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Zusammenfassung

Die Synthese und Radiometallmarkierung von Chelator-Biomolekiil-Systemen (CBS) ist ein wichtiges
Gebiet der onkologischen Radiopharmazie. Diese Konjugate ermoglichen eine nicht-invasive Diagnos-
tik mittels Positronenemissionstomographie (PET) als auch Radionuklidtherapie von malignen Tumo-
ren durchzufihren.

Der allgemeine Vorteil der CBSs liegt in der einfachen radiochemischen Handhabung, wodurch das

jeweilige Radionuklid unter geringem Zeit- und Arbeitsaufwand koordiniert und fiir in vitro- und in
vivo-Untersuchungen zuganglich gemacht werden kann. Schlisselkomponente hierfir ist die Verwen-
dung eines geeigneten Chelators im Hinblick auf das Nuklide und dessen Halbwertszeiten. Neben der
Reaktionsdauer ist die physiologische Verteilungs- und Zirkulationszeit des Biomolekiils relevant. So
muss z. B. fiir einen Antikérper mit einer Zirkulationszeit von bis zu 3 Tagen ein Radionuklid mit einer
Halbwertszeit von mehreren Stunden oder Tagen (wie z. B. ¥Zr (t1,2=78,4 h) oder Y7Lu (t1/,=6,7 d))
gewdhlt werden, um eine Anreicherung des Antikorper-Radionuklid-Konjugats selbst nach einigen Ta-
gen detektieren zu kénnen.
Basierend auf diesen Grundlagen wurden zundchst die thermodynamischen und kinetischen Kom-
plexstabilititen des neuen Chelators DATA™ und des bifunktionellen DATA’™ mit "*'Ga sowie Transme-
tallierungsuntersuchungen durchgefiihrt. Beide Chelatoren wiesen eine hohe thermodynamische Sta-
bilitat mit einem logK > 21 auf. Die Transchelatisierungsstudien gegen Transferrin zeigten, dass das
bifunktionelle Derivat eine Halbwertszeit von tiber 46 h und das DATA™ 9,4 h besaR. Diese grundlegen-
den Daten belegen einen stabilisierenden Effekt durch den n-Valeriansdurespacer am bifunktionellen
Derivat (Teilprojekt A).

Im Teilprojekt B wurde DATA>™ mit dem Somatostatin-Analogon [DPhe?][Tyr3]-Octreotid (TOC), wel-
ches ein etablierter Targetingvektor fiir neuroendokrine Tumore (NET) ist, gekoppelt (DATA-TOC). Das
DATA-TOC wurde als "'Ga-Komplex in in vitro-Studien bzgl. der Rezeptoraffinitit sowie als ®®Ga-Kom-
plex in praklinischen als auch klinischen in vivo-Studien hinsichtlich der Akkumulation des Konjugats
untersucht. Um die Potenz des [*8Ga]Ga-DATA-TOC einzuordnen, wurden alle in vitro- und in vivo-Un-
tersuchungen mit dem bisherigen Standard DOTA-TOC verglichen. Es konnte gezeigt werden, dass das
["**Ga]Ga-DATA-TOC eine hohe Affinitdt von 1.03+0.08 nM gegeniiber dem humanen Somatostatin-
Rezeptor 2 (hsst;) auf HEK293 Zellmembranen aufweist. Am Tumor-Mausmodell (SCID/beige sst2+
MPC-EGFP-Luc) verhélt sich das [*8Ga]Ga-DATA-TOC dhnlich wie das [®8Ga]Ga-DOTA-TOC mit einer spe-
zifischen Anreicherung im Tumorgewebe von tiber 2 %ID. Die ersten klinischen Studien an einem 46-
Jahrigen Patienten mit differenzierbaren NET im Pankreas zeigten, dass das [®8Ga]Ga-DATA-TOC zwar
eine geringere Anreicherung im Tumor besitzt (SUV([®3Ga]Ga-DATA-TOC)=46,9 vs. SUV([*®Ga]Ga-

DOTA-TOC)=71,1), jedoch auf Grund geringerer Aufnahme in der Leber einen besseren Kontrast zur



Differenzierung zwischen gesundem und tumordsem Gewebe bietet.

Im Teilprojekt C wurden mehrere bifunktionelle Derivate (DATA®™-Bz-NCS, DATA>™-TEG-N;, DATA™-
en-QS) des DATA®™ synthetisiert, charakterisiert und deren %Ga-markierte Komplexe beziglich ihrer
in vitro-Stabilitdt untersucht. Alle Derivate zeigten quantitative radiochemische Ausbeuten (>95 %) in-
nerhalb von 10 min bei RT innerhalb verschiedener Puffersysteme. Die ®Ga-Komplexe des DATA™-en-
QS und DATAS™-TEG-Ns; besaRen zudem eine hohe in vitro-Stabilitdt (gegeniiber humanem Serum,
DTPA, EDTA und PBS), was beide Derivate zu hervorragenden Kandidaten fiir die Anwendung an Tar-
getingvektoren wie Peptiden, Bisphosphonaten oder makromolekularen Systemen wie Antikérper o-
der Polymeren.

Analog zu den Derivaten aus Teilprojekt C sollten im Teilprojekt D bifunktionelle Derivate des literatur-
bekannten Chelators AAZTA (6-Amino-6-methylperhydro-1,4-diazepin-tetraacetat) synthetisiert und
charakterisiert werden. Da dieser Chelator das gleiche Grundgeriist wie die DATA-Chelatoren besitzt,
hierbei jedoch in der Lage ist das Therapienuklid Y’Lu zu komplexieren, sollte auch hier das Anwen-
dungsgebiet dieses Chelatorgrundgeriists erweitert werden. Die Radiomarkierungen zeigten die hohe
Affinitat des Chelators gegeniiber dem ’Lu, da das Lutetium durch alle Derivate bei einem Chelator-
zu-Lutetium-Verhéltnis von 2:1 quantitative komplexiert werden konnte. Analog zu den DATA-Deriva-
ten zeigte sich auch hier eine hohe Stabilitat der Y’Lu-Komplexe fiir die Derivate AAZTA®-en-QS und
AAZTA>-TEG-Ns.

Im Teilprojekt E sollte ein durch Vakzinierung generierter Antikdrper (GGSK-1/30), welcher spezifisch
am humanen Antigen MUC1 anbindet, mit dem Chelator Desferrioxamin (Df) konjugiert werden. Die
Konjugation von bis zu 4 Df-Einheiten pro Antikdrper zeigte keine Verringerung der Immunoreaktivitat
des Antikérpers gegeniiber dem MUC1. Das Konjugat wurde mit 89Zr (t1,=3,3 d) markiert, aufgereinigt
und in Zellbindungsstudien an verschiedenen Zelllinien untersucht. Hierbei zeigte sich eine hohe Affi-
nitat gegenliber humanen Brustkrebszellen mit einer Anbindung von tiber 30 %. Erste praklinische in
vivo-Studien zeigten, dass der radiomarkierte Antikorper eine hohe Anreicherung mit tiber 55 %ID/g
im Tumorgewebe aufwies. Die Spezifizitdt gegenliber dem MUC1 konnte durch Blockadestudien dar-

gelegt werden, was sich in einer verringerten Anreicherung des Tumors widerspiegelte (<10 %ID/g).



Abstract

The synthesis and radio metal labelling of chelator biomolecule systems (CBS) is an important field
within the oncological radiopharmacy. These conjugates offer non-invasive diagnostics via positron
emission tomography (PET) as well as radionuclide therapy of malign tumours — depending on radio
metal and chelator used.
The general advantage of CBSs is their simple radio chemical handling. They allow radio labelling of the
system within a short time period and a low amount of work, which makes them easily accessible for
in vitro and in vivo studies. Key component is the application of suitable chelate in respect to the used
nuclide and its half-life. Besides the reaction time the physiological circulation time of a biomolecule
have to be taken into account. Antibodies, for example, with a circulation time of 3 days have to be
radio labelled with radio metals offering half lifes of several hours or days (e. g. Zr (t12=78,4 h) or
Y7Ly (t1,=6,7 d)) to provide detectable amounts of the antibody-radionuclide-conjugate after several
days.
Based on this background subproject A deals with thermodynamic and kinetic complex stabilities of
the novel chelators DATA™ and DATA™ with "*Ga as well as the trans metalation studies of these. Both
chelators have shown a high thermodynamic stability with logK values > 21. The transchelation studies
versus transferrin obtained a half life of 46 h for the DATA®™ and 9.4 h for the DATA™. These findings
proof the stabilizing effect due to the n-valeric acid spacers on the bifunctional derivative.
In subproject B the bifunctional derivative DATA®™ was coupled with the somatostatin ana-
logue [DPhe!][Tyr3]-octreotide (TOC), which is a well-established targeting vector for neuroendocrine
tumor (NET). The DATA-TOC was evaluated as ["*'Ga]Ga-complex in in vitro studies in respect to its
receptor affinities as well as [®®Ga]Ga-complex in in vivo studies within preclinical and clinical studies
concerning its accumulation in target tissue. To classify the potency of [#8Ga]Ga-DATA-TOC all in vitro
and in vivo studies were compared with the gold standard DOTA-TOC. It was shown that ["*'Ga]Ga-
DATA-TOC offers a high affinity of 1.03+0.08 nM to human somatostatin receptor (hsstz) on HEK293
cell membranes. Within tumor mouse model (SCID/beige sst2+ MPC-EGFP-Luc) the preclinical in vivo
studies %8Ga-DATA-TOC demonstrated similar specific enrichment in tumor tissue as [®®Ga]Ga-DOTA-
TOC with uptake values of 2 %ID. First clinical studies in a 46 year old patient with well-differentiated
NETs in pancreas displayed, that [%8Ga]Ga-DATA-TOC represents a decreased tumor uptake
(SUV([*®Ga]Ga-DATA-TOC)=46.9 vs. SUV([*®Ga]Ga-DOTA-TOC)=71.1) resulting in a higher contrast for
differentiating between healthy and tumor tissue.
In subproject C several bifunctional chelators of the DATA®™ were synthesized, characterized and the
®8Ga-complexes evaluated regarding their in vitro stability. All derivatives offered quantitative radio-

labelling yields (>95 %) within 10 min at RT within different buffer systems. ®8Ga-complexes of DATA>™-



en-QS and DATA>™-TEG-N; come with high in vitro stability (vs. human serum, DTPA, EDTA and PBS),
which makes both derivatives excellent candidates for the application on targeting vectors like pep-
tides, bisphosphonates or macromolecular systems like antibodies or polymers.

For subproject D same bifunctional chelators as in subproject C were synthesized of the known chela-
tor AAZTA (6-Amino-6-methylperhydro-1,4-diazepine-tetraacetate). With the ability of AAZTA to com-
plex the therapy nuclide Y’Lu the goal of this project was to broaden the application spectrum of this
ligand. Radio labellings showed a high affinity of the chelators to ’Lu since all derivatives could be
guantitatively complexed with chelator-to-lutetium ratio of 2:1. Same as for the DATA derivatives, a
high stability could be obtained for the ’Lu-complexes of AAZTA®-en-QS und AAZTA>-TEG-Ns.

In subproject E a novel antibody (GGSK-1/30), which was generated by vaccination and demonstrated
a specific affinity to human MUC1, was modified with desferrioxamine (Df). It could be shown that the
conjugate had up to 4 Df units per antibody without loss of immunoreactivity against MUC1. The con-
jugate was radio labelled with #2Zr (t1/,=3.3 d), purified and tested in cell binding studies to different
cell lines. The radio labelled compound offered more than 30 % binding to human breast cancer cells.
First preclinical in vivo studies showed, that uptake over 55 %ID/g was observed in tumor tissue. The
specificity to MUC1 was proofed by blocking experiments, displayed by a reduced tumor uptake of less
than 10 %ID/g.
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1. Einleitung

Laut einer durch die Weltgesundheitsorganisation WHO erhobenen Statistik aus dem Jahr 2011 ist
Krebs die weltweit haufigste Todesursache. Der demografische und epidemiologische Wandel wird
hierbei in den nachsten Jahrzehnten zu stetig steigenden Todesfallen durch Krebs fiihren. Laut Stewart
et al. werden schon ab dem Jahr 2025 jahrlich Gber 20 Millionen neue Krebsfalle in Landern mit nied-
rigen und mittleren Einkommen erwartet [1,2]. Vermeidbare Risikofaktoren flir Krebserkrankungen
sind der Konsum von Tabak, eine ungesunde Erndhrungsweise, UV-Strahlung des Sonnenlichtes sowie
chronische, virale Infektionen [3,4]. Als unvermeidbare Risikofaktoren sind genetische Pradisposition
sowie das voranschreitende Alter zu nennen [5]. Die wichtigsten Ziele der Krebsforschung heutzutage
sind die friihzeitige Diagnose sowie eine effiziente Therapie malignen Tumorgewebes. Innerhalb der
Nuklearmedizin haben sich die Positronenemissionstomographie (PET) sowie die Einzel-photo-
nenemissionstomographie (engl.: single photon emission computed tomography, SPECT) als nicht-in-
vasive Bildgebungsverfahren in der klinischen Anwendung etabliert. Hierbei wird dem Patienten ein
sogenannter Radiotracer verabreicht. Prinzipiell bauen sich Radiotracer aus einem Biomolekdl (wie z.
B. einem Peptid) und dem Radioaktivstrahlung emittierenden Teil auf. Bei letzterem unterscheidet
man zwischen Radionukliden, welche direkt (kovalent) am Biomolekiil gebunden werden kénnen (wie
z. B. das 1C oder 8F) oder mittels eines sogenannten Chelators koordiniert werden (wie z. B. das %Ga,
8Zr oder 7Lu). Durch die spezifische Anreicherung und die vom Radiotracer emittierte Strahlung in
Form von y-Strahlen ist eine Visualisierung und Lokalisierung des Tumorgewebes maoglich. Durch die
Kombination aus PET bzw. SPECT mit Computertomographen (CT) oder Magnetresonanztomographen
(MRT), welche morphologische Informationen liefern, ist es moglich, die Lage des Tumors einem Or-
gan/Gewebe zuzuordnen. Diese Diagnostikmethode erleichtert den operativen Eingriff am Tumor, da
eine prazisere Auskunft gegeniiber den reinen CT-/MRT-Messungen gewonnen wird und ein unmittel-
barer Vergleich zwischen pra- und postoperativer Diagnostik gezogen werden kann [6—-10].

Neben der Diagnostik hat die nuklearmedizinische Therapie in den letzten Jahren an grofRer Aufmerk-
samkeit gewonnen. Beruhend auf dem Prinzip der peptidrezeptorvermittelten Radiotherapie (PRRT)
kommen immer mehr Radiotracer basierend auf regulatorischen Peptiden wie dem Octreotid in Kom-
bination mit Radioisotopen wie *°Y oder ’Lu als Therapienuklide zum Einsatz [11-15]. Wie auch bei
der Diagnostik, ist auch hier der nicht-invasive Einsatz der Verbindung von Vorteil. Des Weiteren sorgt
die spezifische und selektive Anreicherung des Tracers dafiir, dass ausschlielich tumordses Gewebe
durch die emittierte Strahlung zerstort wird und gesundes Gewebe weitestgehend verschont bleibt

[11,13,16].



1.1 Chelatoren / Bifunktionelle Chelatoren (BFC)

Chelatoren sind Liganden, welche mittels mehrerer koordinativer Bindungsstellen ein Metallion kom-
plexieren kdnnen. Die Geometrie des dabei entstehenden Komplexes (tetraedrisch, oktaedrisch, quad-
ratisch-planar, etc.) ist einerseits abhéngig von der Zdhnigkeit des Liganden, d. h. von der Anzahl der
Ligandatome, die der Chelator liefert. Andererseits bestimmt auch die Elektronenkonfiguration und
die damit zusammenhangende lonenladung des lons die Komplexierungsgeometrie.

Systematisch kénnen die Chelatoren in zwei Klassen aufgeteilt werden: (makro)-zyklische und azykli-
sche Chelatoren. Durch Erweiterungen am Riickgrat kénnen diese noch funktionalisiert werden, sodass
ein sogenannter bifunktioneller Chelator (BFC) erhalten wird. Durch diese Funktionalisierung ist der
Ligand in der Lage, simultan ein Radionuklid zu komplexieren und ein Biomolekiil als Targetingvektor
(TV) zu tragen. Unter einem bifunktionellen Chelator (BFC) versteht man ein System, bei dem der
Chelator sowohl fiir die Komplexierung des Radiometalls als auch fiir der Kopplung an Biomolekile wie
Peptide befahigt ist. Abbildung 1 zeigt schematisch den grundlegenden Aufbau eines BFC gekoppelt an

einem TV.

Cheljxtor
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Abbildung 1: Grundstruktur eines BFC-TV-Systems basierend auf dem Komplexbildner (rechts), einem Spacer (mitte) und der
Kopplungsseite zum Targetingvektor (links)

Die Vielfalt an bifunktionellen Chelatoren ermdoglicht die Radiomarkierung verschiedenster biologisch
relevanter Vektoren. Es kénnen Peptide wie das PSMA [17,18] oder Octreotid-Analoga [19-21] als auch
Polypeptide wie das Exendin-4 [22] oder nanodimensionale Systeme wie Antikérper [23,24] und Na-
nopartikel [25,26] unter milden Bedingungen an die BFCs angebracht werden. Die wichtigsten funkti-

onellen Gruppen fiir Chelatoren und deren Kopplungspartner sind in Abbildung 2 aufgelistet.
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Abbildung 2: Kopplungsvarianten zwischen bifunktionellen Chelatoren (BFC) und modifizierten Targetingvektoren (TV); NHS:
Succinimidylester, QS: Quadratsaureester, NCS: Isothiocyanat, COOH: Carbonsaure, TFP: Tetrafluorphenolester, Tz: Tetrazin,
Ns: Azid, TCO: trans-Cycloocten, DBCO: Dibenzylcyclooctin

Mittels einer zusatzlichen Carbonsaureeinheit (-COOH) kann ein BFC unter klassischen Amidbindungs-
bedingungen an die Biomolekiile angebunden werden [27]. Alternativ wurde die Succinimidyleinheit
als Aktivester von Carbonsauren eingefiihrt, um eine Kopplung unter milden Bedingungen sowie in-
nerhalb von wenigen Minuten an primaren Aminen zu erreichen [28]. Eine Weiterentwicklung im Hin-
blick auf die Stabilitat dieser Ester ist das Tetrafluorphenol-Derivat. Dieses zeigt im Vergleich zu den
NHS-Estern eine verringerte Hydrolyseempfindlichkeit und somit eine effizientere Umsetzung zum ge-
winschten Produkt [29]. Eine elegante Kopplungschemie bietet die sogenannte Quadratsaure (QS).
Mit diesem vinylogen System ist es durch die Variation des pH-Wertes moglich innerhalb eines Mole-
kiils zwei Amidbindungen auszubilden. Ein weiterer Vorteil ist die hohe Selektivitat des Esters gegen-
Uber primdren Aminen, d. h. weder alkoholische noch phenolische Hydroxylgruppe sind in der Lage
mit der Quadratsadure zu reagieren [30]. Entsprechend muss ein primares Amin am Chelator zugegen
sein, um diesen mit der QS zu funktionalisieren. Enorme Bedeutung haben die Benzyl-NCS-Ester zur
Funktionalisierung verschiedener Chelatoren erhalten, da diese unter milden Bedingungen (pH 8-9,
RT) an Biomolekile mit freien, primaren Aminen geknipft werden kénnen. Die dabei gebildete Thiou-
rea-Einheit weist eine hohe Stabilitat auf, was Grundvoraussetzung fiir in vitro- und in vivo-Studien ist
[31-34].

Die beiden letztgenannten Systeme eignen sich fir eine kupferfreie, spannungsvermittelte Clickche-

mie. Wahrend beim Azid/DBCO-System eine [2+3]-Cycloaddition als Kopplungsreaktion stattfindet,



handelt es sich beim Tetrazin/trans-Cycloocten-System um eine [4+2]-Diels-Alder-Cycloaddition [35].
Beide Methoden ermoglichen es, den bifunktionellen Chelator radioaktiv zu markieren, aufzureinigen
und anschlieRend am Biomolekil anzukoppeln. Das Azid/DBCO-System kann variabel verwendet wer-
den, da das Azid sowohl am Chelator als auch am Biomolekil angekoppelt werden kann. Bisherige
Untersuchungen beziiglich der Reaktionsgeschwindigkeit zeigten, dass das Cyclooctin eine geringere
Geschwindigkeit aufweist als das trans-Cycloocten [36—40]. Wahrend unterschiedliche DBCO-Derivate
mit Benzylazid Ratenkonstanten von bis zu 0,96 Ms erreichten [36], konnten mit 3,6-Diaryltetrazinen
und verschiedenen trans-Cyclooctenen Reaktionsgeschwindigkeiten von bis zu 22000 Ms? erreicht
werden. Aufgrund dieser hohen Geschwindigkeitsrate haben Tetrazin/trans-Cycloocten-Systeme in-

nerhalb der letzten Jahre eine Anwendung in sogenannten in vivo-Click-Reaktionen gefunden [41,42].

Im Hinblick auf den Anwendungsbereich innerhalb der Nuklearmedizin ist die Stabilitat solcher Kom-
plexe von enormer Wichtigkeit. Man unterscheidet zwischen der thermodynamischen und der kineti-
schen Stabilitat. Die thermodynamische Stabilitat spiegelt sich in der Komplexstabilitdtskonstanten Ky,
zwischen Ligand (L) und Radionuklid (M) wider und wird durch den logKw. beschrieben. Die kinetische
Stabilitat ist ein Mal} fir die Transmetallierung des Komplexes durch Fremdmetalle wie Eisen oder
durch Glykoproteine wie dem apo-Transferrin. Fiir die Anwendung in der Nuklearmedizin wird der ki-
netischen Stabilitat eine groRere Bedeutung beigemessen, da innerhalb der in vivo-Experimente ein

stabiler Komplex unabdingbar ist.

1.1.1 Makrozyklische Chelatoren

Die wichtigsten makrozyklischen Chelatoren und deren bifunktionelle Derivate fiir 3-wertige Radiome-
tale sind das DOTA (1,4,7,10-Tetraazacyclododecan-1,4,7,10-tetraessigsaure, Abbildung 3) und das
NOTA (1,4,7-Triazacyclononan-1,4,7-triessigsaure, Abbildung 4). Das DOTA bietet durch sein N4Os-
Komplexierungsgerust eine ausreichende Anzahl an Ligandatomen zur Komplexierung verschiedenster
Radionuklide wie %Ga, *¥*’Sc oder *’Lu [43-48]. Hierbei wird eine der vier Sdureeinheiten fiir die
Kopplung am Biomolekiil verwendet, wodurch eine Acetatgruppe fiir die Komplexierung des Nuklids
entfillt. Fir die Anwendung des DOTA-Chelators im Bereich der Radiotherapie mit 22°Ac werden bi-
funktionelle Derivate wie das p-SCN-Bz-DOTA eingesetzt (Abbildung 3), um die 8-fache Komplexie-
rungsgeometrie zu erhalten und damit eine erhdhte Stabilitdt des [22°Ac]Ac-DOTA-Komplexes zu ge-

wibhrleisten [49,50].
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Abbildung 3: Struktur des Chelators DOTA und dessen Derivates p-SCN-Bz-DOTA

NOTA zeigt hervorragende Markierungseigenschaften mit 8Cu und ®8Ga, ist jedoch als solches fiir die
Anwendung innerhalb der Nuklearmedizin ungeeignet [51-53]. Daher wurden bifunktionelle Derivate
wie das p-SCN-Bz-NOTA als auch das NODAGA-NHS entwickelt (Abbildung 4) und an Peptide oder an
Antikorper gekoppelt [54-56]. Zwar besitzt das NOTA im Vergleich zu DOTA fiir die Radiomarkierung
von %*Cu und ®Ga den Vorteil einer héheren Stabilitdt und einer milden Markierungschemie, jedoch
beschrankt sich die Anwendung des NOTAs auf Grund seiner kleineren Kafiggeometrie und der hexa-
dentalen Ligandenstruktur nur auf wenige Nuklide [57]. Ein vielversprechendes Derivat des NOTA ist
das TRAP (1,4,7-triazacyclononan-1,4,7-trisimethyl(2-carboxyethyl)phosphinsdure], Abbildung 4), wel-
ches eine hohe Spezifizitat gegeniiber dem PET-Nuklid %8Ga aufweist [58,59]. Erste praklinische Evalu-
ierungen trimerer RGD-Derivate (TRAP(RGD)s) zeigten eine einfache Radiomarkierung sowie eine hohe

Anreicherungen des Tracers in Mammakarzinom tragenden Mausen [21,60].
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Abbildung 4: Struktur des Chelators NOTA und dessen Derivate p-SCN-Bz-NOTA, NODAGA-NHS und TRAP



1.1.2 Azyklische Chelatoren

Die Entwicklung azyklischer Chelatoren begann mit DTPA (Diethylentriaminpentaacetat). Sein N3Os-

Ligandenfeld erméglicht die Radiomarkierung dreiwertiger Radiometalle wie %Ga, Y, 1'!In oder ¥’Lu

[57,61-64].
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Abbildung 5: Struktur des Chelators DTPA und dessen bifunktionellem Derivate 1B4M-DTPA

Das in Bakterien auftretende Siderophor Desferrioxamin (Df) wurde zur Radiomarkierung mit 8Ga und
8Zr in mehreren Studien untersucht [23,65-69]. Aufgrund der harten Hydroxamat-Gruppen und der
Os-Ligandengeometrie weist das Df eine hohe Stabilitdt der Zr-markierten Konjugate auf und brachte
dem Df in den letzten beiden Jahrzehnten ein Alleinstellungsmerkmal fiir die Anwendung innerhalb
der ImmunoPET-Diagnostik mittels 89Zr [70]. Es muss jedoch beriicksichtigt werden, dass zum einen
das Df nur 6 der 8 Koordinantionsstellen des Zirkoniums besetzen kann, zum anderen weist das Zirko-
nium eine erhéhte Oxophilie auf, welche sich in einer Anreicherung des Nuklids 72 h p.i. im Knochen-
und Gelenkgewebe niederschldgt. Um eine erhdhte Stabilitdt zu gewahrleisten, entwickelten Patra und
Mitarbeiter ein Df-Derivat (Df*), welches um eine weitere Hydroxamat-Einheit verlangert wurde [71].
Vugts et al. synthetisierten und verglichen das Df*-Bz-NCS mit dem bisherigen Df-Bz-NCS (Abbildung
6) unter Verwendung beider Chelatoren am Antikorper Trastuzumab. Hierbei zeigte sich eine verbes-

serte Tumorakkumlation sowie eine erhéhte Stabilitdt des Df*-Trastuzumab [24].
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Abbildung 6: Struktur der Chelatoren Desferrioxamin (Df), Desferrioxamin* (Df*) sowie deren bifunktionellen Derivate Df-Bz-
NCS und Df*-Bz-NCS

Chelatoren wie das Hxdedpa, HBED und CP256 (Abbildung 7) zeigen gegeniiber %8Ga eine schnelle Mar-

kierung und eine hohe Stabilitat innerhalb von in vitro- und in vivo-Studien [72-75].
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Abbildung 7: Struktur der azyklischen Chelatoren H,dedpa, HBED-CC und CP256 sowie deren bifunktionelle Derivate p-SCN-
Bz-H,dedpa, (HBED-CC)TFP und YM103

Besonders das HBED gewann in den letzten Jahren als bifunktionelles Derivat, gekoppelt am PSMA, an

grolRer Bedeutung [17,18].
Der heptadentale Chelator AAZTA (1,4-bis(hydroxycarbonylmethyl)-6-[bis(hydroxycarbonylmethyl)]-



amino-6-methylperhydro-1,4-diazepin) besitzt eine Hybridstruktur mit azyklischen und zyklischen Cha-
rakter. Dieser bietet eine schnelle Komplexierungskinetik von dreiwertigen Lanthaniden sowie Uber-
gangsmetallen wie Scandium und Kupfer [76—79]. Basierend auf diesem Liganden wurde das hexaden-
tale Derivat (DATA™) von Waldron et al. bzgl. der Komplexierungseigenschaften von ®Ga evaluiert [80—
82]. Aufgrund der ebenfalls vorhandenen Hybridstruktur bietet dieser Chelator eine Markierungsche-
mie mit ®3Ga unter milden Bedingungen (pH 5, RT, 10 min), die einen Einsatz fir temperatursensitive
TVs anbietet [83]. Basierend auf diesen Grundlagen wurde ein bifunktionelles Derivat des DATA™ ent-
wickelt, das DATA®™, welches durch Seemann et al. in einer proof-of-concept-Studie bzgl. der Radio-

markierungseigenschaften sowie der in vitro-Stabilitat evaluiert wurde [84].
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Abbildung 8: Struktur des AAZTA sowie des DATA™ und des bifunktionellen Derivates DATAS™



1.2 Komplexchemie

1.2.1 Komplexierungsgleichgewicht

Die Ausbildung des Komplexierungsgleichgewichts zwischen einem Metall (M) und einem Chelator

bzw. Liganden (L) kann durch die thermodynamische Stabilitdtskonstante Ku. definiert werden:

_ ML) 1
ML Ml @)

wobei [ML], [M] und [L] jeweils die Gleichgewichtskonzentration des Metall-Ligand-Komplexes, des
Metallions und des deprotonierten Liganden sind. Fir multidentale Liganden, wie sie in dieser Arbeit
verwendet werden, muss berlicksichtigt werden, dass diese aufgrund der Vielzahl an Donoratomen
bei geringen pH-Werten mehrfach protoniert vorliegen kdnnen. Daher muss fiir diese Art von Liganden

eine pH-Wert-abhangige Gleichgewichtskonstante beschrieben werden (2)

_ IMHL] 2
KL= G oL 2

wobeii=1, 2,..., nund [H*], [MH;.1L] und [MHiL] die Gleichgewichtskonzentration der Protonen sowie
der Metall-Ligand-Komplex-Spezies mit der i-ten Protonierungsstufe sind. Um die Konstante Ky, be-

rechnen zu kénnen, missen die Protonierungskonstanten K des Liganden bekannt sein (3).

Ho (MU (3)
" [HigL)[HY)

Um die Stabilitats- als auch Protonierungskonstanten der Liganden zu ermitteln, gibt es drei experi-
mentelle Methoden. Von enormer Wichtigkeit fir alle Methoden ist hierbei, dass ein konstanter Akti-
vitatskoeffizient aller Teilchen eingehalten wird, um die konzentrationsabhangigen Konstanten ermit-
teln zu kénnen. Dies wird durch die Zugabe eines inerten Elektrolyten wie KCI, KNO3 oder NaCl erreicht

(0,1 oder 1 M), welcher fiir eine konstante lonenstarke innerhalb des Mediums sorgt.

1.2.2 pH-Potentiometrie

Da die Komplexbildung zwischen Metallion und Ligand ein Konkurrenzprozess zwischen Metall- und
H*-lonen beziiglich der Donoratome des Liganden ist, kann hierbei eine Anderung des pH-Wertes be-
obachtet werden. In Anbetracht dieser Tatsache bietet sich eine pH-potentiometrische Titration an,
um sowohl den Ky, als auch den K* zu ermitteln. Mittels eines pH-Meters mit Glas- und Referen-
zelektrode und einer Autobiirette kann durch Titration die Anderung der Protonenaktivitat pH, bzw.
der elektromotorischen Kraft E bestimmt werden. Aus beiden Werten kann der pH-Wert bzw. die da-

mit zusammenhangende Konzentration der Protonen berechnet werden [85,86]. Es gilt



p[H'] = pH, + log(f) )

mit f als Aktivitatskoeffizient der Hintergrundelektrolyte und

Kw (5)
[H']

mit E’, welches das Standardpotential, den Aktivitatskoeffizienten und das Diffusionspotential des

E = Ep+ Qlog(H") +j,[H'] +/,,

inerten Elektrolyten beinhaltet, Q der Nernst-Steilheit, Kw dem lonenprodukt des Wassers und ju[H']

und jon[OH] als Beitrag der H*- und OH-lonen zum Diffusionspotential.

1.2.3 UV/Vis-Spektrometrie

Da Komplexbildungsreaktionen makrozyklischer Liganden bei geringem pH-Wert langsam ablaufen
und die pH-potentiometrische Bestimmung nur einen pH-Werte-Bereich von 1,7-12 abdeckt, kdnnen
alternativ UV/Vis-spektrometrische Messungen an den Metall-Ligand-Komplexen durchgefiihrt wer-
den. Hierbei wird das zu untersuchende Metall aus dem Komplex durch ein UV/Vis-aktives Metall (z.
B. Kupfer) verdrangt und dessen Absorptivitat bei unterschiedlichen pH-Werten untersucht [87]. Vo-
raussetzung fur diese Methodik ist die Kenntnis iber die Stabilitdtskonstante des neuen Metall-Ligand-

Komplexes. Die Absorptivitdtswerte konnen wie folgt beschrieben werden:

n

A= ZE,X,./ (6)

mit / als Ldnge der Messzelle und &; und y; der molaren Absorptivitdt und molaren Fraktion der Spezies
i. Um die Protonierungs- oder Stabilitatskonstanten aus Gleichung (6) bestimmen zu kénnen, miissen
die molaren Fraktionen y; als Protonierungs- und Stabilitdtskonstanten ausgedriickt und die spektro-
photometrischen Messungen bei unterschiedlichen pH-Werten durchgefiihrt werden. Der Vorteil der
spektrophotometrischen Methode gegenilber der pH-Potentiometrie liegt in dem héheren Konzent-

rationsmessbereich der H*- und OH-lonen.

1.2.4 NMR-Spektroskopie

Multinukleare NMR-Spektroskopie (NMR = nuclear magnetic resonance) eignet sich ebenfalls fiir Un-
tersuchungen der Protonierungsstufen und Komplexbildungen von Liganden. Hierbei werden pH-ab-
héngige Spektren NMR-aktiver Kerne (z. B. *H, 13C, 3'P, "1Ga) bei konstanter Temperatur aufgenommen,
um die einzelnen Protonierungsstellen sowie die Protonierungskonstanten zu ermitteln. Die Anderun-

gen des Spektrums, genauer der chemischen Verschiebungen, kann anschlieRend den zuvor erwahn-
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ten Protonierungsstellen und -konstanten zugeordnet werden. Die chemischen Verschiebungen stel-
len dabei den gewichteten Mittelwert der Verschiebungen der verschiedenen HiL-Spezies, welche in-

nerhalb eines Protonierungsschritts involviert sind, dar [88].

n
) 7
Sops = ZXHILSHIL (7)
|

miti =0, 1, 2,..., n, &ops der ermittelten chemischen Verschiebung fiir ein gegebenes Signal, XeL der

molaren Fraktion und 8™ der chemischen Verschiebung der involvierten Spezies. Driickt man die mo-
lare Fraktion durch [L]: und die Protonierungskonstanten aus, konnen sowohl die Protonierungs-
konstanten als auch die chemischen Verschiebungen st ermittelt werden (wobei [L]t = [L] + [HL] +

[HoL] + ... [Hal] + [CaL] + [CaHL] + ... [ZnL] + [ZnHL] + ...) [88].

1.3 Radiometalle fiir die nuklearmedizinische Anwendung

1923 verwendete Georg de Hevesy (1885-1966) als Erster das natiirlich vorkommende Bleiisotop 2?Pb,
um die Absorption und Verteilung von Blei in Wurzel, Stiel und Blattern der Ackerbohne Vicia Faba zu
untersuchen [89]. Hiermit formulierte Hevesy das Radiotracerprinzip, welches heutzutage fir die Un-
tersuchung chemischer, biochemischer sowie pharmakologischer Prozesse von enormer Bedeutung
ist.

Fir die nuklearmedizinische Anwendung wird die von den Radioisotopen ausgehende Strahlung ge-
nutzt. Hierbei unterscheidet man zwischen Radioisotopen mit gewebe-durchdringender Strahlung (y-
Strahlung) fir die Diagnostik und Partikel-emittierender Strahlung (a-/B-Strahlung) fiir die Therapie.
Wichtige Radiometalle fiir die diagnostische Anwendung sind %Ga (fiir die PET) und *™Tc (fir die
SPECT) [90-92]. Fiir den therapeutischen Aspekt werden Radioisotope wie z. B. Y, 1%3Sm, 77y,

186/188R e 213Bj und 2%°Ac verwendet.
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Tabelle 1: Wichtige, fiir BFCs relevante Radionuklide fiir den diagnostischen und therapeutischen Ansatz [93-99]

Radionuklid ti2 Produktionsroute Einsatz

Im Gegensatz zu Hevesys Ansatz werden all diese Nuklide fiir eine spezifische Anreicherung im Zielge-
webe innerhalb von Chelator-TV-Systemen komplexiert und verabreicht. Tabelle 2 listet die relevante
Nuklide sowie deren Halbwertszeiten und Produktionsrouten fiir den diagnostischen als auch den the-

rapeutischen Einsatz auf.

1.3.1 Radiometalle fiir die Diagnostik

Radiometalle wie das 8Ga, 8Zr oder ®™Tc erméglichen durch ihre kernchemischen Eigenschaften eine
nicht-invasive Bildgebung auf molekularer Ebene. Die von den Nukliden emittierte Strahlung (y-Strah-
lung) kann mittels PET oder SPECT detektiert werden.

Wichtigster Vertreter innerhalb dieser Isotope ist das ®™Tc, welches als Generator-produziertes Nuklid
eine ortsunabhingige Verfiigbarkeit bietet. Zudem deckt das “°™Tc in Kombination mit diversen Phar-
mazeutika ein breites Spektrum fiir die Bildgebung ab - von Knochen-, Hirn- und Herzperfusions- bis

hin zur Tumordarstellung [91]. Eine weitere Eigenschaft des ®™Tc und seiner Verbindungen ist deren
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leichte Synthese und Aufarbeitung. Durch sogenannte , Kits” wird erreicht, dass hohe, reproduzierbare
Ausbeuten des Radiopharmazeutikums innerhalb kurzer Zeit (ca. 30 min) erhalten und unmittelbar fiir
die Bildgebung verwendet werden kénnen.

Wichtige und fir diese Arbeit relevante Vertreter fur die PET sind das ®8Ga und #Zr. Diese Nuklide
emittieren Positronen, deren 511 keV-Strahlen mittels PET registriert werden kann. In den nachfolgen-
den Kapiteln soll auf die Eigenschaften beider Nuklide und auf das Prinzip der PET eingegangen wer-

den.

1.3.1.1 Gallium-67/Gallium-68

Das Gallium ist ein in der Natur selten auftretendes Metall, welches vergesellschaftet mit Zink, Ger-
manium oder Aluminium auftritt [100]. In wassrigen Losungen besitzt das Gallium die Oxidationszahl
+1Il und wird als harte Lewis-Saure eingestuft. Damit ist das Gallium in der Lage, mit harten Lewis-
Basen, wie z. B. Amino-, Carboxyl- oder Hydroxyl-Gruppen stabile, oktaedrische Komplexe mit einer
Koordinationszahl von 6 auszubilden. Aufgrund vergleichbarer Eigenschaften (Ladung, lonenradius)
zwischen Ga** und Fe* bilden beide dhnlich stabile Komplexe aus. Dies ist ein Faktor, welcher bei der
Darstellung von Gallium-Verbindungen berlicksichtig werden muss [101].

Hinsichtlich der Isotopenverteilung sind zunichst die stabilen, NMR-aktiven Isotope %°Ga und "'Ga zu
nennen. Neben den stabilen Isotopen ist es eine Vielzahl radioaktiver Isotope bekannt (*®Ga, ¢’Ga, ®8Ga,
3Ga, "*Ga), welche sich durch verschiedene Zerfallsarten (B*, B~ oder EC) stabilisieren. Neben dem %’Ga
(SPECT) wird vor allem das %8Ga fiir nuklearmedizinische Diagnostik mittels PET eingesetzt. Im Gegen-
satz zum ®’Ga, welches am Zyklotron produziert wird, kann das ®Ga sowohl am Zyklotron als auch mit
Hilfe eines ®Ge/®®Ga-Nuklidgenerators gewonnen werden. Der Nuklidgenerator erméglicht eine tag-
lich mehrfache Verfugbarkeit des ®Ga, was im Hinblick auf die Anwendung und die damit verbundenen
Kosten fir eine nuklearmedizinische Einrichtung ein enormer Vorteil gegeniiber zyklotronproduzierten

Nukliden ist.

1.3.1.2 %8Ge/%®Ga-Nuklidgenerator

Die grundlegende Kernreaktion innerhalb des %Ge/®®Ga-Nuklidgenerators ist der Zerfall des Mut-
ternuklids %8Ge (t1/2=271 d) unter Elektroneneinfang zum Tochternuklid ®Ga. Das ®Ga zerfillt anschlie-
RBend mit einer Halbwertszeit von 67,7 min in das stabile ®Zn unter Aussendung eines Positrons

(89l14 %r EB,max:1,9 MeV)

(8)

EC B*
8Ge - BGa — %Bzn+ B+ v+ Q
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Das zugrundeliegende radiochemische Gleichgewicht wird sakulares Gleichgewicht genannt, da die
Halbwertszeit des Mutternuklids um mehr als den Faktor 1000 gréRer ist als die des Tochternuklids.
Das %Ge wird innerhalb einer ®Ga(p,2n)®Ge-Kernreaktion unter Verwendung von Protonenenergien
von 23 MeV hergestellt [102,103]. Nach radiochemischer Abtrennung wird das Germanium auf einer
anorganischen (TiO, oder Sn0,) oder organischen Matrix fixiert. Unter Verwendung von Salzsdure
(0,05-0,6 M) kann das %8Ga vom %8Ge/%®Ga-Generator eluiert werden. Ein geringer Anteil des Germani-
ums sowie Verunreinigungen wie %Zn, Fe**- oder Tragermaterial-lonen (Ti** oder Sn**) werden mit der
salzsauren Losung miteluiert. Mittels dreier Methoden (Fraktionierung, anionische oder kationische
Ausstauscherfixierung; Abbildung 9) kann anschlielend das Eluat aufgearbeitet [90,104].

Bei der Fraktionierung wird lediglich das Eluat mit der héchsten Volumenaktivitat Ay(®®Ga) verwendet.
Durch das geringe Volumen von bis zu 2 mL wird die Konzentration an %8Ge minimiert, zeitgleich aber
auch die Ausbeute an ®8Ga reduziert. Zudem werden die oben genannten Fremdionen nicht entfernt
(Abbildung 9, rechts) [19].

Bei der Methode mit Anionenaustauscher wird das Eluat durch Zugabe von konzentrierter Salzsdure
angesduert und das Gallium als [*8GaCls]-Komplex gebunden, wobei die Fremdionen kaum oder nur
geringfligig am Austauschermaterial retiniert werden. Der Tetrachlorokomplex des Galliums kann an-
schlieBend wassrig vom Austauscher eluiert werden (Abbildung 9, mitte) [105].

Die kationische Austauschermethode basiert auf der Fixierung des im Eluat als Kation vorliegenden
Galliums Ga*" und dem Abtrennen der Fremdionen. Es kann danach mittels verschiedener Lésungen

eluiert werden [90,106].
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Abbildung 9: Schematische Darstellung der drei Methoden zur Gewinnung von %8Ga mittels ®3Ge/%8Ga-Generatoren; CEX =
cation exchange cartridge (Kationenaustauscher), AEX = anion exchange cartridge (Anionenaustauscher), 1: Elutionslosung
des 68Ga fuir CEX/AEX, 2: HCI-Reservoir (5-6 N HCl), 3: einfache Eluatfraktionen [104]

1.3.2 Zirkonium-89

Zirkonium ist ein Element der 4. Gruppe des Periodensystems und liegt (iberwiegend in der Oxidati-
onsstufe +IV in wassrigen Lésungen vor. Durch sein hohes Ladungs-Radius-Verhéltnis wird das Zr** als
starke Lewis-Saure eingestuft und bildet, dhnlich zum Ga¥, stabile Komplexe mit Sauerstoffdonoren
aus, jedoch mit einer Koordinationszahl von 8 [92].

Die stabilen Isotope (*°Zr, °1Zr,%*Zr und %#Zr) finden in Form des Zirkonoxid (ZrO,) Anwendung als Kera-
miken fir die Industrie und Prothesen im medizinischen Bereich. Aber auch im chemischen Bereich
wird das Zirkonium fiir organometallische Katalysen eingesetzt [92,107]. Im Hinblick auf die nuklear-
medizinische Anwendung hat das 8Zr in den letzten Jahren groRe Aufmerksamkeit erhalten. Es kann,
ausgehend von #Y, durch eine (p,n)- sowie eine (d,2n)-Kernreaktion am Zyklotron erzeugt werden,
wobei erstere die am haufigsten verwendete Methode ist. Mit einer Halbwertszeit von 78,4 h zerfallt
das #Zr zun&chst zum metastabilen #™Y. Hierbei kann das Zirkonium Gber 2 konkurrierende Zerfalls-
kandle stabilisiert werden: Unter Aussendung eines Positrons (395,5 keV, 22,3 %) oder durch Elektro-
neneinfang (76,6 %). Das metastabile ™Y zerfillt anschlieRend mit einer Halbwertszeit von 15,6 s un-
ter Aussendung eines 909 keV-Gamma-Quants zum stabilen %Y.

Die Kombination aus niederenergetischer Positronenemission und einer Halbwertszeit von mehr als 3
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Tagen macht das %Zr zu einem attraktiven Radionuklid fiir die antikdrperbasierte ImmunoPET

[70,92,108,109].

1.3.3 Positronenemissionstomographie (PET)

Die PET beruht auf der Verwendung protonenreicher Kerne, die sich durch Umwandlung eines Protons
in ein Neutron stabilisieren. Wahrend dieses Umwandlungsprozesses emittiert der Kern ein Positron
B* und ein Elektron-Neutrino v (u. a. aufgrund des Spinerhalts). Der allgemeine Zerfall ist in nachfol-

gender Gleichung dargestellt:

/_Z\XNe Z./i\YN+1+ B++ Vet Q (9)

Hierbei entspricht X dem Ausgangsnuklid, Y dem Zerfallsprodukt, f* dem Positron, v. dem Elektron-
Neutrino, Z der Ordnungszahl, N der Neutronenzahl und Q der Zerfallsenergie. Die fiir jedes Nuklid
charakteristische Zerfallsenergie Q verteilt sich als kinetische Energie sowohl auf das Zerfallsprodukt
als auch auf die emittierten Teilchen (B* und v.). Das emittierte Positron wechselwirkt mit der umge-
benden Materie und verliert dadurch an kinetischer Energie, bis es im thermischen Bereich mit einem
Elektron aus der Umgebung direkt annihiliert oder unter Bildung eines Positroniums rekombiniert, wel-
ches dann annihiliert wird [110]. Man differenziert zwischen ortho-Positronium (o-Ps) und dem para-
Positronium (p-Ps), welche sich in der Lage der Spins sowie der mittleren freien Lebensdauer t°. Das
p-Ps besitzt eine antiparallele Spinanordnung, welche in einer Annihilation unter Emittierung von 2 y-
Quanten mit einer Energie von 511 keV und einem Emissionswinkel von 180° resultiert. Dieser Prozess
kommt mit einer héheren Wahrscheinlichkeit vor als die Annihilation des o-Ps vor, sodass eine Mes-
sung der beiden y-Quanten mit einem ringférmigen Detektorsystem in Koinzidenz mdglich ist. Da nicht
der Entstehungsort des Positroniums, sondern der Ort der Annihilation detektiert wird, besteht eine
Ortsunscharfe von einigen Millimetern —je nach Energie des applizierten B*-Emitters. Die verwendeten
Detektoren bestehen meist aus Bismuth-Germaniumoxid (BGO), Cerium-dotiertem Lutetium-

Oxyorthosilikat oder Gadolinium-Ortho-silikat [111].
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Abbildung 10: Prinzip der Positronenemissionstomographie (PET)

Der Detektorring besteht aus bis zu 32 einzelnen Detektorringen, die nochmals durch Bleiabschirmun-
gen voneinander getrennt werden, um zuféllige oder gestreute Koinzidenz minimieren. Der Ring hat
einen Durchmesser von etwa 1 m und ist mit bis zu 1151 Detektoren pro Einzelring ausgestattet, um
in kurzer Zeit viele Schnittbilder mit einer hohen Nachweiswahrscheinlichkeit zu erhalten [112]. Dank
neuartiger Hybridsysteme aus PET und CT bzw. MRT sind Korrelationen der physiologischen Vorgange

mit der Anatomie moglich, welche in der routinemaRigen Anwendung eine hohe Sensitivitat garantie-

ren [113].

1.4 Radiometalle fiir die Therapie

Neben Nukliden fir die Diagnostik erhalten immer mehr Radioisotope das Interesse fiir nuklearmedi-
zinische Therapieverfahren. Die sogenannte Radionuklidtherapie, oder auch Endoradiotherapie, ba-
siert auf der Applikation eines Radiopharmakons, welches das flr die Therapie relevante Nuklid bindet.
Es handelt sich hierbei um Isotope, welche ionisierende Strahlung wie z. B. B- oder a-Partikel emittie-
ren. Wichtigste Grundlage fur eine effektive Therapie ist eine hohe und spezifische Anreicherung des
Radiopharmakons, um kollaterale Schaden von umliegendem, gesundem Gewebe sowie die Dosisleis-
tung fir den Patienten moglichst gering zu halten. Wichtige Bereiche sind neuroendokrine Tumore,

Prostatakarzinome sowie die palliative Therapie von Knochenmetastasen [114-117].
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1.4.1 Lutetium-177

Das in dieser Arbeit verwendete ’Lu hat in den letzten Jahren aufgrund seiner kernchemischen Ei-
genschaften ein immer groRer werdendes Interesse gewonnen. Mit einer Halbwertszeit von 6,71 Ta-
gen und einer Egmax von 497 keV ist es ein fur die Radionuklidtherapie attraktives Isotop [118]. ¥’Lu
kann durch Bestrahlung von natiirlichem Lu,0s (2,6 % 76Lu) oder angereichertem Lu,0s (60,6 % ®Lu)
mit thermischen Neutronen und einem Neutronenfluss von 3-10® n/cm?/s gewonnen werden. Eine
weitere Produktionsmethode ist die Bestrahlung von angereichertem 76Yb mit thermischen Neutro-
nen. Als Intermediat entsteht zunédchst das Y’Yb (t12=1,9 h), welches unter Aussenden von B -Partikeln
zum Y7Lu zerfallt. Zwar handelt es sich bei der zweiten Produktionsroute um eine no carrier added
(n.c.a.)-Herstellung des *’Lu, jedoch ist die Abtrennung des 76Yb schwierig und sorgt aufgrund seiner
dhnlichen radiochemischen Eigenschaften fiir eine kompetitive Markierung mit den verwendeten Ra-
diopharmaka. Lebedev et al. entwickelten eine Separationsmethode, die eine Abtrennung des radio-

aktiven Y’Lu vom Ytterbium erméglicht [119]. Nachfolgend sind beide Produktionsrouten angegeben.

B 10
Y8 u (n,y) Y Lu Yy S Y7HEs B v,+Q (10)
- B B B
%D (n,y,8)Lu Y7yp S 7Ly 5 Y7HEE Bt v+Q (11)

Das dreiwertige Lutetium wird aufgrund seiner undefinierten Elektronenorbitalstruktur nach dem
HSAB-Konzept als ,ionisch” eingestuft. Daraus folgen Koordinationszahlen zwischen 6 und 12 [120].
Der fiir das Y’Lu prominenteste Chelator ist das DOTA, welches durch seine 8 Ligationsatome eine

guadratisch-antiprismatische Koordinationsgeometrie verursacht [121].

1.5 Targetingvektoren

Als Targetingvektor (TV) bezeichnet man Biomolekiile, die Radiopharmaka gezielt zum malignen/tu-
morosen Gewebe flihren. Hierbei nutzt man das Schliissel-Schloss-Prinzip aus: der Vektor weist eine
hohe Affinitdt und vor allem eine erhdhte Spezifizitat gegeniiber einem Rezeptor oder Bindemotiv
(Target) auf, welches auf der Oberflache von Tumorzellen lberexprimiert vorliegt. Verknlpft man nun
einen solchen Targetingvektor mit einem bifunktionellen Chelator, so kann gezielt ein Radionuklid zu
diagnostischen oder therapeutischen Zwecken am Zielgewebe angereichert werden. In den nachfol-
genden Kapiteln sollen fiir diese Arbeit relevante Systeme von Targets und Targetingvektoren be-

schrieben werden.
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1.5.1 Somatostatin-Rezeptoren - Octreotide

1972 entdeckten Brazeau et al. durch Zufall das Polypeptid Somatostatin (SST, SST-28), welches als
Antagonist flr das Wachstumshormon Somatropin agiert [122,123]. Zwei Jahrzehnte spater identifi-
zierten Yamada et al. die Rezeptorstruktur fiir das Somatostatin und konnten zeigen, dass es sich
hauptsachlich um fiinf membrangebundene, G-Protein-gekoppelte Rezeptoren (sstr 1-5) handelt
[124,125]. Aufgrund geringer Blutzirkulationszeit sowie enzymatischen Abbaus des SST-28 wurden in-
folgedessen kleinere und stabilere Derivate hergestellt. Hierbei zeigte sich, dass Octapeptide des So-
matostatins eine hohe in vivo-Stabilitat kombiniert mit einer hohen Affinitat gegeniiber den Rezepto-
ren aufwiesen [125]. Vor allem das Octreotid SMS201-995 ([DPhe?][Tyr3]-Octreotid (TOC)) zeigte eine
hohe Affinitdt zu den Rezeptoren 2, 3 und 5 sowie eine erhohte biologische Halbwertszeit [126]. Ba-
sierend auf diesem Grundgerist wurden weitere Octapeptide fir die nuklearmedizinische Anwendung
mit Chelatoren wie DOTA gekoppelt und bzgl. ihrer Affinitdten gegenliber den Rezeptoren 1-5 evaluiert
[127]. Zwei wichtige Chelator-Konjugate, das DOTA-TOC und das DOTA-TATE, sind in Abbildung 11 dar-
gestellt. Ersteres erhielt als ®8Ga-Verbindung im Jahr 2014 den orphan drugs status durch die amerika-
nische Food and Drug Administration und findet seither in die nuklearmedizinischen Diagnostik neuro-
endokriner Tumore Verwendung [128]. Seit 2017 ist /Lu-DOTA-TATE (LUTATHERA®) als therapeuti-

sche Radiopharmakon durch die Firma Advanced Accelerator Applications (AAA) verflgbar [129].

Lo

I” 3 ooemy oo ijf %Iﬂmﬂmm

@N WL L AT (s B
9 @

HO HO
DOTA-TOC DOTA-TATE
Abbildung 11: Struktur der Chelator-konjugierten Somatostatin-Analoga DOTA-TOC (links) und DOTA-TATE (rechts)

In Tabelle 2 sind die wichtigsten Vertreter und deren Affinitatsprofile gegenliber den humanen Soma-
tostatin-Rezeptoren 1 bis 5 (hsst 1-5) aufgefiihrt. Das native Somatostatin SST-28 weist gegentiber al-

len Rezeptoren eine hohe Affinitdat im nanomolaren Bereich auf.
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Tabelle 2: Affinitatsprofile (/Cso) verschiedener Somatostatinanaloga gegenuber humanen sst-Rezeptoren [127]

Peptid hsst 1 hsst 2 hsst 3 hsst 4 hsst 5
SST-28 5,2+0,3 (19) 2,7+0,3 (19) 7,7+0,9 (15) 5,6+0,4 (19) 4,0£0,3 (19)
Octreotid >10.000 (5) 2,0£0,7 (5) 187455 (3) > 1.000 (4) 2246 (5)
DOTA-0OC >10.000 (3) 14+3 (4) 2719 (4) >1.000 (4) 10339 (3)
DOTA-TOC >10.000 (7) 14+42,6 (6) 8801324 (4) >1.000 (6) 393484 (6)
DOTA-TATE >10.000 (3) 1,5+0,4 (3) >1.000 (3) 453+176 (3) 547+160 (3)
DOTA-VAP >10.000 (3) 29+7 4194104 (4) 7434190 (3) 80+19 (4)
DOTA-LAN >10.000 (7) 2613,4 (6) 7714229 (6) >10.000 (4) 73412 (6)
["*tGa]Ga-DOTA-TOC >10.000 (6) 2,5+0,5 (7) 6134140 (7) > 1.000 (6) 73421 (6)
["*tGa]Ga-DOTA-TATE >10.000 (3) 0,2+0,04 (3) >1.000 (3) 300£140 (3) 377+18 (3)

Im Vergleich hierzu zeigt das Analogon Octreotid eine verbesserte Affinitdt am hsst 2-Rezeptor, aller-
dings einen um bis zu Faktor 10 erhéhten ICso-Wert (mittlere inhibitorische Konzentration; siehe 1.5.2)
fir die Rezeptoren 3 und 5. Alle weiteren Derivate, gekoppelt mit dem Chelator DOTA, weisen gerin-
gere Affinitaten gegeniliber den Rezeptoren 1 und 4 auf. Zieht man einen Vergleich der Affinitdten
bezliglich des Rezeptors 2, welcher iberwiegend auf neuroendokrinen Tumoren liberexprimiert ist,
wird fir alle Derivate deutlich, dass die Derivate ["*'Ga]Ga-DOTA-TATE bzw. ["'Ga]Ga-DOTA-TATE die

potentesten sind [127].

1.5.2 Bestimmung der mittleren inhibitorischen Konzentration /Cso

Um die antagonistische Wirkung des Somatostatins und seiner Analoga zu verstehen, muss man die
Rezeptor-Substrat-Wechselwirkung und ihre Geschwindigkeit betrachten. 1913 schlugen Leonor Mi-
chaelis und Maud Menten ein einfaches Modell zur Erklarung dieser kinetischen Eigenschaft zwischen
Substraten und Rezeptoren/Enzymen vor [130]. Hierbei wird die Bildung eines Enzym-Substrat- bzw.

Rezeptor-Substrat-Komplexes als Zwischenprodukt bericksichtigt (Gleichung (12)).

K k2 K ka (12)
[E] +[S] = [ES] = [E]+[P] bzw. [R]+[S] = [RS] = [RS],,
k—l k—l

mit den Konzentrationen des Enzyms [E], des Rezeptors [R], des Substrats [S], des Produkts [P], des

Enzym-Substrat- bzw. Rezeptor-Substrat-Komplex [ES] bzw. [RS] sowie der Konzentration des interna-
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lisierten Rezeptor-Substrat-Komplexes [RS]int. 1924 schlugen George Briggs und John Haldane die An-
nahme eines FlieRgleichgewichtes (steady state) vor, sodass die Bildung und der Zerfall von [ES] bzw.

[RS] gleichgesetzt werden kénnen [130]. Es gilt
ky[EI[S] = (k1 - k3)[ES] (13)

wobei [ES] = k,[E][S] die Bildungsgeschwindigkeit und [ES] = (k_; - k,)[ES] die Zerfallsgeschwindigkeit

des Komplexes darstellen. Stellt man Gleichung (13) um, so erhélt man den Faktor % = Kp,, welcher

als Michaelis-Konstante bezeichnet wird.

_[ENS) (kg -kp)

MZES] — K (14)

Diese Konstante ist ein wichtiges Charakteristikum fiir die Enzym-Substrat-Wechselwirkungen und ist
unabhangig von den Konzentrationen des Enzyms und des Substrats.

Betrachtet man nun kompetitive Hemmungen, wie sie flir das Somatostatin bzw. der Analoga vorlie-
gen, muss man folgende Dissoziationskonstante beriicksichtigen:

G0

T (15)

Je kleiner die Konstante K;, desto starker ist die Hemmung (Inhibition) durch den verwendeten Inhibitor
I. Durch ausreichende Konzentration des Substrats kann die kompetitive Hemmung zwar Gberwunden
werden, jedoch fiihrt die Inhibition gleichzeitig zur Erh6hung des Ky-Wertes. Der neue Ky-Wert, auch

Ka,\j’p genannt (apparent, ,,auftretend”), wird durch folgende Gleichung beschrieben:

K‘A’Z”’=KM(1+%) (16)
mit der Konzentration des Inhibitors [I] und der Dissoziationskonstanten K; des Enzym-Inhibitor- bzw.
Rezeptor-Inhibitor-Enzym-Komplexes. Bei gegebenem Ky-Wert kann hiermit die Dissoziations-
konstante K; bestimmt werden, welche ein Absolutwert ist und, wie in (15) beschrieben, Substrat-un-
abhéngig ist. Cheng/Prusoff untersuchten 1973 den Zusammenhang zwischen dem K; und dem /Csp-

Wert von Inhibitoren, welcher die mittlere, inhibitorische Konzentration angibt [131]. Die Cheng-

Prusoff-Gleichung gilt einen direkten Zusammenhang zwischen K; und ICsp an
= (17)

Es gilt, dass K; = ICso fur [S]<<Ku, d. h. bei geringen Substratkonzentrationen entspricht die Dissoziati-

onskonstante des Enzym-Inhibitor-Komplexes der mittleren inhibitorischen Konzentration.
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1.6 Antigen - Antikorper

Monoklonale Antikorper (mAk) sind Serumproteine mit einem durchschnittlichen Molekulargewicht
von 150 kDa. Sie entwickeln sich als Immunantwort auf Infektionen ausgehend von Bakterien oder
Viren aus Plasmazellen. Als unldslicher Anteil der Globulinfraktion der Serumproteine werden Antikor-
per zur sprachlichen Abgrenzung auch Immunoglobuline (Ig) genannt [132]. Man unterscheidet die
flinf Antikorperklassen IgG, IgM, IgA, IgD und IgE, wobei sich der generelle Y-formige Aufbau in zwei
unterschiedliche Abschnitte unterteilen lasst (Abbildung 12): Die beiden identischen schweren Ketten
(heavy chains; 50-70 kDa) sowie die beiden identischen leichten Ketten (light chains; 25 kDa), welche
mittels kovalenter Disulfidbriicken zur Antikorper-typischen Y-Form verknlipft sind. Das antigenbin-
dende Fragment (fragment antigene binding; Fab), bestehend aus den antigenbindenden Regionen
(complementarity determing regions (CDR)), wird durch den heterogenen Bereich aus dem variablen
Teil der schweren Kette (Vyx), dem variablen Teil der leichten Kette (Vi) und dem konstanten Teil der
leichten Kette (C.) sowie einem Teil der schweren Kette (Cnl) gebildet.

Durch enzymatisch vermittelte Spaltung kénnen Antikoérper, abhangig vom Enzym, in bis zu drei Frag-
mente aufgetrennt werden. So spaltet das Enzym Papain einen IgG-Antikorper in 3 Fragmente: zwei
identische Fab-Fragmente sowie das Fc-Fragment (fragment crystallizable), welches mehrere kon-
stante Teile der schweren Kette (Cu2/Cu3) umfasst und bei intaktem Antikérper die Aktivierung des
Komplementsystems bewirkt. Das Enzym Pepsin hingegen spaltet einen IgG-Antikérper in 2 Frag-
mente: das antigenbindene F(ab’)2- sowie das Fc-Fragment, welches durch die Behandlung in mehrere

Bruchstlicke zerfallt [132].
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Abbildung 12: Schematischer Aufbau eines IgG-Antikérpers sowie dessen enzymatischer Abbau durch Pepsin (oben) und Pa-
pain (unten); Vi/Vy: variabler Teil der leichten bzw. schweren Kette, C,/Cn1/ C42/ C43: konstanter Teil der leichten bzw. schwe-
ren Kette;

Aufgrund der langsamen Pharmakokinetik, welche ihre Ursache in der GroRe, Form und Affinitat eines
Antikorpers besitzt, muss fir die nuklearmedizinische Anwendung von Antikorpern ein Radionuklid mit
einer der Kinetik angepassten Halbwertszeit gewihlt werden. Geeignete Nuklide sind z. B. 2%
(t12=4,18 d) und ®2Zr (t1/,=78,4 h) fiir die PET-Diagnostik sowie Y (t1,=64,1 h), 3! (t1,=8,02 d) und
Y7Ly (t12=6,71 d) fiir den therapeutischen Ansatz. Sowohl die kommerzielle Verfiigbarkeit des #2zr als
auch die geringe in vivo-Stabilitat lod-markierter Derivate [133] sorgte in den letzten Jahren fiir einen
erhohten Fokus auf Immunokonjugaten fiir die Radiomarkierung mit Zirkonium [134-136]. Durch
Knipfung des Antikérpers mit einem Chelator wird eine Komplexierung des verwendeten Radiometalls
ermoglicht (Abbildung 13). Von Bedeutung fiir die Komplexierungschemie ist eine Durchflihrung unter
milden Bedingungen (37 °C, pH 8-9, wassrige Losung), um eine Denaturierung als auch Agglomeration
des Antikorpers zu verhindern. Des Weiteren ist eine Prakomplexierung des Radionuklids durch einen
Puffer wie Citrat oder HEPES (N-2-hydroxyethylpiperazin-N’-2-ethansulfonsdure) von enormer Bedeu-
tung, da der mAk durch seine Vielzahl an Donoratomen wie Stickstoff, Sauerstoff und Schwefel schwa-
che Metall-Antikérper-Bindungen ausbilden kann, welche jedoch in vivo durch Serumproteine dekom-

plexiert werden [137].
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Abbildung 13: Schematische Darstellung der Konjugation zwischen einem monoklonalen Antikorper (mAk) und dem bifunk-
tionellen Chelator Desferrioxamin-Benzyl-NCS (Df-Bz-NCS) fur die Radiomarkierung mit dem tetravalenten Zirkonium

Wichtig fiir den Erhalt der Immunoreaktivitat ist das Verhaltnis zwischen Chelator und Antikorper in-
nerhalb eines Konjugats. Zwar ist eine hohere spezifische Aktivitat mit steigendem Chelator-zu-Anti-
korper-Verhaltnis zu erwarten [138], jedoch kann gleichzeitig die Affinitat und damit die Immunoreak-
tivitat des Antikdrper-Chelator-Konjugats sinken [139].

Ein wichtiges Antigen fiir viele Antikorper ist das membranassoziierte Glykoprotein Mucin 1 (MUC1),
welches auf der Oberflache von Epithelzellen zu finden ist [140]. Das MUCL1 besteht aus einem Amino-
saurenrickgrat, welches mit Oligosacchariden aus bis zu 20 Zuckereinheiten glykosyliert ist. Aufgrund
einer sich wiederholenden Aminosduresequenz (GSTAPPAHGVTSAPDTRPAP; tandem repeat se-
quence) mit einem hohen Anteil an Threonin (T; 15 %) und Serin (S; 10 %) ist eine hohe Glykosylierung
moglich [141]. Das MUC1 sorgt einerseits fur adhdsive Wechselwirkung gegeniber Selectin-ahnlichen
Molekiilen aufgrund des hohen Kohlenwasserstoff-Anteils, was die Ausstreuung von Metastasen be-
glnstigt [142—145]. Andererseits agiert das MUC1 als anti-adhasives Protein wegen der groRen, um-
fangreichen Konformation, sodass die Zell-Zell-Wechselwirkung blockiert und somit eine Destabilisie-
rung der Zell-Zell- bzw. Zell-Matrix-Wechselwirkungen verursacht wird [146—148]. Die fiir den Bereich
der Nuklearmedizin wichtigste Funktion des tumorassozierten MUC1 (TA-MUC1) ist sein hohes Uber-
expressionslevel in Karzinomen und Metastasen, was das TA-MUCL1 zu einer hervorragenden Zielstruk-

tur fur diagnostische und therapeutische Fragestellungen macht [149].
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1.6.1 Antikérper GGSK-1/30

Der in dieser Arbeit verwendete monoklonale Antikorper (GGSK-1/30) wurde durch Vakzinierung von
Wildtyp-Balb/c-Mausen mittels eines synthetisch hergestellten Vakzins gegen TA-MUC1 gewonnen.
Der mAk wies in ersten in vitro-Studien eine hohe Affinitat gegeniiber den humanen Brusttumorzellen
MCF-7 und T47D auf [150-152]. Die Synthese des verwendeten Vakzins basiert auf der erwahnten
tandem repeat sequence, welche Teil der Antigeneinheit des Antikorpers darstellen soll, synthetisch
hergestellt, mit einer Sialyl-Ty-Seitenkette gekoppelt und an Tetanus-Toxoid (TTox) gebunden wird
(Abbildung 14) [151]. Das Glykopeptid soll hierbei das TA-MUC1 imitieren, wohingegen das TTox eine
immunstimulierende Wirkung besitzt. Wird nun dieses Vakzin der Maus verabreicht, sorgt dies fiir eine
Immunantwort, wodurch es zur Ausbildung von Antikdrpern gegen das Glykopeptid, dem Antigen

kommt.
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Abbildung 14: Antitumor-Vakzine aus einem an Serl7 glykosylierten MUC1-Glycopeptid und Tetanus-Toxoid [151]

1.7 Knochenmetastasen - Bisphosphonate

Knochenmetastasen sind ein optimales Target fiir Bisphosphonate (BP). Die Grundlage fiir den heuti-
gen Einsatz von Bisphosphonaten erforschten Fleisch et al. mit ihren Studien zu anorganischen Pyro-
phosphaten, welche eine charakteristische P-O-P-Briickenbindung besitzen. In ihren in vitro-Studien
zeigten sie, dass die Phosphatklasse neben hohen Affinitdten gegenilber Calciumphosphat auch inhi-
bierende Wirkung sowohl auf die Bildung als auch auf die Resorption der Calciumphosphatkristalle
besaR. Innerhalb von in vivo-Studien wiesen sie hingegen keinerlei Wirkung auf. Diese Beobachtung
wurde durch die Hydrolyse der Pyrophosphate erklart, was zur Entwicklung einer neue Klassen von
Bisphosphonaten flihrte, welche eine P-C-P-Briickenbindung besitzen [153,154]. Die wichtigsten Ver-

treter der einfachen sowie stickstoffhaltigen Bisphosphonate (N-BP) sind in Abbildung 15 zu sehen.
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Abbildung 15: Strukturen der wichtigsten Vertreter der einfachen Bisphosphonate (obere Reihe) sowie der stickstoffhaltigen
Bisphosphonate (untere Reihe)

Die therapeutische Wirksamkeit der BP beruht zunachst auf der hohen Affinitat der BP gegeniiber dem
Hydroxyapaptit der Knochensubstanz. Die BP reichern sich auf der Knochenoberflache an und werden
von Osteoklasten, welche fiir die Resorption des Apatits verantwortlich sind, endozytotisch ins Zellin-
nere aufgenommen. Der darauf folgende Wirkungsmechanismus der einfachen BP unterscheidet sich
von dem der stickstoffhaltigen BP. Die ,,einfachen” BP werden innerhalb der Biosynthese des Energie-
tragers Adenosintriphosphat (ATP) eingebaut und bilden nicht-hydrolysierbare Metaboliten. Dies fiihrt
zur Hemmung der intrazelluldren Energieversorgung und schlussendlich zum Zelltod [155,156]. Die
stickstoffhaltigen BP inhibieren das Enzym Farnesylpyrophosphat-Synthase (FPS) [157—-160], was dazu
fihrt, dass die Synthese essentieller Sterole wie dem Cholesterin unterbunden wird. Der Mangel dieser
Sterole im Cytosol der Osteoklasten fiihrt auch hier zu einer Unterversorgung mit Nahr- und Signal-
stoffen, sodass die Zellapoptose die Folge ist [161,162].

Die hohe Affinitat der BP nutzt die Nuklearmedizin seit Jahrzehnten fiir diagnostische und therapeu-
tisch-palliative Anwendung [163—-165]. Hierbei wird die komplexierende Eigenschaft der BP genutzt,
um die Radionuklide im stabilen Komplex innerhalb der Knochenmetastasen anzureichern. In den letz-
ten Jahren sind es vor allem DOTA- und NOTA-basierte BP, welche in praklinischen und klinischen Stu-

dien vielversprechende Ergebnisse flr den Einsatz dieser Radiopharmaka liefern [166—168].
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2. Problemstellung und Zielsetzung

Im Rahmen dieser Arbeit wurden verschiedene Teilprojekte (A bis E) bearbeitet, welche die Radiomar-
kierung verschiedener Chelator-basierter Systeme umfasste (siehe Abbildung 16). Hierbei wurden die
positronenemittierenden Radiometalle %8Ga und ®Zr fiir die PET-Diagnostik sowie das B-emittierende
Radionuklid ’Lu firr die therapeutische Anwendung eingesetzt. Fiir die Teilprojekte A bis D wurden,
basierend auf den Chelatoren DATA™ und AAZTA, bifunktionelle Derivate (DATA®™ und AAZTA®) entwi-

ckelt.
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Abbildung 16: Ubersicht der Teilprojekte im Hinblick auf ihre Anwendung fiir die jeweiligen Radionuklide
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Das Teilprojekt E umschliel8t die Kopplung eines neuartigen Antikorpers mit dem Chelator Desferrio-
xamin (Df) fur die Radiomarkierung mit #Zzr.

Nachfolgend sollen alle Teilprojekte sowie deren Zielsetzungen kurz erlautert werden.

Teilprojekt A:
Studien im Hinblick auf kinetische, thermodynamische und strukturelle Eigenschaften von Ga**- und

M?-Komplexen der Chelatoren DATA™ und DATA>™

Innerhalb dieses Projektes sollten die Stabilitdtskonstanten des ["'Ga]Ga-DATA™ sowie ["*Ga]Ga-
DATA®™ ermittelt werden. Es wurde hierbei der Vergleich zwischen beiden Chelatoren gezogen, um
den Einfluss des n-Valeriansdure-Linkers am DATA®™ auf die Komplexierungseigenschaften zu untersu-
chen. Mittels pH-Potentiometrie, NMR-Spektroskopie sowie UV/Vis-Spektrometrie wurden die Stabi-
litaten der Ga-Komplexe sowie verschiedener divalenter Metall-Komplexe untersucht. Des Weiteren
wurden kinetische Studien durchgefiihrt, um die Halbwertszeit der Transchelatisierung der Ga-Kom-

plexe gegen Transferrin zu untersuchen.

Teilprojekt B:

In vitro-Evaluierung von ["Ga]Ga-DATA-TOC sowie erste préklinische und klinische Studien von

[¥’Ga]/[®Ga]Ga-DATA-TOC

Hier sollten Affinitatsprofile des ["'Ga]Ga-DATA-TOCs hinsichtlich der Rezeptorinhibierung an den hu-
manen Somatostatinrezeptoren (hsstr) 2, 3 und 5 untersucht und mit dem literaturbekannten
["*Ga]Ga-DOTA-TOC verglichen werden. Des Weiteren wurde das [*’Ga]/[*®Ga]Ga-DATA-TOC inner-
halb von in vivo-Studien an gesunden als auch tumortragenden Tieren durchgefiihrt, um Aufschluss
Uiber die Bioverteilung und -stabilitat zu erhalten. Zudem wurden erste Humanstudien des [*8Ga]Ga-
DATA-TOC im Vergleich mit [#8Ga]Ga-DOTA-TOC, welches seit 2014 den orphan drug status durch die
FDA erhielt, durchgefihrt [128].

Teilprojekt C:
Synthese und Radiomarkierung bifunktioneller DATA-Derivate mit Ga fiir die Kopplung an Targeting-

vektoren unter milden Bedingungen

Um das Anwendungsgebiet des bifunktionellen Chelators DATA®™ zu erweitern, wurden drei verschie-
dene Derivate (DATA>™-Bz-NCS, DATA’™-en-QS, DATA®™-TEG-Ns) synthetisiert. Diese erméglichen eine
direkte Kopplung des Chelators an makromolekulare Systeme wie Peptide, Antikorperfragmente und
funktionalisierte Polymere oder Nanopartikel unter milden Bedingungen. Ein Vorteil dieser Derivate
liegt innerhalb der Kopplungschemie, welche die Abtrennung des Chelators vom Chelator-Biomolekiil-

Konjugat erleichtern soll. Alle drei Derivate wurden mit ®Ga markiert und innerhalb erster in vitro-
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Studien auf ihre Stabilitat hin untersucht. Als proof-of-concept wurde zudem ein Bisphosphonat-Deri-

vat (Pamidronat) am DATA>™-en-QS gekoppelt, aufgereinigt und radiomarkiert.

Teilprojekt D:
Synthese und Radiomarkierung bifunktioneller AAZTA-Derivate mit *”’Lu fiir die Kopplung an Targe-

tingvektoren unter milden Bedingungen

Um das Anwendungsgebiet des bifunktionellen Chelators AAZTA® zu erweitern, wurden drei verschie-
dene Derivate (AAZTA>-Bz-NCS, AAZTA-en-QS, AAZTA’-TEG-Ns) synthetisiert. Diese ermdglichen, wie
auch im Teilprojekt C, eine direkte Kopplung des Chelators an makromolekulare Systeme wie Peptide,
Antikorper und funktionalisierte Polymere oder Nanopartikel unter milden Bedingungen. Alle drei De-
rivate wurden in ersten Studien mit Y’’Lu markiert und im Hinblick auf ihre in vitro-Stabilitat evaluiert.
Als proof-of-concept wurde zusitzlich das AAZTA®-Bz-NCS mit einem monoklonalen Antikérper GGSK-
1/30 (siehe Teilprojekt E) gekoppelt, radiomarkiert und hinsichtlich seiner in vitro-Stabilitat unter-

sucht.

Teilprojekt E:

Radiomarkierung, in vitro und in vivo-Evaluierung eines neuartigen Antikérpers fiir die InmunoPET mit

897r

Der neuartige, durch Vakzinierung generierte Antikérper GGSK-1/30 wurde mit dem bifunktionellen
Chelator Desferrioxamin-Benzylisothiocyanat modifiziert (Df-Bz-NCs-mAb) und erstmals mit dem Posi-
tronenemitter 8Zr radiomarkiert. Ziel dieses Projekts war es, die bis dato vorliegenden Daten zur Spe-
zifitdat des mAk aus histologischen und immunologischen Untersuchungen innerhalb von in vitro- und
in vivo-Studien zu bestatigen. Hierbei wurde die Immunoreaktivitat des radiomarkierten Konjugats
([89Zr]zr-Df-Bz-NCS-mADb) gegeniiber gesunden als auch tumordsen Epithelzellen Giberprift. Zur Verifi-
zierung wurden zudem Bioverteilungen als auch PET-Messungen an transgenen MUC1-Mdusen mit

Mammakarzinomen durchgefiihrt.
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ABSTRACT

The development of %8Ge/%®Ga generators has made the positron emitting %3Ga isotope widely acces-
sible, raising interest in new chelate complexes of Ga**. The hexadentate 1,4-di(acetate)-6-methyl-
(amino(methyl)-acetate)-perhydro-1,4-diazepane (DATA™) ligand and its bifunctional analogue, 1,4-
di(acetate)-6-pentanoic acid-(amino(methyl)-acetate)-perhydro-1,4-diazepane (DATA>™), rapidly form
complexes with %8Ga in high radiochemical yield. The stability constants of DATA™ and DATA®™ com-
plexes formed with Ga¥*, Zn?*, Cu?*, Mn?* and Ca?* have been determined by pH-potentiometry, spec-
trophotometry (Cu?*) and H- and "*Ga-NMR spectroscopy (Ga**). The stability constants of Ga(DATA™)
and Ga(DATA®™) complexes are slightly higher than those of the Ga(AAZTA). The species distribution
calculations indicate the predominance of Ga(L)OH mixed hydroxo complexes at physiological pH. The
'H- and "*Ga-NMR studies provided information about the coordinated functional groups of ligands
and on the kinetics of exchange between the Ga(L) and Ga(L)OH complexes. The transmetallation re-
actions between the Ga(L) complexes and Cu?*-citrate (6<pH<8.5) occur through both spontaneous
and OH-assisted dissociation of the Ga(L)OH species. At pH=7.4 and 25 °C, the half lifes of the dissoci-
ation of Ga(DATA™), Ga(DATA®™) and Ga(AAZTA) are 11 h, 44 h and 24 h, respectively. Similar half lifes
have been obtained for the ligand exchange reactions between the Ga(L)OH complexes and transfer-
rin. The equilibrium and kinetic data indicate that the Ga(DATA®™) complex is a good candidate as a

%8Ga-based radiodiagnostic.

Keywords: Ligands, Gallium, Molecular Imaging, Thermodynamic, Kinetics, Reaction mechanisms, NMR
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INTRODUCTION

The visualization of biological processes at the molecular level and their qualitative and quantitative
assessment is the domain of Molecular Imaging (Ml). The established diagnostic power of the Positron
Emission Tomography (PET) technique in MI and the increasing availability of new biological targeting
vectors have led to the design and testing of a large number of radiopharmaceuticals in oncology,
cardiology, neurology, and infectious diseases [1]. The introduction of radionuclides like 3H, *!C or 18F
to biological targeting vectors needs time consuming synthesis. Taking the half life of these nuclides
into account, this is the main disadvantage for these radioisotopes in means of preparation and exam-
ination of their derivatives. Radiometal ions, instead, can be complexed in a single step to yield the
desired product. These probes can be used for diagnosis via PET or SPECT imaging [2]. The major con-
cern for most radionuclides is their availability and their means of production. Therefore, the use of
generator produced isotopes has become of great interest over the last few years [3]. The widespread
clinical application of ®8Ge-based radioisotope generators (t1/2(°®Ge)=270.8 days) for the production of
the PET isotope ®Ga (t1,=67.71 min, Ep.max=1.89 MeV, 89 % decays through positron emission), to-
gether with its favourable properties, i.e. half life sufficient for production and application of tracers
with relatively low radiation dose to the patient, has gained the research activity for the development
of effective, specific and safe ®Ga-based radiopharmaceuticals [4—7]. Because of the similar properties
of Ga** and Fe® ions, the ®8Ga-based radiopharmaceutical consists of a thermodynamically stable and

.complex linked to a specific vector, most often represented by peptides or

kinetically inert Ga
pseudo-peptides. The Ga** ion is known to form stable complexes with carboxylate (e.g. TTHA, NOTA,
DOTA) [8-12], picolinate (e.g. DEDPA, p-SCN-Bn-H,dedpa) [13,14], hydroxamate (e.g. DFO, FSC)
[15,16], phenolate (e.g. HBED, SHBED) [17,18], but will also bind well to “softer” thiolate groups (e.g.
EDDA-SS, TACN-TM) [19,20]. The coordination of Ga** with several different ligands has been thor-
oughly investigated, starting from the screening work of Martell [8,9] and followed, in the last two

I.complexes in order to prevent

decades, by the design and development of novel and improved Ga
the transmetallation reaction with endogeneous metal ions (Cu?*, Zn%*, Ca%) or transchelation reac-
tions with proteins such as transferrin [21,22]. It is well established that macrocyclic chelators such as
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) and 1,4,7-triazacyclo-nonane-1,4,7-
triacetic acid (NOTA), either free or conjugated to peptides, form thermodynamically stable and kinet-
ically inert complexes with ®Ga [21-27]. However, the efficient labeling of DOTA and NOTA ligands
with ®#Ga isotope requires a large excess of ligand (>1000 fold) and high temperature (95 °C) which
tend to denaturate the biologically active proteins. In this context, there is intensive search for highly
Ga* specific chelators for efficient ®%8Ga-labeling at room temperature [26,27].

The heptadentate ligand AAZTA (scheme 1) is easily prepared [28,29]. Its coordination properties to-

wards a wide array of metal ions have been reported, showing its remarkable affinities to lanthanides

49



and transition metal ions [30—-33]. The ready availability of AAZTA and recent descriptions of its lipo-
philic derivatives for targeting high density lipoproteins (HDL) [34], cell membranes [35], the synthesis
of bifunctional compounds for conjugation purposes [29], and the fast formation of complexes
prompted us to explore the possibility of employing the AAZTA platform for developing useful com-
plexes for targeted PET applications [36]. Based on the 6-amino-1,4-diazapine (DATA) scaffold new
hexadentate chelators were developed by Waldron et al. that shows favourable complexation behav-

iour [37-39].

Ho o OH OH OH
</ o _

(o) o) o) o}

/BN\S(;\/(:H /\}N\S%H HO\HAN\}N\Sﬁ/{OH
S/\OH ;\OH o S/\OH

AAZTA DATA™ DATA®™

Scheme 1: Structure of AAZTA, DATA™ and DATA®™ ligands

Radiolabelling experiments with ®Ga of these ligands showed high radiochemical yields after 1 minute
and high stability in the first in vitro and in vivo studies [40,41]. In this study we synthesized the DATA™
and DATA®™ ligands via a new synthesis route and evaluated their protonation behaviour and complex-
forming properties with various alkaline earth, transition metal and Ga3* ions. The kinetic inertness of
Ga(DATA™) and Ga(DATA>™) complexes was investigated via the exchange reactions with Cu?* and
transferrin under near physiological conditions. The solution structures and dynamics of the

Ga(DATA™) and Ga(DATA®™) complexes have also been investigated by 'H-NMR spectroscopy.
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RESULTS AND DISCUSSION

The HsDATA™ and H4DATA®™ ligands is a derivative of HJAAZTA in which one of the carboxylate groups
is substituted by a methyl group in the imino-diacetate (IMDA) moiety (scheme 1). In the complexes
of AAZTA, three N- and four carboxylate O-atoms can simultaneously bind the metal ion [19-25]. Re-
moving one carboxylate group will evidently affect the equilibrium, kinetic and structural properties of
the metal complexes formed with DATA™ and DATA®™ ligands. Indeed, the DATA™ ligand has been

_complex by X-ray crystallography [38,39]. Moreover, the

shown to form a well-defined octahedral Ga
presence of the n-valeric acid pendant used for the conjugation of DATA>™ to biologically active mole-
cules may influence the physicochemical properties of the metal-complexes (for bioconjugation reac-
tions, the orthogonal protected DATA®™ is used with the base labile methyl ester of the n-valeric acid
pendant and the t-butyl ester of the carboxylate groups) [35]. Taking into account these considera-

tions, the behaviour of DATA™ and DATA®™ has been compared in detail.

Solution equilibria of the DATA™ and DATA®™ ligands and its complexes

Protonation equilibria of the HsDATA™ and HsDATA®™ ligands:

The protonation constants of the ligands, defined by eq. (1), have been determined by pH-potentio-
metry and the logki" values are listed in table 1. (standard deviations are shown in parentheses). The

charges of the ligands and complexes will be used only when it is really necessary.

H_ [HlL]
K= TR W

where i=1, 2,...5.

Table 1: Protonation constants of DATA™, DATAS™ and AAZTA ligand (0.15 M NaCl, 25°C);(MeAAZ3A=DATA™, a: The protona-
tion constant of n-valeric acid is not considered (due to the negligible role in metal binding).

DATA™  MeAAZ3A“ DATA®™ AAZTABY
logk," | 11.27 (1) 10.90 11.39 (1) 10.06
logk;" | 5.15(2) 5.14 5.30(2) 6.50
logks" | 3.49 (1) 3.71 N 3.77
-COOH
logks" | 2.08(2) 2.17 3.45(2) 2.33
logKs" — — 2.28 (4) 1.51
Tlogk® | 21.99 21.92 26.77/22.42° 2417
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The protonation sequence of the AAZTA ligand was determined by a study of the pH-dependence of
the *H-NMR chemical shifts of non-labile protons [30]. The first protonation takes place at the nitrogen
atoms of the ring and the pendant arm (the protonation occurs partially at a ring N- and at the imino-
diacetate N-atom). The second protonation occurs at the ring nitrogen, whereas the first proton is
transferred to the nitrogen of the IMDA group, because of the electrostatic repulsion between the
protonated ring and the exocyclic nitrogen. Further protonations occur at one of the ring-carboxylate
groups and non-protonated ring nitrogen atom and/or the carboxylate pendant arms, respectively.
According to the Ady values of the non-labile protons of the DATA™ ligand published by Waldron et al.
[37] the protonation scheme of DATA™ and DATA®™ ligands is very similar to that of AAZTA. A compar-
ison of the protonation constants (table 1) indicates that logki™ and logk,™ values of DATA’™ are slightly
higher, whereas the logKs" value for DATA’™ is 0.7 logK unit higher than for DATA™. The higher logk,"
and logK" values of DATA®™ can be explained by differential solvation of the protonated ligand follow-
ing introduction of the n-valeric acid moiety.

By considering the protonation constant of n-valeric acid (logki"=4.69) [43], it is reasonable to assume
that the third protonation of DATA®™ involves the carboxylate group of the n-valeric acid pendant.
Finally, the logks" and logKs™ values of DATA™ and logKs" and logKs™ values of DATA®™, corresponding
to the protonation of the ring-carboxylate and non-protonated ring nitrogen or carboxylate groups,
are very similar. It is worth noting that the logki™ value of DATA™ and DATA>™ is significantly higher
than that of the AAZTA ligand, which can be explained by the formation of Na(AAZTA)3* complex com-
peting with the first protonation process. The lower affinity of DATA™ and DATA®™ towards Na* may be
related to the absence of one acetate arm results in the lower overall charge of the fully deprotonated

ligands.

Complexation properties with M?* cations:

The stability and protonation constants of the metal complexes are defined by egs. (2) and (3).

_ ML
o [MH; L] 3
ML TS 10 (3)

where i=1-3. The protonation and stability constants of the DATA™ and DATA>™ complexes have been
calculated from the titration curves obtained at 1:1 metal to ligand concentration ratios. The best fit-
ting was obtained by using a model which includes the formation of ML, MHL, MH,L and MHjsL species
in equilibrium. The titration data of the DATA™ and DATA®™ in the presence of Zn** and Cu® indicate

base consuming processes at pH>9. These processes can be interpreted by assuming the hydrolysis of
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the metal ion; the coordination of OH" ion results in the formation of M(L)OH species. The protonation

of the M(L)OH species can be characterized by the equilibrium constant Kywu-1 (eq. (4)).

M(L)OH+ H* 2 ML+ H,0

(4)

L

" [MH LU
Because of the high stability of the Cu(DATA™) and Cu(DATA®™) complex, the determination of the sta-
bility constants cannot be carried out by direct pH-potentiometry. However, it is possible by spectro-
photometry. The stability constant has been determined by studying the equilibrium in the Cu?*-DA-
TA™-H* and Cu?*-DATA®™-H* systems with UV/Vis spectrophotometry. The competition reaction (eq.
(5)) has been studied in the [H*] range 0.01-1.0 M, where the species Cu?*, Cu(HsL), Cu(H,L) and Cu(HL)

are present in the equilibria.
Cu®* + H,L 2 Cu(HyL) + (x-y) H* (5)

where x=3-4 and y=1-2 for DATA™ and x=4-5 and y=2-3 for DATA®". Some characteristic absorption
spectra obtained for the Cu**-DATA™-H* and Cu?*-DATA>™-H*systems are shown in figure 1. The stability
constants obtained by pH-potentiometric titration and by UV/Vis spectrophotometric technique for
the Cu®* are presented in table 2. The stability constants of Ca'-, Mn'- and Cu"-complexes formed with
DATA™ and DATA®™ ligands are lower by 2-3 logK units than those of the corresponding AAZTA com-
plexes. Interestingly, the stability constants of Zn(DATA™) and Zn(DATA®™) complexes are higher than
that of Zn(AAZTA). A comparison of the logKw. values of metal complexes formed with DATA™ and
DATA®™ indicates that the stability constants of the DATA®™ complexes (table 2) are generally higher

by 0.2-0.5 logK units than those of the corresponding complexes of DATA™.
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Figure 1: The absorption spectra of the Cu?*-DATA™-H* (A) and Cu2*-DATA>™-H* (B) systems as a function of [H*]. The curves
and the open symbols represent the experimental and the calculated absorbance values, respectively. ([H*]=1.0 (<), 0.60
(0), 032 (A), 0.10 (O), 0.05 (<), 0.025 () and 0.01 M (A); [Cu?*]=[DATA™=[DATAS™]=0.002 M, [H*]<0.15
M-=>[Na*]+[H*]=0.15 M, 25°C, I=1 cm).

Table 2: Stability and protonation constants of DATA™, DATAS™ and AAZTA complexes formed with Ca2*, Mn2*, ZnZ* and Cu?*
ions (0.15 M NaCl, 25°C); a: Spectrophotometry, [H*]=0.01-1.0 M, I=[H*]+[Na*]=0.15 M in samples at [H+]<0.15 M

DATA™ DATAS™  AAZTABY

Cal 8.70(2) 9.09(2) 11.75(1)
CaHL 5.49(4) 5.64(5)  3.41(3)
CaH,L 4.71(5) _

MnL 11.43%2 1163 (2) 14.19 ¥
MnHL 3.36 142 4.86 (1) 2.61°
MnH,L - 3.53 (4) -

ZnL 16.54 (2) 16.91(2) 16.02 (1)
ZnHL 1.76 (5) 4.77 (1) 3.95 (1)
ZnH,L - 1.77 (5) 2.53(1)

Zn(L)OH | 11.94(4) 12.00(5) 11.36(2)

CulLl 18.36 (4) 18.97(2) 20.60 (4)
CuHL 3.56 (2) 4.58 (1) 3.86 (1)
CuH,L 1.52 (2) 3.35(1) 2.43(1)
CuHsL - 1.34 (2) 1.37 (3)

Cu(L)OH | 10.88(1) 11.10(4) 10.62(2)

The complexes formed with the DATA™ and DATA™, similarly to those of AAZTA, can be protonated at
lower pH values and the protonation constants have been determined by pH-potentiometry (table 2).
The logKmn value of Mn", Zn'- and Cu'"-, and the logKuna. value of Ca"-complexes formed with DATA>™
are very similar to the logKs" value of the free ligand, DATA>™. These findings clearly indicate that the
n-valeric acid fragment of DATA’™ does not participate in the coordination of metal ions, so it can

protonate/deprotonate independently. For the complexes formed with Zn?* and Cu? ions one and two
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lower protonation constants could be determined, respectively. In these complexes there exists prob-
ably one weakly-coordinated donor atoms (a carboxylate-0), which can be protonated in the pH range

2-5.

Equilibrium properties of Ga**-DATA™ and Ga**-DATA®™ systems:

The stability and protonation constants of Ga(DATA™) and Ga(DATA>™), defined by egs. (2) and (3),
were determined by pH-potentiometric titration of solutions from basic to acidic conditions by follow-
ing the competition between the OH" ions and the DATA™ or DATA®™ ligands for Ga®* at high pH values
(pH>8), as described in eq. (6). For the calculations the hydrolysis constants of the free Ga3*-ion
(logKigaiony2+= -2.97, logKica(on)21+=-5.92, logKicaion)z) =-8.2 and logK{ca(onja;-=-17.3) were also used [44—
46].

Gal+4 OH 2 [Ga(OH),]'+ H,L (6)

The protonation constants of Ga(DATA™) and Ga(DATA®™) have been calculated from the titration
curves obtained at 1:1 metal to ligand concentration ratios by titrating the preformed complex with
standardized HCl solution. The titration data obtained for Ga(DATA™) and Ga(DATA>™) at 8>pH>5 indi-
cated the occurrence of an extra acid consuming process. This process can be interpreted by the reac-
tion of a H*ion with the [Ga(L)OH] species. The formation and protonation of mixed hydroxo [Ga(L)OH]

complexes could be characterized by egs. (4) and (7):
Ga**+L+0H 2 Ga(L)OH
_ [Ga(L)OH]
Peauns” [Gam[LIIoN]

The Ga*-DATA™ and Ga*-DATA>™ equilibrium systems have also been investigated by H- and "‘Ga-
NMR spectroscopy. The H- and "*Ga-NMR spectra of the Ga3>*-DATA™ and Ga**-DATA>™ systems ob-

tained in the pH range 1.7-12 are presented in figures 2 and 3, S1 and S2, respectively.
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Figure 2: 400 MHzH-NMR spectra of the Ga3*-DATA™ system ([Ga3*]=8.15 mM, [DATA™M]=8.30 mM, 0.15 M NaCl, 298K)
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Figure 3: 122 MHz 7Ga-NMR spectra of the Ga3*-DATA™ system ([Ga3*]=8.15 mM, [DATA™]=8.30 mM, 0.15 M NaCl, 298 K)
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The H- and *Ga-NMR data have also been used to calculate the stability and protonation constants
of Ga(DATA™) and Ga(DATA>™) complexes by taking into account the integrals of the H- (Ga(DATA™):
CHs-C- (1.0 ppm), CHs-N- (2.3 ppm), see figure 2; Ga(DATA®™): CHs-N- (2.35 ppm), see figure S1; and
"1Ga-NMR signals of ([Ga(OH).] (223 ppm), see figures 3 and S2). Moreover, the protonation constant
of the n-valeric acid fragment in the Ga(DATA>™) complex has also been calculated from the chemical
shift variation of the triplet resonance, -CH,-COO’, (2.2 ppm), (see figure S1) as a function of pH. The
stability and protonation constants of Ga(DATA™) and Ga(DATA®™) complexes obtained by pH-potenti-

ometry, *H- and "*Ga-NMR spectroscopy are listed and compared with those of Ga(AAZTA) in table 3.

Table 3: Stability and protonation constants of Ga(DATA™), Ga(DATA5™) and Ga(AAZTA) complexes (0.15 M NaCl, 25°C)

Ga(DATA™) Ga(DATA®™) Ga(AAZTA)BY
method pH-pot. 'H/"*Ga-NMR pH-pot. H/"*Ga-NMR pH-pot.
pH=12-1.7 pH=1.7-12

logKeaL 21.54 (2) 21.80 (4) 21.41 (2) 21.60 (5) 21.15

logKsant 2.42 (2) 2.25(9) 4.44 (3) 4.40 (4) 3.14
-COOH -COOH

|OgKGaHz|_ — — 2.05 (5) — 1.14
logKsaus | 6.25 (2) 6.38 (4) 6.31(4) 6.20 (4) 4.60
logfBeara | 15.29(2) 15.42 (4) 15.07 (4) 15.40 (5) 16.57

The stability constants of Ga(DATA™) and Ga(DATA®™) complexes are slightly higher than those of
Ga(AAZTA). Since the total basicity (Zlogki™) of AAZTA is significantly higher than those of DATA™ and
DATA>™ (table 1), the higher logKs.. values of Ga(DATA™) and Ga(DATA®™) can be explained by consid-
ering the structural properties of these complexes. In Ga(DATA™), the Ga®* ion is coordinated by three
amine-N and three carboxylate-O donor atoms (two ring- and one exocyclic-carboxylate-0) in a slightly
distorted octahedral fashion [37—39]. However, in Ga(AAZTA) the Ga*' ion is coordinated by 3 amine-
N and 3 carboxylate-O donor atoms (two exocyclic- and one ring-carboxylate-O, whereas one of the
ring-carboxylate-O does not coordinate) with a more distorted octahedral geometry, that results in a
less favourable coordination environment for the Ga3* ion and the lower stability of Ga(AAZTA) [31].
By taking into account these assumptions and presuming similar coordination geometry for the Ga'"'-
and Zn" complexes, the higher stability of the Zn(DATA™) and Zn(DATA®™) by comparing with that of
Zn(AAZTA) might also be explained by the less favourable coordination environment of the Zn" ion in
the more distorted Zn(AAZTA) complex. Owing to the higher stability of the Ga(DATA™) and
Ga(DATA>™), the formation of [Ga(DATA™)OH] and [Ga(DATA>™)OH]?* (logKsaLt-1, table 3) takes place at
higher pH values than that of [Ga(AAZTA)OH]*. However, [Ga(DATA™)OH] and [Ga(DATA>™)OH]?* spe-
cies still predominate under physiological conditions (figures 4 and S3) and are characterized by signif-

icantly lower stabilities than that of [Ga(AAZTA)OH]? (logfsain-1, table 3), in accord with the different
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constitution of [Ga(DATA™)OH], [Ga(DATA>™)OH]?* and [Ga(AAZTA)OH]?*. The equilibrium data, ob-
tained by pH-potentiometric titration, allowed a calculation of the species distribution diagram for the

Ga*-DATA™ and Ga**-DATA™ systems, (see figures 4 and S3.)

(Ga(OH),]

0= [GaLOH] -l

GaHL

. ./.,/
|

abundance Ga’' / %

pH

Figure 4: The species distribution (red, green, purple, black, brown and blue solid lines) in the Ga3*-DATA™ system calculated
from pH-potentiometric data (table 3). ([Ga3*]=[DATA™]=8.2 mM, 0.15 M NaCl, 25 °C). The percentage of the [Ga(DATA™)OH]
(#) and [Ga(OH),4]- (M) species were calculated from the 'H- and 7'Ga-NMR spectra of the Ga3*-DATA™ system. Chemical
shifts of the N-CHs3 (A) and C-CH5 (®) protons of Ga(DATA™) complex against pH

In the species distribution diagrams (figures 4 and S3), the H- and 7*Ga-NMR data (figures 2, 3, S1 and
S2) indicate that the competition reaction between DATA™ and DATA>™ ligands and OH ions for the
Ga* ion with the formation of [Ga(DATA™)OH] and [Ga(DATA>™)OH]?* is complete at about pH<8. In
the H-NMR spectrum, the changes in the intensity and the chemical shifts of the free DATA™ and
DATA>™ signals indicate the formation of [Ga(DATA™)OH] and [Ga(DATA>™)OH]?* species and the pro-
tonation of free DATA™ and DATA>™ ligands in the pH range 8-1.4. The "*Ga-NMR signal is relatively
sharp for the highly symmetric [Ga(OH")4] species (figures 3 and S2, 8c.=223 ppm, v%=88 Hz) at pH>11.
The intensity of the 7?Ga-NMR signal of the [Ga(OH")4] species decreases by decreasing pH due to the
formation of [Ga(DATA™)OH]" and [Ga(DATA>™)OH]* complexes in the pH range 11.4-8. In the pH
range 7-8, the [Ga(DATA™)OH] and [Ga(DATA>™)OH]* complexes predominate. At pH<7, the protona-
tion of [Ga(DATA™OH] and [Ga(DATA®™)OH]* complexes by the formation of Ga(DATA™) and
Ga(DATA>™) result in shifts to higher frequency of all the signals in the *H-NMR spectrum (figures 2
and S1). The *Ga-NMR signal of the Ga(DATA™) and Ga(DATA>™) is broad (figures 3 and S2, Ga(DATA™):
86a=129 ppm, v%=1000 Hz; Ga(DATA®™): 85.=129 ppm, v%=1100 Hz, pH=4.5). However, the "*Ga-NMR
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signal of the Ga(AAZTA) is even broader (66.=118 ppm, v=2218 Hz, pH=4.0) as a result of the more
asymmetric coordination geometry of AAZTA [31]. In the pH range 3-5, the protonation of the n-valeric
acid side chain of Ga(DATA®™) takes place with a shift to higher frequency of the -CH,-COO" signal
(triplet at 2.3 ppm, figure S1). The protonation constant of n-valeric acid entity of Ga(DATA>™)
(logKsani=4.40, table 3) is very similar to that of the free DATA>™ (logKs"=4.35, table 1), which indicates,
that the carboxylate group of n-valeric acid arm in DATA®™ does not coordinate to the Ga** ion, so it
can protonate/deprotonate independently. In the pH range 1.7-3.5, the formation of Ga(HDATA™)* and
Ga(H2DATA’™)* results in a small shift of all signals in the range of 3-4 ppm (figures 2 and S1), which
indicates that this process takes place at the weakly-coordinated ring-carboxylate groups of ligands.
The stability constant of Ga(DATA™) and Ga(DATA®™) obtained by the pH-potentiometry and multinu-

clear NMR spectroscopy) are in very good agreement (see table 3).

Dynamic NMR study of chemical exchange processes

The chemical exchange processes between Ga(DATA™) and [Ga(DATA™)OH], and Ga(DATA>™) and
[Ga(DATA>™)OH]* complexes have been investigated by *H-NMR spectroscopy in D0 solution (see fig-
ures 5 and S4). The solution structure of Ga(DATA®™) is expected to be similar to that of the corre-
sponding Ga(DATA™), investigated in the solid state by X-ray diffraction [37]. Crystallographic data of
Ga(DATA™) reveal, that the coordination geometry around each Ga3* ion can be described as a slightly
distorted octahedral geometry, where one of the ring N, the exocyclic N, one of the ring carboxylate O
and the exocyclic carboxylate O donor atoms are coordinated in a square planar fashion in equatorial
positions. The other ring N and ring carboxylate O donor atoms complete the coordination sphere of
the Ga** ion in axial positions [37].

In the 'H-NMR spectra (273 K and pH=6.4), signals of the CH3-N and CHs-C in Ga(DATA™) and the CHs-
N in Ga(DATA>™) give rise to two singlets. By increasing the temperature, the singlets broaden, coalesce
(Ga(DATA™): CH3-C, T=283 K; CHs-N, T=298 K; Ga(DATA®™): CHs-N, T=298 K) and then merge into a single

resonance (figures 5 and S4).

GaL+ OH 2 Ga(L)OH (8)
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Figure 5: VT-400 MHz 'H-NMR study of Ga(DATA™)-Ga(DATA™)OH system ([GaL]=15 mM, D,0, pD=6.8 (pD=pH + 0.41))

Since at pH=6.4 the Ga(DATA™) and Ga(DATA>™)" complexes are present in the form of GaL and Ga(L)OH
species (the ratio of the Gal and Ga(L)OH species is about 2 to 3), this behaviour can be attributed to
a chemical exchange process between Gal and Ga(L)OH species via the replacement of one ring car-
boxylate-O donor atom with an OH" ion in the inner sphere of the Ga(DATA™) and Ga(DATA®™) com-
plexes (eq. (8)). Interestingly, the signal of the CHs-C protons in the H-NMR spectra of Ga(AAZTA)
obtained at 273 K and pH=4.6 (the ratio of GalL and Ga(L)OH species is about 1 to 1) has not been split
to two singlets indicating the differing structures and exchange processes of Ga(AAZTA) and
[Ga(AAZTA)OH]* complexes (figure S5). A complete line-shape analysis allows the extraction of kinetic
parameters for the exchange process (figures S6 and S7). The proton NMR spectral data were meas-
ured at eight different temperatures, in the range 273-298 K (figures 5 and S4). The limiting value of
the transverse relaxation time (T3) has been calculated from the line width of the singlet at 3.55 ppm
(figure 5) (T2=0.07 s), because of its temperature independence below 298 K. The chemical shift differ-
ences (Ady, between the CHs-C and CH3-N protons of Ga(DATA™) and [Ga(DATA™)OH] complexes are
35 and 67 Hz, whereas the AS value for the CH3-N protons in Ga(DATA®™)" and [Ga(DATA®™)OH]*

complexes is 66 Hz.



H,C-C

RN Measured H,CN Calculated TIK
B N M L A k27557 298K
VNN A N e
MAJ\ ,MJ\/\_A_ J\A k805"
.A_AJ\MJL _)A_,/\j\\,_,

293K

==

288K

283 K

278K

i

k=605 273 K
"24 22 20 18 16 14 12 10 08 06 24 22 20 18 16 14 12 10 08 06
O /ppm 3y /ppm

Figure 6. Experimental and calculated H-NMR spectra (400 MHz) of the N-CH; and C-CHs; protons in Ga(DATA™) —
Ga(DATA™)OH systems as a function of temperature.

The activation parameters were assessed from the temperature dependence of the calculated rate
constants (kex=1/7) using the Eyring equation (figure S8). The activation parameters for the exchange
reaction between GalL and Ga(L)OH species of Ga(DATA™) and Ga(DATA>™) complexes are listed in table
4. The band shape analysis provides very similar free energy (AG*,9s), activation enthalpy (4H*) and
activation entropy (AS*) values for the exchange reactions between Gal and Ga(L)OH species for the
Ga(DATA™) and Ga(DATA>™) complexes. In fact, the same exchange processes for Ga(DATA™) and
Ga(DATA®™) complexes take place with similar activation parameters, which is clearly indicated by the
similar exchange rates (kex®*®) (table 4), and the similar slopes and the intercepts obtained from the
Eyring plots (figure S8). The formation of Ga(L)OH species from both Ga(DATA™) and Ga(DATA®™) com-
plexes requires the decoordination of a ring carboxylate O donor atom and the coordination of OH"
ion. It results in the weakening of the bonds formed between the Ga®* ion and the nitrogen donor
atoms of the ring. Since the exchange between Gal and Ga(L)OH species for Ga(AAZTA) takes place
more rapidly even at low temperature, (figure S5) it can be assumed that the formation of Ga(L)OH
species occurs by the (relatively slow) structural rearrangement of the Ga(DATA™) and Ga(DATA>™)

complexes, as characterized by relatively high AG?,9s values.
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Table 4: Rate constant and activation parameters for the exchange reaction between Gal and Ga(L)OH species of Ga(DATA™)
and Ga(DATA>™) complexes obtained from the line-shape analysis of the 1H-NMR spectra.

Ga(DATA™)  Ga(DATA™)
AH* [k)-mol? 39 (1) 32.7 (8)
AS* [)-molK* -67 (4) -89 (3)
AG* 395 [k)-mol™ 59.0 (1) 59.3 (1)
k> /s 280 250

Dissociation kinetics

In order to apply the Ga(DATA™) and Ga(DATA>™) complexes as *8Ga based radiodiagnostics in vivo,
their kinetic stability with respect to metal dissociation must be evaluated. Nowadays, it is generally
accepted that the kinetic inertness of metal complexes in vivo is more important than the thermody-
namic stability, especially for shorter-lived radioisotope complexes. The inertness can avoid a rapid
loss of the metal ion and the loss of radioactivity from the targeted agent. The dissociation rate of the

metal ion from a Ga"

complex is typically measured in strong acidic ([H*]>1.0 M) and/or strong basic
conditions ([OH]>0.1 M) [12,23]. These conditions differ considerably from the physiological ones and
limiting the value of the data to predict the behaviour of metal complexes in body fluids for in vivo

" complex may interact with the endogenous ions

experiments. The intravenously administered Ga
(Cu®, Zn?* and Ca?*) or serum proteins such as transferrin that results in the release of the Ga3* ion. In
order to assess the kinetic inertness, the transmetallation and trans-chelation reactions of Ga(DATA™)

and Ga(DATA®™) complexes with Cu?* and transferrin have been studied by spectrophotometry.

Transmetallation reactions:

_chelates and Cu?* ions have been studied

The transmetallation reactions occurring between the Ga
by spectrophotometry examining the absorption band of the resulting Cu" complexes in the presence
of excess citrate, to prevent the hydrolysis of Ga®* and Cu?* ions over the pH range 6.0-9.0. Under such
conditions Cu?* is predominantly present as Cu(Cit)H.1 species, whereas the Ga* ion forms Ga(Cit)H.1-
and Ga(Cit), complexes [31]. The absorption spectra of the Ga(DATA™) - and Cu?*-citrate as well as the

Ga(DATA®™)  and Cu?* citrate reacting systems are presented in figures 6 and S9. The transmetallation

reactions can be described as follows:
GalL+ Cu** 2 CuL+Ga* (9)

The rates of the transmetallation reactions have been studied in the presence of excess of GaL com-
plexes ([Gallit/[Cu?]it=10 and 20), when a pseudo-first order kinetic model can be applied and the
rates of reaction can be expressed by eq. (10):

d[GaL], _d[Cul],
T odt dt

= ky[Gall, (10)
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where k4 is a pseudo-first-order rate constant, [Gal]: and [CuL]; are the total concentration of com-
plexes (e.g. Gal, Ga(L)OH, Cul) at the time t, respectively. During the course of transmetallation reac-
tions, the concentration of Cu(DATA™) and Cu(DATA>™) complexes increase, while that of Cu(Cit)H.;
decreases.

By the use of 1.0 cm cells, the first-order rate constant, kq can be calculated by eq. (11):

AAbs 1 1
At ecu- Ecucinn, [Gall,

4=

(11)

In eq. (11) AAbs/At values (the increase of the absorbance during the time At) are calculated from the
slope of the kinetic curves. &uyciyn-1 and &u are the molar absorptivities of the Cu(Cit)H-1
(921 M*cm?), Cu(DATA™) (1406 M1cm™?) and Cu(DATA>™) (2146 M*cm™) complexes at 300 nm (the
absorption of Ga** containing species at 300 nm can be neglected). The pseudo-first-order rate con-
stants obtained for the reactions of Ga(DATA™) and Ga(DATA>™) with Cu?* at different pH-values in the

presence of citrate are shown in figure 7.
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Figure 7: Absorption spectra (A) and absorbance values measured at 300 nm (B) for the Ga(DATA™) — Cu?* reacting system in
the presence of citrate. The blue line represents the slope of the kinetic curve (AAbs/At) used for the calculation of kq values.
([GaL]=2.0 mM, [Cu?*]=0.2 mM, [Cit]=2.0 mM, [MES]=0.01 M, pH=6.0, 0.15 M NaCl, 298 K, I=1 cm )

The kq4 values presented in figure 7 are independent of the concentration of Cu?* and Cu(Cit)H.s, indi-

1] com-

cating that the rate determining step of the exchange reactions is the dissociation of the Ga
plexes. Since the rate data have been obtained in the pH range 6-8.5, and according to the species
distribution plots (figures 4 and S3) at pH=6 approximately 40 % of the Ga®* is present in the form of
Ga(L)OH and with increasing pH the concentration of these species increases and at pH=7.5 it is about
90 %, it can be assumed that the dissociable complex is the Ga(L)OH. (In the ternary Ga(L)OH complexes
the DATA™ and DATA®™ ligands are coordinated by 5 donor atoms only and the electrostatic repulsion

between the donor atoms and the OH" ion is also stronger than in the Gal parent complexes. There-

fore, the spontaneous dissociation of the Ga(L)OH species is more probable. Since the k4 values (see
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figure 7) are directly proportional to the OH" concentration and the straight line shows a non-zero
intercept, we assume that the dissociation of Ga(L)OH complexes may occur spontaneously and with

the assistance of OH" ions, as indicated by equations (12) and (13).
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Figure 8: kq values vs. [OH] for the reaction of Ga(DATA™) and Ga(DATA>™) with Cu?*. ([Ga(DATA™)]=[Ga(DATA>™)]=2.0 mM,
[Cu2]=0.1 (W, M) and 0.2 mM (A, A) [Cit]=2.0 mM, [MES]=[HEPES]=0.01 M, 0.15 M NaCl, 25°C)

k.2
[Ga(L)OH] + OH" =5 Ga®*+ H,L+2 OH (13)

The rate determining dissociation of complexes is followed by the rapid reaction of free ligands with
the Cu?* ions. By taking into account the two pathways, the rate of the dissociation of Ga(DATA™) and
Ga(DATA™) can be expressed by eq. (14).

d[Gal],
T dt

=kon [Ga(L)OH]+ k2 [Ga(L)OH][OH'] (14)

Considering the total concentration of the complex ([Gal]w= [GaL]+[Ga(L)OH]) and the protonation
constant of Ga(L)OH species (Keait-1, €9. (4)), the pseudo-first-order rate constants (kg, (eq. 10)) can be

expressed as follows:

_ (ko [OHT+ koyz [OHT?) (KuKsaur1) ™

15
1+[OH] (K, Kgarr1) ™ (o)

d
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where Ky is the ionic product of water (pkw=13.85, 0.15 M NaCl, 25°C), whereas ko and kox?® rate
constants characterizing the spontaneous and OH" assisted dissociation of Ga(DATA™)OH and
Ga(DATA’™)OH, respectively. The rate and equilibrium constants characterizing the transmetallation
reaction of Ga(DATA™) and Ga(DATA®™) were calculated by fitting the k4 values presented in figure 7 to
the eq. (15) and the values obtained are shown and compared with those of Ga(AAZTA) in table 5. The
“deprotonation” constants (logKsain-1) obtained by pH-potentiometry (table 3) and from kinetic data
are in good agreement. The kon and the kox? rate constants characterizing the spontaneous and OH™-
assisted dissociation of Ga(DATA™)OH are somewhat higher than the corresponding rate constants of
Ga(AAZTA)OH. Interestingly, the kon? rate constant characterizing the OH™-assisted dissociation of
Ga(DATA>™)OH is about 8 times lower than the corresponding rate constant of Ga(AAZTA)OH. The
spontaneous dissociation of Ga(DATA™)OH, Ga(DATA>™)OH and Ga(AAZTA)OH likely proceeds through

the intramolecular rearrangement of the Ga"

-complexes that results in a cascade-like de-coordination
of each donor atom, with the consequent release of the Ga** ion. The more rapid spontaneous disso-
ciation of Ga(DATA™)OH and Ga(DATA™)OH can be interpreted in terms of the distorted coordination
around the Ga®* ion, that causes the faster intramolecular rearrangement of the Ga(L)OH species. With
the use of the rate and equilibrium constants presented in table 5, the half lifes (t12=In2/kq) of the
dissociation reactions of Ga(DATA™) and Ga(DATA>™) at pH=7.4 have been calculated and compared
with that of Ga(AAZTA). The t1/; values of Ga(DATA™), Ga(DATA>™) and Ga(AAZTA) are 11, 44 and 21 h,

respectively, consistent with the higher kinetic inertness of Ga(DATA™) due to the slower OH-assisted
dissociation of the [Ga(DATA>™)OH] species.
Table 5: Rate and equilibrium constants and half lifes (ti>=In2/kq) for the transmetallation reactions of Ga(DATAM),

Ga(DATA>™) and Ga(AAZTA) complexes (0.15 M NaCl, 25 °C); a: lonic product of water determined by pH-potentiometry (0.15
M NaCl, 25 °C)

Ga(DATA™) Ga(DATA®™) Ga(AAZTA)B3Y
kou/s™ (8.0+0.2)-10°  (4.2+0.1)-10°® 3.0-10°
ko2/M's™ 31£1 1.2£0.1 10
Keatna (1.6+0.1)-10°  (1.7+0.2) -10° 1.4-10°
pKu? 13.85
logKeath-1 6.20 (2) 6.25 (4) 4.72
ke/s* 1.7-10° 4310° 9.2-10°
(pH=7.4) : : '
ty2/h 11 44 21
(pH=7.4)
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Exchange reactions with transferrin:

Because of the relatively high concentration of transferrin in human plasma [47,48] and the strong
affinity of Ga®* to transferrin (Ga**-transferrin: logKsati=18.9, logKsa21i=17.7) [49] this protein may com-
pete with DATA™ and DATA>™ for the Ga®" ion leading to the dissociation of Ga(DATA™) and Ga(DATA®™).
In order to determine the extent of trans-chelation between Ga(DATA™), Ga(DATA®™) and transferrin,

I_.complexes and human serum transferrin (sTr) were stud-

the ligand exchange reactions between Ga
ied by spectrophotometry at the absorption band of the Ga3*-sTf complex in the 240-250 nm range
(figures 8 and S10). The absorbance values of the Ga(DATA™)-sTf and Ga(DATA®™)-sTf reacting systems
obtained at [GalL]=0.2 and 0.3 mM are shown in figures S11 and S12. The ligand exchange reaction

between Ga(DATA™), Ga(DATA®™) and human sTf is expressed by eq. (16):
Ga(L) + sTf 2 Ga(sTf) +L (16)

The rates of the ligand exchange reaction were studied in the presence of high excess of Ga(DATA™)
and Ga(DATA®") ([GaL]=0.2 and 0.3 mM, [sTf]=10 uM). Under such conditions, the ligand exchange
reaction can be treated as a pseudo-first-order process and the rate of the reaction can be expressed
by equation (10). By taking into account the molar absorptivity of Ga(sTf) (£246=13800 cm*M?) [31],
the rate constants (kq) were calculated from the slope of the kinetic curves (AAbs/At, figures S11 and

$12) with equation (11) (the middle term in equation (11) has been replaced by 1/gga(st).
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Figure 9: Absorption spectra of the Ga(DATA™)-transferrin system. Inserted figure shows the absorbance values of the
reacting system at 246 nm as a function of time ([GaL]=0.2 mM, [Trf]=10 uM, [NaHCO3]=25 mM, pH=7.4, 0.15 M NaCl, 25 °C)
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The slope of the kinetic curves were considered up to 30 % conversion, in order to be sure of the
Ga(sTf)-complex formation. The rate constant (ks) and half life (ti,=In2/kq4) values obtained for the

trans-chelation reactions are shown and compared with that of Ga(AAZTA) in table 6.

Table 6: Rate constants (kq) and half lifes (t12=In2/kq4) characterizing the trans-chelation reactions of Ga(DATA™), Ga(DATA>™)
and Ga(AAZTA) complexes with transferrin (0.15 M NaCl, 25°C, pH=7.4)
| Ga(DATA™) Ga(DATA’™)  Ga(AAZTA)*”
ka/st | (21+0.1)x10°  (4.240.2)x10°® 8.0x10°
t./h 9.4 46 24

The kq rate constants obtained for the ligand exchange reaction of Ga(DATA™) and Ga(DATA>™) with
sTf (table 6) and the metal exchange reactions of Ga(DATA™) and Ga(DATA®™) with Cu®* in the presence
of citrate (table 5) are essentially equal. These findings suggest that human transferrin has no effect
on the rate of dissociation, which practically takes place through the spontaneous and hydroxide as-
sisted dissociation of Ga(L)OH species followed by the fast reaction between the released Ga**ion and
human sTf. The dissociation half life values of Ga(DATA™)OH calculated from the transmetallation stud-
ies (t12=11 h) and from the ligand exchange reactions (t12=9.4 h) indicates that the kinetic inertness of
Ga(DATA™)OH is lower than that of Ga(AAZTA)OH. However, the dissociation half-life of Ga(DATA>™)OH
is about four and two times higher than that of Ga(DATA™)OH and Ga(AAZTA)OH, respectively. On the
basis of these results ligands based on Ga(DATA™) represent good candidates for the development of
the Ga**-based radiodiagnostics, in accord with the excellent PET images obtained in recent *Ga radi-

olabelling experiments on peptide conjugates [40,41].
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CONCLUSION

The complexation properties of the AAZTA derivative hexadentate DATA™ and DATA®™ ligands have
been studied by by pH-potentiometry, spectrophotometry and 'H- and 7*Ga-NMR spectroscopy. The
complex forming ability of the new derivatives with Ga3* and Zn?" is higher than that of heptadentate
AAZTA, while the stabilities of Ca'-, Mn'"- and Cu"-(AAZTA) complexes are higher than those of the DA-
TA™ and DATA®™ ligands. Owing to the strong affinity of OH" ions to Ga¥, at physiological pH the mono-
hydroxo Ga(L)OH-complexes predominate.

The rates of exchange reaction between the Ga(L) and Ga(L)OH complexes were studied by *H-NMR
spectroscopy in the temperature range 273-293 K. The transmetallation reactions between the
Ga(DATA™) and Ga(DATA®™) complexes and Cu?* citrate and the ligand exchange reactions between
the Ga"-complexes and the serum protein transferrin in the pH range of 6-8.5 occur through the same
mechanism. The metal and ligand exchange reactions take place through the spontaneous and OH™-
assisted dissociation of the Ga(L)OH complexes. The half lifes of the dissociation of Ga(DATA™),
Ga(DATA>™) and Ga(AAZTA) are 11 h, 44 h and 24 h, respectively. Based on the equilibrium and kinetic
properties the ®Ga(DATA®™) complex and its derivatives constitute a promising family of candidates as

radiopharmaceutical agents for the use in PET diagnostics.
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SUPPORTING INFORMATION

General

New compounds were characterized by 'H, 3C, H-'H-COSY, HSQC, HMBC, MS, and HRMS. H
(400 MHz) and 3C NMR (100 MHz) spectra were obtained with with Bruker Avance IIl HD 400 (9.4 T)
by the use of TMS as internal standard. Column chromatography was performed on silica gel (MERCK
silica gel 60). Purification via HPLC was performed on a column from Phenomenex (Luna 10 u (C18)
100 A (250x10.00 mm 10 micron)). As mobile phase a system of water (0.1 %TFA; A) and acetonitrile
(0.1 % TFA; B) was used.

Materials

Ga(NOs)3 was prepared by dissolving Ga,03 (99.9%, Fluka) in 6M HNOs and evaporating of the excess
acid. The solid Ga(NOs); was dissolved in 0.1 M HNOj; solution. The concentration of the Ga(NOs);
solution was determined by using the standardized Na,H,EDTA in excess. The excess of the Na;H,EDTA
was measured with standardized ZnCl, solution and xylenol orange as indicator. The concentration
CaCl; (Sigma), MnCl;, (Sigma), ZnCl, (Sigma) and CuCl; (Sigma) solutions were determined by complex-
ometric titration with standardized Na;H,EDTA and xylenol orange (ZnCl;), murexide (CuCl;) Patton &
Reeder (CaCly) and eriochrome black T (MnCl;) as indicator. The H* concentration of the Ga(NOs); so-
lution was determined by pH potentiometric titration in the presence of excess Na H,EDTA. The con-
centration of HsDATA™, H,DATA®™ and H4AAZTA (provided by Prof. Giovanni Battista Giovenzana, Di-
partimento di Scienze del Farmaco, Universita del Piemonte Orientale, Novara, Italy) stock solutions
was determined by pH-potentiometric titrations in the presence and absence of a 40-fold excess of
Ca?*. The citrate solution was prepared from HsCitrate (Sigma) and its concentration was determined

by pH-potentiometry. The pH-potentiometric titrations were made with standardized 0.2 M NaOH.

Synthesis of DATA™:

N,N’-Dibenzyl-N,N’-di-(tert-butylacetate)-ethylendiamine (1):

N,N’-dibenzylethylenediamine (3.00 g; 12.48 mmol) and Na,COs; (5.12 g; 48.67 mmol) were stirred at
room temperature in dry acetonitrile (50 mL) for 30 min. Tert-butylbromoacetate (4.64 g; 23.72 mmol),
dissolved in dry acetonitrile (10 mL), was added at room temperature over period of 30 min. After
completion the suspension was heated over night at 90 °C, filtrated and the filtrate was concentrated
under vacuum. After purification via column chromatography (H/EA; 6:1; Ri=0.25) the product was
obtained as colourless solid (5.56 g; 11.9 mmol; 95 %).

'H-NMR (CDCls, 400 MHz, 6 [ppm]): 7.34-7.21 (m, 10 H); 3.78 (s, 4 H); 3.26 (s, 4H); 2.82 (s, 4 H); 1.44 (s,
18 H); 3C-NMR (CDCl;, 100 MHz, & [ppm]): 171.03 (s); 139,18 (s); 129.05 (s); 128.30 (s); 127.10 (s);
80.86 (s); 58.39 (s); 55.27 (s); 51.73 (s); 28.24 (s)

MS (ESI*): 469.28, 470.31, 471.33 (M+H")
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1,4-Di(tert-butylacetate)-6-methyl-6-nitroperhydro-1,4-diazepane (2):

1 (0.29 g; 0.92 mmol) was dissolved in 5 mL abs. ethanol and formic acid (69 pL; 1.84 mmol). To this
solution Pd/C (0.06 g; 16 wt%) was added and the solution was saturated and kept overnight with
hydrogen. After completion the Pd/C was filtrated over celite, the filtrate was concentrated and dried.
The crude product 2a (0.29 g; 0.89 mmol; 96 %) was used without further purification. Nitroethane
(89 uL; 1.25 mmol) and 2a (0.29 g; 0.89 mmol) was dissolved in dry methanol (5 mL) and heated over-
night. The solution was concentrated under vacuum and purified via column chromatography (H/EA,
5:1; Ri=0.24). The product was obtained as yellowish oil (0.18 g; 0.46mmol; 52 %).

'H-NMR (CDCls, 400 MHz, & [ppm]): 3.66 (d, J=14.9 Hz, 2 H); 3.49 (d, J=17.5 Hz, 2 H); 3.38 (d, J=17.5 Hz,
2 H); 3.13 (d, J=14.9 Hz, 2 H); 2.89 (m, 4 H); 1.46 (s, 21 H); *C-NMR (CDCls, 100 MHz, & [ppm]): 170.83
(s); 91.80 (s); 81.42 (s); 77.48 (s); 77.16 (s); 76.84 (s); 62.38 (s); 60.85 (s); 56.52 (s); 28.36 (s); 24.07 (s)

MS (ESI*): 388.14, 389.18, 390.20 (M+H?*)

1,4-Di(tert-butylacetate)-6-methyl-6-(amino-tert-butylacetate)-perhydro-1,4-diazepane (3):

2(0.16 g; 0.41 mmol) was dissolved in abs. ethanol (2.5 mL), combined with RaneyNickel 2800° (0.1 g)
(washed 4 times with ethanol) and the suspension was saturated with hydrogen and stirred at 40 °C
for 6 h. After completion the RaneyNickel was filtrated over Celite/sand, the filtrate was concentrated
and dried under vacuum. The product 3a (0.09 g; 0.28 mmol) was dissolved with diisopropylethylamine
(49 pL; 0.28 mmol) in dry acetonitrile and stirred under nitrogen for 30 minutes at room temperature.
Tert-butylbromoacetate (0.05 g; 0.25 mmol) was added dropwise to the solution and stirred at room
temperature overnight. The solution was concentrated under vacuum and purified via column chrom-

atorgraphy (H/EA, 2:1; R=0.39). The product 3 was obtained as yellow oil (0.06 g; 0.13 mmol; 45 %).

H-NMR (CDCls, 400 MHz, & [ppm]): 3.30 (s, 2 H); 3.26 (s, 2 H); 2.79 (m, 4 H); 2.67 (m, 4 H); 1.45 (s, 9
H); 1.43 (s, 18 H) 0.92 (s, 3 H) ; 3C-NMR (CDCls, 100 MHz, 6 [ppm]): 171.94 (s); 80.95 (s); 64.72 (s);
61.95 (s); 57.29 (s); 56.02 (s); 45.08 (s); 28.34 (s); 28.26 (s); 22.76 (s)

MS (ESI*): 472.31, 473.13, 474.35 (M+H").

1,4-Di(tert-butylacetate)-6-methyl-6-(amino(methyl)-tert-butylacetate)-perhydro-1,4-diazepane (4):

3 (0.21 g, 0.46 mmol) was dissolved in acetonitrile (5 mL), formalin solution (379 uL, 4.56 mmol,
37 wt%) and acetic acid (77 uL, 1.35 mmol) and stirred for 30 min at room temperature. To this solution
sodium borohydride (0.05 g, 1.35 mmol) was added portion wise and stirred for 1 h at room tempera-
ture. After completion the mixture was quenched with water (10 mL), extracted with chloroform and
concentrated under vacuum. The residue was purified via column chromatography (H/EA, 1:1;

Ri=0.12). The product 4 was obtained as yellowish oil (0.16 g, 0.32 mmol; 70 %).
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IH-NMR (CDCls, 400 MHz, & [ppm]): 3.44 (s, 2 H); 3.27 (s, 4 H); 2.94 (d, 2 H, J=14.1 Hz); 2.82-2.67 (m,
4 H); 2.57 (d, 2 H, J=14.1 Hz); 2.32 (s, 3 H), 1.45 (s, 27 H); 1.08 (s, 3 H); *C-NMR (CDCls, 100 MHz, &
[ppm]): 172.00 (s); 171.03 (s); 80.97 (s); 80.58 (s); 63.41 (s); 62.45 (s); 61.02 (s); 59.06 (s); 54.42 (s);
37.47 (s); 28.36 (s); 28.28 (s); 23.79 (s)

MS (ESI*): 486.30, 487.33, 488.37 (M+H")

1,4-Di(acetate)-6-methyl-6-(amino(methyl)-acetate)-perhydro-1,4-diazepane (5):

4 (0.12 g; 0.25 mmol) was dissolved in dichlormethane (2 mL) and trifluoracetic acid (0.7 mL) and
stirred for 19 h at room temperature. After completion of the reaction the solution was concentrated
under vacuum. The residue was dissolved in acetonitrile (1 mL), ice cold diethylether was added and
the product was precipitated as colourless solid (23.8 mg; 0.08 mmol; 30 %; tzg=7.0 min (0 % to 30 % B
in 20 min)). *H-NMR (CDCls, 400 MHz, 6 [ppm]): 3.45 (s, 2 H); 3.27 (s, 4 H); 2.94 (d, 2 H, J=14.1 Hz); 2.78
(m, 2 H); 2.57 (d, 2 H, J=14.1 Hz); 2.33 (s, 3 H), 1.45 (s, 27 H); 1.08 (s, 3 H); *C-NMR (CDCls, 100 MHz, 6
[ppm]): 174.42 (s); 170.27 (s); 59.87 (s); 55.81 (s); 55.14 (s); 54.65 (s); 43.77 (s); 37.39 (s); 13.15 (s)

HR-MS (ESI*): 340.1476, 341.1537, 342.1546 (M+H")

o\é
N .
NN 1. Pd/C /H,, HCOOH E /\\g 1. Ra-Ni/H,

t Bu-BrOAc J<> } . , \)
d b d b 2. (CHO),, MeOH, A21 /L 2. t-Bu-BrOAc
o
0
\/NOZ (2)

JT YR o
Tt . Tt F . L
o/L ° /Lo /LQ
58

o (5)

71



Synthesis of DATA®™:

N,N’-Dibenzyl-N,N’-di-(tert-butylacetate)-ethylendiamine (1):

N,N’-dibenzylethylenediamine (3.00 g; 12.48 mmol) and Na,COs; (5.12 g; 48.67 mmol) were stirred at
room temperature in dry acetonitrile (50 mL) for 30 min. Tert-butylbromoacetate (4.64 g; 23.72 mmol),
dissolved in dry acetonitrile (10 mL), was added at room temperature over period of 30 min. After
completion the suspension was heated over night at 90 °C, filtrated and the filtrate was concentrated
under vacuum. After purification via column chromatography (H/EA; 6:1; R=0.25) the product was
obtained as colourless solid (5.56 g; 11.87 mmol; 95 %).

'H-NMR (CDCls, 400 MHz, 6 [ppm]): 7.34-7.21 (m, 10 H); 3.78 (s, 4 H); 3.26 (s, 4H); 2.82 (s, 4 H); 1.44 (s,
18 H); *C-NMR (CDCls, 100 MHz, 6 [ppm]): 171.03 (s); 139,18 (s); 129.05 (s); 128.30 (s); 127.10 (s);
80.86 (s); 58.39 (s); 55.27 (s); 51.73 (s); 28.24 (s)

MS (ESI*): 469.28, 470.31, 471.33 (M+H")

1,4-Di(tert-butylacetate)-6-methylpentonate-6-nitroperhydro-1,4-diazepane (2):

1 (3.89 g; 8.32 mmol) was dissolved in 20 mL abs. ethanol and formic acid (627.8 pL; 16.64 mmol). To
this solution Pd/C (0.62 g; 16 wt%) was added and the solution was saturated and kept overnight with
hydrogen. After completion the Pd/C was filtrated over celite, the filtrate was concentrated and dried.
The crude product 2a (2.29 g; 8.12 mmol; 98 %) was used without further purification.

A solution of 2-nitrocyclohexanone (1.16 g; 8.12 mmol) and amberylst A21 (2 mass-eq) in dry methanol
(30 mL) was heated for 1 h. Then product 2a (2.29 g; 8.12 mmol) and paraformaldehyde (0.88 g;
29.23 mmol) was added and the suspension was heated overnight under reflux. The suspension was
filtrated, the filtrate was concentrated under vacuum and purified via column chromatography (H/EA,
2:1; R=0.43). The product 2 was obtained as yellowish oil (2.66 g; 5.50 mmol; 67 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 3.65 (s, 3 H); 3.60 (d, J=14.6 Hz, 2 H); 3.45 (d, J=17.3 Hz, 2 H); 3.30
(d, )=17.3 Hz, 2 H); 3.12 (d, J=14.6 Hz, 2 H); 2.84 (m, 4 H); 2.27 (t, 3 H); 1.83 (m, 2 H), 1.57 (m, 2 H); 1.46
(s, 18 H); 1.18 (m, 2 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 173.73 (s); 170.92 (s); 95.12 (s); 81.31 (s);
61.57 (s); 61.18 (s); 56.87 (s); 51.68 (s); 37.27 (s); 33.71 (s); 28.35 (s); 24.82 (s); 22.99 (s)
MS (ESI*): 488.27, 489.29, 490.31 (M+H")

1,4-Di(tert-butylacetate)-6-methylpentonate-6-amino-tert-butylacetate-perhydro-1,4-diazepane (3):

2 (1.59 g; 3.27 mmol) was dissolved in absolute ethanol (15 mL), combined with RaneyNickel 2800°
(0.5 g) (washed 4 times with ethanol) and the suspension was saturated with hydrogen and stirred at
40 °C for 6 h. After completion the RaneyNickel was filtrated over Celite/sand, the filtrate was concen-
trated and dried under vacuum. The product 3a (1.08 g; 2.36 mmol) was dissolved with diisopro-
pylethylamine (419 uL; 2.36 mmol) in dry acetonitrile and stirred under nitrogen for 30 minutes at

room temperature. Tert-butylbromoacetate (0.61 g; 3.12 mmol) was added dropwise to the solution
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and stirred at room temperature overnight. The solution was concentrated under vacuum and purified
via column chromatorgraphy (H/EA, 3:1; R=0.32). The product 3 was obtained as yellow oil (0.66 g;
1.17 mmol; 49 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 3.64 (s, 3 H); 3.28 (s, 4 H); 3.21 (s, 2 H); 2.77 (m, 4 H); 2.67 (m, 4 H);
2.30(t, 3 H); 1.59(m, 2 H); 1.45 (s, 9 H); 1.44 (s, 18 H); 1.28 (m, 4 H); 3C-NMR (CDCls, 100 MHz, & [ppm]):
174.25 (s), 171.97 (s), 171.09 (s), 81.05 (s), 80.96 (s), 63.58 (s), 62.12 (s), 58.10 (s), 57.46 (s), 51.58 (s),
44.78 (s), 35.34 (s), 34.18 (s), 28.36 (s), 28.27 (s), 25.86 (s), 22.73 (s)

MS (ESI*): 572.34, 573.38, 574.41 (M+H")

1,4-Di(tert-butylacetate)-6-methylpentonate-6-(amino(methyl)-tert-butylacetate)-perhydro-1,4-diaze-
pane (4):

3 (0,60 g; 1.05 mmol) was dissolved in acetonitrile (5 mL) and formaline solution (293 uL; 10.50 mmol)
and acidified with acetic acid (180 pL; 3.15 mmol). The solution was stirred for 15 minutes and sodium
borohydride (0.12 g; 3.15 mmol) was added portionwise. After completion the solution was quenched
with water, extracted with chloroform (3 x 10 mL) and the organic fractions were dried over sodium
sulfate, filtrated and concentrated under vaccum. The crude product was purified via column chroma-

tography (H/EA, 1:1; R=0.20). The product 4 was obtained as yellowish oil (0.50 g; 0.86 mmol; 82 %).

IH-NMR (CDCls, 400 MHz, & [ppm]):3.64 (s, 3 H); 3.46 (s, 2 H); 3.25 (m, 4 H); 2.94 (d, 2 H); 2.84-2.65 (m,
6 H); 2.31 (t, 2 H); 1.57 (m, 4 H); 1.45 (s, 18 H); 1.44 (s, 9 H); 1.35 (s, 2 H); *C-NMR (CDCls, 100 MHz, &
[ppm]): 174.23 (s), 172.17 (s), 170.72 (s), 80.90 (s), 80.35 (s), 77.34 (s), 62.52 (s), 62.34 (s), 58.80 (s),
53.99 (s), 51.42 (s), 37.34 (s), 36.61 (s), 34.09 (s), 28.22 (s), 28.12 (s), 25.73 (s), 21.91 (s)
MS (ESI*): 586.34, 587.39, 588.43 (M+H?*)

1,4-Di(acetate)-6-pentanoic acid-6-(amino(methyl)-acetate)-perhydro-1,4-diazepane (5):

4 (0.43 g; 0.72 mmol) was dissolved in 1,4-dioxane (10 mL), treated with 1M LiOH solution (3.8 mL;
3.80 mmol) and heated at 40 °C for 6 h. After completion the solution was concentrated, the residue
was dissolved in a mixture of acetonitrile (0.5 mL), methanol (0.5 mL) and water (0.5 mL). The solution
was treated with ice cold diethylether and the colourless precipitate was filtrated and purified via
HPLC. The product 5 was obtained as colourless solid (58.0 mg; 0.14 mmol; 20 %; tzg=10.6 min (0 % to
30 % B in 20 min)).

'H-NMR (D0, 400 MHz, 6 [ppm]): 3.15 (s, 2 H); 3.10 (s, 4 H); 2.87-2.83 (d, J=14.5 Hz, 2 H); 2.85-2.79
(m, 2 H); 2.71-2.68 (d, J=14.8 Hz, 2 H); 2.58-2.52 (m, 2 H); 2.17 (s, 3 H); 2.13 (t, 2 H); 1.48-1.41 (m, 2H);
1.31-1.16 (m, 4 H); *C-NMR (D0, 100 MHz, & [ppm]): 182.53 (s); 180.32 (s); 66.68 (s); 64.94 (s); 62.24
(s); 56.19 (s); 38.75 (s); 36.58 (s); 31.53 (s); 28.61 (s); 25.29 (s); 24.04 (s); 15.24 (s)

MS (ESI*): 404.2014, 405.2098, 406.2268 (M+H*)
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5. Equilibrium measurements

The protonation constants of DATA™ and DATA’™ ligands, the stability and protonation constants of
Ca"-, Mn'"- and Zn"-complexes formed with DATA™ and DATA®" ligands were determined by pH-poten-
tiometric titration from acidic to basic pH range. The metal-to-ligand concentration ratios were 1:1
(the concentration of the ligands were generally 0.002 M). The stability and protonation constants of
the “cold” Ga"-complexes of DATA™ and DATA®™ were calculated from the pH-potentiometric titration
of the Ga**-L systems obtained from basic to acidic pH range by studying the competition reaction
between DATA™ or DATA™ and OH for Ga* ([L]=[Ga®**]=3x103 M). The protonation constants of
Cu(DATA™) and Cu(DATA™)> were determined by pH-potentiometric titrations of CuL complex in the
pH range of 1.7-11.7

([CuL]=2x1073 M). For pH measurements and pH-potentiometric titrations, a Metrohm 785 DMP Titrino
titration workstation and a Metrohm-6.0233.100 combined electrode were used. The pH potentiom-
etric titrations were performed at constant ionic strength (0.15 M NaCl) in 6 ml samples at 25 °C. The
solutions were stirred, and N, was bubbled through them. The titrations were made in the pH range
of 1.7-11.7. KH-phthalate (pH=4.005) and borax (pH=9.177) buffers were used to calibrate the pH me-
ter. For the calculation of [H*] from the measured pH values, the method proposed by Irving et al. was
used. A 0.01 M HCl solution was titrated with the standardized NaOH solution in the presence of 0.15
M NaCl ionic strength. The differences between the measured (pHread) and calculated pH (-log[H*])
values were used to obtain the equilibrium H* concentration from the pH values, measured in the
titration experiments. The ionic product of water (pKy) at 25 °Cin 0.15 M NaCl was found to be 13.85
[50]. The stability constant of Cu(DATA™)  and Cu(DATA®™)* was determined by spectrophotometry in
the [H*] range of 0.01-1.0 M ([L]=[Cu?*]=2x103 M). Seven samples were prepared and the H* concen-
tration ([H*]=0.010, 0.025, 0.050, 0.10, 0.32, 0.60 and 1.0 M) in the samples was adjusted with the

addition of calculated amounts of 2.0 M HCI. The samples were kept at 25 °C for 7 days in order to
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attain the equilibrium (the time needed to reach the equilibrium was determined by spectrophotom-
etry). The absorbance values of the samples were measured at 11 wavelengths (575, 595, 615, 635,
655, 675, 695, 715, 735, 755 and 775 nm). The ionic strength of samples with [H*]=0.32,0.60 and 1.0 M
was not constant (the ionic strength of samples with [H*]=0.010, 0.025, 0.050, 0.10 M was
[H*]+[Na*]=0.15 M). For the equilibrium calculations, the molar absorptivities of the Cu?*, Cul, CuHL,
CuH,L and CuHsL species were used. The molar absorptivities of Cu?*, Cu(DATA™)" and Cu(DATA>™)*
complexes were determined by recording the VIS spectra (A=400-800 nm) of 1.0x10* 2.0x10%,
3.0x10* and 4.0x10™* M solutions in the pH range 1.7-7.0 (0.15 M NaCl, 25 °C). The pH was adjusted
by stepwise addition of concentrated NaOH or HCl. The spectrophotometric measurements were
made with the use of a Cary 1E spectrophotometer at 25 °C, using 1.0 cm cells. The protonation and

stability constants were calculated with the PSEQUAD program [51].

6. NMR experiments

'H- and "*Ga-NMR measurement were performed with a Bruker DRX 400 (9.4 T) equipped with a Bruker
VT-1000 thermocontroller and a BB inverse z gradient probe (5 mm). The formation and protonation/
deprotonation processes of the Ga(DATA™) and Ga(DATA>™) were followed from basic to acidic pH
range at 298 K in 0.15 M NaCl. For these experiments, 0.008 M solution of the Ga(DATA™) and
Ga(DATA®™) in H,0 was prepared (a capillary with D,O was used for lock). The pH was adjusted with
the addition of concentrated solution of NaOH and HCI. Because of the metal exchange between the
Ga(DATA™)OH or Ga(DATA>™)OH and [Ga(OH)4]” was in the “slow exchange regime” on the actual NMR
timescale, the calculation of the logBcain-1 value of Ga(DATA™)OH and Ga(DATA>™)OH was performed
by using the integrals of the 72Ga-NMR signal of [Ga(OH)4]-complex. The molar integral values of "*Ga-
NMR signal of [Ga(OH)4]-complex were determined by recording the 7*Ga NMR spectra of 0.01, 0.015,
0.02 and 0.025 M solutions of [Ga(OH).]” complex (pH=12.5, 0.15 M NaCl, 25 °C). Calculation of the the
logBcaLn-1 value was performed by the fitting of the integral-pH data pairs with the computer program
Micromath Scientist, version 2.0 (Salt Lake City, UT, USA).

The structural behavior and the dynamic processes of the Ga(DATA™), Ga(DATA>™)- and Ga(AAZTA)-
complexes were followed by 'H-NMR spectroscopy. The Ga(DATA™)-, Ga(DATA®™)- and Ga(AAZTA)-
complexes were prepared in D,O ([Ga(DATAM)]=0.015 M, ([Ga(DATA>™)]=0.008 M and
([Ga(AAZTA)]=0.010 M). The pH of samples was adjusted by stepwise addition of NaOH and/or HCI.
The chemical shifts are reported in ppm, with respect to DSS (4,4-dimethyl-4-silapentane-1-sulfonic

acid) an external standard (0 ppm for the methyl protons of DSS).

7. Transmetallation kinetics
The rates of the exchange reactions taking place between Ga(DATA™) or Ga(DATA>™) and Cu?* in the

presence of citrate were studied by spectrophotometry, following the formation of the Cu(DATA™) or
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Cu(DATA®™) complexes at 300 nm, with the use of 1.0 cm cells and a Cary 1E spectrophotometer. The
concentration of Cu?** was 0.1 and 0.2 mM, while that of Ga"-complexes were 10 and 20 times higher,
in order to ensure pseudo-first-order conditions. In order to prevent the hydrolysis of Ga** and Cu®
ions, the transmetallation reactions were studied in the presence of citrate excess ([Cit]+=2.0 mM). The
exchange rates were studied in the pH range about 6.0-9.0. For keeping the pH values constant, MES
(pH range 6.0-7.0), HEPES (pH range 7.0-8.5) and piperazine (pH range 8.5-9.0) buffers (0.01 M) were
used. The temperature was maintained at 25 °C and the ionic strength of the solutions was kept con-
stant (0.15 M NaCl). The pseudo-first-order rate constants (kq) were calculated from the tangent to the
absorbance vs. time curves (AAbs/At) with eq. (12). For the calculations, the molar absorptivities of
Cu(DATA™), Cu(DATA®™) and Cu(Cit)H-; were used, which were determined at 300 nm by recording the
spectra of 1.0x10%, 2.0x10%, 3.0x10™* and 4.0x10* M solutions in the pH range 5-10 (0.15 M KCl, 25°C).
The calculations were performed with the use of the computer program Micromath Scientist, version

2.0 (Salt Lake City, UT, USA).

8. Ligand-exchange kinetics with transferrin

The ligand exchange reaction between Ga(DATA™) or Ga(DATA®™) and human serum transferrin
(Sigma, partially Fe3* saturated) have been studied by spectrophotometry, following the formation of
Ga(sTf) complex at 246 nm and pH=7.4 with the use of 1.0 cm cells and Cary 1E spectrophotometer.
The concentration of the human serum transferrin solution was determined from the absorbance at
280 nm using the molar absorptivity £25=91200 cm™*M™ [52]. In order to ensure the pseudo-first-order
condition, the rate of the ligand exchange reactions were studied in the presence of high excess of
Ga"-complexes ([Ga(DATA™)]= [Ga(DATA>™)]=0.2 and 0.3 mM, [sTf]=10 uM)). The temperature was
maintained at 25 °C, the ionic strength and the hydrogen-carbonate concentration of the samples were

kept constant; 0.15 M for NaCl and 0.025 M for NaHCO3, respectively.
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Figure S 1: 400 MHz 'H-NMR spectra of the Ga3*-DATA>™ system ([Ga3*]=7.93 mM, [DATA5™]=7.95 mM, D,0, 0.15 M NaCl,
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Figure S 2: 122 MHz 71Ga-NMR spectra of the Ga3*-DATA>™ system ([Ga3*]=7.93 mM, [DATA>™]=7.95, H,0, 0.15 M NaCl,
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Figure S 3: The species distribution (red, pink, green, purple, black, brown and blue solid lines) in the Ga3*-DATA>™ calculated
from pH-potentiometric data (table 3). ([Ga3*]=[DATA>™]=7.9 mM, 0.15 M NaCl, 25 °C). The percentage of the

[Ga(DATASM)OH]- (@) and [Ga(OH)4]- (M) species calculated from the H- and 72Ga-NMR spectra of the Ga3*-DATA5S™ system.
Chemical shifts of the N-CH; (A ) and HOOC-CH,- (®) protons of Ga(DATA>™) complex against pH
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Figure S 4: VT-400 MHz 'H-NMR studies of Ga(DATA®™) — Ga(DATA>™)OH systems ([GalL]=7.9 mM, D,0, pD=6.91 (pD=pH +
0.41)) VT-400 MHz 'H-NMR studies of Ga(DATA>™) — Ga(DATA>™)OH systems ([GaL]=7.9 mM, D,0, pD=6.91 (pD=pH + 0.41))
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Figure S 5: VT-400 MHz!H-NMR studies of Ga(AAZTA) - [Ga(AAZTA)OH]- systems ([GaL]=10 mM, D,0, pD=5.0 (pD=pH + 0.41)
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Figure S 6: Experimental and calculated 'H-NMR spectra (400 MHz) of the N-CH; and C-CH3 protons in Ga(DATA™) -Ga(DA-
TAM)OH systems as a function of temperature.
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Figure S 7: Experimental and calculated *H-NMR spectra (400 MHz) of the N-CH3 protons in Ga(DATA>™)- — [Ga(DATA>™)OH]%
systems as a function of temperature.
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Figure S 8: Eyring plot for for determining the activation parameters characterising the exchange reactions between Gal and
Ga(L)OH species of Ga(DATA™) and Ga(DATA>™)- complexes
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Figure S 9: . Absoprtion spectra of the Ga(DATA>™)- — Cu?* reacting system in the presence of citrate ([GalL]=2.0 mM,
[Cu?*]=0.2 mM, [Cit]=2.0 mM, [MES]=0.01 M, pH=6.0, 0.15 M NaCl, 298 K, I=1 cm
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Figure S 10: Absorption spectra of the Ga(DATA>™)-transferrin system. Inserted figure shows the absorbance values of the
reacting system at 246 nm as a function of time ([GaL]=0.1 mM, [Trf]=10 uM, [NaHCO3]=25 mM, pH=7.4, 0.15 M NacCl, 25°C,

I=1cm)
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Figure S 11: Absorbance of the Ga(DATA™)-sTf systems at 246 nm, ([Ga(DATA™]=2.0x10% M (4) and 3.0x10% M (M),
[sTf]=1.0x10"> M, pH=7.4, 0.025 M NaHCOs, 0.15 M NacCl, 25°C, I=1 cm)
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Figure S 12: Absorbance of the Ga(DATAS™)-sTf systems at 246 nm. ([Ga(DATAS™]=2.0x10% M (4) and 3.0x10% M (M),
[sTf]=1.0x10> M, pH=7.4, 0.025 M NaHCO3, 0.15 M NaCl, 25°C, I=1 cm)



REFERENCES

10.

11.

12.

13.

14.

Velikyana I. Continued rapid growth in Ga-68 applications: Update 2013 to June 2014. J. Label.
Compd. Radiopharm. 2015; 58(3): 99-121.

Fani M., André J.P., Macke H.R. Ga-68-PET: a powerful generator-based alternative to cyclotron-
based PET radiopharmaceuticals. Contrast Media Mol. Imaging. 2008; 3(2): 53-60.

Vértes A., Nagy S., Klencsar Z., Rezsd G.L., Rosch F. Radionuclide Generators. 2 nd. Handb. Nucl.
Chem. 2011.

Velikyan 1. Ga-68-based radiopharmaceuticals: Production and application relationship.
Molecules. 2015; 20(7): 12913-12943.

Velikyan I. Prospective of Ga-68-Radiopharmaceutical development. Theranostics. 2014; 4(1):
47-80.

Wadas T.J., Wong E.H., Weisman G.R., Anderson C.J. Coordinating radiometals of copper,
gallium, indium, yttrium, and zirconium for PET and SPECT imaging of disease. Chem. Rev. 2010;
110(5): 2858-902.

Rosch F. Past, present and future of Ge-68/Ga-68 generators. Appl. Radiat. Isot. 2013; 76: 24—
30.

Harris W.R., Martell A.E. Aqueous complexes of gallium(ll). Inorg. Chem. 1976; 15(3): 713-20.

Motekaitis R.J., Martell A.E. Gallium complexes of multidentate ligands in aqueous solution.
Inorg. Chem. 1980; 19(6): 1646-51.

Clarke E.T., Martell A.E. Stabilities of the Fe(lll), Ga(lll) and In(lll) chelates of N,N’,N"-
triazacyclononanetriacetic acid. Inorganica Chim. Acta. 1991; 181(2): 273-80.

Clarke E.T., Martell A.E. Stabilities of trivalent metal ion complexes of the tetraacetate
derivatives of 12-, 13- and 14-membered tetraazamacrocycles. Inorganica Chim. Acta. 1991;
190(1): 37-46.

Kubi¢ek V., Havlickova J., Kotek J., Tircsé G., Hermann P., Téth E., Lukes I. Gallium(lll) complexes
of DOTA and DOTA-Monoamide: Kinetic and thermodynamic studies. Inorg. Chem. 2010; 49(23):
10960-9.

Boros E., Ferreira C.L., Cawthray J.F., Price E.W., Patrick B.O., Wester D.W., Adam M.J., Orvig C.
Acyclic chelate with ideal properties for ®8Ga PET imaging agent elaboration. J. Am. Chem. Soc.
2010; 132(44): 15726-33.

Boros E., Ferreira C.L., Yapp D.T.T., Gill R.K., Price E.W., Adam M.J., Orvig C. RGD conjugates of
the H,dedpa scaffold: Synthesis, labeling and imaging with Ga-68. Nucl. Med. Biol. 2012; 39(6):
785-94.

83



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Evers A., Hancock R.D., Martell A.E., Matekaitis R.J. Metal lon Recognition in Ligands ith
Negatively Charged Oxygen Donor Groups. Complexation of Fe(lll), Ga(lll), In(lll), Al(lll), and
other Highly Charged Metal lons. Inorg. Chem. 1989; 28: 2189-95.

Knetsch P.A., Zhai C., Rangger C., Blatzer M., Haas H., Kaeopookum P., Haubner R., Decristoforo
C. Ga-68-FSC-(RGD)3 a trimeric RGD peptide for imaging avp3 integrin expression based on a
novel siderophore derived chelating scaffold-synthesis and evaluation. Nucl. Med. Biol. 2015;
42(2): 115-22.

Ma R., Motekaitis R.J., Martell A.E. Stability of metal ion complexes of N,N’-bis(2-N’-diacetic
acid). Inorganica Chim. Acta. 1994; 224: 151-5.

Motekaitis R.J., Martell A.E., Welch M.J. Stabilities of trivalent metal complexes of phenolic
ligands related to N,N’-bis(2-hydroxybenzyl)ethylenediamine-N,N’-diacetic acid (HBED). Inorg.
Chem. 1990; 29(8): 1463—7.

Sun Y., Anderson C.J.,, Pajeau T.S., Reichert D.E., Hancock R.D., Motekaitis R.J., Martell A.E.,
Welch M.J. Indium(IIl) and gallium(lIl) complexes of bis(aminoethanethiol) ligands with different
denticities: Stabilities, molecular modeling, and in vivo behavior. J. Med. Chem. 1996; 39(2):
458-70.

Ma R., Welch M.J., Martell A.E. Stability of metal ion complexes of 1, 4, 7-tris(2-mercaptoethyl)-
1, 4, 7-triazacyclononane(TACN-TM) and molecular structure. Inorganica Chim. Acta. 1995; 236:
75-82.

Price E.W., Orvig C. Matching chelators to radiometals for radiopharmaceuticals. Chem. Soc.
Rev. 2014; 43(1): 260-90.

Craig A.S., Parker D., Adams H., Bailey N.A. Stability, Ga-71 NMR, and Crystal Structure of a
Neutral  Gallium(ll) Complex of 1,4,7-Triazacyclononanetriacetate: a  Potential
Radiopharmaceutical? J. Chem. Soc. Chem. Commun. 1989; (1): 1793-4.

NotniJ., Hermann P., Havlickova J., Kotek J., Kubicek V., Plutnar J., Loktionova N., Riss P.J., RGsch
F., Lukes I. A triazacyclononane-based bifunctional phosphinate ligand for the preparation of
multimeric Ga-68 tracers for positron emission tomography. Chem.-A Eur. J. 2010; 16(24): 7174—
85.

Notni J., Simecek J., Hermann P., Wester H.J. TRAP, a powerful and versatile framework for
gallium-68 radiopharmaceuticals. Chem.-A Eur. J. 2011; 17(52): 14718-22.

Simecek J., Schulz M., Notni J., Plutnar J., Kubicek V., Havlickova J., Hermann P. Complexation of
metal ions with TRAP (1,4,7-triazacyclononane phosphinic acid) ligands and 1,4,7-
triazacyclononane-1,4,7-triacetic acid: Phosphinate-containing ligands as unique chelators for
trivalent gallium. Inorg. Chem. 2012; 51(1): 577-90.

Velikyan I., Macke H.R., Langstrom B. Convenient Preparation of Temperature Ga-Based PET-

Radiopharmaceuticals at Room. Bioconjug. Chem. 2008; 19: 569-73.

84



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Berry D.J., Ma Y., Ballinger J.R., Tavaré R., Koers A., Sunassee K., Zhou T., Nawaz S., Mullen G.E.D.,
Hider R.C., Blower P.J. Efficient bifunctional gallium-68 chelators for positron emission

tomography: tris(hydroxypyridinone) ligands. Chem. Commun. (Camb). 2011; 47(25): 7068-70.

Aime S., Calabi L., Cavallotti C., Gianolio E., Giovenzana G.B., Losi P., Maiocchi A., Palmisano G.,
Sisti M. [Gd-AAZTA]-: A new structural entry for an improved generation of MRI contrast agents.
Inorg. Chem. 2004; 43(24): 7588-90.

Gugliotta G., Botta M., Giovenzana G.B., Tei L. Fast and easy access to efficient bifunctional
chelators for MRl applications. Bioorganic Med. Chem. Lett. 2009; 19(13): 3442-4.

Baranyai Z., Uggeri F., Giovenzana G.B., Bényei A., Bricher E., Aime S. Equilibrium and kinetic
properties of the lanthanoids(lll) and various divalent metal complexes of the heptadentate
ligand AAZTA. Chem.-A Eur. J. 2009;15(7):1696—705.

Baranyai Z., Uggeri F., Maiocchi A., Giovenzana G.B., Cavallotti C., Takdcs A., Téth 1., Banyai .,
Bényei A., Brucher E., Aime S. Equilibrium, Kinetic and Structural Studies of AAZTA Complexes
with Ga3+, In3+ and Cu2+. Eur. J. Inorg. Chem. 2013; 1: 147-62.

Nagy G., Szikra D., Trencsényi G., Fekete A., Garai ., Giani A.M., Negri R., Masciocchi N., Maiocchi
A., Uggeri F., Toth I., Aime S., Giovenzana G.B., Baranyai Z. AAZTA: An Ideal Chelating Agent for
the Development of Sc-44 PET Imaging Agents. Angew. Chemie Int. Ed. 2017; 2118

Vagner A., D’Alessandria C., Gambino G., Schwaiger M., Aime S., Maiocchi A., Téth I., Baranyai
Z., Tei L. A rigidified AAZTA-like ligand as efficient chelator for Ga-68 radiopharmaceuticals.
ChemistrySelect. 2016; 1(2): 163—71.

Briley-Saebo K.C., Geninatti-Crich S., Cormode D.P., Barazza A., Mulder W.J.M., Chen W,,
Giovenzana G.B., Fisher E.A., Aime S., Fayad Z.A. High-Relaxivity Gadolinium-Modified High-
Density Lipoproteins as Magnetic Resonance Imaging Contrast Agents. J. Phys. Chem. B. 2009;
113(18): 6283-9.

Gianolio E., Giovenzana G.B., Ciampa A., Lanzardo S., Imperio D., Aime S. A novel method of
cellular labeling: Anchoring MR-imaging reporter particles on the outer cell surface.
ChemMedChem. 2008; 3(1): 60-2.

Manzoni L., Belvisi L., Arosio D., Bartolomeo M.P., Bianchi A., Brioschi C., Buonsanti F., Cabella
C., Casagrande C., Civera M., De Matteo M., Fugazza L., Lattuada L., Maisano F., Miragoli L., Neira
C., Pilkington-Miksa M., Scolastico C. Synthesis of Gd and Ga-68 Complexes in Conjugation with
a Conformationally Optimized RGD Sequence as Potential MRI and PET Tumor-Imaging Probes.
ChemMedChem. 2012; 7(6): 1084-93.

Waldron B.P., Parker D., Burchardt C., Yufit D.S., Zimny M., Résch F. Structure and stability of
hexadentate complexes of ligands based on AAZTA for efficient PET labelling with gallium-68.
Chem. Commun. 2013; 49(6): 579-81.

Parker D., Waldron B.P. Conformational analysis and synthetic approaches to polydentate

85



39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

perhydro-diazepine ligands for the complexation of gallium(lll). Org. Biomol. Chem. 2013;
11(17): 2827.

Parker D., Waldron B.P., Yufit D.S. Crystallographic and solution NMR structural analyses of four
hexacoordinated gallium(lll) complexes based on ligands derived from 6-amino-perhydro-1,4-
diazepine. Dalton Trans. 2013; 42: 8001-8.

Seemann J., Waldron B.P., Rdsch F., Parker D. Approaching “kit-type” labelling with Ga-68: The
DATA chelators. ChemMedChem. 2015; 10(6): 1019-26.

Seemann J., Waldron B.P., Parker D., Résch F. DATATOC: a novel conjugate for kit-type Ga-68
labelling of TOC at ambient temperature. EINMMI Radiopharm. Chem. 2016; 1(1): 4.

Tei L., Gugliotta G., Fekete M., Kalman F.K., Botta M. Mn(ll) complexes of novel hexadentate
AAZTA-like chelators: a solution thermodynamics and relaxometric study. Dalton Trans. 2011;
40(9): 2025-32.

Barcza L., Mihalyi K. Dimerization of lower fatty acids in aqueous solutions. Zeitschrift fiir Phys.
Chemie. 1977; 104: 199-212.

Akitt J.W., Kettle D. Ga-71 nuclear magnetic resonance investigation of aqueous gallium(lll) and
its hydrolysis. Magn. Reson. Chem. 1989; 27: 377-9.

Téth 1., Zékany L., Briicher E. Equilibrium study of the systems of aluminium(lll), gallium(lIl) and
indium(lll) with mercaptoacetate, 3-mercaptopropionate and 2-mercaptobenzoate.
Polyhedron. 1984; 3(7): 871-7.

Baes C.F., Mesmer R.E. The hydrolysis of cations. Wiley, New York. 1976;

Jackson G.E., Byrne M.J. Metal ion speciation in blood plasma: gallium-67-citrate and MRI
contrast agents. J. Nucl. Med. 1996; 37: 379-86.

May P.M., Linder P.W., Williams D.R. Computer Simulation of Metal-ion Equilibria in Biofluids :
Models for low-molecular-weight complex distribution of calcium(ll), magnesium(ll),
manganese(ll), iron(ll1), copper(ll), zinc(Il) and lead(ll) ions in human blood plasma. J. Chem. Soc.
1977; 2(6): 588-95.

Harris W.R., Pecoraro V.L. Thermodynamic binding constants for gallium transferrin.
Biochemistry. 1983; 22(2): 292-9.

Irving H.M., Miles M.G., Pettit L.D. A study of some problems in determining the stoicheiometric
proton dissociation constants of complexes by potentiometric titrations using a glass electrode.
Anal. Chim. Acta. 1967; 38: 475-88.

Zékany L., Nagypal |. Computational Method for Determination of Formation Constants. 1985.

Oe H., Takahashi N., Doi E., Hirose M. Effects of Anion Binding on the Conformations of the Two
Domains of Ovotransferrin. J. Biochem. 1989; 106(5): 858—-63.

86



4.2 Instant kit-preparation of 8Ga-radiopharmaceuticals via the chimeric che-

lator DATA: Proof-of-principle with 8Ga-DATA-TOC

87



Instant kit-preparation of ®®Ga-radiopharmaceuticals via the chi-

meric chelator DATA: Proof-of-principle with 8Ga-DATA-TOC

J.-P. Sinnes!Y, J. Nagel®, B. P. Waldron¥, T. Mainal?, B. A. Nock!?, R. Bergmann!®, M. Ullrich®!, M.

Bachmann®®, R. P. Baum™, F. R6sch¥

[1]Johannes Gutenberg-University Mainz, Institute of Nuclear Chemistry, Germany
[2]NCSR "Demokritos", Molecular Radiopharmacy, INRASTES, Athens, Greece
[3]Helmholtz-Zentrum Dresden-Rossendorf, Institute of Radiopharmaceutical Cancer Research, Dresden,
Germany
[4]Zentralklinik Bad Berka GmbH, Clinic for Molecular Radiotherapy, Bad Berka, Germany
[5]Technische University Dresden, Uniklinikum ‘Carl Gustav Carus’, UCC, Tumorimmunology, Dresden, Germany

[6]National Center for Tumor Diseases, ‘Carl Gustav Carus’ Technical University Dresden, Dresden, Germany

88



ABSTRACT

The widespread use of ®8Ga for positron emission tomography (PET) depends on our ability to develop
radiopharmaceuticals that can be prepared in a simple, quick and convenient manner. The DATA (6-
Amino-1,4-diazapine-triacetate) scaffold represents a novel hybrid chelator type possessing both cyclic
and acyclic character, that may allow for facile access to ®Ga-radiotracers in the clinic. We report the
first bifunctional DATA chelator conjugated to [Tyr®]octreotide (TOC), a somatostatin subtype 2 recep-
tor (sst)-targeting vector for neuroendocrine tumors (NETSs).

The DATA chelator was synthesized in a 5-step synthesis and coupled to TOC to afford DATA-TOC.
Competition binding assays with ["*'Ga]Ga-DATA-TOC and ["Ga]Ga-DOTA-TOC against [*?°|-Tyr?*]LTT-
28 were conducted in HEK293-hsst; cell membranes. First in vivo studies were performed in female
SCID/beige mice bearing sst+ MPC-EGFP-Luc cells to determine the in vivo sst,-targeting and pharma-
cokinetics. Eventually, a direct comparison of [®8Ga]Ga-DATA-TOC with the well-established PET radio-

tracer [®3Ga]Ga-DATA-TOC was performed in a 46-year-old male patient with a well-differentiated NET.

DATA-TOC was labelled with ®Ga in a yield >95 % in less than 10 min at ambient temperature. The
hssty-affinities of ["*'Ga]Ga-DATA-TOC and [™Ga]Ga-DOTA-TOC were found very comparable
(IC50=1.03 +0.08 nM and 0.21+0.01 nM, respectively). In mice, [*8Ga]Ga-DATA-TOC was able to visualize
various tumor lesions, previously detected in luciferase imaging, showing comparable SUVs to
[*8Ga]Ga-DOTA-TOC. Direct comparison of the two PET-tracers in a NET patient revealed comparable
tumor uptake with better tumor-to-liver contrast for [®8Ga]Ga-DATA-TOC.

[*®Ga]Ga-DATA-TOC performed comparably well to [®®Ga]Ga-DOTA-TOC in all preclinical tests and
achieved higher tumor-to-liver contrast in a NET-patient, illustrating the potential of the DATA-chelator

for easy access to ®Ga-radiotracers in a routine clinical environment.

Keywords: Gallium-68, DATA-TOC, neuroendocrine tumor, somatostatin, PET
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INTRODUCTION

There has been a surge in the development of ®Ga-radiopharmaceuticals over last decade initiated by
the clinical success of [%8Ga]Ga-DOTA-TOC (TOC: DPhe-c[Cys-Tyr-DTrp-Lys-Thr-Cys]-Thr-ol) and
[*8Ga]Ga-DOTA-TATE (TATE: DPhe-c[Cys-Tyr-DTrp-Lys-Thr-Cys]-Thr-OH), as well as by significant im-
provements in the provision of ®%Ga eluate now fulfilling pharmaceutical standards [1-6].

As a result, [*8Ga]Ga-DOTA-TOC and [®Ga]Ga-DOTA-TATE are currently being used in clinical settings
for the diagnosis of neuroendocrine tumors (NETs). Furthermore, last year [®3Ga]Ga-DOTA-TATE ac-
quired FDA approval as a diagnostic PET-radiopharmaceutical for the visualization of NET lesions [7].
Despite the availability of %Ga via commercial ®¥Ge/%®Ga-generators and its favorable emission char-
acteristics for PET imaging (B*=89 %, Egmax=1.9 MeV), other radionuclides and modalities compete for
routine application in the clinic [1,8—11]. Hence, the easy and fast in-situ access to *®Ga-radiopharma-
ceuticals will boost the use of %8Ga in PET centers. A key step in this direction is related to labelling
protocols which essentially depend on the type of the bifunctional chelator (BFC) attached to the vec-
tor of interest. Hitherto established BFCs for %Ga require relatively harsh conditions (high tempera-
tures and/or low pH) for full incorporation of the metal [2,12]. This inherently limits the portfolio of
®8Ga-radiopharmaceuticals because several biomolecules promising for application in nuclear oncology
are temperature and/or pH sensitive [13].

It should be noted, that the dominance of *™Tc radiopharmaceuticals in diagnostic nuclear medicine
in the "70’s has been actually based on their simple, convenient and standardized kit-type labelling
along with the commercial availability of the ®Mo/*™Tc-generator [14]. Nowadays however nuclear
medicine has evolved beyond the realm of perfusion imaging agents towards radiolabelled molecular
vectors able to elucidate complex pathological processes with a high specificity. Accordingly, labelling
of such often temperature-vulnerable molecules imposes new stringent requirements on the BFC, i.e.
>95 % labelling efficiency at ambient temperatures in high specific activities in view of the easy satu-
rability of target biomolecular systems. In addition, in the case of short-lived radionuclides, like 8Ga
(t12= 67.7 min), short labelling times are highly desirable as well as formation of a high quality radio-
labelled product not requiring further purification prior to use. The development of such labelling pro-
tocols would be of excellent added-value to the aforementioned advantages of ®Ga, but presents sig-
nificant challenges, especially in the design of suitable BFCs [15].

In general, chelators can be distinguished as predominantly cyclic (DOTA, NOTA, TRAP — associated
with high thermodynamic and kinetic stability) or acyclic (DFO, DTPA and more recently THP — linked
to fast, mild and high labelling efficiency) (figure 1) [12,16-20].
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Figure 1: Chemical structure of relevant cyclic chelators like DOTA, NOTA and TRAP and acyclic chelators like DFO, DTPA and
CP256

In contrast, the new DATA-scaffold represents a novel approach to chelator design in that chelators
are essentially hybrids, possessing both cyclic and acyclic character. It is assumed that flexibility of the
acyclic portion facilitates rapid complexation, whilst the preorganised cyclic portion minimizes the en-
ergy-barrier to complexation and inhibits decomplexation processes [21,22]. The favorable radiolabel-
ling kinetics of the DATA-chelators along with the stability of the forming %Ga-chelates motivated us
to develop a bifunctional version of DATA suitable for coupling to vectors of clinical interest. We re-
cently reported on the synthesis and ®8Ga-radiolabelling of the first DATA peptide conjugate, DATA-
TOC (figure 2) [23].
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Figure 2: Structures of [Tyr3]octreotide coupled with (A) DATA and (B) DOTA; chelator structures are highlighted

For the first time in a kit-type procedure, the DATA-TOC radiotracer-precursor in form of a lyophilised
solid could be radiolabelled with ®8Ga in less than 10 min at ambient temperature in a >95 % yield. The

speed, reliability, flexibility and simplicity with which [#8Ga]Ga-DATA-TOC could be obtained, opens the
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possibility of introducing a kit-type labelling to routine ®Ga-PET by means of DATA-based BFCs.

In the present work, we were interested to evaluate the suitability of DATA-based *®Ga-radiolabelling
of contemporary molecular vectors, using %8Ga-DATA-TOC as our first paradigm. Specifically, we com-
pared [*®Ga]Ga-DATA-TOC with the clinically established reference [%8Ga]Ga-DOTA-TOC in a series of
biological in vitro and in vivo models expressing the human sst,, namely: (i) competition binding assays
in hsst,-positive cell membranes, (ii) biodistribution and small animal PET imaging in a preclinical phe-

ochromocytoma (PHEO) mouse model, and (iii) clinical studies in a NET-patient.
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RESULTS AND DISCUSSION

Affinity of ["*Ga]Ga-DATA-TOC and ["*'Ga]Ga-DOTA-TOC for the hssty/3/s

The metalated peptide-conjugates ["**Ga]Ga-DATA-TOC and ["'Ga]Ga-DOTA-TOC were tested for their
ability to displace the pansomatostatin radioligand [*?°I-Tyr?’]LTT-28 from hsstys/s-binding sites in
HEK293-hssty/3/5 cell membranes using the pansomatostatin ligand LTT-SS-28 as reference [24-26]. As
shown in figure 3, both octapeptide analogs exhibited high affinity for the hsst,, which was very com-
parable to LTT-5528 [27].

Based on ICsp values thus determined the analogs can be ranked as follows: LTT-SS28
(ICs0=0.05+0.01 nM) < ["'Ga]Ga-DOTA-TOC (/Cso=0.21+0.01 nM) < ["'Ga]Ga-DATA-TOC (/Cso= 1.03%
0.08 nM).

100 _

% specific binding

N
@

1045 102 101 100 109 108 107  10%
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Figure 3: Displacement of [125]-Tyr25]LTT-SS-28 from hsst; binding sites in HEK293-hsst; cell membranes by increasing concen-
trations of: M ["2tGa]Ga-DATA-TOC (/Csp=1.03+0.08 nM, n=3); 4 ["*Ga]Ga-DOTA-TOC (/C5,=0.21+0.01 nM, n=2); control: %
LTT-SS-28 (/C50=0.05+0.01 nM, n=3). Results represent the average /Csy valuestsd of independent experiments performed in
triplicate.

Small animal PET and Biodistribution

In exemplary PET studies with NMRI nu/nu mice bearing the allogenic subcutaneous MPC-mCherry
tumor was it clearly visible with both radiotracers (figure 4), and the uptake could be nearly complete
blocked by simultaneous injection of the potent somatostatin analogue (100 ug/mouse) [Nal®]-Oc-
treotide acetate. The kinetic tumor to blood ratios of [*®Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC (fig-
ure 5) showed a similar linear shape and values (figure 6). The tumor-to-blood ratios (standard uptake

ratio, SUR) of the control and blocking experiments with both compounds reached at two hours after
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injection similar levels between of 31.6+16.0 (n=9), 28.1+1.3 (n=3) and 3.6+0.0 (n=2), 0.7+0.3 (n=2) for
[8Ga]Ga-DATA-TOC, [*8Ga]Ga-DOTA-TOC in control and blocking, respectively.

[63Ga]Ga-DATA-TOC [*8Ga]Ga-DOTA-TOC

D

scaled to
maximum

rescaled

blocked control control blocked

Figure 4: Maximum intensity projections of PET images of [58Ga]Ga-DOTA-TOC (A, B, E, F) and [%8Ga]Ga-DATA-TOC (C, D, G,
H) measurements from 1 to 2 h (midframe time 90 min) after single intravenous injection in MPC-mCherry tumor-bearing
NMRI nu/nu mice as control and blocked by 100 pg/mouse [Nal3]Octreotide acetate. The images A-D are scaled to the max-
imum SUV in the image, and images E-F are individually scaled to visualize the tumors (yellow circle) (Bl-bladder, Ki-kidney,
Tu-tumor).
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Figure 5 Tumor-to-blood and tumor-to-muscle ratios of [¢3Ga]Ga-DATA-TOC control (DATA control, n=7), [(8Ga]Ga-DATA-TOC
blocked with Octreotide (DATA blocked, n=5), and [68Ga]Ga-DOTA-TOC control (DOTA control, n=3) and blocked with Oc-
treotide (DOTA blocked, n=3) calculated from dynamic PET studies (values are mean+SEM)
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Figure 6: Biodistribution of [%8Ga]Ga-DATA-TOC and [%8Ga]Ga-DOTA-TOC in selected organs and tissues (A) activity amounts
(%ID), activity concentrations (B) and tumor-totissue ratios (SUV/SUV) (C) 60 min after single intravenous injection of
[68Ga]Ga-DATA-TOC (control 9 animals, blocked 8 animals) and [68Ga]Ga-DATA-TOC (control 5 animals, blocked 7 animals) in
MPC-mCherry NMRI nu/nu tumor-bearing mice in control and blocked (100 pg/mouse [Nal3]Octreotide acetate) experiments.

Biodistribution

Biodistribution studies over 1 h p.i. of the [®Ga]Ga-DATA-TOC and [®®Ga]Ga-DOTA-TOC in s.c. tumor-

bearing mice were carried out for quantitative comparison of tumor accumulation, distribution and

elimination in control and blocked state (figure 6). The tumor uptake of both [®®Ga]Ga-DATA-TOC and

[8Ga]Ga-DOTA-TOC at 1 h after injection was in the same range with SUV’s of 3.41+1.43 and 4.52+1,96

(P=0.2838), respectively. The higher blood concentration of the [®8Ga]Ga-DATA-TOC (0.19+0.08 SUV)

in comparison to [®Ga]Ga-DOTA-TOC (0.06+0.01 SUV; P<0.01) resulted in a lower tumor-to-blood ratio
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20.24+11.9 SUV versus 70.5%+34.3 SUV; P<0.01. However, the tumor to muscle ratios for both radiotrac-
ers were not different with 103.0+57.2 for [*8Ga]Ga-DATA-TOC and 157.0+34.6 for [®®Ga]Ga-DOTA-TOC
(P=0.1027). A significant difference was the higher uptake of [®8Ga]Ga-DOTA-TOC in the pancreas with
0.836+0.267 to [%8Ga]Ga-DATA-TOC with 0.53440.152, P<0.05. The simultaneous injection of
100 pg/mouse [Nal*]Octreotide acetate blocked the tumor accumulation distinctly of both radiotrac-
ers. The resulting activity concentrations were not different between both with 0.358+0.169 SUV
[¢3Ga]Ga-DATA-TOC and 0.256+0.094 SUV [%Ga]Ga-DOTA-TOC, P=0.2145. The [Nal3]-Octreotide ace-
tate injection decreased also the accumulation of the [®®Ga]Ga-DOTA-TOC in the pancreas from
0.836+0.267 SUV to 0.374+0.268, P<0.05. On the other site was the uptake of [®®Ga]Ga-DATA-TOC in-
creased in the spleen and of the [®Ga]Ga-DOTA-TOC in the brain by application of the Octreotide. Both
radiotracers were predominantly excreted via the kidneys in comparable amounts with 85.3 %ID of
the [®8Ga]Ga-DATA-TOC and 86.6 %ID of the [®®Ga]Ga-DOTA-TOC. The hepatobiliary excretion of both
radiotracers was small and comparably with 2.07+0.72 %ID ([®®Ga]Ga-DATA-TOC), and 2.76+1.15 %ID
([°8Ga]Ga-DOTA-TOC) for both radiotracers. The elimination via the liver of [3Ga]Ga-DOTA-TOC was

decreased by the Octreotide injection to 1.36+0.63 %ID

Patients

Compared with [%8Ga]Ga-DOTA-TOC PET/CT before PRRT, post-PRRT [®¥Ga]Ga-DOTA-TOC PET/CT
demonstrated partial disease remission according to molecular imaging criteria (65 % decrease of up-
take in the primary pancreatic tumor based on the target-to-pituitary ratio). PET/CT with [*®Ga]Ga-
DATA-TOC, performed 24 h later at the same time post tracer injection, demonstrated a similar, very
intense hsst,-expression in the primary pancreatic tumor (figure 7), but relatively lower uptake in nor-
mal liver (table 1). If confirmed in a larger series of patients, the lower hepatic uptake of [*8Ga]Ga-

DATA-TOC will allow for more sensitive detection of small liver metastases.
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Figure 7: [®3Ga]Ga-DATA-TOC PET/CT images - A) transverse PET/CT fusion, B) PET MIP. [¢3Ga]Ga-DOTA-TOC PET/CT images -
C) transverse PET/CT fusion, D) PET MIP. Arrows demonstrate high uptake in the primary pancreatic NET. The [58Ga]Ga-DATA-
TOC PET/CT images show slightly higher physiological uptake in the kidneys as compared to the [°8Ga]Ga-DOTA-TOC PET/CT
study in the same patient. There is significantly higher uptake in normal liver after injection of [®3Ga]Ga-DOTA-TOC in com-
parison with PET/CT images obtained after using [®8Ga]Ga-DATA-TOC

Table 1: Comparison of SUVs between [68Ga]Ga-DATA-TOC and [®8Ga]Ga-DOTA-TOC in 46-year-old male patient with a well-
differentiated NET in the body and tail of the pancreas

location SUV
[®®Ga]Ga-DATA-TOC  [*®Ga]Ga-DOTA-TOC
target lesion 46.9 71.1
liver 9.11 23.09
ratio (target-to-liver) 5.15 3.08
Pituitary gland 14.57 23.69
ratio (target-to-pituitary gland) 3.22 3.00

The newly presented bifunctional DATA-chelator and its conjugate to TOC, DATA-TOC, showed the po-
tential to establish a kit-type labelling routine for ®8Ga [23,28]. To show that the DATA chelator does
not negatively affect the receptor affinity and the in vivo performance of the targeting vector,
[68/mtGa]Ga-DATA-TOC was evaluated in a series of in vitro- and in vivo-studies and directly compared

with [*¥/"'Ga]Ga-DOTA-TOC.
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Summarizing these results the newly presented bifunctional DATA-chelator and its conjugate to TOC,
DATA-TOC, showed the potential to establish an instant kit-type labelling routine for %Ga [23,31]. To
show that the DATA chelator does not negatively affect the receptor affinity and the in vivo perfor-
mance of the targeting vector, [**"*'Ga]Ga-DATA-TOC was evaluated in a series of in vitro- and in vivo-
studies and directly compared with [®*/"*'Ga]Ga-DOTA-TOC.

Radiolabeling with ®8Ga for animal studies was completed at 25 °C for DATA-TOC, whereas for DOTA-
TOC was a higher temperature required achieving comparable labeling efficiency. This finding corrob-
orates previously reported radiochemical data for convenient kit-type labelling of DATA-TOC with *Ga
[23]. It should be stressed that upscaling the radiolabeling from animal to patient synthesis levels was
successful without applying higher than 25 °C temperatures, but by optimizing the amount of DATA-
TOC and buffer used.

The hsst,-affinities of ["'Ga]Ga-DATA-TOC and ["*'Ga]Ga-DOTA-TOC were found very comparable with
almost equivalent ICso values (figure 3), revealing the suitability of DATA-chelator as a means for con-
venient and successful labelling of TOC with %Ga.

Furthermore, first animal studies comparing [®®Ga]Ga-DATA-TOC to [*®Ga]Ga-DOTA-TOC showed simi-
lar biodistribution and kinetic profiles. The uptake in the tumors was specific, reaching comparable
values and following similar kinetics. The almost linear tumor to blood curves (SUR) of both radiotrac-
ers seemed to be like the ®FDG-kinetics an result of a nearly irreversible trapping and could be de-
scribed by a irreversible two tissue compartment model [33,34]. The tumor accumulation of both ra-
diotracers was blocked by [Nal®]-Octreotide acetate to all about the same activity concentration in the
tumors. The pancreatic [®8Ga]Ga-DOTA-TOC uptake in the mice was also blocked by the Octreotide
injection supporting the detection of natural expressing mSSTR,. The baseline uptake of the [*8Ga]Ga-
DATA-TOC in the pancreas was lower and showed therefore no significant difference between the con-
trol and blocking experiments.

The tumor-to-tissue ratios during biodistribution or small animal PET. The observed tumor-to-tissue
ratios were in good agreement with hsst;-affinities of the two analogs. Similarly, the first comparison
of [®®Ga]Ga-DATA-TOC and [*®Ga]Ga-DOTA-TOC in a 46-year old NET patient showed comparable up-
take in the tumor lesions. Although [*8Ga]Ga-DATA-TOC resulted in a lower overall tumor uptake (SUV:
46.9), a significantly better tumor-to-liver ratio of 5.15 (compared to 3.08 for [*®Ga]Ga-DOTA-TOC)

could be achieved, facilitating the visualization of liver metastases.
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CONCLUSION

In conclusion, the [*¥"*Ga]Ga-DATA-TOC achieved similar or improved results in affinity and imaging
studies, maintaining the considerable advantage of fast mild radiolabelling (pH 4.5-6 and 25 °C) over
the [®8Ga]Ga-DOTA-TOC. This advantage reveals the DATA chelator as an elegant tool towards estab-
lishing radiolabeling with ®Ga for sensitive target vectors, which can’t be assessed with the DOTA che-

lator due to degradation under radiolabeling conditions (pH 3-4 and > 90 °C).
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SUPPORTING INFORMATION

Synthetic part

The DATA-TOC chelator was synthesized in a 8 step synthesis starting from 2-nitrocyclohexanone,
where the ready for coupling TOC was purchased from ABX GmbH (Radeberg, Germany). The final
product was purified by HPLC (24 % B isocratic on a Luna 10 um (C18) 100 A (250 mm X21.23 mm,
10 um); eluent A: 0.1 % (v/v) TFA in H,0; eluent B: 0.1 % (v/v) TFA in MeCN). The cold complexes
["**Ga]Ga-DATA-TOC and ["*'Ga]Ga-DOTA-TOC were synthesized after treatment of the respective pep-
tide conjugates with excess "*GaCls and were purified by HPLC (Luna 10 um (C18) 100 A (250 mm X 10
mm, 10 um); A: H,0, B: MeCN). The retention time of ["**Ga]Ga-DOTA-TOC was 18.6 min and 19.9 for
["**Ga]Ga-DATA-TOC (gradient: 5 % B to 50 % B in 20 min). LTT-SS28 (H-Ser-Ala-Asn-Ser-Asn-Pro-Ala-
Leu-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-c[Cys-Lys-Asn-Phe-Phe-DTrp-Lys-Thr-Tyr-Thr-Ser-Cys]-OH)  was
purchased from Bachem. DOTA-TOC was purchased by ABX GmbH (Radeberg, Germany).

Radiolabelling

8Ga was eluted from a %8Ge/®®Ga-generator (iThemba Labs, or IDB Holland) with 1 M HCl or water. The
final HCl-concentration in the eluates from both generators was approximately 1 M. The pH of the
fractionated ®8Ga-eluate (300 pL) was adjusted to pH 4.0-4.5 using 2 M NH;OAc. A solution of
8Ga(OAc)s in acetate buffer was added to 20 nmol of each peptide. The reaction mixture was shaken
for 15 min at 80 °C to afford [*8Ga]Ga-DOTA-TOC or at 25 °C to afford [®®Ga]Ga-DATA-TOC. Reaction
mixtures were analyzed by radio-HPLC.

HPLC was performed on a Series 1200 device (Agilent) equipped with the Ramona R/y-ray detector
(Raytest). Eluent A: 0.1 % (v/v) TFA in H,O; eluent B: 0.1 % (v/v) TFA in MeCN; HPLC system: Zorbax
(Agilent) SB-C18, 300 A, 4 um, 250 mmx9.4 mm; gradient elution using 95 % eluent A to 95 % eluent B
in 10 min, 50 °C. Radiolabelled conjugates with radiochemical purity higher than 95 % were used for
subsequent biological experiments after filtering the labelling reaction mixture (45 um pore size, RE-
ZIST 13/0.45 PTFE, Schleicher & Schuell). Filtrates were diluted with electrolyte solution 0.1 mL elec-
trolyte solution E-153 (Serumwerk Bernburg, Germany) to a final concentration of about 80 MBg/mL
[29,30].

Radiotracer stability was assessed separately for trans-chelation (against apotransferrin and DTPA) and
trans-metalation (against Fe") at 37 °C and pH 7 in phosphate-buffered saline (PBS), applying radio-
HPLC [23].

For the preparation of [12°I-Tyr?]LTT-28, [**°I]Nal was provided by PerkinElmer in dilute sodium hy-
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droxide solution pH 8-11 in an activity concentration of 365.39 mCi/mL. Radioiodination was per-
formed according to the chloramine-T method using 0.1 M D,L-methionine to quench the reaction and

the radioligand was isolated by HPLC, as previously described [24-26].
Reagents and Cell Lines

The HEK293 cell line transfected to stably express the human sst, (HEK293-hsst,) used for receptor
affinity assessments was a kind gift of Prof. S. Schultz (Institute of Pharmacology and Toxicology, Uni-
versity Hospital, Friedrich Schiller University Jena, Germany). Cells were cultured at 37 °C and 5 % CO
in Dulbecco’s modified eagle medium containing 10 % fetal bovine serum, 100 U/mL penicillin,
100 mg/mL streptomycin, and 500 mg/mL G418, as previously described [24,25]. All culture reagents
were from Gibco BRL, Life Technologies or from Biochrom KG Seromed.

The recently established mouse MPC-mCherry cells [31] with high expressing mSSTR, (mSSTR,, =10°
sites/cell) were derived from lentivirally gene-modified MPC cells; clone 4/30PRR, passage 32) [32],
cultured and prepared for in vivo application, as previously described [31]. Shortly, mouse pheochro-
mocytoma cells (MPC 4/30PRR) were cultured in collagen coated flasks and maintained in RPMI 1640
including HEPES (GIBCO) in a humidified 5 % C0O2/95 % (v/v) O, atmosphere at 37 °C. Culture medium
was supplemented with 10 % (v/v) heat inactivated horse serum (GIBCO), 5% (v/v) fetal bovine serum
superior (BIOCHROM) and 0.1 % (v/v) gentamicin (GIBCO) and replaced every 48-72 h. Cells were rou-
tinely passaged every 7-10 d. Before injection into animals cells at 70-80% confluence were detached
using 0.05 % (w/v) Trypsin-EDTA in magnesium- and calcium-free phosphate buffered saline and ad-
justed to a concentration of 2-10° cells per 60 pL in 50 % (v/v) Matrigel (BD Biosciences)/phosphate

buffered saline.

Competition Binding Assays

Competition binding experiments were performed for ["'Ga]Ga-DATA-TOC and ["*'Ga]Ga-DOTA-TOC
in HEK293-hsst,/3/5 cell membranes, harvested as previously described [26]. [*2°I-Tyr®]LTT-28 served as
radioligand and [LTT]SS-28 ([Leu®,DTrp?2,Tyr*]SS-28) as reference compound [24,25,27]. In brief, radi-
oligand (70 pL, 50 pM corresponding to = 40,000 cpm), test peptide (30 pL solution of increasing con-
centrations, 10°-10"13 M) and membrane homogenates (200 uL) were added in each assay tube (total
volume of 300 pL in binding solution: 50 mM HEPES pH 7.4, 1 % BSA, 5.5 mM MgCl,, 35 uM bacitracin);
triplicates for each concentration point were used. Samples were incubated for 60 min at 22 °Cin an
Incubator-Orbital Shaker unit, (MPM Instr. Srl). Ice-cold washing buffer (10 mM HEPES pH 7.4, 150 mM
NaCl) was added, followed by rapid filtration over glass fiber filters (Whatman GF/B, pre-soaked for
2 hiin a1 % polyethyleneimine, PEIl, aqueous solution) on a Brandel Cell Harvester (Adi Hasel Inginieur

Bilro) and by rinsing the filters with ice-cold washing buffer. Filters were collected and their activity
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was counted in a y-counter (automated well-type multi-sample gamma counter; Nal(Tl) 3" crystal,
Canberra Packard Auto-Gamma 5000 series instrument). The half maximal inhibitory concentration
(ICsp) values were calculated by nonlinear regression according to a one-site model applying the PRISM
2 program (Graph Pad Software) and represent mean /Csptsd from n experiments performed in tripli-

cate; ["'Ga]Ga-DATA-TOC (n=3), ["*'Ga]Ga-DOTA-TOC (n=2) and LTT-SS5-28 (n=3).
Animal experiment

Animal experiments were carried out at the HZDR according to the guidelines of German Regulations
for Animal Welfare and have been approved by the Landesdirektion Dresden. A number of 2:10° MPC-
EGFP-Luc cells (passage 13) were injected intravenously in 6 weeks old female SCID/beige mice (Harlan,
Netherlands). General anesthesia was induced and maintained with inhalation of 10 % (v/v) desflurane
in 30/10 (v/v) oxygen/air during imaging studies. Body weight (BW) was measured every 3-4 days.

Luminescence distribution in the mice was imaged once a week.
In vivo biodistribution

Four animals (body weight 36.3 + 2.1 g) for each radiotracer were injected intravenously into a tail vein
with approximately 2.3 MBq (0.06 uCi) in 0.1 mL electrolyte solution E-153 (Serumwerk Bernburg, Ger-
many) without (control) or with simultaneous injection of 100 ug/mouse [Nal*]Octreotide acetate
(blocked). Animals were euthanized at 60 min post-injection. Blood, tumor and the major organs were
collected, weighed, and counted in a cross-calibrated y-counter (Isomed 1000, Isomed GmbH, Dres-
den) and Wallac WIZARD Automatic Gamma Counter (PerkinElmer, Germany). The activity of the tissue
samples was decay-corrected and calibrated by comparing the counts in tissue with the counts in ali-
quots of the injected radiotracer that had been measured in the y-counter at the same time. The ac-
tivity in the selected organs was expressed as percent-injected dose per organ (%ID) and the activity
concentration in tissues and organs as standardized uptake value (SUV in g/g). Values are quoted as

mean + standard deviation for each group of four animals.
Small animal PET

PET scans were performed using a dedicated rodent PET/CT scanner (NanoPET/CT, Mediso, Budapest).
The gas anesthetized (9 % Desfluran, 30 % oxygen in air) female NMRI nu/nu mice with subcutaneous
pheochromocytoma (MPC-mCherry) on the right shoulder were positioned on a heated bed along the
scanner axis. The %Ga-labeled peptides (10 MBq/300 puml) were infused over one minute into a tail
vein without (control) or with simultaneous injection of 100 ug/mouse [Nal’]Octreotide acetate
(blocked). Two hour dynamic scans were acquired and reconstructed into 38 frames. The following

data acquisition parameters were used: 5 ns coincidence window and 250 to 750 keV energy window

102



in 1-5 coincidence mode. Crystal efficiency correction was applied. For rebinning was a 2D SSRB
method applied, with a ring difference of 8, and the reconstruction process was a three-dimensional
ordered-subsets exception maximum algorithm (Tera-Tomo-3D, subsets, 6; iterations, 4). Pixel size was
0.5 mm, and the slice thickness was 0.5 mm. Data were analyzed with ROVER (ABX GmbH, Radeberg,
Germany). The ROl values were not corrected for recovery and partial volume effects. For each Nano-
PET/CT scan, 3D regions of interest (ROlIs) were drawn over tumor, heart, muscle, liver and kidney in

decay-corrected whole-body orthogonal images.
Statistical analysis

Statistical analysis: Statistical analyses were carried out with GraphPad Prism version 6 (GraphPad Soft-
ware, San Diego California USA). The data are expressed as mean + SEM, and were submitted to one-
way analysis of variance (ANOVA) followed by Bonferroni correction. Values of p < 0.05 were consid-

ered statistically significant and indicated by an asterisk (*).
Human studies

A direct comparison between [%3Ga]Ga-DATA-TOC and [*®Ga]Ga-DOTA-TOC was performed in a 46-
year-old male patient with a well-differentiated NET in the body and tail of the pancreas as well as
peritumoral lymph-node metastases, first diagnosed in November 2012. The large primary tumor in-
volving the stomach, the spleen and the left adrenal gland was surgically resected (R2) by distal pan-
createctomy, partial gastrectomy, splenectomy, left adrenalectomy and omentectomy. Despite oc-
treotide therapy, the disease was progressing and in 2015 the patient was treated by peptide receptor
radionuclide therapy (PRRT, administering 5 GBq of [*°Y]Y-DATA-TOC). Before the second cycle, restag-
ing was performed (figure 7) on a Biograph mCT FLOW 64 PET/CT from the vertex until mid-thigh ex-
actly 50 min after injection of 117 MBq of [*8Ga]Ga-DOTA-TOC and 120 MBq of [®®Ga]Ga-DATA-TOC,

respectively.
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ABSTRACT

Molecular imaging of tumors with the PET radionuclide ®8Ga has gained momentum in clinical oncology
due to the expanding availability of commercial 8Ge/*®Ga-generators in combination with state-of-
the-art PET/CT and PET/MRI hybrid imaging systems. Concurrently, interesting peptide-based or small-
size vectors have been developed for theranostic use in cancer patients. Owing to the short half-life of
%8Ga (t12=67.7 min) and the sensitivity of many targeting biomolecules, labeling and kit reconstitution
in mild conditions allowing for quick access to ready-for-injection PET-tracers are highly desirable. The
novel DATAM ((6-pentanoic acid)-6-(amino(methyl))-1,4-diazepinetriacetate) chelator previously
showing pro-mising qualities for kit type labeling, was coupled to TOC ([Tyr3]octreotide). We herein
report results from a first proof-of-principle study directly comparing of [*’Ga]Ga-DATA-TOC with the
well-established [*’Ga]Ga-DOTA-TOC in a series of preclinical models. Both analogs were shown to be
ssty-preferring and specifically internalized in AR42J and HEK293-hsst; cells, with [¢’Ga]Ga-DOTA-TOC
internalizing faster in both cell lines. Similarly, after injection in mice bearing either AR42J or HEK293-
hsst, tumors, both tracers efficiently and specifically localized in the implants. Whereas [¥’Ga]Ga-
DOTA-TOC exhibited higher tumor values, [’Ga]Ga-DATA-TOC cleared faster from background tissues.
These findings support the suitability of newly introduced bifunctional chelator DATA™ as reliable,

quick and convenient means for labeling of medically relevant vectors with the PET radiometal %Ga.

Keywords: Gallium-67, Octreotide, DATA-TOC, DOTA-TOC, Somatostatin,
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INTRODUCTION

Recent advances in the field of nuclear medicine involve the use of peptide-based vectors radiolabelled
with diagnostic (suitable for SPECT or PET imaging) or particle emitting radiometals (suitable for radi-
onuclide therapy) in an integrated theranostic approach, allowing for personalized management of
cancer patients [1-5]. Molecular imaging of tumors with the PET radionuclide ®Ga has gained momen-
tum in clinical oncology due to the expanding availability of commercial ®8Ge/%®Ga-generators in com-
bination with state-of-the-art PET/CT and PET/MRI hybrid imaging systems [6—10]. Furthermore, func-
tionalization of clinically relevant vectors with the universal chelator DOTA (1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid) has facilitated labeling of the same radiopharmaceutical-precursor
with theranostic radiometal pairs, such as ®Ga and ’’Lu or *°Y for PET imaging and radionuclide ther-
apy, respectively [11]. In this respect, the recent approval by FDA of [®®Ga/’Lu]Ga/Lu-DOTA-TATE
(TATE: DPhe-c[Cys-Tyr-DTrp-Lys-Thr-Cys]-Thr-OH) as a theranostic pair in the management of neuro-
endocrine tumors (NETs) represents a significant success.

The application of ®Ga-based PET radiotracers in the clinic will be further propagated by the availability
of freeze-dried formulations of the radiopharmaceutical precursor, “kits”, in analogy to the widely
popular ®™Tc-kits dominating diagnostic nuclear medicine in the previous decades. Owing to the short
half life of 8Ga (t1,=67.7 min) on one hand and the sensitivity of many targeting biomolecules on the
other, labeling and kit reconstitution at ambient temperature to quickly provide a ready-for-injection
®8Ga-radiotracer are highly desirable. For such purposes, chelators other than DOTA would be prefer-
able for ®8Ga-labeling, especially when taking into account a few recent findings. First, the distinct co-
ordination chemistries of Ga and Lu with DOTA have often led to significant differences in biological
responses, especially with regards to pharmacokinetics, tumor targeting efficacy and retention [11].
Then, accumulating experience has shown that diagnostic imaging and radionuclide therapy may be
best served by a pair of a diagnostic and a therapeutic version of the vector, each addressing distinct
application requirements [12,13].

As a result, several new chelators more appropriate for ®Ga-labeling of clinically attractive vectors
have been introduced over the past few years. These predominantly display either acyclic behavior,
associated with better labeling kinetics (e.g. DFO, deferoxamine), or cyclic characteristics, resulting in
higher thermodynamic stability of the forming metal-chelate (e.g. NOTA, 1,4,7-triazacyclononane-
1,4,7-triacetic acid) [11,14-23]. In an innovative approach, chimeric-type tri-anionic chelators have
been lately introduced, based on the 6-amino-1,4-diazepine-triacetic acid (DATA)-scaffold and exhib-
iting both cyclic and acyclic features [24—26]. The novel DATA chelators have shown promising prop-
erties for kit-type labeling of state-of-the-art ®®Ga-radiopharmaceuticals over existing alternatives, be-
cause they allow for fast and quantitative labeling within a wider labeling pH range at ambient tem-

perature. Furthermore, the forming %Ga-chelates are stable towards trans-chelation (DTPA and apo-
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transferrin) and trans-metalation (Fe'").

In a next critical step, the first bifunctional pro-chelator DATAM-('Bu)s (5-[1,4-Bis-tert-butoxycarbonyl-
methyl-6-(tert-butoxycarbonylmethylmethylamino)-[1,4]diazepan-6-yl]-pentanoic acid) was devel-
oped for convenient conjugation to selected primary amines of clinically interesting vectors. As a first
paradigm, DATAM-(‘Bu)s was coupled to the primary amine of DPhe? of [Tyr®]octreotide (TOC, DPhe-
c[Cys-Tyr-DTrp-Lys-Thr-Cys]-Thr-ol) to yield DATA-TOC. Excessive study on the ®Ga-labeling of DATA-
TOC has shown that a high quality radiopharmaceutical can be prepared in excellent radiochemical
yield from a lyophilized solid at room temperature and within a short time that does not require post-
labeling purification to meet pharmacopeia standards [26,27].
In the present preclinical proof-of-principle study we aimed to further explore the suitability of the
new semi-cyclic bifunctional chelator DATA for ®8Ga-labeling of clinically interesting vectors. For this
purpose, the effects of the new coordination chemistry on the responses of the resulting radiophar-
maceutical in the biological milieu were investigated for the first time using as paradigm-vector the
somatostatin receptor subtype 2 (sst2)-specific TOC. Specifically, the biological profiles of [8Ga]Ga-
DATA-TOC and the well-established [*3Ga]Ga-DOTA-TOC [10,28] (figure 1) were directly compared in a
series of in vitro and in vivo models using the respective surrogates labeled with longer-lived and prac-

tically more convenient ®’Ga (t1,=3.3 d).
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RESUTLS AND DISSCUSION

Ligands and Radioligands

The DATA pro-chelator DATA’M-3'Bu was synthesized and coupled to TOC, as previously described
[26,27]. The [*’Ga]Ga-DATA-TOC and [®’Ga]Ga-DOTA-TOC surrogates were used for convenience in all
biological evaluations in AR42) and HEK-293-hssty (x: 2, 3 and 5) cells and tumor-bearing mice [29], in
view of the longer half life of the gamma emitter ¢’Ga (t1,=3.3 d) compared to *4Ga (t1/=67.7 min).
Labeling with ®’Ga was quantitative after 15 min at room temperature (pH 4.0) for DATA-TOC and after
30 min at 90 °C (pH 4.0) for DOTA-TOC at a specific activity 3.7 MBqg/nmol, as verified by radioanalytical
HPLC. Both radiotracers were used in all subsequent biological experiments without further purifica-

tion.
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Figure 1: Chemical structure of ["3'Ga]Ga-DATA-TOC (A) and ["3Ga]Ga-DOTA-TOC (B)

In Vitro Comparison of [¥’Ga]Ga-DATA-TOC and [’Ga]Ga-DOTA-TOC

The binding affinity of the "'Ga-peptide conjugates for the hsst; has been determined by competition
binding assays against the pansomatostatin radioligand [*%°I-Tyr?*]LTT-S528 in HEK293-hsst; cell mem-
branes using LTT-5528 (H-Ser-Ala-Asn-Ser-Asn-Pro-Ala-Leu-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-c[Cys-Lys-
Asn-Phe-Phe-DTrp-Lys-Thr-Tyr-Thr-Ser-Cys]-OH) as a pansomatostatin reference [30—32]. The /Csp val-
ues measured previously from these assays were 1.03+0.08 nM for ["*'Ga]Ga-DATA-TOC, 0.21+0.01 nM
for ["Ga]Ga-DOTA-TOC and 0.05+0.01 nM for LTT-SS28 [33]. It should be noted that LTT-SS28 dis-
played sub-nM affinity also for hssts (/C50=0.09+0.01 nM) and hssts (/C50=0.17+0.03 nM), determined in
HEK293-hssts and HEK293-hssts cell membranes. In contrast, ["**Ga]Ga-DATA-TOC and ["*'Ga]Ga-DOTA-
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TOCwere found to be hsst,-prefering, showing indistinguishable specific from non-specific binding in

the concentration range applied.
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Figure 2: Percentage of cell-associated vs. total-added radioactivity, comprising internalized (solid bars) and membrane-
bound fractions (checkered bars) after 1 h incubation at 37 °C of (A) [¢7Ga]Ga-DATA-TOCand (B) [’Ga]Ga-DOTA-TOCin AR42J
cells; results represent average of two independent experiments performed in triplicatetsd; the first bars in each diagram
represent specific values, followed by lower bars of non-specific values determined in the presence of excess TATE (1 uM).

The internalization and overall cell-binding capacity of [¢’Ga]Ga-DATA-TOC and [¥’Ga]Ga-DOTA-TOC
were compared in AR42]J cells spontaneously expressing the rat sst; [34] as well as in HEK293-hssty cells
(x: 2,3 and 5) during 1 h incubation at 37 °C. As shown in figure 2, within this period the percentage of
AR42] cell-bound activity reached 1.66+0.19 % for [*’Ga]Ga-DATA-TOC, while for [*’Ga]Ga-DOTA-TOC
this value was 6.04+1.03 % (P<0.05). In both cases the bulk of cell-bound radioactivity was found within
the cells with a small fraction still found on the cell membrane, as consistent with a receptor-agonist
profile. In the presence of excess TATE in the medium cell-binding was 0.49+0.14 % and 0.59+0.17 %,

respectively, suggesting an sst,-mediated process.
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Figure 3: Percentage of cell-associated vs. total-added radioactivity, comprising internalized (solid bars) and membrane-bound
fractions (checkered bars) after 1 h incubation at 37 °C of (A) [¢7Ga]Ga-DATA-TOC and (B) [7Ga]Ga-DOTA-TOC in HEK293-hsst,
cells; results represent average of four independent experiments performed in triplicatetsd; the first bars in each diagram repre-
sent specific values, followed by lower bars of non-specific values determined in the presence of excess TATE (1 uM).
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A very similar pattern was acquired from the same series of experiments in HEK293-hsst; cells. As
shown in figure 3, the percentage of cell-associated activity of [’Ga]Ga-DATAM-TOC amounted to
1.23+0.16 %, while again [’Ga]Ga-DOTA-TOC well surpassed this value with 6.34+0.78 % (P<0.05). The
bulk of radioactivity was found internalized in the cells, whereas overall cell-binding was banned in the
presence of excess TATE in the medium. It should be noted that in the case of HEK293-hsst; or HEK293-
hssts cells, specific cell-binding was indistinguishable from non-specific (in the presence of 1 uM KE108:
Tyr-c[D-diaminobutyric acid-Arg-Phe-Phe-DTrp-Lys-Thr-Phe]) [35] for either radioligand. This finding is
in line with the lack of measurable binding affinity for the hssts or hssts of the two metalated peptide-

conjugates, assessed during competition binding assays in the respective cell membranes.

Comparative Biodistribution of [*’Ga]Ga-DATA-TOC and [*’Ga]Ga-DOTA-TOC in Tumor-Bearing Mice
The tissue distribution of [¥’Ga]Ga-DATA’M-TOC and [*’Ga]Ga-DOTA-TOC was compared in male SCID
mice bearing subcutaneous AR42J tumors or HEK293-hsst, xenografts. No further biodistribution ex-
periments were performed in mice bearing HEK293-hsst; or HEK293-hssts xenografts due to the lack
of hssts/hssts-affinity displayed by the metalated peptide-conjugates as well as due to the inability of
either ®’Ga-radioligand to specifically bind to HEK293-hssts or HEK293-hssts cells in vitro.

Table 1: Comparative biodistribution data of [6’GalGa-DATA-TOC and [6’Ga]Ga-DOTA-TOC in AR42J tumor-bearing SCID mice
at 1 h and 4 h p.i.; a: For in vivo sst>-blockade 50 nmol TATE were co-injected together with the radioligand and this group
included 3 animals in total; b: in vivo sst,-blockade mice groups not included

%ID/g tissuetsd, n=5

[(’GalGa-DATA-TOC [’GalGa-DOTA-TOC
Organs

1h 4h 4 h+ TATE® 1h 4 h°
Blood 1.13+0.19 0.42+0.04 0.56+0.05 0.67+0.13 0.12+0.01
Liver 0.73+0.08 0.46+0.05 0.51+0.08 0.89+0.12 0.75+0.02
Heart 0.54+0.10 0.20+0.03 0.20+0.04 0.53+0.11 0.19+0.03
Kidneys 12.62+2.72 7.21+1.83 9.38+0.70 10.83+2.39 10.97+3.30
Stomach 4.21+0.91 3.48+0.68 0.51+0.12 11.25+1.60 7.47+1.62
Intestines | 2.11 +0.16 2.6210.40 0.65+0.09 3.66+0.34 3.57+0.54
Spleen 0.91+0.15 0.61+0.12 0.47+0.11 1.65+0.26 1.24+0.54
Muscle 0.22+0.07 0.06+0.03 0.06+0.01 0.16+0.04 0.06+0.02
Femur 0.86+0.13 0.61+0.04 0.62+0.05 0.76%0.20 0.43+0.10
Pancreas 3.50+0.79 1.00£0.17 0.27+0.05 11.92+2.79 5.61+0.83
Tumor 22.31+1.87 15.10+#1.98 0.76%+0.09 37.10%+10.37 33.62+%7.56

Biodistribution data in AR42J tumor-bearing mice is summarized in table 1. Thus, [’Ga]Ga-DATA-TOC
showed a high tumor uptake of 22.31+1.87 %ID/g at 1 h p.i., declining to 15.10+1.98 %ID/g at 4 h p.i.
Tumor values dropped to as low as 0.76+£0.09 %ID/g at 4 h p.i. after coinjection of 50 nmol TATE, as
expected for a ssty-specific uptake. The corresponding values for [*’Ga]Ga-DOTA-TOC in the AR42] tu-
mors were higher, reaching 37.10+£10.37 %ID/g at 1 h p.i. and 33.62+7.56 %ID/g at 4 h p.i. This finding
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is in line with the faster internalization rate of [*’Ga]Ga-DOTA-TOC vs. [*’Ga]Ga-DATA-TOC in AR42)
cells observed in vitro. Both tracers cleared rapidly from background tissues predominantly via the
kidneys and the urinary tract. It should be noted that [*’Ga]Ga-DATA-TOC cleared more rapidly from
most physiological tissues than [’Ga]Ga-DOTA-TOC, showing lower radioactivity levels e.g. in the pan-

creas, the stomach and in the kidneys.

Table 2: Comparative biodistribution data of [67Ga]Ga-DATA-TOC and [7Ga]Ga-DOTA-TOCin HEK293-hsst, xenograft-bearing
SCID mice at 1 h and 4 h p.i.; a: For in vivo sst,-blockade 50 nmol TATE were co-injected together with the radioligand and
this group included 3 animals in total; b: in vivo sst,-blockade mice groups not included

%ID/g tissuetsd, n=5

[’GalGa-DATA-TOC [GalGa-DOTA-TOC
Organs
1h 4h 4 h+ TATE® 1h 4h*
Blood 1.11+0.29 0.40+0.05 0.70+0.05 0.66+0.21 0.10+0.02
Liver 0.66+0.10 0.43+0.10 0.54+0.09 0.77+0.16 0.40+0.01
Heart 0.52+0.16 0.19+0.03 0.25+0.06 0.50+0.14 0.17+0.02

Kidneys 15.45+2.71 6.35+1.39 14.11+1.91 12.47+2.76 9.73£1.82
Stomach 2.96+0.94 2.35+0.69 0.19+0.03 12.30+2.88 7.89+2.39
Intestines | 1.59 +0.28 2.12+0.60 0.99+0.15 3.08+0.69 3.68+0.44

Spleen 1.04+0.37 0.50+0.09 0.41+0.07 1.99+0.57 1.32+0.06

Muscle 0.17£0.05 0.07+0.04 0.08+0.01 0.15+0.05 0.06+0.04

Femur 0.81+0.18 0.77+0.07 0.55+0.04 1.21+0.73 1.09+0.12
Pancreas 2.42+0.64 0.63+0.10 0.21+0.02 9.89+2.21 4.45+0.22
Tumor 18.78+5.91 11.791%3.04 0.6010.12 25.6919.38 20.85%5.60

The respective biodistribution data for [*’Ga]Ga-DATA-TOCand [¥’Ga]Ga-DOTA-TOCin SCID mice bear-
ing HEK293-hsst, xenografts are included for comparison in table 2 for the 1 h and 4 h p.i. time inter-
vals. Similarly, [’Ga]Ga-DATA-TOC showed a high uptake of 18.78+5.91 %ID/g at 1 h p.i., declining to
11.79+3.04 %ID/g at 4 h p.i. in the HEK293-hsst, xenografts. This uptake dropped to as low as
0.60+0.12 %ID/g at 4 h after coinjection of 50 nmol TATE, suggesting again hsst,-specific accumulation.
The corresponding values for [’Ga]Ga-DOTA-TOCin the HEK293-hsst, xenografts were likewise higher,
reaching 25.69+9.38 %ID/g at 1 h p.i. and 20.85%5.60 %ID/g at 4 h p.i. Differences in the uptake of
[*’Ga]Ga-DATA-TOC and [*’Ga]Ga-DOTA-TOC in HEK293-hsst, xenografts in mice were in line with dif-
ferences observed during the in vitro internalization and overall cell-binding of the two radiotracers in
HEK293-hsst; cells.

It should be noted that in both AR42J and HEK293-hsst, tumor models, differences of tumor uptake
between [*’Ga]Ga-DATA-TOC and [*’Ga]Ga-DOTA-TOC were statistically significant despite the rather
broad variation of individual values. The latter may be attributed to variations in tumor size, growth-
rate and vascularization as well as to the inconsistent extent of necrotic areas across tumors. Undesir-
able deviations of uptake were observed as a result of tumor non-homogeneity, even though double-

tumors were induced in five animals per time point for each analog. This allowed for including a total
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number of 10 tumors in uptake-calculations to improve statistics. Interestingly, broad tumor uptake
differences could be observed as well between tumors grown in the same animal. Of particular interest
is the fact that [¥’Ga]Ga-DATA-TOC showed considerably high and sst,-specific uptake in both AR42)
and HEK293-hsst, tumor models, although localization was found lower in comparison to [*’Ga]Ga-
DOTA-TOC. On the other hand, [¥’Ga]Ga-DATA-TOC consistently displayed lower accumulation in sev-
eral physiological tissues, including kidneys, liver, intestines, stomach and pancreas (tables 1 and 2).
These findings are in agreement with first results acquired from a NET patient of an ongoing clinical
comparison of [®8Ga]Ga-DATA-TOC and [*8Ga]Ga-DOTA-TOC, revealing higher tumor-to-background ra-
tios for [*8Ga]Ga-DATA-TOC during PET/CT [33]. It should be expected that introduction of suitable
linkers will further improve the in vivo tumor targeting and overall pharmacokinetics of ®3Ga-DATA-
derivatized TOC-analogs, as observed during the development of several peptide-radiopharmaceuti-

cals.
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CONCLUSION

In this proof-of-principle work, a first head-to-head preclinical comparison of the newly introduced
[*’Ga]Ga-DATA-TOC with the well-established [’Ga]Ga-DOTA-TOC in biological models was presented.
First of all, quantitative labeling with ’Ga was concluded faster and in milder conditions for [*’Ga]Ga-
DATA-TOC than for [*’Ga]Ga-DOTA-TOC, corroborating previous reports. This finding bears significant
consequences for the application of “kit”-like formulations for easy, fast and reproducible preparation
of %8Ga-radiopharmaceuticals in PET clinical units. Most importantly, it was demonstrated in a first
paradigm application using TOC that after replacement of the DOTA chelator in DOTA-TOC by the new
DATA chelator the interaction capacity of the end [®’Ga]Ga-DATA-TOC radiopharmaceutical with the
sst, was highly preserved. In view of the above, it is reasonable to assume that the new DATA chelator
system representing aspects of new Ga(lll)-coordination chemistry can be successfully “translated” in
molecular radiopharmaceutical design with attractive perspectives to promote PET imaging with ®Ga

in a clinical setting.
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SUPPORTING INFORMATION

Ligands and Radioligands

The DATA pro-chelator DATA’M-3'Bu was synthesized and coupled to TOC, as previously reported
[26,27]. DOTA-TOC was purchased by ABX Advanced Biochemical Compounds, GmbH, whereas LTT-
$S28 and KE108 were provided by Bachem. TATE used for sst,-blocking experiments was synthesized
as previously described [32].

Lyophilized DATA’M-TOC and DOTA-TOC were dissolved in HPLC-grade H,0 and 50 pL aliquots thereof
were stored in Eppendorf Protein LoBind tubes at =20 °C. For labeling, ®’GaCls in dilute HC1 at an ac-
tivity concentration of 1,100-1,500 MBg/mL was provided by IDB Holland. [¢’Ga]Ga-DATA’™-TOC and
[*’Ga]Ga-DOTA-TOC were obtained at specific activities of = 3.7 MBg/nmol peptide-conjugate. Briefly,
5 nmol of each conjugate was mixed with 17-20 MBq of ®’GaCls; 1 M sodium acetate was used to adjust
the pH of the reaction mixture to 4.0. The mixture was incubated at room temperature for 15 min for
[6’Ga]Ga-DATA-TOCand at 90 °C for 30 min for [*’Ga]Ga-DOTA-TOC. Sodium EDTA (0.1 M, pH 4.0) was
added to a final concentration of 1 mM to scavenge traces of “free” ’Ga>*. For HPLC analysis, a Waters
Chromatograph with a 600 solvent delivery system coupled to a Gabi gamma detector (Raytest RSM
Analytische Instrumente GmbH) controlled by the Millennium Software was used. A Symmetry Shield
RP18 (5 um, 3.9 mm x 20 mm, Waters) cartridge column was eluted at 1 mL/min flow rate with a linear
gradient of 0.1 % aqueous trifluoroacetic acid (TFA) solution and acetonitrile (MeCN), starting from 0 %
MeCN with 2 % increase of MeCN/min. Under these conditions [6’Ga]Ga-DATA-TOC eluted with a
t,=15.1 min and [®’Ga]Ga-DOTA-TOC with a t,=14.4 min.

Cell-Binding Assays with [¥Ga]Ga-DATA*M-TOC and [¥Ga]Ga-DOTA-TOC

Cell Lines and Cell Culture

The rat pancreatic tumor cell line AR42J endogenously expressing the sst; [34] was kindly provided by
S. Mather (St. Bartholomew’s Hospital, London, UK) and cultured as previously described [30,32,36].
The HEK293 cell line expressing the human T7-epitope-tagged sst, receptor (HEK293-hsst,) or the hu-
man sst; or ssts receptor (HEK293-hssts, HEK293-hssts) were a kind gift of S. Schultz (Jena, Germany)
and were cultured as previously described [30]. All culture reagents were from Gibco BRL, Life Tech-

nologies or from Biochrom KG Seromed.
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Radioligand Internalization Assays in AR42] Cells

AR42] cells were seeded in six-well plates (0.7x10° cells/well) and left to grow for 48 h. On the day of
the experiment cells were washed twice with ice-cold internalization medium (F-12K with 1 % FBS).
They were supplied with fresh medium (1.2 mL) and each of [*’Ga]Ga-DATA-TOC or [®’Ga]Ga-DOTA-
TOC (150 pL, 50,000 cpm, 0.5 pmol peptide) was added per well, followed by 0.5 % BSA PBS alone
(150 pL, total series) or by a 1 uM TATE solution (0.5 % BSA-PBS; 150 pL, nonspecific series). Cells were
incubated at 37 °C for 60 min and incubation was interrupted by removal of the medium and rapid
rinsing with ice-cold 0.5 % BSA-PBS. Cells were incubated (2x5 min) at ambient temperature in acid
wash buffer (50 mM glycine in 0.1 M NaCl, pH 2.8). Supernatants were collected (membrane-bound
radioligand fraction). Cells were rinsed with 0.5 % BSA-PBS, lyzed with 1 M NaOH and collected (inter-
nalized radioligand fraction). Collected fractions were measured for their radioactivity content in an
automated well-type y-counter (Nal(Tl)-3""-crystal, Canberra Packard Auto-Gamma 5000 series model)
and the percentage of internalized plus membrane-bound (specific and non-specific) fractions was cal-
culated using the Microsoft Excel program; results represent averagetsd values from 2 independent

experiments conducted in triplicates.

Radioligand Internalization Assays in HEK293-sst;/3/5 Cells

The internalization of [¢’Ga]Ga-DATA-TOC or [’Ga]Ga-DOTA-TOC was additionally studied in confluent
monolayers of HEK293 cells transfected to stably express either the hsst,, the hsst; or the hssts 24 h
after seeding the cells (10° cells/well) in poly-lysine coated six-well plates. Cells were rinsed twice with
ice-cold internalization medium (DMEM Glutamax-I supplemented by 1 % (v/v) FBS). Fresh medium
was added (1.2 mL) followed by ®’Ga-DATA-TOC or ¢’Ga-DOTA-TOC (50,000 cpm corresponding to
0.5 pmol total peptide in 150 pL 0.5 % BSA PBS). Non-specific internalization was determined by a par-
allel series containing 1 uM TATE (HEK293-hsst; cells), or 1 pM KE108 (HEK293-hsst; and HEK293-hssts
cells) and the same procedure was followed as described above. Results represent average+sd values

from four independent experiments conducted in triplicates.

Biodistribution Experiments in Tumor-Bearing Mice

Biodistribution in AR42J Tumor-Bearing Mice

For biodistribution experiments, SCID mice of 7 weeks of age (15-20 g) on arrival day (NCSR “Demo-
kritos” Animal House) were subcutaneously injected in both flanks with a suspension of AR42) cells
(150 pL inocula of 6.7x108 cells in normal saline). Animals were kept under aseptic conditions for 12 d
until well-palpable tumors (200-800 mg) were grown at the inoculation sites. At the day of the biodis-
tribution mice were injected in the tail vein in groups of five with [®’Ga]Ga-DATA-TOC or [¥’Ga]Ga-
DOTA-TOC (100 L, 37 kBqg, 10 pmol total peptide); three further animals were co-injected with excess

TATE (50 nmol) together with the radioligand (blocked animals). Mice were euthanized at 1 and 4 h
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p.i. and tumors and tissue samples were collected, weighed and measured for radioactivity in the y-
counter. Biodistribution data were calculated with the aid of suitable standards of the injected dose as
mean %ID/g+sd using the Graph Pad Software (Prism™ 2.01). For comparison of values the 2-tailed

Student’s t-test was applied and a P value <0.05 was considered statistically significant.

Biodistribution in HEK293-hsst, Xenograft-Bearing Mice

Inocula (150 plL) containing a suspension of freshly harvested 1.2x107 HEK293-hsst; cells in normal
saline were subcutaneously injected in both flanks of SCID mice (173 g, six weeks of age on arrival
day, NCSR “Demokritos” Animal House Facility). Well-palpable tumors were grown at the inoculation
site (300-600 mg) after 3 weeks. On the day of the experiment [6’Ga]Ga-DATAM-TOC or [¥’Ga]Ga-
DOTA-TOC was injected via the tail vein as a 100 pL bolus (37 kBg, 10 pmol total peptide) and the
animals were euthanized in groups of five at 1 and 4 h p.i.; for in vivo receptor-blockade separate 4-h
animal groups of three were co-injected with excess TATE (50 nmol). Biodistribution was subsequently
performed as described above.

Animal experiments were carried out in compliance with European and national regulations and were

approved by national authorities.
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ABSTRACT

Bifunctional chelators have become an important tool as chelating agents in nuclear medicine. The
novel chelator DATA®™ based on the 6-amino-1,4-diazepine-triacetate (DATA) scaffold shows a high
affinity to metal ions such as Ga**. Radiolabelling of this chelator type with %Ga (t1/,=67.7 min, B*=89 %,
Egmax=1,9 MeV) can be performed quantitatively within minutes and under mild conditions. With these
properties DATA facilitates a kit-type labelling of 8Ga for nuclear medical application. Based on this,
three new derivatives of the bifunctional DATA (DATA®™) — short DATA>™-Bz-NCS, DATA>™-en-SA and
DATA®™-TEG-N;s - have been synthesized and characterized. As proof-of-concept the DATA*™-en-SA was
coupled with a bisphosphonate as targeting vector. The ligands were radiolabelled at room tempera-
ture with ®8Ga under different conditions (pH, concentration, and buffer system). All derivatives of-
fered quantitative radiolabelling yields (>95 %) with 2.5 nmol after 10 min. Their stabilities were tested
in different media (human serum, PBS, EDTA, DTPA). All derivatives showed stabilities >88 % in human
serum and >95 % in PBS. Additionally DATA®" itself was evaluated regarding due to the influence of
trace metals like AI?*, Ca?*, Mg?*, Fe¥, Zn?, Ti** and Sn**.

In summary the derivatives offering a fast and convenient labelling of ®®Ga at room temperature. The
new coupling sites allow the covalent conjugation to a variety of targeting vectors, which are in partic-
ular pH and heat sensitive. This features and broadens the application field of this ligand for the radi-

olabelling with ®Ga.

Keywords: Gallium-68, DATA, bifunctional chelator, radiolabelling, buffer
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INTRODUCTION

Chelating agents have become of strong interest in the last decades for medical applications [1]. Espe-
cially for nuclear medicine these compounds (ligands) have received much attention [2]. For diagnostic
and therapeutic applications several requirements have to be fulfilled by the ligands to be used in vitro
and in vivo. First of all the ligand has to be bifunctional. This enables the coupling to a targeting vector
for addressing the right tissue and the complexation of trivalent metal radionuclides such as %Ga and
Y77 u. The coupling as well as the complexation has to show high in vivo stability. The latter is important
due to transmetallation or decomplexation by glycoproteins, enzymes or even bones [3-5]. Therefore,
thermodynamic and especially kinetic stability play a key role for the application of radiometal ligands
in nuclear medicine. The ligands can be divided into two categories: macrocyclic and acyclic. Macrocy-
clic ligands like DOTA, NOTA or their derivatives show high thermodynamic stability constants with
radionuclides like ®Ga, !In or Y7Lu, but a slow complexation reaction [6]. Acyclic ligands like DTPA,
EDTA, Df or more recently the ligands HBED, DEDPA or CP256 offer a faster complexation, but also a
reduced thermodynamic stability [7-12]. Another type of ligand was developed by Waldron et al [13].
The 6-amino-1,4-diazepine-triacetate (DATA) scaffold possesses a hybrid structure offering the ad-
vantage of macrocyclic and acyclic ligands — a fast complexation even at low temperatures with a high
thermodynamic and kinetic stability. Due to the conformational flexibility of the 7-membered skeleton,
a preorganized system is crucial for labelling with ®8Ga or other metal ions. This preorganization of the
ligand depends on two factors: the pH of the buffer solution and the structure of the ligand itself. In

scheme 1 both factors and their influence on the conformation of the ligand are represented.
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pH dependent ring flip
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Scheme 1: Conformational flexibility of the 7-membered 1,4-diazepine ring depending on the pH and the size of the substit-
uents on the C6-atom

The ideal conformation for complexation of metal ions is conformation i in scheme 1, since it creates
a pseudo-octahedral N3Os; geometry. Because of repulsive interaction of the protons conformation ii
is favored at low pH values. Looking at the size dependent ring flip, substituent Ry has to be bulkier
than R; (if Rz is -N(Me)CH,COOH group) to create the preferred conformation. For this effect the con-
formational energy (A-values) of different substituents within the ring conformation have to be con-
sidered [14,15].

Based on this knowledge the novel bifunctional chelator DATA®™ (scheme 2) was synthesized and eval-
uated in terms of its thermodynamic and kinetic stability. The results of this previous study indicate a
high stability of the ["*'Ga]Ga-DATA>™ with a logK value of 21.45 and physiological half life of 46 h in
NaCl (0.15 M, 25 °C) [16].

In this work we present the total synthesis of the key compound DATA®™ and the introduction of three
new coupling sites and the attachment of a bisphosphonate (pamidronic acid) to ligand B as proof-of-
concept (scheme 2). The versatile coupling sites enable the usage of the ligands for several fields like
bisphosphonates, proteins, antibodies, nanoparticles and polymers.

The derivative A can be introduced via the benzyl-isothiocyanate group (-Bz-NCS) to free amines on
polypeptides or antibodies/antibody fragments. This type of coupling has already been investigated
with a number of different chelating agents [17-20].

Derivate B is functionalized with an ethylene diamine squaric acid (-en-SA) derivative. This enables

amide coupling under mild conditions (pH 9, RT) [21,22].
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Derivate C possesses a triglycol azide linker (-TEG-N3) and can be linked to nanoparticles, polypeptides
or polymers which are attached to alkynes or ring strained systems like the DBCO group. This offers a

mild coupling via the [1,3] dipolar cycloaddition [23,24].
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Scheme 2: DATA®™ and its different coupling site: DATAS™-Bz-NCS (A), DATA>™-en-SA (B), DATA™-TEG-Nj3 (C) and DATA>™-en-
SA-PAM (D)

According to these coupling sites we investigated the influence on the radiolabelling (concentration,
buffer system and pH) of the derivatives with ®Ga. Additionally, the stabilities in different media (hu-
man serum, EDTA, DTPA, PBS) were examined for all ligands as well as the influence on the radiolabel-

ling yields of the chelator itself by spiking the ®8Ga eluate with different trace metals.
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RESULTS AND DISCUSSION

Organic synthesis

The synthesis was started with the alkylation of N,N’-dibenzylethylenediamine with tert-butyl bromo-
acetate (scheme 3, 1). After deprotection of the diamine the diazepine was built by a Nitro-Mannich-
reaction with paraformaldehyde and 2-nitrocyclohexanone to yield product 2. The nitro group of 2 was
reduced to the corresponding amine, alkylated with tert-butyl bromoacetate (3) and methylated via
reductive amination to give product 4. The methyl ester was deprotected with LiOH to yield the deriv-

ative 5 (DATA>™) ready for coupling to the linker.
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Scheme 3: Synthesis route of the DATAS™: (i) tert-butyl bromoacetate, Na,COs, ACN, 95 %; (ii) a) Pd/C, EtOH, H, 100 %;
paraformaldehyde, 2-nitrocyclohexanone, MeOH, 67 %; (iii) a) Raney®-Nickel, EtOH, H,, 100 %,; b) tert-butyl bromoacetate,
DIEA, ACN, 49 %,; (iv) Formalin (37 %), AcOH, NaBH,4, ACN, 82 %; (v) LiOH, dioxane/H,0, 91 %

Starting from DATA®™ the different linkers were coupled via the free carboxylic acid (scheme 3).
The coupling reactions for product 6 and 7 were performed under equal conditions with HATU, DIEA
and ACN at room temperature (scheme 4). For amide bond formation of product C HOBt and EDC-HCI
were used instead. By use of HATU the amino group of the 11-azido-3,6,9-trioxaundecan-1-amine re-
acted to the guanidinium ion, which couldn’t be separated from the product even by HPLC. An im-
portant factor for the synthesis of the squaric acid derivative B was the adjustment of the pH to 7. At
lower pH no reaction occurred, whereas at higher pH two ligand molecules were coupled to the squaric
acid ester. The latter fact is going to be used for the attachment of this derivative to free amines of
polypeptide, macromolecular systems or the afore mentioned pamidronic acid [21]. The synthesis of
the aniline intermediate of product A was carried out in different media with different catalysts. The
best system was Raney°Nickel in THF. Using Pd/C as catalyst either with ethanol or THF resulted in the
addition of at least one unit of a solvent molecule to the amino group. This effect is known due to the

evolution of acetaldehyde and the reductive amination with the produced amine [25,26]. Regarding
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the THF side product Russell et al. investigated the Pd-mediated addition of peroxidic THF to aromatic
amines [27].
After deprotection under acidic conditions all ligands were purified by means of HPLC under isocratic

conditions.
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Scheme 4: Synthesis route for the derivatives DATA>™-Bz-NCS (A), DATA>™-en-SA (B) and DATAS™-TEG-N3 (C): (i) 4-nitrome-
thylaminobenzyl hydrochloride, HATU, DIEA, ACN, 80 %; (ii) a) Raney®Nickel, H,, EtOH; b) SCCl,, TEA, CHCl3; c) TFA/DCM, RT,
28 %, (iii) tert-butyl-N-(2-aminoethyl)carbamate, HATU, DIEA, ACN, 80 %; (iv) a) TFA/DCM, 100 %; b) 3,4-diethoxy-3-cyclobu-
tene-1,2-dione, phosphate buffer (0.5 M, pH 7), 33 %,; (v) a) 11-azido-3,6,9-trioxaundecan-1-amine, HOBt/EDC-HCI, DIEA, ACN;
b) 4 M HCl in dioxane, RT, 33 %

B

As proof-of-concept, the squaric acid derivative B was coupled with pamidronic acid (PAM). Under
alkaline conditions (pH 9) the primary amine of the pamidronic acid substitutes the ethyl ester group
to give the squaramide. After HPLC purification the pure product D with a yield of 55 % was obtained

(scheme 5).

OH OH

ﬁ j 7(\/\/% e (HO)ZO;J?\HI 70(\/\/%’2)“ OH

(HO),0P D

Scheme 5: Synthesis of DATA>™-en-SA-PAM (D) — (i) NazHPO4 (pH 9), pamidronic acid (PAM), 16 h, RT, 55 %

Important for this reaction is the use of metal-free buffer, since DATA is able to complex trace metals

like zinc and copper [16]. These thermodynamically stable complexes would have an influence on the
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radiolabelling with ®Ga due to transmetalation between the trace metal-ligand complex and the gal-
lium. The great advantage of this reaction is the easy coupling chemistry in agueous solution at room

temperature with ethanol as only side-product.

Radiolabelling (pH- and concentration-dependence)

Derivatives A, B and C were radiolabelled with ®8Ga under various conditions (concentration, pH, buffer
system). The most commonly used buffer systems for ®Ga labelling are sodium acetate (NaOAc), am-
monium acetate (AmOAc) and N-2-hydroxyethyl piperazine-N’-2-ethanesulfonic acid (HEPES). Several
studies have already demonstrated the influence on labelling efficiencies by the choice of buffer sys-

tem [9,28,29]. In table 1 the radiolabelling yields for all three derivatives A, B and C are listed.

Table 1: Radiolabelling yields (in %) of derivatives A, B and C with various buffer systems and ligand concentrations after 10
min at 25 °C (n=3; A(®8Ga)=20-25 MBq (0.2-0.25 pmol))

NaOAc (0.25 M, pH 4.5) AmOACc (0.25 M, pH 5.5) HEPES (0.25 M, pH 4.3)

HUM |[[*®GalGa-A [*®Ga]Ga-B [**GalGa-C |[®®Ga]Ga-A [**Ga]Ga-B [**GalGa-C |[®*Ga]Ga-A [**GalGa-B [**Ga]Ga-C
1 10.8+8.0 789+13.0 98.8+0.3 |55.0+124 844+19 96.7+0.8 46+1.8 3.7+0.4 9.7+26

25 [(96.8+04 96.0+1.2 99.4+0.0 94.7+1.0 97.7+1.0 97.8+0.6 5.1+0.5 41+0.3 8.1+28
5 99.3+0.1 97.2+0.7 99.5+0.0 94.5+0.8 96.7+05 97.6%25 98.0+0.2 97.4+0.8 99.4+0.1
10 |98.6+0.2 983+0.6 99.5%0.1 99.8+0.1 99.1+0.3 99.8+0.0 99.2+0.0 99.7+0.1 99.5+0.0

First reactions were carried out with 10 uM of each ligand. The labelling reactions were performed in
a total volume of 1 mLresulting in concentrations of 1 uM (1 nmol) to 10 uM (10 nmol) with 20-25 MBq
n.c.a. *8Ga. All ligands reached radio chemical yields (RCY) > 95 % by 10 min for 5 and 10 uM, independ-
ent of the used buffer system. Also with 2.5 uM all ligands could be labelled quantitatively, but only
with NaOAc and AmOAc as buffers. With HEPES buffer (0.25 M) no radiolabelling yield greater 15 %
could be determined; neither with 1 uM nor with 2.5 pM. Interestingly, ligand A showed labelling
yields in NaOAc and AmOAc lower 60 % for 1 uM amount of substance. By taking a closer look on the
kinetic studies, derivative C comes with the fastest complexation kinetic for ®Ga. According to the
structure-dependent properties of the DATA skeleton (scheme 1) these results are not surprising: The
bulky triglycol linker seems to have a greater effect on the pre-organization of the DATA than the ben-
zyl- and ethylenediamine-construct. Comparing 1 uM ligand of A and B within the buffer systems
NaOAc and AmOAc the latter one shows higher yields (78.9 % with NaOAc and 84.4 % with AmOAc).
These results bring up two theses: First of all, AmOAc seems to be the better choice of buffer system
for these ligands. The second thesis proposes, that ligand B possesses a faster kinetic complexation
ability. Looking at the structure of ligand B, it can be said, that the squaramide function seems to have
a positive influence on the labelling ability of B. The squaramide offers a dione back bone, which is able
to complex transition metals and lanthanides such as copper, zinc, lanthanum or gadolinium [30,31].

A similar effect regarding enhanced labelling effects for a squaramide-chelator-system was observed
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by Rudd et al. [22]. They labelled Df-squaramide-trastuzumab with #Zr within a shorter time period
compared to the DFO-Bz-NCS conjugate. Additionally, a higher stability for the complex was deter-
mined due to the contributory complexation effect of the dione back bone of the squaramide.

In terms of the buffer systems a detailed investigation of the HEPES was evaluated. Since the radio-
labelling yields for lower ligand concentrations did not show any kinetic progress, it was assumed, that
the HEPES interacts with the %Ga by building a weak Ga-HEPES-complex (logk=1.99 + 0.01), as pro-
posed by Azab et al. [32]. Therefore the molarity of the HEPES was decreased from 0.25 M to
0.025 mM, to get an insight into the influence of HEPES on the labelling efficiency. Table 2 lists the RCY

for 1 and 2.5 uM of each derivative after 15 min.

Table 2: Comparison of the radiolabelling yields (in %) of derivatives A, B and C with 0.25 M and 0.025 M HEPES buffer systems
after 15 min at 25 °C (n=3; A(%8Ga)=20-25 MBq (0.2-0.25 pmol))

| HEPES (0.025 mM, pH 4.3) | HEPES (0.25 M, pH 4.3)
Y [(®GalGa-A  [®Ga]Ga-B  [*®GalGa-C | [®Ga]Ga-A [*®Ga]Ga-B  [*®Ga]Ga-C
1 27.6+1.1 959+10 90.8+18 | 4.7+18 47+04 104338
25 | 93.7+53  955+12 99.2+0.2 | 5.2+0.0 43+0.7 7229

Similar to the findings of Martins et al. [33], the ratio between the concentrations of HEPES buffer and
the ligand has a major impact on the labelling yields for all derivatives. Whereas the labelling reactions
with 0.25 M HEPES offered no further increase of the yields after 10 min, the system with 0.025 M
HEPES and lower ligand concentrations indicated a further increase in the labelling yields beyond
10 min. All derivatives (except 1 uM of ligand A) result in RCYs greater 90 % in 0.025 M HEPES after
15 min (or less).

Based on these results the radiolabelling efficiency of ligand D with ®8Ga was examined in the same
manner as for ligands A to C. Starting with 10 uM ligand concentration in NaOAc radiolabelling yields
below 50 % were obtained at 25 °C and 40 °C after 10 min. Therefore, the temperature was raised to
90 °C according to the labelling protocols of NOTA-bisphosphonates with %Ga [34,35]. Holub et al.
have shown, that for NO2AP® and NOTAM®® more forced conditions led to faster complexation and
higher yields with ®8Ga [34]. In table 3 the radiolabelling yields for [®Ga]Ga-D are listed for all three

buffer systems.
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Table 3: Comparison of the radiolabelling yields (in %) of derivative D with various buffer systems and ligand concentrations
after 10 min at 90 °C (n=3; A(°8Ga)=20-25 MBq (0.2-0.25 pmol))

nmol | NaOAc (25 mM, pH 4.5) | AmOAc (25 mM, pH 5.5) | HEPES (0.025 M, pH 4.3)

1 0.0+0.0 49.2+3.2 555+7.1
2.5 40.2+1.5 69.1+5.0 98.6+0.1
5 97.6+0.2 97.7+0.6 97.1+15
10 99.2+0.1 98.4+0.8 96.8+1.0

Within all buffer systems and concentrations of 5 UM to 10 uM the bisphosphonate is labelled quanti-
tatively after 10 min. For lower ligand amounts RCY higher 50 % could only be reached with HEPES as
buffer. These findings are in good agreement with the results of the previous evaluated derivatives.
In summary, all four ligands show quantitative radiolabelling yields in low micromolar concentrations
at room temperature. Even 2.5 uM of each ligand resulted in quantitative radiochemical yields, espe-
cially with HEPES as buffer system. Though the information on the toxicity of HEPES is limited and the
use in humans is still debated [36], HEPES has the additional advantage of acting as scavenger for rad-

icals, which are formed by gamma radiation [37].

In vitro stability

Besides quantitative labelling a ligand should possess high thermodynamic and kinetic stability. Con-
sequently [®Ga]Ga-A, [#®Ga]Ga-B, [*®Ga]Ga-C and [®®Ga]Ga-D were evaluated regarding their stability
in vitro in different media. In HS as well as in PBS all complexes (except [®8Ga]Ga-A in HS) show a high
stability of >98 % after 2 h. Even in the presence of DTPA and EDTA, which are competitive ligands,
stabilities over 95 % for [*8Ga]Ga-B, [*8Ga]Ga-C and [*8Ga]Ga-D, and over 78 % for [®®Ga]Ga-A could be
obtained. Evidently, the complexes [#Ga]Ga-C and [®®Ga]Ga-D are the most stable and have the highest
kinetic inertness. Nevertheless the other two derivatives and their Ga-complexes have shown a high

potential as excellent ligands for in vivo application.
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Table 4: Stability of [68Ga]Ga-A, [®8Ga]Ga-B, [®8GalGa-C and [%8Ga]Ga-D (in % intact complex) in human serum (HS), DTPA,
EDTA and PBS after 1 hand 2 hat 37 °C

t/h Hs DPTA EDTA PBS
GalGan| ! 020:03 898103  882%07  998:01
2  881+05 86.0+05  781%05  99.7+0.0
GalGap| ! 09900 933308 927104  998%01
2 990+03 81.4+09  815+07  99.8+0.0
GajGac | I 99800 998:01  984%04  999%00
2 996+01 995+01  952+04  99.8+0.0
1  984+01 987:02  988%02  99.7+00
68 _
[FGalGaD| o . .06 980:11  982+08  99.6%0.0

Aside from the radiolabelling under different conditions the purity of the ®Ga solution plays an im-
portant role for the radiochemical yield. Impurities within the eluate of a ®Ge/%®Ga generator are met-
als like Ge(IV), Zn(I1), Sn(1V), Ti(1V), Fe(11)/(11), Al(11I1) and Cu(ll). Fe(lll), Cu(ll) and Zn(ll) are common trace
metals, while Zn(ll) is additionally formed via the decay of ®Ga. Sn(IV) and Ti(IV) contaminations orig-
inate from generator matrixes and Al(lll) from other generator materials. Even if the concentrations
are reported to be in the sub-nanomolar range these metals, especially Zn(ll) and Fe (l1)/(lll), have a
great influence on the radiolabelling [38—40]. This influence of metal ion contaminations on the label-
ling of 5 (DATA®™) was investigated by spiking the ®Ga-eluate with these metal ions. Additionally, the
influence of the divalent cations Ca(ll) and Mg(ll), which are present in physiological conditions, were
tested.

The labelling was carried out in a 10 uM solution of 5 in NaOAc-buffer (0.2 M, pH 4.5) with 20-30 MBq
%8Ga which was purified via cationic post-processing. Under these conditions 5 reached RCY >95 % after
1 min. For the contamination experiments the purified ®®Ga-eluate was mixed with different amounts
of metal ions before adding it to 5 resulting in chelator to metal ion ratios of 10:1, 1:1, 1:10 and for
cases where little metal influence was observed 1:100. Labelling results for metal ion contaminations

with little influence are shown in figure 1.
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Figure 1: Incorporation of #Ga3* by 5 as function of increasing concentrations of metal ions. @=no metal added. Vertical
dashed line indicates equal concentrations of chelator and contaminant (10 uM).

The labelling of 5 is not influenced by the divalent cations Ca(ll) or Mg(Il). Al(lll) also shows not influ-
ence even in high concentrations. The rapid decrease in RCY for high concentrations of Ti(IV) and Sn(IV)
is caused by formation of colloids of these metals in these concentrations which can incorporate 8Ga**
and make it inaccessible for the DATA-Chelator. Ti(IV) and Sn(IV) are not competing with ®#Ga3 for
complexation by the chelator.

Fe(ll1), Cu(ll) and Zn(Il) have a higher influence on the labeling of 5 with %Ga (s. figure 2). When ratios

of chelator to metal contaminant reach 1:1 the RCY starts to decrease.
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Figure 2: Incorporation of 68Ga3* by 5 as function of increasing concentrations of metal ions (Fe3*, Zn2* and Cu?*). @=no metal
added. Vertical dashed lines indicate equal concentrations of chelator and contaminant (10 pM).

Although the complexations of Fe®* and Ga** are often described as similar, the Fe**ion seems to be
less of an obstacle for the ®Ga complexation by the DATA-chelator compared to the influence of diva-
lent cations Zn** and Cu?. In general, problematic contaminant concentrations for the labelling of 5
with ®Ga are not reached in usually used generator eluates [40]. Zn(Il) seems to be the most concern-
ing contaminant and might have to be considered when using small amounts of the DATA-chelator
with unprocessed %Ga eluate from generators with a long standing time. The behavior of the DATA-

chelator in the presence of Cu?* might indicate a suitable chelator for the complexation of ®Cu.
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CONCLUSION

The novel chelator DATA and the reported derivatives are promising candidates for Ga labelling. With
their coupling sites the DATA derivatives expand their application field to a broad spectrum of molec-
ular targeting vectors. Especially their coupling chemistry, which can be performed under similar con-
ditions as the ®Ga-DATA radiolabelling itself (pH 7-9, RT), creates new pathways to introduce the DATA
scaffold on bisphosphonates, polypeptides, polymers, nanoparticles or antibody fragments. The fast
and simple labelling setup at room temperature, which is similar to the kit-type labelling of *™Tc phar-

maceuticals [41,42], magnifies the use of ®8Ga pharmaceuticals for the clinical use.
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SUPPORTING INFORMATION

General methods:

All used chemicals were commercially available at Acros Organics, Bachem, Fluka, SigmaAldrich or VWR
and were used without further purification. For radiolabelling reactions trace metal-free salts and wa-
ter were used. The measurements of 'H- and **C-NMR spectra were performed on a Bruker Avance IlI
HD 400 (400 MHz) or Avance Il 600 (600 MHz). Chemical shifts are given in parts per millions downfield
from TMS (6=0 ppm) referred to the solvent residual signal. Low-resolution mass spectra (LR-MS) were
recorded on Agilent 6100 Series Single Quadrupole LC/MS and high-resolution mass spectra (HR-MS)
were recorded on either a Micromass Quattro Micro APl LC-ESI or a Finnigan MAT90-Spectrometer.
Purification and analysis of the compounds was performed on a HPLC system from Merck (LaChrom;
pump: Hitachi L7100; UV-detector: L7400). Following columns were used: Luna 10 u (C18) 100 A
(250x10.00 mm 10 micron) (A); Gemini 5 u (C18) 110 A (250x10.00 mm 5 micron) (B); Luna 10 u (C18)
100 A (250x21.23 mm 10 micron) (C)). As eluent H,0 (0.1 % TFA) and ACN (0.1 % TFA) were used.
For radiolabelling a ®Ge/®®Ga generator (TiO,-based matrix, Cyclotron Co. Obninsk, Russia) was used.
The eluate was purified as described in Zhernosekov et al. [43]. Radiolabelling reactions were per-
formed in 1 mL total volume at 25 °C/90 °C in a heating block at 600 rpm. Radio-TLCs were performed
on Merck Silica Fass TLC plates with citrate buffer (0.01 M, pH 4) or acetone/acetylacetone/conc. HCl
(3:3:1 vol%) and analyzed with the radio detector GABI STAR from Raytest.

Experimental Section:

DATA>™ synthesis

N,N’-Dibenzyl-N,N’-di-(tert-butylacetate)-ethylenediamine (1) \ /

pa

(o] (o}

(0} (0}
N,N’-dibenzylethylenediamine (3.00g; 12.48 mmol) and Na,COs; 4<—N/_\N}
(5.12 g; 48.67 mmol) were stirred at room temperature in dry ace-
tonitrile (50 mL) for 30 min. Tert-butyl bromoacetate (4.64 g; C; b
23.72 mmol), dissolved in dry acetonitrile (10 mL), was added at
room temperature over a period of 30 min. After completion the 1
suspension was heated over night at 90 °C, filtrated and the filtrate was concentrated under vacuum.
After purification via column chromatography (H/EA; 6:1; R=0.25) the product was obtained as colour-
less solid (5.56 g; 11.87 mmol; 95 %).

'H-NMR (CDCls, 400 MHz, 6 [ppm]): 7.34-7.21 (m, 10 H); 3.78 (s, 4 H); 3.26 (s, 4H); 2.82 (s, 4 H); 1.44 (s,
18 H); *C-NMR (CDCl3, 100 MHz, & [ppm]): 171.03 (s); 139,18 (s); 129.05 (s); 128.30 (s); 127.10 (s);
80.86 (s); 58.39 (s); 55.27 (s); 51.73 (s); 28.24 (s)

MS (ESI*): m/z (%): 469.28, 470.31, 471.33 (M+H*); 507.32, 508.34, 509.35 (M+K")
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1,4-Di(tert-butylacetate)-6-methylpentanoate-6-nitroperhy-

NO, fo)
dro-1,4-diazepane (2) /OMN/\{

1 (3.89 g; 8.32 mmol) was dissolved in 20 mL abs. ethanol and ;\

formic acid (627.8 pL; 16.64 mmol). To this solution Pd/C (0.62 g; o ;T

16 wt%) was added and the solution was saturated and kept

overnight with hydrogen. After completion the Pd/C was filtrated over celite, the filtrate was concen-

trated and dried. The crude product 2a(2.29 g; 8.12 mmol; 98 %) was used without further purification.

A solution of 2-nitrocyclohexanone (1.16 g; 8.12 mmol) and Amberylst A21 (2 mass-eq) in dry methanol
(30 mL) was heated for 1 h. Then product 2a (2.29 g; 8.12 mmol) and paraformaldehyde (0.88 g;
29.23 mmol) were added and the suspension was heated overnight under reflux. The suspension was
filtrated, the filtrate was concentrated under vacuum and purified via column chromatography (H/EA,
2:1; Ri=0.43). The product 2 was obtained as yellowish oil (2.66 g; 5.50 mmol; 67 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 3.65 (s, 3 H); 3.60 (d, J=14.6 Hz, 2 H); 3.45 (d, J=17.3 Hz, 2 H); 3.30
(d, J=17.3 Hz, 2 H); 3.12 (d, J=14.6 Hz, 2 H); 2.84 (m, 4 H); 2.27 (t, 3 H); 1.83 (m, 2 H), 1.57 (m, 2 H); 1.46
(s, 18 H); 1.18 (m, 2 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 173.73 (s); 170.92 (s); 95.12 (s); 81.31 (s);
61.57 (s); 61.18 (s); 56.87 (s); 51.68 (s); 37.27 (s); 33.71 (s); 28.35 (s); 24.82 (s); 22.99 (s)

MS (ESI*): m/z (%): 388.14, 389.18, 390.20 (M+H*); 410.15, 411.17, 412.18 (M+Na*)

1,4-Di(tert-butylacetate)-6-methylpentonate-6-amino-tert-

butylacetate-perhydro-1,4-diazepane (3) \X(o

2 (1.59g; 3.27 mmol) was dissolved in absolute ethanol HN/\<0 o

(15 mL), combined with Raney’Nickel 2800° (0.5 g) (washed /OMN/\{)

4 times with ethanol) and the suspension was saturated with o N\) \é
hydrogen and stirred at 40 °C for 6 h. After completion the 0§\0

nickel was filtrated over celite/sand, the filtrate was concen- 3 )T

trated and dried under vacuum. The product 3a (1.08 g; 2.36 mmol) was dissolved with N, N-diisopro-
pylethylamine (419 pL; 2.36 mmol) in dry acetonitrile and stirred under nitrogen for 30 minutes at
room temperature. Tert-butyl bromoacetate (0.61 g; 3.12 mmol) was added dropwise to the solution
and stirred at room temperature overnight. The solution was concentrated under vacuum and purified
via column chromatorgraphy (H/EA, 3:1; R=0.32). The product 3 was obtained as yellow oil (0.66 g;
1.17 mmol; 49 %).

'H-NMR (CDCls, 400 MHz, § [ppm]): 3.64 (s, 3 H); 3.28 (s, 4 H); 3.21 (s, 2 H); 2.77 (m, 4 H); 2.67 (m, 4 H);
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2.30 (t, 3 H); 1.59(m, 2 H); 1.45 (s, 9 H); 1.44 (s, 18 H); 1.28 (m, 4 H); 3C-NMR (CDCls, 100 MHz, & [ppm)]):
174.25 (s), 171.97 (s), 171.09 (s), 81.05 (s), 80.96 (s), 63.58 (s), 62.12 (s), 58.10 (s), 57.46 (s), 51.58 (s),
44.78 (s), 35.34 (s), 34.18 (s), 28.36 (s), 28.27 (s), 25.86 (s), 22.73 (s)

MS (ESI*): m/z (%): 472.31,473.13, 474.35 (M+H*)

1,4-Di(tert-butylacetate)-6-methylpentonate-6-(amino-(me- \X(

thyl)-tert-butylacetate)-perhydro-1,4-di-azepane (4) o

3 (0,60 g; 1.05 mmol) was dissolved in acetonitrile (5 mL) and

\N/\\<o ]
formaline solution (293 pL; 10.50 mmol) and acidified with /OMN/\{)\%
N

acetic acid (180 pL; 3.15 mmol). The solution was stirred for 0 ;\
15 minutes and sodium borohydride (0.12 g; 3.15 mmol) was d o
added portionwise. After completion the solution was 4 )T

guenched with water, extracted with chloroform (3 x 10 mL) and the organic fractions were dried over
sodium sulfate, filtrated and concentrated under vaccum. The crude product was purified via column
chromatography (H/EA, 1:1; Ri=0.20). The product 4 was obtained as yellowish oil (0.50 g; 0.86 mmol;
82 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 3.64 (s, 3 H); 3.46 (s, 2 H); 3.25 (m, 4 H); 2.94 (d, 2 H); 2.84-2.65
(m, 6 H); 2.31 (t, 2 H); 1.57 (m, 4 H); 1.45 (s, 18 H); 1.44 (s, 9 H); 1.35 (s, 2 H); 2*C-NMR (CDCls, 100 MHz,
6 [ppm]): 174.23,172.17, 170.72, 80.90, 80.35, 77.34, 62.52, 62.34, 58.80, 53.99, 51.42, 37.34, 36.61,
34.09, 28.22,28.12, 25.73,21.91

MS (ESI*): m/z (%): 486.30, 487.33, 488.37 (M+H"); 508.33, 509.35, 510.36 (M+Na*)

1,4-Di(tert-butylacetate)-6-pentanoic acid-6-(amino(methyl)- \x(

tert-butylacetate)-perhydro-1,4-diazepane (5) 0

4 (0.96 g, 1.64 mmol) was dissolved in 1,4-dioxane/water (2:1,

15 mL), 1 M LiOH ( 2.87 mL, 2.87 mmol) and stirred at room tem- M /%\é

perature. After completion the solution was concentrated under ;\
vacuum and the residue was extracted with NaHCO; (1M) and o o
chloroform. The organic layer was dried over sodium sulfate, fil- 5 )T

trated and concentrated under vacuum. The product was obtained as yellowish oil without further
purification (0.85 g, 1.49 mmol, 91 %).

'H-NMR (CDCls, 400 MHz, & [ppm]): 3.45 (s, 2 H); 3.25 (s, 4 H); 2.94 (d, J=14.0 Hz, 2 H); 2.82-2.65 (m,
4 H); 2.66 (d, J=14.0 Hz, 2 H); 2.35 (t, 2 H); 2.29 (s, 3 H); 1.58 (m, 4 H); 1.45 (s, 18 H); 1.44 (s, 9 H); 1.28
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(m, 2 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 178.09 (s); 170.97 (s); 81.05 (s); 80.51 (s); 62.80 (s); 62.56
(s); 58.97 (s); 54.19 (s); 37.50 (s); 36.81 (s); 36.77 (s); 34.07 (s); 28.37 (s); 28.27 (s); 25.69 (s); 21.96 (s)

MS (ESI*): m/z (%): 572.33,573.38, 574.40 (M+H"); 594.36, 595.38, 596.30 (M+Na*)

Pamidronic acid (PAM)
According to Kovdcs et al. [44] pamidronic acid was synthesized as follows: B-Ala- H.O.P NH
2Y3 2
nine (2.2 g, 25 mmol) and phosphorous acid (4.1 g, 50 mmol) were dissolved in sul-  HO
O,P
2Y3

folane (8 mL) and added dropwise to phosphor trichloride (6.9 g, 50 mmol) within

15 min. The mixture was stirred for 3 h at 75 °C. After cooling to 0 °C the mixture was quenched with
water (25 mL) and stirred 12 h at 105 °C. Ethanol (20 mL) was added to the mixture and it was cooled
to 0 °C. Precipitate was removed by filtration to obtain the product as colourless solid (2.1 g, 8.9 mmol,
36 %).

IH-NMR (D0, 300 MHz, & [ppm]): 2.20 (tt, J=6,2 Hz; J=13 Hz; 2 H); 3.27 (t, J=6,2 Hz, 2 H)

31p_NMR (D0, 121.5 MHz, & [ppm]): 17.5 (s, 2 P)

MS (ESI*): m/z (%):236.0 [M+H]*; 471.0 [2M+H]" (M+H")

Synthesis of derivatives DATA’™-Bz-NCS (A), DATA>™-en-SA (B), DATA’™-TEG-N; (C) and DATA®™-en-
SA-PAM (D)

1,4-Di(acetate)-6-((5-((4-isothiocyanatobenzyl)amino)-5-oxopentyl)-6-(amino(methyl)-acetate)-

perhydro-1,4-diazepane(DATA>™-Bz-NCS (A))

1,4-Di(tert-butylacetate)-6-((5-((4-nitrobenzyl)- O,N . /—COO0'Bu
ino)-5- tyl)-6-(ami thyl)-(tert-bu- H

amino)-5-oxopentyl)-6-(amino(methyl)-(tert-bu \©\/NM /—C00'Bu

tylacetate)-perhydro-1,4-diazepane (6) 5 N\S

5(0.17 g; 0.30 mmol) was dissolved in dry acetoni- 6 COO'Bu

trile (1 mL), combined with HATU (0.14 g; 0.36 mmol), DIEA (157 pL; 0.90 mmol) and stirred for 15 min
at room temperature. To this solution 4-nitrobenzylamine hydrochloride (0.08 g; 0.45 mmol) was
added and stirred for 1 h at room temperature. After completion of the reaction the solution was
concentrated under vacuum and the residue was purified via column chromatography (DCM/MeOH;
20:1; R=0.29). The product 6 was obtained as orange oil (0.17 g; 0.24 mmol; 80 %).

'H-NMR (CDCls, 400 MHz, & [ppm]): 8.27 (br, 1 H); 8.12 (d, J=8.48 Hz, 2 H); 7.47 (d, J=8.48 Hz, 2 H);
4.45 (d, J=5.31 Hz, 2 H); 3.89 (s, 2 H); 3.38-3.25 (m, 6 H); 2.99-2.96 (m, 6 H); 2.81 (s, 3 H); 2.34 (t, 2 H);
1.68-1.64 (m, 4 H); 1.50 (s, 9 H); 1.43 (s, 18 H); 1.37-1.31 (m, 2 H); *C-NMR (CDCls, 100 MHz, & [ppm]):
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173.88 (s); 169.27 (s); 166.48 (s); 147.09 (s); 147.01 (s); 128.52 (s); 123.70 (s); 85.88 (s); 82.54 (s); 69.01
(s); 59.97 (s); 53.86 (s); 52.38 (s); 42.73 (s); 37.34 (s); 34.47 (s); 30.11 (s); 28.17 (s); 27.92 (s); 25.58 (s);
22.01 (s)

MS (ESI*): m/z (%): 706.38, 707.42, 708.45 (M+H*); 728.43, 729.44, 730.45 (M+Na*)

1,4-Di(acetate)-6-((5-((4-isothiocyanatobenzyl)- o
amino)-5-oxopentyl)-6-(amino(methyl)-(acetate)- SCN ‘N/\é 4o
H
perhydro-1,4-diazepane (A) NMN/\/{
o N\) OH
6 (25 mg; 0,035 mmol) was dissolved in tetrahydrofu- ;\
OH

ran (2 mL) and suspended with Raney’Nickel 2800°. A o

The suspension was flushed with and kept under hydrogen for 5 h at room temperature. After com-
pletion the mixture was filtrated over celite/sand, the celite was washed twice with methanol (5 mL)
and the organic layer was concentrated under vacuum. The obtained product was used without further
purification (21.3 mg; 0,032 mmol; 90 %). The residue was stirred at room temperature in dry dichloro-
methane (1 mL) and TEA (8.9 uL; 0,064 mmol) for 15 minutes. To this solution thiophosgene (3.7 pL;
0.048 mmol), dissolved in dry dichlormethane (1 mL), was added and stirred for 1 h. The solution was
guenched with 1 M NaOH solution and extracted with dichloromethane. The organic layer was con-
centrated under vacuum and the obtained product was dissolved in dichloromethane/trifluoroacetic
acid (1:1, vol%). After 5 h the solvent was removed under vacuum and the residue was purified via
HPLC to obtain product A as colorless solid (5.3 mg ; 0.010 mmol; 28 %; tg=11.0 min (34 % ACN (0.1 %
TFA))).

'H-NMR (CDsCN, 400 MHz, & [ppm]): 7.27 (m, 4 H); 4.28 (s, 2 H); 3.61 (s, 2 H); 3.47 (s, 4 H); 3.21 (d,
J=3.21 Hz, 2 H); 2.96 — 2.84 (m, 6 H); 2.71 (s, 3 H); 2.19 (t, J=2.20 Hz, 2 H); 1.52 (m, 4 H); 1.25 (m, 2 H);
13C-NMR (CD3CN, 100 MHz, & [ppm]): 174.35 (s); 172.81 (s); 138.92 (s); 128.71 (s); 125.85 (s); 68.16 (s);
58.47 (s), 54.41 (s); 54.28 (s); 53.50 (s); 52.25 (s); 46.37 (s); 42.02 (s); 36.93 (s); 35.15 (s); 30.15 (s);
25.98 (s); 22.13 (s)

MS (ESI*): m/z (%): 550.2248, 551.2264, 552.2162 (M+H")
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1,4-Di(acetate)-6-((5-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-1yl)Jaminoethyl)amino)-5-oxopentyl)-6-

(amino(methyl)-acetate)-perhydro-1,4-diazepane (DATA™-en-SA (B))

1,4-Di(tert-butylacetate)-6-((5-(2-((tert-butoxy-car-

,/—COO0'Bu
bonyl)aminoethyl)amino)-5-oxopentyl)-6-(amino(me- H —N
N ,/—COO'Bu
thyl)-tert-butylacetate)-perhydro-1,4-diazepane (7) J/ N
Boc o N\)
N ¢
5 (46 mg; 0.08 mmol) was dissolved in dry acetonitrile H 7 COO'Bu

(1 mL), combined with HATU (30 mg; 0.08 mmol), DIEA (42 uL; 0.24 mmol) and stirred for 15 min at
room temperature. To this solution tert-butyl(2-aminoethyl)carbamate (19 uL; 0.12 mmol) was added
and stirred for 1 h at room temperature. After completion of the reaction the solution was concen-
trated under vacuum and the residue was purified via column chromatography (CHCl3/MeOH, 20:1,
Rt=0.14). The product 7 was obtained as yellowish oil (46 mg; 0.06 mmol; 80 %).

IH-NMR (DMSO, 400 MHz, & [ppm]): 3.36 (s, 2 H); 3.23 (s, 4 H); 3.07-3.01 (m, 2 H); 2.97-2.91 (m, 2 H);
2.79 (d, J=13.7 Hz, 2 H); 2.72-2.67 (m, 2 H); 2.59-2.54 (m, 2 H); 2.51 (d, J=13.7 Hz, 2 H); 2.17 (s, 3 H);
2.03 (t, 2 H); 1.45-1.41 (m, 4 H); 1.40 (s, 18 H); 1.39 (s, 9 H); 1.37(s, 9 H); 1.22-1.18 (m, 2 H)

3C-NMR (CDCl3, 100 MHz, & [ppm]): 172.25 (s); 171.72 (s); 170.28 (s); 169.58 (s); 155.62 (s); 80.19 (s);
80.08 (s); 77.63 (s); 62.37 (s); 61.87 (s); 61.73 (s); 58.72 (s); 56.06 (s); 51.50 (s); 37.10 (s); 35.55 (s);
28.24 (s); 27.87 (s); 27.77 (s); 26.11 (s); 25.50 (s); 21.55 (s).

MS (ESI*): m/z (%): 714.42, 715.46, 716.50 (M+H*); 736.48, 737.15, 737.50 (M+Na*)

OH
1,4-Di(acetate)-6-((5-(2-((2-ethoxy-3,4-dioxo-cy-

s
clobut-1-en-1yl)aminoethyl)amino)-5-oxo-pentyl)- 0 H M O/%o
(o)
6-(amino(methyl)-acetate)-perhydro-1,4-diaze- J/ i N N OH
P B
o H

o

B o

pane (B)

9 (28 mg; 0.04 mmol) was dissolved in dichloromethane/trifluoroacetic acid (1:1; vol%) and stirred for
3 h. After completion of the reaction the solvent was removed under vacuum and the residue was
dissolved in 0.5 M phosphate buffer (pH 7; 3 mL). To this solution 3,4-diethoxycyclobut-3-ene-1,2-di-
one (16 mg; 0,03 mmol) was added, the pH was adjusted with 1 M NaOH solution to pH 7 and the
reaction was stirred over night at room temperature. After completion the reaction mixture was puri-
fied via HPLC to obtain the product B as colourless solid (7.2 mg; 0.01 mmol; 33 %; tr=9.4 min (12 %
ACN (0.1 % TFA).

'H-NMR (D;0, 600 MHz, & [ppm]): 4.73-4.66 (m, 2 H); 3.79 (s, 2 H); 3.70 (s, 4 H), 3.67-3.47 (m, 6 H);
3.39-3.22 (m, 6 H); 2.98 (d, J=8.7 Hz, 3 H); 2.22 (t, 2 H); 1.71-1.68 (m, 2 H); 1.53-1.48 (m, 2 H); 1.43-1.38
(m, 2 H); 1.35-1.29 (m, 2 H)
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13C-NMR (D0, 150 MHz, & [ppm]): 188.70 (s); 183.25 (s); 177.21 (s); 176.42 (s); 173.82 (s); 170.00 (s);
117.19 (s); 115.26 (s); 70.66 (s); 68.77 (s); 54.14 (s); 43.89 (s); 39.22 (s); 37.76 (s); 35.09 (s); 29.53 (s);
25.69 (s); 25.54 (s); 22.09 (s); 15.03 (s); 14.94 (s).

HRMS (ESI*): m/z (%): 570.2778, 571.2919, 572.2980 (M+H")

1,4-Di(acetate)-6-(1-azido-13-0x0-3,6,9-trioxa-12-azadecan-12-yl)Jamino)-5-oxopentyl)-6-(amino-(me-

thyl)-acetate)-perhydro-1,4-diazepane (DATA>™-TEG-Ns (C))

OH
1,4-Di(acetate)-6-(1-azido-3,6,9-trioxa-12-azadecan-12-yl)- ‘N/\<
H (0] (0]
amino)-5-oxopentyl)-6-(amino(methyl)-acetate)-perhydro-1,4- N M /\/{
N
diazepane (C) J/ o) N\) OH
(0]
H oH
5 (32 mg; 0.06 mmol) was dissolved in dry acetonitrile (1 mL), o 0
combined with HOBt (8.3 mg; 0.06 mmol), EDC-HCI (11.8 mg, I
C
0.06 mmol) and DIEA (19 pL; 0.11 mmol) and stirred for 15 min 0
at room temperature. To this solution 11-azido-3,6,9-trioxa-un- H

N3
decan-1-amine (12.3 pL; 0.06 mmol) was added and stirred for

1 h at room temperature. After completion of the reaction the solution was concentrated under vac-
uum and the residue was dissolved in dichloromethane/trifluoroacetic acid (1:1; vol %). After 3 h at
room temperature the solution was concentrated under vacuum and the residue was purified via HPLC
to obtain product C as colourless solid (11.3 mg; 0.02 mmol; 33 %; tg=10.0 min (15 % ACN (0.1 % TFA))).
'H-NMR (CDCls, 400 MHz, 6 [ppm]): 3.85 (s, 2 H); 3.73-3.68 (m, 14 H); 3.61 (t, 2 H); 3.56-3.49 (m, 6 H);
3.38-3.34 (m, 4 H); 3.27-3.22 (m, 2 H); 3.00 (s, 3 H); 2.27 (t, 2 H); 1.77-1.73 (m, 2 H); 1.64-1.57 (m, 2 H);
1.42-1.34 (m, 2 H); **C-NMR (D,0, 100 MHz, & [ppm]): 176.39 (s); 172.48 (s); 169.94 (s); 69.59 (s); 69.54
(s); 69.47 (s); 69.35 (s); 69.16 (s); 68.96 (s); 68.78 (s); 58.93 (s); 56.51 (s); 54.03 (s); 52.86 (s); 50.11 (s);
38.84 (s); 37.86 (s); 35.02 (s); 29.61 (s); 25.54 (s); 22.03 (s).

HRMS (ESI*): m/z (%): 604.3314, 605.3481, 606.3568 (M+H")
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2,2’-(6-((carboxymethyl)(methyl)amino)-6-(5-((2-((2-((3-hydroxy-3,3-diphosphonopropyl)amino)-3,4-

dioxocyclobut-1-en-1-yl)Jamino)ethyl)amino)-5-oxopentyl)-1,4-diazepane-1,4-diyl)diacetic acid

(DATA>™-en-SA-PAM (D))

B (4.7 mg; 8.2 umol) was dissolved in Na;HPO,

OH
solution (0.5 M, pH 9) and added to a solution /\<
—N
of PAM (11 mg, 46.9 umol) in Na;HPO, solu- o 0 HM 3\./(0
N
tion, which was adjusted to pH 9 with NaOH ﬁ\ J/ o N\) OH
(TraceSelect). The mixture was stirred at room H,03P, NH H S/.\OH

temperature for 16 h. After completion of the H,0,P

reaction, the mixture was purified via HPLC to obtain product D as colourless solid (3.4 mg, 4.5 umol,
55 %; tz=6.5 min (12 % ACN (0.1 % TFA))).

'H-NMR (CDCls, 400 MHz, & [ppm]): 3.73 (s, 2 H); 3.63 ((s, 4 H); 3.48-3.18 (m, 10 H); 2.20-2.12 (m, 5 H);
1.65-1.61 (m, 2 H); 1.45-1.41 (m, 2 H); 1.30-1.23 (m, 2 H)

MS (ESI*): m/z (%): 759.2; 760.2; 761.3 (M+H")

146



Radiolabelling and in vitro evaluation

Kinetic studies

Following figures show the kinetic studies of the 4 derivatives with the buffer systems sodium acetate
(NaOAc, 0.25 M, pH 4.5), ammonium acetate (AmOAc, 0.25 M, pH 5.5) and N-2-hydroxyethyl! pipera-
zine-N’-2-ethanesulfonic acid (HEPES, 0.25 M and 0.025 M, pH 4.3, respectively). All values were ana-
lysed via radio-TLC (silica gel, citrate buffer (0.01 M, pH 4) or acetone/ acetylacetone/ conc. HCI (3:3:1

vol%) as mobile phase) and verified with radio-HPLC (after 15 min labelling reaction).
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Figure 3: Radiolabelling kinetics with ®8Ga of the derivatives DATA>™-Bz-NCS (=), DATAS™-en-SA (—) and DATA™-TEG-N3 (=) in
NaOAc (0.25 M, pH 4.5) with 1 uM (W), 2.5 uM (@), 5 uM (A) and 10 uM (V) at 25 °C; n=3
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Figure 4: Radiolabelling kinetics with ®8Ga of the derivatives DATA5™-Bz-NCS (=), DATA>™-en-SA (=) and DATA>™-TEG-N; (—)
in AmOACc (0.25 mM, pH 5.5) with 1 uM (M), 2.5 uM (@), 5 UM (A) and 10 pM (V) at 25 °C; n=3
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Figure 5: Radiolabelling kinetics with ®8Ga of the derivatives DATA>™-Bz-NCS (=), DATA>™-en-SA (—) and DATA>™-TEG-N3 (=) in
HEPES (0.25 M, pH 4.3) with 1 uM (M), 2.5 uM (@), 5 uM (A ) and 10 pM (V) at 25 °C; n=3
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Figure 6: Radiolabelling kinetics with ®8Ga of the derivatives DATA>™-Bz-NCS (=), DATAS™-en-SA (—) and DATA™-TEG-N3 (=) in
HEPES (0.025 M, pH 4.3) with 1 uM (M) and 2.5 uM (@) at 25 °C; n=3
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Figure 7: Radiolabelling kinetics with ®8Ga of the derivatives DATA>™-en-QS-PAM in NaOAc (=), AmOAc (—) and HEPES (—)

with 1 uM (W), 2.5 uM (@), 5 uM (A) and 10 uM (V) at 90 °C; n=3

Stability studies

Following figures show histograms after 1 and 2 h as well as the HPLC chromatograms after 2 h of the

ligands [*8Ga]Ga-A, [*®Ga]Ga-B and [*®Ga]Ga-C in the media human serum (HS), DTPA, EDTA and PBS.

All values were obtained by analysis of the ligands by means of HPLC (LaChrom (Merck), Luna 10 u

(C18) 100 A (250x10.00 mm 10 micron); gradient: 0 % ACN (0.1 % TFA) for 1 min, 15 % to 95 % ACN

(0.1 % TFA) in 15 min, 95 % ACN (0.1 % TFA) for 3 min).
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Figure 8: In vitro stability of [8Ga]Ga-DATA>™-Bz-NCS ([68Ga]Ga-A) in HS, DTPA, EDTA and PBS after 1 h (®) and 2 h ("), n=3
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Figure 9: In vitro stability of [#8Ga]Ga-DATA>™-en-QS ([°8Ga]Ga-B) in HS, DTPA, EDTA and PBS after 1 h (M) and 2 h ("), n=3
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Figure 10: /n vitro stability of [$8Ga]Ga-DATA>™-TEG-N3 ([®8Ga]Ga-C) in HS, DTPA, EDTA and PBS after 1 h (M) and 2 h (*); n=3
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Figure 11: /n vitro stability of [68Ga]Ga-DATA>™-en-QS-PAM ([68Ga]Ga-D) in HS, DTPA, EDTA and PBS after 1 h (M) and 2 h ();
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Figure 12: In vitro stability analysis of [8Ga]Ga-A after 2 h in HS (—), EDTA (=), DTPA (=) and PBS (=)
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Figure 13: In vitro stability analysis of [8Ga]Ga-B after 2 h in HS (=), EDTA (=), DTPA (=) and PBS (=)
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Figure 14: In vitro stability analysis of [8Ga]Ga-C after 2 h in HS (—), EDTA (=), DTPA (=) and PBS (=)
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ABSTRACT

The development of new chelating agents has become an important field for nuclear medical applica-
tions. Because the beta emitting nuclide Y’Lu (t1/,=6.6 d) has gathered great attention in the last years,
we synthesized and characterized three new derivatives of the heptadentate ligand AAZTA (6-amino-
6-methylperhydro-1,4-diazepinetetraacetic acid). The three derivatives AAZTA>-Bz-NCS (A), AAZTA>-
en-SA (B) and AAZTA>-TEG-N;3 (C) as well as an antibody conjugate of the NCS ester were radiolabelled
with 7Lu under different conditions (chelator-to-Lu ratio, pH, buffer) to approach kit-type labelling of
77y at room temperature. All derivatives offered quantivative radiolabelling yields (>95 %) with a
chelator-to-Lu ratio of 2:1 after 10 min. Further the stabilities were tested in different media (human
serum, PBS, EDTA, DTPA). The Lu-complexes of derivatives B and C showed high stabilities within all
media (>90 % after 24 h), whereas A showed a decreased stability, especially in HS. To test the influ-
ence on the stability of A by introducing a targeting vector to the ligand, A was coupled to a monoclonal
antibody (mAb). Radiolabelling of the conjugate reached high labelling yields after 15 min (>60 %).
Nevertheless, the stability of the Lu-complex could not be influenced and the Lu-conjugate was 31 %
after 7 d in human serum.

In summary the new bifunctional AAZTA-based ligands B and C offer a fast and reliable radiolabelling
of 77Lu already at room temperature. This represents a substantial progress compared to ’Lu-DOTA
structures, which typically require labelling at 90 °C (or higher) [1-3] and make radiolabelling of tem-
perature sensitive targeting vectors cumbersome. With the new coupling sites the AAZTA ligands can
now be introduced to several biomolecular applications like peptides, bisphosphonates, antibodies or

even nanoparticles and polymers.

Keywords: Lutetium-177, AAZTA, bifunctional chelator, radiolabelling, buffer
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INTRODUCTION

Bifunctional chelators (BFC) have become of great interest for nuclear medical applications. Especially
for peptide receptor radionuclide therapy (PRRT) BFCs possess a key role [4—6]. Beside the radionu-
clides %Y (t1,=64.1 h; Egma=2.27 MeV) [7,8], 1°3Sm (t1/2=46.3 h; Egmax=0.81 MeV) [8-10] and #Re
(t1/2=16.9 h; Egmax=2.12 MeV) [8,11], ¥’Lu (t1/2=6.71 d; Ep max=0.49 MeV) has become an important nu-
clide in the last decades [8,10,12]. This is to the low-energy B particles (176 keV (12.2 %), 385 keV
(9.1 %) and 498 keV (78.6 %)), the low-energy gamma photons (113 keV, 208 keV) and in particular the
high yield production of n.c.a. ¥’’Lu. Therefore several BFCs (based on the DOTA or DTPA scaffold, see

scheme 1) have been investigated according to their stability with ¥7Lu [13].
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Scheme 1: Bifunctional derivatives of DOTA and DTPA for radiolabelling with 177Lu

In their very beginning DOTA as well as AAZTA were used as complexing agent of Gd** for MRI imaging
[14-18]. Baranyai et al. reported the equilibrium and kinetic properties not only of lanthanoids, but
also of various divalent metal complexes of the heptadentate ligand AAZTA [19]. The results revealed
the highest complex stability for Lu-AAZTA with a logKwu. of 21.85.

Comparing this with DOTA (logKmi=23.5) both complexes possess equal thermodynamic stability with

Lu3* [20]. The advantage of AAZTA over DOTA, however, is the fast radio-labelling under mild condi-
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Scheme 2: AAZTAS and its different coupling sites: AAZTA3-Bz-NCS (A), AAZTA5-en-SA (B), AAZTA>-TEG-Ns; (C) and AAZTAS-Bz-
NCS-mAb (D)

tions (RT, pH 4-5, <10 min). This offers the opportunity to radiolabel targeting vectors (TV) like anti-
bodies, nanoparticles or polymers which are pH and heat sensitive. The AAZTA scaffold described by
Baranyai et al. demonstrates a stand-alone chelator without a coupling site for the introduction of
potential TVs.

To overcome this obstacle, we synthesized the bifunctional AAZTA® (scheme 2) and introduced three
new coupling sites. These enable the attachment to TVs like antibodies, proteins, nanoparticles and
polymers under aqueous conditions within a short time range [21-25].

Derivate A (AAZTA3-Bz-NCS) can be introduced via the benzyl-isothiocyanate group to free, primary
amines on polypeptides or antibodies. This coupling site was reported for different chelators like DOTA
or DTPA [26-29]. Derivative B (AAZTA®-en-SA) is functionalized with an ethylenediamine squaric acid
derivative. This offers the attachment to amines under mild conditions (pH 7, RT) [25,30]. C (AAZTA>-
TEG-Ns) contains a triglycol azide linker and can be coupled to nanoparticles, polypeptides or polymers,
which are attached to alkyne or ring strained systems like DBCO. This enables a mild coupling via the
[1,3] dipolar cycloaddtion [31,32]. We also investigated the influence of the radiolabelling conditions
(pH, buffer system, Lu-to-chelator-ratio) of these derivatives with ’Lu. Additionally the stability of the
radiometal-complexes in different media (human serum, EDTA, DTPA, PBS) was examined for all lig-

ands.
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RESULTS AND DISCUSSION

Organic synthesis

The tert-butyl-protected AAZTA>('Bu)s (scheme 4, 4) was synthesized over 4 steps with an overall yield
of 20 %. The synthesis was started with the alkylation of N,N’-dibenzylethylenediamine with tert-butyl
bromoacetate (product 1). After deprotection of the diamine the diazepane was built by a Nitro-Man-
nich-reaction with formaldehyde and 2-nitrocyclohexanone to yield product 2. The nitro group of 2
was reduced to the corresponding amine and alkylated with tert-butyl bromoacetate to obtain product
3. The methyl ester was deprotected with LiOH to yield the derivative for the coupling of the linker (4).
Starting from product 4 the linkers were coupled via the free carboxylic acid. The coupling reactions
for product 5 and 6 were done under the same conditions with HATU, DIEA and ACN at room temper-
ature. For amide bond formation of product C HOBt and EDC-HCl was used instead. By use of HATU the
amino group of the 11-azido-3,6,9-trioxaundecan-1-amine built the guanidinium ion, which, even by

using HPLC methods, could not be separated from the product.
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Scheme 3: Synthesis route of AAZTA5(tBu)q: (i) tert-butyl bromoacetate, Na,COs, ACN, 95 %; (ii) a) Pd/C, EtOH, H», 100 %; b)
paraformaldehyde, 2-nitrocyclohexanone, MeOH, 67 %; (iii) tert-butyl bromoacetate, DIEA, ACN, 49 %,; (iv) LiOH, diox-
ane/H,0, 91 %; (v) DCM/TFA, RT, 71 %

An important fact for the synthesis of the squaric acid derivative was the adjustment of the pH to 7. At
lower pH no reaction occurred, whereas at higher pH two ligands were coupled to the squaric acid
ester. The latter fact is going to be used for the attachment of this derivative to free amines of poly-
peptides or other macromolecular systems [30]. The synthesis of the aniline intermediate of product
5 was carried out in several media with different catalysts. The best system was Raney‘Nickel in THF.
Using Pd/C as catalyst either with ethanol or THF resulted in the addition of at least one unit of a
solvent molecule to the amino group. This effect is known due to the evolution of acetaldehyde and

the reductive amination with the produced amine [33,34]. Regarding the THF side product Russell et
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al. investigated the Pd-mediated addition of peroxidic THF to aromatic amines [35]. All ligands (scheme

4) were purified by means of HPLC under isocratic conditions.
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Scheme 4: Synthesis route for the 3 derivatives AAZTA>-Bz-NCS (A), AAZTA5-en-SA (B) and AAZTAS-TEG-Nj3 (C): 4-nitrobenzyla-
mine hydrochloride, HATU, DIEA, ACN, 60 %; (ii) a) Raney°Nickel, H,, EtOH; b) SCCl,, TEA, CHCls; c) TFA/DCM, RT, 39 %; (iii)
tert-butyl-N-(2-aminoethyl)carbamate, HATU, DIEA, ACN, 33 %; (iv) a) TFA/DCM, 100 %; b) 3,4-diethoxy-3-cyclobuten-1,2-
dione, phosphate buffer (0.5 M, pH 7), 33 %,; (v) a) 11-azido-3,6,9-trioxaundecan-1-amine, HOBt/EDC-HCI, DIEA, ACN; b) 4 M
HCl in dioxane, RT, 16 %

Radiolabelling (pH- and concentration-dependence)

All three derivatives were radiolabelled with ¥’Lu under various conditions (pH, buffer system, Lu-to-
chelator-ratio). As buffer systems sodium acetate (NaOAc), ammonium acetate (AmOAc) and N-2-hy-
droxyethyl piperazine-N’-2-ethanesulfonic acid (HEPES) were used. These three buffer systems were
chosen according to previous studies for radiolabelling with ¥’Lu [23,2,38-41]. In table 1 the radio-

labelling yields for all three derivatives A, B and C are listed.
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Table 1: Radiolabelling yields (in %) of derivatives A, B and C with various buffer systems after 10 min at 25 °C (n=3;
A(17Lu)=30-50 MBq)

NaOAc (0.25 M, pH 4.5) AmOAc (0.25 M, pH 5.5) HEPES (0.025 mM, pH 4.3)
"ga'::'m' A B c A B c A B c
1:1 207+11 177+12 35106 | <5% <5 % <5% [382+0.1 39.8+59 40.7+6.2
2:1 625+59 749+38 918+33 | 7.0£03 85+11 21543 |96.1%2.7 985400 98.0£0.6
5:1 87.0+33 967+32 98.8+02 |81.6+49 52.6+62 869+12 |97.0404 961+0.8 982+0.2
10:1 94120 98.1+03 987+06 |941+02 98.0+13 979402 |98.7£03 982%0.7 99.0+0.1
15:1 95.6+0.7 98.4+03 98.0+06 |973+1.8 97.3+03 99.0£0.1 |982%03 968%0.4 99.2+0.3

First radiolabelling reactions were performed at room temperature with a reaction time of 10 min
using a ligand-to-metal-ratio of 15:1 and 30-50 MBq (=0.062-0.0690 nmol) *’Lu were used for each
labelling. For all derivatives in each buffer system quantitative yields (>95 % RCY) could be obtained.
Same results were observed with a ratio of 10:1 (except for the system A in AmOAc). According to
Stimmel et al. ligands like DOTA, PADOTA and DTPA could be radiolabelled with equal ligand-to-metal-
ratios and RCY [23]. With ratios of 5:1 quantitative labelling yields could be obtained in HEPES buffer
for all ligands as well as for ligand B and C in NaOAc. In comparison with the other systems, the AmOAc
buffer effects the labelling of ligand B resulting in a RCY <55 %. As it is known, that NH," is able to form
complexes with crown ethers [42,43], the squaric acid moiety might act as complexing unit for the
NHz*. This leads to a change in the electrostatic system of the ligand and therefore a decreased com-
plexation ability of B. For ratios below 5:1, HEPES and NaOAc offer high labelling yields, whereas with
ammonium acetate only yields below 30 % could be obtained. Interestingly, the labelling in HEPES
resulted in yields >35 % for a 1:1 ratio between Lu and the chelator amount. This demonstrates the

high affinity of the chelator AAZTA, depending on the used buffer system.

In vitro stability

For in vivo applications of ligands their in vitro stability is an important indicator. To get an insight into
the kinetic stability, the radiolabelled compounds and their stability were analysed versus several me-
dia (HS, PBS, EDTA, DTPA) at different time points. Table 2 shows the percentage of intact Lu-com-

plexes of all three derivatives after 1, 2 and 24 h.
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Table 2: Stability of [177Lu]Lu-A, [Y77Lu]Lu-B and [Y77Lu]Lu-C (in % intact complex) in human serum (HS), DTPA, EDTA and PBS
after 1,2 and 24 h at 37 °C

t/h HS DPTA EDTA PBS

1 89.6+0.8 985+0.2 98.8+0.2 98.8+0.1
[*7Lu]Lu-A 2 89.1+04 98.2+01 983+0.2 98.8+0.1
24 50.8+1.0 80.8+1.2 82.7+35 98.7+0.1
1 99.8+0.0 99.8+#0.0 999+0.0 98.7%0.3
[*’Lu]Lu-B 2 99.9+0.0 99.7+0.0 99.8+0.0 98.6+0.2
24 913+11 94.0+£0.2 92.7+0.1 98.5+0.1
1 99.9+0.0 99.8+0.0 99.8+0.0 98.8+0.1
[*7Lu]Lu-C 2 99.8+0.0 999+0.0 999+0.0 98.8+0.1
24 97.8+0.5 924+04 91.8+0.2 98.7+0.2

Beside [/Lu]Lu-A, with a 50 % intact complex after 24 h, all Lu-complexes show a high stability versus
HS (>91 %). An explanation for the low stability of [*//Lu]Lu-A could be the negative influence of the
conjugated amide-Bz-NCS moiety. The electron-withdrawing characteristic due to the negative induc-
tive effects (-1) of the Bz-NCS and the amide leads to a decreased electron density at the exocyclic
amine and thereby to a decreased electron density at the carboxylic groups. Since Lu needs up to 9
ligation atoms the lowered complexation ability of the exocyclic amino-diacetate group results in a
labile complex and thereby to the release of "’Lu [44].

The competition studies of the Lu-complexes versus DTPA and EDTA (10 mM, pH 7, respectively) show
stabilities of at least >80 % for [”’Lu]Lu-A and >91 % for [*”’Lu]Lu-B and [*"’Lu]Lu-C after 24 h, respec-
tively. These values are in the expected range and comparable with stability of Lu-labelled AAZTA-
minigastrin described by Pfister et al. [45]. For comparison, same analyses were performed with PBS
as media. For all three derivatives stabilities of >98 % after 24 h could be obtained. Considering the
application of AAZTA-TV systems for further in vivo experiments, this offers the storage of the radio-

labelled compounds for several hours in PBS before usage.

Coupling AAZTA>-Bz-NCS to mAb

As proof-of-concept the ligand A was coupled to a monoclonal antibody (mAb) and purified according
the method described by Perk et al. [46]. The chelator-antibody-conjugate (AAZTA®-Bz-NCS-mAb, A-
mAb) was radiolabelled with Y’Lu at room temperature and analysed due to the kinetic labelling be-
haviour. table 3 summarizes, that after 15 minutes a RCY over 60 % could be achieved, yieldingin 73 %
after 60 min. These data show, that a fast and high yielding labelling is possible with AAZTA, even if it

is coupled to large targeting vectors like antibodies.
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Table 3: Radiolabelling yields (in %) of derivative A-mAb in HEPES buffer (0.5 M, pH 7.0) at 25 °C (n=3; A(}"’Lu)=50 MBq)

\ t/ min yield / %
15 63.7+3.0
30 69.3+4.4

177 AL
[FLultu-A-mAb | ) 70.4+4.3
60 72.7+3.5

After 60 min the reaction mixture was purified via PD-10 column using NaCl solution (0.9 %) as solvent.
Analysis via HPLC represents a radiolabelled conjugate with one peak (figure 5, Supporting Infor-
mation).

The radiolabelled and purified conjugate was analysed according to its stability in human serum and

PBS buffer over a period of 1, 2 and 24 h as well as 168 h (table 4).

Table 4: Stability of [177Lu]Lu-A-mAb in human serum (HS) and PBS (in % intact complex) after 1, 2, 24 and 168 h at 37 °C

| t/h HS PBS
1  43.0+100 92.8+1.0
2 316+3.7 909+0.7
24 299+24 895+16
168 31.8+6.8 91.0+19

[*’Lu]Lu-A-mAb

The conjugate shows a stability of over 90 % after even 7 days in PBS. Same results were obtained for
the labelled chelator (table 2). Within human serum the conjugate and the chelator itself release the
Lu. As mentioned above the benzyl group of the linking moiety seems to have a destabilizing effect on
the chelator. Introducing an antibody to this chelator site in combination with competitive ligands or

metals inside the HS results in the fast decomplexation of the Lu.
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CONCLUSION

AAZTA® and its bifunctional derivatives AAZTA>-Bz-NCS (A), AAZTA%-en-SA (B) and AAZTA>-TEG-N;s (C)
show a high potential as stable and reliable chelator for ’’Lu. The new coupling sites of AAZTA®>demon-
strate high stabilities (especially the squaric acid and the azide) and simultaneously offer the option to
covalentely attach the ligands to targeting vectors like peptides or bisphosphonates but also to anti-
bodies or nanodimensional systems like polymers or nanoparticles. In difference to the established
DOTA-derivatives the fast radiolabelling with RCY’s greater 95 % at mild conditions (RT, pH 4.5-7)

broadens the field for the application of these new systems.
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SUPPORTING INFORMATION

General methods:

All used chemicals were commercially available at Acros Organics, Bachem, Fluka, SigmaAldrich or VWR
and were used without further purification. For radiolabellings trace metal-free salts and water were
used. The measurements of 'H- and > C-NMR spectra were performed on a Bruker Avance 1l HD 400
(400 MHz)or Avance Il 600 (600 MHz). Chemical shifts are given in parts per million downfield from
TMS (6=0 ppm) referred to the solvent residual signal. Low-resolution mass spectra (LR-MS) were rec-
orded on Agilent 6100 Series Single Quadrupole LC/MS and high-resolution mass spectra (HR-MS) were
recorded on either a Micromass Quattro Micro API LC-ESI or a Finnigan MAT90-Spectrometer.
Purification and analysis of the compounds was performed on a HPLC system from Merck (LaChrom;
pump: Hitachi L7100; UV-detector: L7400). Following columns were used: Luna 10 u (C18) 100 A
(250x10.00 mm 10 micron); Gemini 5 u (C18) 110 A (250x10.00 mm 5 micron); Luna 10 u (C18) 100 A
(250%x21.23 mm 10 micron). As eluent A (H2O (0.1 % TFA)) and B (ACN (0.1 % TFA)) were used.

For radiolabelling n.c.a. ¥’Lu (0.04 M HCI) from ITM (Garching, Germany) was used. Radiolabellings
were performed in 1 mL total volume at 25 °C in a heating block at 600 rpm. Radio-TLCs were per-
formed on Merck Silica Fas4 TLC plates with citrate buffer (0.01 M, pH 4) and analyzed with the radio
detector GABI STAR from Raytest. For radio-HPLC a Chromolith Performance RP18e column
(100x4.6 mm; Merck) was used with a linear A-B gradient (5 % B for 2 min, 5 % to 95 % B in 10 min,
95 % B for 2 min, 5 % B for 3 min).

Experimental Section:

AAZTA® synthesis

N,N’-Dibenzyl-N,N’-di-(tert-butylacetate)-ethylendiamine (1) \ ,

pa

(o) (o)

(0] (o}
N,N’-dibenzylethylenediamine (3.00g; 12.48 mmol) and Na,CO; 4<—N/_\N}
(5.12 g; 48.67 mmol) were stirred at room temperature in dry ace-
tonitrile (50 mL) for 30 min. Tert-butyl bromoacetate (4.64 g; C; b
23.72 mmol), dissolved in dry acetonitrile (10 mL), was added at
room temperature over a period of 30 min. After completion the sus- 1
pension was heated over night at 90 °C, filtrated and the filtrate was concentrated under vacuum.
After purification via column chromatography (H/EA; 6:1; R=0.25) the product was obtained as colour-
less solid (5.56 g; 11.87 mmol; 95 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 7.34-7.21 (m, 10 H); 3.78 (s, 4 H); 3.26 (s, 4 H); 2.82 (s, 4 H); 1.44
(s, 18 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 171.03 (s); 139,18 (s); 129.05 (s); 128.30 (s); 127.10 (s);
80.86 (s); 58.39 (s); 55.27 (s); 51.73 (s); 28.24 (s)
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MS (ESI*): 469.28, 470.31, 471.33 (M+H*); 507.32, 508.34, 509.35 (M+K*)

1,4-Di(tert-butylacetate)-6-methylpentanoate-6-nitroperhy-

NO, fo)
dro-1,4-diazepane (2) /OMN/\{)
o) N\) \é

1 (3.28 g; 7.00 mmol) was dissolved in 20 mL abs. ethanol and ;\

formic acid (528 pL; 14.00 mmol). To this solution Pd/C (0.53 g; o ;\\

16 wt%) was added and the solution was saturated and kept

overnight with hydrogen. After completion the Pd/C was filtrated over celite, the filtrate was concen-
trated and dried. The crude product 2a (1.99 g; 6.90 mmol; 99 %) was used without further purification.
A solution of 2-nitrocyclohexanone (1 g; 6.99 mmol) and Amberlyst® A21 (2 mass-eq) in dry methanol
(30 mL) was heated for 1 h. Then product 2a (1.99 g; 6.99 mmol) and paraformaldehyde (0.76 g;
25.2 mmol) was added and the suspension was heated overnight under reflux. The suspension was
filterated, the filtrate was concentrated under vacuum and purified via column chromatography (H/EA,
2:1; Ri=0.43). The product 2 was obtained as yellowish oil (2.25 g; 4.62 mmol; 66 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 3.65 (s, 3 H); 3.60 (d, J=14.6 Hz, 2 H); 3.45 (d, J=17.3 Hz, 2 H); 3.30
(d, J=17.3 Hz, 2 H); 3.12 (d, J=14.6 Hz, 2 H); 2.84 (m, 4 H); 2.27 (t, 3 H); 1.83 (m, 2 H), 1.57 (m, 2 H); 1.46
(s, 18 H); 1.18 (m, 2 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 173.73 (s); 170.92 (s); 95.12 (s); 81.31 (s);
61.57 (s); 61.18 (s); 56.87 (s); 51.68 (s); 37.27 (s); 33.71 (s); 28.35 (s); 24.82 (s); 22.99 (s)

MS (ESI*): 388.14, 389.18, 390.20 (M+H*); 410.15, 411.17, 412.18 (M+Na*)

1,4-Di(tert-butylacetate)-6-methylpentanoate-6-amino-di(tert-

butylacetate)-perhydro-1,4-diazepane (3) Lo \X(o

2 (2.25 g; 4.62 mmol) was dissolved in absolute ethanol \<N/\<o o

(15 mL), combined with Raney®Nickel 2800° (0.5 g) (washed 4 _0 N/\(
times with ethanol) and the suspension was saturated with hy- o] N\) O\é
drogen and stirred at 40 °C for 6 h. After completion the nickel §\0

was filtrated over celite/sand, the filtrate was concentrated 3 ° )T

and dried under vacuum. The product 3a(2.11 g; 4.62 mmol) was dissolved with diisopropylethylamine
(805 pL; 4.62 mmol) in dry acetonitrile and stirred under nitrogen for 30 minutes at room temperature.
Tert-butyl bromoacetate (1.57 mL; 10.63 mmol) was added dropwise to the solution and stirred at
room temperature overnight. The solution was concentrated under vacuum and purified via column
chromatorgraphy (H/EA, 3:1; Ri=0.82). The product 3 was obtained as yellow oil (2.53 g; 3.70 mmol;
49 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 3.65 (s, 4 H); 3.61 (s, 4 H); 3.22 (s, 3 H); 2.99 (d, J=14.1 Hz, 2 H);
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2.85-2.65 (m, 4 H); 2.63 (d, J=14.1 Hz, 2 H); 2.31 (t, J=7.4 Hz, 2 H); 1.62-1.52 (m, 4 H); 1.44 (s, 18 H);
1.43 (s, 18 H); 1.25 (m, 2 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 174.37 (s); 172.89 (s); 170.94 (s);
80.86 (s); 80.38 (s); 65.29 (s); 63.17 (s); 62.61 (s); 59.39 (s); 52.09 (s); 51.56 (s); 37.34 (s); 34.26 (s);
28.31 (s); 28.25 (s); 25.89 (s); 21.83 (s)

MS (ESI*): 686.60, 687.60, 688.60 (M+H?*)

1,4-Di(tert-butylacetate)-6-pentanoicacid-6-(amino-di(tert-bu-

tylacetate))-perhydro-1,4-diazepane (4) 0.0 \X(o

3 (0.67 g, 0.97 mmol) was dissolved in 1,4-dioxane/water (2:1, \‘(Nﬁo o

14 mL), 1 M LiOH (1.46 mL, 1.46 mmol) and stirred at room tem- HO N/\/(
perature. After completion the solution was concentrated under o N\) O\é
vacuum and the residue extracted with NaHCO; (1M) and chlo- ;0

roform. The organic layer was dried over sodium sulfate, fil- 4 ° )T

trated and concentrated under vacuum. The product was obtained as yellowish oil without further
purification (0.84 g, 1.25 mmol, 90 %).

IH-NMR (CDCls, 400 MHz, & [ppm]): 3.60 (s, 4 H); 3.23 (s, 4 H); 3.00-2.97 (d, J=14.2 Hz, 2 H); 2.88-2.60
(m, 6 H); 2.36-2.32 (t, J=7.90 Hz, 2 H); 1.64-1.52 (m, 4 H); 1.43 (s, 18 H); 1.42 (s, 18 H); 1.24 (m, 2 H);
13C-NMR (CDCls, 100 MHz, & [ppm]): 178.92 (s); 172.93 (s); 170.87 (s); 81.04 (s); 80.54 (s); 65.10 (s);
63.10 (s); 59.35 (s); 52.16 (s); 34.20 (s); 29.82 (s); 28.32 (s); 28.22 (s); 25.62 (s); 22.81 (s); 21.87

MS (ESI*): 672.45, 673.45, 674.46 (M+H"); 694.43, 695.44, 696.45 (M+Na*)
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Synthesis of derivatives AAZTA5-Bz-NCS (A), AAZTA-en-SA (B), AAZTAS-TEG-N3 (C) and AAZTA®-Bz-
NCS-mAb (D)

1,4-Di(acetate)-6-((5-((4-isothiocyanatobenzyl)lamino)-5-oxopentyl)-6-(amino-di(acetate)-

perhydro-1,4-diazepane (AAZTA>-Bz-NCS (A))

tBu0OC

O,N - ,/—COO0'Bu
1,4-Di(tert-butylacetate)-6-((5-((4-nitro-ben- \©\/ H N
coo's
zyl)amino)-5-oxopentyl)-6-(amino-di(tert-bu- N MN/\ .
N
tylacetate))-perhydro-1,4-diazepane (5) 0 \)
5 COO'Bu

4 (0.30g; 0.44 mmol) was dissolved in dry acetonitrile (1 mL), combined with HATU (0.20 g;
0.53 mmol), DIEA (230 pL; 1.32 mmol) and stirred for 15 min at room temperature. To this solution 4-
nitrobenzylamine hydrochloride (0.11 g; 0.58 mmol) was added and stirred for 1 h at room tempera-
ture. After completion of the reaction the solution was concentrated under vacuum and the residue
was purified via column chromatography (H/EA; 1:1; R+=0.20). The product 5 was obtained as orange
oil (0.21 g; 0.26 mmol; 60 %).

'H-NMR (CDCls, 400 MHz, & [ppm]): 8.18 (d, J=8.53 Hz, 2 H) 7.46 (d, J=8.53 Hz, 2 H); 6.51 (br, 2 H); 4.56
(d, J=6.12 Hz, 2 H); 3.60 (s, 4 H); 3.20 (s, 4 H); 2.98 (d, J=14.18 Hz, 2 H); 2.77-2.74 (m, 2 H); 2.67-2.61
(m, 4 H) 2.29 (t, 2 H); 1.71-1.66 (m, 2 H); 1.60-1.56 (m, 2 H) 1.43 (s, 18 H); 1.42 (s, 18 H) 1.28-1.23 (m,
2 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 173.58 (s); 172.93 (s); 170.89 (s); 128.37 (s); 123.94 (s); 80.96
(s); 80.52 (s); 65.20 (s); 63.18 (s); 62.57 (s); 59.44 (s); 52.32 (s); 38.75 (s); 36.95 (s); 36.66 (s); 28.34 (s);
28.24 (s); 21.86 (s).

MS (ESI*): 806.48, 807.49, 808.52 (M+H*); 828.45, 829.47, 830.50 (M+Na*)

1,4-Di(acetate)-6-((5-((4-isothiocyanatobenzyl)- o] 0
HO
amino)-5-oxopentyl)-6-(amino-di(acetate))-per-hydro-  SCN N/\{
OH (o}
H
1,4-diazepane (A) \©\/NM
N
i N \) OH
5(0.21 g; 0.26 mmol) was dissolved in tetrahydrofuran ;\
o - OH
(3 mL) and suspended with Raney Nickel 2800°®. The A o

suspension was flushed with and kept under hydrogen for 5 h at room temperature. After completion
the mixture was filtrated over celite/sand, the celite washed twice with methanol (5 mL) and the or-
ganic layer was concentrated under vacuum. The obtained product was used without further purifica-
tion (0.20 g; 22 mmol; 85 %). The residue was stirred at room temperature in dry dichloromethane
(3 mL) and TEA (57 uL; 0.44 mmol) for 15 minutes. To this solution thiophosgene (44 uL; 0.44 mmol),
dissolved in dry dichlormethane (1 mL), was added and stirred for 1 h. The solution was quenched with

1 M NaOH solution and extracted with dichloromethane. The organic layer was concentrated under
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vacuum and the obtained product was dissolved in dichloromethane/trifluoroacetic acid (1:1, vol%).
After 5 h the solvent was removed under vacuum and the residue was purified via HPLC to obtained
product A as colourless solid (51 mg; 0.09 mmol; 39 %; tr=13.7 min (28 % ACN (0.1 % TFA))).

IH-NMR (CDCls, 400 MHz, & [ppm]): 7.66-7.61 (m, 4 H); 4.65 (s, 2 H); 4.03 (s, 4 H); 3.95 (s, 4 H); 3.79-
3.72 (m, 2 H); 3.68-3.61 (m,4 H); 3.51 (d, J=13.53 Hz, 2 H); 2.55 (t, 2 H); 1.87-1.80 (m, 2 H); 1.75-1.71
(m, 2 H); 1.60-1.51 (m, 2 H); 3C-NMR (CDCls, 100 MHz, & [ppm]): 175.43 (s); 175.08 (s); 170.52 (s);
137.95 (s); 128.28 (s); 125.46 (s); 62.36 (s); 59.35 (s); 58.22 (s); 52.25 (s); 51.43 (s); 41.78 (s); 34.94 (s);
33.66 (s); 25.25 (s); 21.79 (s).

MS (ESI*): 645.1099, 646.1092, 647.1002 ((M-4H*)+Fe3*)

1,4-Di(acetate)-6-((5-(2-((2-ethoxy-3,4- dioxocyclobut-1-en-1yl)aminoethyl)amino)-5-oxopentyl)-6-

(amino-di(acetate))-perhydro-1,4-diazepane (B)

'‘Bu00OC

\_ ,/—COO0'Bu
1,4-Di(tert-butylacetate)-6-((5-(2-((tert-butoxy-car- H N
N ,/—COO0'Bu
bonyl)-amino-ethyl)amino)-5-oxopentyl)-6-(amino- J/ N N
Boc (0] \)
di(tert-butylacetate))-per-hydro-1,4-diazepane (6) H <
6 COO'Bu

4 (100 mg; 0.15 mmol) was dissolved in dry acetonitrile (1 mL), combined with HATU (62 mg;
0.16 mmol), DIEA (78 uL; 0.45 mmol) and stirred for 15 min at room temperature. To this solution tert-
butyl(2-aminoethyl)carbamate (36 uL; 0.23 mmol) was added and stirred for 1 h at room temperature.
After completion of the reaction the solution was concentrated under vacuum and the residue was
purified via column chromatography (H/EA, 2:1, Rs: 0.11). The product 6 was obtained as yellowish oil
(40 mg; 0.05 mmol; 33 %).

IH-NMR (DMSO, 400 MHz, & [ppm]): 6.34 (br, 1 H); 5.26 (br, 1 H); 3.60 (s, 4 H); 3.38-3.34 (m, 2 H); 3.26-
3.24 (m, 2 H); 3.21 (s, 4 H); 2.96 (d, J=14.1 Hz, 2 H); 2.75- 2.73 (m, 2 H); 2.66-2.63 (m, 2 H); 2.59 (d,
J=14.1 Hz, 2 H); 2.19 (t, 2 H); 1.62-1.53 (m, 4 H); 1.43 (s, 18 H); 1.42 (s, 27 H); 1.28-1.20 (m, 2 H); :C-
NMR (CDCls, 100 MHz, & [ppm]):174.38 (s); 173.31 (s); 172.80 (s); 165.88 (s); 82.85 (s); 82.77 (s); 63.44
(s); 62.48 (s); 62.05 (s); 55.48 (s); 54.47 (s); 47.11 (s); 40.81 (s); 39.87 (s); 35.55 (s); 29.82 (s); 28.53 (s);
28.32 (s); 28.14 (s); 27.91 (s); 26.17 (s); 23.41 (s).

MS (ESI*): 814.53, 815.54, 816.57 (M+H*); 836.454, 837.55, 838.56 (M+Na*)
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1,4-Di(acetate)-6-((5-(2-((2-ethoxy-3,4-dioxocyclo- o OH
HO
but-1-en-1yl)-aminoethyl)amino)-5-oxopentyl)-6- N/\< o

H (o)
(amino-di(acetate))-perhydro-1,4-diazepane (B) o 0 NM /\{
ﬁ\ J/ (0} N \ OH
P B
o H

6 (28 mg; 0.04 mmol) was dissolved in dichloro- ;\
methane/trifluoroacetic acid (1:1; vol %) and stirred B o OH

for 3 h. After completion of the reaction the solvent was removed under vacuum and the residue was
dissolved in 0.5 M phosphate buffer (pH 7; 3 mL). To this solution 3,4-diethoxycyclobut-3-ene-1,2-di-
one (16 mg; 0,03 mmol) was added, the pH was adjusted with 1 M NaOH solution to pH 7 and the
reaction was stirred over night at room temperature. After completion the reaction mixture was puri-
fied via HPLC to obtain the product B as colourless solid (7.2 mg; 0.01 mmol; 33 %; tr=9.4 min (12 %
ACN (0.1 % TFA)).

IH-NMR (D0, 400 MHz, & [ppm]): 4.75-4.67 (m, 2H); 3.88 (s, 2 H); 3.76-3.66 (m, 6 H); 3.59-3.44 (m,
8 H); 3.40-3.38 (m, 2 H); 2.20 (t, 2 H); 1.52-1.45 (m, 4 H); 1.43 (t, 3 H); 1.30-1.21 (m; 2 H); 3C-NMR (D-0,
100 MHz, & [ppm]): 176.60 (s); 176.06 (s); 175.97 (s); 173.82 (s); 170.67 (s); 70.70 (s); 70.55 (s); 62.81
(s); 59.41 (s); 58.63 (s); 52.59 (s); 52.20 (s); 43.93 (s); 39.56 (s); 39.24 (s); 35.31 (s); 33.76 (s); 25.73 (s);
22.26 (s); 15.07 (s).

MS (ESI*): 665.1624, 666.1661, 667.1680 ((M-4H*)+Fe*)

1,4-Di(acetate)-6-(1-azido-13-ox0-3,6,9-trioxa-12-azadecan- o} OH
HO
12-yl)amino)-5-oxopentyl)-6-(amino-di(acetate))-perhydro- \(N/\&

H 0
1,4-diazepane (C) NM /\/{
J/ N\ OH

(o}
4 (47 mg; 0.07 mmol) was dissolved in dry acetonitrile (1 mL), © y
combined with HOBt (18.9 mg; 0.14 mmol), EDC-HCI (20.1 mg, H

0.10 mmol) and DIEA (49 uL; 0.28 mmol) and stirred for 15 o

min at room temperature. To this solution 11-azido-3,6,9-tri- IO C
oxaundecan-1-amine (15 uL; 0.07 mmol) was added and H

stirred for 1 h at room temperature. After completion of the N,

reaction the solution was concentrated under vacuum and the residue was dissolved in dichloro-
methane/trifluoroacetic acid (1:1; vol %). After 3 h at room temperature the solution was concentrated
under vacuum and the residue was purified via HPLC to obtain product Cas yellowish oil (6.8 mg;
0.01 mmol; 16 %; tz=8.9 (20 % ACN (0.1 % TFA))).

'H-NMR (CDsCN, 400 MHz, & [ppm]): 3.69 (s, 4 H); 3.63-3.54 (m, 14 H) 3.48 (t, 2 H); 3.38 (t, 2 H) 3.29-
3.22 (m, 8 H); 3.10 (d, J=14.6 Hz); 2.11 (t, 2 H); 1.48-1.41 (m, 2 H); 1.34-1.21 (m, 4 H); 3*C-NMR (CDsCN,
100 MHz, & [ppm]): 176.84 (s); 175.32 (s); 171.06 (s); 70.96 (s); 70.71 (s); 70.40 (s); 70.14 (s); 63.52 (s);
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61.30 (s); 59.10 (s); 54.10 (s); 51.82 (s); 51.42 (s); 39.80 (s); 36.41 (s); 35.65 (s); 26.84 (s); 23.42 (s).

MS (ESI*): 699.2148, 700.2185, 701.2201 ((M-4H*)+Fe?*)

mAb-AAZTA-Bz-NCS (D)

The antibody was coupled to A according to the protocol
by Perk et al.[47] In brief, the antibody solution (2.1 mg,
H H
14 nmol) was adjusted to pH 9 with 0.1 Na,COs. To this /NW"QH
s N

OH o
(o} H(
OH
(o]

\f\/\/\/t{}"‘/\{m
) N\)

OH

solution A was added (90.2 pg, 140 nmol) and incubated
for 1 hat 37 °C. After completion of the reaction the con- D

jugate was separated with PD-10 column purification and was ready for radiolabelling.
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Radiolabelling and in vitro evaluation

Kinetic studies and HPLC diagrams

Following figures show the kinetic studies of the 3 derivatives with the buffer systems sodium acetate
(NaOAc, 0.25 M, pH 4.5), ammonium acetate (AmOAc, 0.25 M, pH 5.5) and N-2-hydroxyethyl pipera-
zine-N’-2-ethanesulfonic acid (HEPES, 0.025 M, pH 4.3 and 0.5 M, pH 7.00) and the HPLC chromato-
grams of all three radiolabelled derivatives and the radiolabelled mAb conjugate. All values were ana-
lyzed via radio-TLC (silica gel, citrate buffer (0.01 M, pH 4) as mobile phase) and verified with radio-
HPLC (after 15 min labelling reaction). For the systems NaOAc and HEPES the ligand-to-""Lu ratios from

1:1 till 10:1 are shown, whereas for AmOAc ratios from 2:1 till 15:1 are shown.
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Figure 1: Radiolabelling kinetics with 177Lu of the derivatives AAZTA5-Bz-NCS (=), AAZTAS-en-SA (=) and AAZTA>-TEG-N;
(=) in NaOAc (0.25 M, pH 4.5) with ligand-to-177Lu ratio 1:1 (M), 2:1 (@), 5:1 (A) and 10:1 (V) at 25 °C; n=3
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Figure 2: Radiolabelling kinetics with 177Lu of the derivatives AAZTA>-Bz-NCS (=), AAZTA5-en-SA (=) and AAZTAS-TEG-N3
(=) in AmOACc (0.25 M, pH 5.5) with ligand-to-177Lu ratio 2:1 (W), 5:1 (@), 10:1 (A) and 15:1 (¥) at 25 °C; n=3
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Figure 3: Radiolabelling kinetics with 77Lu of the derivatives AAZTA>-Bz-NCS (=), AAZTAS-en-SA (—) and AAZTAS-TEG-N3
(=) in HEPES (0.025 M, pH 4.3) with ligand-to-177Lu ratio 1:1 (M), 2:1 (@), 5:1 (A) and 10:1 (¥) at 25 °C; n=3
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Figure 4: HPLC chromatograms of radiolabelled AAZTAS-Bz-NCS (=), AAZTA%>-en-SA (—) and AAZTAS-TEG-N3 (=) after 15 min
(ligand-to-177Lu 10:1, NaOAc 0.25 M, pH 4.5, 25 °C)
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Figure 5: HPLC chromatogram of radiolabelled conjugate of AAZTA5-BnNCS and antibody after purification

Following figures show histograms after 1, 2 and 24 h as well as the HPLC chromatograms after 2 h of
the ligands [Lu]Lu-A, [*’Lu]Lu-B and [*’Lu]Lu-C in the media human serum (HS), DTPA, EDTA and

PBS. All TLCs were analyzed with citrate buffer (0.01 M, pH 4) as eluent.
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Figure 6: In vitro stability of [277Lu]Lu-AAZTA3-Bz-NCS ([*77Lu]Lu-A) in HS, DTPA, EDTA and PBS after 1 h (M), 2 h (") and 24 h
(M), n=3
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Figure 7: In vitro stability of [177Lu]Lu-AAZTA5-en-SA ([177Lu]Lu-B) in HS, DTPA, EDTA and PBS after 1 h (M), 2 h (") and 24 h
(M), n=3
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Figure 8: In vitro stability of [177Lu]Lu-AAZTAS-TEG-N3 ([77Lu]Lu-C) in HS, DTPA, EDTA and PBS after 1 h (M), 2 h (")and 24 h
(M), n=3
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ABSTRACT

An important antigen for several tumors is the tumor-associated glycoprotein Mucinl (TA-MUC1). De-
creased activity of the B-1,6-N-acetylglucosamintransferase as well as increased activity of the sialyl-
transferase leads to shortened glycoside side chains. The aberrantly glycosylated MUCL1 is overex-
pressed on epithelial tumor cells and provides an ideal binding motif for monoclonal antibodies (mAb).
By vaccination with TA-MUC1-glycopeptide the novel mAb (GGSK-1/30) could be generated, which
demonstrated high affinity to TA-MUC1 on several human breast cancer cell lines. GGSK-1/30 was cou-
pled with Df-Bz-NCS (Df-Bz-NCS-GGSK-1/30), radiolabelled with 89Zr, purified and evaluated in vitro
(stability, immunoreactivity, cell binding) and in vivo (PET, ex vivo biodistribution) in tumor bearing
mice.

[89Zr]Zr-Df-Bz-NCS- GGSK-1/30 was radiolabelled with a radiochemical yield of >70 %, a radiochemical
purity of > 95 % and an apparent specific activity of 6.1 GBg/umol. After 3 d, stabilities >80 % in human
serum and >90 % in sodium chloride (0.9 %) could be obtained. In vitro cell studies showed a high
affinity to the self-generated murine mamma carcinoma cell line PyMTxhuMUC1 (15 % binding), that
express human TA-MUC1, and the commercially available human mamma carcinoma cell line T47D
(33 % binding). The affinity to TA-MUC1 was confirmed by ex vivo tumor uptake of >50 % ID/g in tumor
bearing mice, which was clearly visible in small animal PET/MRI imaging.

The novel mAb GGSK-1/30 and its conjugate is a promising candidate for in vivo application for Im-

munoPET due to its high and specific affinity to TA-MUC1.

186



INTRODUCTION

Monoclonal antibodies (mAb) are attractive candidates for cancer diagnosis, cancer therapy and drug
delivery [1]. An important antigen for mAb is the tumor associated glycoprotein Mucinl (TA-MUC1)
[2-6]. TA-MUC1, with an aberrant glycan pattern, is strongly overexpressed on epithelial cells of tumor
tissue like breast cancer as a result of changed activity of glycoltransferases in MUC1 biosynthesis [7].
The main part of MUC1 consists of an extracellular domain that contains numerous (20-120) tandem
repeats of 20 aminoacids. Based on the aberrant glycan pattern Kaiser et al. synthesized glycopeptides
as mimic for the TA-MUC1, coupled these to Tetanus toxoid (TTox) and administered the vaccines in
Balb/c mice [3,4]. Analysis of mice antisera showed a high specificity as well as exclusive binding to
aberrantly glycolsylated MUC1 and isolated human breast tumor tissue. Consequently, the novel IgG
mAb (GGSK-1/30), isolated from mice antisera, demonstrated high affinity towards human breast can-
cer cells (MCF-7) [8].

With the idea to introduce antibody-based imaging systems, using single photon emission computed
tomography (SPECT) or positron emission tomography (PET) [9-11], new pathways have been explored
to combine the requirements of PET/SPECT application with the in vivo characteristics of a mAb. Due
to the slow pharmacokinetics of the mAb of several days the radiolabelled derivatives have to fulfill
two requirements: a high in vivo stability of the conjugate and a radionuclide half-life suited to the
pharmacokinetics of the mAb. Important radionuclides for imaging application with mAbs/antibody

fragments are listed in table 1.

Table 1: Relevant radioisotopes for the application in radioimmunoscintigraphy [12-27]

nuclide ti2 application
64Cu 12.8 h
8ey 14.7 h
82Zr 3.27d PET
Nb 14.6 h
124y 4.18 d
¥Ga 3.26d
9mTc 6.0h SPECT
e [} 2.80d

The nuclides for SPECT imaging (expect *™Tc) possess half-lifes of several days, which is ideal for anti-
body-based imaging, but in comparison to the higher resolution of PET, SPECT imaging is of less inter-
est. Thus, %4Cu, Y, 8Zr and 2% are of great interest for ImmunoPET imaging. According to the shorter

half life of ®*Cu, #Y and °°Nb (12.8 h, 14.7 h and 14.6 h, respectively), these nuclides can be used for
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antibody fragments, which offer a faster pharmacokinetic behavior. %l as well as 8°Zr are ideal candi-
dates for ImmunoPET. The disadvantage of 1%l is the low resolution due to the high energy of its posi-
tron and the dehalogenation of **4-labelled antibodies in vivo [21,28]. Therefore 8Zr was suggested as
more suitable positron emitter for labelling of antibodies by attaching chelating agents to the protein
[24,29]. Baroncelli et al. showed a high complex stability of Zr with hydroxamate groups of desferriox-
amine (Df) [30]. Based on this fact, Verel et al. evaluated the coupling of a bifunctional derivative of Df
(TFP-N-suc-Df-Fe) [31]. The drawback of this method is the relatively complicated multi-step proce-
dure, which makes its challenging with respect to Good Manufacturing Practice (GMP) compliancy.
Therefore, Jurek et al. and Perk et al. established an NCS ester of Df (Df-Bz-NCS) for easy coupling to
primary amines on the mAb [32,33].

Based on these perspectives we wanted to introduce the Df-Bz-NCS as chelating agent for 8Zr to eval-
uate the mAb GGSK-1/30, which offers a specificity to TA-MUC1 and its epitope [5-8,34,35]. The radi-
olabelled derivative [®°Zr]Zr-Df-Bz-NCS-GGSK-1/30 was evaluated in first in vitro and in vivo studies
using a transgenic tumor model, which was developed by crossbred of mammary tumor virus (MMTV),

polyoma virus T-antigene (PyMT) and human MUC1 (MMTV-PyMTxhuMUC1).
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RESULTS AND DISCUSSION

Synthesis, chelate coupling and #9Zr radiolabelling of GGSK-1/30

GGSK-1/30 was generated via hybridoma technique by vaccination of mice with a synthetic glycopep-
tide that mimics one specific structure of TA-MUC1 on human cancer cells. The glycopeptide was cou-
pled to Tetanus Toxoid to build the vaccine.

The conjugation of the chelate Df-Bz-NCS to the lysine side chain as well as the #Zr radiolabelling of
GGSK-1/30 is shown in figure 1. The coupling of the chelate resulted in a ratio of 4.2 chelate moieties
per antibody. To verify the immunoreactivity of Df-Bz-NCS-GGSK-1/30, its binding to breast cancer cells
(T47D) was investigated using fluorescence-activated cell sorting (FACS) (figure 2). With a binding of
more than 97 % the conjugate shows no loss towards tumor associated Mucinl. This is in agreement
with previous works for DOTA-conjuagted rituximab, where no influence on immunoreactivity was re-
ported for a chelate-to-antibody ratio of 4 [36].

The radiolabelling was performed at room temperature over 90 min and resulted in an overall yield of
73 %. Radiochemical purity of [8Zr]Zr-Df-Bz-NCS-GGSK-1/30 exceeded 95 % after purification with PD-

10 column with an apparent specific activity of 6.1 GBg/umol.
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Figure 1: General coupling method of Df-Bz-NCS with antibodies; (i) pH=9.0, 37 °C, 30 min, gel filtration, (ii) pH=7.0, 25 °C,
90 min gel filtration
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Figure 2: FACS analysis of the immunoreactivity for GGSK-1/30 (black bar), its conjugate (red bar) and a control IgG antibody
(blue bar) using T47D cells

In vitro studies
Stabilities

[89Zr]Zr-Df-Bz-NCS-GGSK-1/30 offers a high stability of >90 % after 3 d in human serum and sodium
chloride solution (figure 9, supporting information). In PBS buffer the radioconjugate remains stable
even after 3 d, while a slight decrease down to 83 % intact conjugate after 7 days is observed in human

serum.

Cell binding

The binding affinity of [®Zr]Zr-Df-Bz-NCS-GGSK-1/30 was evaluated towards four cell lines with differ-
ent expression levels of aberrantly glycosylated MUC1. Figure 3 represents the binding profile of the
radiolabelled compound as a function of the concentration of [¥9Zr]Zr-Df-Bz-NCS-GGSK-1/30.

The affinity and specificity of the radiolabelled conjugate to TA-MUC1 human mammary epithelial cells
(HMEC) that express normally glycosylated MUC1 was investigated, PyMT as murine mammary tumor
cell line, that do not express human TA-MUC1, served as negative control. Less than 2 % of the applied
activity for both cell lines and all concentrations were found on the cell surfaces. T47D human carci-
noma cells showed the highest affinity of all cell lines towards the antibody conjugate with a binding
of >30 %. The novel transgenic murine cell line PyMTxhuMUCL1 offers a binding of >15 %. This cell
model was used for further in vivo small animal studies (mice) to get an insight of this transgenic cell

model as target and the radio conjugate as targeting vector.
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Figure 3: Cell binding profile of [89Zr]Zr-Df-Bz-NCS-GGSK-1/30 with respect to the cell line and concentration of [89Zr]Zr-Df-Bz-
NCS- GGSK-1/30

In vivo studies
ex vivo biodistribution

To confirm the specificity of [89Zr]Zr-Df-Bz-NCS-GGSK-1/30 towards TA-MUC1, the conjugate was ad-
ministered in human MUC1 transgenic mice bearing PyMTxhuMUC1 tumors (positive control). For
blocking, the radiolabelled conjugate was incubated with a 1200-fold molar excess of TA-MUC1-glyco-
peptide described by Palitzsch et al. [8] for 30 min before the application into the aforementioned
mice model. As negative control, an IgG1-mAb with no affinity towards TA-MUC1, was radiolabelled
and purified in the same manner as the GGSK-1/30. 50-80 ug of radiolabelled compounds were in-
jected intraperitoneal (i.p.). After 72 h post injection (p.i.), the average uptake (%ID/g (tissue),
meanzSD) in tumor, blood and normal tissues was determined ex vivo. The results of the ex vivo bio-
distribution are shown in figure 4.

[89Zr]Zr-Df-Bz-NCS-GGSK-1/30 demonstrated an uptake of 53 %ID/g(tumor tissue). The blocking of
GGSK-1/30 with TA-MUC1-glycopeptide resulted in decreased uptake in tumor tissue of less than
8 %ID/g(tumor tissue), reflecting the specificity of GGSK-1/30 towards TA-MUC1. With 15 %ID/g(tumor
tissue) an unspecific uptake towards the target tissue was observed for [89Zr]Zr-Df-Bz-NCS-IgG1. This
could be explained by the enhanced permeability and retention (EPR) effect, which is known for mac-

romolecular, lipophilic compounds that show a passive accumulation in solid tumor tissue [37,38].
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Uptake values in normal tissue like lymph nodes, lung, blood, heart, spleen, intestines as well as muscle
and mammary glands are below 10 %ID/g(tissue) for [®°Zr]Zr-Df-Bz-NCS-GGSK-1/30 in control and
blocking studies. The uptake values in bone tissue of more than 10%ID/g(bone tissue) is the result of
the slight degradation of the Zr-Df-complex in vivo, which is known #Zr-radiolabelled antibodies
[31,39,40]. Both antibody conjugates show hepatobiliary and renal excretion with uptake values from
17 to 35 %ID/g(liver tissue) and 25 to 40 %ID/g(kidney tissue). The higher uptake in liver within the
blocking and the negative control studies emphasizing the decreased affinity of the blocked [3°Zr]Zr-
Df-Bz-NCS-GGSK-1/30 and the missing specificity of [®Zr]Zr-Df-Bz-NCS-1gG1, respectively.
For [89Zr]Zr-Df-Bz-NCS-IgG1 the higher blood pool activity, and with this a higher activity in lung tissue,
is due to a lack of a specific binding site of this antibody. The uptake in kidney, liver and spleen can be
explained by a residualizing effect of the compounds by these cells [10,25]. For [8Zr]Zr-Df-Bz-NCS-

GGSK-1/30 an increased uptake in kidney tissue was observed.
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Figure 4: ex vivo biodistribution of radiolabelled GGSK-1/30 ([8°Zr]Zr-Df-Bz-NCS-GGSK-1/30) and control mAb ([89Zr]Zr-Df-Bz-
NCS-IgG) in C57BL/6 mice bearing PyMTxhuMUC1 tumor after 72 h; 50-80 ug (0.33-0.53 nmol, 0.5-2.5 MBq) of radiolabelled
compounds were administered i.p. (n=3)

The tumor/non-target-tissue ratios of [¥Zr]Zr-Df-Bz-NCS-GGSK-1/30 are illustrated in figure 5. Ratios
between tumor tissue and lung, blood and muscle are 3.4, 8.3 and 42.4, respectively. With this, the

contrast between target and non-target tissue appear to be promising for in vivo PET imaging.
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Figure 5: Tumor/non-target-tissue ratios of [89Zr]Zr-Df-Bz-NCS-GGSK-1/30 after 72 h

Small animal PET studies

To verify the ex vivo results, small animal PET imaging studies were accomplished for [#Zr]Zr-Df-Bz-
NCS-GGSK-1/30) (blocked and unblocked) as well as for [8°Zr]Zr-Df-Bz-NCS-1gG1. The in vivo binding of
the radioconjugates was assessed by PET imaging at 72 hours post injection (72 h p.i.) on tumor bearing
mice after injection of 50-80 ug of the radiolabelled compound. [8°Zr]Zr-Df-Bz-NCS-GGSK-1/30 shows
a clearly visible uptake in the tumor tissue (figure 6, A) with a renal excretion pathway. This result is
consistent with the ex vivo biodistribution of the radio conjugate, where the main activity accumulated
in the target tissue and the kidneys. In the blocking experiment a high uptake in kidney and liver with
almost no accumulation of the radioconjugate in tumor tissue was observed (figure 6, B). The negative
control evaluation with [39Zr]Zr-Df-Bz-NCS-1gG1 shows a generally higher background in non-target tis-
sue (figure 6, C). This finding is in agreement with the ex vivo data with high uptake values in lung,
blood or mammary glands mammalian (figure 4) and, consequently, emphasizes the absence of the

specificity of the IgG antibody.
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Figure 6: PET images of [89Zr]Zr-Df-Bz-NCS-GGSK-1/30 (A), [89Zr]Zr-Df-Bz-NCS-GGSK-1/30 blocked (B) and [89Zr]Zr-Df-Bz-NCS-
1gG (C) after 72 h in tumor bearing mice after injection of 50-80 pg (0.33-0.53 nmol, 0.5-2.5 MBq); tu.: tumor, kid.: kidney, li.:
liver
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CONCLUSION

Tumor-associated Mucinl is an important antigen for targeting tumor tissue in breast cancer. In this
study a stable and reproducible coupling of the long-lived positron emitter #Zr was evaluated for the
novel antibody GGSK-1/30 with the chelating agent Df-Bz-NCS. After radiolabelling and purification the
radioconjugate [3°Zr]Zr-Df-Bz-NCS-GGSK/1-30 was obtained with 95 % radiochemical purity, an appar-
ent specific activity of 6.1 GBg/mol and a stability over in 80 % in humans serum after 3 d.

The high in vitro binding affinity with over 15 % binding to human TA-MUC1 expressing cells as well as
the high specificity of [#9Zr]Zr-Df-Bz-NCS-GGSK/1-30 towards human TA-MUCI indicates its strong po-
tential for tumor imaging. The in vitro results could be confirmed within first in vivo studies in tumor
bearing mice. Ex vivo biodistribution showed a tumor uptake of >50 %ID/g and a clearly visible accu-
mulation in PET/MR imaging.

With these characteristics GGSK-1/30 offers the application in clinical studies for molecular imaging

using PET as well as for radioimmunotherapy approaches.
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SUPPORTING INFORMATION

General methods:
All used chemicals were commercially available at Acros Organics, CheMatech, Fluka, SigmaAldrich or

VWR and were used without further purification. For purification of conjugated and radiolabelled an-
tibody, PD-10 columns (GE Healthcare Life Science) were applied with 0.9 % sodium chloride (Frese-
nius-Kabi) solution. For radiolabellings trace metal-free salts and water (18 MQ cm™) were used. For
radiolabelling n.c.a. 8Zr (1 M oxalic acid) from PerkinElmer (BV Cyclotron VU, Amsterdam, Nether-

lands) was used.

FACS-Analysis of the antibody binding and its conjugate to human breast cancer cells

2-10° human breast cancer cells (T47D) were incubated with 1 pg/ml GGSK-1/30, 1 pg/ml of its conju-
gate and 1 pug/ml of the control IgG1 antibody for 20 min at a temperature of 4 °C. Then the cells were
washed for two times with 100 ul of PBS and then incubated for 20 minutes at a temperature of 4 °C
with a goat-a-mouse-IgG Alexa Fluor 488 antibody (dilution 1:1000 in PBS) and with a viability dye
eFluor780 (dilution 1:1000 in PBS) to exclude the false positive dead cells. The cells were washed again
two times with 100 pL PBS. The cells were then taken up in 100 uL of PBS and pipetted into a FACS

tube and analyzed on a BD Biosciences FACSVerse machine. For each sample 10* cells were analyzed.

Preparation of PyMTxhuMUC1

Female mice of the mouse stem R10 (Tg(MMTVPyMT)634Mul; short: PyMT; kindly gift from the group
of Prof. Dr. Ruf in Mainz) generate spontaneously breast cancer cells 15 weeks after birth [41]. Cross
breeding of R10 mice with TG(MUC1)79.24GEND/J mice expressing human MUC1 (short: huMUC1, The
Jackson laboratory) lead to the tumor model PyMTxhuMUCL1. To obtain stable tumor cell lines of PyMT
mice and PyMTxhuMUC1 mice, tumor tissues were extracted, digested by collagenase and DNAse and
cultured in single cell suspension. Stable PyMT and PyMTxhuMUC1 tumor cells could be harvested

after 6 weeks.

Analysis of the in vitro cell binding of radiolabelled GGSK-1/30 to human MUC1 expressing cell lines
The human breast cancer cell line (T47D) that express TA-MUC1 and as control the human mammary
epithelial cell line (HMEC) that express normally glycosylated MUC1 as well as the murine cell lines
PyMT-huMUC1 that express human TA-MUC1 and as control PyMT that do not express human TA-
MUC1 were incubated for 20 minutes at 4°C. The cells were washed two times with 100 ul PBS. The

washing solution was kept to detect the unbound antibody. The radioactive emission was detected of
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the cells and the washing solution. The ratio cells/washing solution x 100 resulted in binding/%.

Inoculation of PyMTxhuMUC1

PyMTxhuMUCI1 cells (1x108) were subcutaneously inoculated in the right flank of nine 10 weeks old
TG(MUC1)79.24GEND/J mice (The Jackson Laboratory). The tumor growth was observed every 3 d.
21 d after inoculation (tumor size 40 mm?2 on average) 50-80 pg of the radioconjugate was adminis-

tered i.p.

Preparation of Df-Bz-NCS-GGSK-1/30

GGSK-1/30 was coupled with Df-Bz-NCS following a known procedure (figure 1) [33]. In short, a ten-
fold molar excess of Df-Bz-NCS (in 10 pL DMSO) was added to the GGSK-1/30 (2 mg/mLin 1 mL 0.1 mL
NaHCOs buffer, pH 9.0) and incubated for 30 min at 37 °C. The chelator-GGSK-1/30 conjugate was
purified by size exclusion chromatography (SEC) using a PD-10 column and 0.25 M sodium acetate

buffer, pH 5.4 as eluent.

Determination of chelate-to-mAb ratio (CAR)

To determine the CAR the conjugate was labelled according to aforementioned procedure [33,42] with
a known nanomolar excess of zirconium oxalate solution (TraceCERT®, 1000 mg/mL) spiked with 89Zr,
Different molar ratios between Zr and antibody were used, to investigate the number of chelates per

antibody.

Preparation of [39Zr]Zr-Df-Bz-NCS-GGSK-1/30

Df-Bz-NCS-GGSK-1/30 was labelled according to aforementioned method [43]. In short, Df-Bz-NCS-
GGSK-1/30 was radiolabelled with 8Zr in HEPES buffer (0.5 M, pH 7) at room temperature in a volume
of 2.5-3 mL under gentle stirring for 90 min. The radiochemical yield (RCY) was checked by using radio
thin layer chromatography (radio-TLC) and analyzed with the radio detector GABI STAR from Raytest.
The radiolabelled compound was purified by PD-10 column using a 0.9 % sodium chloride solution as

eluent.
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Figure 7: Radiolabelling kinetics with 89Zr of Df-Bz-NCS-GGSK-1/30 in 0.5 M HEPES (pH 7)

Analytical quality control of [3°Zr]Zr-Df-Bz-NCS-GGSK-1/30

The purified product was analysed by radio-TLC and by high performance liquid chromatography
(HPLC) for radiochemical purity. Radio-TLC analysis of [¥Zr]Zr-Df-Bz-NCS-GGSK-1/30 was performed
using Merck Silica F,s4 TLC plates with citrate buffer (0.01 M, pH 4) and analyzed with the radio detector
GABI STAR from Raytest. HPLC monitoring was performed on a HPLC system from Merck (LaChrom;
pump: Hitachi L7100; UV-detector: L7400) using a BioSep SEC-S 2000 column (Phenomenex®) with

0.05 M sodium phosphate (pH 7) as mobile phase (1 mL/min).
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Figure 8: HPLC diagram of [°Zr]Zr-Df-Bz-NCS-GGSK-1/30 using BioSep SEC-S 2000 column (Phenomenex®) with 0.05 M sodium

phosphate (pH 7) as mobile phase (1 mL/min) before and after purification using size exclusion chromatography on PD-10
column

In vitro stability test of [#Zr]Zr-Df-Bz-NCS-GGSK-1/30

In vitro stability studies of [89Zr]Zr-Df-Bz-NCS-GGSK-1/30 were performed in human serum (Sigma-Al-
drich®, from human male AB plasma) and sodium chloride (0.9 %) (n=3). The samples were incubated
at 37 °C and aliquots of 2 uL were analyzed at various time points (1 d, 3 d, 7 d) via radio-TLC using

citrate buffer (figure 8).

In vitro binding studies of [¥Zr]Zr-Df-Bz-NCS-GGSK-1/30

For in vitro binding studies different concentration of [#9Zr]Zr-Df-Bz-NCS-GGSK-1/30 (0.125-2 pg/mL)
were incubated on 2-10° cells (HMEC and T47D (commercially obtained by ATCC), PyMT and PyMTxhu-
MUC1 (self-made tumor cell lines from an isolated murine tumor in the lab of the Immunology depart-
ment)) for 30 min at 37 °C. The supernatant was removed, the cell surface washed twice with PBS

buffer and the cells cleaved for gamma counting.
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Figure 9: Stability of [89Zr]Zr-Df-Bz-NCS-GGSK-1/30 in human serum (black line) and sodium chloride solution (0.9 %, gray line)
after1d,3dand 7 dat37°C(n=3)

Ex vivo biodistribution

1-10° PyMTxhuMUC1 cells were subcutaneously implanted in the right flank of human MUC1 trans-
genic mice, 10 to 13 weeks old, female. 3 weeks after tumor cell injection application of 50-80 ug of
radiolabelled compound was administered i.p. For the blocking experiment [¥Zr]Zr-Df-Bz-NCS-GGSK-
1/30 was incubated for 30 min with 1200-fold molar excess of the corresponding glycopeptide [8], that
mimic the antigen for GGSK-1/30 and administered i.p. 72 h post injection, groups of 3 mice were
anaesthetised, killed and dissected. Blood, tumor, normal tissue and gastrointestinal contents were
weighed and the amount of radioactivity in each tissue was measured in a y-counter (PerkinElmer
Wizard?). Radioactivity uptake was calculated as the percentage of the injected dose per gram of tissue

(%1D/g(tissue)).

In vivo small animal PET studies

Small animal PET imaging was performed under general anesthesia with isoflurane inhalation (2.5 %).
50-80 pg (0.5-2.5 MBq) of radioconjugate in 230-300 pL sodium chloride solution (0.9 %) were injected
intraperitoneal (i.p.) and mice were positioned 72 h p.i. in head-first-supine position in a PET scanner.
PET imaging was recorded on a NanoScan PET/MRI (Mediso, Hungary) reconstructed to OSEM 2D and

files were processed using Pmod 3.5.
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5. Zusammenfassung

Kinetische, thermodynamische und strukturelle Eigenschaften von Ga3*- und M%-

Komplexen der Chelatoren DATA™ und DATA™

Die Visualisierung biologischer Prozesse auf molekularer Ebene sowie deren quantitative und qualita-
tive Bewertung ist ein wichtiges Gebiet der molekularen Bildgebung. Als bildgebendes Verfahren ge-
winnt die PET auf Grund der stetig wachsenden Verfiigbarkeit neuer Radiopharmaka immer groReres
Interesse. Ein wichtiges Radionuklid fir die PET ist ®8Ga (t1/2=67,7 min, Egmax=1,89 MeV), welches mit-
tels %8Ge/*®Ga-Generator gewonnen werden kann. Als dreiwertiges Metall wird ®8Ga durch Chelatoren
am Targetingvektor komplexiert. Grundlegende Voraussetzungen an den %Ga-Chelator-Komplex sind

eine hohe thermodynamische als auch kinetische Stabilitat.

Im Rahmen dieser Arbeit wurden die Chelatoren DATA™ und DATA®™ (Abbildung 1) hinsichtlich ihrer
thermodynamischen, kinetischen und strukturellen Eigenschaften ihrer Ga*>*- und M?*-Komplexe un-
tersucht und mit dem literaturbekannten Chelator AAZTA verglichen. Hierbei wurden die Protonie-
rungskonstanten der reinen Chelatoren als auch die Stabilitdtskonstanten der ["'Ga]Ga-DATA™- und
["'Ga]Ga-DATA>™-Komplexe unter Verwendung von pH-Potentiometrie, NMR-Spektroskopie als auch
UV/Vis-Spektrometrie ermittelt. Zudem wurden die Stabilitdten verschiedener divalenter Metall-Kom-
plexe beider Chelatoren untersucht. Um eine Aussage Uber kinetische Stabilitat, welche ein MaR fir
die in vivo-Stabilitat ist, zu treffen, wurden die Halbwertszeiten fir die Transchelatisierung beider Ga-

Komplexe gegen Transferrin tiberprift.

HO \/<0\ OH /\<OH /\<0H
N/\<o o —N o o o —N o o0
/\}N\S OH Ny OH I N\S OH

OH 5 OH OS/NOH
AAZTA DATA™ DATAS™

Abbildung 1: Struktur der Chelatoren AAZTA, DATA™ und DATA>™
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Protonierungskonstanten
Die Protonierungskonstanten beider Liganden wurden pH-potentiometrisch ermittelt und sind in Ta-

belle 1 aufgelistet.

Tabelle 1: Protonierungskonstanten (mit jeweiliger Standardabweichung) der Chelatoren DATA™ und DATA>™ (0,15 M NacCl,
25 °C); a: ZlogKi ohne Protonierungskonstante der n-Valeriansaure, da diese nicht innerhalb der Metallbindung teilnimmt

DATA™ DATAS™ AAZTA

logks” | 11,27 (1) 11,39 (1) 10,06
logKk," 5,15 (2) 5,30 (2) 6,50

" 4,35 (2) 3,77
logK; 3,49 (1) _COOH
logks” | 2,08 (2) 3,45 (2) 2,33
logKs" - 2,28 (4) 1,51
Slogk? | 21,99 26,77 /22,42° 24,17

Stabilitdtskonstanten

Die Stabilitdtskonstanten der Ga-Komplexe wurden mittels pH-Potentiometrie und NMR-Spektrosko-

pie (*H/"*Ga) ermittelt und sind in Tabelle 2 aufgelistet.

Tabelle 2: Stabilitats- und Protonierungskonstanten (mit jeweiliger Standardabweichung) der Ga-Komplexe von DATA™,

DATA>™ und AAZTA (0,15 M Nacl, 25 °C)

Ga(DATA™) \ Ga(DATA®™) Ga(AAZTA)™M

Methode pH-Pot. 'H-/"'Ga-NMR pH-Pot. 'H-/"'Ga-NMR pH-Pot.
pH 12-1,7 1,7-12
logKcat 21.78 (2) 22.00 (4) 21.32 (2) 21.45 (5) 21.15
logKea | 2.42(2) 2.25(9) ) oot 3.14
logKeana1 - - 2.05 (5) - 1.14
logKGafjon 6.25 (2) 6.38 (4) 6.31 (4) 6.25 (4) 4.60
logBaarjon 15.52 (2) 15.62 (4) 15.02 (4) 15.20 (5) 16.57

Die Stabilitatskonstanten von Ga(DATA™) und Ga(DATA®™) sind geringfiigig hoher als von Ga(AAZTA).
Dies ist Folge der Koordinationsgeometrie. Wahrend beim DATA™ (und damit auch beim DATA™) das
Ga*-lon durch 3 Amin-Stickstoffe sowie 3 Carboxyl-Sauerstoffe in einer leicht-verzerrten Oktaederge-
ometrie umgeben wird [2-4], wird das Ga** beim AAZTA durch 3 Amin-Stickstoffe sowie 3 Carboxyl-
Sauerstoffe (beide exozyklischen Carboxyl-Sauerstoffe und ein endozyklischer Carboxyl-Sauerstoff) in
einer starker-verzerrten und somit instabileren Geometrie umgeben [1].

Zusatzlich zu den Stabilitatskonstanten der Ga-Komplexe wurden die Stabilitdtskonstanten divalenter
Metall-lonen wie Ca%*, Mn?%, Zn?* und Cu?* untersucht. Eine besonders hohe Stabilitdt wiesen hierbei

die Zn- und Cu-Komplex fiir DATA™ und DATA>™ auf (Tabelle 3).
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Tabelle 3: Stabilitatskonstanten (mit jeweiliger Standardabweichung) der DATA™-, DATA>™- und AAZTA-Komplexe mit CaZ*,
Mn2*, Zn2* und Cu?* (0,15 M NaCl, 25 °C)

| DATA™  DATA*™  AAZTAP
caL | 87(2) 9,09(2) 11.75(1)
MnL | 11,43"  11,63(2) 14,191
ZnL | 16,54(2) 16,91(2) 16,02 (1)
CuL | 1836(4) 1897(2) 20,60 (4)

Kinetik

Um die kinetische Inertheit des Ga-Komplexes zu analysieren, wurden die Halbwertszeiten fiir die Tran-
schelatisierung beider Komplexe gegen apo-Transferrin unter physiologischen Bedingungen (pH 7,4)
Uberpriift. Der Ga(DATA’™)-Komplex zeigte hierbei die héchste kinetische Stabilitit mit einer Halb-
wertszeit von 46 h (Tabelle 4).

Tabelle 4: Ratenkonstante (ks) und Halbwertszeit t;, der Transchelatisierungsreaktion der Komplexe Ga(DATA™M),
Ga(DATA>™) und Ga(AAZTA) mit Transferrin (0,15 M NacCl, 25 °C, pH=7,4)

| Ga(DATA™)  Ga(DATA®") Ga(AAZTA)[5]
ka/st | (21t0,1)-10°  (4,240,2)-10° 8,0-10°
ti2/ h 9,4 46 24

Die Ergebnisse zeigten insgesamt, dass das DATA>™ eine hohe thermodynamische Stabilitat mit einem
logKsa von 22,0 mit einer hohen kinetischen Stabilitit verbindet. AuBerdem besitzt das DATA™ eine
hohe Komplexstabilitdt mit dem divalenten Metallion Cu?*, wodurch es durchaus moglich scheint, das

Anwendungsspektrum des Chelators auf ®*Cu auszuweiten.
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In vitro-Evaluierung von ["*Ga]Ga-DATA-TOC sowie erste praklinische und klinische

Studien von [°’Ga]/[®8Ga]Ga-DATA-TOC

8Ga-Radiopharmaka fiir die molekulare Bildgebung mittels PET haben durch den klinischen Erfolg des
[*8Ga]Ga-DOTA-TOC und [®®Ga]Ga-DOTA-TATE sowie der Entwicklung klinisch zugelassener %Ge/%®Ga-
Generatoren einen grof3en Stellenwert in der onkologischen Radiopharmazie erhalten [6—10]. Die Ent-
wicklung neuer bifunktioneller Chelatorsysteme fiir das Gallium hat in den letzten Dekaden ein breites
Spektrum (makro)zyklischer und azyklischer Liganden hervorgebracht [11]. Einer dieser Vertreter ba-
siert auf dem 6-Amino-1,4-diazapine-triacetat-Gerlist (DATA) und bietet eine Radiomarkierung von
%Ga unter milden Bedingungen (pH 4-5, RT, 10 min) [12]. Die Synthese des bifunktionellen DATA™
eroffnete die Ankopplung an den N-Terminus des Peptids TOC (DATA-TOC). Dieses wurden in einer
ersten proof-of-concept-Studie unter den gleichen Bedingungen wie auch der reine Chelator mit ®%Ga

markiert [13].

In vivo-Studien

Basierend auf diesen Grundlagen wurde in der folgenden Arbeit das Affinitatsprofil des
["**Ga]Ga-DATA-TOC gegeniiber den humanen Somatostatinrezeptoren (hsstr) 2, 3 und 5 untersucht
und mit ["'Ga]Ga-DOTA-TOC verglichen. Mit einem ICs;-Wert von 1,03 nM gegeniiber dem hsstr 2,
welcher vor allem in neuroendokrinen Tumorgewebe Uiberexprimiert vorliegt [14], weist das ["*'Ga]Ga-

DATA-TOC eine Affinitat dhnlich des ["*'Ga]Ga-DOTA-TOC auf (/Cso(hsstr 2) = 0,21 nM; Abbildung 2).
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Abbildung 2: ICsp-Bestimmung von ["?'Ga]Ga-DATA-TOC (M, /Csp=1,03+0,08 nM), ["*Ga]Ga-DOTA-TOC (4, /Cs50=0,21
40,01 nM) und [LTT]SS28 (*,/C50=0,09+0,01 nM) gegeniiber hsst 2-Rezeptoren in HEK293-Zellmembranen
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In vivo-/ex vivo-Studien

Des Weiteren wurden [%’Ga]/[®8Ga]Ga-DATA-TOC innerhalb von préklinischen in vivo- und ex vivo-Stu-
dien an gesunden als auch tumortragenden Tieren durchgefiihrt.

Fiir erste PET-Aufnahmen wurden [*8Ga]Ga-DATA-TOC als auch [*83Ga]Ga-DOTA-TOC in tumortragende
Ma&use (MPC-mCherry, NMRI nu/nu) appliziert (Abbildung 3, B und C). Um die Spezifizitat darzustellen,

wurden beide Verbindungen zusatzlich mit [Nal®]Octreotid koinjiziert (Abbildung 3, A und D).

[°8Ga]Ga-DATA-TOC [*3Ga]Ga-DOTA-TOC

blocked control control blocked

Abbildung 3: PET-Aufnahme von [68Ga]Ga-DATA-TOC (A, B) und [®8Ga]Ga-DOTA-TOC (C, D) nach 90 min p.i.; fiir die Blocking-
experimente wurden beide Verbindungen mit 100 ug [Nal3]Octreotid koinjiziert; Tu: Tumor, Ki: Nieren, Bl: Blase

Beide Verbindungen zeigten eine deutliche Anreicherung im Zielgewebe sowie eine exklusive renale
Exkretion. Durch Koninjektion des [Nal*]Octreotid konnte eine deutliche Akkumulationsverringerung
erzielt werden, was auf die Spezifizitdt beider Derivate gegenliber Somatostatinrezeptoren darlegt.
Innerhalb von in vivo-Vergleichsstudien zwischen [*’Ga]Ga-DOTA-TOC und [*’Ga]Ga-DATA-TOC an ver-
schiedenen Tumormodellen (AR42) und HEK293-hsst2) wurde gezeigt, dass [’Ga]Ga-DATA-TOC als
auch [*’Ga]Ga-DOTA-TOC spezifisch binden. Die Spezifizitat des [*’Ga]Ga-DATA-TOC wurde auch hier
durch die Koinjektion des Octreotids TATE durch die verringerte Tumorakkumulation nachgewiesen

(Abbildung 4).
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Abbildung 4: ex vivo-Biodistribution [67Ga]Ga-DOTA-TOC und [67Ga]Ga-DATA-TOC in AR42J-tumor-tragenden SCID-Md&usen
(oben) und HEK293-hsst2-tumor-tragenden SCID-Mausen (unten) nach 1 und 4 h p.i.
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Das [®’Ga]Ga-DOTA-TOC reichert sich stirker im Zielgewebe an, jedoch erzielt das [*’Ga]Ga-DATA-TOC
einen héheren Kontrast zwischen tumorésen und gesunden Gewebe. Dieser Effekt ist vor allem fir
eine klare Visualisierung neuroendokriner Tumore (wie z. B. Pankreaskrebs) von entscheidendem Vor-
teil.

Erste klinische Studien sowohl mit [®3Ga]Ga-DATA-TOC als auch mit [*3Ga]Ga-DOTA-TOC an einem Pa-
tienten (46 Jahre, differenzierbare neuroendokrine Tumore im Pankreas) zeigten in PET/CT-Aufnah-
men, dass das [®3Ga]Ga-DATA-TOC auch hier zwar eine geringere Anreicherung im Tumorgewebe auf-
wies (SUV([*®Ga]Ga-DATA-TOC)=46,9; SUV([®®Ga]Ga-DOTA-TOC)=71,1), jedoch auf Grund der geringe-

ren Aufnahme in er Leber einen besseren Kontrast (Tabelle 5) und damit eine bessere Differenzierung

zwischen gesundem und tumordsem Gewebe bietet (Abbildung 5).

Abbildung 5: PET/CT-Aufnahmen des [%8Ga]Ga-DATA-TOC (A: transversale PET/CT-Fusion; B: PET-MIP) und [%8Ga]Ga-DATA-
TOC (C: transversale PET/CT-Fusion; D: PET-MIP); die Pfeile weisen auf den neuroendokrinen Tumor im Pankreas hin

Tabelle 5: Vergleich der SUV-Werte zwischen [®8Ga]Ga-DATA-TOC und [58Ga]Ga-DOTA-TOC in einem 46 Jahre alten, mannli-
chen Patienten mit wohl differenzierten neuroendokrinen Tumoren im Pankreas

Suv
Gewebe [%Ga]Ga-DATA-TOC _ [®Ga]Ga-DOTA-TOC
Tumor 46,9 71,1
Leber 9,11 23,09
Verhaltnis (Tumor-zu-Leber) 5,15 3,08
Hypophyse 14,57 23,69
Verhaltnis (Tumor-zu-Hypophyse) 3,22 3,00
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Weitere klinische Vergleichsstudien zwischen [%8Ga]Ga-DOTA-TOC und [®Ga]Ga-DATA-TOC von
Schmidt-Kreppel et al. zeigen eine klare Anreicherung des [®®Ga]Ga-DATA-TOC in Lebermetastasen (Ab-
bildung 6) [15]. Auch hier bietet das [8Ga]Ga-DATA-TOC einen hdheren Kontrast trotz geringerer Auf-

nahmewerte im Tumorgewebe.

Abbildung 6: PET/CT-Aufnahmen des [°8Ga]Ga-DATA-TOC (A: transversale PET/CT-Fusion; C: PET-MIP) und [%8Ga]Ga-DATA-
TOC (B: transversale PET/CT-Fusion; D: PET-MIP); Patient besaR nur eine Niere

Diese Studien konnten zeigen, das ["'Ga]Ga-DATA-TOC eine hohe Affinitit gegenliber hsst2-Rezepto-
ren mit einem /Cso-Wert im nanomolaren Bereich besitzt. Das [*’Ga]/[*®Ga]Ga-DATA-TOC wies in ersten
praklinischen in vivo-Studien eine hohe Spezifizitat gegenliber Tumorgewebe auf und erméglichte im
Tumormausmodell als auch am Patienten eine kontrastreiche Bildgebung, welche eine klare Differen-

zierung zwischen gesundem und tumordsen Gewebe ermdglicht.
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Synthese und Radiomarkierung bifunktioneller DATA-Derivate mit %3Ga fiir die Kopp-

lung an Targetingvektoren unter milden Bedingungen

Bifunktionelle Chelatoren sind ein wichtiger Bestandteil von Radiopharmaka fiir die Komplexierung
von Radiometallen wie dem Positronenemitter ®Ga. Basierend auf dem neuartigen, bifunktionellen
DATA®™ wurden drei Derivate synthetisiert (DATA*™-Bz-NCS (A), DATA*™-en-QS (B), DATA®™-TEG-N;
(C)), welche die Kopplung an Targetingvektoren unter milden Bedingungen erméglichen sollen (Abbil-
dung 7). Die Radiomarkierungen der Derivate A, B und C mit ®®Ga wurden bei Raumtemperatur durch-
gefiihrt und hinsichtlich verschiedener Variablen (pH, Puffersystem, Vorldufermenge) evaluiert. Als
proof-of-concept wurde das Derivat B mit dem Bisphosphonat Pamidronat gekoppelt. Das gebildete

Derivat D wurde bei erhohten Temperaturen unter Variation der gleichen Parameter untersucht.
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Abbildung 7: Struktur des DATA>™ und dessen Derivate: DATA>™-Bz-NCS (A), DATA>™-en-QS (B), DATA>™-TEG-N3 (C)
und DATAS™-en-SA-PAM (D)

Radiomarkierungen

A, B und C lieferten quantitative radiochemische Ausbeuten (>95 %) in den Puffern Natriumacetat
(NaOAc), Ammoniumacetet (AmOAc) und N-2-hydroxyethylpiperazin-N’-2-ethansulfonsdure (HEPES)
bei einer Konzentration von 2,5 uM und einem pH-Wertebereich zwischen 4,3 und 5,5. B und C zeigten
hierbei eine sehr schnelle Markierungskinetik selbst bei geringen Vorlaufermenge von 1 uM (Tabelle

6).
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Tabelle 6: Radiomarkierungsausbeuten (in %) der Derivate A, B und C unter Verwendung verschiedener Puffer und Vorlau-
fermengen nach 10 min bei 25 °C (n=3; A(%8Ga)=20-25 MBq)

NaOAc (0,25 M, pH 4,5) AmOACc (0,25 M, pH 5,5) HEPES (0,025 M, pH 4,3)

uM | [#GalGa-A [*®GalGa-B  [%®*Ga]Ga-C | [*®*Ga]Ga-A [**Ga]Ga-B  [*®Ga]Ga-C | [%®Ga]Ga-A [%®Ga]Ga-B  [%®*Ga]Ga-C
1 10,8+8,0 789+130 988+03 | 550+12,4 84,4+19 967+08 | 276+1,1 959+10 90,8+1,8

2,5 96,8+0,4 96,0+ 1,2 99,4+0,0 94,7+1,0 97,7+1,0 97,8+0,6 93,7+5,3 95,5+1,2 99,2+0,2
5 993+0,1 97,2+0,7 99,5+0,0 | 945+0,8 96,7+05 97,6+25 | 98,0+0,2 97,4+0,8  99,4+0,1
10 98,6+0,2 98,3+0,6 99,5+0,1 99,8+0,1 99,1+0,3 99,8+0,0 99,2+0,0 99,7 +0,1 99,5+0,0

Derivat D wurde bei 90 °C mit 8Ga markiert und wies, je nach verwendetem Puffer, ab 2,5 uM radio-

chemische Ausbeuten tber 95 % auf (Tabelle 7).

Tabelle 7: Radiomarkierungsausbeuten (in %) des Derivats D unter Verwendung verschiedener Puffer und Vorlaufermengen
nach 10 min bei 90 °C (n=3; A(®8Ga)=20-25 MBq)

nmol | NaOAc (25 mM, pH4,5) | AmOAc (25 mM, pH5,5) | HEPES (0,025 M, pH 4,3)

1 0,0+0,0 49,2 +3,2 555+7,1
2,5 40,2+1,5 69,1+5,0 98,6 +0,1
5 97,6+0,2 97,7+0,6 97,115
10 99,2+0,1 98,4+0,8 96,8+1,0

in vitro-Stabilitéiten

Ein wichtiges Kriterium fur die in vivo-Anwendung von Chelat-Komplexen ist die Stabilitat von gegen-
liber humanem Serum. Die 4 Ga-Komplexe wurden deshalb hinsichtlich ihrer in vitro-Stabilitat in ver-
schiedenen Medien untersucht (Tabelle 8). Alle Komplexe waren liber den Zeitraum von 2 h mit iber
99 % vollstandig stabil. Transchelatisierungsversuche gegen DTPA und EDTA zeigten trotz des hohen
Uberschusses der kompetitiven Chelatoren weiterhin einen hohen Anteil intakter Ga-Komplexe. Zu-

dem besalen drei Ga-Komplexe eine Serumstabilitat von 98 % nach 2 h bei 37 °C.

Tabelle 8: Stabilitdt von [®3GalGa-A, [°8Ga]Ga-B, [®3Ga]Ga-C und [*3Ga]Ga-D (in % intakter Komplex) in humanem Serum (HS),
DTPA, EDTA und PBS nach 1 hund 2 h bei 37 °C

t/h HS DPTA EDTA PBS

1 920+03 898+03  882+0,7 998+0,1
68 _ ’ ’ ’ ’ ’ ’ ’ ’
[FGalGa-A | oo 1105 860405 781405 99,7400

1 999+00 933+08  927+04  998+0,1
[f3Ga]Ga-B

2 990+03 814+09 815+07  99,8+0,0

1 998+00 998+0,1 984+04  999+0,0
[f®Ga]Ga-C

2 996+01 995+01  952+04  99,8+0,0

1 984+01 0987+02 988+0,2  99,7+0,0
68, _ ’ ’ ’ ’ ’ ’ ’ ’
[FGalGa-D| o . 06 980+11  982+08  99.6+00

Zusammenfassend kann festgehalten werden, dass insbesondere die Kombination aus den Derivaten

B, C und D und dem Puffer HEPES hohe radiochemische Ausbeute bei Raumtemperatur von tber 95 %
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unter Einsatz von weniger als 5 uM Vorlaufermenge lieferte. Die in vitro-Studien zeigten eine hohe
kinetische Stabilitat der Ga-Komplexe von B, C und D. Zudem konnte als proof-of-concept-Modell ein
Targetingvektor am Derivat B unter milden Bedingungen (pH 9, RT) angekoppelt werden. Mit Hilfe
dieser Derivate kann die Anwendung des DATA-Chelators auf ein weites Spektrum verschiedener Tar-
getingvektoren ausgeweitet werden. Die schnelle und einfache Markierungsmethode bei Raumtem-
peratur, dhnlich zur kit-type-Markierung von *™Tc [16,17], erdffnet zudem den Einsatz %®Ga-Radio-

pharmaka in der klinischen Anwendung.

215



Synthese und Radiomarkierung bifunktioneller AAZTA-Derivate mit 7’Lu fiir die

Kopplung an Targetingvektoren unter milden Bedingungen

Bifunktionelle Chelatoren haben in den letzten Dekaden eine wichtige Rolle innerhalb der Peptidver-
mittelten Radiorezeptortherapie (engl.: peptide receptor radionuclide therapy, PRRT) eingenommen
[19-20]. Neben den Nuklide wie Y, 1*3Sm und ¥Re hat "7Lu (t1/2=6.71 d; Eg max=0.49 MeV) einen gro-
Ren Stellenwert in diesem Bereich [21-26]. Seine niederenergetischen B -Partikel (176 keV (12.2 %),
385 keV (9.1 %) and 498 keV (78.6 %)), die niederenergetischen Gammaphotonen (113 keV, 208 keV)
und vor allem die hohen Produktionsausbeuten von tragerfreiem *”’Lu machen es zu einem attraktiven
Nuklide fir den therapeutischen Einsatz.

Ein potentieller Kandidat fiir eine Komplexierung des Y"’Lu ist der heptadentale Chelator AAZTA, wel-
cher eine Komplexstabilitdtskonstante von 21,85 aufweist [27]. Als stand-alone-System besitzt dieser
jedoch nicht die Option fir die Kopplung an Targetingvektoren (TV). Bisherige bifunktionelle Systeme
des AAZTAs fanden ihr Anwendungsfeld fiir die Komplexierung von Metalle wie Gd, ®8Ga oder #*Sc [28—
33]. Die in dieser Studie entwickelten AAZTAS-Derivate AAZTA®-Bz-NCS (A), AAZTA®-en-QS (B) und
AAZTAS-TEG-N;3 (C), welche sich fiir Kopplung an TVs unter milden Bedingungen eignen (Abbildung 8),
wurden mit ¥’Lu hinsichtlich verschiedener Variablen (pH, Puffersystem, Chelator-zu-Lu-Verhiltnis)

radiomarkiert.
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Abbildung 8: Struktur des AAZTA®> und dessen Derivate: AAZTA5-Bz-NCS (A), AAZTAS-en-QS (B), AAZTAS-TEG-N3 (C) und
AAZTAS-Bz-NCS-mAb (D)
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Als proof-of-concept wurde der Ligand A mit einem monoklonalen Antikérper (mAk) (Abbildung 7, D)

gekoppelt und mit ¥’Lu markiert.

Radiomarkierungen
Die Liganden A, B und C lieferten in Abhangigkeit vom Puffersystem und dem Chelator-zu-Lutetium-
Verhaltnis quantitative radiochemische Ausbeuten (>95 %) bei Raumtemperatur nach 10 min (Tabelle

9).

Tabelle 9: Radiomarkierungsausbeuten (in %) der Derivative A, B and C unter Verwendung verschiedener Puffer und Vorlau-
fermengen nach 10 min bei 25 °C (n=3; A(*7Lu)=30-50 MBq)

NaOAc (0,25 M, pH 4,5) AmOAc (0,25 M, pH 5,5) HEPES (0,025 mM, pH 4,3)
ligand-to-Lu A B C A B C A B C
11 20,7+1,1 17,7+12 351+0,6 <5% <5% <5% 38,2+0,1 39,8+59 40,7%6,2
2:1 62,5+59 749+3,8 91,8+33 7,0£0,3 85+1,1 21,543 | 96,1+2,7 985+0,0 98,0%0,6
5:1 87,0+33 96,7+32 988+0,2 | 81,6+49 526+62 89+12 | 97004 96,1+08 98,2+0,2
10:1 94,1+2,0 98,1+0,3 98,7+0,6 | 94,1+0,2 980+13 979+0,2 | 98,7+03 98,2+0,7 99,0+0,1
15:1 95,6+0,7 98,4+03 98,0+06 | 973+18 973+03 990+0,1 | 98,2+03 968+04 99,2+0,3

Bei einem Chelator-zu-Lutetium-Verhaltnis von 15:1 liefern die Derivate in jedem Puffersystem quan-
titative Ausbeuten von liber 95 %. Bei einem Verhaltnis von 10:1 erreichte A in Natriumacetat (NaOAc)
und Ammoniumacetat (AmOAc) noch Ausbeuten unter 95 %. Dieser Trend setzte sich fiir die Puffer
mit sinkendem Verhaltnis zwischen Chelator und Lutetium fort. Interessanterweise wurden quantita-
tive Ausbeuten selbst mit einem Verhaltnis von 2:1 mit allen Liganden im HEPES-Puffer ermittelt.
Derivat D wurde unter milden Bedingungen tber einen Zeitraum von 60 min mit *’’Lu markiert (Tabelle

10).

Tabelle 10: Radiomarkierungsausbeuten (in %) des Derivativs D in HEPES-Puffer bei 25 °C (n=3; A(”’Lu)=50 MBq)

\ t/ min Ausbeute / %
15 63,7+3,0
30 69,3 +4,4
177 o 12 )
Pl 45 70,4 + 4,3
60 72,7+3,5

D zeigte eine schnelle Markierung mit tGiber 60 % radiochemischer Ausbeute nach 15 min, welche auf

73 % nach 60 min anstieg.
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In vitro-Stabilitéten

Alle Lu-Komplexe wurden hinsichtlich ihrer in vitro-Stabilitat in verschiedenen Medien bei 37 °C unter-
sucht (Tabelle 11 und 12). Ein wichtiges Kriterium fir die in vivo-Anwendung von Chelat-Komplexen ist
die Stabilitdt von gegenliber humanem Serum. Die Lu-Komplexe von B und C wiesen eine Serumstabi-
litdt von Uiber 90 % nach 24 h auf. Eine mdgliche Begriindung der partiellen Instabilitit von [Y’Lu]Lu-A
sowie dem Antikorperkonjugat von A liegt in der NCS-Bz-Einheit und seinem negative induktiven Ef-

fekt.

Tabelle 11: Stabilitat von [Y77Lu]Lu-A, [*77Lu]Lu-B und [Y77Lu]Lu-C (in % intakter Komplex) in humanem Serum (HS), DTPA, EDTA
und PBS nach 1 h, 2 hund 24 h bei 37 °C

t/h HS DPTA EDTA PBS

1 89,6+0,8 985+0,2 988+0,2 988%0,1
[YLujlu-A | 2 89,1+0,4 982+0,1 983+0,2 988z0,1
24 508+10 80,8+12 82,7+35 987+0,1
1 99,8+0,0 99,8+0,0 99,9+0,0 98,720,3
["Lujlu-B | 2 99,9+0,0 99,7+00 998+0,0 98,62%0,2
24 91,3+1,1 940+0,2 92,7+0,1 985+0,1
1 99,9+0,0 99,8+00 998+0,0 988%0,1
[“Luju-C | 2 99,8+0,0 99,9+0,0 999+0,0 988%0,1
24 978+055 924+04 91,802 98,7+0,2

Tabelle 12: Stabilitdt von [77Lu]Lu-D (in % intakter Komplex) in humanem Serum (HS) und PBS nach 1 h, 2 h, 24 h und 168 h
bei 37 °C

| t/h HS PBS
1 43,0:10,0 92,8+1,0
2 31,6+3,7 90,9+0,7
24 299+24 895t1,6
168 31,8+6,8 91,0+1,9

[*’Lu]Lu-D

Die Studie konnte zeigen, dass die Liganden B und C in den Puffersystemen NaOAc und vor allem HEPES
stabile und hohe radiochemische Ausbeuten von liber 95 % bei einem Verhaltnis von 5:1 oder niedriger
erzielen konnten. Hinsichtlich der in vitro-Stabilitat wiesen die Lu-Komplexe von B und C die hochste
Stabilitat auf, sodass das Anwendungsgebiet fiir in vivo-Studien auf diese beiden Liganden konzentriert
werden sollte. Durch diese neuen Derivate und ihrer Kopplungseinheiten ist es moéglich das AAZTA
unter milden Bedingungen an Targetingvektoren wie Peptide, Bisphosphonate, Antikérper oder Poly-
mere und Nanopartikel kovalent anzubinden. Die einfache und schnelle Radiomarkierung mit ”’Lu bei

Raumtemperatur bietet zudem eine instant-kit Synthesemethode von ’Lu-Radiopharmaka.
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Radiomarkierung, in vitro- und in vivo-Evaluierung eines neuartigen Antikorpers fiir

die ImmunoPET mit %92r

Monoklonale Antikorper (mAk) stellen durch ihre hohe Spezifizitdt und Affinitat einen attraktiven Tar-
getingvektor fir Krebstherapie und Wirkstofftransporter [34]. Mit der Einfliihrung antikorper-basierter
Systeme fir die molekulare Bildgebung mittels Positronenemissionstomographie (PET) oder Einzelp-
hotonenemissionstomographie (SPECT) [35—37] mussten zunachst die in vivo-Eigenschaften dieser
Systeme untersucht wurden. Auf Grund der langsamen Pharmakokinetik von Antikérpern von mehre-
ren Tagen missen radiomarkierte Antikérperkonjugate 2 entscheidende Kriterien erfiillen: eine hohe
in vivo-Stabilitat des radiomarkierten Konjugats sowie ein Radionuklid mit einer zur Pharmakokinetik
passenden Halbwertszeit. Neben den Radionukliden ®*Cu, &Y und 24 fiir PET bzw. ®’Ga und *!In fir
SPECT, hat das 8°Zr (t1/2=3,27 d) in den letzten Jahren an wachsender Beachtung fiir die ImmunoPET
gewonnen [38]. Ein wichtiger bifunktioneller Chelator fiir die Markierung von #Zr ist p-Isothiocyana-
tobenzyl-desferrioxamin (Df-Bz-NCS).

In der vorliegenden Arbeit wurde das Radiokonjugat des neuartiger Antikorpers (GGSK-1/30) [39-45],
welcher eine hohe Spezifizitdt gegenliber Tumor-assoziiertem Mucinl (TA-MUC1) aufweist, hinsicht-

lich seiner in vitro- und in vivo-Eigenschaften untersucht.

Kopplung und Radiomarkierung

Zunéachst wurde der Antikorper mit Df-Bz-NCS gekoppelt (Abbildung 9), bezliglich seiner Immunoreak-
tivitat untersucht und mit #zr markiert.

Das Antikorper-Chelator-Konjugat (Df-Bz-NCS-mAk) wies mit 4,2 Chelator-Einheiten pro Antikorper
eine Bindung an Brustkrebszellen (T47D) von Uber 95 % auf, was auf eine unveranderte Immunoreak-
tivitat hindeutete. [¥Zr]Zr-Df-Bz-NCS-mAk demonstrierte eine Stabilitit von tiber 90 % nach 3 d in hu-
manem Serum als auch isotonischer Kochsalzlésung (0,9 %), womit das Konjugate als geeignet fiir in

vivo-Anwendungen betrachtet werden konnte.

p ;--\_\.\... /./-..--*- _‘_: ; | 4 //’,,-\. I
g_/7 OH HU-:}}_ l g_F : |

: i) - hj\ - . U mu |

Hyl OH N._N— Ej =
‘! ° L'\/\Niw’@, \g’ | ﬁ W |

H H |

Abbildung 9: Allgemeine Kopplungsmethode von Df-Bz-NCS an Antikorper: (i) pH=9,0, 37 °C, 30 min, Gelfiltration, (ii) pH=7,0,
25 °C, 90 min Gelfiltration
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In vitro-Affinitdten
Mittels Affinitatsstudien an verschiedenen Zellen (HMEC, PyMT, PyMTxhuMUC1, T47D) wurde spezifi-
sche Bindung des radiomarkierten Konjugats an TA-MUC1 untersucht (Abbildung 10). Mit liber 15 %

Bindung an der transgenen, humanes MUC1 exprimierenden Zelllinie PyMTxhuMUC1 wurde die Spe-

zifizitat des Antikorpers gegen TA-MUC1 belegt.

I HMEC
I PyMT T
I PyMTxhuMUCL
[ Ta70

30 A

20

Bindung / %

10 S

0,125 0,25 0,5 1,0

¢/ ug/mL

Abbildung 10: Zellbindungsprofile des [89Zr]Zr-Df-Bz-NCS-mAk in Abhéangigkeit von Zelllinie und Konjugatkonzentration

In vivo-Studien

Um das in vivo-Verhalten von [#°Zr]Zr-Df-Bz-NCS-mAk sowie die Spezifizitit gegeniiber TA-MUC1 zu
untersuchen, wurde das Konjugat in tumortragenden Mausen (PyMTxhuMUC1) appliziert und nach
72 h PET-Messungen sowie ex vivo-Biodistributionen durchgefiihrt. Sowohl PET- als auch ex vivo-Bio-
distribu-tionsstudien bestatigten die in vitro-Daten des Radioliganden durch spezifische Anreicherung

im Tumorgewebe von Uber 50 %ID/g(Tumorgewebe) (Abbildung 11, links).
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Abbildung 11: ex vivo-Biodistribution von [89Zr]Zr-Df-Bz-NCS-mAb (links) und PET-Aufnahme nach 72 h p.i. in tumor-tragen-
den Méausen (PyMTxhuMUC1); n=3, A=2,3 MBq (50 ug), tu: Tumor, kid: Niere, li: Leber

Die Studie zeigt die stabile und reproduzierbare Kopplung des bifunktionellen Chelator Df-Bz-NCS zur
Radiomarkierung eines neuartigen Antikérpers mit dem Positronenemitter 82Zr. Die hohe in vitro-Affi-
nitat als auch die hohe Spezifizitat des radiomarkierten Konjugats Df-Bz-NCS-mAk gegeniiber TA-MUC1
unterstreicht das hohe Potential von Df-Bz-NCS-mAk zur Tumordiagnostik, welche zudem durch erste
praklinische Studien bestatigt wurde. Mit diesen Eigenschaften bietet der Antik6rper GGSK-1/30 die

Anwendung in ersten klinischen Studien fiir die Tumordiagnostik mittels PET als auch fir erste Radio-

immuntherapie-Ansatze.
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6. Ausblick

Die Entwicklung neuer Liganden fir die Komplexierung relevanter Radiometalle ist ein stetig wachsen-
der Bereich in der Entwicklung von Radiopharmaka, welche in der Diagnostik als auch in der Radiothe-
rapie ein wichtiges Werkzeug fiir onkologische Fragestellungen sind.

Ein Hauptziel fir die in dieser Arbeit etablierten Liganden DATA>™ und AAZTA® sollte die Kopplung an
weitere Targetingstrukturen analog zum DATA-TOC sein. Die Ligand-Targetingvektor-Systeme sollten
hinsichtlich ihrer Radiomarkierungs- sowie in vitro- und in vivo-Eigenschaften evaluiert und mit be-
kannten DOTA-und NOTA-Systemen verglichen werden. Um das Anwendungsspektrum des DATA-
Chelator im Hinblick auf die Radiometalle auszuweiten, sollte die hohe Komplexstabilitat des Cu-Kom-
plex des DATA®™ genutzt werden, um das Potential des Liganden fiir die Markierung mit ®*Cu zu unter-
suchen. Die hohe Stabilitdt des AAZTA-Liganden mit dem Positronenemitter *Sc sollte fur diesen
Chelator ebenfalls beriicksichtigt werden [1]. Die Verwendung des PET-Nuklids **Sc als auch des The-
rapienuklids ’Lu ermdglichen somit den Einsatz eines AAZTA-basierenden Radiopharmakons fiir den
theranostischen Einsatz.

Weitere Ziele fur den in dieser Arbeit verwendeten Antikérper GGSK-1/30 sollten die Vervollstandi-
gung der Biodistributionsaufnahmen nach 24 h und 48 h sein, um ein Gesamtbild lber die exakte Phar-
makokinetik des radiomarkierten Konjugats Df-Bz-NCS-GGSK-1/30 zu erhalten. Zudem soll AAZTA>-en-
QS als Komplexbildner fur ’Lu am Antikérper angekoppelt und hinsichtlich seiner in vitro- und in vivo-
Charakteristik untersucht werden. Als Ubergeordnetes Ziel fir diese Verbindung ist die klinische An-

wendung zur Diagnostik von Mammakarzinomen mittels ImmunoPET.
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