR4.3 (R1), see Figure 3)* showed
unexpectedly high affinity towards murine and human CXCR4, but lacks an attachment site for
(radio)labels other than iodine isotopes. To nevertheless be able to exploit the unsurpassed
CXCRA4 affinity of CPCR4.3 (R1), an alternative concept for backbone modification of FC131-
derived cyclic pentapeptides was integrated into the design of novel CPCRA4.3-based analogs for
molecular imaging. By combining a D-Cys® for Gly? substitution concept and the N-alkylation
strategy employed in CPCR4.3 (R1), the development of novel pentapeptide-based CXCR4

radioligands with suitable characteristics for in vivo applications was aimed.

Driven by the success of [*Ga]Pentixafor-PET as the first radiopharmaceutical for clinical inves-
tigation of the CXCR4 receptor status in patients, the fundamental lead structure CPCR4 (11,
Figure 3) was utilized in the development of novel CXCR4 ligands. Since Pentixafor loses its
high binding affinity towards CXCR4 when labeled with ""Lu or other (radio)metals ) one

major objective was the development of novel structural devices, which enable the complexation
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of diagnostic and therapeutic nuclides or the introduction of other imaging moieties (such as

fluorescent dyes or "*F-labeling prosthetic groups).

Another objective was the utilization of cyclotron produced no-carrier-added *F-fluoride, which
reveals the most favorable nuclide properties for PET imaging. An attempt was made to avoid
conventional methods for radiofluorination, which are often based on multi-step procedures and
involve prosthetic groups. Thus, a novel, fast and efficient radiolabeling procedure was
integrated in high affinity peptides comprising the boron-based fluoride acceptor-motif ammonio-

methyltrifluoroborate (AmBF3) 7.

Increasing evidence about the involvement of CXCRYT in the complex CXCL12/CXCR4 axis
ignited the interest in the development of CXCR7 ligands, which can be utilized for PET

%8 served

imaging. A reported selectivity switch from CXCR4- towards CXCR7-specific ligands
as the basis for the design of novel CXCR7 specific ligands and should pave the way for further

investigations based on the results of the preliminary SAR study.

A central point within the process of ligand development was the improvement of the binding
affinity towards CXCR4. Affinity determination (ICs0), as well as cellular uptake and inter-
nalization kinetics assessment were performed with different cell lines to provide a solid and re-
producible in wvitro evaluation. All novel CXCR4 ligands were evaluated with respect to
Pentixafor (23, Fig. 3) or Pentixather (24) for literature comparability. One very promising
novel ligand was investigated in terms of agonist or antagonistic binding towards CXCR4. This
was addressed during a three month stay at the Emory University Hospital of Atlanta. Further,
the lipophilicity and metabolic stability was determined together with imaging and biodistri-

bution data for the most promising candidates in tumor bearing mice.
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II. MATERIALS AND METHODS
1. General information

All solvents and organic chemicals were purchased from Sigma Aldrich (Munich, Germany) or
VWR (Radnor, USA). Fmoc-(9-fluorenylmethoxycarbonyl-) and other protected amino acid
analogues were purchased from Iris Biotech (Marktredwitz, Germany) or Bachem (Bubendorf,
Switzerland). For solid-phase-peptide-synthesis (SPPS) H-D-Cys(Trt)-2CT, CI-2CT or H-Gly-
2CT resin (0.7 — 1.6 mmol/g) were used (Iris Biotech, Germany and Bachem, Switzerland). The
chelators DOTA and DOTAGA were purchased from Chematech (Dijon, France). Solid phase
peptide synthesis was carried out manually using an Intelli-Mixer syringe shaker (Neolab,
Heidelberg, Germany). Analytical reversed-phase high performance liquid chromatography (RP-
HPLC) was performed using a system from Sykam GmbH (Gilching, Germany) with a gradient
pump S 1021, mixing chamber S 8111, controller S 2000, UV/VIS detector 200 Photometer
(LineartM Instruments Corp., Reno, USA) and a Nucleosil 100 C18 column (5 pm, 125 z 4 mm,
CS Chromatographie GmbH, Langerwehe, Germany) with 1 mL/min flow rate. Pyramid software
(Waters, Milford, USA) was used for visualization. For semi-preparative HPLC, a system from
Shimadzu  Corp. (Kyoto, Japan) with two LC-20AP gradient pumps, a CBM-20A
communication module, an CTO-20A column oven, an SPD-20A UV/VIS detector and a
Multospher 100 RP 18 column (5 um, 250 z 10 mm, CS Chromatographie GmbH, Langerwehe,
Germany) with 5 mL/min flow rate was utilized. Lab Solutions software by Shimadzu Corp. was
used for visualization and analysis. The peptides were eluted applying different gradients of 0.1%
(v/v) trifluoroacetic acid (TFA) in H.O (solvent A) and 0.1% TFA (v/v) in acetonitrile (solvent
B) at a constant flow (specific gradients are cited in the text). Both retention times tz as well as
the capacity factors K'are cited in the text. Radio-HPLC of the radiolabeled ligands was carried
out using a Nucleosil 100 C18 (5 pm, 125 x 4.0 mm) column. For radioactivity detection, the
outlet of the UV-photometer was connected to a Nal(Tl) well-type scintillation counter from
EGHG Ortec (Munich, Germany). Electron-spray ionization mass spectrometry (ESI-MS) was

conducted on a 500-MS IT mass spectrometer by Varian (Agilent Technologies, Santa Clara,
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USA) and expression LCMS mass spectrometer with electron-spray-ionization and quadrupol-

analyzer (Advion Inc., Ithaca, USA).

2. General synthesis protocols
2.1. Fmoc-based solid-phase peptide synthesis

TCP-resin loading: Following standard Fmoc strategy */, TCP-resin (1.95 mmol/g) is
loaded with Fmoc-Xaa-OH (1.5 eq.) in anhydrous DCM with DIPEA (4.5 eq.) at room
temperature (rt) for 2 h. The remaining tritylchloride is capped by addition of 2 mL /g methanol
for 15 min. After that, the resin is filtered and thoroughly washed with DCM (2 x), with DMF
(2 x) and methanol, respectively and stored under vacuum overnight. The loading is determined

using the weight differences:

(mtotal — Mpet weight) x 1000

(MAS - MHCl) X Myeight of resin

= mmol/g

Myetar: A mass of loaded resin (Fmoc-Xaa-OH and HCI); Mas: molar mass of amino acid

Mnet weight: Mass of used resin; Muci: molar mass of hydrochloric acid

TBTU/HOBt coupling: A solution of Fmoc-Xaa-OH (2.0 eq.), TBTU (2.0 eq.), HOBt
(2.0 eq.), DIPEA (5.2 eq.) in NMP (8 ml/g resin) was added to the resin-bound free amine
peptide and shaken for 2 h at rt and washed with NMP (6 x 2 min).

The coupling with secondary or aromatic amines was performed employing a different protocol.
3.0 eq. of Fmoc-Xaa-OH was dissolved in DMF (8 mL/g resin) together with HATU (3.0 eq.),
HOAt (3.0 eq.) and DIPEA (6.0 eq.) and stirred for 15 min. The pre-activated solution was
added to the resin bound secondary peptide and shaken for 2 h at rt. After completion of the

reaction, the resin was washed 6 times with NMP.
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On-resin  Fmoc-deprotection: The resin-bound Fmoc peptide was treated with 20%
piperidine in DMF (v/v) for 5 min and a second time for 15 min. The resin was washed

thoroughly with NMP (8 x 2 min).

Dde-deprotection: The Dde-protected peptide (1.0 eq.) was dissolved in a solution of 2%
hydrazine monohydrate in DMF (v/v). After 15 min, the deprotected peptide was washed with

DMF (6 x), if bound to resin, or precipitated in diethyl ether to give the crude product.

p-Ns protection: A solution of 4-nitrobenzenesulfonylchloride (p-Ns-Cl) (4.0 eq.) and 2,3,4-
collidine (10 eq.) in NMP (1 ml/g resin) was added to the resin-bound free amine peptide and
shaken for 20 min at rt. The resin was washed with NMP (3 x 2 min) and with dry THF (3 x

2 min). The reaction was repeated if unprotected free amide could be detected with ESI-MS.

N-alkylation under Mitsunobu conditions: The N-alkylation reactions were performed
according to recently published protocols ‘. A solution of triphenylphosphine (5.0 eq.), DIAD
(5.0 eq.) and MeOH or Alkyl-OH (10 eq.), respectively in dry THF (1 ml/g resin) was carefully
added to the resin-bound p-Ns protected peptides and shaken for 10 to 15 min at rt. The resin

was filtered off, washed with dry THF (3 x) and with NMP (3 x 2 min) subsequently.

On-resin p-Ns deprotection. For p-Ns deprotection, the resin-bound p-Ns-peptides were
stirred in a solution of mercaptoethanol (10 eq.) and DBU (5.0 eq.) in NMP (1 ml/g resin) for
20 min. The deprotection procedure was repeated once and the resin was washed with NMP

(5 x) afterwards.

Peptide cleavage from the resin:
A) With preservation of side chain protecting groups: The fully protected, resin-bound
peptide was dissolved in a mixture of DCM/TFE/AcOH (v/v/v; 6/3/1) and shaken for 30 min.

The solution was filtered off and the resin was dissolved in another cleavage solution for another
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30 min. The fractions were combined and the solvent was concentrated under reduced pressure.
The filtrate was redissolved in toluene and concentrated under reduced pressure to remove the
acetic acid. Precipitation in water resulted in the crude, side chain protected peptide.

B) Cleavage with concurrent deprotection of all acid labile protecting groups: The
fully protected, resin bound peptide was dissolved in a mixture of TFA/TIPS/water (v/v/v;
95/2.5/2.5) and shaken for 30 min. The solution was filtered off and the resin was treated in the
same way for another 30 min. Afterwards, the fractions were combined and the solvent was
concentrated under a constant flow of nitrogen. The crude peptide was precipitated in diethyl

ether and left to dry overnight.

Cyclization of fully protected linear peptides: To a 5 mM solution of crude product in dry
DMF, NaHCO; (5.0 eq.) and diphenylphosphoryl azide (DPPA; 3.0 eq.) were added at rt and
the suspension was stirred for 5 h or until no linear peptide could be observed via ESI-MS. The
solution was concentrated under reduced pressure and the peptide was precipitated in water and

washed thoroughly to remove NaHCO:s.

TIodination of tyrosine side chain: The introduction of a iodine into the side chain of potent
cyclic peptides was performed using a recently developed protocol . Briefly, to a 9.0 mM
solution of HPLC-purified peptide in MeCN/water (v/v; 1/1), 0.4 — 0.7 eq. of a 0.1 M solution of
N-iodosuccinimide (NIS) in MeCN was added and the solution was injected into the semi-
preparative HPLC immediately. The amount of N-iodosuccinimide added equivalents was
optimized to yield a maximal ratio of mono-iodinated to di-iodinated product. The required
amount varies in the range of 0.3 to 0.7 eq. according to the purity and chemical structure of the

precursor and the solvents.
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2.2. Condensation with chelating moieties and cold complexation

Condensation of the peptides with the chelating moieties: The condensation of
the peptides and the respective chelators are described in several publications and summarized
as follows 107-163,

DOTAGA-anhydride: 1.0 eq. of the N-terminal deprotected peptide was dissolved together with
1.5 eq. DOTAGA-anhydride and 10.0 eq. DIPEA in dry DMF. The reaction was allowed to stir
overnight and precipitated in diethyl ether or directly used for HPLC purification afterwards.

DOTA: DOTA condensation was performed according to a method published previously. Briefly,
DOTA « 6 HyO was activated prior to the condensation reaction. Therefore, DOTA « 6 H,O
(1.0 eq.) was dissolved together with NHS (1.25 eq.) and EDCI (1.25 eq.) in water and after
addition of DIPEA (2.0 eq), it was allowed to activate for 15 to 30 min. The activated DOTA
solution was then slowly added to the peptide (0.25 eq., dissolved in DMF and water as a

function of solubility) and stirred at rt for 1 h. After completion, the crude product was purified

using semi-preparative HPLC.

Chelation of the DOTA- or DOTAGA-conjugated ligands with Lutetium, Gallium,
Yttrium and Bismuth for use in in wvitro studies: "“Lu"-complexation. A solution of
DOTA- or DOTAGA-peptide (2.0 mM in tracepure water (Sigma Aldrich)) was treated 1:1 (v/v)
with a 20 mM solution of LuCl; (0.1 M CH;COONH,, pH = 6) and stirred for 30 min at 95 °C.
After cooling to rt, the formation of the " Lu'"-chelate was confirmed using analytical HPLC and

ESI-MS.

natGa-complexation. For labeling with native gallium, a 2.0 mM solution of DOTA-peptide was
treated 1:1 (v/v) with a 2.0 mM solution of Ga(NOs)s; in 1 M NaOAc buffer. The mixture was
stirred for 30 min at 95 °C and the completion of the "*Ga'-chelate formation was determined
using analytical HPLC and ESI-MS.

ntYI_complezation. A solution of DOTA- or DOTAGA-peptide (2 mM in tracepure water (Sigma

Aldrich)) was treated 1:1 (v/v) with a 20 mM solution of YCl; (0.1 M CHsCOONH,, pH = 6) and
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stirred for 30 min at 95 °C. After cooling to rt, the formation of the " Y"-chelate was confirmed

using analytical HPLC and ESI-MS.

nat

u-complexation. For labeling with native copper, a 2.0 mM solution of DOTA-peptide was
treated 1:1 (v/v) with a 2.0 mM solution of Cu(OAc), in 1 M NaOAc buffer. The mixture was
stirred for 20 min at rt and the completion of the "Cu'-chelate formation was determined using

analytical HPLC and ESI-MS.

nat Bil_complexation. Bismuth complexation was performed using a 2.0 mM solution of DOTA-
peptide, which was treated 1:1 (v/v) with a 20 mM solution of Bi(OAc)s; in 1 M NaOAc buffer
(pH= 4.5). The mixture was stirred for 15 min at rt. Formation of the "*Bi"-chelate was

confirmed using HPLC and ESI-MS.

3. Synthesis of cyclo[D-Tyr-(hexylguanidino)-D-Ala-Arg-Nal-Gly] (R1)

derived ligands

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-Nal-Gly] (CPCR4.3, R1): The synthesis of

H2’1NH the radioligand was performed according to a
HN

89

published protocol and in accordance to the

[e] ~
Ho@/, =
H-N

o ™ synthesis of compounds 2. The peptide synthesis,
Zorss e
N cleavage from the resin and subsequent modifications
° H Chemical Formula: C4oHgssN41Og

0 Exact Mass: 785,43 were performed according to the standard protocols

described in I1.2.1. HPLC (10 to 90% B in 15 min): ¢z = 5.4 min; k' = 2.6. Calculated

monoisotopic mass (CioHssNiOg): 785.43, found: m/z = 786.6 [M+H]*, 394.1 [M+2H]*".
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cyclo[D-Tyr(t-Bu)-N(Dde-aminohexyl)-D-Ala-Arg(Pbf)-2-Nal-D-Cys(Trt)] (1): The

synthesis of the cyclic pentapeptide scaffold was
" \1 ¢ performed according to a published protocol
/(H with small modification. Therefore, 0.5 g of
%@/WN N F'bf"NH . .
H—Ngzg Lo preloaded H-D-Cys-TCP resin (loading = 1.60
O S‘/“‘ WHo

2 O}\:NH Chemical Formula: CogHioNeO1:S, mmol/g; 0.80 mmol) were allowed to pre-swell for

Exact Mass: 1503,74 . . .
30 min and the amino acids Fmoc-L-2-Nal-OH,

Fmoc-L-Arg(Pbf)-OH and Fmoc-D-Ala-OH were coupled using the standard procedure with 184
mg (1.20 mmol, 1.5 eq.) HOBt, 385 mg (1.20 mmol, 1.5 eq.) TBTU and 611 pL (3.60 mmol,
4.5 eq.) of DIPEA. After Fmoc-deprotection, the resin was dissolved in NMP together with 710
mg (3.2 mmol, 4.0 eq.) of p-NCI and 1.0 mL (8.00 mmol, 10 eq.) of 2,3,4-collidine. After 20 min,
the resin was washed with NMP (6 x2 min) and the solvent was changed to THF. 2.2 g
(8.00 mmol, 10 eq.) of Dde-aminohexanol were dissolved with 1.05 g (4.00 mmol, 5.0 eq.)
triphenylphosphine and stirred for 5 min. 785 pL (4.00 mmol, 5.0 eq.) diisopropyl azodi-
carboxylate (DIAD) were slowly added to the resin within 5 min and the mixture was allowed to
stir for 15 min afterwards. The resin was washed thoroughly and the p-Ns deprotection was
performed according to the procedure described in (I1.2.1). Fmoc-D-Tyr(t-Bu)-OH was added
with the protocol for secondary amines (II1.2.1). The fully protected linear peptide was cleaved
from the resin (according to 11.2.1) and precipitated in water to yield 746 mg (0.49 mmol, 60%)
yellowish powder. For cyclization, the crude product was dissolved in 98 mL of dry DMF
(5.0 mM) together with 288 mg (2.45 mmol, 5.0 eq.) NaHCO; and 317 puL (1.47 mmol, 3.0 eq.) of
DPPA and stirred for 5 h or until no linear peptide could be observed via ESI-MS. The solution
was concentrated under reduced pressure and the peptide was precipitated in water and washed
two times. The crude product was dried and used for further reaction steps without further
purification. HPLC (70 to 100% B in 15 min): ¢z = 17.7 min; k' = 10.8. Calculated monoisotopic

mass (CssHiosNoO11S:): 1503.74, found: m/z = 1505.8 [M+H]", 1527.8 [M+Na]".
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cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys] (2): For Dde-deprotection accor-

NH

WA ding to protocol II.2.1.; 118 mg (0.08 mmol, 1.0 eq.)
of 1 were dissolved in DMF. 129 mg (0.88 mmol,
H—N?:}o HN%::Q 10 eq.) of 1-H-pyrazol-1-carboxamidine were added

OA(NH Chemical Formula: Gy;HgrNy10S and the reaction started after addition of 299 pL
Exact Mass: 831,42 .
(1.76 mmol, 20 eq.) of DIPEA. The solution was

stirred for 6 h at rt and subsequently treated with trifluoroacetic acid, Triisopropylsilane (TIPS)
and water (95, 2.5, 2.5; v/v/v) for 40 min and precipitated in diethyl ether to yield 2 as
yellowish powder. HPLC (10 - 90% B in 15 min): ¢z = 11.9 min; K~ = 4.9; Calculated

monoisotopic mass (CuHs7Ni O6S): 831.42, found by ESI-MS: m/z = 832.8 [M+H]".

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys(N,N’-(hexane-1,6-diyl)di-

e acetamide)] (3): 30mg (0.04 mmol,

HN NH

1.0 eq.) of 2 was dissolved in 50 pL. DMF.

N
H-N o
°

o w 48.0 mg (0.12 mmol, 3.0 eq.) of Fmoc-(6-
s/mg:Ho%)w/\/N\(NH
”N{ AN aminohexyl)-carbamic chloride were dis-
. f Chemical Formula: C5iH75N130gS
) » Exact Mass: 1029,56 solved in 800 pL of a MeCN/water solution

(9/1; v/v). The solutions were combined and after addition of 40 pL (0.24 mmol, 6.0 eq.) DIPEA
to adjust the pH to 9, the white suspension was stirred overnight. After precipitation in water,
the white powder was freeze-dried and used without further purification. App. 38.0 mg
(0.03 mmol) were used for Fmoc-deprotection and after precipitation in diethyl ether, the crude
peptide was dissolved in a solution of acetic anhydride, DIPEA and DMF (10:5:85; v/v/v) and
stirred for 1 h at rt. At once, the mixture was purified using semi-preparative HPLC (30 - 60% B
in 20 min) to receive 7.5 mg (7.3 pmol, 18%) of white powder. HPLC (15 - 45% B in 15 min): s
= 9 min; K~ = 5.4; calculated monoisotopic mass (CsHrsNi30sS): 1029.56, found by ESI-MS:

m/z = 1030.7 [M+H]*, 1052.6 [M+Na]*.
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cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys(N-hexylacetamide)] (4):
K, 30 mg (0.04 mmol, 1.0 eq.) of 2 was dissolved in

HN NH

50 uyL. DMF. 48.3 mg (0.12 mmol, 3.0 eq.) of

H0q§:} . Fmoc-(6-bromohexyl)carbamate were dissolved

o < N'”Ow " in 800 pL of a MeCN /water solution (9/1; v/v).
J:NJIF °)\(NH~ Chemical Formula: CgH7oN1,0-,S

CO Exact Mass: 972,54 The solutions were combined and after addition

of 40 pL (0.24 mmol, 6.0 eq.) DIPEA, the white suspension was stirred overnight at rt (pH = 9-

10). After precipitation in water, the white powder was freeze-dried and used without further

purification. App. 20 mg (0.02 mmol, 43%) were used for Fmoc-deprotection and after

precipitation in diethyl ether, the crude peptide was dissolved in a solution of acetic anhydride,

DIPEA and DMF (10:5:85; v/v/v) and stirred for 1h at rt. The mixture was purified

immediately using semi-preparative HPLC (30 - 60% B in 20 min) to receive 2.0 mg (2.0 pmol,

5%). HPLC (15 - 45% B in 15 min): ¢z = 10 min; K~ = 5.6; calculated monoisotopic mass

(CioHN1O:S): 972.54; found by ESI-MS: m/z = 973.6 [M-+H]*, 995.5 [M-+Na]*.

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys((1,3-phenylen-bismethan-
NHs amine)diacetamine)] (5): 30mg  (0.04

mmol, 1.0 eq.) of 2 was dissolved in 50 pL

" :H,N/HOLN N DMF. 50 mg (0.12 mmol, 3.0eq.) of

H NH,

H N—
S alil Fmoc-(4-(((chlorocarbonyl)amino)methyl)ben

- =

‘}LNFC%H N{ °)\(NH~ Chemical Formula: CssH71N130gS ' '

OO Exact Mass: 1049,53 zyl) carbamate were dissolved in 800 pL of a
MeCN /water solution (9/1; v/v). The solutions were combined and the pH was adjusted to 9
using 40 pL (0.24 mmol, 6.0 eq.) of DIPEA. After 18 h, the product was precipitated in water
and freeze-dried. Without further purification, app. 35 mg (0.03 mmol, 71%) were used for
Fmoc-deprotection and after precipitation in diethyl ether, the crude peptide was dissolved in a
solution of acetic anhydride, DIPEA and DMF (10:5:85; v/v/v) and stirred for one hour at rt.
The mixture was purified immediately with semi-preparative HPLC (30 - 60% B in 20 min) to

receive 5.4 mg (5.1 pmol, 13%). HPLC (15 - 45% B in 15 min): # = 8.7 min; K~ = 5.2;
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calculated monoisotopic mass (CssHnN130sS): 1049.53, found by ESI-MS: m/z = 1050.6 [M+H]",

1072.6 [M+Na]*, 525.8 [M+2H]>*.

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys(1,4-phenylen-bismethan-
e amine)acetamine)] (6): 30 mg (0.04 mmol,
1.0 eq.) of 2 was dissolved in 50 pL. DMEF.
Y Y, 50 mg  (0.12mmol, 3.0eq.) of Fmoc-(3-

Chemical Formula: Cg4HggN4307S
Exact Mass: 1007,52 ate were dissolved in 800 pL of a MeCN /water

”z”bjm( : oﬁ{)iﬁ N (((chlorocarbonyl)amino)methyl)benzyl)carbam
C
solution (9/1; v/v). The solutions were combined and after addition of 40.0 pL (0.24 mmol,
6.0 eq.) DIPEA the white suspension was stirred overnight at a pH of 9-10. After precipitation in
water, the compound was freeze-dried and used without further purification. App. 32 mg
(0.03 mmol, 65%) were used for Fmoc-deprotection and after precipitation in diethyl ether, the
crude peptide was purified using semi-preparative HPLC (30 - 60% B in 20 min) to receive
4.0 mg (3.9 pmol, 10%). HPLC (35 - 45% B in 15 min): ¢tz = 6.2 min; K~ = 2.9; calculated
monoisotopic mass (CsHgNi307S): 1007.52, found by ESI-MS: m/z = 1008.7 [M+H]*, 1030.6

[M+Na]*.

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys(1,4-phenylen-bismethan-
e amine)diacetamine)] (7): 30 mg (0.04

mmol, 1.0 eq.) of 2 was dissolved in 50 pL

. - NﬁFo o DMF. 50.0 mg (0.12 mmol, 3.0eq.) of
4§N S/”‘QCH;JJ\/ NH
HN{ SN Fmoc(3(((chloro-carbonyl)amino)methyl)-
M Chemical Formula: Cs3H71N1305S
. Exact Mass: 1049,53 benzyl)carbamate were dis-solved in 800 pL

of a MeCN/water solution (9/1; v/v). The solutions were combined and after addition of 40.0 pL
(0.24 mmol, 6.0 eq.) DIPEA the white suspension was stirred overnight at rt. After precipitation

in water, the compound was freeze-dried. After Fmoc-deprotection of 32 mg (0.03 mmol, 65%),
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the crude peptide was dissolved in a solution of acetic anhydride, DIPEA and DMF (10:5:85;
v/v/v) and stirred for one hour at rt. The mixture was purified immediately with semi-
preparative HPLC (30 - 60% B in 20 min) to receive 4.6 mg (4.4 pmol, 11%). HPLC (15 - 45% B
in 15 min): ¢tz = 8.8 min; K~ = 5.7; calculated monoisotopic mass (Cs3sH71N1305S): 1049.53; found

by ESI-MS: m/z = 1050.8 [M+H]*, 1072.7 [M+Na]*, 525.9 [M-+2H]>*.

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys(N,N’-(6-amino-6-oxohexane-

ks 1,5-diyl)diacet-amide)] (8): 30 mg

HN™NH

(0.04 mmol, 1.0 eq.) of 2 was dissolved in

S 50 pL. DMF. 65.0 mg (0.12 mmol, 3.0 eq.) of
m N'HOZ)‘/V Fmoc-tert-butyl(6-(2-chloro-acetamido)-1-

N 3 Chemical Formula: C51H74N1404S . . .
—C YN, OO Exact Mass: 131153,735 e oxohexane-1,2-diyl)dicarbamate ~ were  dis-

solved in 800 pL of a MeCN/water solution (9/1; v/v). The solutions were combined and after
addition of 40.0 pL (0.24 mmol, 6.0 eq.) DIPEA the white suspension was stirred overnight at a
pH of 9-10. After precipitation in water, the compound was freeze dried and used without
further purification. App. 28 mg (0.02 mmol, 52%) were used for Fmoc-deprotection. After
precipitation in diethyl ether and drying, Boc-deprotection was performed using a mixture of
TFA/TIPS/water (95/2.5/2.5) for 30 min. The cleavage mixture was concentrated under reduced
pressure and dissolved in a solution of acetic anhydride, DIPEA and DMF (10:5:85; v/v/v)
without further purification. After 1 h, the mixture was purified immediately with semi-
preparative HPLC (30 - 60% B in 20 min) to receive 1.3 mg (1.2 pmol, 3%). HPLC (15 - 45% B
in 15 min): ¢tz = 6.8 min; K~ = 4.2; calculated monoisotopic mass (CsHnN1409S): 1058.55; found

by ESI-MS: m/z = 1059.8 [M+H]*, 1081.8 [M+Na]*, 1097.6 [M+K]*.
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cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys(DOTA-1,4-phenylen-di-

methanamine)] (9): DOTA conden-

° e sation was performed according to the
HO' N/\\N/\((OH
jL[NuNJ ° HO@‘;@ . method described under (I1.2.2.). After
" L(O " o Nlo H
@H {s/”'{:o%“m:m completion, the mixture was purified
o o N

H

Chemical Formula: Ce7HgsN17014S  yising semi-preparative HPLC (25 — 55%
C Molecular Weight: 1394,66

B in 20 min). HPLC (15 - 35% B in 15
min): ¢tz = 11.9 min; K~ = 6.4; calculated monoisotopic mass (CsrHosN17014S): 1394.66, found by

ESI-MS: m/z = 1396.1 [M+H]*, 698.4 [M~+2H]*".

Complexation of DOTA-conjugate 9 was performed according to the protocol described in 11.2.2.
cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys(***Ga-DOTA-1,4-phenylen-di-
methanamine)] ([**Ga]9): HPLC (15 - 35% B in 15 min): ¢z = 12.5 min; K~ = 6.8; calculated
monoisotopic mass (CgHypsGaNi7014S): 1460.61; found by ESI-MS: m/z = 1463.0 [M+H]*, 732.1

[M+2H]**.

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-Nal-D-Cys(***Lu-DOTA-1,4-phenylen-
dimethanamine)] ([**Lu]9): HPLC (15 - 35% B in 15 min): & = 11.7 min; K~ = 6.3;
calculated monoisotopic mass (CgHoeeLuNi7OwS): 1565.61; found by ESI-MS: m/z = 1567.0

[M+H]*, 784.5 [M+2H]*".

cyclo[D-Tyr-N (hexylguanidino)-D-Ala-Arg-Nal-D-Cys(**Cu-DOTA-1,4-phenylen-
dimethanamine)] ([**Cu]9): HPLC (15 - 35% B in 15 min): # = 129 min; K~ = 7.0;
calculated monoisotopic mass (CerCuHpNi7014S): 1455.62; found by ESI-MS: m/z = 1456.1

[M4+H]*, 729.1 [M-+2H]>*.

Decoration of carboxyl-modified quantum dots with 6: Carboxyl quantum dots (Life
technologies, Qdot® 655 ITK™ Carboxyl Quantum Dots) (0.8 nmol in 100 pl 50 mM borate

buffer (pH=8.3)) were diluted with 10 mM borate buffer (pH=7.4) to a total volume of 920 pl.
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Then, 1-ethyl-3-(3-dimethylamino-propyl)carbodiimide (800 eq., 640 nmol) in 12.2 pl 10 mM
borate buffer and deprotected 6 (40 eq., 32 nmol) dissolved in 64 pl 10 mM borate buffer were
added. Consumption of unreacted peptide from the reaction mixture was monitored wvia RP-
HPLC. Upon completion of the coupling reaction (30-60 min at rt), excess coupling reagent was
removed from the QD-6 suspension by repeated buffer exchanges using 50 mM borate buffer
(pH = 8.3) and Amicon Ultra-4 ultrafiltration units with 100 kDa cutoff (4 mL, Millipore). Final
reconstitution with 50 mM borate buffer yielded the peptide coated quantum dots QD-6 as a
4.0 pM suspension. According to the chosen stoichiometry, coating efficiency of the quantum

dots was calculated to be app. 40% of reactive carboxylates.

4. Synthesis of cyclo[D-Tyr-N(Me)-D-Orn-Arg-2-Nal-Gly] derived
peptides

cyclo[D-Tyr(tBu)-N(Me)-D-Orn-Arg(Pbf)-2-Nal-Gly] (10): The synthesis of cyclic

Boc pentapeptide scaffold was performed according to a
HN
- @ih‘, { o previously  published  protocol  with  small
AN H})F:/JN*NH modification . 2.5 g of preloaded H-Gly-TCP
HO
P resin (loading = 0.4 mmol/g; 1.0 mmol) was allow-

(o}

" Chemical Formula: CsgH79NgO14S
OO Exact Mass: 1109,56 ed to pre-swell for 30 min and the amino acids

Fmoc-L-2-Nal-OH, Fmoc-L-Arg(Pbf)-OH and Fmoc-D-Orn(Boc)-OH were coupled using the
standard procedure with 202.7 mg (1.5 mmol, 1.5 eq.) HOBt, 481.7 mg (1.5 mmol, 1.5 eq.)
TBTU and 765.3 pL (4.5 mmol, 4.5 eq.) of DIPEA. After Fmoc-deprotection, p-Ns protection
was performed according to I1.2.1. After 20 min, the resin was washed (6 x 2 min NMP) and the
solvent was changed to THF. 405 pL (10.0 mmol, 10 eq.) of MeOH were dissolved with 1.31 g
(5.0 mmol, 5.0 eq.) triphenylphosphine in dry THF and stirred for 5 min. 981 pL (5.0 mmol,
5.0 eq.) DIAD were carefully added to the resin within 5 min and the mixture was allowed to stir
for another 15 min. The resin was washed thoroughly and the p-NS deprotection was performed
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according to the procedure described in (II.2.1). Fmoc-D-Tyr(t-Bu)-OH was added with the
protocol for secondary amines (I1.2.1). The fully protected linear peptide was cleaved from the
resin and precipitated in water to yield 970 mg (0.86 mmol, 86%) yellowish powder. For peptide
cyclization, the crude product was dissolved in 275 mL of dry DMF together with 812.0 mg
(5.0 mmol, 5.0 eq.) NaHCO;. 893 puL (3.0 mmol, 3.0 eq.) of DPPA were added at rt and the
suspension was stirred for 5 h or until no linear peptide could be observed wia ESI-MS. The
solution was concentrated under reduced pressure and the peptide was precipitated in water and
washed two times. HPLC (30 to 100% B in 15 min): ¢z = 10.68 min; K~ = 6.1; calculated

monoisotopic mass (CssH7oNgO11S,): 1109.56 found: m/z = 1110.3 [M+H]".

cyclo[D-Tyr-N(Me)-D-Orn-Arg-2-Nal-Gly], CPCR4 (11): 10 was dissolved in TFA, TIPS

HoN and water (v/v/v; 95/2.5/2.5) and stirred for
HO\Q\? 0 | { 30 min. The solvent was concentrated under a
H-
’}:o H}O HKNHZ constant nitrogen flow and after dissolving in
NH

N OW\/ MeCN and water, the crude product was

N

o H

C Chemical Formula: CagHarNgOg purified using semi-preparative HPLC (20 to
O Exact Mass: 701,36

the purified peptide 11 was stored under 8 °C until further applications. HPLC (10 to 50% B in

45% B in 20 min). 450 mg (0.64 mmol, 64%) of

15 min): tg = 9.7 min; K~ = 3.7; calculated monoisotopic mass (CsHisNogOg): 701.36 found: m/z

= 702.37 [M+H]*.

cyclo[(3-iodo)-D-Tyr-N(Me)-D-Orn-Arg-2-Nal-Gly| (12): 11 was converted to 12

HO\Q\}i

HoN employing 0.45 eq. of NIS as described in II.2.1.
HPLC (25 to 55% B in 15 min): tz = 8.2 min;

/
N
H-N NH , . .
<Eo H} °© H~\< : K~ = 4.8; calculated monoisotopic mass

-HO NH

\ ’\7)*/\/ (CsHusIN9Og):  827.26; found: m/z = 8294
] H

Chemical Formula: C3gH4sINgOg [M+H]+.

Exact Mass: 827,26
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cyclo[D-Tyr-Arg-Arg-2-Nal-Gly|, FC131 (R2): The synthesis of FC131 (R2) was

performed according to the protocol

HN\>_NHZ
NH . .
o described for peptide 11. Therefore,
HO—@“/ A\u
H_'}:o Nk standard  solid  phase  peptide
W Ho

N NH synthesis was performed employing
HN

°© H \</NH2 Chemical Formula: CagHs7N11Og . )
OO Exact Mass: 729,37 the amino acids Fmoc-L-2-Nal-OH,

Fmoc-L-Arg(Pbf)-OH and Fmoc-L-
Arg(Pbf)-OH and Fmoc-D-Tyr(tBu)-OH. Cleavage from the resin, cyclization and subsequent
cleavage of all side chain protecting groups was performed according to 1I.2.1. The crude purified
using semi-preparative HPLC (15 to 45% B in 20 min) to collect 8.2 mg (0.011 mmol) of white
powder. HPLC (15 to 45% B in 15 min): ¢z = .8 min; K~ = 5.5; calculated monoisotopic mass

(C3sHazN1Og): 729.37 found: m/z = 730.7 [M+H]*.

4.1. Shifting the charge

The respective amino acid linkers were constructed using Fmoc-based solid-phase peptide
synthesis according to I1.2.1. The TCP-resin bound 4-(Fmoc-aminomethyl)benzoic acid (in the
following referred to 4-Fmoc-AMBA) was coupled with the respective Fmoc-protected amino
acids. After cleavage from the resin under preservation of the protecting groups, the peptides
were condensed with peptide 11 employing 1.5 eq. HOBt, 1.5 eq. TBTU and 4.5 eq. DIPEA.
After final Fmoc-deprotection, the terminal amine was acetylated using a mixture of acetic
anhydride, diisopropylamine and DMF (v/v/v; 10/5/85) for 1 h. The solvent was concentrated
under reduced pressure and the residue was precipitated in diethyl ether. After dissolving the
precipitate in TFA/TIPS/water (v/v/v; 95/2.5/2.5) for 30 min, the mixture was employed for

semi-preprarative HPLC (27 to 35% in 20 min).
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cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Ala-D-Ala-D-Ala-D-Glu-AMBA )-Arg-2-Nal-

O  HN

w}} Gly] (13): HPLC (20 to 70% B in 15 min): tz =

ol o HN%NEJ”/ : 8.2 min; K' = 3.8. Calculated monoisotopic mass
}—/ °
0»_@_4;_1}; (C(;;;HsgNmOm)Z 128962, fOU.Hd: m/z = 1290.0 [M—|—H]+,
HOOi 9 :JNH
o ™ 1312.1 [M+Na]*.

2:0 H NH
T  Chemical Formula: CggHgsN15015
Exact Mass: 1289,62

cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Ala-D-Ala-D-Glu-D-Ala-AMBA )-Arg-2-Nal-

%;};— Gly] (14): HPLC (20 to 70% B in 15 min): tz =

. HNT%NH . 10.8 min; K' = 4.1. Calculated monoisotopic mass
@Q' S (CosHusN1;015): 1289.62; found: m/z = 1290.9 [M+H]*,
o . e
w0 HH::Q 1312.9 [M+Nal*.

o T Chemical Formula: CgzHgsN15O15
10 Exact Mass: 1289,62

cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Ala-D-Glu-D-Ala-D-Ala-AMBA )-Arg-2-Nal-

5 Gly] (15): HPLC (30 to 80% B in 15 min): tz =

() NH

HO{}:%'JHN ° 9.1 min; K' = 3.8. Calculated monoisotopic mass
o>_H{N S

0 HN‘Q‘NH K (CG3H83N15015): 1289.62; found: m/z = 1290.6 [M—I—H]+,
LN I
N o T o ™ 1312.6 [M+Na]*.

.HO.
NH

T Chemical Formula: Cg3HgsN15015
0 Exact Mass: 1289,62
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cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Glu-D-Ala-D-Ala-D-Ala-AMBA)-Arg-2-Nal-

}T Gly] (16): HPLC (10 to 90% B in 15 min): #z =

. HN%NEJ;O 12.3 min; K' = b5.4. Calculated monoisotopic mass
= o o
JZE_G_'}NT%; (ngHsgNmOm)Z 128962, found: m/z = 1290.9 [M+H]+,
waF e 1328.9 [M+K]*.

f - NH
& T™ Chemical Formula: Cg3HgaN15015
Exact Mass: 1289,62

cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Glu-D-Ala-D-Ala-D-Ala-D-Ala-AMBA )-Arg-2-Nal-

sl o Gly] (17): HPLC (35 to 50% B in 15 min): tx =
0;1} Y76 min; K' = 3.8. Calculated monoisotopic mass
T}—ZEJH ° (Ce3HssN15015): 1289.62; found: m/z = 1290.8 [M+H]",

ol N g S 1329.9 [M+K]*.
HfN/_LLT):o HNﬁ§NHZ

N,
[e] H
OO Chemical Formula: CgzHgaN15045
Exact Mass: 1289,62

cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Glu-D-Glu-D-Ala-D-Ala-AMBA )-Arg-2-Nal-

o Gly] (18): HPLC (35 to 50% B in 15 min): tp =

O%}ZEJH;O 8.2 min; k' = 3.6. Calculated monoisotopic mass
O}—P},_N o OH
o HN N © CssHsstON . 134762, fOU.Hd: m/z = 13488 M—|—H +,
O
Ho 5 JNH
O N 1370.7 [M+K]™.

/ \ NH;
H-N o N
N NH

N
|
o
(o]

N,H

¢ J ™ Chemical Formula: Ce5HgsN15017
0 Exact Mass: 1347,62
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cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Ala-D-Ala-D-Ala-D-Ala-AMBA)-Arg-2-Nal-
Z?T Gly] (19): HPLC (20 to 70% B in 15 min): ¢z =
%NEJHN © 10.1 min; K' = 4.1. Calculated monoisotopic mass

s el (CorHaNsOw): 1231.61; found: m/z = 1232.8 [M+H]".
NH
HO@i/}—ﬁ—N ‘\\J NH;
& ™ Chemical Formula: Cg1Hg1N15043
0 Exact Mass: 1231,61

cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Ala-D-Ala-D-Glu-D-Dap-AMBA )-Arg-2-Nal-

%:?r Gly] (20): HPLC (25 to 55% B in 15 min): tz =

o HN%NEJ”? ’ 12.2 min; K' = 5.4. Calculated monoisotopic mass
HoN }—/ o
0»_@_'}”%: ;OH (C(;:;H34N1GO15)Z 130463, fOllIle m/z = 1306.2 [M—|—H]+,
HO‘@*C o \\JNH 0
i o ™ 1327.9 [M+Na]*, 1344.0 [M+K]*.

¥
z:o Hﬁ)J—/
N.H 0.
¢ JT™ Chemical Formula: Cg3HgsN416015
Exact Mass: 1304,63

cyclo[D-Tyr-N(Me)-D-Orn(Ac-D-Ala-D-Ala-D-Ala-D-Glu-D-Dap(NMe);-AMBA )-Arg-

o 2-Nal-Gly] (21): The synthesis of the respective

%NEJ ° amino acid chain was performed as described for 20 on
@ o HN
—N %, o
3 HNQO‘"” gﬁo solid support. Methylation of the side chain of D-Dap
HO@C o }JNH © . . .
HiN/'_LL’““B:O " on solid support was achieved employing 8.0 eq. of
QZ’HOWJ iodomethane and 4.0 eq. of silver oxide in dry DMF.

“o}j " Chemical Formula: CggHgN1g015"

90 Exact Mass: 1347,68 After 5 h, the resin was washed with DMF and the
linear peptide was cleaved from the resin using DCM, TFE and AcOH. After purification of the
linear peptide, the linker was combined with 11 as described in the standard procedure for this
chapter. HPLC (35 to 55% B in 15 min): ¢z = 7.2 min; k' = 3.2. Calculated monoisotopic mass

(CesHo1N16O157): 1347.68; found: m/z = 1348.0 [M+H]*, 675.0 [M+2H]*".
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cyclo[D-Tyr-N(Me)-D-Orn(DOTA-D-Ala-D-Ala-D-Ala-D-Glu-D-Dap-AMBA)-Arg-2-

OH

~/~%  Nal-Gly] (22): Condensation of the N-terminal

T
%‘gj“u o free peptide was performed according to the
j%N?.J ’ protocol described in I1.2.1. HPLC (25 to 55% B
JzH a HNQO‘ O§r0H in 15 min): ¢tz = 12.2 min; k' = 5.4. Calculated
" :HNﬁOH}:o ™ monoisotopic mass  (CrHigsN2Oa1):  1648.80;
q”ffng found: m/z = 1650.2 [M+H]*, 825.4

o H Chemical Formula: C77H108N20021
Exact Mass: 1648,80 (M+H-+H]*,

2Ga and ™ Lu-complexation of DOTA-conjugate 21 was performed according to the protocol

described in 11.2.2.

cyclo[D-Tyr-N(Me)-D-Orn(**Ga-DOTA-D-Ala-D-Ala-D-Ala-D-Glu-D-Dap-AMBA)-
Arg-2-Nal-Gly] ([**Ga]22): HPLC (15 to 55% B in 15 min): ¢ = 7.7 min; k' = 3.5.
Calculated monoisotopic mass (Cr7HisGaN20O2): 1715.71; found: m/z = 1717.3 [M+H]*, 859.8

[M+H+H]*".

cyclo[D-Tyr-N(Me)-D-Orn("**Lu-DOTA-D-Ala-D-Ala-D-Ala-D-Glu-D-Dap-AMBA)-
Arg-2-Nal-Gly]RNalG ([***Lu]22): HPLC (25 to 55% B in 15 min): ¢z = 12.2 min; k' = 5.4.
Calculated monoisotopic mass (CrHipsLuN2O2): 1820.72; found: m/z = 1823.3 [M+H]", 912.2

[M+H+H]*".

4.2. Optimization of the linking unit

cyclo[D-Tyr-N(Me)-D-Orn(DOTA-AMBA )-Arg-2-Nal-Gly], Pentixafor (23):

HO»W/HOJ\,OH The synthesis of Pentixafor was performed according

" (O [ ) N to earlier published procedures # %> % Briefly, 40 mg

/;W E (0.05 mmol, 1.0 eq.) of 11 dissolved in 100 pL of DMF
HOQ.:W“S:O NHy was added to a mixture of 27.9 mg (0.075 mmol,

N 1.5 eq.) of 4-(Fmoc-aminomethyl)-benzoic acid (4-
° H Chemical Formula: CGOH8ON14O14
C Exact Mass: 1220,60
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Fmoc-AMBA), 10.1 mg (0.075 mmol, 1.5 eq.) HOAt, 11.6 pL (0.075 mmol, 1.5 eq.) DIC and
38.2 pLi (0.225 mmol, 4.5 eq.) of DIPEA in 500 nL of DMF. After 3 h, 120 nL of piperidine was
added to the solution for 30 min at rt. The solvent was concentrated under reduced pressure and
the crude product was precipitated in diethyl ether. After removal of the solvent, condensation
with DOTA was performed according to the protocol in I1.2.2. The resulting peptide was purified
using semi-preparative HPLC (20-30% B in 20 min) to give 2.3 mg (1.8 pmol, 4%) white solid.
HPLC (15 to 45% B in 15 min): & = 9.0 min; k' = 5.4. Calculated monoisotopic mass

(CaoHsoN1,Ow): 1220.60; found: m/z = 1221.9 [M+H]*, 611.2 [M+H+H]*

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTA-AMBA )-Arg-2-Nal-Gly], Pentixather (24):

9 6.0 mg (4.9 pmol, 1.0 eq.) of 23 were used in the
Ho)x\\N/\C/’?/OH
. /\(ONbN JOH direct iodination protocol described in II.2.1
. °>/®) ° employing 0.45 eq. NIS. 2.8 mg (2.0 nmol, 41%) of a
. ///NH
Q:JTN\;O o white powder were collected. HPLC (15 to 45% B in
C”DW 15 min): tx = 10.6 min; k' = 5.2. Calculated

° Chemical Formula: C60H79|N14014
CO Exact Mass: 1346,49 monoisotopic mass (CeHrIN1O1s): 1346.49; found:

m/z = 1347.7 [M+H]*, 737.5 [M-+H-+H]**, 1369.7 [M+Na]".

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTA-ABA)-Arg-2-Nal-Gly] (25): 20.3 mg

OH

(0.086 mmol, 1.5 eq.) of 4-(Boc-amino)benzoic acid

{N‘Y'O (from now on referred to as Boc-ABA) were
OH N\)
dissolved together with 11.6 mg (0.086 mmol,
NH
| OKO 1.5 eq.) HOAt, 13.4 L (0.086 mmol, 1.5 eq.) DIC
S
”°@/ and 43.5 pL (0.256 mmol, 4.5 eq.) of DIPEA in
S, e Hw §
H DMF and stirred for 15 min. The mixture was

Chemical Formula: CsgH77IN;40;4 added to 40.0 mg (0.057 mmol, 1.0 eq.) of 11 in
CO Exact Mass: 1332,48

DMF and the solution was stirred for 3h at rt. The

solvent was concentrated under reduced pressure and the crude product was precipitated in
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diethyl ether. 31.6 mg (0.034 mmol, 60%) of the crude product were dissolved in TFA, TIPS and
water (v/v/v; 95/2.5/2.5) and stirred for 30 min. After removal of the solvent, condensation
with DOTA was performed according to the protocol in II.2.2. The resulting peptide was
purified using semi-preparative HPLC (26-32% B in 20 min) to give 8.3 mg (6.8 pmol, 12%) of
the iodination precursor. To receive peptide 25, the direct iodination of the tyrosine side chain
was performed with 0.55 eq. NIS as described in 11.2.1. 3.8 mg (2.8 pmol, 5%) of a white powder
were collected. HPLC (35 to 60% B in 15 min): ¢z = 6.8 min; k' = 2.7. Calculated monoisotopic
mass (CsoH77IN14On): 1332.48; found: m/z = 1333.9 [M+H]*, 667.8 [M+H+H]*", 1355.8

[M+Na|*.

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTAGA-ABA)-Arg-2-Nal-Gly] (26): 20.0 mg

(0.084 mmol, 1.5eq.) of Boc-ABA were

%\ HO
(:'( /\Lf dissolved together with 11.3 mg

AN
QQMN (0.084 mmol, 1.5eq.) HOAt, 13.1 uL

i (0.084 mmol, 1.5eq.) DIC and 42.8 uL

§
HZN/>~NH o:\/\ GOH
el

N

H O Chemical Formula: C62H81|N14O16
OO Exact Mass: 1404,50 added to 39.0 mg (0.056 mmol, 1.0 eq.) of

(0.252 mmol, 4.5 eq.) of DIPEA in DMF

and stirred for 15 min. The mixture was

11 in DMF and the solution was stirred for 3 h at rt. The solvent was concentrated under
reduced pressure and the crude product was precipitated in diethyl ether. 25.0 mg (0.027 mmol,
49%) of the crude product were dissolved in TFA, TIPS and water (v/v/v; 95/2.5/2.5) and
stirred for 30 min. After removal of the solvent, condensation with DOTAGA anhydride was
performed according to the protocol in I1.2.2. The resulting peptide was purified using semi-
preparative HPLC (22-40% B in 20 min) to give 7.2 mg (5.6 pmol, 10%) of the iodination
precursor. The purified peptide was directly iodinated using 0.6 eq. NIS. 4.9 mg (3.4 nmol, 6%)
of a white powder were collected. HPLC (35 to 60% B in 15 min): { = 9.2 min; k' = 4.1.
Calculated monoisotopic mass (CgHsiIN14O6): 1404.50; found: m/z = 1405.9 [M+H]*, 703.7

[M+H-+H]?*
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cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTA-Gly-ABA)-Arg-2-Nal-Gly] (27): 20.3 mg

£OH (0.086 mmol, 1.5 eq.) of Boc-ABA were dissolved

(\Nwo OH
e together with 11.6mg (0.086 mmol, 1.5 eq.)

o Ay
, (NWNH HJOH HOAt, 13.4 pL (0.086 mmol, 1.5 eq.) DIC and
" @ e 43.5 pL (0.256 mmol, 4.5 eq.) of DIPEA in DMF
e

H and stirred for 15 min. The mixture was added to

Chemical Formula: Cg1HgoIN15015 40.0 mg (0.057 mmol, 1.0 eq.) of 11 in DMF and
OO Exact Mass: 1389,50

the solution was stirred for 3 h at rt. The peptide
was precipitated in diethyl ether and freeze-dried overnight. After Fmoc-deprotection, 34.0 mg
(0.047 mmol, 1.0 eq.) were dissolved in DMF together with 18.2 mg (0.06 mmol, 1.5 eq.) Fmoc-
Gly-OH, 8.2 mg (0.06 mmol, 1.5 eq.) HOAt, 9.5 pL. (0.06 mmol, 1.5 eq.) DIC and 31.0 pL
(0.18 mmol, 4.5 eq.) of DIPEA and stirred for 3 h at rt. The peptide was precipitated in diethyl
ether and Fmoc-deprotected. Afterwards, the deprotected peptide was precipitated in cold
diethyl ether and freeze-dried overnight. Conjugation with DOTA was performed according to
the protocol in I1.2.2. and the resulting product was purified using HPLC (15-45% B in 20 min).
11.1 mg (8.78 pmol, 15%) of the iodination precursor were treated with 0.5 eq. NIS as described
in I1.2.1. 3.78 mg (2.7 nmol, 5%) of a yellowish powder were collected. HPLC (35 to 60% B in 15
min): ¢tz = 8.8 min; k' = 3.8. Calculated monoisotopic mass (CeHsIN1;015): 1389.50; found: m/z

= 1390.9 [M+H]*, 696.3 [M+H+H]**

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTAGA-Gly-ABA)-Arg-2-Nal-Gly]| (28):

20.3 mg (0.086 mmol, 1.5 eq.) of Boc-ABA were

o]
OH
° NH% }OH dissolved together with 11.6 mg (0.086 mmol,
HN N
|
. @ | { 4} KS?OH 1.5 eq.) HOAt, 13.4 uL (0.086 mmol, 1.5 eq.) DIC
N
gﬂzo e ° and 43.5 uL (0.256 mmol, 4.5 eq.) of DIPEA in
H
DMF and stirred for 15 min. The mixture was
)\(“ Chemical Formula: Cg4Hg4IN15047
Exact Mass: 1461,52 added to 40.0 mg (0.06 mmol, 1.0 eq.) of 11 in

DMF and the solution was stirred for 3 h at rt. The peptide was precipitated in diethyl ether
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and freeze-dried overnight. After Fmoc-deprotection, 34.0 mg (0.047 mmol, 1.0 eq.) were
dissolved in DMF together with 18.2 mg (0.06 mmol, 1.5 eq.) Fmoc-Gly-OH, 8.2 mg (0.06 mmol,
1.5 eq.) HOAt, 9.5 uLi (0.06 mmol, 1.5 eq.) DIC and 31.0 pL (0.18 mmol, 4.5 eq.) of DIPEA and
stirred for 3 h at rt. The peptide was precipitated in diethyl ether and Fmoc-deprotected
directly. Afterwards, the deprotected peptide was precipitated in cold diethyl ether and freeze-
dried overnight. Conjugation with DOTAGA anhydride was performed according to the protocol
in I1.2.2. and the resulting product was purified using HPLC (22-42% B in 20 min). 13.7 mg
(0.01 mmol, 18%) of the iodination precursor were treated with 0.45 eq. NIS. 1.5 mg (1.0 pmol,
2%) of a white powder were collected. HPLC (30 to 55% B in 15 min): ¢z = 12.2 min; k' = 5.7.
Calculated monoisotopic mass (CgHsdN5017): 1461.52; found: m/z = 1462.8 [M+H]*, 732.2

[M-+H+H]>.

Ligands containing more than one amino acid between the benzyl spacer and the chelator DOTA
or DOTAGA were synthesized utilizing two separate synthesis pathways. The linking unit was
constructed starting with 1.018 g resin bound 4-(Fmoc-amino)benzoic acid (Fmoc-ABA)
(1.12 mmol, 1.1 mmol/g resin) as described in II.2.1. Following standard Fmoc-protocol, the
respective amino acids were introduced as described in 11.2.1 using HOBt, TBTU and DIPEA as
a base. After completion of the linking peptide chain, the linear peptide was cleaved from the

resin and used directly for the combination with the respective binding scaffold.

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTA-D-Asp-ABA)-Arg-2-Nal-Gly] (29): 0.2 g of

”‘:%N ;f;fo resin bound Fmoc-ABA (0.224 mmol, 1.0 eq.)
2 b

were allowed to pre-swell for 30 min in DMF.

N
° = c)HO

“:Ngf‘) 276.5 mg  (0.672 mmol, 3.0 eq.) Fmoc-D-
O ]

" C §IH Asp(tBu)-OH was dissolved together with
o J”T\QOH 255.4 mg  (0.672 mmol, 3.0 eq.) HATU,
HN% N-H o:g

R“N 91.5 mg (0.672 mmol, 3.0 eq.) HOAt and

N
"} °Chemical Formula: CesHgpIN1s0;,  228.1 pL (1.34 mmol, 6.0 eq.) DIPEA 20.3 mg
OO Exact Mass: 1447,51
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(0.086 mmol, 1.5 eq.) in DMF and stirred for 15 min. The mixture was added to the resin and
the reaction was shaken for 3 h at rt. The linear peptide was cleaved from the resin under
standard conditions, precipitated in diethyl ether and freeze-dried overnight.

45.0 mg (0.086 mmol, 1.5 eq.) of Fmoc-D-Asp(tBu)-ABA-OH were dissolved together with 11.6
mg (0.086 mmol, 1.5 eq.) HOAt, 13.4 uL (0.086 mmol, 1.5 eq.) DIC and 43.5 pLi (0.256 mmol,
4.5 eq.) of DIPEA in DMF and stirred for 15 min. The mixture was added to 40.0 mg
(0.057 mmol, 1.0 eq.) of 11 in DMF and stirred for 3 h at rt. After precipitation of the peptide
in diethyl ether and freeze-drying overnight, the crude peptide was used without further
purification. After Fmoc-deprotection, conjugation with DOTA was performed and the resulting
product was purified using HPLC (27 to 37% B in 20 min). 3.38 mg (2.56 pmol, 5%) of the
iodination precursor were treated with 0.55 eq. NIS. 1.6 mg (1.1 pmol, 2%) of a white solid were
collected. HPLC (25 to 55% B in 15 min): ¢z = 8.3 min; K' = 4.9. Calculated monoisotopic mass

(CegHggIN]50]7)I 1447517 fOLlIldI m/z = 14488 [M+H]+, 7253 [M+H+H]2+

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTA-D-Dap-Gly-(ABA)-Arg-2-Nal-Gly] (30):

0.2 g of resin bound Fmoc-ABA (0.224 mmol, 1.0 eq.)

oHoOH
?;mN were allowed to pre swell for 30 min in DMEF.

HNLN;JNV\(C: 199.6 mg (0.672 mmol, 3.0 eq.) Fmoc-Gly-OH was

| EZNJ\HﬁOL dissolved together with 255.4 mg (0.672 mmol, 3.0 eq.)
HOQ:, / LQN ° HATU, 91.5mg (0.672 mmol, 3.0 eq.) HOAt and
i%HNNlo - 2281 uL (134 mmol, 6.0 eq.) DIPEA 20.3 mg

0 N.HYKN " (0.086 mmol, 1.5 eq.) in DMF and stirred for 15 min.
CO Chemigai?:\;n;::; ?2;??56:5'\‘17016 The mixture was added to the resin and the reaction

was shaken for 3 h at rt. After washing and Fmoc-deprotection, a solution of 109.6 mg
(0.34 mmol, 1.5 eq.) of Fmoc-D-Dap(Boc)-OH, 45.4 mg (0.34 mmol, 1.5 eq.) HOBt, 107.9 mg
(1.5 mmol, 1.5 eq.) TBTU and 259.7 uL. (1.53 mmol, 4.5 eq.) of DIPEA was added and the
mixture was stirred for 3 h. The linear peptide was cleaved from the resin under standard

conditions (see II.2.1), precipitated in diethyl ether and freeze-dried overnight to give the linking
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unit. HPLC (10 to 90% B in 15 min): tz = 12.0 min; k' = 5.3. Calculated monoisotopic mass
(C3:HsuN4Os): 602.24; found: m/z = 502.5 [(M-Boc)+H]*.

51.8 mg (0.086 mmol, 1.5 eq.) of Fmoc-D-Dap(Boc)-Gly-ABS-OH were dissolved together with
11.6 mg (0.086 mmol, 1.5 eq.) HOAt, 13.4 pL (0.086 mmol, 1.5eq.) DIC and 43.5 pL
(0.256 mmol, 4.5 eq.) of DIPEA in DMF and stirred for 15 min. The mixture was added to
40.0 mg (0.057 mmol, 1.0 eq.) of 11 in DMF and the solution was stirred for 3 h at rt. After
precipitation of the peptide in diethyl ether and freeze drying overnight, the crude peptide was
used without further purification. After Fmoc-deprotection, conjugation with DOTA was
performed according to the protocol in I1.2.2. and the resulting product was purified using HPLC
(28 to 50% B in 20 min). 4.0 mg (2.8 pmol, 5%) of the iodination precursor were treated with
0.50 eq. NIS as described in I1.2.1. 1.4 mg (0.95 pmol, 2%) of a white solid were collected. HPLC
(25 to 65% B in 15 min): ¢ = 11.89 min; K' = 5.2. Calculated monoisotopic mass

(CmHgsINnO]@) 1475 55 found m/z = 1476 8 [M+H] 7393 [M+H+H]2+

cyclo[D-Tyr-N(Me)-D-Orn(DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly] (31): The linking

T unit was synthesized according to the previous

]OH protocol using 159.2 mg (0.34 mmol, 1.5 eq.) of

HaN &u Fmoc-D-Lys(Boc)-OH, 45.4 mg (0.34 mmol, 1.5 eq.)
HN@}O The linear peptide was cleaved from the resin under

”OQ\ ( standard conditions (see II.2.1), precipitated in
H ;: fo @V 4 diethyl ether and freeze-dried overnight. HPLC (10

N to 90% B in 15 min): ¢ = 13.0 min; k' = 5.8.

OO Cheml;i;if ,rvrlr:;I:; 10365:4’973(;\1 79 Caleulated monoisotopic mass (CsHsuN,Os): 644.28;

found: m/z = 545.4 [(M-Boc)+H]".

55.4 mg (0.086 mmol, 1.5 eq.) of Fmoc-D-Lys(Boc)-Gly-ABS-OH were dissolved together with
11.6 mg (0.086 mmol, 1.5 eq.) HOAt, 13.4 uL (0.086 mmol, 1.5eq.) DIC and 43.5 uL
(0.256 mmol, 4.5 eq.) of DIPEA in DMF and stirred for 15 min. The mixture was added to 40.0

mg (0.057 mmol, 1.0 eq.) of 11 in DMF and the solution was stirred for 3 h at rt. After
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precipitation of the peptide in diethyl ether and drying, the crude peptide was Fmoc-
deprotected. After Fmoc-deprotection, DOTA « 6 H:O was conjugated according to the protocol
in I11.2.2 and the resulting product was purified using HPLC (22 to 38% B in 20 min). 13.9 mg
(9.9 pmol, 18%). HPLC (15 to 55% B in 15 min): ¢z = 7.9 min; k' = 7.0. Calculated

monoisotopic mass (CerHosN17016): 1391.70; found: m/z = 1393.2 [M+H]".

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly] (32):

OTOHO oH 6.0 mg (4.3 pmol, 1.0 eq.) of 31 were treated with
—
[N Nj o 0.40 eq. NIS as described in I1.2.1. 2.2 mg (1.45 pmol,
N\’/N\/§o . .
Ho o 2.5%) of a yellowish solid were collected. HPLC (25
BN
o le to 55% B in 15 min): ¢z = 12.8 min; K' = 7.0.
| HN N (¢}
HO~©\ ( H Calculated  monoisotopic  mass  (CerHgeIN17O):
P
R /W\ N
H}g :}o e 1517.60; found: m/z = 1519.1 [M+H]*, 760.4
N/H

\«
ONV‘N e [MH+H]>.

H
O Chemical Formula: Cg7Hg,IN17046
O Exact Mass: 1517,60

cyclo[D-Tyr-N(Me)-D-Orn(DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly] (33): The linking

O?/OHO o unit was synthesized according to the previous
—
CY o protocol using 220.4 mg (0.34 mmol, 1.5eq.) of
AN,
= o Fmoc-D-Arg(Pbf)-OH. HPLC (10 to 90% B in 15
HNWO
] HN">Q min):  {z =126 min; k' = 5.3. Calculated
HN»\Q\H °
HO\Q\" / ( monoisotopic mass (CsHsNsOg): 572.24; found: m/z
H-n TN
}SH}o e — 573.5 [M+H]".
N-H

49.2 mg (0.086 mmol, 1.5 eq.) of Fmoc-D-Arg-Gly-
Chemical Formula: Cg7Hg3N19016

CO Exact Mass: 1419,70 ABA were dissolved together with 11.6 mg

(0.086 mmol, 1.5 eq.) HOAt, 13.4 nL. (0.086 mmol, 1.5 eq.) DIC and 43.5 pL (0.256 mmol,

45 eq.) of DIPEA in DMF and stirred for 15 min. The mixture was added to 40.0 mg

(0.057 mmol, 1.0 eq.) of 11 in DMF and the solution was stirred for 3 h at rt. After precipitation
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of the peptide in diethyl ether and freeze-drying overnight, the crude peptide was used without
further purification. Conjugation with DOTA ¢« 6 H,O was performed according to the protocol
described in I1.2.2 and the resulting product was purified using HPLC (32 to 40% B in 20 min).
5.6 mg (3.9 pmol, 7%) of a yellowish solid were collected. HPLC (15 to 55% B in 15 min): tz =
8.2 min; K' = 4.8. Calculated monoisotopic mass (CgHosN19O1): 1419.70; found: m/z = 1421.5

[M-+HJ*,

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly] (34):

OTOHO OH 4.0 mg (2.5 pmol, 1.0 eq.) of 33 were treated with
—
[N Nj on 0.70 eq. NIS as described in II.2.1. 1.1 mg
- ANASEN
HN=(TF <o (0.71 pmol, 1.2%) of a yellowish solid was collected.
HNWO
0 HN“% HPLC (25 to 55% B in 15 min): tz = 13.3 min; k' =
! HN»\Q\H °
HO@\" / ( 5.6. Calculated monoisotopic mass (CgrHgoIN19Os6):
H-n” TN
}SH;}O e 1545.60; found: m/z= 1547.2 [M+H]*, 7745
N H

\«
Ho
. ’\?)\/V NH [M_|_H_|_H]2+‘

Chemical Formula: CG7H92|N19016

OO Exact Mass: 1545,60

cyclo[D-Tyr-N(Me)-D-Orn(DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly] (35): 0.2 g of

0\\(0 Lo OH resin bound Fmoc-ABA (0.224 mmol, 1.0 eq.) were
[NmNj allowed to pre swell for 30 min in DMF. 209.0 mg
OH
N N\/&
Hn= " ou ° (0.672 mmol, 3.0 eq.) Fmoc-D-Ala-OH  was
HN\\\H;W/O
o Hﬁi dissolved together with 255.4 mg (0.672 mmol,
{¢]
o) ( oy 3.0eq) HATU, 91.5mg (0.672 mmol, 3.0 eq.)
R
H—}/\gﬁ;’\f}o 4 HOAt and 228.1 pL. (1.34 mmol, 6.0 eq.) DIPEA
N

Exact Mass: 143372 for 15 min. The mixture was added to the resin

-H
o O,?NV . 20.3 mg (0.086 mmol, 1.5 eq.) in DMF and stirred
Chemical Formula: CggHgsN1901g

and the reaction was shaken for 3 h at rt. After washing and Fmoc-deprotection, a solution of

220.4 mg (0.34 mmol, 1.5 eq.) of Fmoc-D-Arg(Pbf)-OH, 45.4 mg (0.34 mmol, 1.5 eq.) HOBE,
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107.9 mg (1.5 mmol, 1.5 eq.) TBTU and 259.7 pLi (1.53 mmol, 4.5 eq.) of DIPEA was added and
the mixture was stirred for 3 h. The linear peptide was cleaved from the resin under standard
conditions (see II.2.1), precipitated in diethyl ether and freeze-dried overnight to yield the
linking unit. HPLC (10 to 90% B in 15 min): ¢z = 11.6 min; k' = 5.4. Calculated monoisotopic
mass (Cs1HsiNgOg): 586.25; found: m/z = 587.5 [M+H]*.

50.4 mg (0.086 mmol, 1.5 eq.) of Fmoc-D-Arg-D-Ala-ABA were dissolved together with 11.6 mg
(0.086 mmol, 1.5 eq.) HOAt, 13.4 nL (0.086 mmol, 1.5 eq.) DIC and 43.5 pL. (0.256 mmol,
4.5 eq.) of DIPEA in DMF and stirred for 15 min. The mixture was added to 40.0 mg
(0.057 mmol, 1.0 eq.) of 11 in DMF and the solution was stirred for 3 h at rt. After Fmoc-
deprotection, conjugation with DOTA was performed according to the protocol in 11.2.2 and the
resulting product was purified using HPLC (30 to 42% B in 20 min). 7.3 mg (5.1 umol, 8.9%) of
a yellowish solid were collected. HPLC (15 to 55% B in 15 min): ¢z = 8.0 min; K' = 3.0.
Calculated monoisotopic mass (CesHosNigOi6): 1433.72; found: m/z = 1435.1 [M+H]*, 717.3

[M-+H+H]>.

cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn(DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly] (36):

0_onoOH 4.0 mg (2.8 pmol, 1.0 eq.) of 35 were treated with 0.60 eq. NIS
N\
[N Nj o as described in II.2.1. 1.5 mg (0.96 pmol, 1.6%) of a yellowish
N N
Hn "2 N ou ° solid were collected. HPLC (25 to 55% B in 15 min):
HN ””/O
DJ H{li trp = 12.1 min; K'=7.0. Calculated monoisotopic mass
! HN>\\©\N °©
Ho@ K " (CosHouINyO1): 1559.62; found: m/z = 1560.2 [M+H]*, 781.5
y I
H-n" TN~
} S g [M-+H+HJ*".

Chemical Formula: CggHggIN1gO1¢
Exact Mass: 1559,62
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Metal complexation for in wvitro I1C5 studies.

ntGa-compounds: **Gachelate formation was achieved using the protocol described in
1I.2.2. The resulting 1 mM aqueous solutions of the respective "™ Ga-complexes were diluted
(serial dilution 10" to 10 M in Hanks salt solution (HBSS) with 1% BSA) and used in the in
vitro 1C5p studies without further processing. Pentixafor and Pentixather were used as intern

standards for comparison of affinity and pharmacological behavior of the novel compounds.

cyclo[D-Tyr-N(Me)-D-Orn("*Ga-DOTA-AMBA)-Arg-2-Nal-Gly| ([**Ga]23): HPLC
(30 to 55% B in 15 min): ¢ = 9.0min; K= 5.0; Calculated monoisotopic mass
(CeoH7sGaN1Ouw): 1,287.50; found by ESI-MS: m/z = 1,287.7 [M+H]*, 1,311.7 [M+Na|".
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTA-AMBA)-Arg-2-Nal-Gly| ([**Ga]24):
HPLC (30 to 55% B in 15 min): & = 10.8 min; K= 5.8; Calculated monoisotopic mass
(CeoH77GaIN1,O14): 1,413.40; found by ESI-MS: m/z = 1,414.9 [M+H]*, 1,437.2 [M+Nal*, 707.6
[M-+2H].

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTA-ABA)-Arg-2-Nal-Gly] ([**Ga]25):
HPLC (35 to 60% B in 15 min): ¢z = 8.1 min; K= 4.4; Calculated monoisotopic mass
(CsoHnILuN,,On): 1,504.40; found by ESL-MS: m/z = 1,505.9 [M+H]*, 1,527.7 [M+Nal*, 1,543.7
IM+K]*, 753.6 [M+2H]**.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTAGA-ABA)-Arg-2-Nal-Gly| ([**Ga]26):
HPLC (35 to 60% B in 15 min): ¢z = 7.0 min; K= 4.0; Calculated monoisotopic mass
(CxHIGaNyO1o): 1471.42, found by ESI-MS: m/z = 1472.6 [M+H]*, 736.8 [M+2H]**.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTA-Gly-ABA)-Arg-2-Nal-Gly]
([**Ga]27): HPLC (35 to 60% B in 15 min): #z = 9.1 min; K '= 5.5; Calculated monoisotopic
mass (CeH7sGalNi;015): 1456.41, found by ESI-MS: m/z = 1456.8 [M+H]*, 1,478.5 [M+Na|*.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTAGA-Gly-ABA)-Arg-2-Nal-Gly]
([**Ga]28): HPLC (30 to 55% B in 15 min): ¢z = 12.8 min; K "= 6.1; Calculated monoisotopic
mass (CgHsGalNi;017): 1528.43, found by ESI-MS: m/z = 1528.4 [M+H]|*", 1552.7 [M+Na],

765.9 [M+2H]**, 776.7 [M+H+Na]**.
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cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTA-D-Dap-Gly-ABA)-Arg-2-Nal-Gly]
([**Ga]30): HPLC (25 to 65% B in 15 min): ¢z = 11.4 min; K "= 5.3; Calculated monoisotopic
mass (CoHuGaINy;Ou): 1542.46, found by ESL-MS: m/z = 1544.8 [M+H]*, 772.4 [M+2H]*".
cyclo[D-Tyr-N(Me)-D-Orn("*Ga-DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly] ([**Ga]31):
HPLC (15 to 55% B in 15 min): ¢z = 7.6 min; K '= 3.0; Calculated monoisotopic mass
(CorHyGaN1;Ou): 1458.61, found by ESI-MS: m /> = 1459.8 [M+H]*, 730.2 [M+2H]2".
cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly]
([***Ga]32): HPLC (25 to 55% B in 15 min): ¢z = 12.9 min; K "= 6.1; Calculated monoisotopic
mass (CsgrHooGalN17046): 1584.51, found by ESI-MS: m/z = 1585.0 [M+H]|*", 1608.9 [M+Na|,
793.7 [M-+2H]*.
cyclo[D-Tyr-N(Me)-D-Orn("*Ga-DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly] ([***Ga]33):
HPLC (15 to 55% B in 15 min): ¢z = 7.7 min; K= 3.2; Calculated monoisotopic mass
(CorHyGaN1oOu): 1468.61, found by ESI-MS: m /> = 745.3 [M+2H]*.
cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("*Ga-DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly]|
([**Ga]34): HPLC (25 to 55% B in 15 min): ¢tz = 12.6 min; K "= 6.8; Calculated monoisotopic
mass (CerHooGalN19Os6): 1612.51, found by ESI-MS: m/z = 1614.9 [M+H]*, 808.0 [M+2H]*".
cyclo[D-Tyr-N(Me)-D-Orn(**Ga-DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly]|
([***Ga]35): HPLC (15 to 55% B in 15 min): ¢z = 6.8 min; K "=3.5; Calculated monoisotopic
mass (CesHosGaN19O1g): 1500.63, found by ESI-MS: m/z = 751.5 [M+2H]*", 787.2 [M+2K]**.
cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("Ga-DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly]
([***Ga]36): HPLC (25% to 55% B in 15 min): ¢z = 7.9 min; kK~ = 3.9; Calculated monoisotopic

mass (CagngGaIngola)Z 1626.53, found by ESI-MS: m/z = 1626.8 [M+H]+, 815.0 [M+2H]2+

natLu-compounds: "Lu-chelate formation was achieved using the protocol described under
1I.2.2. The resulting 1 mM aqueous solutions of the respective "™Lu-complexes were diluted
(serial dilution 10* to 10" M in HBSS with 1% BSA) and used in the in witro IC5 studies

without further processing.
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cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Lu-DOTA-AMBA)-Arg-2-Nal-Gly] ([***Lu]24)):
HPLC (15 to 55% B in 15 min): ¢z = 6.3 min; K= 4.3; Calculated monoisotopic mass
(CeoH76ILuN14,014): 1,518.41; found by ESI-MS: m/z = 1,520.1 [M+H]*, 760.8 [M+2H]*".
cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("Lu-DOTA-ABA)-Arg-2-Nal-Gly]| ([***Lu]25):
HPLC (35 to 60% B in 15 min): ¢z = 8.1 min; K= 4.4; Calculated monoisotopic mass
(CaoHnILuN,,On): 1,504.40; found by ESL-MS: m/z = 1,505.9 [M+H]*, 1,527.7 [M+Nal*, 1,543.7
IM+K]*, 753.6 [M-+2H]**.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Lu-DOTAGA-ABA)-Arg-2-Nal-Gly] ([***Lu]26):
HPLC (35 to 60% B in 15 min): ¢z = 9.2 min; K= 4.1; Calculated monoisotopic mass
(Ce:HrsILuN1,O6): 1576.42, found by ESI-MS: m/z = 1577.6 [M+H]", 1,600.5 [M+Na]*, 789.5
[M+2H]**, 800.5 [M-+H+Naj?".

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn ("*Lu-DOTA-Gly-ABA)-Arg-2-Nal-Gly]
([***Lu]27): HPLC (35 to 60% B in 15 min): ¢z = 9.1 min; K "= 5.5; Calculated monoisotopic
mass (CeH7ILuN5015): 1561.42, found by ESI-MS: m/z = 1562.6 [M+H]|", 1,584.5 [M+Nal™,
782.0 [M+2H]**, 792.9 [M+H+Na]*".
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("Ga-DOTAGA-Gly-ABA)-Arg-2-Nal-Gly]
([***Lu]28): HPLC (35 to 60% B in 15 min): t» = 9.3 min; K = 4.2; Calculated monoisotopic
mass (CeHsiILuNsO17): 1633.44, found by ESI-MS: m/z = 1634.7 [M+H]*, 1,656.6 [M+Na],
818.1 [M-+2H]**, 829.0 [M+H-+Na]**.

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn ("*Lu-DOTA-D-Asp-ABA)-Arg-2-Nal-Gly]
([***Lu]29): HPLC (35 to 65% B in 15 min): ¢z = 8.0 min; K '= 3.4; Calculated monoisotopic
mass (CeHrlLuNisOi7): 1619.42, found by ESI-MS: m/z = 1620.9 [M+H]", 1,642.8 [M+Na],
811.2 [M+2H]J?*, 822.0 [M+H+Na]?".
cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("Lu-DOTA-D-Dap-Gly-ABA)-Arg-2-Nal-Gly]
([***Lu]30): HPLC (25 to 65% B in 15 min): ¢tz = 10.8 min; K "= 9.8; Calculated monoisotopic
mass (CaHssILuNi7O46): 1647.47, found by ESI-MS: m/z = 1648.9 [M+H]|", 825.2 [M+2H]*,

860.5 [M+2K]*".
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cyclo[D-Tyr-N(Me)-D-Orn(***Lu-DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly] ([***Lu]31):
HPLC (15 to 55% B in 15 min): ¢z = 7.5 min; K'= 4.0; Calculated monoisotopic mass
(CerHooLuN17016): 1563.62, found by ESI-MS: m/z = 1565.4 [M+H]".
cyclo[(3-70do)D-Tyr-N(Me)-D-Orn("Lu-DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly]|
([***Lu]32): HPLC (25 to 55% B in 15 min): ¢tz = 13.1 min; K = 7.7; Calculated monoisotopic
mass (CgHsolLuN7O16): 1689.51, found by ESI-MS: m/z = 1691.8 [M+H]|", 1712.7 [M+Nal™,
846.4 [M+2H]**, 857.1 [M+H+NaJ?".
cyclo[D-Tyr-N(Me)-D-Orn("*Lu-DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly] ([***Lu]33):
HPLC (15 to 55% B in 15 min): ¢z = 7.2 min; K= 4.1; Calculated monoisotopic mass
(CerHooLuN19O16): 1591.62, found by ESI-MS: m/z = 1592.5 [M+H]", 1631.0 [M+K]*.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn ("*Lu-DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly]|
([***Lu]34): HPLC (25 to 55% B in 15 min): ¢z = 13.4 min; K = 7.9; Calculated monoisotopic
mass (CorHsoIN1yOuo): 1717.52, found by ESL-MS: m/z = 1719.9 [M+H]*, 860.5 [M+2H]*, 871.1
[M+H+Na)**, 895.7 [M+2K]*".
cyclo[D-Tyr-N(Me)-D-Orn("*Lu-DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly]
([***Lu]35): HPLC (15 to 55% B in 15 min): #z = 7.5 min; K = 4.0; Calculated monoisotopic
mass (CesHooLuN19O16): 1605.64, found by ESI-MS: m/z = 1607.2 [M+H]*, 804.6 [M+2H]*".
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn (**Lu-DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly]|
([**Lu]36): HPLC (25 to 55% B in 15 min): tz = 6.5 min; K = 2.3; Calculated monoisotopic
mass (CgHoILuNyOi6): 1731.53, found by ESI-MS: m/z = 1732.8 [M+H]|", 867.3 [M+2H]*,

902.6 [M+2K]2*.

The "Y-complexes were prepared as described under I1.2.2. After cooling, the " Y"-chelate
formation was confirmed using HPLC and MS. The resulting 1 mM aqueous solutions of the
respective "Y-complexes were diluted (serial dilution 10 to 10" M in HBSS with 1% BSA) and

used in the in vitro ICs studies without further processing.
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cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("Y-DOTA-AMBA )-Arg-2-Nal-Gly]| ([™Y]24):
HPLC (15 to 55% B in 15 min): tz = 6.5 min; K= 3.6; Calculated monoisotopic mass
(CooHrsIN,OLY): 1432.38; found by ESLMS: m/z = 1,433.6 [M+H]*, 1,455.8 [M+Na*, 717.4
[M-+2H]?.

cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("™Y-DOTA-ABA)-Arg-2-Nal-Gly]| ([*™Y]25):
HPLC (35 to 60% B in 15 min): ¢z = 4.9 min; K= 2.3; Calculated monoisotopic mass
(CsoH-INyOLY): 1418.36; found by ESEMS: m/z = 1,419.8 [M+H]*, 1,442.7 [M+Na]*, 710.4
[M-+2H]?.

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Y-DOTAGA-ABA)-Arg-2-Nal-Gly]  ([**Y]26):
HPLC (35 to 60% B in 15 min): tg = 9.2 min; K’= 4.4; Calculated monoisotopic mass
(Ce:HrsIN14O16Y): 1490.38, found by ESI-MS: m/z = 1491.6 [M+H]*, 1513.5 [M+Na|*, 746.5
[M+2H]**, 757.4 [M-+H+Naj?".
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Y-DOTA-Gly-ABA)-Arg-2-Nal-Gly] ([**Y]27):
HPLC (35 to 60% B in 15 min): ¢z = 82 min; K’= 7.2; Calculated monoisotopic mass
(CoHrIN;5055Y): 1475.38, found by ESLMS: m/z = 1476.7 [M+H]*, 1498.5 [M+Na]*, 739.0
[M+2H]* | 750.0 [M+H+Na]**,
cyclo[(3-70do)D-Tyr-N(Me)-D-Orn("Y-DOTAGA-Gly-ABA)-Arg-2-Nal-Gly]
([**Y]28): HPLC (35 to 65% B in 15 min): ¢z = 9.2 min; kK = 4.1; Calculated monoisotopic
mass (Ce:Hs1IN15017Y): 1547.40, found by ESI-MS: m/z = 1548.6 [M+H]|", 1570.4 [M+Na],
775.0 [M+2H]?*, 785.9 [M-+H+Nal?".

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn ("*Y-DOTA-D-Dap-Gly-ABA)-Arg-2-Nal-Gly]
[**Y]30): HPLC (25 to 65% B in 15 min): #z = 11.5 min; K = 6.1; Calculated monoisotopic
mass (CoHsIN;O16Y): 1561.43, found by ESEMS: m/z = 1562.7 [M+H]*, 782.3 [M+2H]**, 793.0
[M+H+Nal**.

cyclo[D-Tyr-N(Me)-D-Orn("*Y-DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly]| ([*Y]31):
HPLC (15 to 55% B in 15 min): ¢z = 7.8 min; K’'= 2.7; Calculated monoisotopic mass

(CerHooN17016Y): 1477.58, found by ESI-MS: m/z = 1478.9 [M+H]*, 740.4 [M+2H]**.
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cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("Y-DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly]|
([**Y]32): HPLC (25 to 55% B in 15 min): tz = 12.9 min; K = 7.6; Calculated monoisotopic
mass (CeHgINi7O16Y): 1603.48, found by ESI-MS: m/z = 1605.7 [M+H]*, 1626.6 [M+Na],
803.4 [M+2H]**, 814.1 [M+H-+Na]**,
cyclo[D-Tyr-N(Me)-D-Orn("™Y-DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly|]  ([*Y]33):
HPLC (15 to 55% B in 15 min): ¢z = 8.0 min; K= 2.8; Calculated monoisotopic mass
(CorHyoN16016Y): 1505.59, found by ESI-MS: m/z = 1506.2 [M+H]*, 754.3 [M-+2H].
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Y-DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly]
([*Y]34): HPLC (25 to 55% B in 15 min): ¢z = 13.3 min; K "= 7.9; Calculated monoisotopic
mass (CerHsoIN19O16Y): 1631.48, found by ESI-MS: m/z = 1632.9 [M+H]*, 817.4 [M+2H]**, 828.1
[M+H+Na)’*, 852.7 [M+2K]?".
cyclo[D-Tyr-N(Me)-D-Orn("Y-DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly| ([*Y]35):
HPLC (15 to 55% B in 15 min): ¢z = 7.0 min; K= 3.6; Calculated monoisotopic mass
(CesHoN1wO1Y): 1519.60, found by ESIMS: m/z = 761.0 [M+2H]*".
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("Y-DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly]|
([**Y]36): HPLC (25 to 55% B in 15 min): {z = 9.6 min; K = 2.8; Calculated monoisotopic
mass (CesHo1IN19O16Y): 1645.50, found by ESI-MS: m/z = 1646.9 [M+H]*, 824.1 [M+2H]*", 859.5

[M+2K]2".

Bismuth complexation was performed using the protocol described in I1.2.2. Formation of the
miBilll-chelate was confirmed using HPLC and ESI-MS. The resulting 1 mM aqueous solutions of
the respective ™Bi-complexes were diluted (serial dilution 10 to 10" M in HBSS with 1% BSA)

and used in the in vitro 1C5 studies without further processing.

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Bi-DOTA-AMBA)-Arg-2-Nal-Gly] ([**Bi]24):

HPLC (15 to 55% B in 15 min): ¢z = 9.6 min; K= 4.3; Calculated monoisotopic mass

(CaoHBiIN1Oy,): 1552.45; found by ESI-MS: m/z = 1,554.2 [M—+H]*, 778.2 [M+2H]**.
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cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("*Bi-DOTA-ABA)-Arg-2-Nal-Gly]| ([*Bi]25):
HPLC (15 to 55% B in 15 min): ¢z = 9.6 min; K= 5.0; Calculated monoisotopic mass
(CaoHrBilNy,O14): 1538.44; found by ESLMS: m/z = 1,540.6 [M--H]*, 770.1 [M4+-2H]**.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn("Bi-DOTA-Gly-ABA)-Arg-2-Nal-Gly| ([*Bi]27):
HPLC (15 to 55% B in 15 min): ¢z = 9.5 min; K ’= 4.3; Calculated monoisotopic mass
(CorHrBilN1;015Y): 1595.46, found by ESI-MS: m/z = 1597.4 [M+H]*, 799.5 [M+2H]2".
cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("Bi-DOTA-D-Dap-Gly-ABA)-Arg-2-Nal-Gly]
([**Bi]30): HPLC (15 to 55% B in 15 min): {z = 8.9 min; K "= 3.9; Calculated monoisotopic
mass (CeHssBiIN17O16): 1681.51, found by ESI-MS: m/z = 1682.2 [M+H]*, 839.8 [M+2H]*.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn ("*Bi-DOTA-D-Lys-Gly-ABA)-Arg-2-Nal-Gly]
([**Bi]32): HPLC (15 to 55% B in 15 min): tz = 8.9 min; K "= 3.3; Calculated monoisotopic
mass (CerHsoBiN17O16): 1724.56, found by ESI-MS: m/z = 1726.2 [M+H]*, 863.2 [M+2H]**.
cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn (**Bi-DOTA-D-Arg-Gly-ABA)-Arg-2-Nal-Gly]|
([**Bi]34): HPLC (15 to 55% B in 15 min): ¢z = 9.0 min; K '= 3.7; Calculated monoisotopic
mass (CerHsoBiN19O16): 1751.56, found by ESI-MS: m/z = 1752.3 [M+H]".
cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn("Bi-DOTA-D-Arg-D-Ala-ABA)-Arg-2-Nal-Gly]
([**Bi]36): HPLC (15 to 55% B in 15 min): #z = 9.1 min; K "= 4.0; Calculated monoisotopic

mass (CﬁgHg]BlINwOm) 176557, fOLIIld by ESI-MS m/z = 17675 [M+H]+, 885.1 [M+2H]2+

4.3. Precursor for radiofluorination (BFs-derivatives)

N-propargyl- N, N-dimethyl-ammoniomethylboronylpinacolate (37): A dry round
® bottom flask was loaded with 53.8 uL (0.5 mmol, 1.0 eq.) of N,N-

=z N8
O7z< dimethylpropargylamine and 3 mL of dry DCM under a nitrogen

Chemical Formula: CoH3BNOy*

Exact Mass. 924 18 atmosphere. 80.1 pL (0.5 mmol, 1.0 eq.) of iodomethyl-boronylpinacolate

was added dropwise at rt. On stirring, the solution became cloudy and the white precipitated

was filtered of after 2h of vigorously stirring at 0 °C. The precipitate was washed with ice cold
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diethyl ether two times and used without further purification. 104 mg (0.45 mmol, 93%) of 37
were collected as a white solid. Calculated monoisotopic mass (Ci2H2sBNO,"): 224.18, found by
ESI-MS: m/z = 224.2 [M]*. "H-NMR (400 MHz [Bruker], CDs;CN): & [ppm] = 1.31 (s, 12H),

3.17 (s, 6H), 3.21 (t, 2H), 3.23 (s, 1H), 4.22 (d, 2H).

imidazole-1-sulfonyl azide hydrochloride (38): The synthesis of 38 was performed

Kol according to a published protocol ‘. Briefly, sulfonylchloride (1.62 mL,
J
O

Sy
NTo
Chemical Forr3nula: cHoNo,s  NaN; (1.3 g, 20.0 mmol, 1.0 eq.) in MeCN (20 mL) and the mixture was

Exact Mass: 208,98

20.0 mmol, 1.0 eq.) was added drop-wise to an ice-cooled suspension of

stirred overnight at rt. While stirring vigorously, imidazole (2.5 g,
38.0 mmol, 2.0 eq.) was added carefully to the ice-cooled solution and stirred for 3 h at rt. The
solution was diluted with EtOAc (40 mL) and washed with water (2 x 40 mL) and saturated
aqueous NaHCOj; (2 x 20 mL), dried over MgSO, and filtered. A fresh solution of HCI in EtOH
(obtained through drop-wise addition of AcCl (10.0 mL) to ice-cooled dry ethanol (25 mL)) was
added slowly to the filtrate while stirring at 0 °C. The crystallized product was filtered off on ice
and the white crystals were washed with ice cold EtOAc to give 38 as colorless needles (2.0 g,

9.5 mmol, 48%). The compound was used without further purification and stored at -20 °C.

Ammoniomethyltrifluoroborate (AmBF;): In the following synthesis procedures,
I ammoniomethyltrifluoroborate (AmBF3) is produced in situ prior to the 1,3-
NSF

~ BJ

R" |,3 F cycloaddition as described in literature”” %> %
F

and is always referred to as

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(AmBF;(methyl(1H-1,2,3-triazol-4-yl)4-amino)-

benzoyl)-Arg-Nal-Gly] (39): Fmoc-ABA loaded TCP-resin (0.53 mmol, 1.0 eq.) was treated
with 20% piperidine in DMF (v/v) to remove the Fmoc-protection group. After washing the
resin with DMF two times, 204 puL of DIPEA (1.2 mmol, 2.25 eq.) together with 2 mL of DMF
were added to the resin and shaken for 10 min while cooling down to 0 °C. 38 (166 meg,

0.79 mmol, 1.5 eq.) dissolved in ice cold DMF was added to the resin bound peptide. 0.5 mg of
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CuSO; (catalytic amount) and 337 pL (1.98 mmol, 3.75 eq.)

[} MﬁQﬁB\
>—< }N e . . .
HN NN DIPEA was dissolved in 1 ml of water and added to the peptide.

I
H°G il { Cooling was continued for 2 h and the resin bound peptide was
H*N/_LT‘>:O
2:/ i ;;N)jj shaken overnight while warming to rt. The peptide was cleaved

from the resin and freeze-dried overnight. 37 (176.9 mg,

0.79 mmol, 1.5 eq.) dissolved in 700 uL. H,O and 2.1 mL. DMF

Chemical Formula: C4gHgoBF3IN1307

Exact Mass: 1157,35 was combined with a solution of 1.05 mL KHF, (3 M solution in

water, 1.4 mmol, 2.6 eq.) and 1.1 mL HCI (4 M solution in water, 1.9 mmol, 3.6 eq.) and heated
to 45 °C for 2 h. After addition of 1.2 mL of NH,OH (1 M in water) to adjust the pH to 3 to 4,
the solution was added to the dry peptide, which was dissolved in ‘BuOH and water (v/v; 1/1).
To start the cycloaddition 400 uL. of a 1 M CuSOs solution was added together with 350 mg
(1.7 mmol, 3.3 eq.) sodium ascorbate. The slurry mixture was heated to 55 °C for 15 h and
purified using HPLC (15 to 25% in 20 min). The purified fragment was coupled to 12 employing
HOBt, TBTU and DIPEA under standard conditions. After final HPLC purification (25 to 45%
in 20 min) the product was collected as yellowish powder (1.5 mg, 2%). HPLC (25 to 65% B in
15 min): tz = 10.3 min; K = 4.4; calculated monoisotopic mass (CiHeBFsIN1sO7): 1137.38,

found by ESI-MS: m/z = 1138.6 [M+H]".

cyclo[(3-i0do)D-Tyr-N(Me)-D-Orn(AmBF;(methyl(1H-1,2,3-triazol-4-y1)-(R)-((1-(1-
((2-((4-carboxyphenyl)-amino)-2-oxoethyl)amino)-3-methyl-1-oxobutan-2-yl)) Arg-

Nal-Gly] (40): Starting with Fmoc-ABA

o) o)
! HN»\Q\H)\H\N 0 loaded resin, the introduction of Fmoc-Gly-OH
HO{) \f
Y ( N-N { and Fmoc-D-Val-OH was performed as
H\N/\oﬁ\ Nl N~
OH- 0 H_ N (O described  earlier (IL.2.1.). After Fmoc-
N-HO NH M
o ,\?)\/\/ F*EE?: deprotection, the amine was converted to the
H

O Chemical Formula: CsgHroBF4IN,50  T€Spective azide as described for 39 employing
O Exact Mass: 1293 47

38, DIPEA and CuSO,. The azide-peptide

fragment was cleaved from the resin and combined with 37 as described before (employing 39).
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After purification of the linear AmBFs-linking unit, it was converted to its respective
pentafluorophenylester. Therefore, 23.5 mg of AmBF;(methyl(1H-1,2,3-triazol-4-yl)-D-Val-Gly-
ABA (0.05 mmol, 1.0 eq.) were dissolved in dry DMF together with 25 uL. 0.1 M DMAP (10%
solution in DMF; 5.0 pmol, 0.1 eq.), 22.8 mg 2,3,4,5,6-pentafluorophenol (0.125 mmol, 2.5 eq.)
and 31.4 pLL DIC (0.2 mmol, 4.0 eq.) and stirred at rt for 1.5 h. After purification using HPLC,
19.5 mg (0.03 mmol, 63%) of yellow slur were collected. The combination of the active ester and
compound 12 in presence of 10.0 eq. of DIPEA resulted in 3.8 mg of a white solid after
purification using semi-preparative HPLC (30 to 55% B in 20 min). HPLC (25 to 65% B in 15
min): ¢z = 11.1 min; K = 4.8; calculated monoisotopic mass (CscH7BF3sIN1;00): 1293.47, found

by ESI-MS: m/z = 1294.8 [M+H]".

cyclo[D-Tyr-N(Me)-D-Orn(AmBF;(methyl(1H-1,2,3-triazol-4-yl)-(R)-(1-(1-((2-(4-car-

boxyphenyl)-amino)-2-oxoethyl)amino)-5-guanidino-1-oxopentan-2-yl)-Arg-2-Nal-

Q 3\\\ Gly] (41): Starting with Fmoc-ABA loaded

HN 1’ >\ O
Ho@\ N HN\i resin, the introduction of Fmoc-Gly-OH and

PRV NN
H\N/\Oﬁ\Nl N \\H\N\.(NH Fmoc-D-Arg(Pbf)-OH  was performed as

OHyy O R_NH (O NH
X N 2 described  earlier (I1.2.1.). After Fmoc-
-Ho |

° N Fr deprotection, the amine was converted to the

H

OO ChemicaElxzzzTﬂl;::;:CfégfeBrgN1809 respective azide as described for 39 employing
DIPEA, 38 and CuSO.s. After cleavage from the resin and concurrent removal of protecting
groups (HPLC (15 to 65% B in 15 min): tg = 6.2 min; K= 2.6; calculated monoisotopic mass
(C15H3NsO4): 376.16, found by ESI-MS: m/z = 377.3 [M+H]|".), the combination with 37 was
performed as described for 39 and resulted in AmBF;(methyl(1H-1,2,3-triazol-4-yl)-D-Arg-Gly-
ABA. The peptide was converted to its respective pentafluorophenylester as described before.
The combination of the active ester and compound 11 in presence of 10 eq. of DIPEA resulted
in 1.2 mg (0.98 pmol) of a white solid after purification using HPLC (28 to 50% B in 15 min).
HPLC (15 to 55% B in 15 min): &z = 8.7 min; K= 5.2; calculated monoisotopic mass
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cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn(AmBF;(methyl(1H-1,2,3-triazol-4-yl)-(R)-(1-(1-
((2-(4-carboxyphenyl)-amino)-2-oxoethyl)amino)-5-guanidino-1-oxopentan-2-yl)-Arg-
2-Nal-Gly] (42): Starting with Fmoc-ABA
HN»\QQ»\H\N\{’ loaded resin, the introduction of Fmoc-Gly-
N OH and Fmoc-D-Arg(Pbf)-OH was performed

| H\N/\IOFNL N\L/ HN\(NH
O Hoy© H«NHZ o NH, as described earlier (I1.2.1.). After Fmoc-
N-H OW\/ NH Mo
o N F':f F deprotection, the amine was converted to the

OO ChemicaEIXI;c;rtmlvxIJ:;:S:C:%I;B%EPIN1809 respective  azide as described for 39

employing 38, DIPEA and CuSO.. After
cleavage from the resin and concurrent removal of protecting groups (HPLC (15 to 65% B in 15
min): ¢z = 6.2 min; K = 2.6; calculated monoisotopic mass (CisH2NsO4): 376.16, found by ESI-
MS: m/z = 377.3 [M+H]"), the combination with 37 was performed as described before. The
peptide was converted to its respective pentafluorophenylester and combined with compound 12
(iodoCPCRA4) in presence of 10 eq. of DIPEA. 2.5 mg (1.8 pmol) of white solid was collected
after purification using HPLC (28 to 45% B in 20 min). The solid was stored at -20 °C. HPLC
(15 to 65% B in 15 min): ¢z = 11.3min; K= 4.9; calculated monoisotopic mass
(CsH7BF5IN150y): 1350.51, found by ESI-MS: m/z = 1352.0 [M+H]|", 1374.0 [M+Na]", 676.8

[M+2H]**,

cyclo[(3-7i0do)D-Tyr-N(Me)-D-Orn(AmBF;(methyl(1H-1,2,3-triazol-4-yl)-(R)-(1-(1-
(2-(4-carboxyphenyl)-amino)-2-oxoethyl)amino)-1-oxohexan-2-yl))- Arg-2-Nal-Gly]

(43): Starting with Fmoc-ABA loaded resin, the

HN»\Q\H)\H\N o introduction of Fmoc-Gly-OH and Fmoc-D-
Ho X
Q\? / ( NN Lys(Boc)-OH was performed as described earlier
| H\N/\oﬁ\Nl N
H-N NH; > N 2.10). er Fmoc-deprotection, the amine was
0 o H o : 11.2.1.). After F deprotection, th i
N-HO NH M
o n?)\/\/ F'EQF converted to the respective azide as described for
H

O ‘ 39 employing 38, DIPEA and CuSO.. The
O Chemical Formula: Cs7H75BF3IN10g

Exact Mass: 1322,50 . . i
peptide was cleaved from the resin with the
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protecting group still bound to the peptide (HPLC (10 to 90% B in 15 min): ¢z = 9.5 min; K '=
5.3; calculated monoisotopic mass (CaHasNsOe): 448.21, found by ESI-MS: m/z = 348.15 [M+H(-
Boc)]"). The AmBF; group was introduced via combination with 37 as described before and
resulted in AmBF;(methyl(1H-1,2,3-triazol-4-yl)-D-Lys(Boc)-Gly-ABA. The peptide was
converted to its respective pentafluorophenylester employing DMAP, 2,3,4,5,6-pentafluorophenol
and DIC as described earlier. The pentafluorophenylester was combined with 12 in presence of
10 eq. of DIPEA. The solvent was removed under reduced pressure and the crude peptide was
dissolved in TFA, TIPS and water (v/v/v; 95/2.5/2.5) for 30 min at rt. The solution was diluted
in water and MeCN and directly injected into an analytical HPLC for purification (15 to 45% in
15 min). 2.5 mg (1.89 pmol) white solid was collected and stored at -20 °C. HPLC (15 to 55% B
in 15 min): ¢z = 12.1 min; K "= 5.3; calculated monoisotopic mass (Cs:H7BF3IN1s0y): 1322.50,

found by ESI-MS: m/z = 1323.8 [M+H]".

5. Synthesis of CXCRT7 targeting ligands

The synthesis of cyclic pentapeptides was performed according to a recently published protocol
%8 The published CXCR7 specific ligand cyclo[D-Tyr-Pro-Nal-N(Me)-Arg-Arg], also called
FC313 was synthesized and included in the study as the CXCRY7 specific standard and utilized

as the radioligand for ICj, determination.

cyclo[D-Tyr-Pro-Z-Nal-N(Me)-Arg-Arg] (FC313; R3): 0.8 g TCP-resin (1.66 mmol/g,

1.29 mmol) was loaded with 1.23 g (3.63 mmol,
2.8 eq.) Fmoc-L-Pro-OH  according to the
W procedure described in II.2.1 resulting in a resin

0
d JQLCH\/V loading of 1.06 mmol/g resin. 1.2 g (1.27 mmol,

1.0 eq.) of loaded resin was allowed to pre-swell
H Chemical Formula: C4oHs3N11Og

H, Exact Mass: 783,42
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for 30 min in NMP. 1.67 g (3.82 mmol, 3.0 eq.) Fmoc-L-2-Nal-OH, 1.45 g (3.82 mmol, 3.0 eq.)
HATU, 520 mg (3.82 mmol, 3.0 eq.) HOAt and 1.29 mL (7.64 mmol, 6.0 eq.) DIPEA were
dissolved in NMP and stirred for 15 min. The solution was combined with the resin bound
peptide and shaken for 3 h at rt. After washing (NMP, 6 x 2 min), a major amount of resin
bound peptide was stored under vacuum until further utilization.

A smaller amount of resin, app. 0.42 mmol (1.0 eq.) was treated with 0.41 g (0.64 mmol, 1.5 eq.)
Fmoc-L-Arg(Pbf)-OH, 85.9 mg (0.64 mmol, 1.5 eq.) HOBt, 204.5 mg (0.64 mmol, 1.5 eq.) TBTU
and 324.4 pL. (1.91 mmol, 4.5 eq.) of DIPEA dissolved in NMP for 2 h at rt. After Fmoc-
deprotection, the resin bound N-terminal free peptide was p-Ns protected as described in II.2.1.
After 20 min, the resin was washed with NMP (6 x 2 min) and with THF (3 x 2 min)
subsequently. 170 pL. (4.2 mmol, 10 eq.) of MeOH were dissolved with 550.8 mg (2.1 mmol,
5.0 eq.) triphenylphosphine in dry THF and stirred for 5 min. 414 puL (2.1 mmol, 5.0 eq.) DIAD
were carefully added to the resin within 5 min and the mixture was allowed to stir for another
15 min. The resin was washed thoroughly and the p-Ns deprotection was performed according to
the procedure described in II.2.1. 0.81 g (1.26 mmol, 3.0 eq.) Fmoc-L-Arg(Pbf)-OH was dissolved
together with 478 mg (1.26 mmol, 3.0 eq.) HATU, 171.5 mg (1.26 mmol, 3.0 eq.) HOAt and 425
nL (2.52 mmol, 6.0 eq.) DIPEA in NMP and stirred for 15 min before adding to the resin bound
peptide. The reaction was shaken for 3 h and washed three times with NMP. After Fmoc-
deprotection, 459.5 mg (0.64 mmol, 1.5 eq.) Fmoc-D-Tyr(t-Bu), 85.9 mg (0.64 mmol, 1.5 eq.)
HOBt, 204.5 mg (0.64 mmol, 1.5 eq.) TBTU and 324.4 pL. (1.91 mmol, 4.5 eq.) of DIPEA
dissolved in NMP were added to the resin and shaken for 2 h. The fully protected linear peptide
was cleaved from the resin (I.2.1) and precipitated in water to yield 385 mg (0.29 mmol, 86%,
1.0 eq.) yellowish powder. The crude product was dissolved in 110 mL of dry DMF (3 mM)
together with 236 mg (1.45 mmol, 5.0 eq.) NaHCO; and 259 pL (0.87 mmol, 3 eq.) of DPPA for
peptide cyclization. After '‘Bu and Pbf-deprotection employing a mixture (v/v/v) of 95% TFA,
2.5% TIBS and 2.5% water, the product was purified using semi-preparative HPLC (20 to 55%

B in 20 min). 3.5 mg (4.4 pmol) of the white solid were collected. HPLC (15 to 55% B in 15
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min): ¢tz = 12.8 min; k' = 5.7. Calculated monoisotopic mass (CsHs3N11Og): 738.42 found: m/z =

785.0 [M-+H]*, 392.9 [M+2H]**

cyclo[(3-i0do)D-Tyr-Pro-2-Nal-N(Me)-Arg-Arg] (44): 4.0 (5.1 pmol, 1.0 eq.) of R3 were

treated with 0.5 eq. NIS as described in II.2.1.
1.4 mg (1.53 pmol, 30%) of a white solid was
w collected. HPLC (15 to 65% B in 15 min): ¢t =
{§ o W)\/V 9.8 min; K' = 4.1. Calculated monoisotopic mass
JKLL (CaoH5IN1Og): 909.31; found: m/z = 910.8

' Chemical Formula: CucksNiiOs [N 4 FJ*, 456.0 [M-42H]2*

H2 Exact Mass: 909,31

cyclo[D-Tyr-Pro-2-Nal-N(Me)-Arg-Orn] (45): App. 0.42 mmol (1.0 eq.) of resin loaded

with L-proline and L-2-Naphtylalanine was treated with 0.41 g
(0.64 mmol, 1.5 eq.) Fmoc-L-Arg(Pbf)-OH, 85.9 mg (0.64 mmol,

1.5 eq.) HOBt, 204.5 mg (0.64 mmol, 1.5eq.) TBTU and

h at rt as described for 43. After Fmoc-deprotection, Ns-

@ #Z(L W)VV 324.4 pL (1.91 mmol, 4.5 eq.) of DIPEA dissolved in NMP for 2

Chemical Formula: CagHsiNeOs protection, N-methylation and subsequent Ns-deprotection as
Exact Mass: 741,40

described for 43, 516 mg (1.26 mmol, 3.0 eq.) Fmoc-L-Orn(‘Bu)-

OH were dissolved together with 478 mg (1.26 mmol, 3.0 eq.) HATU, 171.5 mg (1.26 mmol,
3.0 eq.) HOAt and 425 pL (2.52 mmol, 6.0 eq.) DIPEA in NMP and stirred for 15 min before
adding to the resin bound peptide. The reaction was shaken for 3 h and washed three times with
NMP. After Fmoc-deprotection, 459.53 mg (0.64 mmol, 1.5 eq) Fmoc-D-Tyr(#Bu), 85.9 mg
(0.64 mmol, 1.5 eq.) HOBt, 204.5 mg (0.64 mmol, 1.5 eq.) TBTU and 324.4 pL (1.91 mmol,
4.5 eq.) of DIPEA dissolved in NMP were added to the resin and shaken for 2 h. The fully
protected linear peptide was cleaved from the resin (according to I1.2.1) and precipitated in

water to yield 340 mg (0.3 mmol, 72%) yellowish powder. After cyclization, the crude peptide

was deprotected and precipitated in diethyl ether. The peptide was purified using HPLC (25 to
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38% B in 20 min) to yield 4.6 mg (6.2 pmol, 2%) of yellowish solid. HPLC (15 to 65% B in 15
min): ¢z = 8.2 min; K' = 3.3. Calculated monoisotopic mass (CseH51INgOs): 741.40; found: m/z =

742.7 [M+H]*, 371.8 [M+2H]**

cyclo[D-Tyr-Pro-2-Nal-N(Me)-Arg-D-Orn] (46): 5.2 mg (7.0 pmol, 2%); HPLC (15 to 65%
B in 15 min): ¢tz = 7.9 min; K' = 3.4. Calculated monoisotopic mass (CsHszINyOg): 741.40;

found: m/z = 742.9 [M+H]*, 371.9 [M+2H]**

cyclo[(3-i0do)D-Tyr-Pro-2-Nal-N(Me)-Arg-Orn] (47): 3.0 mg (4.0 pmol) of 45 were
treated with 0.55 eq. NIS as described in I1.2.1. 1.2

mg (1.38 pmol, 34%) of a white solid was

W collected. HPLC (15 to 65% B in 15 min): &z =
0 10.2 min; k' = 4.3. Calculated monoisotopic mass
| W
NH
HO O Chemical Formula: CagHgolNgOs  (CaoHsoIN9Os):  867.29;  found: m/z = 742.9
NH, Exact Mass: 867,29

[M~+HJ*, 371.9 [M+2H]**

cyclo[D-Tyr-Pro-2-Nal-N(Me)-Arg-Lys| (48): The linear peptide was constructed on solid
support as described before. After cleavage from the

resin and cyclization, the crude peptide was

.
O N To deprotected according to the protocol in I1.2.1 and
o)
y precipitated in diethyl ether and purified using
0 NH
HO semi-preparative HPLC (25 to 43% B in 20 min) to
Chemical Formula: C4qH53NgOg
NH, Exact Mass: 755,41 yield 5.5 mg (7.3 pmol) of yellowish solid. HPLC (15

to 55% B in 15 min): ¢tz = 9.1 min; K' = 3.7. Calculated monoisotopic mass (CiHssNoOs): 755.41;

found: m/z = 756.8 [M+H]", 378.6 [M+2H]**
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cyclo[(3-i0do)D-Tyr-Pro-2-Nal-N(Me)-Arg-Lys] (49): 3.0 mg (4.0 pmol) of 48 were

‘ treated with 0.6 eq. NIS as described in II.2.1.
M O 0.8 mg (0.9 nmol, 28%) of a white solid was
N
Wo collected. HPLC (15 to 65% B in 15 min): ¢z =
W/\/\/ T 2

O N
7/ 0
"o
'{g N I\‘l 10.3 min; K' = 4.7. Calculated monoisotopic mass
o) H
HO (CiaoHz2INoOs): 881.31; found: m/z = 883.1 [M+H]*,
Chemical Formula: C4qH5,INgOg
NH, Exact Mass: 881,31 442.1 [M+2H]2+

cyclo[D-Tyr-Pro-2-Nal-N(Me)-Lys-Arg] (50): The linear peptide was constructed on solid

‘ support as described before. The fully protected
" O linear peptide was cleaved from the resin and
N
Wo precipitated in  water to yield 442.0 mg
NH
T(\\/\/\NH

O N
7/ o
o
Q NN 2 (0.37 mmol, 88%) yellowish powder. After
0
HO cyclization, the crude peptide was deprotected
NH  Chemical Formula: C4oHs3NgOg
HNZ “NH, Exact Mass: 755,41 according to the protocol in I1.2.1 and precipitated

in diethyl ether. The peptide was purified using HPLC (25 to 45% B in 20 min) to yield 3.5 mg
(4.6 pmol) of the white solid. HPLC (15 to 65% B in 15 min): tz = 9.0 min; k' = 3.7. Calculated

monoisotopic mass (CiHssNgOg): 755.41; found: m/z = 756.7.1 [M+H]*, 378.8 [M+2H]**.

cyclo[(3-i0do)D-Tyr-Pro-2-Nal-N(Me)-Lys-Arg] (51): 3.0 mg (4.0 pmol) of 50 were

‘ treated with 0.6 eq. NIS as described in II.2.1.
H O 1.4 mg (1.6 pmol, 39%) of a white solid were
o
OTN Iy collected. HPLC (15 to 65% B in 15 min): tz =
e o) NH
| {g N l\‘lw/\/\/\NHz 10.4 min; K' = 4.2. Calculated monoisotopic mass
o)
HO (CuHzINoOs):  881.31;  found:  m/z = 8824
NH  Chemical Formula: C4oH5,INgO
PN, ExactMass: 88131 [MAH]", 441.9 [M42H].
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cyclo[D-Tyr-Pro-2-Nal-N (aminohexyl)-Ala-Arg] (52): App. 0.42 mmol (1.0 eq.) of resin

loaded with L-proline and L-2-Naphtylalanine

HN was treated with 0.20 g (0.64 mmol, 1.5 eq.)

Q N:i:\l w Fmoc-Ala-OH, 85.9 mg (0.64 mmol, 1.5 eq.)
HO ’ ° HOBt, 204.5 mg (0.64 mmol, 1.5eq.) TBTU
HlY Chemical Formula: C42Hs7NeOs  and 324.4 plL (1.91 mmol, 4.5 eq.) of DIPEA

HoN™ S NH Exact Mass: 783,44

NH
’ dissolved in NMP for 2 h at rt as described for

43. After Fmoc-deprotection, Ns-protection was performed on resin as described for 43 and in
I1.2.1. For N-alkylation, 1.1 g triphenylphosphine (4.2 mmol, 10 eq.) together with 944 mg Dde-
aminohexanol (3.36 mmol, 8.0 eq.) were dissolved in dry THF and added to the resin-bound
peptide for 15 min. 826.9 pL (4.2 mmol, 10 eq.) DIAD dissolved in THF were added to the
solution of the resin bound peptide very carefully within 5 min and the reaction was allowed to
continue for another 15 min. After washing the resin with NMP, Ns-deprotection was performed
as described for 43. 816.5 mg (1.26 mmol, 3.0 eq.) Fmoc-L-Arg(Pbf)-OH were dissolved together
with 478 mg (1.26 mmol, 3.0 eq.) HATU, 171.5 mg (1.26 mmol, 3.0 eq.) HOAt and 425 pL
(2.52 mmol, 6.0 eq.) DIPEA in NMP and stirred for 15 min before adding to the resin bound
peptide. The reaction was shaken for 3 h and washed three times with NMP. After Fmoc-
deprotection, 459.5 mg (0.64 mmol, 1.5 eq.) Fmoc-D-Tyr(t-Bu), 85.9 mg (0.64 mmol, 1.5 eq.)
HOBt, 204.5 mg (0.64 mmol, 1.5 eq.) TBTU and 324.4 pL. (1.91 mmol, 4.5 eq.) of DIPEA
dissolved in NMP were added to the resin and shaken for 2 h. The fully protected linear peptide
was cleaved from the resin (according to II.2.1) and precipitated in water to yield 500 mg
(0.39 mmol, 93%) yellowish powder. After cyclization, the crude peptide was deprotected
according to II.2.1. and precipitated in diethyl ether. A small amount was purified using HPLC
(20 to 40% B in 20 min) to yield 8.2 mg (0.01 mmol, 33%) of the white solid. HPLC (15 to 65%
B in 15 min): ¢z = 9.7 min; k' = 4.4. Calculated monoisotopic mass (Ci2HeNoOg): 783.44; found:

m/z = T84.7 [M+H]*, 807.8 [M+Na]*, 392.9 [M+2H]>*.
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cyclo[D-Tyr-Pro-2-Nal-N(guanidinohexyl)-Ala-Arg] (53): For guanidinylation, 52

(0.126 mmol, 1.0eq.) was dissolved

(\ N together with 184.7 mg (1.26 mmol, 10 eq.)
. oH o
N-H N 1-H-pyrazol-1-carboxamidine « HCI in 2.5
0 Nje*
HO o mL DMF. After addition of 428 pL (20 eq.)
'jz DIPEA, the solution was allowed to stir for
N NH un- NH  Chemical Formula: C43Hs9N11O0g
5 Exact Mass: 825,46 6 h at rt. The peptide was purified using

NH,

HPLC (20 to 40% B in 20 min) to yield 4.1 mg (5.0 pmol) of the white solid. HPLC (15 to 65%
B in 15 min): ¢z = 10.3 min; k' = 4.4. Calculated monoisotopic mass (CisHsN11Os): 825.46;

found: m/z = 826.6 [M+H]|", 848.7 [M+Na]*, 413.8 [M+2H]*".

cyclo[(3-i0do)D-Tyr-Pro-2-Nal-N(Me)-Arg-Lys(NOTA-Bn-SCN)] (54): 0.8 mg

(0.7 ymol, 1.0 eq.) of 49 were dissolved in DMF

o together with 1.4 pLi (8.4 pmol, 12.0 eq.) of DIPEA.
§

N

oTa s

iW\iN y On-N 0.5 mg (08 pmol, 1.1 eq,) of 2,2172||_(2_(4_
HN g 7 3

P HNO)? methanethioamidobenzyl) -1,4,7-triazonane-1,4,7-
S

N HN H

triyl)triacetic acid (NOTA-Bn-SCN; Macro-cyclics,

°© (L an on Chemical Formula: CgoH7gIN15012S

% Exact Mass: 1331,47

USA) were added to the solution and stirred for 16
h at rt. The crude mixture was purified using analytical HPLC (20 to 40% B in 15 min) to give
0.5 mg (0.38 pmol, 53%) of white powder. HPLC (15 to 65% B in 15 min): ¢z = 12.4 min; K' =
5.5. Calculated monoisotopic mass (CeH7sIN13012S): 1331.47; found: m/z = 1333.1 [M+H]", 666.9

[M+2H]**,

cyclo[(3-i0do)D-Tyr-Pro-2-Nal-N(Me)-Arg-Lys("*Cu-NOTA-Bn-SCN)] ([**Cu]54):
Complexation was performed as described in I1.2.2. Formation of the "*Cu"-chelate was
confirmed using HPLC and ESI-MS. The resulting 0.5 mM aqueous solutions of the respective
"Cu-complexes were diluted (serial dilution 10™ to 10" M in HBSS with 1% BSA) and used in

the in witro ICs5 studies without further processing. HPLC (15 to 65% B in 15 min): ¢z =
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11.5 min; K'= 4.7. Calculated monoisotopic mass (CeH7sCulN13015S): 1391.37; found: m/z =

696.1 [M+2H]>*.

cyclo[(3-i0do)D-Tyr-Pro-2-Nal-N(Me)-Arg-Lys(**Ga-NOTA-Bn-SCN)] ([**Ga]54):
Complexation was performed as described in I1.2.2. Formation of the "*Ga™-chelate was
confirmed using HPLC and ESI-MS. The resulting 0.5 mM aqueous solutions of the respective
"Ga-complexes were diluted (serial dilution 10* to 10" M in HBSS with 1% BSA) and used in
the in wvitro IC5 studies without further processing. HPLC (15 to 65% B in 15 min): tz =
11.5 min; K' = 4.6. Calculated monoisotopic mass (CgHrsGalN301.S): 1397.37; found: m/z =

1400.1 [M+HJ?, 699.8 [M+2H]**.

6. Radiochemistry
6.1. Radioiodination(["**I]Nal)

The radioligands (R1-3) were iodinated applying the lodogen-method as described
previously 7% 1.5 mg Todogen (1,3,4,6-tetrachloro-3R,6R-~diphenylglycoluril, Pierce, Rockford,
IL) were dissolved in 1.0 mL dry DCM and apportioned in 10 Eppendorf Caps (100 pL. iodogen
solution each cap). DCM was evaporated under nitrogen flow and the Iodogen-coated Eppendorf

caps were stored under nitrogen at -20 °C until further application.

cyclo[['**I|D-Tyr-N (hexylguanidino)-D-Ala-Arg-2-Nal-Gly]|; ['**I]CPCR4.3 (['*I]R1):

HN Approximately 0.5 mg (0.5 pmol) of R1 were

HN'§NH

dissolved in 20 pL. DMSO and 200 pL of Tris

Ho%}/fmi N buffer (25 mM in water). 5 uL (20.1 MBq) [*’I]Nal
H-N i o HNj( 2
(o= ™ (74 TBq/mmol, 3.1 GBq/mL 40 mM NaOH,

N

. . 125

¢ L A Chemical Formula: CaoHss™IN110s  Frortmann Analytic, Braunschweig, Germany) were
OO Exact Mass: 909,33

added to the solution and incubated for 15 min at
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rt. The crude product was loaded onto a semi-preparative HPLC to afford the desired product

(10.2 MBq, 50%). (25 - 55% B in 20 min; 220 nm); ¢tz = 19.1 min, k' = 9.6.

cyclo[["**I|D-Tyr-Arg-Arg-2-Nal-Gly]; ["**I|FC131 ([***I]R2): Approximately 0.5 mg

(0.5 pmol) of R2 were dissolved in 20 pL

125 \>-NH2
HO/IO//KC\)L ™ DMSO and 200 pL of Tris buffer (25 mM in
/ N
H-N H o
{:‘; ::)‘\\ water). 5 uL (23.1 MBq) ["PT]Nal
° H —<;\IH2 Chemical Formula: CagHss'?°IN110g (74 TBq/mmol, 3.1 GBq/mL 40 mM NaOH)
OO Exact Mass: 853,27

were added to the solution and incubated for
15 min at rt. The crude product was isolated from unlabeled FC131 via RP-HPLC to afford the

desired product (9.62 MBq, 42%) (20 - 40% B in 20 min; 220 nm); ¢z = 18.0 min, K’ = 9.0.

cyclo[['**I|D-Tyr-Pro-2-Nal-N(Me)-Arg-Arg] ['**IJFC313 (['*I]R3): Approximately

0.5 mg (0.5 pmol) of R3 were dissolved in
20 pL. DMSO and 200 pL of Tris buffer (25 mM
D\W in water). 5uL (15.88 MBq) [*INal (74

125|{§ J\(CM TBq/mmol, 3.1 GBq/mL 40 mM NaOH) were

NH Chemical Formula: C4oHs,'%IN;;05 added to the solution and incubated for 15 min

Exact Mass: 907,31
at rt. The crude product was isolated from
unlabeled R3 via RP-HPLC to afford the desired product (10.2 MBq, 64%) (25 to 60% B in 20
min; 220 nm); tg = 14.6 min, k' = 8.7. The radioligands were stored in the HPLC solvent at 8
°C until further utilization. Prior to the in wvitro experiments, the radioligand was dissolved in

HBSS to achieve a final concentration in the assay of 0.1 nM. The radioligands were used for 8 to

10 weeks without purification and were replaced with freshly prepared radioligands afterwards.
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6.2. ®Ga'"-labeling
The ®Ga-labeling was performed with a ®Ge/®Ga generator (iTHEMBA Labs, South

161170 in our group. %®Ga labeling was performed within 15 min

Africa) as published previously
using a GallElut™ system (SCINTOMICS GmbH, Germany). The %®Ge/®Ga-generator with SnO,
matrix was eluted with 1.0 M aqueous HCl. A fraction of 1.25 mL, containing approx. 80% of
the entire activity (ca. 1 GBq), was transferred into a glass vial (ALLTECH, 5 mL) containing
5 nmol of the precursor and an aq. solution of HEPES (270 mg HEPES in 220 uL water,
resulting pH of reaction mixture was 2). Reaction was performed for 5 min at 95 °C, followed by
fixation of the labeled peptides on pre-conditioned SPE cartridge (Waters SepPak® C18 light).
After purging of the cartridge with 10 mL of water, the labeled product was eluted with a
mixture of ethanol and water (v/v; 1:1), PBS buffer (1mL) and 1 additional mL of water '”. For
animal studies, the ethanol for eluting the labeled tracer from the cartridge was evaporated in
vacuo. After cooling, labeling efficiency and radiochemical purity were determined using radio-

TLC (0.1 M sodium citrate buffer or 0.06 M ammonium acetate/methanol (1/1), respectively).

Radiochemical purity of all %*Ga-labeled conjugates was = 95 %.

6.3. "Lu-labeling
For in witro studies, 7.5 pL (0.75 nmol) of the chelator coupled peptide (0.1 mM in

Tracepure water (Merck, Darmstadt, Germany)) was added to 20 MBq of a ['""Lu]LuCl; solution
(3000 GBq/mg, 740 MBq/mL, 0.04 M HCl, ITG Garching, Germany). 10 nL. of 1 M NH,OAc
(pH= 5) was added to the solution, followed by water to reach a final reaction volume of
100 pL. After 40 min at 90 °C, the labeling efficiency was examined by radio-TLC and radio-
HPLC. Radiochemical purity of all ' Lu-labeled conjugates was = 97 %. Hence, the tracers were
diluted and used for in vitro experiments without further purification. For in wvivo experiments,
the ""Lu-labeled compounds were loaded on a Cis-light cartridge (Waters GmbH, Eschborn,
Germany), which was conditioned with 5 mL of ethanol and 5 mL of water prior to use, flushed
with water and eluted with ethanol (0.1 % acetic acid). The solution of the product was diluted

with PBS (% of ethanol < 5 %) for in vivo application.
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6.4. '*F-labeling
For "F-labeling, the respective AmBFs-conjugated precursor (100 to 150 nmol) was

resuspended in 20 pL DMF and 20 pL of aqueous pyridazine-HCI buffer (1 M, pH 2). No-carrier-
added "F-fluoride, 2 — 5 GBq (50 — 130 mCi) were trapped on an anion exchange resin (loading
was performed in the reverse; 9 mg, quaternary ammonium, chloride form, preconditioned with
6 mL of deionized water, 6 mL of sat. NaCl solution and 6 mL of deionized water, respectively).
The aqueous *F-fluoride was eluted with 60 pL of isotonic saline into the reaction vial
(polypropylene Eppendorf cap, 1.5 mL) containing the labeling precursor. The vial was placed in
a heating block set at 80 °C for 20 min, whereupon the reaction was quenched by the injection of
0.2 mL of 5% NH,OH in water. The reaction mixture was loaded onto a Cis classic cartridge that
was conditioned with 5 mL of ethanol and 5 mL of water prior to use, flushed with water (to
remove e.g., "*F-fluoride, pyridazine), and eluted with ethanol (0.1 % acetic acid). The solution

of the product was diluted with PBS (% of ethanol < 5 %) for in vivo application.

7. Cell experiments
7.1. Cultivation of utilized cell lines

All cell experiments were carried out at the Department of Nuclear Medicine at Klinikum
rechts der Isar (TUM). For in witro experiments, the following cell lines were used: Jurkat
human T-cell leukemia cells (CLS: 300223), Ep-Myc1080 mouse B-cell lymphoma cells 7%, Daudi
B-lymphoblast cell line (ATCC® CCL-213™) (suspension cell lines) and the hCXCR4-expressing
cell line Chem-1 (Millipore Sigma: HTS004C), MBA-MD 231 cells (ATCC® HTB-26™), human
glioma US87 cells overexpressing CD4 and CXCR4 (U87CD4CXCR4) and the hCXCRT7*
glioblastoma cell line U343 (CLS: 300365) (adherent cell lines). Chinese hamster ovarian (CHO)

cells were used for transfection with h, mCXCR4 and h, mCXCRY for specificity studies.

Jurkat and U343 cells were cultivated in RPMI 1640 medium (Biochrom, United Kingdom)

containing 10% fetal calf serum (FCS; Biochrom). Daudi and Ep- Mycl080 cells were grown in
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RPMI 1640 medium supplemented with 20% FCS, 1% non-essential amino acids (Biochrom,
United Kingdom) and 0.1% of 2-Mercaptoethanol (Sigma-Aldrich, Germany). MBA-MD 231 and
U87CXCRACD4 cells were cultivated in Dulbecco’s Modified Eagle Medium/Nutrition Mix F-12
with Glutamax-I (1:1) (DMEM/F-12) (Invitrogen, Life Technologies, Darmstadt, Germany)
supplemented with 10% of FCS, Chem_ 1 cells were cultured in DMEM /F-12 supplemented with
10% FCS, 1% of non-essential amino acids (Biochrom), 1% HEPES (1.0 M) and 0.1 % of

gentamycin.

Cultures were maintained at 37 °C in a 5% CO; humidified air atmosphere and passaged two to
three times a week, depending on denseness of the cells. Adherent cell lines were harvested using
Trypsin/EDTA (0.05% and 0.02%) in phosphate-buffered-saline (PBS) (Biochrom) for 5 min at
37 °C. After centrifugation and resuspension with culture medium, cells were counted with a
Countesse automated cell counter (Invitrogen), or manually employing a Burkers counting
chamber. Suspension cells were centrifuged and resuspended in fresh medium prior to counting.
All in vitro studies were performed using vital cells. Adherent cells were seeded one day prior to
the experiment in 24-well plates (1.0 mL/well; Biochrom). Applied cell lines and cell numbers for
specific assays are described in the scope of the experimental setup and were kept constant over

the time of repetitions.

7.2. Determination of receptor binding affinity and specificity

Competitive binding assay using Jurkats (hCXCR4): Competition studies
addressing the human CXCR4 were performed using CXCR4 positive Jurkat human T-cell
leukemia cells and ["PIJFC131 (['**IJR2) as radioligand. The cells were separated from their
normal medium and resuspended in HBSS containing 1% BSA with a concentration of 2x10°
cells per mL. 200 pnl of the cell suspension, containing approximately 400,000 Jurkat cells, were
incubated with 25 pl of the radioligand solution (containing 3.1 kBq, approx. 0.1 nM) and 25 nl
of the competitor at different concentrations of 10" to 10°. After shaking for 2 h at rt, the

incubation was terminated by centrifugation at 600 x g (1,200 rpm, Biofuge 15) for 3 min. The
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activity in the supernatant was separated and the cell pellets were washed twice with cold
HBSS. Cell bound radioactivity was determined by using a y-counter (1480 Wizard® gamma-
counter from Wallac, Turku, Finland). Experiments were repeated at least three times in
triplicates. IC5 values of the compounds were calculated by nonlinear regression using GraphPad
Prism (GraphPad Prism 4.0 Software Inc., San Diego, USA). Each data point is the average of

at least three determinations.

Competitive binding assay using Ep-Myc1080 (mCXCR4): The determination of murine
CXCRA affinity was performed according to the affinity assay described for Jurkats cells, but

with 200,000 cells/sample and [**I]R1 as the radioligand.

Competitive binding assay using U343 (hCXCRYT7): Adherent cell lines were harvested
using Trypsin/EDTA (0.05% and 0.02%) in PBS for 5 min at 37 °C. After centrifugation and
resuspension with culture medium, cells were counted. 150,000 cells/well were seeded one day
prior to the experiment in 24-well plates (1.0 mL/well). On the day of the experiment, the
culture medium was removed and the cells were washed once with 500 ul. of HBSS containing
1% BSA, before being left to equilibrate in 200 pL of HBSS (1% BSA) on ice for 15 min. Then,
25 uL/well of either (1% BSA; Control) or of solutions containing the respective test compound
(cold metal complex) in increasing concentrations (10" - 10* M in HBSS 1% BSA) were added,
followed by the addition of 25 pL of ["*I]R3 in HBSS (1% BSA) as the radioligand (app.
3.1 kBq, 0.1 nM). Experiments were carried out in triplicate for each concentration. Cells were
incubated on ice for 2 h. By removal of the incubation medium, incubation was terminated and
the cells were thoroughly rinsed with cold 250 ul. of HBSS twice. The washing medium was
combined with the supernatant of the previous step. This fraction represents the amount of
unbound radioligand. Cells were then lysed using 250 uL of 1 N NaOH, the lysate was
transferred to vials and combined with another 250 uL. of NaOH used for rinsing the wells.

Quantification of the amount of unbound and bound activity was performed in a y-counter.
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Specificity of radioligand cell binding: Cell transfection and cell binding experiments were
all perfomed at the Department of Nuclear Medicien at Klinikum rechts der Isar (TUM). CHO
cells were transfected with h/mCXCR4/CXCRT7 vectors 24 h before start of the experiment, as
described by our group before *”. In brief, transient transfection was accomplished using
jetPRIME reagent (PEQLAB Biotechnology, FErlangen, Germany; #13-114) according to
manufacturer’s instructions. CHO-K1 cells were seeded at a density of 50000 cells/well in poly-L-
lysine-coated 24-well plates, transfected with 0.5 pg/well of receptor- encoding constructs (kindly
supplied by Prof. Dr. S. Schulz and Prof. Dr. R. Stumm, Institute of Pharmacology and
Toxicology, Jena University Hospital, Germany) 16 h after plating, and used for assay 24 h after
transfection.

On the day of the experiment, the culture medium was removed and the cells were washed once
with 500 pL. of DEMEM containing 5% BSA, before being left to equilibrate in 200 uL of
DEMEM (5% BSA) for 15 min. Then, 25 pL per well of either DEMEM (5% BSA; Control) or
25 pL. of AMD3100 (100 pM; blockade) were added, followed by 25 pL of the radiolabeled
peptide (10 nM; final concentration in the assay: 1 nM). The plates were incubated at 4 °C for
30 min. The incubation was terminated by removing the supernatant and thoroughly rinsing the
cells with cold PBS. The wash media were combined and the cells were lysed by addition of
250 pL of 1 N NaOH. The lysate was transferred to vials and combined with another 250 pL of
NaOH used for rinsing the wells. The fractions of unbound and bound activity for the control

and the blocking experiment were quantified in a y-counter. The experiment was conducted in

triplicates for every compound (control and blockade).

7.3. Fluorescent microscopy

Fluorescent imaging: Ep-Mycl080 mouse B-cell lymphoma cells, Chemicon’s Wild-
Type Chem-1 cells and Daudi human B-Lymphoblast cells were utilized for fluorescent imaging
of the CXCR4 surface expression. The suspension cells (Daudi and Ep-Myc1080) were separated
from their normal medium and re-suspended in DEMEM (5% BSA). 200 pl of the cell
suspension, containing app. 200,000 cells, were incubated with 25 pl of QDs-6 (final
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concentration: 25 nM) or unlabeled quantum dots for control for 1 h at rt. The supernatant was
separated and the cells were rinsed with HBSS thoroughly. The Chem_ 1 cells were seeded 24 h
prior to experiments (approximately 50.000 cells per vial) on cover slides (micro cover slides,
VWR). On the day of the experiment, the cells were washed and treated with QDs according to
the procedure described above. Fluorescence images were obtained on a fluorescence microscope
BZ9000 (Keyence, Japan) with TxRed SB filter. Wavelengths: Ex.: 562/40; DM: 593, EM:
624/40. Fluorescence imaging was conducted in triplicates; images were obtained and used

without further modification (except enhancing contrast).

Binding affinity assay using biotin-labeled TN14003 (performed at Emory
University; Atlanta): To determine the inhibitory effectiveness of selected CXCR4 targeted
peptides, a binding assay utilizing the biotin-labeled CXCR4 inhibitor TN14003 as the standard
ligand was performed. Therefore, app. 2 x 10® MBA-MD-231 cells were seeded in 8 well glass
slides (Chamber Slide, Thermo Fisher Science, USA) containing 300 pL. of DEMEM (10% FCS)
the day before the experiment. The incubation medium was removed and the slides were washed
two times with serum free medium. The test compounds were dissolved in 180 pL serum free
medium at different concentrations (1 nM, 10 nM, 100 nM and 1000 nM) and incubated for 15
min at 37 °C. The incubation was terminated by washing two times with cold PBS. The
chamber walls were removed as described by the provider and the cells were fixed for 20 min
with cold 3.8% formaldehyde in PBS (v/v). The cells were washed with PBS and treated with 60
nL of biotinylated TN14003 (0.1 png/mL; Thermo Fisher; USA) for 30 min at rt. After washing,
incubation with streptavidin conjugated Rhodamine and Hoechst core staining was performed for
another 30 min. Fluorescent microscopy was performed on an Axioplan 2 microscope (Zeiss,

Germany) and a rhodamine filter.

7.4. Functional assays for in vitro characterization

Internalization and cell binding kinetics (hCXCR4, hCXCRYTY): For

internalization studies addressing the hCXCR4 receptor, Chem__ 1 cells were utilized. In studies
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focusing on the hCXCR7, U343 cells were employed. Conditions (cell number, assay medium,
incubation time) were identical for both experiments. Therefore, the cells were harvested using
Trypsin/EDTA (0.05% and 0.02%) in PBS for 5 min at 37 °C. After centrifugation and
resuspension with culture medium, cells were counted. 100,000 cells/well were seeded one day
prior to the experiment in 24-well plates (1.0 mL/well). On the day of the experiment, the
culture medium was removed and the cells were washed once with 500 pL. of warm DMEM-F12
(5% BSA) before being left to equilibrate in 200 L. DMEM-F12 (5% BSA) at 37 °C for a
minimum of 15 min. Then, 25 pL (per well) of either DMEM-F12 (5% BSA) or 100 pm
AMD3100 solution (control or blocking) was added, followed by the addition of 25 pL of
radiolabeled peptide. The final radioligand concentration was 1.0 nM in all internalization
studies. To determine internalization kinetics, cells were incubated at 37 °C for 5, 15, 30 and 60
min, respectively. Experiments were carried out in triplicate for each time point. Incubation was
terminated by placing the plate on ice for approximately 1 min and by subsequent removal of
the incubation medium. Cells were thoroughly rinsed with 200 pL of ice cold PBS. The
supernatant was combined with the fractions of the previous step. To remove membrane
associated radioactivity, the cells were washed with 200 pL of ice cold acid wash (0.02 M NaOAc
in saline, buffered with AcOH to pH = 5.0). After removal of the supernatant, the cells were
thoroughly rinsed with another 200 pL of acid wash. Both fractions were combined and represent
the amount of membrane bound radioligand. The internalized activity was released by
incubation with 300 uL. of 1 N NaOH, transferred to vials and combined with 300 pL. of 1 N
NaOH used for rinsing the wells. Quantification of the amount of free, membrane bound and
internalized activity was performed in a y-counter. Internalized and membrane associated
radioactivity was corrected with the activity found in the blocking study (co-incubation with

100 pM of AMD3100) to give CXCRA4 specific results.

Radioligand externalization and recycling kinetics (hCXCR4): To determine
externalization kinetics, Chem_1 cells were prepared in the same way as described for

internalization assay. After the cells were washed with DMEM-F12 (5% BSA) and left to
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equilibrate for at least 15 min at 37 °C, the cells were incubated with 25 pL of radiolabeled
peptides (1.0 nM) at 37 °C for 120 min in a total volume of 250 pL. After the initial incubation,
the medium was removed and kept for the calculation of total added radioactivity. No acid wash
was performed to ensure the receptor integrity during the subsequent externalization and
recycling study. In the experiment allowing ligand recycling, 250 pL of fresh assay medium was
added to the cells. In the experiment inhibiting ligand recycling, 225 pL fresh assay medium and
25 pL of 100 pM AMD3100 were added to the cells. The cells were then incubated for 5, 15, 30
and 60 min at 37 °C. Subsequently, the supernatant was removed and the cells were washed
with 200 pL cold HBSS. The combined fraction of supernatant and HBSS represents the amount
of externalized radioligand. The cells were then washed with 200 puL cold acid wash twice, which
represents the fraction of membrane-bound radioligand. Cells were lysed as described for the
internalization assay and the amount of free, externalized, membrane-bound and internalized

radioligand was quantified in a y-counter.

Matrigel Invasion assay (hCXCR4): MBA-MD 231 cells were washed with serum free
RPMI-1640 medium 4 h prior to the experiment. 500 pL containing app. 5 x 10" cells per well
were seeded into insert of Matrigel invasion 24-well plates (Fisher Scientific) cups and inserted
in the wells. The bottom chamber was employed with 700 pL of serum free medium and
20 ng/mL SDF-1 to induce chemotaxis. The test compounds were mixed with the cells and
added carefully to the upper chamber. A positive control (no additional added compound, except
SDF-1 in the bottom chamber) and a negative control (no added SDF-1) were included in every
experiment. To determine the antagonistic nature of test compounds, concentrations of 100 nM
of the test compound were added to the cells in the upper chamber. The cells were incubated at
37 °C for 16 h. The matrigel was removed and the cells were fixed, stained and counted using an

Axioplan 2 microscope (Zeiss).

cAMP assay (hCXCR4): Human glioma US87 cells overexpressing CD4 and CXCR4

(U87TCD4CXCRA) cells were kept in cultivation at least one week before starting the experiment.
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The cells were washed and harvested according to the standard procedure for adherent cells.
App. 1500 — 2000 cells per well were seeded in a 384-well plate in 2% FCS 1% penicillin 24 h
before the test. Perkin-Elmer’s LANCE cAMP assay kit (catalog #AD0262) based on time-
resolved fluorescence resonance energy transfer (TR-FRET) was utilized to determine a
compound’s ability to block cAMP modulation induced by CXCR4/SDF-1 interaction
(antagonistic approach). The experiment was performed according to the manufacturer’s
instructions using 5 uM Forskolin to induce cAMP production that is reduced by the presence of
SDF-1 (Gi production and subsequent inhibition of adenylyl cyclase). For the agonistic approach,
SDF-1 was replaced with different concentrations of the test compound to test its ability to
inhibit cAMP production. Results were measured in a Perkin-Elmer Envision 2102 multilabel
reader with the following parameters: flash energy area = low, flash energy level = 239, counting

cycle = 1 ms, and ex/em = 340 nm/665 nm.

8. Determination of lipophilicity, stability and blood cell binding

Determination of LogP(octano/pes): To determine the distribution coefficient of %Ga-or '"Lu-
labeled compounds in n-octanol and PBS buffer, approximately 0.8 — 2.0 MBq of radiolabeled
peptide was diluted in 0.5 mL of phosphate buffered saline (n=6, pH = 7.4). After addition of an
equal volume of n-octanol, the solution was vigorously vortexed for 3 min. The vials were
centrifuged at 6000 g for 5 min in a Biofuge 15 (Heraeus Sepatech, Osterode, Germany) for
quantitative separation of the layers. 100 pL samples were taken from both the aqueous and the
organic layer, and radioactivity was measured in a 1480 Wizard® gamma-counter. The partition
coefficient P prs), which is defined as the molar concentration ratio of a compound between n-
octanol and PBS at equilibrium, and logP/pss), which is an important parameter used to

characterize lipophilicity of a compound, were calculated.
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Plasma protein binding: To determine the ratio of free radiolabeled peptide and plasma
protein-bound peptide, a 500 uL. sample of human blood from a Heparin- or EDTA coated vial
was centrifuged at 3,000 x g (6,000 rpm, Biofuge 15) for 3 min. The resulting plasma was
incubated with app. 0.5 — 1.0 MBq of the radiolabeled peptide at 37 °C for 15 min before ultra-
centrifugation in a modified polyethersulfone ultracentrifugation vial (low-protein binding,
30 kDa, VWR International GmbH) at 7,500 x g (15,000 rpm, Biofuge 15). A sample of the
plasma and an equal volume of ultra-filtered plasma (plasma protein free) were measured in a y-
counter. The resulting value was corrected for unspecific adhesion to the ultra-filtration vials

using PBS for incubation.

Blood cell binding: To distinguish the binding of CXCR4 targeted peptides to different blood
cells, 1.0 mL samples of human blood from a Heparin- or EDTA coated vial were incubated with
225 pL of a 1.0 nM solution of the radiolabeled compound and 25 pL of either PBS or AMD3100
(100 pM) in 1.5 mL Eppen-dorf Caps for 15 min. Stepwise centrifugation separated the different
blood compartments. First, the erythrocytes were collected after centrifugation at 700 x g
(1,400 rpm, Biofuge 15) for 5 min. The pellet was washed with 500 pL. of cold PBS and
centrifuged a second time. The supernatant was com-bined and centrifuged at 3,100 x g
(6,200 rpm) to collect the leukocytes. After washing with PBS and centrifugation, the
radioactivity of the pellets (erythrocytes and leukocytes) and the supernatant was measured in a
y-counter. CXCR4 specificity of binding was shown by co-incubation of 100 pM AMD3100.
Specific binding is shown as the difference of radioactivity measured with radioligand and with

co-incubation of AMD3100.

Metabolic stability in human blood: To evaluate the metabolic stability in human blood
app. 5 MBq of the radiolabeled peptide were incubated in 1 mL of fresh blood samples (Heparin-
or EDTA coated vials) at 37 °C for 1 and 3 h, respectively. After incubation, the blood samples
were centrifuged at 3,100 x g (6,200 rpm) for 5 min. The plasma proteins were precipitated in ice

cold MeCN for 10 min at 0 °C and collected by centrifugation at 3,100 x g (6,200 rpm) for
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5 min. Samples of all pellets were measured in a y-counter. The supernatant was ultrafiltrated
and directly analyzed with radioHPLC (Chromolith Performance 18 E 4.6 x 100 mm; flow rate
= 3mL/min; applied gradient: 3 to 95% B in 6 min, 220 nm). The resulting chromatogram was
compared with the quality control after synthesis to detect radiometabolites. Samples from every

step of blood preparation were measured in a y-counter to calculate the extraction efficiency

(%/ID).

9. Animal experiments

All animal experiments were conducted in accordance with German Animal Welfare Act
(Deutsches Tierschutzgesetz, approval #55.2-1-54-2532-71-13) and at the Department of Nuclear
Medicine at the Klinikum rechts der Isar (TUM). The B-Lymphoma cell line Daudi was
suspended 1/1 in serum-free medium and matrigel (BD Biosciences, Germany) and
approximately 107 cells in 200 uL. were inoculated subcutaneously on the right shoulder of 6 - 8
weeks old mice (CB-17 SCID, Charles River Laboratories, Germany). Tumors were grown for

and 2 - 4 weeks to reach 8 — 10 mm in diameter.

9.1. Metabolite analysis

The respective radiolabeled tracers (25 —40 MBq) were injected into the tail vein of
anaesthetized SCID mice. The animals were allowed to wake up and after 30 min they were
sacrificed applying COs,. Samples form urine, blood, liver and kidney were taken immediately.
The collected urine was dissolved in PBS and directly measured using radioHPLC. Parts of the
liver and one kidney were frozen in liquid nitrogen, homogenized with a ball mill and extracted
with 0.2 - 1 mL. PBS containing 50 pg of AMD3100. The suspension was first centrifuged
(15,000 g) and after ultrafiltration the extracts were analyzed by radioHPLC (Chromolith

Performance 18 E 4.6 x 100 mm; flow rate = 3 mL/min; applied gradient: 3 to 95% B in 6 min,

85



MATERIALS AND METHODS

220 nm). The blood samples were centrifuged to separate the plasma from the blood cells.
Plasma proteins were removed by precipitation with cold acetonitrile (50% (v/v), 10 min, 4 °C)
and subsequent centrifugation and ultrafiltration as described before. The blood extract was also

analyzed by radioHPLC. For all extracts the extraction efficiency was determined in a y-counter.

9.2. Biodistribution

For biodistribution studies, the respective radiolabeled CXCRA4 ligands (0.1 - 0.3 nmol)
were injected into the tail vein of isoflurane anesthetized mice. The uptake of the
radiopharmaceuticals in selected organs, tissues and body fluids (e.g. blood, heart, lungs, liver,
spleen, pancreas, stomach (without content), intestine (with content), kidney, uterus, muscle,
bone, skin, brain, tumor and tail) was examined at different time points p.i.. Weighted samples
were quantified in a y-counter. Specificity of binding was demonstrated by coinjection of 50 pg of
AMD3100 together with the radiolabeled peptide one hour p.i. (n = 3-4). Specific activity of the
tracer, injected mass, molarity and determined time points are cited in the text with the

respective experiment.

9.3. Small-animal PET imaging

PET imaging was performed using a Siemens Inveon small animal PET (Department of
Nuclear Medicine, Klinikum rechts der Isar, TUM), followed by data analysis using the Inveon
Research Workplace software. The animals were anesthetized with isoflurane, weighted and
injected via tail vein with 2 - 10 MBq (0.1 - 0.25 nmol) of tracer. Injected activity is cited with
the respective study in the text. Dynamic imaging was performed after on-bed injection for
1.5 h. Static images were recorded at 1 h post injection (p.i.) with an acquisition time of 15 min.
For the competition study, animals were co-injected with 5 mg/kg of AMD3100 and static
images were accorded 1 h p.. for 15 min. Images were reconstructed using 3D ordered-subsets

expectation maximization (OSEM3D) algorithm without scanner and attenuation correction.
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III. RESULTS AND DISCUSSION

1. Synthesis

The development of cyclic peptide CXCR4 inhibitors starting from the endogenous ligand of
CXCR4 CXCL12 (SDF-1) showed a complex relation between binding affinity and structural
modifications. Based on SAR studies starting from T22 ([Tyr>'?, Lys’|-polyphemusin II, see
Figure 3), Fujii et al developed the first cyclic pentapeptide FC131 (R2) with high affinity

towards CXCR4 and high potency for HIV entry inhibition & 8 . 97. 98 100 173, 174
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Figure 8. Structures of CXCR4 targeting lead scaffolds R1 % and R2 % with thereof derived cyclic
pentapeptides 2 and 11 “and the chemical structure of CXCR7 targeting lead scaffold FC313 (R3) .

In order to design novel CXCR4 affine ligands, different binding scaffolds developed in our group

8991 were utilized for further modification and introduction of signaling units like chelators (for
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radio metals), fluorescent dyes or "F-labeled prosthetic groups. Recently, the group of Fujii et al
reported the development of novel CXCRT7-selective ligands through an SAR study based on the
CXCR4-specific antagonist FC131 (R2) . The respective pentapeptides R1, R2 and R3 (see
Figure 8) were synthesized and employed as reference ligands, lead structures for further
modifications and as precursor for radioiodination to be used as radioligands for in witro
evaluation of the novel ligands. The synthesis of all cyclic pentapeptides was performed on solid
support applying standard Fmoc-protocol ** I and recently published methods for N-Alkylation

or N-Methylation, respectively %,

N- '/—'LN¥ NH, Linking units Chelator/ Quantum Dots
z:o HoN N _ —_— Chapter 111.1.1.

(iodo)D-Tyr®

2
(I @
Hoé Y 9, . D-om* Chapter I1.1.2.1.
H /_LN¥° e

H, Chelator

-N
O H-N X (charged )Linking units  *3F-labeling precursor
Glyzz:“%)’/q5 " _ - Chapter I11.1.2.2.
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g NH g
Nal' () Chapter 111.1.2.3.
(iodo)CPCR4 (11/12)
D-Tyr®

Ho Qﬁ H o Arg*
N i
O{ OWN N2 Modification of amino

acid sequence Signaling unit
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H'N Args NH
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Figure 9. Overview of the synthetic routes and the separation into chapters according to the utilized lead

structure.
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After cleavage from the resin and subsequent cyclization, the protected peptides were obtained
with a reaction yield of 70% on average. On the basis of peptides 2 and 11 (Fig. 9), different
linking units were introduced (III.1.1, II.1.2) to determine the influence of structural
modifications on the receptor targeting traits of the novel compounds (III.1.2.1. shifting the
charge, 111.1.2.2. optimization of the linking unit). In addition, the novel derivatives were com-
bined with imaging modalities (chelators, quantum dots (III.1.1), or ""F-radiosynthons (III.1.2.3.
8F-labeling precursor)). The following chapters are ordered by the utilized binding scaffold,
starting with peptide 2-based ligands (Fig. 9, I1I.1.1), then (iodo)CPCR4 (11/12)-based ligands

(see III.1.2) and finally FC313 (R3)-based ligands for the targeting of CXCRT (see III1.1.3.).

1.1. Synthesis of cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-Nal-D-Cys| (2)-based
compounds

To be able to utilize R1 for a new series of molecular imaging agents, an alternative
concept for backbone modification of FC131-derived cyclic pentapeptides was successfully inte-
grated into the design of novel R1-based analogues. Tanaka et al had demonstrated that the
substitution of glycine® by D-cysteine? in FC131 (R2) (Fig. 10) caused an only moderate loss of
affinity and provided novel degrees of freedom for additional peptide modifications ? 1% 176, By
combining this substitution concept and the N-alkylation strategy employed in R1, novel penta-
peptide-based CXCR4 radioligands were developed (Fig. 10). Therefore, suitable linking units
between the pentapeptide 2 and a “signaling unit” (fluorescent dye or chelator), were
investigated. The linking units were introduced by reaction of the thiol group with acyl chloride-
or alkylbromide-modified precursors in MeCN and H.O with DIPEA as base. The final products
were acetylated on the N-terminus (acetic anhydride/DIPEA) and purified using RP-HPLC. The

products were obtained in approximately 20% yield (based on 2).
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mercaptoethanol, DBU [NMP], 15 min ,rt; f) Fmoc-D-Tyr(tBu)-OH, HATU, HOAt, DIPEA, rt, 3h [DMF]; 20% piperidine in DMF 10

min ; g) DCM, Trifluoroethanol, acetic acid (6:3:1; v/v/v), 30 min, rt; NaHCO3, DPPA, 10 h, rt [DMF]; h) 3 % Hydrazine
Monohydrate, 15 min, rt [DMF]; 1-H-Pyrazol-1-carboxamidine, DIPEA, 6 h,rt [DMF]; i) trifluoroacetic acid, TIPS, H,0O (95, 2.5, 2.5;

vIVIV), 40 min, rt;

Figure 10. Synthetic route for the CXCR4 binding peptide (2). CXCR4 affine ligands in combination

with different linkers (3-8).

The most affine compound 7 was utilized as its N-terminal free analog 6 for condensation with

DOTA (9) and decoration of carboxyl-modified quantum dots (QD-6) for further investigation.
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1.2. Synthesis of cyclo[D-Tyr-N(Me)-D-Orn-Arg-Nal-Gly] (11)-based compounds
1.2.1. Shifting the charge

Detailed SAR studies revealed a pronounced dependency of CXCR4 affinity on the type
and spatial arrangement of functional groups within the structure of FC131 (R2). Especially the
side chains and the conformation of the backbone influence the binding affinity of cyclic penta-
peptides, see Figure 3 & 97 9 100,175, 1%, 177 Nevertheless, a selection and iteration process including
more than 200 compounds led to the development of [®*Ga|Pentixafor ([*Gal23), a first CXCR4
targeted PET agent with high affinity and selectivity for hACXCR4 and excellent in vivo pharma-

90, 91, 125, 127

cokinetics . The binding affinity of 23 varies with the chelated metal and is therefore

9. 91,156 This phenomenon was reported for the soma-

highly dependent on complex formation
tostatin analogue DOTATOC " as well as for inhibitors of the prostate specific membrane

antigene (PSMA), before 161 175150,

9 9
|
H H H ab.c H H H
N N
%N&N%N&N%N,Fmoc - TKKNJK/NW/LNJ\—/NW/'\NJ\
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o " o M g o H L NHz
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peptide R R2 R R RS N ) n H\,I\/)/
13 DGlu  DAla D-Ala DAl DAl HO™ 7 H‘N\fo 0=
14 DAla DGl DAla DAl DAa \N'\k_“ N-H
() 20% piperidine in DMF; (b) 15 D-Ala  DAla DGlu D-Aa D-Ala 1
acetic anhydride, DIPEA [DMF]; (c) 16 D-Ala D-Ala  DAla DGlu D-Ala /§\;
TFE, acetic acid [DCM]; (d) 11 (1.0 17 D-Ala D-Ala D-Ala D-Ala  D-=Glu <
eq.), HOBt, TBTU, DIPEA [DMF]; (e) 18 D-Ala D-Ala  D-Glu D-Glu D-Ala
TFA, TIPS, water 19 D-Ala D-Ala  D-Ala D-Ala D-Ala
20 DDap  DGlu D-Ala DAla DAl
21 Dap[(”;/‘e)a D-Glu D-Ala D-Ala  D-Ala

Figure 11. Schematic synthesis route for peptides employed in the “shifting the charge” study. For in
vitro evaluation, the respective linear peptides were acetylated at the N-terminus to mimic an amide bond

of further conjugation.
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To address the pronounced variations in binding affinities for different M"W"_chelates of 23, a
series of specifically designed linking peptides were synthesized and evaluated in vitro in terms of
CXCR4 binding affinity. By shifting glutamic acid (negative charge) from the 4-aminomethyl
benzoic acid (4-AMBA) spacer between DOTA and 11 (CPCR4) (employed in 23), alongside a
D-alanine-based peptide chain, the influence on the binding affinity was monitored. All amino
acid spacer were constructed on solid support and either acetylated on the N-terminus or cleaved
from the resin with terminal Fmoc-protection. After cleavage from the resin and HPLC
purification, the linear peptides were combined with 11 (CPCRA4) see Figure 11). Conjugation to

the chelator was performed in solution after HPLC purification.

Amino acid spacer: The different five-amino acid spacers were synthesized according to a
standard Fmoc-protocol solid-phase peptide synthesis (using HOBt, TBTU and DIPEA in
NMP). Therefore, TCP resin was loaded with 4-(aminomethyl)benzoic acid and the peptides
with D-Glu at stepwise altering positions, together with (D-Ala)s;- D-Glu- D-dap and (D-Ala)s- D-
Glu[N(Me)s|D-dap were prepared similarly (Figure 11). Coupling steps were quantitative within
1.5 h, though for the first amino acid, the coupling time had to be prolonged to 3 h to obtain
reasonable conjugation. To confirm quantitative coupling yields, a small amount of peptide was
cleaved from the resin and analyzed by HPLC and ESI-MS. For optimal synthesis yields, all side

chain functionalities (for glutamic acid and diaminopropionic acid) were orthogonally protected.

Peptide acetylation: For in wvitro evaluation, the amino acid spacer had to be acetylated at
the N-terminus. Quantitative acetylation of the unprotected N-terminal amine was achieved with

incubation of the resin-bound peptides with acetic anhydride and DIPEA for 30 min at rt.

Fragment condensation: For fragment condensation between the acetylated or Fmoc-
protected amino acid spacer (1.5eq.) and 11, HOBt, TBTU and DIPEA were used.
Condensation of the fragments was quantitative within 2 h and the products were purified using

HPLC.
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Chelator conjugation: DOTA was conjugated to the D-Ala-D-Ala-D-Ala-D-Ala-D-dap spacer.

192 aga in situ formation of the NHS ester was

Quantitative coupling of DOTA in solution
achieved by preincubation of unprotected DOTA (4.0 eq.) with NHS, EDC and DIPEA for

10 min and subsequent reaction with the peptides for another 15 min.

1.2.2.1. Iodination of the cyclic binding scaffold CPCR/ (11)

A second approach for modifications of 23 (Pentixafor) was prompted by a detailed in
vitro evaluation of [**Ga]23. The results revealed, that the radioiodinated analogue of [**Gal]23,
['*I]-[**Ga]23 inherits a significant higher binding affinity for hCXCR4 % /% However, the de
novo synthesis of 70do-23 was not successful by means of standard Fmoc-synthesis, because of
the fact that Fmoc-3-iodo-D-Tyr-OH is not available in its sidechain protected form. A variety of

side products decreased the reaction yield during solid phase synthesis.
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Figure 12. Proposed reaction scheme of TFA catalyzed, direct iodination of peptide 11.

The N-methylated D-Orn’ which had to be reacted with Fmoc-3-iodo-D-Tyr-OH further de-
creased the reaction yield and made the synthesis of 24 on solid support not practicable.
Fortunately, within the scope of this work, Schottelius et al designed a method for direct

iodination of bioactive small peptides under mild conditions %. This method employs N-iodo-
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succinimide (NIS) on HPLC purified peptides. The presence of even catalytic amounts of TFA
has been shown to greatly enhance the iodination yields of deactivated aromatic compounds
using NIS due to the in situ formation of a highly electrophilic trifluoroacetyl hypoiodite **. This
method could be smoothly applied for 23, resulting in good yields (28 + 8%) of 24 after HPLC
purification (see Figure 12). The effects of structural modification in the linking unit on binding
affinity (II1.3.2.), receptor internalization (III.3.2.) and lipophilicity (III.4.) were determined

within this project.

1.2.2.2. Optimization of the “linking unit”

Again, the ligands were synthesized using fragment condensation between the activated
ester of the amino acid spacer (still Fmoc-protected) and the binding scaffold 11 (CPCR4).
Subsequent Fmoc-deprotection, combination with the chelator, HPLC purification and
iodination of D-tyrosine resin resulted in the novel CXCR4 ligands. Therefore, 4-((Fmoc)amino)-
benzoic acid (4-Fmoc-ABA) was loaded on TCP-resin employing DIPEA as the base. Fmoc-
glycine, D-alanine or D-asparagine was coupled utilizing HATU, HOAt and DIPEA due to the
reduced reactivity of the aniline analogue. Additional amino acids could be reacted with the
Fmoc-deprotected peptides using HOBt, TBTU and DIPEA. Quantitative coupling was achieved
within 2 h. The Fmoc-protected peptides were cleaved from the resin. After precipitation in
water, the peptides were reacted with 11 in the presence of HOBt, TBTU and DIPEA in DMF.
The purified, N-terminal free peptides were then reacted with either DOTAGA-anhydride and
DIPEA as the base at rt for 16 h, or with unprotected DOTA within 2 h employing NHS,
EDCI*HC] and DIPEA. Purification and subsequent iodination of D-tyrosine resulted in the
desired iodinated derivatives of 24. In most cases, relatively low yields (1 to 5%) were received,
caused by high losses during multiple purification steps. Resin-bound conversion of peptides and
chelator and subsequent combination with iodinated 11 (12) might improve the efficiency of the

synthesis.
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1.2.3. 8F-labeling precursor

Several ®¥F-labeled CXCR4 targeting probes have been reported % % % so far. However,
the tumor to background ratios are decreased due to extensive binding to red blood cells %, or
unfavorable physiological distribution in vivo *. Conventional radiofluorination of small peptides
is limited to multi-step procedures, involving prosthetic groups, which often results in prolonged

% and low radiochemical yields . In contrast, direct radiofluorination can be

reaction times
achieved by the utilization of [Al'"F]**-chelates with 1,4,7-triazacyclononane-triacetic acid
(NOTA) or isotopic exchange reactions *'%. Isotopic exchange has successfully been utilized for
BF-labeling of both R-BF; and SiFA-modified ligands. For these radiosynthons, isotopic ex-
change conditions are milder than those of nucleophilic displacement, performed at lower tem-
perature under moderately acidic conditions between pH ~ 1.5 - 2.5 for R-BF3; and pH ~ 5.0 -
7.0 for SiFA 7. Consequently, to guarantee the stability of the R-BF; group against hydrolysis
during isotopic exchange and in wivo application, ((ethynyldimethyl-ammonio)methyl)-
trifluoroborate (AmBF;) was published as a radio-synthon for F-F isotopic exchange % 1%-197,

Reported radiolabeling yields of up to 40% and specific activities of = 3 Ci/pmol (98% radio

purity) overcome the former limitations of isotopic exchange reactions %
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(a) 38, DIPEA, CuSO, [DMF]; (b) TFE, DCM, acetic acid; (c) KHF,, HCl,H,0 [DMF]; (d) CuSO,, CcH,NaOg, ['Bu-OH/H,0]; (e)
CgHF;0, DMAP, DIC [DMF] (f) DIPEA [DMF]

Figure 13. Reaction route for *F-labeling precursor: I) construction of the peptidic linker on solid
support (R! represents different amino acids), II) diazo-transfer on solid support (a, b), IIT) preparation of
AmBF; synthon and in situ 1,3-dipolar cycloaddition (¢, d), IV) preparation of the respective
pentafluorophenolester (e), V) combination of iodinated scaffold 12 and the linker (f).
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Therefore, 37 (pinakol ester of AmBF;) was utilized as a synthetic unit to guarantee in vivo
stability of the novel ¥F-labeled ligands. The boronylpinakolester 37 was available for synthesis
166, 1

according to literature % Under dry conditions N,N-dimethylpropargylamine was reacted

with iodomethylboronyl-pinacolate in high yields (93 + 5%). The synthetic route of AmBF;

195,198, 199 Therefore
. )

modified peptides affords 1,3-dipolar cycloaddition as described in literature
an azido residue has to be introduced at a primary amine (N-terminus or side chain) of the
respective ligands. A diazo-transfer reaction on solid support could be established according to
previously published procedures !%. Upon addition of catalytic amounts of CuSO,, the N-
terminus could be converted to the respective azide within few hours (Figure 13). Due to the
sensitivity of the BFs-group against reductive conditions, the synthesis of the “*F-precursor was
divided into several synthesis steps (mainly the preparation of the linking unit as fluorination

precursor and the preparation of the cyclic binding scaffold).

First, the linking unit was prepared on solid support, converted to its respective azide and
combined with the AmBF; synthon (Figure 13). The linking unit was transformed to the
pentafluorophenyl ester and purified using semi-preparative HPLC. Then, the binding scaffold
(CPCR4, 11) was constructed on solid support, cyclized and iodinated subsequently, using NIS
in MeCN and water (Fig. 13). After purification, the novel CXCR4 ligands were obtained after
fragment condensation of the activated ester (AmBF;-(Xaa),-4-ABA-Pfp) and the iodinated

binding scaffold 12 (iodoCPCRA4).

Synthesis of the activated ester AmBF;-(Xaa),-4-ABA-Pfp: The peptide spacer were
synthesized according to a standard Fmoc-protocol solid-phase peptide synthesis (using HATU,
HOAt, DIPEA in DMF). 4-aminobenzoic acid was loaded on a TCP resin in quantitative yields.
The peptides Fmoc-D-Lys-Gly-4-ABA (43), Fmoc-D-Arg-Gly-4-ABA (42, 41), Fmoc-D-Val-Gly-
4-ABA (40) and 4-Fmoc-ABA (39) were prepared accordingly. To confirm quantitative coupling
yields, a small amount of peptide was cleaved from the resin and analyzed by HPLC and MS.
After Fmoc-deprotection (20% piperidine in DMF), the primary amine was reacted with

imidazole-1-sulfonyl azide hydrochloride (38) in the presence of catalytic amounts of CuSO, and
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DIPEA in DMF. Quantitative conversion to the azide was monitored after 16 h, in general.
Thus, after cleavage from the resin, the azide-peptides were purified using HPLC. For the 1,3-
dipolar cycloaddition, 37 was converted to ((dimethyl(prop-2-yn-1-yl)ammonio)methyl)-
trifluoroborate (AMBF3) in the presence aqueous KHF,; and HCl in DMF (see Figure 13) and
reacted in situ with the respective azide-peptides at 60 °C over night. After purification,
quantitative formation of the pentafluorophenyl ester was achieved by incubation of AMBFs-
(Xaa)-4-ABA together with DMAP, 2,3,456-pentafluorophenol and DIC for 1.5h. The
resulting active esters were purified using HPLC and can be stored at —20 °C until further

application.

Combination with the binding scaffold: For the fragment condensation, the activated
peptide esters (1.1 eq.) were dissolved in dry DMF. The deprotected binding scaffold 11 or 12
was also dissolved in DMF together with DIPEA and added to the mixture. Quantitative
conjugation was achieved within 1 h. After final HPLC purification the "F-labeling precursor
could be received with yields of 5 to 15%. Due to the optimized strategy utilizing the
pentafluorophenyl ester, a minimum amount of binding scaffold is needed and unreacted peptide

can be recovered during HPLC purification.

1.3. Ligands based on cyclo[D-Tyr-Pro-Nal-N(Me)-Arg-Arg] (R3) for addressing the

CXC chemokine receptor type 7

For a long time, CXCR4 was thought to be the only receptor for CXCL12, with CXCL12
being its only (endogenous) ligand . However, only recently, the orphan receptor RDC-
1/CXCR7 was shown to bind and internalize CXCL12 on T lymphocytes . Routinely performed
binding assays with liver cells from CXCR4-deficient mice supported this hypothesis later on.
Radio-labeled CXCL12 showed persistent affinity which also led to the identification of the
former orphan receptor RDC-1/CXCR7 as alternative receptor for CXCL12. In addition,

CXCL11 also binds to CXCR7, but with about 10-fold lower affinity “. Interestingly, Plerixafor
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or AMD3100, a known antagonist for CXCR4 ™ “’ works as an allosteric agonist of the B-

arrestin pathway of CXCR7 #.

44: R' = |, Xaa® = L-Arg, Xaa® = L-Arg, R? = Me
45: R! = H, Xaa® = L-Orn, Xaa® = L-Arg, R? = Me
46: R = H, Xaa® = D-Orn, Xaa® = L-Arg, R = Me
47: R! =, Xaa® = L-Orn, Xaa® = L-Arg, R = Me

, ‘ 48: R' = H, Xaa® = L-Lys, Xaa® = L-Arg, R = Me
N eas T ?N»/H\N 49: R! =, Xaa® = L-Lys, Xaa® = L-Arg, R? = Me
L-Arg* oh'\’ Xaa' o Xaa® 50: R! = H, Xaa* = L-Arg, Xaa® = L-Lys, R? = Me
M 51: Rl = |, Xaa® = L-Arg, Xaa® = L-Lys, R? = Me
HN:<NH HN 52: Rl = H, Xaa® = L-Arg, Xaa® = L-Ala, R? = aminohexyl
NH, 53: R! = H, Xaa® = L-Arg, Xaa® = L-Ala, R? = guanidinohexyl
FC313 (R3) N 54: R! = I, Xaa? = L-Lys(R3), Xaa® = L-Arg, R? = Me
- [ %
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Figure 14. Structural modifications used in the SAR study starting from FC313 (R3). Blue amino acids

were kept constant during the structural modification process.

Several analog observations with 17mer peptides and allosteric agonists imply that CXCR7 and
CXCR4 share at least parts of the receptor surface to recognize similar scaffolds or substructures
“02. Oishi et al ' recently published a SAR study based on the CXCR4 specific ligand FC131
(R2) in which they identify novel CXCR7 selective ligands. Based on published hexapeptides,
which induced CXCR7-mediated B-arrestin recruitment, the substructure motif Arg-Arg-Nal was
found to be responsible for the binding affinity “%’. This indicated the possibility that both
CXCR4 and CXCR7 may recognize identical functional groups. Oishi et al speculated that novel
CXCRY ligands with a cyclic pentapeptide scaffold can be developed wvia selectivity switch from
R2. This led to the development of FC313 (R3), a potent (IC5 = 0.80 £+ 0.3 uM, measured
against ["*IJ]SDF-1a binding to CXCR7 ), CXCR7-selective ligand (selectivity: IC5 measured
on CXCR4+ cells vs. CXCR7+ cells: >30 uM vs. 0.80 £+ 0.3 pM ***). Therefore, R3 was utilized
as a lead structure for the development of novel CXCRY7 specific radiotracer with potential for

PET-imaging. Since R3 is the only known CXCRT7-specific ligand, [""I]R3 was utilized as the
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radioligand for the in vitro evaluation. All modifications on the scaffold were introduced on solid

support according to standard Fmoc-protocol and methods described in literature % 1%,

Peptide synthesis: Since three amino acids were shown to be crucial for CXCR7 binding (D-
Tyr®-L-Pro*-L-Nal' are labeled blue in Figure 14) ¢ all potential CXCR?7 ligands were
constructed starting from L-proline loaded resin. The five amino acid chain was assembled
according to a standard Fmoc-protocol solid-phase peptide synthesis (using HATU, HOAt and
DIPEA in NMP). The peptides Pro-Nal-N(Me)-Arg-Arg-D-Tyr (FC313, R3), Pro-Nal-N(Me)-
Arg-Orn-D-Tyr (45), Pro-Nal-N(Me)-Arg-D-Orn-D-Tyr (46), Pro-Nal-N(Me)-Arg-Lys-D-Tyr
(48), Pro-Nal-N(Me)-Lys-Arg-D-Tyr (50), Pro-Nal-N(aminohexyl)-Ala-Arg-D-Tyr (52) and Pro-
Nal-N(guanidinohexyl)-Ala-Arg-D-Tyr (53) were prepared similarly. Amino acid coupling steps
were quantitative within 2 h, shown by reaction control with a small amount of peptide (HPLC
and MS). N-methylation or N-alkylation was conducted on solid support as described in

literature 0% %8

and generally worked in almost quantitative yields. For optimal synthesis, all
side chain functionalities were orthogonally protected. After cleavage from the resin (DCM, TFE
and acetic acid), the fully protected linear peptides were treated with NaHCOs; (5.0 eq.) and
DPPA (3.0 eq.) in DMF to yield the cyclic pentapeptides. After precipitation in water and final
deprotection, employing TFA, TIPS and water, the CXCRT7 ligands were collected in 60 to 80%

yield.

Iodination of the D-tyrosine side chain: For the iodination of D-tyrosine side chains, the
cyclic peptides were purified using HPLC. Due to altering iodination yield ratios (unreacted/
mono-iodinated/ di-iodinated), the optimal amount of NIS (0.2 - 0.6 eq.) had to be determined
for every iodination step. Therefore, to avoid the formation of unwanted di-iodo species and
since unreacted equivalents of starting peptide could be recovered during HPLC purification, low

amounts of NIS were employed, resulting in reaction yields of maximum 40%.

Introduction of the chelator: To enable PET-imaging, the isothiocyanat-modified chelator

NOTA was conjugated to peptide 53. Coupling in solution required only a 1.1-fold molar excess
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of SCN-Bn-NOTA and DIPEA (10 eq.) in DMF (16 h) and resulted in 53% yield after HPLC

purification.

1.4. Metal complexation

All novel CXCR4 and CXCRY7 targeted compounds and reference ligands, as well as their
metal complexes evaluated in this study, are summarized in section III.3.. Quantitative metal
complex formation was confirmed by HPLC and MS. The metal chelates were directly used for

in vitro evaluation without further purification.

2. Radiolabeling
2.1. Radioiodination

The radioiodinated ligands [**I|R1, ["*I]R2 and [*’I|R3 served as radioligands in all
competitive binding assays. For standard determination of /C5 on CXCR4" Jurkat cells, ["**I|R2
was utilized. All modifications of assay conditions are stated within the respective experiment.
As an established experimental radionuclide, '*I was selected. Suitable radiation characteristics
(Emax, y = 35 keV, t12 = 59.4 days) and convenient practicability (radioligands are useful for up
to 6 weeks) are key advantages of '*I. Based on procedures known from the literature, the
iodogen method ** was utilized for the introduction of I in the tyrosine sidechains of all
reference ligands. After HPLC purification, the final products were obtained in radiochemical
yields of 40 - 66% and radiochemical purities of > 95%. Radiolysis or degradation within 4 to 6
weeks was never detected using HPLC, most likely due to the low concentration of the

radioligands in solution.

2.2. ®Ga-labeling

Preparation of ®Ga'™ for labeling of DOTA-conjugated peptides was performed by a

10,1205 The Ga-labeling for in  wivo

combination of previously described methods
biodistribution and PET imaging studies was carried out using a fully automated GMP-
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compliant procedure on a GRP synthesizer (Scintomics GmbH, Germany) *. The obtained

specific activities were 60 — 110 GBq/pmol.

2.3. '""Lu-labeling

The Lu-labeling protocol was obtained after optimization of reaction buffer, pH and
reaction time “7*”. The obtain RCY were > 97% for complexation of DOTA-conjugated

peptides, resulting in specific activities of As =2 30 GBq/umol.

2.4. ®*F-labeling

The radiolabeling was performed manually with starting activities of 2 -4 GBq of
trapped ®F-fluoride on a small QMA cartridge. Due to low reaction yields in the range of 2 - 4%
RCY and precursor amounts of 100 - 150 nmol, the obtained specific activities were
0.3 GBq/umol. For comparison, the RCYs and specific activities reported for AmBFs;-mediated
isotopic exchange reactions in the literature are 25% and 11.1 GBq/pmol 7. This is mostly due
to the elevated starting activities (up to 45 GBq) used for the isotopic exchange reaction % 1%,

Consequently, in order to determine the entire potential of AmBF;-conjugated CXCR4 ligands,

the *F-labeling protocol has to be further optimized in respect to a fully automated synthesis.

3. In vitro evaluation

A variety of different assays for affinity determination of novel ligands for CXCR4 and
CXCRT are reported in literature. Since some are based on the inhibition of the ["*I|SDF-1
binding and others use a competitive binding assay with other reference ligands, comparison of
published binding affinities with experimentally achieved results using different assays is of

limited value # 9 210- 211 Therefore, published CXCR4 or CXCRY7 ligands were synthesized and
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included in the in wvitro evaluation to enable direct and valid comparison. In addition, as shown
for development of other ligands evaluated in our group (e.g. Glutamate Carboxypeptidase II
inhibitors, "PSMA-inhibitors”) % vital cells with endogenous CXCR4 or CXCR?7 expression

% or membrane aliquots *® to establish a

were employed rather than transfected cell lines
reproducible and valid test system. To compare the binding affinities of the various ligands
towards the respective receptor, the half maximal inhibitory concentration (/Cs) was determined
in a competitive binding assay using the radioligands (['**TJR1-R3). A defined low concentration
of the radioligands (0.1 to 0.2 nM) ensures low occupancy of the G-protein coupled receptor and
allows reproducible measurement using a y-counter. For data normalization, as well as assay

validation (especially for CXCR7 binding assays), the ICj5 for the literature compounds R2 #

and R3 ® were included in our assay.

3.1. Cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-Nal-D-Cys] (2) based compounds

To investigate the influence of D-cystein? for glycine’ substitution and subsequent
introduction of linking units (N-terminal acetylated), the binding affinities were measured.
Starting from CPCRA4.3 (R1), the substitution of glycine’ with D-cysteine? resulted in a 12-fold
decrease (IC5 (2) = 35 + 2 nM) of binding affinity compared to R1 (IC5 (R1) = 2.8 + 1.1 nM),

see Table 4 and also Figure 10.

Introduction of a linking unit: As shown by the IC5 values in Table 4, the introduction of
N, N*-(hexane-1,6-diyl)diacetamide (3) or N-hexylacetamide (4) as linking units resulted mostly
in massive losses of binding affinity towards hCXCR4. Based on the SAR studies of FC131 %,
the positively charged linking unit N,N-(6-amino-6-oxohexane-1,5-diyl)diacetamide of 8 was
speculated to increase CXCR4 affinity, but showed only moderate ACXCR4 binding
(61 + 8 nM). Compared to the lead structure R1, the aromatic spacer of compound 5 and 7 (1,3
and 1,4-phenylen-dimethanamine, respectively), however exhibited a more promising (only 5-fold

lower) binding affinity. In fact, with an IC5 of 14 4+ 2 nM, ligand 7 was more potent than any
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other ligand tested in this approach and was therefore chosen for further evaluation (conjugation

of the N-terminal free analogue 6 with the chelator (DOTA) and decoration of QDs).

Table 4. The half maximal inhibitory concentration (ICs [nM]) of hCXCR4 targeting cyclic pentapeptides
determined in a competitive binding assay using Jurkat cells (4.0 * 10° cells/well, 2 h, rt, HBSS + 1%
BSA) and ([""IJR2 (¢ = 0.1 nM) as the radioligand. Data are expressed as mean + SD of at least three

independent determinations.

Cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-Nal-D-Cys] (2) based

ligands
Peptide 1C59 [nM] peptide 1C59 [nM]
CPCR4.3 (R1) 28+ 1.1 8 61 +8
FC131 (R2) 10 £ 2.3 9 78 £ 4
2 (D-Cys*-CPCRA4.3) 35+ 21 [*Ga]9 31£3
3 > 400 [*Lu]9 51 44
4 57 + 14 [*Cu]9 78 £ 5
5 53 £ 16 QDs-6 6.1 £0.3
7 14 £ 2.0

Conjugation with DOTA: As anticipated, the introduction of the chelator DOTA into the
1,4-phenylen-dimethanamine modified peptide 6 decreased the binding affinity towards CXCR4
almost 6-fold. This has been reported for CXCR4 antagonists before . Nonetheless, compared to
the free DOTA-conjugate, the "*Ga™-chelate 9 exhibits a 2.5-fold increase in binding affinity. In
addition, ["'Ga]9 exhibited a 1.6-fold increased affinity compared to ["Lu|9 and even 2.5-fold
increase compared to [*Cu]9 (IC5 = 31 £ 3 nM, 51 + 4 nM and 78 + 5 nM, respectively). The
high dependence of the binding affinity of the peptide and its chelation state was reported before

for pentixafor-based ligands '”* and also DOTA-coupled octreotide analogues .
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Decoration of QDs: The decorated QDs (QDs-6) featured very high binding affinity with an
IC5 of 6.1 £ 0.3 nM (Tab. 4); the elevated concentration of functional ligand on the surface of
the QDs, positively enhance the apparent binding affinity. In addition to the ICj values for
human CXCR4, the affinity towards murine CXCR4 was evaluated as well (Tab. 5). Since R1
shows very high binding affinity towards murine CXCR4 (previously evaluated within our group,
not published yet), this radioligand was utilized for the competitive mCXCR4 binding assay.
Both [*Ga]9 and QDs-6 demonstrated high binding affinities for murine CXCR4 (Tab. 5) and
were hence further evaluated in terms of PET-imaging and fluorescent microscopy.

Table 5. IC5 values of selected ligands for murine CXCR4 determined with Ep-Myc1080 mouse B-cell

lymphoma cells (2 * 10° cells/well, 2 h, rt, HBSS + 1% BSA) using ['**IJCPCR4.3 (['**I]R1) (c = 0.1 nM)

as radioligand.

1C5p for mCXCR/

peptide 1C5p [nM]

FC131 (R2) 119 + 69
CPCR4.3 (R1) 0.8+ 0.1
[*Gal9 63 £+ 19
QDs-6 3.3+0.7

Fluorescence imaging with QDs-6: Fluorescent imaging of CXCR4 expression was
performed on three different cell lines, Chemicon’s Wild-Type Chem-1 cells, Daudi human B-
Lymphoblast cells and Ep-Mycl080 mouse B-cell lymphoma cells, all known to intensively
express CXCR4. QDs-6 showed intense binding to Daudi, En-Myc1080 and Chem_ 1 cells at a
concentration of 25 — 100 nM (Figure 15). Under internalization inhibiting conditions (incubation

at rt) binding of QDs-6 on the cell membrane is clearly visible.
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Figure 15. Fluorescent microscopy of different CXCR4" cells. QDs-6 binding to (left) Daudi cells (100
nM, 1 h, rt), (middle) to Ep-Myc1080 mouse B-cell lymphoma (25 nM, 1 h, rt), (right) to Chem_1 cells
(25 nM, 1 h, rt).

To demonstrate specificity of CXCR4 binding, QDs-6 was compared with control QDs (no
decoration with ligand 6) under otherwise identical conditions. The fluorescent images depicted
in Figure 16 show only negligible binding for the control QDs, thus confirming the high

specificity of QDs-6.

Figure 16. Fluorescent microscopy of CXCR4 targeting specificity. (upper row) negative control with
uncoated QDs on Chem_ 1 cells (25 nM, 100.000 cells) and corresponding light microscopy image, (lower
row) positive control with 25 nM QDs-6 on Chem_ 1 cells (25 nM, 100.000 cells) with corresponding light

microscopy image.
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The experimental displacement study first utilized antibodies, however probably due to the very
high local concentration of the CXCR4 binding ligand on the surface of the QDs, only negligible
displacement could be observed. In summary, as a proof of concept experiment, decorated QDs-6
could detect CXCR4 expression on different cell lines of human and murine origin at
concentrations as low as 25 nM in specific manner compared to control QDs.

QDs are widely used for fluorescent imaging mostly due to their size- and composition-
adjustable fluorescence emission wavelengths, narrow emission bands, and very high levels of
brightness and photo stability. In addition, the decoration with specific peptides (like peptide 6)
provides a toll for specific targeting of desired organs or tissues ****!%, However, for a rational
design of molecular targeting quantum dots, it has to be considered, that the size and charge
preclude their efficient clearance from the body as intact nanoparticles. Indeed, only extremely
small targeting molecules (final hydrodynamic diameter < 5.5 nm) will be cleared form the

#7. However, the increased affinity associated with multimerization

circulation by renal excretion
of such ligands on the quantum dot surface may permit further evaluation, but due to the
ongoing discussion about potential toxicity of CdSe-based Qds 4n wvivo and the unlikely

application of expensive carboxylate-modified quantum dots in comparison to commercial

available fluorescence dyes, QDs-6 were not further investigated #%.

3.2. Cyclo[D-Tyr-N(Me)-D-Orn-Arg-Nal-Gly] (11)-based compounds

3.2.1. Shifting the charge

To investigate the influence of negatively charged amino acids in the close proximity of
the binding scaffold of 23 (Pentixafor), which only has 4-(aminomethyl)benzoic acid as spacer,
the D-ala based, N-terminal acetylated linkers conjugated to the binding scaffold CPCR4 (11)
were evaluated. The successive placement of an anionic amino acid (D-Glu) along a D-alanine-
based amino acid chain did not show a clear correlation between the position of charge and the

affinity towards hCXCR4 (Tab. 6). Interestingly, the neutral linker of ligand 20 (Ac-D-Ala-D-
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Ala-D-Ala-D-Glu-D-Dap-4-AMBA-CPCRA4) revealed the highest binding affinity (IC5 = 130 +
22 nM). The respective DOTA-conjugate of the neutral ligand 20 [**'Ga]22 still exhibited a more
than four-fold decrease of binding affinity compared to the golden standard [*'Gal23 (112 +

34 nM vs. 24.8 + 2.5 nM, respectively).

Table 6. The half maximal inhibitory concentration (IC5 [nM]) of hCXCR4 targeting cyclic pentapeptides
determined in a competitive binding assay using Jurkat cells (4.0 * 10° cells/well, 2 h, rt, HBSS + 1%
BSA) and ([**I]R2 (¢ = 0.1 nM) as radioligand. Data are expressed as mean £+ SD of three independent

determinations. ["*Ga|Pentixafor (["*Ga|23) ¥ was also included in the study.

Shifting the charge

CPCR4-linking unit-Ac Cpd IC5 [nM]
CPCR4-4-AMBA-D-Glu-D-Ala-D-Ala-D-Ala-D-Ala-Ac 13 732 + 378
CPCR4-4-AMBA-D-Ala-D-Glu-D-Ala-D-Ala-D-Ala-Ac 14 819 £+ 80
CPCR4-4-AMBA-D-Ala-D-Ala-D-Glu-D-Ala-D-Ala-Ac 15 > 1800
CPCR4-4-AMBA- D-Ala-D-Ala-D-Ala-D-Glu-D-Ala-Ac 16 730 + 11
CPCR4-4-AMBA-D-Ala-D-Ala-D-Ala-D-Ala-D-Glu-Ac 17 > 1200
CPCR4-4-AMBA-D-Ala-D-Ala-D-Glu-D-Glu-D-Ala-Ac 18 > 3000
CPCR4-4-AMBA-D-Ala-D-Ala-D-Ala-D-Ala-D-Ala-Ac 19 251 £ 67
CPCR4-4-AMBA-D-Dap-D-Glu-D-Ala-D-Ala-D-Ala-Ac 20 130 £ 22
CPCR4-4-AMBA-N(Me)s-D-Dap-D-Glu-D-Ala-D-Ala-D-Ala-Ac 21 446 + 81

CPCRA4-linking unit-DOTA

CPCR4-4-AMBA-DOTA ["Ga]23  24.8 + 2.5
CPCR4-4-AMBA-D-Dap-D-Glu-D-Ala-D-Ala-D-Ala-DOTA [*Gal22 112 £+ 34
CPCR4-4-AMBA-D-Dap-D-Glu-D-Ala-D-Ala-D-Ala-DOTA [*Lul22 147 £+ 27

In conclusion, the SAR study based on the insertion of a negative charge on an alanine based
peptide chain did not show a preferred position of anionic residues (see Table 6). However, when

compared with all glutamic acid containing linking units (13-18), the introduction of a cationic
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amino acid improved the binding affinity of peptide 20. This observation was used in the

following SAR-study.

3.2.2. Optimization of the linking unit

As part of the preclinical evaluation of [*"Ga|Pentixafor ([**Ga]23), its '*I-labeled
analogue, ['I]-["'Gal23 showed a significant increase of binding affinity, cell uptake and

3 5. 152 Based on these promising

internalization rate compared to the parent peptide [**Ga]2
data, the influence of modified amino acid spacer and different chelators (DOTA vs. DOTAGA)
on the binding affinity of this optimized binding scaffold (iodoCPCR4, 12) towards CXCR4 was
investigated. Furthermore, internalization and externalization rates were determined. To
investigate the influence of the aromatic linking unit on the binding affinity towards CXCR4, 4-
(aminomethyl)benzoic acid (4-AMBA, linker of 24, see Figure 17) was substituted with 4-
aminobenzoic acid (4-ABA). In fact, [*Lu]25 showed a moderate increase in binding affinity
compared to ["Luj24 (12.5 £ 3.2 nM vs. 14.6 = 1.0 nM), Tab.7. Since 4-AMBA was already
utilized for other SAR studies on pentixafor and pentixather (23 and 24) " and the difference
in binding affinity was not significant (or rather beneficial for 4-ABA), 4-ABA was chosen as the
phenylene linker in further studies. Then, to determine the influence of metal chelator and the
metal complex on the IC5‘s of the resulting CXCR4 ligands, the " Ga/™Lu and "Y analogs of
DOTA vs. DOTAGA-conjugates were evaluated. Comparison of the metal-complexes of 25 to
28 (DOTA-4-ABA (25), DOTAGA-4-ABA (26), DOTA-Gly-4-ABA (27) and DOTAGA-Gly-4-
ABA (28)) demonstrated a distinct influence of the chelator on the binding affinity of the
ligands. All metal complexes (*'Ga,"Lu and *'Y) of 28 exhibited a 6-fold decreased affinity
compared to ["M]27 (47.4 £ 8.1 nM vs. 7.9 = 1.1 nM for ™Ga, 38.8 £ 1.3 nM vs. 5.9 + 0.3 nM
for *Lu and 43.3 £ 1.5 nM vs. 6.7 £ 1.2 nM for "'Y, respectively). The same tendencies were

found for the metal complexes of DOTAGA-4-ABA (26). Consequently, DOTA was selected and

utilized in further ligand modifications. Additionally, the presence of glycine in the spacer
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positively contributed to the binding affinity of the CXCRA4 ligands (12.5 + 3.2 nM for [*Lu]25

(DOTA-4-ABA) vs. 5.9 &+ 0.3 nM for [*'Lu]27 (DOTA-Gly-4-ABA), respectively).
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3 { - ¢
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~mN NH,; N NH
O =0 HN< - HN_Q 0 HN
H-N NH

N
IS e
0
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N

N o T
OO (23/24) (25-36)

D-Tyr Spacer Xaay Xaay R» Cpd
(Ry)
H 4-AMBA - - DOTA 23
I 4-AMBA - - DOTA 24
I 4-ABA - - DOTA 25
I 4-ABA - - DOTAGA 26
I 4-ABA Gly - DOTAGA 28
I 4-ABA Gly - DOTA 27
I 4-ABA Gly D-Dap DOTA 30
I 4-ABA Gly D-Lys DOTA 32
H 4-ABA Gly D-Lys DOTA 31
I 4-ABA Gly D-Arg DOTA 34
H 4-ABA Gly D-Arg DOTA 33
I 4-ABA D-Ala D-Arg DOTA 36
H 4-ABA D-Ala D-Arg DOTA 35
I 4-ABA D-Asp - DOTA 29

Figure 17. Structural Modifications (incl. Spacer, amino acids in the linking unit and the chelator)
during the SAR study Optimization of the linking unit and the corresponding nomenclature of the
peptides.
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Table 7. The half maximal inhibitory concentration (IC5 [nM]) of hCXCR4 targeting cyclic pentapeptides
determined in a competitive binding assay with Jurkat cells (4.0 * 10° cells/well, 2 h, rt, HBSS +
1% BSA) using (["*IJR2 (¢ = 0.1 nM) as the radioligand. Data are expressed as mean =+ SD of three
independent determinations. [*M]Pentixafor (["*M]23) " %6 and [**M]Pentixather ([**M]24) ** were

included in the study for comparison.

Optimization of the linking unit

peptide IC5 [nM] peptide IC59 [nM]

nt(Ga-complexes

[**Ga|Pentixafor ([**Gal23) 24.8 £ 25 [Ga]31 8.9 + 3.8

[*Ga|Pentixather ([**'Gal24) 6.1+ 1.5 [*Ga]32 24 +0.1

[*'Ga]25 282 £90  [*'Gal33 9.7 + 2.8
nat a . . nai a . .
‘Ga)26 144 £ 0.3 ‘Ga]34 1.4 £ 0.2
nat a . . nail a . .
‘Ga)27 7.9+ 1.1 ‘Ga)35 0.4 + 0.1
nat a . . nail a . .
‘Ga)28 474 + 8.1 ‘Ga)36 2.6 = 1.0
[*Ga]30 3.6 + 0.7

rat T u-complexes

[Lu] Pentixafor ([*Lu]23) 41412 [™Lu]30 3.5+ 0.3

[***Lu]Pentixather ([**'Lu]24) 14.6 £ 1.0 [*Lu]31 8.0+ 3.1

[%Lu]25 125 +£32  [*Lu/32 3.6+ 1.1
[Lu]26 283491  [™Lu33 544+ 1.6
[%Lu]27 59+ 03  [™Lu/34 2.1+03
[%Lu]28 388+ 13  [™Lu35 1.5+0.1
[*'Lu]29 106 £ 10  [™Lu/36 1.7+ 0.6

naty.-complexes

[*Y]Pentixafor ([**Y]23) 402 £27  [™Y]31 6.3+ 25
[%Y]Pentixather ([*Y]24) 204+ 03  [™Y]32 24402
[%tY]25 216.3 £33  [™Y]33 8.7+ 29
[%Y]26 83430  [™Y]34  2.1+03
[2tY]27 6.7+1.2  [™Y]35 0.3 +0.1
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[2tY]28 433+ 1.5  [™Y]36 1.6 + 0.5

["Y]30 414 1.3

natBj-complexes

[*Bi]Pentixather (["*'Bi]24) 24.4 + 3.7 [*Bi]32 38 + 25
[ Bi]25 27.0 £ 14 [*Bi]34 2.9 £ 0.1
[*Bi]27 14.5 + 0.2 [Bi]36 1.8+ 0.8
[*'Bi]30 3.5+04

Computational models for binding of the reference ligands CPCR4.3 (R1) and FC131 (R2)
suggested that the positive charged moieties (Arg' and Arg’ in R2 and Arg® and N(guanidino-
hexyl)-D-Ala’ in R1) in the pentapeptide strongly interact through the establishment of salt
bridges with negatively charged residues in the binding pocket of CXCR4 8% 101 104, 219-222  Thig
mode of binding was also reported for CXCR7 specific ligand (TC14012), in which Arg® and

Arg' dominantly contribute to the binding towards the receptor #*

. Thus, we speculated, that
an additional positively charged amino acid in addition to the optimized “linking unit” of
DOTA-Gly-4-ABA (27), could further enhance binding affinity. (R)-2,3-diaminopropanoic acid
(D-Dap) was introduced, since it already showed a beneficial effect for the binding affinity in
“shifting the charge” (III.3.2.1.), resulting in DOTA-D-Dap-Gly-4-ABA (30), see Fig. 17. This
structural modification increased the binding affinities almost 2-fold for all investigated metal
complexes (e.g. 3.6 = 0.7 nM [**Ga]30 vs. 7.9 + 1.1 nM [**Ga]27, respectively). Mutation of the
cationic amino acid at this position resulted in further improvement of the IC5 values with
DOTA-D-Arg-Gly-4-ABA (34) (1.4 £ 0.1 nM for "™Ga, 2.1 + 0.3 nM for *Lu, 2.1 + 0.3 nM for
Y and 2.9 £ 0.1 nM for "™Bi, respectively) as the most potent ligand. The hypothesis of
cationic amino acids was supported by compound [*'Luj29 (DOTA-D-Asp-4-ABA), which

showed a clearly decreased binding affinity towards CXCR4 with 106 £ 10 nM, most probably

due to the negative charged side chain.
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Figure 18. Graphical summary of the SAR study Optimization of the linking unit. ICs, values were taken

from Table 7 and represent IC5y values of at least three independent determinations.

In a final optimization step, Glycine was substituted with D-Alanine in the peptide chain to
prevent possible enzymatic degradation in vivo. This resulted in compound DOTA-D-Arg-D-Ala-
4-ABA (36) having an additional almost 2-fold increase in affinity compared to DOTA-D-Dap-
Gly-4-ABA (30) in all metal complexes, making it the most affine CXCR4 ligand measured in
this study so far (2.6 £ 1.0 nM vs. 3.6 £ 0.7 nM for ™Ga, 1.7 + 0.6 nM vs. 3.5 + 0.3 nM for
"Lu, 1.6 £ 0.5 nM vs. 4.1 + 1.3 nM for ™Y and 1.8 + 0.8 nM vs. 3.5 + 0.4 nM for ™Bi,
respectively). Figure 18 graphically summarizes the subsequent improvement of the IC5 values
of the respective CXCRA4 ligands, starting with the exchange of 4-AMBA with 4-ABA (24 to
25), then introduction of glycine in the “linking unit” (25 to 27) and finally, the introduction of
cationic amino acids (30, 34, 36).To avoid unspecific uptake in wvivo due to enzymatic
deionization by deiodinases or increased lipophilicity %% ** the most affine CXCR4 ligands 32,
34 and 36 were investigated as their D-Tyr® uniodinated analogues, resulting in ligands 31, 33
and 35, see Fig. 17. Surprisingly, all compounds exhibited good binding affinities with 8.0 +

3.1nM for [*Lul31, 54 + 1.6nM [*Lu|33 and especially 1.5 + 0.1 nM for [*'Lul35,
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respectively. [*'Ga]35 (DOTA-D-Arg-D-Ala-4-ABA-CPCR4) is the most affine CXCR4 ligand

measured up to this point with an ICs value of 0.4 + 0.1 nM for the **Ga-complex.

Murine CXCR4 binding affinity: As previously reported, [®*Ga]Pentixafor ([*Ga]23), shows
virtually no tracer uptake in CXCR4-expressing mouse organs such as spleen, lung, adrenal
glands, or the bone marrow, as it is highly specific for h(CXCR4 % 9 127 131 Ttg D-Tyr® iodinated
analogue ['"Lu|Pentixather (['""Lu)24), however showed enhanced binding affinity towards
mCXCR4 and consequently slightly elevated activity accumulation in mCXCR4 expressing
organs during in vivo evaluation within our group (data not published yet). Thus, to be able to
compare the novel CXCR4 ligands with established probes like [**Ga]23 and [*'Lu]24 in a
murine model, determination of the binding affinities towards murine CXCR4 is essential. This
allows a more balanced comparison of the in wvivo properties, observed in the utilized xenograft

mouse model.

Table 8. ICs5 values of selected ligands for murine CXCR4 determined with Ep-Myc1080 mouse B-cell
lymphoma cells (2 h, rt, HBSS 4+ 1% BSA) using ['®IJCPCR4.3 (['"I]R1) (¢ = 0.1 nM) as reference and

radioligand.

IC5 values for murine CXCR/

Peptide Cpd ICso [nM]
CPCRA4.3 R1 0.8 £0.1
FC131 R2 119 £ 69
[**Ga]Pentixafor [**Ga]23 >1000
[**Lu]Pentixather [ Lu]24 567 + 62
[**Lu]DOTA-D-Lys-Gly-4-ABA-i0doCPCR4 [*Lu]32 61.4 £ 17
[*Lu|DOTA-D-Arg-Gly-4-ABA-i0doCPCR4 [*Lu]34  37.1 £2.9
[**Lu] DOTA-D-Arg-D-Ala-4-ABA-CPCR4 [*Lu]35 182 + 26

[*Lu] DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4  ["Lu|36  48.5 + 0.5
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All cationic compounds exhibited an increased murine affinity compared to [*‘Lu]Pentixather
([*Lu]24) (Tab. 8: [*'Lu]32: IC5 = 61.4 £ 17 nM, [*'Lu]34: IC5 = 37.1 £ 2.9 nM, [**Lu|36:
IC5 = 48.5 + 0.5 nM and [*'Lu|24: 567 + 67 nM, respectively), whereas, as expected, [*'Ga]23
showed no measurable affinity towards murine CXCRA4. Interestingly, [**Lu]35 inherited a lower
affinity (182 £ 26 nM) compared to its iodinated analogue 36. In direct comparison with
[**Ga|Pentixafor, which shares the same binding scaffold (CPCR4), it still has a clearly
enhanced binding affinity towards the murine receptor. In addition, based on these preliminary
data, there might be a cooperative influence of a cationic linker and the iodinated binding
scaffold, which influences the affinity of novel CXCR4 ligands towards murine CXCRA4.
Consequently, increased tracer uptake in CXCR4-expressing mouse tissue can be expected for
the novel designed CXCR4 ligands during in wvivo evaluation compared with the references

Pentixafor and Pentixather (see II1.5.1.-3.).

Internalization kinetics: High internalization efficiency may be important for therapeutic
interventions, where a long retention of the radioactive isotope in the target tissue may have a
beneficial influence on therapy efficiency. However, in the case of comparable ICs5 values of the
metal-free ligands and their respective radiometal chelates, the specific activity of the tracer
preparation (total amount of peptide used in the assay) can have a significant effect on the
cellular uptake/internalization rate. Concentrations above 1.0 nM caused a reduction of the
tracer binding capacity due to increased occupancy of the binding sites by the unlabeled peptide
precursor (cellular uptake of ['""Lu]24 after 60 min incubation at 37 °C (n = 3): 7.49 £+ 0.87%
(1.0 nM), 6.0 £ 0.3% (2.5 nM), 4.8 £ 0.5% (5nM) and 3.6 £ 0.1% (10 nM), respectively).
Consequently, to minimize these effects, radiolabeling conditions have been standardized and the
concentrations of the radiolabeled peptides were kept constant throughout the study at 1.0 nM.
As determined before, the ™ Lu-complexes of 35 and 36 (DOTA-D-Arg-D-Ala-4-ABA-
(iodo)CPCR4) have an almost 10-fold higher binding affinity compared to [**Lu]24

(["™Lu]Pentixather) and [*Lu|25 ([*'Lu]DOTA-4-ABA-iodoCPCRA4).
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The optimized binding affinities due to the introduction of the novel linking unit is also reflected
by the internalization kinetics in Fig. 19. Surprisingly, even minimal structural changes (e.g.
exchange of 4-AMBA and 4-ABA in 24 and 25, respectively) clearly influence the internalization

kinetics. ["""Lu]36 showed the highest internalization of all tested ligands.
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Figure 19. Internalization kinetics of ['""Lu]24 (['"Lu|Pentixather), ['"Lu]25 (['"Lu/DOTA-4-ABA-
i0doCPCR4), ["Lul35 ([""Lu]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) and [""Lu]36 (['""Lu]DOTA-D-Arg-D-
Ala-4-ABA-i0odoCPCR4) into Chem_1 cells. 100,000 cells/well were incubated with the respective
radioligand (¢ = 1.0 nM) at 37 °C in RPMI-medium (5% BSA). The total cellular activity was corrected
for non-specific binding (10 pM AMD3100). All data are expressed as mean + SD (n = 3).

As shown in Figure 20, the increased affinity of 35 and 36 not only resulted in higher
internalization rates, but also had a beneficial effect on the absolute cellular uptake of the
respective radiotracer. With a total uptake of 40.4 + 1.5% of applied dose, ['""Lu]|36 exhibits a 4-
fold increase of cellular uptake compared to 9.9 + 1.4% of ['""Lu]24, respectively. Importantly,
the ratio of total cellular uptake and internalized activity increased from 39% for ['""Lu]24 to
91% for ['""Lu]36, as shown in Figure 20, leading to a higher absolute dose of activity, which is

transported to the hCXCR4™" cells.
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Figure 20. Activity uptake kinetics (membrane bound and total cellular uptake) of [""Lu]24
([""Lu]Pentixather) and ['"Lu|36 (['"Lu]DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4) in Chem 1 cells.
100,000 cells/well were incubated with the respective radioligand (¢ = 1.0 nM) at 37 °C in RPMI-medium
(5% BSA). The total cellular activity was corrected for non-specific binding (10 pM AMD3100). All data

are expressed as mean + SD (n = 3).

The internalized activity, the total cellular uptake of activity, as well as the ratio of internalized
activity to total tracer uptake are summarized in Table 9. In consistence with the higher
affinities, all ligands with cationic “linking units” showed increased internalization and cellular
uptake, whereas the iodinated and therefore more lipophilic ligands showed an additionally
higher ratio of internalization (e.g. ["Lul35 65% vs. ['"Lu|36 91%, see Table 9). This
observation is also supported by the fact that [*Gal34 exhibits a lower cellular uptake and
internalization rate than ['"Lu]34, most probably due to the additional free carboxylate in the
chelator (see lipophilicity in III.4.). In conclusion, peptide 36, but also peptide 35 seems to be
highly effective in receptor internalization and showed high cellular uptake. This was further
investigated in animal models, see II1.5.3.. The rationale for the development of potent probes
for endoradiotherapy has been that agonists are superior to antagonists “*** Due to the
internalization of the ligand-receptor complex after high affinity agonist binding, was believed to
be the basis for an efficient accumulation of the radioligand in a target cell #*%-%%,
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Table 9. Summary of the total cellular activity, the internalized activity and the ratio of internalized
activity to total cellular uptake at 60 min as % of applied activity of radiolabeled CXCR4 ligands,
determined on Chem_ 1 cells (37 °C, RPMI + 5% BSA, 100,000 cells/well, ¢ = 1.0 nM for ®Ga- and '""Lu-
labeled ligands). Data are corrected for non-specific binding (10 uM AMD3100) and expressed as mean +
SD (n = 3).

Internalization data of CXCR4 ligands

CXCRA4 ligand Cpd Internalization T]; TCLICIZH Ratio
[""Lu]DOTA-4-AMBA-i0doCPCR4 ["Luj24 4.2 +£ 1.2% 88 £ 14% 4%
["Lu]DOTA-4-ABA-iodoCPCRA4 ["Luj25  13.6 + 1.1% 174+ 1.9%  78%
["Lu]DOTA-D-Lys-Gly-4-ABA-CPCR4 ['"Lu]31 11.5 £ 1.7% 24.6 £1.5% 4%
["Lu]DOTA-D-Arg-Gly-4-ABA-CPCRA [TLuj33 135+ 1.6% 265+ 0.7%  51%
["Lu]DOTA-D-Arg-Gly-4-ABA-iodoCPCRA4 ["Luj34 344 +2.3% 383 +20%  90%
[Lu/DOTA-D-Arg-D-Arg-4-ABA-CPCR4 [Lul35 212 +1.9% 329 +£1.0% @ 65%
["Lu]DOTA-D-Arg-D-Arg-4-ABA-i0doCPCR4 [Lu]36  36.7 £ 1.0% 404 +£1.5% 91%
[*Ga]DOTA-D-Arg-Gly-4-ABA-iodoCPCR4 [*Ga]34  20.6 £ 0.4%  28.1 + 0.8% = 73%

It was believed that efficient internalization would result in elevated accumulation of
radioactivity in tumor cells and thus beneficial effect therapy outcome. However, as shown with
"Lu-labeled somatostatin receptor (SSTR) targeting peptides, antagonists showed higher tumor
uptake compared to SSTR-agonists ****%, The increased tumor uptake resulted in an elevated
tumor radiation dose and therefore, to a more feasible therapeutic outcome in a preclinical study
235 The beneficial effect of antagonists compared to SSTR-agonists was correlated with the
elevated rate of cell binding. This observation led to the conclusion, that agonists only bind to
activated receptors, whereas antagonists bind to both, activated and not activated receptors,
leading to an elevated level of total cell binding “¥. This correlation was also observed with
bombesine analogues “*. In addition, the investigated antagonists showed prolonged retention at
the tumor sites and consequently, increased the tumor radiation dose over time. In summary, the
beneficial effects of antagonistic analouges on endoradiotherapeutic efficiency are due to elevated

total cellular binding of the radiotracer compared to their angonistic analouges.
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Independently of agonistic or antagonistic characteristics, the novel ligands 35 and 36 exhibit an
elevated rate of internalization, which is also accompanied by a clearly enhanced amount of total
bound activity, see Table 9. This should also lead to elevated tumor radiation doses, as just
described. To determine the effect of elevated internalization on the retention in the tumor cells
more precisely, the externalization kinetics of the novel CXCR4 ligands were determined (Fig.
21). Further, the characteristics of the ligands 23 (Pentixafor), 24 (Pentixather) and 35
(DOTA-D-Arg-D-Ala-4-ABA-CPCR4) were investigated in terms of antagonistic, agonistic or

neutral ligand behavior upon receptor binding.
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Figure 21. Externalization kinetics of selected CXCR4 ligands from Chem_ 1 cells. 100,000 cells/well
were incubated for 2 h with the respective radioligand (¢ = 1.0 nM) at 37 °C in RPMI-medium (5% BSA).
Then (left) RPMI-medium (5% BSA and 10 pM AMD3100) or (right) only RPMI-medium (5% BSA) was
added for replacement. The total cellular internalized activity at t = 0 min was corrected for non-specific

binding (10 pM AMD3100) and normalized to 100%. All data are expressed as mean = SD (n = 3).

Interestingly, the clearance from the tumor cells is similar for all tested "Lu-labeled tracers, if
the membrane bound receptors are blocked with an excess of AMD3100 in the incubation
medium (no ligand recycling, Fig. 21, left). Whereas for ['""Lu|35 and ['""Lu]36 the cell retention

over 60 min of incubation was considerably enhanced when re-internalization of the respective
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radioligands was enabled. After 60 min, 41.0 £ 1.0% of ["Lu]24 was located in the cells, by
contrast, 93.1 £ 6.3% of ['"Lu]35 was still cell associated after that time (Fig. 21, right). Table
10 depicts the values for remaining internalized activity after 60 min of externalization for both
evaluated conditions. All ligands with high internalization rates also showed higher retention in

the cells under re-internalization enabling conditions.

Table 10. Summary of the results of the externalization study. Cellular activity after externalization
without ligand recycling (10 pM AMD3100 in incubation medium) or with ligand recycling (incubation in
normal medium) in % of specific internalized activity at t = 0 min. Chem_ 1 cells, 37 °C, RPMI + 5%
BSA, 100,000 cells/well, ¢ = 1.0 nM for ""Lu-labeled ligands. Data are corrected for non-specific binding
(10 pM AMD3100) at t = 0 min and expressed as mean + SD (n = 3).

No ligand
recycling
[%internalized activity
at tn]

Ligand recycling
[%internalized

CXCRA4 ligand Cpd
activity at to]

["Lu]DOTA-4-AMBA-i0doCPCR4 [MLuj24  21.8 + 0.8% 41.0 £ 1.0%
[Lu)DOTA-4-ABA-iodoCPCR4 [TLuj25  25.1 % 0.4% 41.3 + 0.6%
[""Lu]DOTA-D-Lys-Gly-4-ABA-CPCR4 MLuj31  18.8 + 1.5% 71.8 £ 1.7%
["Lu]DOTA-D-Arg-Gly-4-ABA-CPCRA "Luj33  21.8 + 0.4% 82.3 £ 0.8%
["Lu]DOTA-D-Arg-Gly-4-ABA-iodoCPCRA4 ["Lu)34 21.8 £ 0.8% 80.5 £ 2.2%
["Lu]DOTA-D-Arg-D-Arg-4-ABA-CPCR4 ['"Lu|35 14.9 +£ 1.1% 93.1 + 6.3%
['"Lu]DOTA-D-Arg-D-Arg-4-ABA-i0doCPCR4 ['""Lu]36 27.6 £ 1.0% 85.8 £ 1.0%

Mode of binding and signal transduction: In consequence of the significantly enhanced
binding affinity and internalization efficiency of the novel peptide 35 (DOTA-D-Arg-D-Arg-4-
ABA-CPCR4) and due to its more favourable lipophilicity compared to 36 (DOTA-D-Arg-D-
Arg-4-ABA-i0doCPCRA4, see II1.4.), the potential theranostic compound was examined in regards
to the ligand binding profile during a three month research stay at the Emory University

Hospital in Atlanta under the supervision of Prof. Hyunsuk Shim. The group of Prof. Shim
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kindly provided different functional assays to investigate the nature of signal transduction
through CXCR4 ligand binding. The gold standard for CXCR4 PET imaging, Pentixafor (23)
and the first endoradiotherapeutic compound Pentixather (24) were also examined. For binding
affinity screening, a competitive binding assay was performed on MDA-MB-213 cells employing

the biotin-labeled CXCR4 antagonist TN14003 *.
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Figure 22. Representative immunofluorescence images for primary drug screening. MDA-MB-231 cells
were treated with TN14003 (positive control), [*'Ga]23 ([**'GalPentixafor), [*'Lu]24 ([**Lu|Pentixather)
r [*Lu|35 ([*'Lu]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) at various concentrations (15 min, 37 °C). The
cells were subsequently fixed and incubated with biotin-labeled TN14003 (0.05 mg/ml). After washing,
cells were incubated with streptavidin-rhodamine. Red color represents binding of TN14003 to CXCRA.

Nuclei were counterstained with cytox blue.

The CXCR4 inhibition potency of [*'Ga|23, [**Lu]24 and [*Lu|35 was determined employing
increasing concentrations (1 nM, 10 nM, 100 nM and 1000 nM, see Figure 22). Compared to the
positive control, where no inhibitor was added (intense staining of the cells with rhodamine-
labeled CXCRA4 ligand), potent blocking of CXCR4 was observed for all tested compounds at a
concentration as low as 10 nM. In contrast to the earlier determined ICj5 values, [*Lu|35
showed the lowest blocking potency with 10 to 100 nM. Nonetheless, the results depicted in

Figure 22 confirm the high affinities towards hCXCR4 of the selected compounds as determined
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before. A drawback of this assay is the incubation temperature of 37 °C, at which internalization
of the receptor is freely possible and for this reason, this assay is not specific for binding to the
target receptor, but rather reflects a combination of binding and internalization. This might also
be the reason for the deviant results for [**Lu]35, because of its considerably higher

internalization rate in comparison to [*'Gal23 and ["*Lu|24.
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Figure 23. Matrigel Invasion assay. Inhibition of CXCR4/CXCL12-mediated matrigel invasion of
CXCR4' cells (MDA-MB-231) 4n witro by 100nM of [Ga]23 ([*'Ga]Pentixafor), [*Lu|24
([**Lu]|Pentixather) or [*'Lu]35 ([**Lu]DOTA-D-Arg-D-Arg-4-ABA-CPCR4), respectively. Cells were
seeded on top of the matrigel and CXCL12 (200 ng/mL) was added in the bottom side of the matrigel
chamber. After H&E staining, invaded cells were counted and the average of the invading cell numbers of
MDA-MB-231 with CXCL12 added to the lower chamber was set to 100%. Data are corrected for non-
specific invading (no addition of CXCL12 in bottom chamber) and are expressed as mean + SD (n = 3).

In a second functional assay, the compounds were investigated in terms of inhibition potency for
CXCL12 induced matrigel invasion of CXCR4" cells. As shown in Figure 23, 100 nM of each
CXCR4 ligand effectively blocked the invasion of CXCR4" cells up to 67.2 + 1.5%, 79.7 + 4.4%
and 67.7 + 7.3% for [*'Ga|23, [*'Lu|24 and [*'Lu]|35, respectively. These results contribute to
the notion that all three ligands are able to block the association of CXCL12 to the receptor and

therefore inhibit or at least weaken the signaling of ligand binding. However, a difference
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between the weakly internalizing ligands [**Gal23 and [*'Lu|24 and the very effectively

internalizing ligand [*Lu]35 could not be detected so far.

Therefore, a cyclic adenosine monophosphate (cAMP) assay was established. The utilized assay
kit is optimized to quantify intracellular cAMP levels. The specific signal is inversely propor-
tional to the concentration of cAMP in the samples. Binding of CXCL12 to CXCR4 activates G-
protein mediated signaling through the G; pathway, which inhibits adenylyl cyclase and
consequently, reduces cAMP levels within the cell **. In order to receive a high signal-to-
background ratio, forskolin and the resulting activation of adenylyl cyclase (high levels of
cAMP) was utilized as a negative control * (activation of adenylyl cyclase results in high levels

of cAMP and consequently a low signal in the assay, as the signal is inversely proportional).
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Figure 24. Agonist effects on CXCR4 using the TR-FRET based LANCE assay kit on U87 glioma cells.
Inhibition of adenylyl cyclase induced by CXCL12, [*Lu]24 ([*Lu]Pentixather) or [*Lu|35
(["Lu)DOTA-D-Arg-D-Ala-4-ABA-CPCR4). While [*Lu]35 counteracts forskolin at a concentration of
10 uM to 80%, ["*'Lu]24 shows no agonist effect on CXCR4.
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The range between low signal (induced by forskolin) and high signal (induced by CXCL12) was
set to 0 and 100% of [cAMP], respectively. With this assay, it is possible to measure agonist and

antagonist effects on CXCR4, depending on the experimental setup.

Agonist effects: " Lu|35 and [*Lu]24 were added to human glioma U87 cells overexpressing
CD4 and CXCR4. The experiment was performed according to the manufacturer’s instructions
using 5 pM forskolin to activate adenylyl cyclase, which results in enhanced cAMP production.
The presence of CXCL12 inhibits adenylyl cyclase as described earlier. These two conditions
were set to 0 % of adenylyl cyclase inhibition (only forskolin) and 100% inhibition (forskolin and
CXCL12, see Figure 24). Elevating concentrations of ["Lu|35 and [*'Lu|24 were added to the
forskolin pre-treated cells instead of CXCL12, to observe possible agonistic effects of the ligands.
Figure 24 depicts a weak, but dose-dependent agonistic effect of [**Lu]35 on the production of
cAMP in the cells. With a concentration of 10 pM, [*'Lu]35 reaches 80% of the effect induced by
the endogenous ligand CXCL12. By contrast, [*"Lu|24 was not able to affect the cAMP

production induced by forskolin.

Antagonist effects: In the antagonistic setup, the cells were incubated with increasing
concentrations of the test compounds for 30 min at 37 °C. After addition of forskolin and
CXCL12, the concentration of cAMP ([cAMP]) in the cells was measured. For the positive
control (100%), only forskolin was added to the cells, whereas for the negative control (0%)
forskolin and CXCL12 was added. As a consequence, CXCL12 binds to CXCR4 on the cells,
which induces the Gi-signaling pathway and subsequently inhibits adenylyl cyclase, which results
in reduced concentrations of cAMP. The test compounds, as antagonists, however should
counteract the CXCL12 induced inhibition. As depicted in Figure 25, [*'Ga|23 and [*'Lu]24
showed increasing inhibition of CXCL12 in a dose-dependent way. Consequently, Pentixafor
(23) and Pentixather (24) can be considered as antagonists or neutral ligands, since they also do
not show high internalization efficiencies. [**'Lu]35 on the contrary, was not able to block the G-

signaling pathway, but rather enhanced the CXCL12 induced signal with increasing
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concentrations. Therefore, ["Lu|35 can be considered as weak partial agonist of CXCR4, which

was expected due to the enhanced internalization efficiency of ['""Lu]35.
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Figure 25. Antagonist setup of cAMP assay. Dose-dependent inhibition of cAMP production. With
pretreatment (30 min at rt) of [*'Ga]23 ([*Lu]Pentixafor), [*'Lu]24 ([**Lu]Pentixather) or [**Lu]35
([*Lu]DOTA-D-Arg-D-Ala-4-ABA-CPCRA4) at increasing concentrations, the effect of 150 ng/mL CXCL12
on cAMP reduction was measured by using the TR-FRET based LANCE assay kit. Note that [**Lu]35
enhances the reduction of [cAMP](%) together with CXCL12.

3.2.3. 18F-labeled CXCR/ peptides

The introduction of the radio synthon AmBF; afforded an optimization of the current
available highly affine CXCR4 ligands, in order to weaken the effect of the substitution of
DOTA. As expected, a direct conjugation of AmBF; to 4-ABA (AmBF3-4-ABA-CPCR4 (39))
resulted in a massive decreased binding affinity with 134.3 + 47 nM (Tab. 11). Given the fact
that the diazotransfer on the N-terminus was more efficient on amino acids with high steric

hindrance, D-valine was chosen as a spacer, which resulted in a 2-fold higher binding affinity of
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65.2 + 10 nM for 40. As shown in I11.3.2.2., the optimized linking unit D-Lys-Gly-4-ABA as well
as D-Arg-Gly-4-ABA introduced higher flexibility towards modifications and showed beneficial
influences on the binding affinity of the CXCR4 ligands. Therefore, this linker concept was
utilized and the resulting "*F-labeling precursor 42 (AmBF;-D-Arg-Gly-4-ABA-i0odoCPCR4) and
43 (AmBFs-D-Lys-Gly-4-ABA-iodoCPCRA4) showed, as anticipated, high binding affinities with
2.9 4+ 0.9 nM (42) and 3.8 + 0.9 nM (43), respectively. Surprisingly, the high binding affinity
was also retained with the D-Tyr® uniodinated binding scaffold in peptide 41 (AmBF;-D-Arg-

Gly-4-ABA-CPCR4, IC5 = 2.4 £ 0.8 nM).

Table 11. IC5 values of selected “F-peptides for hCXCR4 determined with Jurkat cells (2 h, rt,
HBSS + 1% BSA) using ["IJFC131 ([*IJR2) (c = 0.1 nM) as radioligand. Data are expressed as mean
+ SD of three independent determinations. [*'Ga]Pentixafor (["*Ga|23) ? and [*'Ga|Pentixather
([*Ga]24) were included in the study.

F-labeling peptides

Peptide Cpd ICs59 [nM]
[**Ga]Pentixafor [**Ga]23 24.8 £ 2.5
[**Ga]Pentixather [**Ga]24 6.1+1.5
AmBF3-4-ABA-i0doCPCRA4 39 134.3 +£ 47
AmBF;s-D-Val-4-ABA-iodoCPCR4 40 65.2 £ 10
AmBF;-D-Arg-Gly-4-ABA-CPCR4 41 2.4+08
AmBF;-D-Arg-Gly-4-ABA-iodoCPCRA4 42 2.9+09
AmBF;-D-Lys-Gly-4-ABA-iodoCPCR4 43 3.8+ 0.9

Despite the highly promising binding affinities of the novel AmBFs-conjugated ligands, no
internalization studies were performed, due to very low specific activities obtained after manual
synthesis (as described in II1.2.4.). The count rates would not be reasonable, if the
internalization study was performed with 1.0 nM as standardized for all other ligands.
Consequently, the synthesis has to be optimized prior to further preclinical studies on *F-labeled

CXCRA ligands.
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3.3. Ligands based on cyclo[D-Tyr-Pro-2-Nal-N(Me)-Arg-Arg| (R3) for addressing

the CXC chemokine receptor type 7

Since a variety of different assays were employed for the determination of binding affinity
towards CXCRY in the literature and to establish a reproducible system, simulating the in wvivo
binding situation as realistic as possible, living cells with endogenous CXCR7 expression (U343
human glioblastoma cells) were preferred over membrane aliquots ** ¥, In addition, ['*I]SDF-1
was not utilized as the radioligand, due to the very low stability of *I-labeled SDF-1 in solution
(ti2 < 7 days, data not shown). Thus, the recently published CXCRT7-specific ligand FC313 (R3)
% was chosen as the radioligand. Prior to the establishment of a competitive binding assay, the
specificity of R3 had to be confirmed. Therefore, CHO cells were transfected with human and
murine CXCR4 and CXCRY7. The total cellular uptake of ["*IJFC131 (['*I|R2) and [**IJFC313
([**I]R3) are depicted in Figure 26 and all values are corrected for unspecific binding using

10 uM of AMD3100.
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Figure 26. Specific cellular uptake of [**IJR2 (['**I]FC131) and [**I]R3 ([*I]FC313) on transfected CHO
cells (wild type (no transfection), hCXCR4, mCXCR4, hCXCR7 and mCXCRT). 150,000 cells/well were
incubated in DMEM-F12 medium (5% BSA) for 2 h at 4 °C together with the respective radioligands (¢ =
1.0 nM). The total cellular activity was corrected for non-specific binding (10 uM AMD3100 for both
CXCR4 and CXCRYT). All data are expressed as mean + SD (n = 3).

As already reported by Oishi et al, FC313 (cyclo(Nal-Pro-D-Tyr-Arg-N(Me)Arg), R3) showed
specific binding to h/mCXCRT7* cells, but almost no binding to h/mCXCRA" cells. This
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prompted us to develop a competitive binding assay utilizing U343 cells, which are known to
express hCXCRYT in elevated levels and ["*I|R3 as the CXCRT specific radioligand #".

To utilize the CXCR7 specific ligand R3 as a potential PET probe, the structure has to be
optimized in terms of hydrophilicity (calculated lipophilicity of R3 wusing ChemDraw
Professional, logP.1 = 1.58) to prevent elevated uptake in vivo due to hepatobiliary excretion %
As reported by Oishi et al, peptide modifications at position 2 (L-Pro) would lead to losses of
CXCRY7 specificity and therefore are not applicable. Additionally, subsequent SAR studies
suggested that two aromatic groups (the phenol of D-Tyr® and the naphthalene of L-Nal') are
indispensable for the bioactivity via possible hydrophobic interactions '*. Consequently, the two
guanidino groups of L-Arg! and N-methylated L-Arg® were utilized for the design of novel

derivatives (Fig. 27).

D(-;l})/r Xaat Xaa’ R» Cpd

H L-Arg L-Arg Me R3

L-Pro? L-Nal' I L-Arg  L-Arg Me 44

D-Tyr® 0 O H L-Orn L-Arg Me 45
R »ﬁj} NH Q H D-Orn L-Arg Me 46
:©/ 0 I L-Orn L-Arg Me 47
HO H N °R2 © H L-Lys  L-Arg Me 48
\B'N HN I L-Lys L-Arg Me 49

Xaa* OMXaa5 H L-Arg L-Lys Me 50

I L-Arg L-Lys Me 51

H L-Arg L-Ala aminohexyl 52

H L-Arg L-Ala guanidinohexyl 53

Figure 27. Summary of structural modifications within the development of CXCR7 targeting peptides.
Blue colored amino acids were not modified.

In order to provide a functional group for the introduction of linking units and chelators as
anticipated for the development of novel PET probes and because cationic amino acids at these
positions already inherited high binding affinities, ornithine and lysine were chosen for

substitution.
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Initially, to evaluate the influence of the conformation on the binding affinity of CXCRY ligands,
L-Orn (45) and D-Orn (46) were introduced at position 4, see Figure 27. Both peptides showed
decreased binding affinities (675 + 171 nM (45) and 633 £ 45 nM (46) compared to 180 + 16 nM
(R3), respectively), with no significant difference between 45 and 46 (Tab. 12). This finding led
to the conclusion, that the conformation does not have a great influence on the ICs values at
this position, but since the lead structure FC131 (R3) contains L-Arg, only L-amino acids were
employed in the following. The peptides containing L-Lys at position 4 (48) or 5 (50) exhibited
a 1.5-fold higher binding affinity towards CXCR7 compared with the Orn-derivatives, but still

showed 2.2-fold less potency than R3.

Table 12. Binding affinities towards hCXCR7 (ICs values) of selected ligands determined using U343
glioblastoma multiforme (GBM) cells (150.000 cells/well). The cells were incubated with the respective
ligands at 4 °C for 1 h together with ['"*IJR3 (¢ = 0.1 nM) as radioligand. Each experiment was performed

in triplicate, and results are means #+ SD from a minimum of three separate experiments.

CXCR7 targeting peptides

peptide IC5 [nM] peptide IC5 [nM]
R3 (FC313) 180 £ 16 50 401 £+ 35
44 96 £+ 37 51 113 £ 36
45 675 £ 171 52 > 1000
46 633 £+ 45 53 342 £ 2
47 179 + 56 [“Gal54 834 + 38
48 484 + 226 [*Cu]54 > 1000
49 101 + 22

In computational docking studies with a homology model of CXCR7 a similar binding mode
between CXCR4 and CXCRT7 ligands could be observed %% %% 2% Hence, the influence of side
chain iodination of D-Tyr on the binding affinity of the CXCR7 ligands was investigated (as it
had a beneficial effect on the CXCRA4 ligands, see I11.3.2.2.). Interestingly, all ligands (44, 47, 49

and 51, Fig. 27) exhibited a higher binding affinity than their parent, uniodinated peptides.
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With ICj5 values of 96 £ 37 nM and 101 £ 22 nM for 44 and 49, these peptides showed an
almost two-fold increased CXCR7 binding inhibition compared to R3. The resulting peptides
feature enhanced lipophilicity due to the iodinated residue of D-Tyr (calculated lipophilicity of
49 using ChemDraw Professional, logPc1 = 4.0), which has to be balanced via condensation with
hydrophilic chelators like NOTA, DOTA or DOTAGA for a suitable hydrophilicity. Thus, the
chelator NOTA was conjugated to 49, resulting in 54. Unfortunately, the "Ga-complex

exhibited an 8-fold decreased binding affinity with 834 4+ 38 nM.

In conclusion, a more elaborate SAR studies has to be performed to assemble, on the one hand,
the beneficial effects of iodination of the scaffold on the binding affinity and, on the other hand,

the very high lipophilicity, which has to be decreased for suitable pharmacokinetics in vivo.

4. Determination of lipophilicity and specific cell binding

Determination of lipophilicity: Lipophilicity was measured as the partition coefficient of the
Ga- or '"Lu-labeled peptides between n-octanol and PBS (pH 7.4) using the shake-flask
method, see Table 13. Compared with reference ligand ["*I|R2 (['**I]JFC131, all chelator coupled
peptides showed increased hydrophilicity. From the experience with [®*GalPentixafor ([*Ga]23,
logP = —2.9 + 0.08) and other radio-pharmaceuticals *”, low lipophilicity in general results in
rapid clearance from the circulation wvia the kidneys without increased renal uptake.
Additionally, low hepatic uptake and biliary excretion improves tumor-to-background ratios and

minimizes the effective whole body dose % 91 12 169,

All peptides with D-Tyr iodinated scaffold showed enhanced lipophilicities (logP = —1.8 £+ 0.2
for [""Lu|Pentixather (['"Lu]24) vs. logP = —2.9 + 0.08 for [®*Ga|Pentixafor), whereas the
8Ga'-chelates show an supplementary increase in hydrophilicity, as expected from the

111

additional free carboxylate in the chelator compared to the "Lu-chelate. The introduction of
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the novel cationic “linking units” D-Arg-D-Ala-4-ABA (logP = —2.75 4+ 0.24 for ['""Lu/36) and
D-Arg-Gly-4-ABA (logP = —2.65 £ 0.05 for ["Lu]34) resulted in hydrophilic peptides despite
the D-Tyr iodinated scaffold. The CPCR4-based CXCR4 ligands 31, 33 and 35 (cationic linking
units, but without 3-iodo-D-Tyr) showed further increased hydrophilicity with
logP = —3.31 £ 0.01 for [""Lu|31, logP = —3.07 + 0.03 for [""Lu]33 and logP = —2.95 + 0.13
for ['"Lu)35, respectively.

Table 13. Lipophilicity expressed as logP (distribution coefficient in n-octanol/PBS) of radiolabeled
CXCRA4 ligands. Data are expressed as mean + SD (n = 6).

CXCRA4 ligand logP

Reference ligands

[BIR2 * —0.35 =+ 0.02
[Ga)23 —2.9 + 0.08
['"Lu)24 ~1.8 + 0.2

R1-based ligands

[%Ga]9 —2.8+0.1

(i0do)CPCR4-based ligands

["7Lu]31 —3.31 £ 0.01
[17Lu]33 —3.07 £ 0.03
[5Ga)]34 —3.03 £ 0.02
[17Lu|34 —2.65 + 0.05
(%Ga]35 —3.58 & 0.06
['Lu]35 —2.95 + 0.13
[%Ga]36 —3.29 + 0.02
['"Lu]36 —2.75 £ 0.04

BF-labeled peptides

[3F]41 —2.49 + 0.02

[3F|42 —1.47 £+ 0.01
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The novel "F-labeled derivatives ["*F]41 and ["*F]42 inherited enhanced lipophilicity compared
to [®Ga]23, mostly due to the lack of the hydrophilic chelator. Nonetheless, the hydrophilicity of
[*F]41 with a logP = —2.49 4+ 0.02 was considered to be sufficient for a fast renal clearance in
vivo. Therefore, [*F|AmBF;-D-Arg-Gly-4-ABA-CPCR4 (["®F]41) was chosen for further

evaluation using PET and Biodistribution studies (III.5.2.3.).

Determination of plasma protein binding and binding to human blood cells:
Nonspecific interactions influence the fate of a radiopharmaceutical in vivo, which depends on
the physicochemical properties, e.g. molecular weight, charge, lipophilicity, metabolic stability or

elevated binding to red blood cells % %%,

40_— |:| [V7Lu]24
7 717124+ ampsio
- [*7Lu]36
|:| [7Lu]36 + AMD3100
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Figure 28. Binding of [Lu|24 ([""Lu/DOTA-4-AMBA-i0doCPCR4, ['"Lu|Pentixather) and ["'"Lu]36
([""Lu]DOTA-D-Arg-D-Ala-4-ABA-i0doCPCR4) to human blood cells (erythrocytes and leukocytes).
Human blood was incubated with the respective radioligands (c= 1.0 nM) for 30 min at 37 °C. CXCR4-
mediated binding was determined using co-incubation of AMD3100 (100 uM).

On the contrary, high in vivo plasma protein binding increases the plasma half-life of the radio-
pharmaceutical and therefore might offer positive effects on the tracer distribution (higher
uptake into target tissue over a longer period). Though, high unspecific binding to blood cells
decreases the tumor to background ratio, especially at early time points, which might not be

beneficial for diagnostic probes *‘. Several overlapping mechanisms have been identified for the
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biologic profile of radiolabeled peptides and have to be evaluated for each compound
independently. To estimate the bioavailability of the CXCR4 ligands in vivo, the plasma protein
binding of [""Lul34,(DOTA-D-Arg-Gly-4-ABA-i0doCPCR4) ["Lu|35 (DOTA-D-Arg-D-Ala-4-
ABA-CPCR4) and ["Lu|36 (DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4) were determined and
compared with ['"Lu|Pentixather (['"Lu]24), applying ultracentrifugation. The 3-iodo-tyrosine
group of ["Lu]24 led to an increased logP of —1.8 + 0.2 and resulted in almost quantitative

plasma protein binding (97%) as determined in our group %

. The binding to human serum
albumin was also quantitative for [""Lu]35 and ['""Lu|36 (98% and >99%, respectively) despite
the decreased lipophilicity and the absence of a halogenated tyrosine residue in ["Lu]35.
["Lu]34 exhibited a plasma protein binding of 87%. Interestingly, ["Lu]36 showed enhanced
binding to human erythrocytes and CXCR4-mediated binding to human leukocytes see Figure
28. In comparison to ['"Lul24, six-fold more activity of [""Lu]36 was bound to the leukocytes

fraction after 30 min of incubation, while incubation together with an excess of AMD3100

prevented the CXCR4-mediated binding of ['"Lu]36 to leukocytes.

CXCR4 is known to be expressed on various types of leukocytes (monocytes, neutrophils and
T-lymphocytes)  #!. The specificity of binding could be demonstrated via co-incubation of the
CXCR4 antagonist AMD3100 and the resulting significant reduction of tracer binding.
Noteworthy, [®Gal23 ([**Ga]Pentixafor) was reported to bind to plasma proteins only to 64%.
That fact should contribute to the low background uptake and the rapid whole-body clearance of
[®Ga]23  rendering it superior for imaging studies. The combined effects of increased binding
affinity and internalization rates, decreased lipophilicity, and higher binding to leukocytes (most
probably due to enhanced binding affinity) on the pharmacokinetic behavior of the novel

CXCRA4 tracer were further investigated in vivo (IIL5.).
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5. In vivo evaluation
5.1. Metabolite analysis

As confirmed by the clinical experience with [®*Ga]Pentixafor and ['""Lu]Pentixather,
cyclic pentapeptides display excellent stability in vivo %% 1% 150. 153 15 However, the metabolic in
vivo stability of radioligands is a crucial prerequisite for clinical transfer of novel radioligands
and in vivo metabolite analyses are thus a major component in their preclinical evaluation. For
this reason, animals were sacrificed 30 min p.i. of the ®Ga- or ""Lu-labeled ligands ([®*Gal9,
[®*Gal35 ([®*Ga]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) and [""Lu|36 (['""Lu]DOTA-D-Arg-D-Ala-4-
ABA-iodoCPCR4). Liver and/or kidney homogenates, blood extract and the urine of healthy
SCID mice were subsequently extracted and analyzed. All tested ligands showed high stability
with >99% of intact injected tracer detected using radio-HPLC. Representative HPLC profiles of

['"Lu]36 30 min p.i. of extracts and body fluids are shown in Figure 29.
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Figure 29. Exemplary radio-HPLC analyses of extracts from homogenized organs and body fluids (blood
and urine) from CB17-SCID mice (30 min p.i. of 15 MBq of ['"Lu|36, Chromolith column, flow rate
3 mL/min, 3 to 95% in 6 min, 95% for 3 min) injected with [""Lu]36.
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5.2. Biodistribution

The physiological distribution of the CXCR4 targeting peptides at different time points
was investigated in Daudi xenograft-bearing SCID mice. To provide comparability, the applied
molar amount of peptide and the experimental setup were kept constant during the in wvivo
evaluation of the novel CXCR4 ligands (with the exception of [®*F]41, due to low RCY), see

Table 14.

Table 14. Biodistribution (in % ID/g) at 1 h p.i. in Daudi tumor-bearing SCID mice (or healthy mice):
the R1 derived ligand [%Ga]9, the ligands with iodinated binding scaffold [%Ga|34 (D-Arg-Gly linker) and
[®Ga]36 (D-Arg-D-Ala linker) and their uniodinated analogue [®Ga]35 (D-Arg-D-Ala linker), and the
radiofluorinated CXCRA4 ligand [*F]41 (uniodinated scaffold).

CPCR4.3 (R1) derived CXCRY ligands

[*Gal9 [®Gal9 +50pg
(n=4) AMD3100 (n = 3)
blood 1.98 £+ 0.09 4.33 £ 2.37
heart 1.34 + 0.76 2.31 £ 0.71
lung 3.50 + 0.65 4.79 £+ 1.86
liver 41.67 £ 4.84 8.55 £+ 1.62
pancreas 1.22 + 1.32 0.96 £ 0.41
spleen 10.87 £ 1.60 2.77 £ 0.63
stomach 0.98 + 0.19 1.92 + 0.70
small intestine 1.26 £ 0.27 2.63 £ 0.77
colon 0.64 £ 0.16 1.08 + 0.52
adrenal gland 3.05 £ 1.06 2.71 £1.03
kidney 6.83 + 1.36 10.5 4+ 2.22
muscle 0.31 £ 0.11 0.68 £ 0.40
bone 2.44 + 0.60 1.42 + 0.85
brain 0.08 + 0.02 0.45 £ 0.54
Peptide 11/12 ((iodo)CPCRY) based ligands
[*Cla] 34 #Gajzs L oM35 TO0me g a6
(n = 4) (n = 4) AMD3100 (n = (n = 4)
3)
blood 2.71 £ 0.52 4.01 £ 1.08 2.98 £ 0.57 8.85 £ 1.08
heart 1.77 £ 0.35 1.51 £+ 0.30 1.37 £ 0.33 3.63 £ 0.71
lung 5.34 + 1.09 3.07 £ 0.59 3.12 £ 0.57 6.82 £ 1.10
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liver 11.75 + 1.87 5.52 £+ 0.55 4.62 £ 0.56 13.15 + 2.20
pancreas 0.83 + 0.12 0.68 + 0.01 0.69 4+ 0.07 2.01 +0.39
spleen 4.46 £ 0.69 1.94 + 0.17 2.38 £ 0.23 6.95 + 1.51
stomach 1.85 + 0.34 1.20 +£ 0.13 0.97 £ 0.32 2.13 £ 0.49
small intestine 1.71 £ 0.48 0.94 + 0.16 0.94 + 0.31 2.89 + 0.12
colon 1.50 £+ 0.29 0.71 + 0.13 0.47 + 0.09 1.48 £+ 0.67
adrenal gland 1.80 4+ 0.61 2.07 £ 1.33 1.02 +£ 0.27 3.66 £ 0.45
kidney 7.20 + 1.45 13.0 + 2.28 7.16 + 1.62 14.52 + 2.51
muscle 0.56 + 0.13 0.46 4+ 0.06 0.40 + 0.11 1.12 + 0.28
bone 1.45 £+ 0.61 1.42 + 0.13 0.74 + 0.11 3.33 £ 0.51
brain 0.09 £ 0.02 - - -
tumor 17.30 4+ 2.49 11.68 + 1.52 4+ 0.36 18.55 + 3.18
1.31
Radiofluorinated PET probes
[*F]41 [®F]41 + 50pg
(n=2) AMD3100 (n = 1)

blood 1.40 £+ 0.07 2.79

heart 0.99 + 0.07 1.98

lung 3.31 £0.16 6.06

liver 8.98 + 0.37 9.76

pancreas 0.44 + 0.05 0.75

spleen 2.06 £ 0.19 2.67

stomach 1.18 + 0.22 2.21

small intestine 1.64 + 0.61 3.02

colon 0.71 £0.26 1.41

adrenal gland 0.99 £ 0.21 1.45

kidney 19.58 + 1.97 30.47

muscle 0.34 + 0.03 0.76

bone 1.37 £ 0.22 2.35

tumor 4.40 £ 0.65 1.64

5.2.1. CXCR/ specific PET probes

CPCR4.3 (R1) derived CXCRA4 ligands: [®*Gal9 ([*Ga]DOTA-(1,4-phenylen-

dimethanamine)-cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys)) exhibited  uptake
predominantly in the liver (47% ID/g), but also in lung (4% ID/g) and kidneys (3% ID/g), Fig.
30. Activity uptake in blood (1.9% ID/g) and muscle (0.3% ID/g) was low, demonstrating high

stability of the tracer 1 h p.i.. Interestingly, increased activity in the spleen (10.8% ID/g), in the
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lung (3.5% ID/g) and in the bone (2.5% ID/g) displays the binding affinity towards murine
CXCR4 (mICs= 63 £+ 19 nM). Coinjection of AMD3100 resulted in a significant reduction of
activity uptake (>80%) in the liver. Spleen, adrenal glands and bone also experienced a clear
reduction of activity uptake, which supports the in wvitro determined affinity towards murine

CXCRA4 of [®*Gal9.

50

B o0
W//A [63Ga]9 + 50 ug AMD3100

activity accumulation
[ % 1D/g]
N
(&)
\
AR

Figure 30. Biodistribution (in % ID/g) of CPCR4.3 derived ligand [®Ga]9 and [®Ga]9 together with
50 ng AMD3100 (n = 4, respectively) at 1 h p.i. in healthy SCID mice.

Peptide 11/12 ((i0do)CPCR4) based ligands: The improved binding affinity (ICs =
0.4 + 0.1 nM) and high internalization efficiency is clearly reflected in high activity accumulation
of [®Ga]DOTA-D-Arg-D-Ala-4-ABA-CPCRA4 ([*Gal35) in the tumor (11.68 + 1.31% ID/g, Fig.
31). The clearance from the background was slightly decelerated, most likely due to an enhanced
association to blood plasma proteins and therefore, an elevated activity level in the blood
(4.01 £+ 1.08% ID/g). Compared to [®*Ga]Pentixafor ([*Ga]23), which shows very little retention
in the liver (<2% ID/g), [*Ga|35 accumulated in the liver with 5.52 £ 0.55% ID/g at 1 h p.i.,
despite the significantly enhanced hydrophilicity (logP = —2.9 £+ 0.08 and logP = —3.6 £ 0.06

for [®*Ga]23 and [*Gal35, respectively). The introduction of a positively charged linking unit
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seems to result in increased activity retention in the kidneys for both investigated peptides 35

and 36 (13.03 + 2.28% ID/g and 14.52 £+ 2.51% ID/g, respectively).

204
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Figure 31. Biodistribution (in % ID/g) of the peptide 11 based ligand [®Ga]35 and its iodinated

analogue [*®Ga]36 in comparison to [**Ga|23 at 1 h p.i. in Daudi tumor-bearing SCID mice.

The competition experiment with AMD3100 (see Tab. 14) clearly demonstrated the CXCR4
specificity of the activity accumulation in the Daudi xenograft. In contrast to the hepatic uptake
of [%Ga]9, the liver uptake of [*Ga]35 was not reduced by the competitor, which indicates, that
only a part of the observed liver uptake was mCXCR4 mediated. However, due to low overall
background activity, increased binding affinity and the optimized hydrophilicity, [*Ga]35 can be

considered suitable for PET imaging.

The combination of the high affinity linking unit and the iodinated scaffold in [*Ga]DOTA-D-
Arg-D-Ala-4-ABA-iodoCPCR4 ([®Gal36) led to a CXCR4 targeting peptide, which inherits high
affinity towards human and murine CXCR4 (hiC5 = 2.6 £ 1.0 nM, mIC5 = 48.5 £ 0.5 nM,
respectively). This is clearly reflected in high initial tumor uptake (18.6 + 3.18% ID/g at
1 h p..), but also increased activity accumulation in the blood pool, lungs, spleen and adrenal
glands. The effect of increasing murine binding affinity of [®Ga]23 (no affinity >1000 nM),

[*Ga]35 (medium affinity 182 + 26 nM) and [®*Ga]36 (high affinity 48.5 £ 0.5 nM) was clearly
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reflected in the activity uptake of organs with elevated expression of mCXCR4 #2 %% % (e.g.

lungs, liver and spleen, Fig. 31).

The efficient tumor targeting of [*Gal35 and [®Ga]36 at 1h p.i. in combination with the
enhanced internalization and retention rates measured in wvitro, were further investigated. In
addition, the effect of the elevated plasma protein binding on the tumor uptake at late time

points has been studied with the longer-lived isotope ""Lu (III.5.2.2).

#F-labeled CXCR4-targeting PET probes: As already mentioned in II1.2.4., the low
specific activity (and therefore the high amount of injected, unlabeled peptide) of [*F]41
([*F]AmBFs-D-Arg-Gly-4-ABA-CPCR4) resulted in low activity accumulation in the tumor (4.40

+ 0.65% ID/g, Fig. 32).
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Figure 32. Biodistribution (in % ID/g) of [®F|41 ([®F]AmBF3s-D-Arg-Gly-4-ABA-CPCR4) and [**F]41
together with 50 ng AMD3100 to visualize CXCR4 directed uptake at 90 min p.i. in Daudi xenograft-
bearing SCID mice.

However, efficient clearance from the background was observed. The competition experiment
with a blocking dose of AMD3100 led to a reduction of the tumor uptake from 4.4% ID/g to

1.6% ID/g indicating, that the tracer retains high affinity towards CXCR4 and good stability in
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vivo (low bone uptake). Unfortunately, within the scope of this work, the automated synthesis
could not be established and therefore has to be optimized in order to be able to utilize the

advantages of the labeling strategies and the targeting traits of this class of compounds.

5.2.2. CXCR/-specific peptides for endoradiotherapeutic application

To determine the biodistribution of the novel ""Lu-labeled CXCR4 ligands at different
time points and thus to gain insight into the kinetics of tracer elimination, biodistribution
studies in Daudi tumor-bearing SCID mice were performed at 1, 6 and 48 h p.i. of ['""Lu|36
([""Lu]DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4) and its uniodinated analogue [""Lu|35,
respectively and are summarized in Table 15. All data were compared with the biodistribution of
['"Lu]24 (['""Lu]Pentixather), since it is the first CXCR4-directed cyclo pentapeptide applied for

endoradiotherapy %% %,

Table 15. Biodistribution (in %ID/g) at different time points p.i. in Daudi tumor-bearing SCID mice:
iodinated peptide [""Lu]36 (1 h, 6 h and 48 h p.i., respectively) and its more hydrophilic analogue
[Lu)35 (1 h, 1 h with inhibition dose of AMD3100 (n =1), 6 h p.i. and 48 h p.i., respectively). The

amount of co-admistered unlabeled peptide was kept at 0.1 to 0.2 nmol for all peptides.

['"Lu]36 (n=3) ['"Lu]36 (n=5) ["Lu]36 (n=4)
1 h p.i. 6 h p.i. 48 h p.i.

blood 2.90 + 0.32 0.17 £ 0.09 0.03 £ 0.01
heart 1.87 + 0.32 0.28 £+ 0.05 0.19 £ 0.02
lung 7.06 + 0.67 1.07 £+ 0.26 0.57 £ 0.04
liver 27.1 £ 1.87 17.1 £+ 3.09 14.6 £+ 2.00
pancreas 0.69 + 0.14 0.11 + 0.02 0.09 + 0.01
spleen 6.72 £ 0.70 2.95 + 0.75 2.72 £ 0.50
stomach 1.95 + 0.17 0.25 £+ 0.09 0.14 £+ 0.02
small intestine 1.44 £ 0.22 0.24 4+ 0.06 0.16 &+ 0.06
colon 1.19 +£ 0.35 0.49 + 0.20 0.43 £ 0.30
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adrenal gland 4.54 £ 1.06 0.68 £ 0.21 0.60 £ 0.12
kidney 10.3 4+ 0.26 3.20 +£ 0.45 2.58 £ 0.69
muscle 0.58 + 0.07 0.06 + 0.01 0.04 £ 0.00
bone 1.92 4+ 0.20 0.56 + 0.23 0.34 £ 0.08
brain 0.08 £ 0.01 - -
tumor 17.2 +£ 2.01 12.5 £+ 2.56 8.11 £+ 0.96
["Lu)35 (n=3) ['"Lu|35 (n=1) ['"Lu]35 (n=4) ['""Lu]35 (n=4)
1 h p.i. 1 hA‘;/'I‘I');OE’OO“g 6 h p.i. 48 h p.i.
blood 1.50 £ 0.10 1.9 0.05 + 0.01 0.01 £ 0.00
heart 0.90 £ 0.07 1.07 0.13 + 0.02 0.08 + 0.01
lung 3.53 £ 1.20 3.34 0.27 + 0.06 0.19 £ 0.08
liver 11.9 £+ 1.57 5.46 11.3 £ 2.83 8.99 + 1.62
pancreas 0.44 £ 0.05 0.61 0.08 + 0.02 0.07 £ 0.01
spleen 2.41 £ 0.34 1.11 1.41 £ 0.24 1.06 £+ 0.33
stomach 1.72 £ 0.16 2.46 0.25 £+ 0.07 0.19 £ 0.13
small intestine 1.23 + 0.18 1.36 0.30 £ 0.06 0.16 £ 0.11
colon 0.78 £ 0.28 0.74 0.65 + 0.30 0.44 £ 0.22
adrenal gland 1.16 £ 0.18 1.22 0.51 + 0.12 0.33 £ 0.08
kidney 9.74 £ 0.91 10.3 7.10 + 2.06 3.05 £ 0.15
muscle 0.28 £+ 0.02 0.38 0.04 + 0.01 0.02 £ 0.00
bone 0.86 £+ 0.04 0.74 0.30 + 0.05 0.29 £ 0.05
tumor 18.3 £+ 3.66 3.04 13.6 £ 3.33 8.81 £+ 0.99

One hour after injection, both tracers showed efficient tumor targeting with 17.2 4+ 2.01% ID/g
['Lul36 and 18.3 £ 3.66% ID/g for ['""Lu|35, respectively. High accumulation of radioactivity
in the liver, spleen and lung, organs with elevated expression of mCXCR4 *? was observed for
["Lu]36 with 27.08 + 1.87% ID/g, 6.72 + 0.70% ID/g and 7.06 + 0.67% ID/g, as already seen
for [®Ga|36. It is important to note, that the activity accumulation in the liver is not part of
hepatobiliary clearance in the overall tracer elimination, which is evidenced by the absence of
activity in the intestine at late time points (6 and 48 h p.i.). Additionally, ['"Lu]24 with a
higher lipophilicity (logP value of —1.8 £ 0.2 vs. —2.8 £ 0.04 for ['"Lu|36) showed clearly

decreased liver uptake compared to ['""Lu]36.
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Figure 33. Comparison of the biodistribution of ["Lu]24 (['"Lu]DOTA-4-AMBA-i0doCPCR4), ["""Lu]35
([""Lu]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) and ['"Lu|36 (['"Lu]DOTA-D-Arg-D-Ala-4-ABA-i0odoCPCR4)
(in % ID/g) in Daudi xenograft-bearing SCID mice at 6 h p.i..

Therefore, part of the observed liver uptake seems to be mCXCR4 mediated, as demonstrated by
the reduction of the hepatic activity by coinjection of a competitor (2 mg/kg AMD3100; Table
15). In accordance with the decreased murine binding affinity of ['Lu]35, the activity in the
liver, spleen, adrenal glands and in the bone, was notably reduced. Possible binding to mCXCR7
of both novel tracer, which is reported to be expressed in embryonic liver cells #, has to be

further evaluated.

At 6 h p.i., tumor uptake, tumor/muscle ratios and tumor/liver ratios were highest for [""Lu]35
and reached values of 13.6% ID/g, 378 and 1.2 for the Daudi xenograft (Fig. 33). ['"Lu]24
exhibited a tumor uptake of 6.7% ID/g and tumor/muscle and tumor/liver ratios of 122 and 0.7,
respectively. Despite the elevated background accumulation of [""Lu]36 ,the tumor uptake, the

tumor/muscle and tumor/liver ratios were 13.8% ID/g, 208 and 0.73, respectively.

To investigate the long-term biodistribution with focus on the retention of the ""Lu-labeled

peptides in the tumor tissue, mice were sacrificed at 48 h p.i. (see Figure 34). High retention of
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activity in the tumor (8.8 £ 1% ID/g) was detected for [""Lu]35 (['""Lu]DOTA-D-Arg-D-Ala-4-

ABA-CPCR4), in contrast to ["""Lu]24 (['""Lu]Pentixather) with 3.2 + 0.4% ID/g).

tumor/tissue ratios

48 h p.i.

["Luj24  [TLu35  [7Lu]36

t/blood 201 948 319
14_- t/heart 30 111 42
| t/lung 16 47 14
2] DA s t/liver 0.4 1.0 0.6
§ o s t/pancreas 43 130 86
ggo ] ] 7'usse t/spleen 2.1 8.3 3.0
g S 8 t/stomach 27 46 57
27 t/sm. Int. 29 55 50
g 67 t/colon 13 20 19
4_- t/adrenals 4.5 27 13
| t/kidney 2.7 2.9 3.1
2 t/muscle 85 412 226
0' | | t/bone 15 30 24
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Figure 34. Comparison of the biodistribution of ['""Lu]24, [""Lu|35 and ['"Lu|36 (in % ID/g) in Daudi
tumor-bearing SCID mice at 48 h p.. and respective tumor/tissue ratios for ['"Lu|24, ["Lu|35 and

[77Lu]36.

Probably due to the positive charged linker, the accumulation in the kidney was slightly
enhanced for [""Lu|35 with 3.0 + 0.1% ID/g compared to 1.2 + 0.1% ID/g for ["""Lu]Pentixather
(['"LuJ24). The tumor/tissue ratios depicted in the right panel of Figure 34 show an overall
optimized biodistribution of ['""Lu]35 at 48 h p.i.. This finding is in accordance with the in vitro
results, since radiolabeled 35 exhibited a high binding affinity, enhanced hydrophilicity, an
enhanced internalization rate, but more importantly, the highest retention in tumor cells

measured within this study (93% of added activity was still cell associated after 60 min).
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The D-Tyr iodinated analogue [""Lu]36 showed the highest internalization rate and total cellular
uptake of all tested compounds, but also high binding affinity towards murine CXCR4. Further,
the plasma protein binding of [""Lu|36 was >99%, which in turn entailed a delayed clearance of
the activity from the circulation at earlier time points. This property (in combination with the
enhanced, specific binding towards CXCR4 expressing blood cells, see II1.4.) was expected to
have a beneficiary influence on tracer uptake in the target tissue, since it should lead to a
prolonged tracer delivery to the tumor. The expected additional reservoir function was not
clearly confirmed by the tracer distribution at 48 h p... Compared to ['""Lu]35 no enhanced
tumor activity of [""Lu|36 was observed (8.1 £ 0.96% ID/g). Consequently, the tumor-to-organ
ratios of [""Lu|36 in the utilized xenograft model are thus, significantly improved compared to

['""Lu|Pentixather (['""Lu]24), but are not superior to ["Lu]35 (with exception of tumor/kidney).

First in-man results of [""Lu|24 demonstrated, that the organ distribution and dosimetry in
patients fundamentally differs from the mouse data. For example, the slightly enhanced hepatic
retention of ["Lu]Pentixather in the mouse model was also observed in the first patients, but
mean liver to kidney activity concentration ratios were significantly lower as opposed from the
xenograft model ™. Consequently, first patient dosimetry studies are necessary to be able to

assess the potential of 35 and 36 as an endoradiotherapeutic tracer.

Interestingly, the introduction of a cationic amino acid in the “linking unit”of 35 and 36 seems
to lead to elevated uptake and retention of activity in the kidneys (['""Lu]35 tumor/kidney ratio
= 1.9). A correlation between cationic amino acids in radiopharmaceuticals and enhanced renal
uptake has already been reported for somatostatin analogs before. Albeit this fact is somewhat
concerning, it was shown, that the risk of nephrotoxicity induced by endoradiotherapy could be

reduced by coinjection of cationic amino acids or gelofusin #% #?,
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5.3. Small-animal PET

5.3.1. CPCR4.3 (R1) derived CXCR/ ligands

The pharmacokinetic behavior of [®*Ga]DOTA-(1,4-phenylen-dimethanamine)-cyclo[D-
Tyr-N(hexylguanidino)-D-Ala-Arg-2-Nal-D-Cys] ([®*Gal9) was investigated using static small
animal PET scans of normal SCID-mice. As expected from the biodistribution data, the
maximum intensity projections (MIP), shown in Figure 35, demonstrated rapid clearance from
circulation and renal excretion, resulting in accumulation of activity in the bladder. Metabolic
stability was also evidenced by low unspecific whole body uptake of the tracer (metabolic

stability was also confirmed under IIL.5.1.).

Figure 35. Maximum intensity projections (MIP) of yPET scans. MIP (1 h p.. for 15 min, 0% to
10% ID/mL of two healthy SCID mice after injection of approximately 13 MBq (A) [%#Gal9 or (B) [®¥Ga]9
and 50 png AMD3100.

High tracer accumulation was detected in the liver, which could be reduced over 80% by
coinjection of 50 png (2 mg/kg) AMD3100 (Figure 35, B). Given the high affinity of [*Ga]9 to
both human and mouse CXCR4 (IC5 = 31 £ 3 nM and 63 £+ 19 nM for ACXCR4 and mCXCRA4,
respectively), the blockable liver accumulation strongly hints towards a species-specific CXCR4-
mediated hepatic activity accumulation in mice. However, the high liver retention of [**Gal9
currently complicates the application of this tracer for the in wvivo visualization of CXCR4-
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expressing tissue in a mouse model, independently from the pronounced hydrophilicity (logP =
—2.8 + 0.1). Several overlapping mechanisms have been identified for hepatic uptake of
radiolabeled proteins and peptides (substrates for hepatic transporters, enhanced lipophilicity or
positively charged conjugates) ** #*, Thus, further studies investigating the hepatic trafficking of
mCXCR4-targeted peptidic probes are needed to fully elucidate their hepatic accumulation
mechanism and to consequently develop strategies to reduce liver uptake, while maintaining

efficient targeting of mCXCR4 and hCXCRA.

5.3.2. Peptide 11/12 ((iodo) CPCR/) based ligands

In contrast to the suboptimal imaging properties of [*Gal9, [*Gal23 ([*Ga]Pentixafor)
has already been successfully used for PET imaging of CXCR4 expression in patients 2-1%% 129 150
and is currently entering clinical trials * ¥, As expected from the in wvitro and biodistribution
data, [®*Ga]33 ([®*Ga]DOTA-D-Arg-Gly-4-ABA-CPCR4) and [®*Ga]35 ([®*Ga]DOTA-D-Arg-D-
Ala-4-ABA-CPCRA4) revealed excellent CXCR4 receptor targeting and thus, high uptake in the
Daudi xenograft with fast excretion (Figure 36). Besides the high tracer uptake in the tumor,
slightly elevated accumulation in the liver and kidney was observed for [*Gal35 in comparison
to [*Ga]23, despite the enhanced hydrophilicity of the CPCR4-based ligands (logP of [*Ga|35 is
—3.58 £ 0.06 vs. —2.9 + 0.08 for [*Ga|23). The higher internalization rates and increased
binding affinities (as high as 60-fold in the case of [*Ga|35) did not result in higher tumor to
background ratios, e.g. tumor/muscle is 26 for [®*Gal35 and 85 for [®*Ga]23. This might be due
to the very pronounced specificity of [®Ga]23 for human CXCR4, which shows literally no
binding affinity for murine CXCR4 (IC5 > 1000 nM in comparison to [*'Lu]35 with
IC5 = 182 £ 26 nM, see Table 8) and consequently no uptake in reported, mCXCR4 expressing
tissues like liver, lung, spleen or bone marrow ™ %2, Given the significantly enhanced binding
affinity of [®Ga]35, but also the slightly enhanced accumulation in the kidneys, a careful
dosimetric investigation in patients is required to fully assess the potential of [®*Gal35 as a

clinical PET probe.
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Figure 36. MIP (1 h p.. for 15 min, 0% to 6/12% ID/mL) of Daudi tumor-bearing SCID mice after
injection of approximately 12 MBq (0.2 nmol) [®Ga]23 ([®Ga]Pentixafor) and cationic linker derivatives
with non-iodinated scaffold [%Ga]33 (D-Arg-Gly-4-ABA) and [®Ga]35 (D-Arg-D-Ala-4-ABA).

In an additional experiment, the targeting efficiencies of the novel CXCR4 agents were
determined in LNCaP xenograft-bearing SCID mice. As reported previously, the
CXCL12/CXCR4 axis could be involved in prostate cancer cell migration and invasion.
Functional CXCR4 was reported to be expressed by prostate cancer cell lines LNCaP and PC3,
when compared with normal prostatic epithelial cells %%, A noninvasive quantification of CXCR4
expression in prostate cancer could assist in the early assessment of enhanced metastatic
potential of prostate cancer. Surprisingly, neither [®*Ga]23 nor [®*Ga]35 accumulated in the
tumor to a greater extent than in background tissue (Figure 37). Both tracers were primarily
taken up into the liver and kidneys, with excretion into the bladder. The utilized xenograft
model, as well as the receptor density of CXCR4 on the surface of LNCaP cells may vary due to

several parameters and has to be confirmed using histochemical methods *’.

Consequently, the
suitability of CXCR4 targeting peptides for the quantification of the metastatic potential of

prostate cancer has to be further evaluated in a more detailed fashion.
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Figure 37. PET images (MIP at 1 h p.i. for 15 min, 0% to 6% ID/mL) of LNCaP (red arrow) xenograft-
bearing SCID mice after injection of approximately 10 MBq (0.15 nmol) [®Ga]23 ([*®Ga]Pentixafor) and
[#Ga]35.

Figure 38 shows exemplary PET images of the 10doCPCR4-based ligands [*Ga|34 ([*Ga]DOTA-
D-Arg-Gly-4-ABA-iodoCPCR4) and [*Gal36 ([*Ga]DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4) in
comparison to [®Ga]23. As expected from the in vitro data, both tracers were primarily taken up
into the tumor, but also into liver and kidneys. Interestingly, the significantly elevated binding
to blood cells and plasma proteins of [%Ga|36 (plasma protein binding >99% (II1.4.), activity in
blood 8.85 + 1.08% ID/g 1 h p.i., see Table 14) did not comprise the contrast of tumor to
background in the MIP image. The pronounced activity accumulation of [*Ga]34 in the kidneys
could also not be confirmed in the biodistribution study (III.5.2.1.). As shown by the coinjection

of 50 pg AMD3100, tumor accumulation was almost exclusively CXCR4 mediated.
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Figure 38. MIP (1 h p.. for 15 min, 0% to 12% ID/mL) of Daudi tumor-bearing SCID mice after
injection of approximately 12 MBq (0.2 nmol) [®Ga]23 ([®Ga]Pentixafor) and cationic linker derivatives

with iodinated scaffold [®Ga]34, [®Ga]36 as well as [®*Ga]34 coinjected with 50 pg AMD3100.

Tracer kinetic analysis: Dynamic PET imaging offers the possibility of determination of the
optimal imaging/biodistribution time point, as well as investigation of organ uptake and
excretion kinetics. For the tracer kinetics, assuming a two-compartment model in vivo, the signal
of non-specifically accumulated activity is characterized by a linear decrease of the graph in the
logarithmic plot of time-activity curves .. In OSEM 3D reconstructed images, three dimensional
regions of interest (ROI) were drawn, quantified and the resulting time-activity curves (TACs)

for the CXCRA4 ligands are shown in a logarithmic plot (Figure 39).
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Figure 39. TACs (logarithmic plot) in %ID/mL derived from dynamic PET data (90 min acquisition
time, OSEM 3D reconstruction) in Daudi xenografts, blood pool (heart), muscle and liver. Tumor-bearing
SCID mice were injected with app. 10 MBq (0.05 - 0.15 nmol) of a) [®Ga]23 as reference, b) [®¥Ga]33, ¢)
[®Gal34, d) [*Ga]35, and e) [®Ga]36.

[*Ga|Pentixafor ([*Ga|23) demonstrated rapid accumulation in the tumor and an ideal clearance
of activity from the background tissue. Despite the enhanced hydrophilicity of [*Gal35
([*Ga]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) and [®*Gal36 ([*Ga]DOTA-D-Arg-D-Ala-4-ABA-
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iodoCPCR4) with logP = —3.58 4+ 0.06 and —3.29 + 0.02 compared to —2.90 £+ 0.08 for
[*Gal|Pentixafor (III.4., Table 13), high accumulation and only slow washout from the liver was
observed in the pyPET scans. Again, the reason for this could be the significantly increased
murine binding affinity of [®Ga]36. The TACs of the liver were similar for all investigated
tracers and seemed to be independent of the lipophilicity (which was lower for all ligands in
comparison to [*GalPentixafor). Nevertheless, efficient tumor targeting was observed for all
ligands. The high retention of [®Ga]36 in the blood pool, mostly due to elevated binding to
plasma proteins, leads to a constant delivery of activity to CXCR4 positive tissue and therefore
to an increased tumor activity over time (also visible for [®*Ga]34 ([®*Ga]DOTA-D-Arg-Gly-4-
ABA-i0doCPCR4)). To receive optimized tumor to background ratios, the slightly decelerated
clearance of [®*Gal36 and [®Ga|35 from the liver and the constantly increasing tumor

accumulation might result in somewhat delayed imaging time points.

5.3.3. Radiofluorinated CXCR4 PET probes

Due to the promising ICj5 values for the CXCRA4 ligands 41 and 42 (IC5 = 2.4 + 0.8 nM
and 2.9 + 0.9 nM, respectively) and to investigate the applicability of a novel labeling strategy
utilizing a trifluoroborate precursor, Daudi tumor-bearing SCID mice were injected with [*F]41

([*F]AmBF;-D-Arg-Gly-4-ABA-CPCR4) and imaged at 1 h p.i..

[®F]41 was chosen for the PET evaluation after determination of the lipophilicity. With a logP
of —1.47 £ 0.01, ["*F]42 was considered too lipophilic for in wvivo application with regard to
hepatobiliary excretion and elevated liver uptake, in contrast to [**F]41, which revealed a
significantly improved logP of —2.49 + 0.02. One hour after injection, the tracer primarily
accumulated in the kidneys and the bladder, but also in the tumor xenograft and to a lower
extent in the liver (Fig. 40). Low activity uptake in the bones indicated metabolic inertness of
[*F]41 against in vivo defluorination. The activity accumulation into the Daudi xenograft was

shown to be CXCR4 mediated by coinjection of 2 mg/kg AMD3100 in the competition study.
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Figure 40. PET images (MIPs, 1 h p.i. for 15 min, 0% to 10% ID/mL) of two Daudi tumor-bearing SCID
mice after injection of approximately 1 MBq. of [*F]41 or for the competition study 1 MBq of [*¥F]41
together with 50 pg AMD3100.

As depicted in Figure 40, an almost quantitative reduction of activity accumulation in the tumor
was achieved and interestingly, a clear reduction of liver uptake was detectable as well.
Inconsistent with the very high binding affinity of 41, the tumor uptake in PET and in the
biodistribution (Figure 32) is only 5% ID/g. This fact might be related to the very low specific
activity of the ®F-labeled tracer. Compared to [®Ga]34 PET imaging, an approximately 30-fold
higher amount of unlabeled peptide was injected concomitant with [*F]41, since the specific
activity of [*F]41 was only 0.3 MBq/nmol, compared to 110 MBq/nmol for [®Gal34. As already
mentioned in II1.2.4., the radiosynthesis has to be converted into a fully automated synthesis to
be able to reach sufficient specific activities and consequently lower the amount of coinjected,

unlabeled peptide in order to optimize the CXCR4 specific tumor accumulation.
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IV SUMMARY AND CONCLUSION

CXCR4 represents a highly relevant molecular target for imaging and ERT due to its expression
pattern, which correlates with metastatic spread and disease progression. On account of this, two
different binding scaffolds were utilized in this work (CPCR4.3 (cyclo[D-Tyr-N(hexylguanidino)-
D-Ala-Arg-Nal-Gly], R1) and CPCR4 (cyclo[D-Tyr-N(Me)-D-Orn-Arg-2-Nal-Gly|, 11)) for the
development of novel CXCR4 targeting ligands for imaging (PET or fluorescence imaging) and
ERT. In addition, due to the pronounced involvement of CXCR7 in the CXCR4/CXCL12 axis
and the upregulation of CXCR7 expression in several malignancies, novel CXCR7 targeting
ligands were designed based on a third binding scaffold (FC313, cyclo[D-Tyr-Pro-2-Nal-N(Me)-

Arg-Arg], R3).

The first approach focused on the highly affine cyclic pentapeptide CPCR4.3 (R1) and on the
identification of modification points in combination with a linker that tolerates functionalization
with structural diverse groups, without losing the encouraging h/mCXCR4 binding affinity of
the parent peptide. A D-cysteine for glycine substitution in the binding scaffold of CPCR4.3 and
additional optimization of the linking unit, resulted in cyclo[D-Tyr-N(hexylguanidino)-D-Ala-Arg-
2-Nal-D-Cys(1,4-phenylen-bismethanamine)-acetamine)] (6), a highly affine m/hCXCR4 targeting
vector, which allows for conjugation with a chelator ([*Gal9) and decoration of QDs. Both
conjugated derivatives demonstrated the potential of this CXCR4 targeting vector (fluorescence
microscopy with ligand 6 modified QDs, II1.3.1., Fig. 15 and pPET imaging with [*Gal9,
I11.5.3.1., Fig. 35). Besides an encouraging pharmacokinetic profile, elevated accumulation in the
liver was observed for [®*Ga]9 in healthy mice. Thus, further studies investigating the hepatic
trafficking of mCXCR4-targeted peptidic probes are needed to fully elucidate the reasons of their
hepatic accumulation mechanism and to consequently develop strategies to reduce liver uptake,
while maintaining efficient targeting of mCXCR4. So far, targeted probes for murine CXCR4
receptors are barely known, which limits PET studies investigating CXCR4-associated

pathologies currently to xenograft animal models . Especially for applications in the mouse
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model, the novel CXCR4 ligand could help to gain closer insights into CXCR4 mediated
pathological processes. With the ongoing improvement of binding affinity and pharmacokinetics,
compound 6 could be a valuable lead structure for the development of CXCR4 ligands with

optimized, species independent targeting characteristics.

The second approach included an ICsrbased SAR study to investigate the influence of additional
(charged) amino acids in the linker between the binding scaffold and the chelator (III.3.2.1 and
I11.3.2.2.), since Pentixafor (23) provides only a limited choice of (radio)metal chelates with high

binding affinity towards hCXCR4 7% %%,
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Figure 41. Web chart of characteristics for a PET tracer. Top) ideal PET tracer in theory, left)
[®*Ga]Pentixafor ([*Ga]23), right) [®*Ga]35.

Therefore, the peptide spacer between the binding motif (iodo)CPCR4 (11/12) and the chelator
(DOTA or DOTAGA) was modified step by step. The optimized CXCRA4 ligands 35 (DOTA-D-

Arg-D-Ala-4-ABA-CPCR4) and 36 (DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4) showed an up to
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60-fold enhanced binding affinity, which is almost independent of the incorporated metal (tested
metals: "™Ga*, ™Lu*", "Y?* and ™Bi*"). The results of a comparative preclinical evaluation of
35 and the gold standard for PET, [*Ga|Pentixafor, are summarized in Figure 41. In this visual
chart an ideal PET tracer features a low ICj (in the single digit nanomolar range), a logP
ideally between -3 to -4, high tumor to liver ratio in wvivo, high tumor uptake (20% ID/g was
selected to be ideal), pronounced murine binding affinity and a high tumor to muscle
(background) ratio. [®*Ga]Pentixafor ([®*Gal23) exhibited almost ideal tumor targeting
characteristics with high tumor uptake, high tumor to liver and tumor to muscle ratios
(II.5.3.2.). The novel compound [®*Ga|35 (DOTA-D-Arg-D-Ala-4-ABA-CPCR4) revealed
improved binding affinity for human and murine CXCR4, a higher hydrophilicity and good
tumor accumulation. Mostly due to the enhanced murine binding affinity, slightly elevated liver
uptake and retention in the blood pool decreased the tumor to organ ratios compared to
[*Ga|Pentixafor. Given that ["Lu|35 also exhibited excellent in vitro and in vivo characteristics
(see 111.5.2.2.), 35 is a promising CXCR4-targeting peptide, which can be used as a theranostic

(therapeutic and diagnostic) tracer.

Its iodinated analogue 36 (DOTA-D-Arg-D-Ala-4-ABA-iodoCPCR4) revealed the highest
internalization measured in this study, low ICs values for *Lu- and *Y-complexes and elevated
retention in tumor cells over 60 min, which in summary resulted in high tumor uptake and good
tumor to organ ratios in wvivo, see Figure 42. Ongoing clinical evaluation of ['""Lu|Pentixather
([""LuJ24) in patients with hematological cancers will help to further assess the potential of
endoradiotherapeutic treatment of CXCR4-overexpressing malignancies. In the comparative
evaluation (Figure 42), however, ['"Lu]36 clearly demonstrated the beneficial effects of improved
binding affinity, lipophilicity, and internalization/retention in tumor cells on the tumor targeting
efficiency. High binding to human serum albumin (HSA) and increased, specific binding to

“9 might additionally lead to

human leukocytes with documented high CXCR4-expression
elongated half-life and therefore to a constant accumulation within the target over an extended

period.
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Figure 42. Web chart of characteristics for an endoradiotherapeutic tracer. Top) optimal tracer in theory
with low ICj values for ™Lu and **Y-complex in vitro, high tumor uptake at late time points (48 h p.i.),
high tumor to liver ratios, elevated retention of the activity in the externalization assay and efficient
internalization of the radiolabeled tracer into tumor cells, left) ['""Lu]Pentixather (['""Lu]24), right)

[""Lu]36.

Importantly, the optimized linking unit led to a novel group of peptides (33 - 36), that are
highly flexible with regards to structural modifications. This allows a straightforward
implementation of various radiolabeling strategies including F-fluorination, *™Tc-labeling, as
well as the introduction of even bulky pharmacokinetic modifiers. When using this optimized
linker concept, the affinities of the corresponding CPCR4- and i0odoCPCR4-based derivatives are
almost identical, which makes Tyr*iodination dispensable as a tool to improve ACXCR4
targeting. Surprisingly, however, using the i0doCPCR4 scaffold reduces species selectivity of the
respective 10doCPCR4-based derivatives, which show almost 10-fold higher affinity towards

mCXCR4 compared to their CPCR4-based counterparts.
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The optimized linker concept was applied to develop ®F-labeled pentapeptides. Although the
signaling unit was completely altered, high binding affinities were retained. Unfortunately, due
to very low specific activities after manual synthesis, the initial uyPET scans revealed only
moderate activity accumulation in the tumor. For future applications of the promising F-
labeled pentapeptides, further improvement of hydrophilicity (logP = —2.49 + 0.02 ) and most
importantly, the establishment of an automated synthesis is necessary to lower the amount of
concomitant injected, unlabeled peptide, since this has already been shown to decrease specific

uptake in vivo for other ligand/receptor pairs *.

For the development of ACKR3 (CXCR7Y) targeting probes, a reliable in vitro assay was
established to provide comparability with the reference ligands. An initial screening of structural
modifications identified novel anchor points based on FC313 (R3) (e.g. substitution of L-Arg
with L-Orn and subsequent iodination of D-Tyr). In future, a more elaborate SAR study has to
decrease the lipophilicity and retain high binding affinity towards CXCR7 after conjugation with

signaling units for PET imaging.
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V SUPPLEMENTARY MATERIAL

1. Figure and Table index
Figure 1. Involvement of the CXCR4 and CXCLI12, in the tumor microenvironment and in the
development of organ targeted metastasis. A) Within hypoxic areas of tumors, both CXCL12 and
CXCR4 expression on tumor cells increases. Expression of CXCL12 promotes tumor cell growth and
recruits circulating endothelial progenitors, which allow for tumor angiogenesis’. B) CXCL12 is
released only by certain organs (bone marrow, liver and lung) or under certain physiological
conditions (tissue damage, hypoxia etc.). CXCR4 expressing cells, such as stem cells or cancer cells
are recruited by these sites and leave the circulation for differentiation or for the formation of
metastasis (misuse of the physiological CXCR4/CXCL12 based stem cell axis) %...coocevreeererserserseesnees 5
Figure 2. Structure of CXCR4 and electrostatic surface area representation of CXCR4 and CXCL12.
Left) Crystal structure of CXCR4 co-crystalized with small molecule inhibitor IT1t (magenta, PBD:
30DU). Right) Surface representation of CXCR4 and CXCL12, colored according to the electrostatic
potential from red (negative) to blue (positive). The CVX15 peptide (green ribbon) illustrates the
binding site for peptide HEANAS 2. ..uiiiicrrrierreeriireerisrneiessneesssssessssseessssseessssasessssssassssssessssanessesssassssnsasas 9
Figure 3. Peptide and peptido-mimetic ligands for CXCR4. The amino acid sequence of CXCL12 (68 AS)
is included with the two binding sites for CXCR4 labeled with purple (site 1) and blue (site 2)
circles. Cysteines involved in disulfide bridges are labeled green and red, respectively. Structural
modifications in the course of ligand develop-ment are indicated with blue color #%........cccceverrernnenn 10
Figure 4. Charge interactions in the crystal structure of CXCR4 in complex with the peptide CVX15 (A)
(PDB code: 30E0). Calculated binding mode of FC131 (R2), depicted in (B) and of the
peptidomimetic ligand CPCR4.3 (R1) (depicted in (C)) in CXCR4 using PDB code: 30EQ and the
software glide. Residues of the CXCR4 binding cavity, which are involved in ligand binding are
highlighted in gray and green, reSpectively 5 87, it 13
Figure 5. A) Helical wheel diagram of CXCR4 as seen from the extracellular side showing the upper
halves of the TMs and parts of ECL-2. Residues on gray background were mutated during a site-
directed mutagenesis study to determine crucial residues for FC131 interaction with CXCR4. B)
Two-dimensional representation of FC131-binding to CXCR4. Residue colors: red, negative; purple,
positive; cyan, polar; green, hydrophobic. Interactions: pink full and stippled arrows, H-bond with
main and side chain respectively; green line, - stacking; red line, cation-mi interaction; gray cloud,
SOIVENE-EXPOSEA ALOIN 1. 1eiiiiiiiisieieiisrees it ere s s e e s et e s s s e s s e s e s s e s s ame s s snnesasssnassssnnnas 15
Figure 6. Schematic representation of a PET scanner. The radioisotope decays by pT-emission.
Subsequent annihilation of the formed positronium results in two 511 keV y-photons, which are
counted by two opposite detector units electronically connected via a coincidence circuit. eeeeeeeeeeees 18
Figure 7. Structures of selected PET imaging agents for CXCR4 targeting..ccccveeeiriesiissesissssssssssssssssssanens 20
Figure 8. Structures of CXCR4 targeting lead scaffolds R1 % and R2 % with thereof derived cyclic
pentapeptides 2 and 11 “and the chemical structure of CXCR7 targeting lead scaffold FC313 (R3)
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Figure 9. Overview of the synthetic routes and the separation into chapters according to the utilized lead

0 DL 7D N 88
Figure 10. Synthetic route for the CXCR4 binding peptide (2). CXCR4 affine ligands in combination
with different HNKers (8=8). .iiccviiererererererestereteieresetesessesssessssessstessstessssessssessssessssassssessssessssssssssssssass 90

Figure 11. Schematic synthesis route for peptides employed in the “shifting the charge” study. For in
vitro evaluation, the respective linear peptides were acetylated at the N-terminus to mimic an amide
bond of further ConJUZAtION. cuuiiiiririirrririrrnnneenrnretretttrterereee s i ssssssesssssssssssssssssssssssssssnssssasassssasenens 91

Figure 12. Proposed reaction scheme of TFA catalyzed, direct iodination of peptide 11. ...cccccvriiriruneennn. 93

Figure 13. Reaction route for '“F-labeling precursor: I) construction of the peptidic linker on solid
support (R! represents different amino acids), II) diazo-transfer on solid support (a, b), III)
preparation of AmBF; synthon and in situ 1,3-dipolar cycloaddition (¢, d), IV) preparation of the
respective pentafluorophenolester (e), V) combination of iodinated scaffold 12 and the linker (f)......95

Figure 14. Structural modifications used in the SAR study starting from FC313 (R3). Blue amino acids
were kept constant during the structural modification process. ...ccccviiiiiiiiiisisisissssissssiseneneeneeeneeeeeeeeeene 98

Figure 15. Fluorescent microscopy of different CXCR4* cells. QDs-6 binding to (left) Daudi cells (100
nM, 1 h, rt), (middle) to Ep-Myc1080 mouse B-cell lymphoma (25 nM, 1 h, rt), (right) to Chem_ 1
CEllS (25 TIM, 1T 11, TH) e terereerereerereernsenieseesssessseeesseessseessee s see s see s sae s see s sae s snesesnessnessnessnnessnnessnsessnsassnss 105

Figure 16. Fluorescent microscopy of CXCR4 targeting specificity. (upper row) negative control with
uncoated QDs on Chem_ 1 cells (25 nM, 100.000 cells) and corresponding light microscopy image,
(lower row) positive control with 25 nM QDs-6 on Chem_1 cells (25 nM, 100.000 cells) with
corresponding light MiCTOSCOPY IMAZE. cereerrrerrrrunssssssssrnrireerssssssssssisimemmsssssssssssssseessssssssssssssssssssssnssssss 105

Figure 17. Structural Modifications (incl. Spacer, amino acids in the linking unit and the chelator)
during the SAR study Optimization of the linking unit and the corresponding nomenclature of the
PEPTIAES. terrunrneeiirerireernnnnneseeseeereeeemmnsssssesssseeeesnnanssssssssssssssesnnssssssssssssssssnsssssssssssssesesnnnnnssssssssssssssssnnannns 109

Figure 18. Graphical summary of the SAR study Optimization of the linking unit. ICsy values were taken
from Table 7 and represent IC5) values of at least three independent determinations. ....cccceeeeeeennees 112

Figure 19. Internalization kinetics of ['"Lu]24 (['"Lu]Pentixather), ["Lu]25 (['"LuJDOTA-4-ABA-
i0doCPCR4), ['"Lu]35 (['"Lu]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) and ['"Lu]36 (['"LuJDOTA-D-
Arg-D-Ala-4-ABA-i0doCPCR4) into Chem 1 cells. 100,000 cells/well were incubated with the
respective radioligand (¢ = 1.0 nM) at 37 °C in RPMI-medium (5% BSA). The total cellular activity
was corrected for non-specific binding (10 uM AMD3100). All data are expressed as mean =+ SD
G TR PO 115

Figure 20. Activity uptake kinetics (membrane bound and total cellular uptake) of [7"Lu|24
([""Lu]Pentixather) and [*"Lu|36 (['"Lu]DOTA-D-Arg-D-Ala-4-ABA-i0doCPCR4) in Chem 1 cells.
100,000 cells/well were incubated with the respective radioligand (¢ = 1.0 nM) at 37 °C in RPMI-
medium (5% BSA). The total cellular activity was corrected for non-specific binding (10 pM
AMD3100). All data are expressed as mean £ SD (I = 3).ivcvveiiinicniieninnnii e 116

Figure 21. Externalization kinetics of selected CXCR4 ligands from Chem_ 1 cells. 100,000 cells/well
were incubated for 2 h with the respective radioligand (¢ = 1.0 nM) at 37 °C in RPMI-medium (5%
BSA). Then (left) RPMI-medium (5% BSA and 10 pM AMD3100) or (right) only RPMI-medium (5%
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BSA) was added for replacement. The total cellular internalized activity at t = 0 min was corrected
for non-specific binding (10 uM AMD3100) and normalized to 100%. All data are expressed as mean
F SD (1 = B). cevtemerseesssessseessaeessasesssssssassssses s s s sas b e s ba e e R AR s Rt st saenen 118
Figure 22. Representative immunofluorescence images for primary drug screening. MDA-MB-231 cells
were treated with TN14003 (positive control), [*Ga]23 ([**Ga]Pentixafor), [*Lu|24
(["Lu]Pentixather) or [*Lu]35 ([*'Lu]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) at various concentrations
(15 min, 37 °C). The cells were subsequently fixed and incubated with biotin-labeled TN14003 (0.05
mg/ml). After washing, cells were incubated with streptavidin-rhodamine. Red color represents
binding of TN14003 to CXCR4. Nuclei were counterstained with cytox blue. coccccveivsseeeeriiiissseneennn. 120
Figure 23. Matrigel Invasion assay. Inhibition of CXCR4/CXCLI12-mediated matrigel invasion of
CXCR4' cells (MDA-MB-231) in witro by 100 nM of [*'Gal]23 ([*'Ga]Pentixafor), [*Lu]24
(["**Lu|Pentixather) or [*'Lu]35 ([**Lu]DOTA-D-Arg-D-Arg-4-ABA-CPCRA4), respectively. Cells were
seeded on top of the matrigel and CXCL12 (200 ng/mL) was added in the bottom side of the
matrigel chamber. After H&E staining, invaded cells were counted and the average of the invading
cell numbers of MDA-MB-231 with CXCL12 added to the lower chamber was set to 100%. Data are
corrected for non-specific invading (no addition of CXCL12 in bottom chamber) and are expressed as
mean £ SD (I = 3). ceeviieiiiiiicie b e a e s 121
Figure 24. Agonist effects on CXCR4 using the TR-FRET based LANCE assay kit on U87 glioma cells.
Inhibition of adenylyl cyclase induced by CXCL12, [*'Lu]24 ([**Lu|Pentixather) or [**Lu]|35
("Lu/DOTA-D-Arg-D-Ala-4-ABA-CPCR4). While [*'Lu]35 counteracts forskolin at a concentration
of 10 uM to 80%, [**Lu|24 shows no agonist effect on CXCRA. wevverrerreesriesiinnineineensenecsenseinneen 122
Figure 25. Antagonist setup of cAMP assay. Dose-dependent inhibition of cAMP production. With
pretreatment (30 min at rt) of [**Ga]23 ([*'Lu]Pentixafor), [*'Lu]24 ([**Lu]Pentixather) or [**Lu]|35
(" Lu]DOTA-D-Arg-D-Ala-4-ABA-CPCR4) at increasing concentrations, the effect of 150 ng/mL
CXCL12 on cAMP reduction was measured by using the TR-FRET based LANCE assay kit. Note
that [**Lu]35 enhances the reduction of [cAMP](%) together with CXCLI2. ...cccvverreerieceersueisnennne 124
Figure 26. Specific cellular uptake of ['*I|R2 (['*I]JFC131) and ['**I|R3 (['**I]FC313) on transfected CHO
cells (wild type (no transfection), hCXCR4, mCXCR4, hCXCR7 and mCXCRT). 150,000 cells/well
were incubated in DMEM-F12 medium (5% BSA) for 2h at 4 °C together with the respective
radioligands (¢ = 1.0 nM). The total cellular activity was corrected for non-specific binding (10 uM
AMD3100 for both CXCR4 and CXCRYT). All data are expressed as mean + SD (n = 3). .uccevuueneee. 126
Figure 27. Summary of structural modifications within the development of CXCR7 targeting peptides.
Blue colored amino acids were not modified...uieiieeeiiiiiieiie s 127
Figure 28. Binding of ['"Lu]24 (['""Lu/DOTA-4-AMBA-i0doCPCR4, ['""Lu]Pentixather) and ["'"Lu]36
([""Lu]DOTA-D-Arg-D-Ala-4-ABA-i0doCPCR4) to human blood cells (erythrocytes and leukocytes).
Human blood was incubated with the respective radioligands (c= 1.0 nM) for 30 min at 37 °C.
CXCR4-mediated binding was determined using co-incubation of AMD3100 (100 uM)..eevsreerseessnees 131
Figure 29. Exemplary radio-HPLC analyses of extracts from homogenized organs and body fluids (blood
and urine) from CB17-SCID mice (30 min p.i. of 15 MBq of ['""Lu]36, Chromolith column, flow rate
3 mL/min, 3 to 95% in 6 min, 95% for 3 min) injected with [MTLu]36. .ccccevverreerierieciseinecieiineinennne 133
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Figure 30. Biodistribution (in % ID/g) of CPCR4.3 derived ligand [®Ga]9 and [®Ga]9 together with

50 ng AMD3100 (n = 4, respectively) at 1 h p.i. in healthy SCID MiCe. civcerrcrrrrcersrcressnesserssseesanens 136
Figure 31. Biodistribution (in % ID/g) of the peptide 11 based ligand [®Ga]35 and its iodinated analogue
[®Gal36 in comparison to [®Ga]23 at 1 h p.i. in Daudi tumor-bearing SCID mice.....ccvvueerersuersuenne 137

Figure 32. Biodistribution (in % ID/g) of [¥F]41 ([*F]AmBF;-D-Arg-Gly-4-ABA-CPCR4) and [*F]41
together with 50 pg AMD3100 to visualize CXCR4 directed uptake at 90 min p.i. in Daudi xenograft-
Dearing SCID IIICE. ciuvvreeirriisiisieriiiisiiinteesiiessssaetesses st esesesess st e e s ssssssaaseessasssssssseessessssssessssssssassssesess 138

Figure 33. Comparison of the biodistribution of ['""Lu]24 ([!""Lu]DOTA-4-AMBA-i0odoCPCR4), ['""Lu]35
([""Lu)DOTA-D-Arg-D-Ala-4-ABA-CPCR4) and ["Lu]36  ([""Lu]DOTA-D-Arg-D-Ala-4-ABA-
i0doCPCR4) (in % ID/g) in Daudi xenograft-bearing SCID mice at 6 h p.i.. coeeervsrerssecsesscsseesnens 141

Figure 34. Comparison of the biodistribution of [""Lu]24, ['""Lu]35 and [""Lu|36 (in % ID/g) in Daudi
tumor-bearing SCID mice at 48 h p.i. and respective tumor/tissue ratios for ["Lu]24, [*""Lu]35 and
[TT7LU] 36 cvverreresressnssssssessssessssssssssesssssesssssssssssssssssssssssssssssssssssesssssssssssssssssssssessssssssssesssssessssssssssnnsess 142

Figure 35. Maximum intensity projections (MIP) of yPET scans. MIP (1 h p.. for 15 min, 0% to
10% ID/mL of two healthy SCID mice after injection of approximately 13 MBq (A) [®Gal9 or (B)
[BGal9 and 50 [1g AMDI3L00. .iceireererreesseesniseiseiireisiestesesseissesssesssessiesssstesstsssesssesssssssssssssssssssssses 144

Figure 36. MIP (1 h p.i. for 15 min, 0% to 6/12% ID/mL) of Daudi tumor-bearing SCID mice after
injection of approximately 12 MBq (0.2 nmol) [®Ga]23 ([*®*Ga]Pentixafor) and cationic linker
derivatives with non-iodinated scaffold [%Ga]33 (D-Arg-Gly-4-ABA) and [®Ga]35 (D-Arg-D-Ala-4-
ABA). coteevteeessseeesssesesssssssssssss s ssase st ssa e s e SR AR SRR SRR AR ARt bR R e 146

Figure 37. PET images (MIP at 1 h p.i. for 15 min, 0% to 6% ID/mL) of LNCaP (red arrow) xenograft-
bearing SCID mice after injection of approximately 10 MBq (0.15 nmol) [®Ga]23 ([®*Ga]Pentixafor)
DG 21 1 1 N 147

Figure 38. MIP (1 h p.. for 15 min, 0% to 12% ID/mL) of Daudi tumor-bearing SCID mice after
injection of approximately 12 MBq (0.2 nmol) [%Ga]23 ([*®Ga]Pentixafor) and cationic linker
derivatives with iodinated scaffold [®Ga|34, [%Ga]36 as well as [®*Gal34 coinjected with 50 pg
2 LD 1 148

Figure 39. TACs (logarithmic plot) in %ID/mL derived from dynamic PET data (90 min acquisition
time, OSEM 3D reconstruction) in Daudi xenografts, blood pool (heart), muscle and liver. Tumor-
bearing SCID mice were injected with app. 10 MBq (0.05 - 0.15 nmol) of a) [®Ga]23 as reference, b)
[®Gal33, c) [®Ga]34, d) [#Ga]35, and €) [BGa|B6. ...ccceeriiieirinienii 149

Figure 40. PET images (MIPs, 1 h p.. for 15 min, 0% to 10% ID/mL) of two Daudi tumor-bearing SCID
mice after injection of approximately 1 MBq. of ['**F]41 or for the competition study 1 MBq of ["*F]41

together with 50 g AMD3100. wiiiiiiiiiiereeririiiiienrieriiiisieerereiessisreesssssssssssssssssssssseessssssssssessssssssssssssses 151
Figure 41. Web chart of characteristics for a PET tracer. Top) ideal PET tracer in theory, left)
[#Ga]Pentixafor ([8Ga]23), right) [BGa]35..uiiirrininiiniineieieneiie st 153

Figure 42. Web chart of characteristics for an endoradiotherapeutic tracer. Top) optimal tracer in theory
with low IC5 values for ™'Lu and "Y-complex in vitro, high tumor uptake at late time points (48 h

p.i.), high tumor to liver ratios, elevated retention of the activity in the externalization assay and
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efficient internalization of the radiolabeled tracer into tumor cells, left) ['""Lu]Pentixather (['""Lu]24),

FIGIE) [T 360 vvvvvveeessssssssssnneesessssssssssssssssssssmnneessesssssssssssssssssmsnmsssssesssssssssssssssssssnmnsssssssssssssssssssssnes 155
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Table 1. Overexpression of CXCR4 in different types of malignancies based on literature from % & 15 37, .4
Table 2. Physical properties of selected PET isotopes (positron emitters) % .....ccovevvvrrinrssnennenneseesnnnens 17
Table 3. Physical properties of selected therapeutic radioisotopes (170 H40-42) . iviierisnnnssnnisnnisnnnesnnen. 22
Table 4. The half maximal inhibitory concentration (ICs [nM]) of hCXCR4 targeting cyclic pentapeptides
determined in a competitive binding assay using Jurkat cells (4.0 * 10° cells/well, 2 h, rt, HBSS + 1%
BSA) and (['""IIR2 (¢ = 0.1 nM) as the radioligand. Data are expressed as mean £ SD of at least
three independent determinations...ouvvevcvsseeeeemeeemmiiiiiiiiiii s eee e 103
Table 5. IC5 values of selected ligands for murine CXCR4 determined with Ep-Myc1080 mouse B-cell
lymphoma cells (2 * 10° cells/well, 2 h, rt, HBSS + 1% BSA) using ['*I)]CPCR4.3 (['*I]R1)
(¢ = 0.1 nM) a8 TAdIOLIZANA. wirervrrerrrrererrerteieseeiesteresteseste st e sesteseaeeseatessstesensessnsessasessassssassssassssnssssasasnns 104
Table 6. The half maximal inhibitory concentration (ICs [nM]) of hCXCRA4 targeting cyclic pentapeptides
determined in a competitive binding assay using Jurkat cells (4.0 * 10° cells/well, 2 h, rt, HBSS + 1%
BSA) and ([**I]R2 (¢ = 0.1 nM) as radioligand. Data are expressed as mean £+ SD of three
independent determinations. [**Ga]Pentixafor (["'Ga]23) ¥ was also included in the study. ........... 107
Table 7. The half maximal inhibitory concentration (ICs [nM]) of hCXCRA4 targeting cyclic pentapeptides
determined in a competitive binding assay with Jurkat cells (4.0 * 10° cells/well, 2 h, rt, HBSS +
1% BSA) using ([**I]R2 (¢ = 0.1 nM) as the radioligand. Data are expressed as mean £ SD of three
independent determinations. [**M]Pentixafor ([**M]23) % ¢ and [**M]Pentixather ([**M]24) ** were
included in the study fOr COMPATISON. wurviiiiiiirinrieriiiiiiseiririieiiisreeeire e rssssssrees s sssassessssssssassssesess 110
Table 8. IC5 values of selected ligands for murine CXCR4 determined with Ep-Myc1080 mouse B-cell
lymphoma cells (2 h, rt, HBSS + 1% BSA) using ["*I]CPCR4.3 (['*I|]R1) (c = 0.1 nM) as reference
P06 B B o) <2 T 113
Table 9. Summary of the total cellular activity, the internalized activity and the ratio of internalized
activity to total cellular uptake at 60 min as % of applied activity of radiolabeled CXCR4 ligands,
determined on Chem__1 cells (37 °C, RPMI + 5% BSA, 100,000 cells/well, ¢ = 1.0 nM for ®Ga- and
'"Lu-labeled ligands). Data are corrected for non-specific binding (10 pM AMD3100) and expressed as
mean £ SD (Il = 3). ceeviiiiriiiiicie s e 117
Table 10. Summary of the results of the externalization study. Cellular activity after externalization
without ligand recycling (10 pM AMD3100 in incubation medium) or with ligand recycling
(incubation in normal medium) in % of specific internalized activity at t = 0 min. Chem_ 1 cells,
37 °C, RPMI + 5% BSA, 100,000 cells/well, ¢ = 1.0 nM for "Lu-labeled ligands. Data are corrected
for non-specific binding (10 uM AMD3100) at t = 0 min and expressed as mean + SD (n = 3)......119
Table 11. ICs values of selected YF-peptides for hCXCR4 determined with Jurkat cells (2 h, rt,
HBSS + 1% BSA) using ["*IJFC131 ([**I]R2) (¢ = 0.1 nM) as radioligand. Data are expressed as
mean + SD of three independent determinations. [*'Ga]Pentixafor ([**Ga]23) ¥ and
[**Ga|Pentixather (["*Gal24) were included in the study. ..ceeeeveniensiniiniiiincn e 125
Table 12. Binding affinities towards hCXCRT (ICj5y values) of selected ligands determined using U343
glioblastoma multiforme (GBM) cells (150.000 cells/well). The cells were incubated with the
respective ligands at 4 °C for 1 h together with ["*IJR3 (¢ = 0.1 nM) as radioligand. Each experiment
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was performed in triplicate, and results are means + SD from a minimum of three separate
EXPETIIIIEIIES. teseseereretrrrnnnuniiieiiiieieeeertusiiiiiiititetersassssiittieterteessssssietieetteessssssssesissteteesssssssssssssssterrsassssss 128
Table 13. Lipophilicity expressed as logP (distribution coefficient in n-octanol/PBS) of radiolabeled
CXCRA4 ligands. Data are expressed as mean = SD (11 = 6)..cuveerinseisseisinnniniinncnnccnesncessssse e 130
Table 14. Biodistribution (in % ID/g) at 1 h p.i. in Daudi tumor-bearing SCID mice (or healthy mice):
the R1 derived ligand [%Ga]9, the ligands with iodinated binding scaffold [*Ga]34 (D-Arg-Gly linker)
and [®Ga]36 (D-Arg-D-Ala linker) and their uniodinated analogue [®Ga]35 (D-Arg-D-Ala linker), and
the radiofluorinated CXCRA4 ligand [*F]41 (uniodinated scaffold). cevevreeerresniseiseesscssecssenssensnennes 134
Table 15. Biodistribution (in %ID/g) at different time points p.i. in Daudi tumor-bearing SCID mice:
iodinated peptide [""Lu]36 (1 h, 6 h and 48 h p.i., respectively) and its more hydrophilic analogue
['Lu]35 (1 h, 1 h with inhibition dose of AMD3100 (n =1), 6 h p.i. and 48 h p.i., respectively). The
amount of co-admistered unlabeled peptide was kept at 0.1 to 0.2 nmol for all peptides.....ccceerereeees 139
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2. Abbreviations

As

ABA
ACD
ACKR3
AMBA
AmBF3
AS

Boc
BSA
cAMP
Cit
CXCL12
CXCR4
CXCR7
DBU
DCM
Dde
DEMEM
DIAD
DIC
DIPEA
DMAP
DMF
DMSO
DOTA
DOTAGA
DPPA
EDC
EGF

ECL

specific activity

aminobenzoic acid

annihilation coincidence correction

atypical chemokine receptor type 3
aminomethylbenzoic acid
ammoniomethyltrifluoroborate

amino acid

tert-butyloxycarbonyl (protecting group)

bovine serum albumin

cyclic adenosine monophosphate

citrulline

C-X-C motif chemokine 12

C-X-C chemokine receptor type 4

C-X-C chemokine receptor type 7
1,8-diazabicyclo[5.4.0Jundec-7-ene

dichloromethane

N-(1-(4,4-dimethyl-2 6-dioxocyclohexylidene)ethyl) (protecting group)
Dulbecco s modified eagle medium

diisopropyl azodicarboxylate

N, N '-Diisopropylcarbodiimide

N, N-Diisopropylethylamine

4-(dimethylamino)pyridine

dimethylformamide

dimethyl sulfoxide
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
1,4,7,10-tetraazacyclododecane, 1-(glutaric acid)-4,7,10-triacetic acid
diphenylphosphoryl azide
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
epidermal growth factor

extra cellular loop
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ERT
ESI-MS
FBA
FCS
FDA
Fmoc
GPCR

HIF-1

HATU

HBSS
HEPES
HOAt
HOBt
HPCs
HPLC
HSA
HSC
1G5
Iodogen
k

LET
mAb
MeCN
MeOH
MM
NIS
NMP
NOTA
OSEM

Pbf
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endoradiotherapy

electrospray ionization mass spectrometry
filtered back protection

fetal calf serum

Food and Drug Administration
9-fluorenylmethyloxycarbonyl (protecting group)
G protein-coupled receptor

hypoxia induced factor-1
O-(7-azabenzotriazol-1-yl)-N,N,N ' ,N' -tetramethyluronium hexafluoro-
phosphate

Hank’s buffered salt solution
2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid
1-hydroxy-7-azabenzotriazole
1-hydroxybenzotriazole

hematopoietic progenitor cells

high-performance liquid chromatography

human serum albumin

hematopoietic stem cells

half maximal inhibitory concentration
1,3,4,6-tetrachloro-3R,6R~diphenylglycoluril
capacity factor

linear energy transfer

monoclonal antibodies

acetonitrile

methanol

multiple myeloma

N-iodosuccinimide

N-methyl-2-pyrrolidone
1,4,7-triazacyclononane-triacetic acid

ordered subset expectation maximization

2,2,4,6,7-Pentamethyldihydrobenzofuran-5-sulfonyl (protecting group)
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PDB
PBS
PET
p-Ns
QD

rt
SAR
ROI
SDF-1
SPECT
SUV
tr

tBu
TBTU
TCP
TEA
TFA
TFE
THF
TIPS
TLC
™™

VEGF
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protein data bank

phosphate-buffered saline

positron emission tomography
4-nitrobenzenesulfonyl (protecting group)
quantum dot

room temperature

structure-activity relation

region of interest

stromal derived factor-1

single-photon emission computed tomography
standardized uptake value

retention time

tert-butyl (protecting group)

O-(1H-benzotriazol-1-y1)- N, N, N’, N ~tetramethyluronium-tetrafluoro-borate

tritylchloride polystyrene
triethylamine
trifluoroacetic acid
trifluoroethanol
tetrahydrofuran
triisopropylsilane
thin-layer chromatography
transmembrane

vascular endothelial growth factor
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