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ZUSAMMENFASSUNG

Im Laufe der letzten beiden Jahrzehnte wurde eine Fille an prostataspezifischen Membranantigen
(PSMA)-gerichteten Radioliganden zur Bildgebung und Behandlung von Prostatakrebs als eine
der haufigsten Krebsarten weltweit entwickelt. Darunter wurde ['7’Lu]Lu-PSMA-617 als bislang
einziger PSMA-Ligand von der FDA =zur Endoradiotherapie zugelassen, wobei klinische
Ergebnisse insbesondere das rote Knochenmark und die Nieren als dosislimitierende Organe
hervorheben. Fir die entsprechende Patientenselektion und Therapiekontrolle wird derzeit die
Applikation von [f8Ga]Ga-PSMA-11 als diagnostischer Ligand empfohlen. Demgegeniiber wiirde
die Verwendung von pharmakokinetisch identischen Verbindungen zur Therapie und Diagnostik
(Theranostik) genauere, patientenspezifische Dosimetrieberechnungen als Grundlage einer
personalisierten Therapie erlauben. Daher war das primére Ziel dieser Arbeit, einen PSMA-
Liganden mit einer theranostischen Anwendbarkeit und einem verbesserten Distributionsprofil
durch optimierte Tumor/Blut- und Tumor/Nieren-Verhaltnisse zu entwickeln. Als theranostische
Leitstruktur diente Lu-rhPSMA-7.3, abgeleitet von dem aktuell klinisch untersuchten Liganden Ga-
rhPSMA-7.3. Dessen radiohybrides Design umfasst einen Chelator zur Komplexierung von
(Radio)Metallen und einen Silizium-basierten Fluoridakzeptor (SiFA) zur '®F-Markierung. Dies
ermoglicht den Zugang zu einem Paar von chemisch identischen Liganden, die mit zwei
verschiedenen Nukliden orthogonal markiert werden kdnnen. Dieses Merkmal als Voraussetzung
flr einen echten theranostischen Ansatz in Kombination mit der bisherigen klinischen Performance
von Ga-rhPSMA-7.3 zeichnet dieses Ligandengerist als vielversprechende Plattform aus.

Zur Optimierung der Tumor/Hintergrund-Verhéltnisse wurden verschiedene Strategien verfolgt: 1)
die Insertion von metabolisch-instabilen Linkern zur Senkung der PSMA-vermittelten
Nierenretention; 2) die Reduktion der Nettoladung zur Verringerung der renalen, tubularen
Reabsorption; 3) die Modulation der Bindung zum humanen Serumalbumin (HSA) als
SchlUsselparameter zur Regulierung der Plasmahalbwertszeit und Ganzk&rper-Clearance. Das
letztgenannte Thema umschlieBt mehrere Ansédtze, wie das Design von verzweigten
Linkerkonstrukten fir die austauschbare Verkniipfung von diversen HSA-Bindern. Auch konnte
die HSA-Affinitat durch funktionelle Gruppen in direkter Nahe zur SiFA-Einheit — als inh&renter
HSA-Binder der Leitstruktur — manipuliert werden. SchlieBlich wurde eine neue SiFA-Einheit
entwickelt, um die Limitation durch eine hohe HSA-Bindung und ausgepragte Lipophilie direkt
anzugehen.

Untersuchte in vitro-Parameter waren Targetaffinitét (ICso) und Internalisierung in PSMA* LNCaP-
Zellen mit (['2°[]I-BA)KUE entsprechend als Kompetitor und Referenz, Hydrophilie gemessen als
n-Octanol/PBS-Verteilungskoeffizient (logDph7.4) und HSA-Bindung. Letztere wurde sowohl via
Hochleistungsaffinitdtschromatographie (HPAC) an einer mit HSA-beschichteten HPLC-Saule als
auch per Albumin-vermittelter GréBenausschlusschromatographie (AMSEC) mit einer HSA-

Lésung als mobile Phase untersucht.
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Wahrend durch das Einfligen von Linkersequenzen mit dem Ziel einer metabolischen Instabilitat
zumeist angemessene in vitro-Eigenschaften bewahrt wurden und eine Metabolisierung anhand
von Blut-, Urin- und Nierenproben von CB17-SCID-M&ausen veranschaulicht werden konnte,
wurde kein Nutzen fir das Tumor/Nieren-Verhaltnis im Vergleich zur Leitstruktur gefunden. Die
Reduktion der Nettoladung innerhalb der Leitstruktur war teilweise erfolgreich mit der gréBten
Verbesserung durch eine Substitution einer Carbonsdure durch ein Amin in Ndhe zur HSA-
bindenden SiFA-Einheit (Tumor/Nieren-Verhéltnis: ['"’Lu]Lu-RNC-6: 5.94 + 1.27 vs. ['""Lu]Lu-
rhPSMA-7.3: 1.24 + 0.29). Jedoch wurde trotz der einhergehenden Senkung der HSA-Bindung in
vitro eine leichte Verringerung der Tumor/Blut- und Tumor/Leber-Verhéltnisse beobachtet und als
Konsequenz eines Hydrophilieverlustes bewertet (-2.88 + 0.06 vs. —4.12 + 0.11). Die Modulation
der HSA-Bindung durch verzweigte Linkerkonstrukte mit zusatzlichen, terminalen HSA-Bindern
offenbarte Hirden. So ergaben sich umstandliche Synthesen mit unvollstindigen
Kopplungsschritten bei sich wiederholenden Peptidsequenzen und hochlipophile Verbindungen
als Resultat eines stark exponierten, lipophilen HSA-Binders (logDph7.4: —2.1 bis —2.5). AuBerdem
wurde wédhrend des Projektes klar, dass eine hdhere HSA-Bindung fir eine verbesserte
Tumorbelieferung im Konflikt mit verringerten Tumor/Hintergrund-Verhéltnissen steht. Auch wirkt
die SiFA-Einheit selbst als inhdrenter HSA-Binder, durch den die HSA-Bindung der Leitstruktur
bereits ein Optimum Ubersteigt.

Die Identifikation der SiFA-Einheit der Leitstruktur (4-(Di-tert-butylfluorosilyl)benzoyl, (4-SiFA)Bz)
als verantwortliches Motiv flir eine exzessive HSA-Bindung und Lipophilie ermutigte zur
Entwicklung und Charakterisierung der neuen SiFA-Einheit (5-Di-tert-butylfluorosilyl)isophtaloyl,
(5-SiFA)Ip). Die strukturelle Erweiterung selbst gewdhrleistet eine effiziente Steigerung der
Hydrophilie oder kann als Konjugationsstelle genutzt werden, um weitere Modifikationen einfach
Uber eine modulare und praktische Synthese einzubringen. An Modellpeptiden und PSMA-
Liganden untersuchte in vitro-Eigenschaften demonstrieren deutlich, dass die neuartige SiFA-
Einheit ein effizientes Werkzeug zur Modulierung der HSA-Bindung und Hydrophilie Uber einen
weiten Wertebereich fir individuelle pharmakokinetische Anforderungen darstellt. Jedoch zeigte
die neue SiFA-Einheit insbesondere als zweifach konjugierter Baustein eine gesteigerte
Reaktivitdt. Im Vergleich mit der (4-SiFA)Bz-Einheit &uBerte sich dies in einem Uberlegenen
radiochemischen Umsatz in der '®F-Markierung der (5-SiFA)Ip-Einheit auf Kosten einer
unterlegenen in vitro- und in vivo-Stabilitat. Folglich besitzt der PSMA-Ligand ['8F]"a'Lu-MSM-6
mit einer verbriickenden (5-SiFA)Ip-Einheit zwar eine schnelle Ganzkérper-Clearance aber auch
den Nachteil einer sechsfach gesteigerten Knochenaufnahme verglichen mit ['8F]"aGa-
rhPSMA-7.3 eine Stunde nach Injektion (2.43 + 0.58 %ID/g vs. 0.38 = 0.32 %ID/g). Dennoch
zeigte das '"Lu-markierte Gegenstiick, ["’Lu]Lu-MSM-6, 24 h nach Injektion eine Uberaus
vorteilhafte Pharmakokinetik mit einem zweifach verbesserten Tumor/Blut-Verhaltnis verglichen
mit ['"7Lu]Lu-PSMA-617 und einem sogar 6.5-fach héheren Tumor/Nierenverhéltnis im Gegensatz
zur Leitstruktur ['’Lu]Lu-rhPSMA-7.3.
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Zusammenfassend stellt der Gebrauch der neuartigen (5-SiFA)Ip-Einheit ein wertvolles Werkzeug
zur Optimierung der Pharmakokinetik von SiFA-beinhaltenden Radiopharmaka dar, wenngleich
weitere  Bemihungen zur  Stabilisierung der Si-F-Bindung erstrebenswert  sind.
Nichtsdestoweniger resultierten hier beschriebene Optimierungen in dem Radioliganden ['"7Lu]Lu-

MSM-6 als vielversprechenden Kandidaten zur klinischen Translation flr eine therapeutische
Anwendung.
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ABSTRACT

Over the last two decades, a plethora of prostate-specific membrane antigen (PSMA)-targeting
radioligands for the imaging and treatment of prostate cancer, as one of the most common cancer
entities worldwide, was developed. As one of these ligands, ['"’Lu]Lu-PSMA-617 was the so far
only FDA-approved compound for endoradiotherapy with clinical results indicating the red bone
marrow as well as the kidneys as dose-limiting organs. For the corresponding patient selection
and therapy control, [¢3Ga]Ga-PSMA-11 is recommended as diagnostic ligand. Opposingly, the
use of compounds with identical pharmacokinetics for the therapeutic and diagnostic (theranostic)
application would allow for more precise, patient-specific dosimetry calculations as a basis for
personalized therapy. Thus, the primary objective of this work was the development of a PSMA
ligand with a theranostic applicability and an improved distribution profile of optimized tumor-to-
blood and tumor-to-kidney ratios. Lu-rhPSMA-7.3 served as a theranostic lead structure derived
from Ga-rhPSMA-7.3 which is a ligand under current clinical investigations. Its radiohybrid design
comprises of a chelator for (radio)metal chelation and a silicon-based fluoride acceptor (SiFA) for
8F-labeling. This gives access to a pair of chemically identical ligands capable of orthogonal
labeling reactions with two different nuclides. This feature as a prerequisite for a truly theranostic
approach in combination with the so far clinical performance of Ga-rhPSMA-7.3 render this ligand
scaffold as a promising platform.

To optimize tumor-to-background ratios, various strategies were pursued: 1) the use of
metabolically instable linkers to decrease PSMA-mediated kidney retention; 2) the reduction of
the net charge to decrease renal tubular reabsorption; 3) the modulation of human serum albumin
(HSA) binding as key parameter for the regulation of plasma half-life and whole-body clearance.
The latter topic includes several approaches like the design of a branching linker construct for the
exchangeable attachment of various HSA binders. In addition, the HSA affinity could be
manipulated by functional groups in direct proximity to the SiFA moiety as inherent HSA binder of
the lead structure. Finally, a novel SiFA moiety was developed to directly face the limitation caused
by strong HSA binding and pronounced lipophilicity.

Determined in vitro parameters were target affinity (ICso) and internalization into PSMA* LNCaP
cells using (['?°l]I-BA)KUE as competitor and reference, respectively, hydrophilicity measured as
n-octanol/PBS partition coefficient (logDpn74) and HSA binding. The latter parameter was
examined by high-performance affinity chromatography (HPAC) on an HSA-coated HPLC column
as well as with albumin-mediated size exclusion chromatography (AMSEC) applying a solution of
HSA as mobile phase.

While the inserted linker sequences aiming for metabolic instability mostly preserved reasonable
in vitro properties and metabolization could be exemplified in blood, urine and kidney samples of
CB-17 SCID mice, no benefit for the tumor-to-kidney ratio was found compared to the lead

structure.
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The reduction of the lead compound’s net charge was partially successful with the best
improvement for the alteration of a carboxylic acid to an amine in proximity to the HSA-binding
SiFA entity (tumor-to-kidney ratio: ['77Lu]Lu-RNC-6: 5.94 £ 1.27 vs. ['’Lu]Lu-rhPSMA-7.3:
1.24 + 0.29). However, despite the concomitantly reduced HSA binding in vitro, a slight decrease
of the tumor-to-blood and tumor-to-liver ratios was observed and assessed as a consequence of
a loss in hydrophilicity (-2.88 + 0.06 vs. —4.12 + 0.11).

The modulation of HSA binding by branching linker constructs with an additional, terminal HSA
binder turned out to lead to hurdles. The outcome was an overelaborated synthesis with
incomplete coupling steps of repeated peptide sequences and highly lipophilic compounds as a
result of the strongly exposed, lipophilic HSA binder (logDg+ 7.4: 2.1 to —2.5). Moreover, during the
course of this project it became evident that higher HSA binding aiming for improved tumor
delivery is in conflict with inferior tumor-to-background ratios. Additionally, the SiFA entity itself
acts as inherent HSA binder causing an HSA binding of the lead structure which is already above
a sweet spot.

Identifying the SiFA entity in the lead structure (4-(di-tert-butylfluorosilyl)benzoyl, (4-SiFA)Bz) as a
responsible motif for an excessive HSA binding and lipophilicity encouraged the development and
characterization of the novel SiFA entity (5-di-tert-butylfluorosilyl)isophtaloyl, (5-SiFA)Ip). The
structural extension itself ensures an efficient boost in hydrophilicity or can be used as conjugation
site for further modifiers readily attached in a modular and convenient synthesis. In vitro properties
examined on model peptides as well as PSMA ligands clearly demonstrate the novel SiFA entity
as an effective tool in modulating HSA binding and hydrophilicity over a broad range towards
individual pharmacokinetic requirements. However, the novel SiFA entity — especially if used as
di-conjugated building block — exhibited an enhanced reactivity. In comparison to the (4-SiFA)Bz
moiety, it turned out that a superior radiochemical conversion in the ®F-labeling of the (5-SiFA)Ip
came at the cost of an inferior stability in vitro and in vivo. Consequently, the PSMA ligand
['®F]"aLu-MSM-6 with a bridging (5-SiFA)lp entity indeed possessed a promising fast whole-body
clearance but also the drawback of a six-fold increased bone uptake compared to ['8F]"*Ga-
rhPSMA-7.3 at 1 h p.i. (2.43 + 0.58 %ID/g vs. 0.38 + 0.32 %ID/g). Nevertheless, the '"’Lu-labeled
counterpart ['""’Lu]Lu-MSM-6 showed highly favorable pharmacokinetics 24 h post injection with
a two-fold improved tumor-to-blood ratio compared with ['"7Lu]Lu-PSMA-617 and even a 6.5-fold
higher tumor-to-kidney ratio opposed to the lead structure ['7"Lu]Lu-rhPSMA-7.3.

In conclusion, the use of the novel (5-SiFA)Ip entity constitutes a valuable tool in optimizing the
pharmacokinetics of SiFA-bearing radiopharmaceuticals albeit further efforts in the stabilization of
the Si—F bond is desirable. Nonetheless, the herein presented optimizations resulted in the
radioligand ['"’Lu]Lu-MSM-6 being a promising candidate for clinical translation into a therapeutic

application.
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I. INTRODUCTION

L. INTRODUCTION

1. Prostate Cancer (PCa)

1.1. Epidemiology

Worldwide, cancer is one of the leading causes of death. According to data of the World Health
Organization (WHO) about the year 2019, cancer was the first or second leading cause of
premature deaths (age <70 years) in more than 60% of all countries (7). Based on these mortality
rates a correlation was found with the respective Human Development Indices (HDI). A raising HDI
was mostly accompanied by a declining proportion of deaths related to cardiovascular diseases
while the proportion of cancer-related deaths increased (2). In 2020, a total number of 19.3 million
new cancer cases and 9.96 million cancer-related deaths were estimated by the WHO. Based on
demographic changes, Sung et al. extrapolated the number of new cases reported in 2020. An
increase by 47% in 2040 is expected not yet considering potential alterations in risk factors (7).
Among all cancer entities for both sexes in 2020, prostate cancer (PCa) revealed the fourth most
frequent incidence with 1.4 million new cases (7.3% of all new cancer cases) and was associated
with about 375 000 deaths (3.8% of all cancer-related deaths). Respective data obtained by the
GLOBOCAN 2020 database are visualized in Figure 1 (3).

A New Cases [mio] in 2020 B Deaths [mio] in 2020
Total: 19.3 mio Total: 9.96 mio

Breast Lung
2.3 (11.7%)

8%)

Lung Other
2.2 (11.4%) Cancers

3.56 (35.7%)
Colorectum
1.9 (10%)

Prostate Prostate

Other
Cancers

8.3 (42.9%) Colorectum

0.94 (9.4%)

Liver
0.83 (8.3%)

1.4 (7.3%) 0.38 (3.8%) Stomach
Oesophagus Stomach Pancreoas 0.77 (7.7%)
0.6 (3.1%) Liver 1.1(5.6%) 0.47 (4.7%) Bresst
Cervix Uteri 0.9 (4.7%) Oesophagus 0.68 (6.9%)
0.6 (3.1%) 0.54 (5.5%)

Figure 1: Statistics depicted in absolute numbers in million (and % of total) regarding both sexes and all ages in
the year 2020; A: new cancer cases; B: cancer-related deaths; adapted from the GLOBOCAN 2020 database (3).

Commonly accepted, epidemiologically derived risk factors for developing PCa are age (higher
risk for older men), race (especially African ancestry) and the occurrence in family. Furthermore,
lifestyle-associated factors like diet, obesity, diabetes and physical activity are discussed to
potentially influence the incidence or progression of disease (4-7). In an international comparison
of incidence, drastic deviations are listed with higher numbers for Northern America, Europe and

Oceania. Besides the aforementioned factors, again a correlation of a high HDI with a high age-
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standardized incidence rate (ASIR) and a low age-standardized mortality rate (ASMR) becomes
evident. Wang et al. mentioned the usage of prostate specific antigen (PSA)-screening to
potentially affect the ASIR by overdetection but also to support the detection of PCa in an early
stage and thus, decreasing the ASMR (7). In general, it is estimated that the total number of cancer

cases worldwide will increase while prostate cancer belongs to the most common cancer entities.

1.2. Diagnosis and Staging

To encounter the risk for patients of developing non-curable cancer one might estimate the
implementation of screenings for early detection of malignancies as desirable. In the case of PCa,
the aforementioned screening of PSA as a serum marker is recommended by the German
‘Leitlinienprogramm Onkologie’ based on the results of a study with a cohort of >21 000 men and
a median follow-up of 23 years. The examination should be offered to men at an age of =45 years
after the discussion of advantages and limitations of the predictive value. Depending on the life
expectancy (only if >10 years) of a patient and the determined PSA value (<1; 1-2; >2 ng/mL)
different intervals (1; 2 or 4 years, respectively) of repeated PSA examinations are advised (8,9).
However, the usefulness of this method as a public screening is judged as a controversial topic
balancing potential overdetection and overtreatment against desired reduced mortality. Indeed,
clinical trials confirmed a more frequent diagnosis of PCa using PSA screening versus the control
group. Furthermore, a higher proportion of localized disease opposed to advanced PCa was found
in the intervention group. If this screening also affects the cancer-specific mortality cannot as
easily be assessed with diverging results in different trials (70).

In the past, following former recommendations of the US Preventive Services Task Force
(USPSTF) a decline in the use of PSA testing was associated with a rising rate of advanced disease
at diagnosis potentially increasing cancer-specific mortality. Subsequently, this encouraged a
re-introduction of the USPSTF recommendation for screenings at least for a restricted patient
group (17-14).

In addition to PSA testing, the digital rectal examination (DRE) can be conducted for early
detection. In suspicion of PCa-positive patients based on elevated initial PSA levels (=4 ng/mL),
noteworthy increases in PSA level over time or the finding of palpable tumors by DRE results are
verified by needle biopsy and subsequent histopathological assessment (9). A combination of
systematic and multiparametric magnetic resonance imaging (mpMRI)-targeted biopsy currently
reveals the highest detection rates and is recommended as initial biopsy technique (9,75). The
evaluation of the biopsy probe refers to a grading system commonly known as Gleason score
assessing the histological morphology (well-/poor-differentiated) of both the most common
pattern and the pattern with least differentiation (76). The former grading system ranging from 1

to 10 was updated by the International Society of Urological Pathology (ISUP) in 2014 to a scale
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from 1 to 5 with some adoptions (77). Both scales display an increasingly aggressive disease for
higher grading.

Results of the DRE, PSA testing and Gleason score/ISUP grade classify a patient as PCa positive
or negative and deliver further information on the stage of the disease and the risk group.
Depending on the risk group, different imaging modalities as MRI, computed tomography (CT),
bone scintigraphy and prostate-specific membrane antigen positron emission tomography (PSMA
PET) are considered to determine the presence of metastases (9).

The obtained data are used for disease classifications. Guidelines advice to use the UICC TNM
classification and risk group classification of the European Association of Urology (EAU) based on
D’Amico’s classification system (9,74). The former classification describes the staging by the
presence and extent of the primary tumor (TO-T4 with substages a—c), the infiltration in regional
lymph nodes (NO, N1) and the presence of distant metastases (MO, M1) with some additional
subgroups (78). The latter system divides patients with localized to locally advanced prostate
cancer into groups of low, intermediate and high risk of biochemical recurrence after local
treatment considering PSA level, Gleason score/ISUP grade and primary tumor stage (Table 1)
(14,19,20).

Table 1: EAU risk groups for biochemical recurrence of localised and locally advanced prostate cancer; GS =
Gleason score; adapted from the EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer 2020 (27).

Low-Risk Intermediate-Risk High-Risk
PSA <10 ng/mL PSA 10-20 ng/mL PSA >20 ng/mL any PSA
and GS <7 or GS <7 or GS <7 any GS <7
(ISUP grade 1) (ISUP grade 2/3) (ISUP grade 4/5) (any ISUP grade)
and cT1-2a orcT2b orcT2c cT3-4, or cN+
(localized) (localized) (localized) (locally advanced)

On the basis of a precise disease staging, the patient’s health status with respect to comorbidities

and the patient’s preference the question of treatment options is assessed (9).

1.3. Treatment Options

A common statement with regard to PCa is that more men die with rather than because of PCa.
Autopsy studies present a clear age-related prevalence with positive findings for more than one-
third aged >80 years and even over one-half for men >90 years (22). As the probability for PCa
diagnosis increases with age, life expectancy and comorbidities are important factors to be
considered besides the cancer-related risk group.

Thus, evaluating the individual benefits two rather passive strategies can be suggested avoiding
overtreatment. For low-risk patients with local PCa the possibility of ‘active surveillance’ opposed
to invasive treatment or radiotherapy should be assessed (9). In a prospective study with a patient
cohort of 993 men selected for active surveillance, the long-term follow-up after 15 years revealed

a cause-specific survival rate of 94.3% while 55% of patients remained untreated and still on
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surveillance (23). This constitutes an example reflecting the common consensus that in frequent
cases the cancer-specific survival rate stays unaltered no matter of attending to active surveillance
or interventional forms of therapy (9,24). However, active surveillance was clearly correlated with
higher rates of disease progression compared to surgery as well as radiotherapy (25). Moreover,
the patient’s preference should also be taken into account as active surveillance holds a
psychological burden. Interviews of patients attending active surveillance indicated a subsequent
choice of curative treatment in up to 10% of men without clinical necessity but because of cancer-
related anxiety (9,26).

The second rather passive strategy is known as ‘watchful waiting’. Opposed to active surveillance
exhibiting a curative intention with active treatment only when clinically required, watchful waiting
is rated as a more individual, palliative approach for frail patients receiving a symptomatic
treatment (74).

As a first-line treatment of local PCa in all EAU risk groups the complete surgical resection of the
prostate (radical prostatectomy) and in adaptation to the respective risk group also the dissection
of pelvic lymph nodes is advised as monotherapy. External beam radiation therapy (EBRT) is
offered as an alternative. For low-risk local PCa the implantation of radioactive seeds
(brachytherapy) is also a listed option (9, 74). Whereas radical prostatectomy can lead to erectile
dysfunction and urinary incontinence (27), radiation therapies are associated with potential
gastrointestinal or urogenital toxicities as well as a certain risk of developing second malignancies
(14,28,29).

For the treatment of locally advanced PCa, radical prostatectomy with pelvic lymph node
dissection (PLND) or EBRT with adjuvant androgen deprivation therapy (ADT) are recommended
(9,74). As prostate cancer typically shows androgen-dependent growth, reduction of androgen
levels by androgen receptor pathway inhibitors (ARPI) or removal of testicles (orchiectomy) aims
for decelerated progression in adjuvant or palliative applications (9,30,37). In the case of clinical
recurrence determined by PSA level, the respective hitherto not used option can be applied as
salvage therapy (9).

Metastatic PCa is divided into metastatic hormone-sensitive PCa (mHSPC) and metastatic
castration-resistant PCa (mCRPC) (9). Both forms of disease are judged as incurable with a 5-year
relative survival rate of about 32% for patients with distant metastases (reported for men in the
US, all races, 2012-2018) (32). Thus, respective therapies are conducted with palliative intent.
While mHSPC patients are offered ADT with an optional adjuvant chemotherapy with docetaxel,
mMCRPC patients might receive a shift in drug choice to ‘new hormonal agents’ (second-line ARPI)
for ADT in combination with docetaxel or cabazitaxel and optionally steroids (9).

Patients showing a well overall health status albeit further disease progression at exhaustion of all
recommended treatment options may receive PSMA-targeted radioligand therapy (PRLT) with

77|_u-labeled compounds (9,33). The therapeutic use of Lutetium Lu 177 vipivotide tetraxetan
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(PLUVICTO™, formerly known as ['7"Lu]Lu-PSMA-617) as radiopharmaceutical was most recently
(March 2022) approved by the US Food and Drug Administration (FDA) (34,35). More insights into
clinical results of PSMA-targeted imaging agents and ligands for endoradiotherapy will be
presented below. But at first, information about PSMA as drug target and its binding pocket as

structural setting for radioligand design are described within the next chapter.



I. INTRODUCTION

2. Prostate-Specific Membrane Antigen (PSMA)

2.1. Expression and Function in Benign and Malign Tissue

The prostate-specific membrane antigen (PSMA, EC 3.4.17.21) is a transmembrane glycoprotein
with an enzymatically active extracellular domain acting as a zinc-dependent metallopeptidase
(36). According to the context, different names are common in the literature and refer to the same
protein. In its function as glutamate carboxypeptidase Il (GCP ll) it is described to recognize two
physiological substrates, namely the neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG)
and poly-j-glutamyl folate (37-40). Consequently, also applied terms are N-acetylated a-linked
acidic dipeptidase | (NAALADase |) and folate hydrolase | (FOLH 1) more closely corresponding to
its substrates.

The expression found in brain and its activity in the cleavage of NAAG to N-acetyl-L-aspartate and
L-glutamate gained interest in the past as potential drug target against neurological disorders
(41,42). The expression at the brush border membrane in the small intestine is assumed to play a
crucial role in folate uptake by converting the poly-j-glutamyl folate from nutrition into essential
folate recognized by transport systems (40,43). Furthermore, physiological PSMA expression was
detected in healthy prostate epithelium, proximal tubules of the kidney and in salivary glands

besides some more weakly-expressing tissues (44-46).

In the last two decades, PSMA has gained considerable importance as a drug target for PCa
imaging and therapy (47). In vitro results suggest that PSMA could facilitate carcinogenesis by
supporting folate uptake and might even be involved in invasiveness of cancer cells (48,49).
Additionally, the observed cell migration and adhesion of PSMA expressing cells to bone marrow
matrix indicated a potential involvement of PSMA in the frequent formation of bone metastases in
PCa (50). Compared with healthy prostatic epithelium the expression of PSMA was observed to
be clearly upregulated in primary prostate tumors as well as in metastatic prostate cancer (44,517-
54). Furthermore, expression levels seem to correlate with malignity determined by Gleason score
and increased intratumoral angiogenesis (52,55). Indeed, PSMA revealed a regulatory effect on
angiogenesis by modulating integrin signal transduction (56).

Perner et al. not only demonstrated a significant overexpression of PSMA in localized prostate
adenocarcinoma, lymph node metastases and hormone refractory distant metastases opposed
to benign prostate tissue but also impressively illustrated high PSMA expression as predictive for
higher incidences of PSA recurrence (Figure 2) (57).

A study of Minner et al. investigated a total of 1700 prostate cancers including subgroups of
different tumor stages, Gleason scores and PSA levels. Their immunohistochemical findings for
PSMA expression were positive in >90% of cancers within each subgroup and almost 95% within
the whole data set (58).
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Figure 2: Kaplan-Meier survival curves illustrating an increased rate of PSA recurrence for patients with high PSMA
expression; adapted from Perner et al. (57).

These histological findings together with a simple addressability as a cell surface protein clearly
indicate the potential as a valuable biomarker in PCa. Consequently, scientists were encouraged

to develop and optimize PSMA-targeted compounds. A structural basis is described hereafter.

2.2. Structural Insights as a Basis for Radioligand Design

PSMA is reported to comprise of a 750 amino acid sequence with an N-terminal intracellular region
of 19 amino acids, a single transmembrane portion of 24 amino acids and the main part of 707
amino acids in the extracellular region (43,59). The full-length protein encompasses 10 N-
glycosylation sites with major importance in folding, secretion and enzymatic activity (60). Offering
a possible accumulation mechanism for drugs on a subcellular level, PSMA undergoes constitutive
and antibody-induced internalization via clathrin-coated pits with an up to 3-fold increased
internalization in the presence of an anti-PSMA antibody (67,62). Internalization is mediated by the
cytoplasmic tail, in particular the terminal MXXXL motif, in interaction with the adaptor protein-2
(AP-2) and is further affected by the actin cross-linking protein filamin A (62,63).

The first crystal structure of the extracellular part was published in 2005 by Davis et al. and
depicted the Cs,-symmetric homodimer at a resolution of 35A (64). Later on, results were
corrected by Mesters et al. revealing a different binding mode of the substrate NAAG at higher
resolution (Figure 3, top) (36). The S1’ pocket is characterized for bearing a highly specific
‘glutarate sensor' forming attractive interactions by a network of hydrogen bonds and salt bridges
to the C-terminal glutamate by participation of the amino acids Arg210, Asn275, Tyr552 and the
more flexibly positioned amino acids Lys699 and Tyr700 indicating an induced-fit mechanism. The
negatively charged aspartate sidechain is proposed to be attracted by the predominantly

positively charged arginine patch formed by Arg463, Arg534 and Arg536 in the S1 pocket (36).
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Figure 3: Top: interactions and mechanism of hydrolysis of the physiological substrate NAAG in the catalytic
center of PSMA as proposed from the crystal structure with the arginine patch and the glutarate sensor highlighted
in red and blue, respectively; adapted from Mesters et al. (36); Bottom: structure-activity relationships elucidated
2-(phosphonomethyl)pentanedioic acid (2-PMPA), phosphinates, phosphoramidates and ureas as highly affine
binding motifs (47).

Not surprisingly, the glutarate entity is highly conserved in its binding mode and thus, anchored in
the development of PSMA ligands with nanomolar affinity (47,65). To prevent enzymatic hydrolysis
and simultaneously aim for attractive interactions with the binuclear zinc site, a few functional
groups (Figure 3, bottom) were incorporated bridging amino acids in P1’ and P1 position with the
urea motif being the most common in PSMA inhibitors (47). Besides the depicted binding motifs,
data of thiol- and hydroxamate-based motifs are also available. However, these classes display a
subordinate role due to limited affinity (66-68).

While the combination of a glutamate or glutamate-like entity and a zinc-binding motif count as
the minimum requirement for high affinity, the arginine patch in the S1 pocket and the distant
remote arene-binding site located more closely to the protein surface are frequently addressed
features in optimized ligand design (65,69).

Within the arginine patch, only Arg534 is found in an invariant position whereas Arg463 and Arg536
both can adopt two conformations. P1 carboxylates present in the Asp sidechain in NAAG or the
a-carboxylate of amino acid X in urea-based binding motifs ‘XuE’ are likely to be attracted by the
arginine patch fixing Arg536 in a binding position. Depending on the exact ligand structure, this

binding mode can be accompanied by a shift of Arg436 opening the hydrophobic ‘S1 accessory



I. INTRODUCTION

pocket’ enclosed by the five amino acid sidechains of Glu457, Arg463, Asp465, Arg534 and
Arg536 (65). This 8.5 A x 7 A sized pocket is described to interact with aromatic moieties in
suitable position. In this context, DCIBzL, also known as |I-BA-KuE or MIP-1097, is one ligand
perfectly fitting into the S1 accessory pocket (Figure 4A) (65). This is reflected by a remarkable
affinity (Ki = 0.7 nM) (70).

> —/
> Ss17 /cs18

f j\/\/\ K699
,AN519 9

.{{/

3 Arene B|nd|ng Slte
/
L A
T '

S1 Accessory -
Pocket ~20A
Arginine Entrance

‘ e Patch Funnel

¢
oA \Qf “-JQ
) b %

Figure 4: Structural features of the PSMA binding cavity comprised of A: the arginine patch with the possibility to
form the S1 accessory pocket as depicted for the binding of DCIBzL, adapted from Barinka et al. (65); B
superposition of dinitrophenyl (DNP)-linker-KuE ligands (ARM-P2/-P4/-P8) with the DNP entity fixed at the remote
arene-binding site (R511 and W541), adapted from Zhang et al (69); C: cross-sections of PSMA indicating the
location of the S1’ pocket, the binuclear zinc active site and the S1 pocket composed of the arginine patch/S1
accessory pocket, entrance funnel and (remote) arene-binding site within the binding cavity, depicted ligand
conformations refer to 1) DCIBzL, 2) PSMA-617 and 3) ARM-P4, adapted from Kopka et al. (71).

Insights into the aforementioned remote arene-binding site were given by Zhang et al. (69). Their
group investigated a series of KuE-based PSMA ligands connected to a dinitrophenyl (DNP) entity
by PEG linkers with varied lengths. Affinity determinations revealed a trend indicating an attractive
interaction of the DNP entity in a certain distance to the KuE binding motif. The assumption of a
remote arene-binding site was confirmed by the superposition of crystal structures depicted in
Figure 4B. For each of the three derivatives the orientation of the DNP entity was in close proximity
to Arg511 and Trp541 indicating #-cation and 7-stacking interactions. Moreover, alterations of the
attached aromatic moiety and subsequent investigations showed a correlation of electron-poor
aromatic rings (lower calculated LUMO energies) leading to higher PSMA affinities (69).

Importantly, the entrance lid to the inner binding cavity can form a closed conformation as
determined for DCIBzL and visualized in Figure 4C1. However, for a ligand bound to the active
site a simultaneous attractive interaction with the arene-biding site requires the conformation of
an open entrance lid (Figure 4C3). This fact might limit the development of ligands addressing

both subpockets, the accessory pocket and the arene-binding site (69, 77).
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Based on these structural insights a lot of PSMA-targeted radioligands were designed and further
optimized corresponding to pharmacological needs. In the next chapter, so far published results

of clinical trials of several ligands aiming for PCa imaging and/or therapy are presented.
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3. Clinical Relevance of PSMA-Targeted Radioligands

3.1. Agents for Imaging

In this chapter, FDA-approved PSMA-targeted imaging agents as well as promising clinical

candidates are presented. Respective structures are depicted in Figure 5.
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Figure 5: Structures of A: the FDA-approved agents ['''In]In-7E11-C5.3 (only the conjugation side of the chelator
for labeling depicted, mAb = monoclonal antibody) for immunoscintigraphy, [(8Ga]Ga-PSMA-11 and ['®F]DCFPyL
for PET imaging; B: clinical candidates in phase Il studies ['®F]JPSMA-1007, [®F]CTT1075 and ['®F]"2Ga-rhPSMA-
7.3 for PET imaging as well as [*"Tc]Tc-MIP-1404 for SPECT imaging (72-78).
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All these ligands share the same principle of action. Their inherent PSMA-binding motif as part of
the targeting vector is responsible for their accumulation in tumor tissue with up-regulated PSMA
expression. The distribution of a radioligand is then retraced utilizing the attached radioactive
label. Depending on the type of emitted particles during radioactive decay, different types of
imaging modalities can be used for particle detection (positron emission tomography (PET): S*-

emission; single-photon emission computed tomography (SPECT): »emission) (79).

['"In]In-7E11-C5.3 (['"In]In-CYT-356, Indium In 111 Capromab Pendetide, Prostascint®)
The '"In-labled, murine monoclonal antibody was characterized for the recognition of an
intracellular epitope of PSMA (MWNLLH) (80). Thus, PSMA-mediated binding is limited to prostate
cancer cells undergoing apoptosis or necrosis (87). Nevertheless, ['''In]In-7E11-C5.3 was already
approved by the FDA as imaging agent for immunoscintigraphy in 1996 briefly after the discovery
of PSMA as potential tumor marker (82). Obviously, for an antibody opposed to a small molecule
ligand, the comparably slow pharmacokinetics (respective urinary excretion for ['''In]In-7E11-C5.3
and [8Ga]Ga-PSMA-11: 10% at 72 h p.i. vs 14% at 2 h p.i.) are accompanied by some drawbacks
like higher absorbed doses for the total body (['"'In]In-7E11-C5.3: 27 mGy/185 MBq vs. [(®Ga]Ga-
PSMA-11: 3.7 mGy/259 MBq) and late image acquisition (['"'In]in-7E11-C5.3: 72-120 h p.i. vs.
[8Ga]Ga-PSMA-11: 50-100 min p.i.) (73,75). Nevertheless, in a group of presurgical patients
(n = 152) sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV)
were determined as 62%, 72%, 62% and 72%, respectively (75).

[f®Ga]Ga-PSMA-11 (Gallium Ga 68 Gozetotide, (ILLUCCIX®/LOCAMETZ®)

[(8Ga]Ga-PSMA-11 was the first PSMA-targeted PET tracer approved by the FDA (December
2020) (83). Numerous clinical trials investigated its diagnostic accuracy in PCa patients. The FDA
approval was based on two clinical prospective phase lll trials (73). The PSMA PreRP trial
(NCT02919111) focused on the evaluation of [8Ga]Ga-PSMA-11 prior to subsequent radical
prostatectomy and pelvic lymph node dissection (PLND) in an intermediate to high-risk patient
cohort with biopsy-proven PCa. Meanwhile, more data are available by including two further trials
(NCT03368547, NCT02611882). The most recent respective review by Hope et al. summarizes
results of patients (n =277) who received [8Ga]Ga-PSMA-11 PET imaging scans for primary
staging. Findings were validated by histopathology and revealed a sensitivity, specificity, PPV and
NPV for pelvic nodal metastases of 40%, 95%, 75% and 81%, respectively (84).

The second study offering the basis for approval could clearly demonstrate a correlation of
biochemical recurrence indicated by PSA level with positive findings in PET scans (NCT02940262
and NCT02918357) (85). A total of 635 patients was enrolled prior to radical prostatectomy,
radiation therapy or both. In this cohort with a median PSA level of 2.1 ng/mL an overall detection

rate of 75% was observed (85). In the cohort of 628 evaluable patients a dramatic increased
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portion of positive PET scans was observed for patients with higher PSA levels
(=2 ng/mL: 91% vs. <0.5 ng/mL: 36%) (73). Furthermore, a significant advantage of [*8Ga]Ga-
PSMA-11 over the competing ['®F]-fluciclovine in localizing early biochemical recurrence could be
demonstrated (86). Currently, [8Ga]Ga-PSMA-11 is also indicated for patient selection
considering PRLT with Lutetium Lu 177 vipivotide tetraxetan (['’’Lu]Lu-PSMA-617) (87,88).
Possibly, the PSMA-11 scaffold might also find its application as ['®F]AIF-labeled tracer following
the clinical comparison of a phase Il study (NCT03911310).

['®FIDCFPyL (Piflufolastat F-18, PYLARIFY®)

Only a few months after the FDA approval of [(3Ga]Ga-PSMA-11 the second PSMA-targeted PET
tracer ["®F]DCFPyL followed (May 2021) (89). One might suppose that the '®F-labeled tracer
providing a PET scan with higher resolution would have an impact on the clinical assessment
(mean range of g in H,O [mm]: ¥Ga = 2.24 vs. '®F = 0.64 mm) (90). However, the OSPREY trial
(NCT02981368) investigating biopsy-proven PCa patients (n = 252) prior to radical prostatectomy
and PLND exhibited quite comparable results for sensitivity, specificity, PPV and NPV for pelvic
nodal metastases of 40.3%, 97.9%, 86.7% and 83.2%, respectively (72,97). Moreover, in a group
of 199 evaluable patients the portion of positive PET scans in correlation with the determined PSA
level resulted in a similar pattern in respect to [#8Ga]Ga-PSMA-11 (= 2 ng/mL: 90% vs. <0.5 ng/mL:
35%) in the CONDOR trial (NCT03739684) (72,92).

Further Imaging Agents under Clinical Investigations

Several other promising ®F-labeled PSMA PET tracers are currently under clinical investigations
in phase lll studies, for example ['®F]JPSMA-1007 structurally derived from the mainly
therapeutically used PSMA-617 (NCT04102553, NCT04644822, NCT04742361, NCT04794777,
NCT05079828) (93,94), ['®F]CTT1057 as one representative with the rarely incorporated
phosphoramidate-based binding motif (95) characterized for its (pseudo-)irreversible target
binding (NCT04838626, NCT04838613) and ['8F]"®Ga-rhPSM-7.3 exploiting a novel radiohybrid
concept by the structural combination of DOTAGA for the complexation of (radio)metal cations
and an additional silicon-based fluoride acceptor (SiFA) for facilitated '8F-fluorinations with high
molar activities under mild conditions (76). The latter was previously developed by our group and
is now tested for its applicability as tracer for newly diagnosed PCa (LIGHTHOUSE,
NCT04186819, n = 356 patients) as well as for the recurrent stage (SPOTLIGHT, NCT04186845,
n = 391 patients). First results of the SPOTLIGHT trial were recently reported and revealed a higher
detection rate in correlation with PSA-level compared with the previously approved ligands
[8Ga]Ga-PSMA-11 and ['®F]DCFPyL (5> PSA =2 ng/mL: 96%; <0.5 ng/mL: 64%) emphasizing the
potential of an ensuing approval (96).

A candidate as imaging agent for SPECT is [**"Tc]Tc-MIP-1404 (Technetium Tc 99m Trofolastat).
The clinical phase Il trial prospect-AS (NCT02615067) investigates the sensitivity and specificity
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in 531 enrolled participants with biopsy proven low-grade PCa (Gleason score < 3 + 4). A prior
phase Il study (NCT01667536) demonstrated a sensitivity of 50% and specificity of 87% in a
patient cohort (n = 105) with intermediate- to high-grade PCa before radical prostatectomy and
PLND (97).

In summary, the first FDA-approved PSMA-targeted imaging agents are available and further
promising candidates are in the pipeline. Data demonstrate PSMA-targeted imaging as a valuable
opportunity for the detection and localization of metastases in PCa patients facilitating the staging

of the disease and thus, support the clinical decision-making.

3.2. Agents for Endoradiotherapy

As described for imaging agents, the PSMA binding motif within radioligands is utilized for target-
mediated activity accumulation in PSMA-positive tissues. However, one major difference between
diagnostic and therapeutic compounds constitutes the applied radionuclide. In contrast to
diagnostic compounds, the o- or f-particles emitted by radionuclides applied in endoradio-
therapy exhibit a distinctly higher linear energy transfer (LET). This increases the probability of
cytotoxic events, like DNA double-strand breaks, in proximity to radioligand accumulation. As a

consequence, apoptosis of target-expressing tumor cells is provoked (79).

Most Frequently Investigated Small Molecule Ligand Scaffolds for PRLT ‘
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Figure 6: Structures of the FDA-approved therapeutic agent ['7’Lu]Lu-PSMA-617, its 225Ac-labeled counterpart
under clinical investigation as well as the clinical candidates ['"’Lu]Lu-PSMA I&T and [?Ac]Ac-PSMA I&T (98,99).

14



I. INTRODUCTION

The two PSMA-targeted therapeutic agents with most available clinical data are the FDA-
approved ["7Lu]Lu-PSMA-617 and ['"7Lu]Lu-PSMA I&T (clinical phase Ill). Both respective
chelators within the peptide scaffolds alternatively offer the opportunity for 22°Ac-labeling. The

corresponding 22°Ac-compounds are currently under clinical investigation as well (Figure 6).

['"’Lu]Lu-PSMA-617 (Lutetium Lu 177 vipivotide tetraxetan, PLUVICTO™)

So far, ['""Lu]Lu-PSMA-617 is the only PSMA-targeted agent with an FDA-approval (March 2022)
for a therapeutic application (34). Based on results of the clinical phase lll trial VISION
(NCT03511664, n = 831 patients) the indication of the radiopharmaceutical is currently limited to
PSMA-positive mCRPC patients after prior ADT with at minimum one androgen receptor pathway
inhibitor (ARPI) and taxane-based chemotherapy (88,700). The trial compared the benefit of an
additional treatment with ['"’Lu]Lu-PSMA-617 (median number of cycles: 5, median cumulative
dose: 37.5 GBq, n = 551 patients) and the best standard of care (BSoC) opposed to the BSoC
alone (n =280 patients). Indeed, comparing the intervention group with the control group the
imaging-based progression-free survival (8.7 months vs. 3.4 months) as well as the overall survival
(15.3 months vs. 11.3 months) were clearly prolonged (700). The most common adverse events in
the intervention group vs. control group regarding all grades were fatigue (43.1% vs. 22.9%),
xerostomia (38.8% vs. 0.5%) and nausea (35.3% vs. 16.6%) albeit rarely of grade =3 (700).
Occurrences of severe toxicities of grade 3 to 5 in the intervention group vs. the control group
explicitly listed in the prescribing information (88) and as part of the safety topics of interest in the
trial-related publication by Sartor et al. are myelosuppression (23.4% vs. 6.8%) and renal toxicity
(8.4% vs. 2.9%) (100).

As a consequence of the overall favorable clinical performance, several further studies currently
focus on the applicability of ['7’Lu]Lu-PSMA-617 in the treatment of PCa-positive patients in earlier
clinical settings. In the phase lll trial PSMAfore (NCT04689828) the efficacy of ['"Lu]Lu-PSMA-617
in combination with first-line ADT opposed to ADT with a second-line ARPI is tested in taxane-
naive mCRPC patients (n = 450) supported by BSoC in both groups (707).

The PSMAddition trial (phase Ill, NCT04720157) will compare the use of PRLT plus BSoC vs.
BSoC alone including ADT as part of BSoC in both groups. In this study, about 1126 metastasized
hormone-sensitive prostate cancer (MHSPC) patients without or minimal prior ADT shell be
examined (702).

Following a study update in the BULLSEYE trial (phase Il, NCT04443062) the use of ['"Lu]Lu-
PSMA-617 instead of the former ['7’Lu]Lu-PSMA I&T is investigated in comparison to ADT in a
small patient cohort (n = 58) even in an oligo-metastatic hormone-sensitive stage (703). Many
more trials about ['7’Lu]Lu-PSMA-617 are registered at the moment. An overview is provided by
Keam et al. (104).
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[2°Ac]Ac-PSMA-617

A shift in the applied radioisotope from the g—-emitting lutetium-177 to the a-emitting
actinium-225 might have beneficial effects in PRLT. g--particles are characterized by a
comparably longer range in tissue (670 pym for lutetium-177 (705)) resulting in a crossfire effect
useful in the treatment of malignant tissues with heterogeneous target expression but at the cost
of a proportionally higher radiation burden for healthy tissue. In contrast, a-particles exhibit a
shorter range (47-85 pm for actinium-225 (706)) in tissue and a high linear energy transfer (LET)
potentially leading to a more target-specific dose delivery and an improved biological
effectiveness against target-expressing cells (107,708).

Despite the favorable dosimetry and proven efficacy of ['"’Lu]Lu-PSMA-617 (100, 109), diffuse red
marrow infiltration has been considered as contraindication due to possibly relevant
hematotoxicity (770). Inspired by results of targeted a-radiation therapy (TAT) with [?'*Bi]Bi-
DOTATOC, Kratochwil et al. investigated the potential of [?2°Ac]Ac-PSMA-617 to reduce
hematologic toxicity in patients with diffuse red marrow infiltration as well as to perhaps overcome
radioresistance to S~-particle emitters. Both questions were addressed in the treatment of
corresponding patients A and B as an initial experience. Respective [¢3Ga]Ga-PSMA-11 PET/CT
scans performed for (re-)staging (Figure 7) highlight an encouraging imaging response

corroborated by a significant PSA decline (770).
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Figure 7: [*3Ga]Ga-PSMA PET/CT scans of patient A: staging before PRLT (left), restaging 2 months after 3 cycle
(middle) and 2 months after 4" cycle (right) of [?°Ac]Ac-PSMA-617; and patient B: staging before PRLT (left),
restaging 2 months after 2 cycles of ['7’Lu]Lu-PSMA-617 (middle) and restaging after 2 cycles of [22Ac]Ac-PSMA-
617 (right); scan after 3 cycle (PSA <0.1 ng/mL) of [?2°Ac]Ac-PSMA-617 not shown; adapted from Kratochwil et
al. (110).
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A systematic review on clinical data about [*2°Ac]Ac-PSMA-617 TAT in end-stage mCRPC patients
(n = 141 patients of 3 studies) is provided by Ballal et al. A median progression-free survival of 12
months was reported in the three included studies. The median overall survival was 17 months as
determined in two of the three studies (n = 101 patients). The most common side effects were
xerostomia (grade 1-2: 63%) and fatigue (grade 1-2: 45%). Only few severe hematological
toxicities of grade 3 occurred (anemia: 6%; leukopenia: 2%, thrombocytopenia: 1%) as well as
rare nephrotoxicity of grade =3 (5%) (177-114). Thus, the so far available data suggest a superior
performance of the 225Ac-labeled ligand regarding efficacy and hematological toxicity.

More information will be collected by the AcTION study (phase I, n = 60, NCT04597411). This dose
escalation study is currently investigating [?2°Ac]Ac-PSMA-617 in mCRPC patients with three
different prior treatment regimens (chemotherapy and ADT with a second-line ARPI vs. first-line
ADT vs. PRLT with ['"""Lu]Lu-PSMA-617 or -PSMA I&T).

['""Lu]Lu-PSMA I&T (['"’Lu]Lu-PNT2002)

['""Lu]Lu-PSMA I&T was previously developed by our group (99, 715). Most recently, a comparison
with [""’Lu]Lu-PSMA-617 was published regarding their clinical performance in a cohort of 138
mCRPC patients. Results indicate a faster pharmacokinetic profile for ['"’Lu]Lu-PSMA I&T with a
higher initial tumor uptake but a faster whole-body clearance including a shorter tumor half-live
and leading to a comparable mean absorbed tumor dose. Interestingly, despite the faster
pharmacokinetics a slightly increased absorbed kidney dose was observed for ['77Lu]lLu-
PSMA I&T (116).

Currently, two clinical phase Ill studies in a recruiting status are registered in the ClinicalTrials.gov
database. In the SPLASH trial (NCT04647526) the benefit of PRLT vs. ADT with abiraterone or
enzalutamide is tested in chemotherapy-naive mCRPC patients after prior second-line ADT
(n =415). In the other phase Il trial (NCT05204927, also referred to as ECLIPSE trial by the
sponsor) mMCRPC patients (n = 400) will either receive PRLT or standard of care ADT (abiraterone

with prednisone or enzalutamide).

[2°Ac]Ac-PSMA I&T

Analogously to PSMA-617, the shift of the radioisotope from lutetium-177 to actinium-225 was
also examined with the ligand PSMA |&T. Zacherl et al. previously reported first results of TAT with
[225Ac]Ac-PSMA I&T in a small cohort of 14 mCRPC patients who predominantly received
exhaustive prior treatment with second-line ADT, chemotherapy as well as '’Lu-PRLT. As
expected, hematological toxicities and xerostomia partially occurred while a PSA decline of =50%
was observed in half of the cohort (777). The investigation of the efficacy of [?2Ac]Ac-PSMA I&T
in MCRPC patients will be extended by the phase Il TATCIST trial (NCT05219500, n = 100

patients).
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Further Clinical Candidates for PRLT

In Figure 8, structures of four more candidates currently under clinical investigation are depicted.
The monoclonal antibody (mAb) J591 was first developed in the year 1997 and was characterized
for the binding of an extracellular epitope of PSMA (7178). Since then, several clinical studies
examined the applicability as ['"’Lu]Lu-DOTA-conjugate in PRLT (e.g. phasell, n=47:
NCT00195039; phase Il, n = 55: NCT00859781). Interestingly, the antibody does not only exhibit
expected slower distribution kinetics and longer tumor retention compared to small molecule
ligands but also displays a lower uptake in organs with physiological PSMA expression, namely in
lacrimal and salivary glands as well as in kidneys. An impressive dose-dependent overall survival
of up to 42.3 months in the high-dose cohort of mMCRPC patients was observed. However, the
slow pharmacokinetics render widespread myelosuppression as a dose-limiting factor with
frequently occurring grade =3 hematotoxicities (779, 720). Thus, more recent studies focus on the
225Ac-labeled antibody potentially showing reduced myelosuppression while maintaining or even
enhancing the efficacy (PRLT, phasel/ll, n=105: NCT04506567; PRLT + immunotherapy,
phase I/ll, n = 76: NCT04946370).

Optimizing the pharmacokinetics to find a sweet spot outbalancing efficacy against the risk of
myelosuppression, some groups developed small molecule PSMA ligands decorated with entities
binding to human serum albumin (HSA) (7217,722). This way, the altered affinity of the ligands
towards HSA as most abundant plasma protein can be exploited to modulate the blood clearance
(123). Examples for PSMA ligands modified with entities known for their strong HSA binding are
['""Lu]Lu-EB-PSMA-617 (modified with a truncated Evans Blue entity) and ['"’Lu]Lu-CTT1403
(modified with a 4-(p-iodophenyl)butyric acyl entity) (727,722). Both ligands are situated in clinical
phase | studies at the moment (NCT03780075, n = 50; and NCT03822871, n = 40, respectively).

Besides ['®F]"@'Ga-rhPSMA-7.3, which is currently investigated for its diagnostic performance,
['""Lu]Lu-rhPSMA-10.1 is another member of the radiohybrid family developed for PRLT by our
group. Herein, the radiohybrid unit comprises of DOTA as chelator for complexation of (radio)metal
cations and - analogously to rhPSMA-7.3 - a SiFA group for mild and fast ®F-labelings, both
connected via a trifunctional linker. Thus, a theranostic approach is possible utilizing only Lu-
rhPSMA-10.1 either radiolabeled with lutetium-177 for therapy or fluorine-18 for PET imaging.
However, in the latest phase I/l study (NCT05413850, n = 150) validating the anti-tumor activity
of ['""Lu]Lu-rhPSMA-10.1 in 150 mCRPC patients, their lesions will be verified as PSMA-positive
by ['®F]"®Ga-rhPSMA-7.3 PET imaging as part of the recruitment process.
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Further PRLT Candidates under Clinical Investigation
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Figure 8: Structures of further clinical candidates under investigation for therapeutic application in PRLT: the
monoclonal antibody [?Ac]Ac-/['""Lu]Lu-J591 (only conjugation side of the chelator for labeling depicted,
mAb = monoclonal antibody), the ‘truncated Evans Blue’-modified ['"’Lu]Lu-EB-PSMA-617, ['"""Lu]Lu-CTT1403
with the phosphoramidate-based binding motif and the 4-(p-iodophenyl)butyric acid as albumin binder and the
radiohybrid compound ['"’Lu]Lu-rhPSMA-10.1 suitable for orthogonal ™"F- or 23Ac-/"""Lu-labeling
(121,122,124,125).

In conclusion, as the first FDA-approved radiopharmaceutical ['"7Lu]Lu-PSMA-617 displays the
gold standard for PRLT up to date with most important limitations arising from myelosuppression

and renal toxicity. On the other hand, previous clinical results of antibody-mediated PRLT hint for
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a comparably superior efficacy as indicated by a significant prolonged overall survival but at the
cost of more frequent and severe myelosuppression. Consequently, a modulation towards a blood
clearance allowing for an optimized efficacy as well as minor hematologic toxicities is desirable.
First small molecule-based candidates with intentionally prolonged plasma half-lives entered a
clinical stage investigating a potential pharmacokinetic sweet spot. An alternative approach to
boost the efficacy of fast-clearing compounds accompanied by a dose reduction for non-target
tissue might constitute the shift of the radioactive label to an a-particle emitting isotope like
actinium-225. Independently, the radiohybrid concept realized in rhPSMA compounds combining
a chelator with a SiFA entity offers a unique theranostic approach described more closely in the

next chapter.
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4. Silicon-based Fluoride Acceptors in the Radiohybrid Concept

4.1. Truly Theranostic Ligand Design

In the past, predominantly two different radiopharmaceuticals were required for respective
diagnostic and therapeutic purposes. This is exemplified by a recommended patient selection and
therapy control using [®8Ga]Ga-PSMA-11 for PET imaging in PRLT with ['7Lu]Lu-PSMA-617 (88).
Although declared as theranostic agent, even the labeling of PSMA I&T necessitates the use of
two different radiometals for imaging (e.g. gallium-68) and therapy (e.g. lutetium-177) ending up
in a pair of ligands with chemically different properties (99). However, the chemical properties of
a compound directly affect its pharmacokinetics. Thus, results of dosimetry calculations obtained
for the diagnostic ligand cannot directly be translated into the performance of a different
therapeutic compound. In contrast, the radiohybrid concept as introduced by Wurzer et al. is
allowing for a truly theranostic approach with a pair of chemically identical twins. This is
accomplished by the combination of two entities within one ligand structure: 1) a chelator for
(radio)metal complexation (e.g. Lu) and 2) a silicon-based fluoride acceptor (SiFA) suitable for '8F-

labeling via an isotopic exchange reaction (726). This concept is visualized in Figure 9.
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Figure 9: lllustration of the radiohybrid concept using a chelator and a SiFA group as orthogonal labeling entities
for a truly theranostic approach; adapted from Wurzer et al. (126).

Such radiohybrid compounds offer the unique opportunity of utilizing one pair of differently labeled
radiopharmaceuticals but with the same pharmacokinetics and distribution profile for initial
staging, therapy and therapy control. With this tool in hand, there is a great potential for precise

patient-specific dosimetry calculations representing one step closer to personalized medicine.
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Having this theranostic concept in mind, two questions were met in the radiohybrid design by
Wurzer et al. — which nuclides should be chosen and which labeling strategies should be applied?
While DOTA and DOTAGA allow for a flexible labeling compatibility with the commonly used
therapeutic radiometal ions, the diagnostic nuclide should exhibit favorable radiopharmaceutical
properties and should be easily installed via an orthogonal, efficient labeling strategy. Background

information supporting the chosen design are provided in the next chapter.

4.2. Fluorine-18: Properties and Labeling Strategies

Fluorine-18 is an attractive radioisotope for PET imaging with a high positron decay ratio (97%)
and a comparably low positron energy (maximum: 0.635 MeV). The latter leads to a short tissue
range until subsequent annihilation (maximum: <2.4 mm; mean: 0.64 mm). This small spatial offset
between the origin of decay and the annihilation event is one important parameter for high image
resolution. Furthermore, the half-life of 110 min is within a reasonable range for clinical patient
management and dosimetry (90,727,128). Opposed to the competing PET nuclide gallium-68
received by %Ge/®®Ga-generator in limited quantities, a good availability of high activities is
provided by the production of aqueous ['®F]fluoride solutions in onsite or nearby cyclotron facilities
via the nuclear reaction '®O(p,n)'8F (128,129).

These favorable radiopharmaceutical properties encouraged investigations regarding facile and
efficient '®F-labeling procedures. Piron et al. most recently published an overview about methods
applied in the design of PSMA ligands focusing on fluorinations via carbon-, aluminum- and
silicon—fluoride bond formation (76).

Common synthesis routes for the '8F-labeling of (hetero)arene entities as prosthetic group in
peptide ligands are based on the use of their respective trimethylammonium-substituted
precursors. Classically, their labeling routes involve at least two reaction steps by either: 1) indirect
labeling by fluorination of the prosthetic group prior to the subsequent coupling to the targeting
vector or: 2) the direct labeling of a protected precursor via an attached prosthetic group and a
following deprotection step. In general, such routes can lead to time-consuming multi-step
procedures requiring high precursor amounts, harsh reaction conditions, elevated temperatures
and eventually high-performance liquid chromatography (HPLC) purification resulting in moderate
radiochemical yields and molar activities (76). Well-known examples in the context of PSMA
ligands are ['®F]DCFPyL and ['®F]CTT1057 (76,130-132). However, for some ligands multiple
procedures are published and ambitious optimizations occasionally lead to simplified routes with
only one step and improved radiochemical yields as reflected by ['®F]PSMA-1007 (133).

A different, more kit-like approach with similarity to Ga-chelation displays the complexation of
['®F]AIF?* under simple reaction conditions (['®F]fluoride, AICls, ~pH 4 e.g. by NaOAc, EtOH,
chelating agent) by applying either open chain (e.g. HBED-CC) or cyclic chelators (e.g. NOTA).

Though, a pentadentate chelation (N3sO. donor set) of the ['®F]AIF?*-ion is clearly preferred with
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respect to stability (734). Thus, it is comprehensible that Liitje et al. observed a strong formulation-
dependent stability and found an increased bone uptake in biodistributions comparing
['®F]AIF-PSMA-11 with [8Ga]Ga-PSMA-11 (5.0 + 0.6%ID/g vs. 0.1 + 0.0%ID/g) (135). Therefore,
in favor of stability NOTA exhibits a superior suitability for ['"®F]AIF?*-chelation. However, the use
of cyclic chelators requires higher temperatures (>100 °C) and impedes the application for heat-
sensitive biomolecules. Consequently, efforts have been made to increase the rigidity of open
chain chelators to preserve high conversions at mild temperatures while optimizing the stability.
So far, the chelator (+)-HsRESCA displays an interesting candidate for a mild and fast labeling
(736).

Currently, a few PSMA ligands were labeled via the AlF-method (76,734). The NOTA-bearing
['®F]Bi-PSMA displays one example for a feasible upscaled automated one-step synthesis with a
high non-decay corrected radiochemical yield of 43.2 + 6.0% in an overall synthesis time of 30 min
(reaction at 105 °C for 15 min) and a remarkable molar activity of 78-230 GBg/umol (76,137).
However, as the AlF-method belongs to the metal-based approaches and requires chelators
sharing structural similarity with DOTA and DOTAGA intended for the chelation of therapeutic
nuclides in our radiohybrid concept, the optimization for orthogonal reaction conditions is
expected to become an issue.

Instead, the decision was made to install a silicon-based fluoride acceptor as a prosthetic group.
The first ['®F]F-Si compound tested in vivo was ['®F]fluorotrimethylsilane in 1985 by Rosenthal et
al. observing rapid defluorination by hydrolysis. Nevertheless, the facile labeling was emphasized
to indicate a radiopharmaceutical utility and already back then, it was hypothesized to achieve an
increased stability by steric hindrance (738). This idea was resumed by Schirrmacher et al.
comparing stabilities of ['®F]fluorosilanes with different bulky substituents (trend of stability:
PhsSiF << tBuPh,SiF < tBu,PhSiF). Their best candidate was further functionalized at the phenyl
moiety for conjugation to an octreotate derivative. This ligand was '®F-labeled following two
different routes either applying a dry ®F/Kryptofix 2.2.2./K* solution in acetonitrile at rt for
10-15 min or even directly commercially available '8F/['®0]H.O with a need for heating to 95 °C
for 30 min. Both methods demonstrated the feasibility of fast and convenient labeling procedures
and cartridge-based purification for SiFA compounds resulting in molar activities of 3-5 GBg/umol
on a laboratory scale (739). Later on, extensive studies were undertaken by Héhne et al.
investigating the influence of different functional groups on hydrolytic half-lives in vitro.
Additionally, they could proof a stability with no detectable degradation of a SiFA-conjugated
bombesin analog after 2 h at 37 °C in PBS as well as in mouse plasma (740).

Whereas this new class of labeling synthons with access to a convenient, simple and efficient
labeling procedure was determined to potentially exhibit a sufficient stability for in vivo
applications, the bulky lipophilic silane substituents display a challenge in terms of

pharmacokinetic performance. This is well illustrated in the development of the SiFA/in-modified
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TATE published by Niedermoser et al. (141). The investigators tried to outbalance the lipophilicity
of the SiFA building block by the introduction of a sugar moiety at the linker in between the
pharmacophore and the prosthetic group. However, further steps were required to induce a shift
from the dominating hepatobiliary to a renal excretion and to enhance tumor-to-background
ratios. This was accomplished by two additional carboxylic acids in the linker region and the
substitution of the SiFA moiety to the related SiFAlin entity (SiIFAN*Br, first developed by Kostikov
et al. (142)) carrying a positively charged tetraalkylammonium ion as conjugation side at the phenyl

substituent (747). The drastic effect on the pharmacokinetics is depicted in Figure 10.
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Figure 10: Development steps of SiFA-modified somatostatin analogs and the respective impact on the
biodistribution in AR42J tumor-bearing mice visualized in PET images (figure by Niedermoser et al. (141)).

The translation of the novel SiFA approach into a radiohybrid PSMA ligand with a predominantly
renal excretion by Wurzer et al. required less effort regarding hydrophilic modifiers. Utilizing a
hydrophilic chelator as part of the radiohybrid concept in combination with a PSMA ligand
including the highly polar standard binding motif X-urea-Glu seems like a perfectly suited
prerequisite for the technology transfer. Even though the implementation of the SiFA entity was
accompanied by a remarkably strong HSA binding and a slower blood clearance compared to
['®F]IDCFPyL and ['®F]PSMA-1007 as a reference, the biodistribution revealed a high tumor
targeting potential, a low kidney retention and no elevated bone uptake indicating a sufficient
stability of the '®F-labeled SiFA compound (726). As a consequence of the promising in vivo
performance of ['®F]"®Ga-rhPSMA-7 containing a mixture of four isomers, a direct preclinical
comparison was strived for to elucidate the best candidate for clinical translation. For optimal
comparability, biodistribution studies with the isomeric mixture were conducted. Subsequently,

the mixture was extracted from organs of interest and the proportion of each isomer in the
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respective extracts was determined by radio-HPLC. Finally, ['®F]"Ga-rhPSMA-7.3 was proposed
as isomer of choice exhibiting a favorable compromise with a desirable high tumor accumulation

and moderate uptakes in blood, kidney and liver samples (77).

To ensure the availability for clinical application, an optimized automated synthesis was
established based on the experience of >200 routine productions with ['8F]"2Ga-rhPSMA-7 and
['®F]"tGa-rhPSMA-7.3. The whole automated production was completed in approximately 16 min.
The reaction time of 5 min at rt using activities of 89 + 14 GBq and a precursor amount of 150 nmol
resulted in an average radiochemical yield of 49.2 + 8.6% and an excellent molar activity of
291 + 62 GBg/umol (143).

In conclusion, the facile labeling of SiFA compounds under mild conditions with high
radiochemical yields and molar activities as well as simple cartridge-based purification renders
this labeling strategy as highly advantageous. The feasibility of an orthogonal use of SiFA-based
prosthetic groups with a chelator for (radio)metal complexation as basis for the radiohybrid
concept was proven by the investigation of the diagnostic pair ['®F]"®Ga-rhPSMA-7.3 and
[(8Ga]Ga-rhPSMA-7.3 (126).

The present know-how regarding the labeling strategy as well as the promising pharmaceutical
experience with the diagnostic compound ['®F]"'Ga-rhPSMA-7.3 ranging from in vitro experiments
to a clinical level create a solid foundation as a lead structure for the development of a radiohybrid

PSMA-targeted ligand optimized for the endoradiotherapy of prostate cancer.
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5. Objectives

The radiohybrid concept as introduced by Wurzer et al. combines the use of a silicon-based
fluoride acceptor as prosthetic group for a mild, convenient and efficient '®F-labeling with a
chelator for (radio)metal complexation within one compound. This unique approach previously
resulted in the invention of the diagnostic twins ['8F]"2Ga-rhPSMA-7.3 and [®®Ga]Ga-rhPSMA-7.3
for PET imaging of PSMA-positive prostate cancer. These diagnostic twins support two labeling
options for the adaptation to clinical needs with respect to facility-specific conditions.
Furthermore, this structural concept can be extended by the substitution with another (radio)metal
(e.g. lutetium) suitable for endoradiotherapy and hence, offering a truly theranostic approach
(77,126).

Motivated by the promising performance of the so far purely diagnostically applied compound
['®F]"@Ga-rhPSMA-7.3 in clinical trials (NCT04186819, NCT04186845) (96), our primary objective
in this work was the development of a radiohybrid PSMA ligand exhibiting a pharmacokinetic
profile explicitly optimized for a therapeutic application. For this purpose, we chose the respective
lutetium complex of rhPSMA-7.3 as lead structure. Depending on the nuclide selection, this
approach is allowing for imaging with the '8F-labeled compound or radiotherapy with the
respective '"’Lu-complex while using the very same target vector.

To maximize the efficacy of PSMA-targeted radioligand therapy (PRLT) while minimizing adverse
events in treated PCa patients, a fast distribution and high tumor-to-background ratio, especially
for radiation-sensitive organs, are desirable. Currently, ['""’Lu]Lu-PSMA-617 is the only FDA-
approved radiopharmaceutical for PRLT in mCRPC patients and can thus be assessed as gold-
standard (34). According to partially occurring myelosuppression and nephrotoxicity as severe
side effects, the ligand’s blood and kidney retention are rated as dose-limiting factors (700).
Assuming a certain comparability of the performance of ['7’Lu]Lu-PSMA-617 with ['"Lu]Lu-
rhPSMA-7.3, we explored several strategies in this project to improve the tumor-to-blood and
tumor-to-kidney ratios. Figure 11 presents the structure of the lead compound rhPSMA-7.3 as
lutetium complex as well as an overview of structural sites that we modified in order to optimize
pharmacokinetics for a therapeutic use.

1. Metabolic Instability (MI ligands, chapter III.1): As PSMA expression is found in healthy
proximal tubules in the kidneys (44-46), the kidney retention of PSMA ligands is partially caused
by target-specific interactions. Thus, we investigated the insertion of peptide
sequences — previously reported as metabolically instable — in between the PSMA-binding motif
and the radioactive label. With this approach, we aimed for a cleavage of the ligands by enzymes
mainly expressed in the kidneys to decrease renal, PSMA-mediated activity retention.

2. Branched Linker Constructs (BLC Ligands, chapter I11.2): HSA binding is known to be one main
parameter to influence the blood clearance kinetics and thus, has a direct impact on tumor-to-

organ ratios (122,144-147). To facilitate the optimization of HSA binding, we designed and
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investigated a scaffold allowing for a modular attachment of an HSA binding entity in a distant
position to the PSMA binding motif. For this purpose, we inserted various additional linkers into
the lead structure branching off the main peptide chain.

3. Reduced Net Charge (RNC Ligands, chapter I11.3): Publications hint for the involvement of
charged groups in renal tubular reabsorption mechanisms (745,7148-150). Furthermore, the
manipulation of a compound’s HSA binding by the charge of functional groups in structural vicinity
to the main HSA binding entity was demonstrated (746). Consequently, we studied the alteration
of three carboxylic acids in the lead structure to optimize the blood clearance and kidney retention.
4. Modified SiFA Moieties (Model Peptides (MPs) and MSM Ligands, chapter II1.4): As the SiFA
moiety contained in the lead structure exhibits a strong HSA binding and limits the desired
hydrophilicity of radiohybrid ligands (725,126,141), we developed and evaluated a novel SiFA
moiety in model peptides as well as in PSMA ligands. We designed this building block as readily
modifiable to provide a simple approach for the adaptation of hydrophilicity and HSA binding of a

compound corresponding to the required pharmacokinetic needs.
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Figure 11: Overview of approaches investigated in this work and respective modification sites within the lead
structure Lu-rhPSMA-7.3 aiming for an optimized blood clearance and a reduced kidney uptake.

To select the most promising compounds for subsequent animal experiments (biodistribution and
WSPECT/CT imaging in tumor-bearing mice, metabolite analysis), we examined the fundamental
in vitro properties as PSMA affinity and internalization into PSMA-expressing LNCaP cells,
hydrophilicity (logDpn74) and HSA binding. To characterize a novel SiFA building block as
prosthetic group for '®F-labeling more closely, we conducted extended studies focusing on
reactivity (radiochemical conversion/yield) and stability of the ['®F]F-Si bond within a set of model

peptides.
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II. MATERIAL AND METHODS

1. General Information

Chemicals: The protected amino acid analogs were purchased from Bachem (Bubendorf,
Switzerland), Carbolution Chemicals (St. Ingbert, Germany) or lIris Biotech (Marktredwitz,
Germany). The 2-chlorotritylchloride (2-CTC) resin was obtained from Sigma-Aldrich (Steinheim,
Germany). Chematech (Dijon, France) delivered the chelators DOTA, DOTAGA and derivatives
thereof. All necessary solvents and other organic reagents were purchased from either, Alfa Aesar
(Karlsruhe, Germany), Sigma-Aldrich (Steinheim, Germany), Fluorochem (Hadfield, United
Kingdom) or VWR (Darmstadt, Germany).

Devices for Synthesis: Solid phase synthesis of the peptides was carried out by manual operation
using an Intelli-Mixer syringe shaker (Neolab, Heidelberg, Germany). pH values were measured

with a SevenEasy pH-meter (Mettler Toledo, GieBBen, Germany).

HPLC/ESI-MS: Analytical and preparative reversed-phase high-performance chromatography
(RP-HPLC) was performed using Shimadzu gradient systems (Shimadzu, Neufahrn, Germany),
each equipped with an SPD-20A UV/Vis detector (220 nm). A MultoKrom 100 C18 (150 x 4.6 mm,
5 uym particle size) column (CS Chromatographie Service, Langerwehe, Germany) was used for
analytical measurements at a flow rate of 1 mL/min. Both specific gradients and the corresponding
retention times tr with capacity factor K’ (Equation 1) are cited in the text.

K'= 2 (1)

K" = capacity factor; tr = retention time [min]; to = column dead time [min].

Preparative RP-HPLC purification was done with a MultoKrom 100 C18 (250 x 20 mm, 5 pm
particle size) column (CS Chromatographie Service, Langerwehe, Germany) at a constant flow rate
of 10 mL/min. Analytical and preparative radio-RP-HPLC was performed using a MultoKrom
100 C18 (150 x 4.6 mm,5 pm particle size) column or Multokrom 100 C18 (125 x 4.6 mm, 5 pm
particle size) column (CS Chromatographie Service, Langerwehe, Germany). Radioactivity was
detected through connection of the outlet of the UV-photometer to a HERM LB 500 Nal detector
(Berthold Technologies, Bad Wildbad, Germany) or for the purpose of metabolite analysis to a
Flowstar? LB 514 (Berthold Technologies, Bad Wildbad, Germany). Electrospray ionization-mass
spectra for characterization of the substances were acquired on an expression- CMS mass

spectrometer (Advion, Harlow, United Kingdom).
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RP-HPFC: Reversed-phase high-performance flash chromatography (RP-HPFC) was performed
on a Biotage® SP HPFC System (Biotage, Charlottesville, VA USA) using Biotage SNAP cartridges
(KP-C18-HS, 12 g). Eluents for all HPLC operations were water (solvent A) and MeCN (solvent B),

both containing 0.1% trifluoroacetic acid.

NMR: Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker (Billerica, United
States) AVHD-300, AVHD-400 or AVHD-500 spectrometer at 298 K. Chemical shifts are given in
d-values [ppm] and are referenced to the residual proton signal of the used deuterated solvent. In
cases of no solvent signal, e.g. for '°F or 2°Si NMR spectra, the shifts are calibrated to the internal
standards CFCl; and tetramethylsilane, respectively. Coupling constants (J) are reported in Hertz
(Hz). Multiplicities were expressed as standard abbreviations: s — singlet, d — doublet, t — triplet,

g — quartet, m — multiplet.

Analysis of Radioactive Samples: Activity quantification was performed using a 2480 WIZARD?
automatic y-counter (PerkinElmer, Waltham, United States) or a CRCR-55tR dose calibrator
(Mirion Technologies, Ramsey, NJ, USA). Radio-thin layer chromatography (TLC) was carried out
with a Scan-RAM detector (LabLogic Systems, Sheffield, United Kingdom).
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2. General Procedures (GPs) for Solid-Phase Peptide Synthesis

Standard 2-CTC Resin Loading (GP1): Loading of the 2-chlorotritylchloride (2-CTC) resin with
an amino acid (AA) was carried out by stirring a solution of the 2-CTC-resin (1.60 mmol/g) and the
AA (1.5 eq.) in DMF with DIPEA (3.0 eq.) at room temperature for 2 h. Remaining unreacted 2-CTC
groups were capped by the addition of methanol (2 mL/g resin) for 15 min. Subsequently the resin
was filtered and washed with DMF (8 x 5 mL/g resin) and DCM (3 x 5 mL/g resin) and dried in

vacuo. Final loading L of the AA was determined by Equation 2:

_ (m;—m,;)x1000
(MW-Mpyc))xmy

2

L = loading [mmol/g]; m2 = mass of loaded resin [g]; m+ = mass of unloaded resin [g]; MW = molecular weight of
AA [g/mol]; Muci = molecular weight of HCI [g/mol].

Amide Bond Formation by Coupling to a Resin-Bound Amine (GP2a): For conjugation of a
building block to a resin-bound peptide with an unprotected amine, a mixture of TBTU (1.5 eq.)
with HOAt (1.5 eq.) was used for pre-activation of the carboxylic acid (1.5 eq.) with DIPEA (4.5 eq.)
or, in the case of pre-activating amino acids prone to racemization, like diamino propionic acid
and derivatives thereof, 2,4,6-trimethylpyridine (sym-collidine, 6.0 eq.) as a base in DMF (10 mL/g
resin). After 10 min at rt, the solution was added to the swollen resin. If not otherwise stated in the
respective synthesis protocols, the conjugation step was carried out at rt for a period of 2 h. After

the reaction, the resin was washed with DMF (6 x 5 mL/g resin).

Amide Bond Formation by Coupling to a Resin-Bound Carboxylic Acid (GP2b): For
conjugation of a building block to the resin-bound peptide with an unprotected carboxylic acid, a
mixture of TBTU (1.5 eq.) with HOAt (1.5 eq.) and DIPEA (6.0 eq.) dissolved in DMF (10 mL/g resin)
was added to the resin for pre-activation. After 20 min at rt, a solution of the amino acid with an
unprotected amine (2.0 eq.) in DMF (2 mL/g resin) was added to the resin. If not otherwise stated
in the respective synthesis protocols, the conjugation step was carried out at rt for a period of 2 h.

After the reaction, the resin was washed with DMF (6 x 5 mL/g resin).

Amide Bond Formation by Coupling Succinic Anhydride to a Resin-Bound Amine (GP2c): For
conjugation of succinic anhydride to a resin-bound peptide with an unprotected amine, a mixture
of succinic anhydride (7.0 eq.) with DIPEA (7.0 eq.) in DMF (10 mL/g resin) was added to the resin.
After 3 h at rt, the resin was washed with DMF (6 x 5 mL/g resin).

On-Resin Acetylation (GP2d): A mixture of NMP/acetic anhydride/DIPEA (v/v/v = 85:10:5) was

added to the resin for 15 min. Afterwards, the resin was washed with DMF (6 x 5 mL/g resin).
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On-Resin Fmoc-Deprotection (GP3): The resin-bound Fmoc-peptide was treated with 20%
piperidine in DMF (v/v, 8 mL/g resin) for 5 min and subsequently for 15 min. Afterwards, the resin

was washed thoroughly with DMF (8 x 5 mL/g resin).

On-Resin Dde-Deprotection in Absence of Fmoc-Groups (GP4a): The Dde-protected peptide
was dissolved in a solution of 2% hydrazine monohydrate in DMF (v/v, 5 mL/g resin) and shaken

for 20 min. After deprotection the resin was washed with DMF (8 x 5 mL/g resin).

On-Resin Dde-Deprotection in Presence of Fmoc-Groups (GP4b): In the case of present
Fmoc-groups, Dde-deprotection of peptides bound to the 2-CTC resin was performed by adding
a solution of imidazole (0.92 g/g resin), hydroxylamine hydrochloride (1.26 g/g resin) in NMP
(5.0 mL/g resin) and DMF (1.0 mL/g resin) for 3 h at room temperature. After deprotection the resin

was washed with DMF (8 x 5 mL/g resin).

Peptide Cleavage off the Resin with Concomitant Cleavage of Acid-Labile Protecting
Groups (GP5a): To cleave the peptide from the resin with concomitant cleavage of acid-labile
protecting groups, the fully protected resin-bound peptide was dissolved in a mixture of
TFA/TIPS/water (v/v/v; 95/2.5/2.5) and shaken for 30 min. The solution is filtered off and the resin
is treated in the same way for another 30 min. Both filtrates were combined and stirred for
additional 1-24 h at rt. Product formation was monitored by HPLC. After removing TFA under a

stream of nitrogen, the residue was dissolved in a mixture of tBuOH and water and freeze-dried.

Peptide Cleavage off the Resin under Preservation of Acid-Labile Protecting Groups (GP5b):
To cleave the peptide from the resin under preservation of acid-labile protecting groups, the fully
protected resin-bound peptide was dissolved in a mixture of 1,1,1,3,3,3-hexafluoro-2-
propanol/DCM (v/v; 1/4) and shaken for 1 h. The solution was filtered off and the resin was treated
in the same way for another 1 h. Both filtrates were combined and concentrated under a stream

of nitrogen. The residue was dissolved in a mixture of tBuOH and water and freeze-dried.

On-Resin Allyl-/Alloc-Deprotection (GP6): The Allyl-/Alloc-protected, resin-bound peptide was
dissolved in a mixture of phenylsilane (24 eq) and Pd(PPhs)s (0.1 eq.) in DCM (5 mL/g resin) and
kept dark during the reaction for 20 min. The solution was filtered off and the resin was treated in
the same way for another 20 min. To remove residual black palladium, the resin was washed
alternately with sodium diethyldithiocarbamate in DMF (0.5 wt%, 5 mL/g resin) and 0.5% DIPEA
in DMF (5 mL/g resin), each solution 3 x 5min. Afterwards the resin was further washed with DMF

(8 x 5 mL/g resin).
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On-Resin Urea Bond Formation (GP7): For binding motifs deviant from Glu-urea-Glu (EuE)
compounds, the synthesis of X-urea-Glu compounds, e.g. Lys-urea-Glu (KuE), was carried out in
a similar way as an on-resin approach. A solution of (S)-di-tert-butyl-2-(1H-imidazole-1-
carboxamido)pentanedioate (chapter 11.3.1, 2.0 eq.) in 1,2-dichloroethane (DCE, 5 mL/g resin)
was added to the resin-bound peptide. The suspension was cooled on ice for 30 min and TEA
(3.0 eq.) was added. The suspension was heated to 40 °C and stirred gently overnight. After

reaction, the resin was washed with DMF (6 x 5 mL/g resin).
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3. Synthesis of Building Blocks

3.1. PSMA Binding Motifs and Functionalized Amino Acids

(S)-5-(tert-Butoxy)-4-(3-((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)ureido)-5-
oxopentanoic acid ((tBuO)EUuE(OtBu).) (prepared according to Wurzer et al.(126))

tB O(S)H H(S)O tB
VN t-Bu
Y :

o

I

. By
B0 0% “oH

Chemical Formula: Cy3H49N2Og
Molecular Weight: 488,58

Di-tert-butyl (1H-imidazole-1-carbonyl)-L-glutamate (i): A solution of 20 mL DCM containing
2.0g (7.71 mmol, 1.0 eq.) di-tert-butyl-L-glutamate-HCI was cooled on ice for 30 min and
afterwards treated with 2.69 mL TEA (19.28 mmol, 2.5 eq.) and 3.3 mg (0.3 mmol, 0.04 eq.) DMAP.
After additional stirring for 5 min, 1.38 g (8.84 mmol, 1.1 eq.) of 1,1'-carbonyldiimidazole (CDI)
dissolved in DCM were slowly added over a period of 30 min. The reaction mixture was further
stirred overnight and enabled to warm to rt. The reaction was stopped using 8 mL saturated
NaHCO; with concomitant washing steps of water (2 x 30 mL) and brine (2 x 30 mL) and dried
over Na,SO4. The remaining solvent was removed in vacuo and the crude product (S)-di-tert-

butyl 2-(1H-imidazole-1-carboxamido) pentanedioate (i) was used without further purification.

5-Benzyl 1-(tert-butyl) (((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)-L-glutamate
(ii): In 20 mL 1,2-dichloroethane (DCE) 2.72 g (7.71 mmol, 1.0 eq.) of the crude product (S)-di-tert-
butyl-2-(1H-imidazole-1-carboxamido)pentanedioate (i) were dissolved and cooled on ice for
30 min. To this solution were added 2.15 mL (15.42 mmol, 2.0 eq.) TEA and 2.54 g (7.71 mmol,
1.0 eq.) H-L-Glu(OBzl)-OtBu-HCI and the solution was stirred overnight at 40 °C. The remaining
solvent was evaporated and the crude product purified using silica gel flash-chromatography with
an eluent mixture containing EtOAc/hexane/TEA (v/v/v =500:500:0.8). After removal of the
solvent, 5-benzyl-1-(tert-butyl)-(((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)-L-gluta-

mate (ii) was obtained as a colorless ail.

(tBuO)EUE(OtBu) (iii): To synthesize (tBuO)EUE(OtBu)., 3.17 g (5.47 mmol, 1.0 eq.) of 5-benzyl-
1-(tert-butyl)-(((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-yl)carbamoyl)-L-glutamate (i) were
dissolved in 75 mL EtOH and 0.34 g (0.57 mmol, 0.1 eq.) palladium on activated charcoal (10%)
were given to this solution. The flask containing the reaction mixture was initially purged with Hy
and the solution was stirred over night at rt under light H.-pressure (balloon). The crude product
was filtered through celite and the solvent evaporated in vacuo. The product (iii) was obtained as
a hygroscopic solid (84%). RP-HPLC (10 to 90% B in 15 min): tg = 11.3 min. K’ = 5.3.
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ESI-MS (positive): calculated monoisotopic mass (CosHioN2Og): 488.3; found: m/z = 489.4 [M+H]*,
516.4 [M+Na]*.
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Scheme 1: Synthesis of (tBuO)EuE(OtBu)2: a) DCI, TEA, DMAP, 0 °C to rt, overnight (DCM); b) H-L-Glu(OBzl)-
OtBu-HCI, TEA, 0 to 40 °C, overnight (DCE); c) Pd/C (10%), Hz, rt, overnight (EtOH).

(tBuO)KUuE(OtBu): (prepared according to Weineisen et al. (151))

tBu i S H II:II S i t-Bu
\O?/ T | )
0 z
tBu< \H
(XN ]
NH,

Chemical Formula: Cy4H45N307
Molecular Weight: 487,64

6-(Benzyloxy)carbonyl-1-(tert-butyl) (((S)-1,5-di-tert-butoxy-1,5-dioxopentan-2-

yl)carbamoyl)-L-lysinate (i): In 20 mL 1,2-dichloroethane (DCE) 2.72 g (7.71 mmol, 1.0 eq.) of the
crude product (S)-di-tert-butyl-2-(1H-imidazole-1-carboxamido)pentanedioate (see synthesis of
(tBuO)EUE(OtBu),) were dissolved and cooled on ice for 30 min. To this solution were added
2.15mL (15.42 mmol, 2.0 eq.) TEA and 2.87 g (7.71 mmol, 1.0 eq.) H-L-Lys(Z)-OtBu-HCI and the
solution was stirred overnight at 40 °C. The remaining solvent was evaporated and the crude
product purified using silica gel flash-chromatography with an eluent mixture containing
EtOAc/hexane/TEA (v/v/v = 500:500:0.8). After removal of the solvent, (i) was obtained as a

colorless oil.

(tBuO)KUuE(OtBu). (ii): To synthesize (tBuO)KuE(OtBu),, 3.40 g (5.47 mmol, 1.0 eq.) of (i) were
dissolved in 75 mL EtOH and 0.34 g (0.57 mmol, 0.1 eq.) palladium on activated charcoal (10%)
were given to the solution. The flask containing the reaction mixture was initially purged with Hy
and the solution was stirred over night at rt under light H.-pressure (balloon). The crude product

was filtered through celite and the solvent evaporated in vacuo. The product (ii) was obtained as
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a hygroscopic solid (92%). RP-HPLC (10 to 90% B in 15 min): tz = 12.6 min. K’ = 6.4. ESI-MS
(positive): calculated monoisotopic mass (C24HasNsO7): 487.6; found: m/z = 488.3 [M+H]*, 510.3
[M+Na]*.

o N tBu A s N @ tBu
5 ol N(/ tBu AN N N Q- tBu
Bu.

© bl

(e}
t-Bu. t Bu

tBu
i ii

Scheme 2: Synthesis of (tBuO)KuE(OtBu)2: a) H-L-Lys(Z)-OtBu-HCI, TEA, 0 to 40 °C, overnight (DCE); b) Pd/C
(10%), Ha, rt, overnight (EtOH).

Sn(n-Bu);-BA-(tBuO)KUuE(OtBu).
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Chemical Formula: C43H75N30gSn
Molecular Weight: 880,80

The stannylated precursor for the radiosynthesis of ['2%]]I-BA-KUE was kindly provided within our
group. As described previously (157,152) 86.4 mg (tBuO)KuE(OtBu), (0,18 mmol, 1.2 eq.) and
75.0 mg N-succinimidyl 4-(tri-n-butylstannyl)benzoate were dissolved in 1.5 mL DCM and 92.6 pL
TEA (0.66 mmol, 4.5 eq.) were added. After stirring for 12 h at rt, the reaction was stopped by
addition of 50 mL H.O. The organic phase was separated and all volatiles were removed under
reduced pressure to obtain the crude product as pale-yellow oil (91%). The obtained precursor
was used without further purification. RP-HPLC (20 to 40% B in 20 min): tr = 12.5 min. K’ = 4.7.
ESI-MS (positive): calculated monoisotopic mass (CsH7sN3OsSn): 881.5; found: m/z = 882.7
[M+H]*, 1764.5 [2M+H]".

Fmoc-(L-Pro);-OH

N OY%
Fmoc” s) =

(S) (s)o OH
o

Chemical Formula: C33H33N30¢
Molecular Weight: 531,61

2-CTC resin was loaded with Fmoc-L-Pro-OH (GP1). The obtained loading of <0.8 mmol/g was

sufficient to avoid undesired Fmoc-deprotection during the following coupling steps endangered
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by the secondary amine of the resin-bound proline. After alternating Fmoc-deprotection (GP3) and
coupling with Fmoc-L-Pro-OH for 3 h at rt (modified GP2a), the Fmoc-protected tripeptide was
cleaved off the resin (GP5a). The solvent was removed under nitrogen stream and the crude
product was purified by RP-HPFC. The lyophilized product was obtained as colorless solid (35%).
RP-HPLC (10 to 90% B in 15 min): tg = 10.0 min. K’ =4.6. ESI-MS (positive): calculated
monoisotopic mass (CsoHs3sN3Oe): 531.2; found: m/z = 532.3 [M+H]*.

H-p-Lys(Dde)-OAll

Dde.
®>NH

!

HoN(R) o\AII
¢}
Chemical Formula: C;gH3gN,0O4
Molecular Weight: 350,46

The not commercially available amino acid was synthesized by allylation of Fmoc-D-Lys(Dde)-OH
based on a published procedure used for the conversion of Fmoc-L-Lys(Boc)-OH to H-L-Lys(Boc)-
OAIl (153). Briefly, allylation of Fmoc-D-Lys(Dde)-OH (266.3 mg, 0.5 mmol, 1.0 eq.) was achieved
by use of excess Allyl bromide (1.2 mL, 14 mmol, 28 eq.) and DIPEA (170 yL, 1 mmol, 2.0 eq.) in
1 mL MeCN for 4 h at 40 °C. The solvent was removed under reduced pressure and the crude
product was dissolved in 5 mL EtOAc, followed by washing with 3 x 3 mL HCI (1 M in H0),
2 x 2 mL NaHCO; (saturated in H.O) and 1 x 2 mL brine solution. The organic phase was dried
over MgSO4, filtered and concentrated under reduced pressure.

The residue was dissolved in 5 ml piperidine/DCM (v/v = 1:4) and stirred for 30 min for Fmoc-
deprotection. The volatiles were removed under reduced pressure The residue was purified by
RP-HPFC and the lyophilized product was obtained as colorless solid (73%). RP-HPLC (10 to
90% B in 15 min): tzg = 6.7 min. K’ =2.8. ESI-MS (positive): calculated monoisotopic mass
(C19H30N204): 350.2; found: m/z = 351.5 [M+H]*.

Fmoc-[L-Ser(OtBu)];-OH

F—Bu

o)
v 9 o @
S, S,
Fmoc/NQLN (s) N%OH
oH g
"o o
t-Bu t-Bu

Chemical Formula: C3gH51N30g
Molecular Weight: 669,82
2-CTC resin was loaded with Fmoc-L-Ser(OtBu)-OH (GP1). After alternating Fmoc-deprotection
(GP3) and coupling with Fmoc-L-Ser(OtBu)-OH for 3 h (modified GP2a), the Fmoc-protected

tripeptide was cleaved off the resin (GP5b). The solvent was removed under reduced pressure
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and the crude product was purified by RP-HPFC. The lyophilized product was obtained as
colorless solid (23%). RP-HPLC (10 to 90% B in 15 min): tz = 15.5 min. K’ = 7.7. ESI-MS (positive):
calculated monoisotopic mass (CssHs1N3Og): 669.4; found: m/z = 699.7 [M+H]*.

Fmoc-L-Ser(OtBu)-Gly-Gly-OH

b 0 b ©
Fmoc/N{;S)LN/ﬁ(N\)kOH
= H O
o
t-Bu
Chemical Formula: CygH31N305
Molecular Weight: 497,55

2-CTC resin was loaded with Fmoc-Gly-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-Gly-OH
(GP2a). Fmoc was cleaved (GP3) and the resin-bound peptide was left to react with Fmoc-L-
Ser(OtBu)-OH (GP2a). The tripeptide was cleaved off the resin under preservation of acid-labile
protecting groups (GP5b). The solvent was removed under reduced pressure and the crude
product was purified by RP-HPFC. The lyophilized product was obtained as colorless solid (28%).
RP-HPLC (10 to 90% B in 15 min): tz = 10.9 min. K’ =5.1. ESI-MS (positive): calculated
monoisotopic mass (CzsHs1N3O7): 497.2; found: m/z = 498.1 [M+H]*.

3.2. Silicon-Based Fluoride Acceptor (SiFA) Building Blocks

All moisture- and oxygen-sensitive reaction steps of SiFA building blocks described in this chapter
and indicated by the use of dry, anhydrous solvents were performed in dried reaction vessels

under positive argon pressure using standard Schlenk techniques.

4-(Di-tert-butylfluorosilyl)benzoic acid ((4-SiFA)Bz-OH)

(prepared according to Wurzer et al. and lovkova et al. with minor modifications (152,154))

F
t-Bu t-B
u 4 u

(@) OH
Chemical Formula: C45H»3FO,Si
Molecular Weight: 282,43

((4-Bromobenzyl)oxy)(tert-butyl)dimethylsilane (i): To a stirred solution of 4-
bromobenzylalcohol (4.68 g, 25.0 mmol, 1.0 eq.) in anhydrous DMF (70 mL) imidazole (2.04 g,
30.0 mmol, 1.2 eq.) and TBDMSCI (4.52 g, 30.0 mmol, 1.2 eq.) were added and the resulting
mixture was stirred at room temperature (rt) for 16 h. The mixture was then poured into ice-cold
H20O (250 mL) and extracted with Et,O (5 x 50 mL). The combined organic fractions were washed

with sat. ag. NaHCO; (2 x100 mL) and brine (100 mL), dried, filtered and concentrated in vacuo to
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give the crude product which was purified by flash column chromatography (silica, 5%
EtOAc/petrol) to give i as a colorless oil (7.18 g, 95%). RP-HPLC (50 to 100% B in 15 min): tg =
15 min. K’ =7.4.

Di-tert-butyl[4-((tert-butyldimethylsilyloxy)methyl)phenyl]fluorosilane (ii): At —-78 °C under
magnetic stirring, a solution of tBuLi in pentane (7.29 mL, 1.7 mol/L, 12.4 mmol 2.4 eq.) was added
to a solution of ((4-bromobenzyl)oxy)(tert-butyl)dimethylsilane (i) (1.56 g, 5.18 mmol, 1.0 eq.) in dry
THF (15 mL). After the reaction mixture had been stirred for 30 min at -78 °C, the suspension
obtained was added dropwise over a period of 30 min to a cooled (-78 °C) solution of di-tert-
butyldifluorosilane (1.12 g, 6.23 mmol, 1.2 eq.) in dry THF (10 mL). The reaction mixture was
allowed to warm to room temperature over a period of 12 h and then hydrolyzed with saturated
aqueous NaCl solution (100 mL). The organic layer was separated and the aqueous layer was
extracted with diethyl ether (3 x 50 mL). The combined organic layers were dried over magnesium
sulfate and filtered. The filtrate was concentrated in vacuo to afford ii as a yellowish oil (1.88 g,
95%). It was used for subsequent reactions without further purification. RP-HPLC (50 to 100% B
in 20 min): tz = 19.0 min. K’ = 9.7.

4-(Di-tert-butylfluorosilanyl)benzyl alcohol (iii): A catalytic amount of concentrated aqueous
HCI (0.5 mL) was added to a suspension of ii (1.88 g, 4.92 mmol, 1.0 eq.) in methanol (50 mL). The
reaction mixture was stirred for 18 h at room temperature and then the solvent and the volatiles
were removed under reduced pressure. The residue was redissolved in diethyl ether (40 mL) and
the solution was washed with saturated aqueous NaHCO; solution. The aqueous layer was
extracted with diethyl ether (3 x 50 mL). The combined organic layers were dried over magnesium
sulfate and filtered. The filtrate was concentrated in vacuo to afford iii as a yellowish oil (1.29 g,
98%) that solidified. The product was used without further purification. RP-HPLC (50 to 100% B
in 15 min): tz = 8.2 min. K’ = 3.6.

4-(Di-tert-butylfluorosilyl)benzoic acid ((4-SiFA)Bz-OH, iv): At rt, 5.8 g KmnO, (86.7 mmol,
1.5 eq.) were dissolved in H>O and added to a solution of of iii (6.61 g, 24.6 mmol, 1.0 eq.), tBuOH
(65 mL), dichloromethane (9 mL), and 1.25 M NaH,PO4-H-O buffer (36 mL) at pH 4.0-4.5. After the
mixture had been stirred for 25 min, it was cooled on ice for 10 min, whereupon excess KMnO,
(7.8 g, 49.2 mmol, 2.0 eq.) was added. The reaction mixture was stirred for 2 h on ice and
subsequently allowed to warm to rt for 30 min. The reaction was then quenched by the addition
of saturated aqueous Na,SOs solution (50 mL). Upon addition of 2 M aqueous HCI, all of the MnO,
dissolved. The resulting solution was extracted with diethyl ether (3 x 100 mL). The combined
organic layers were washed with saturated aqueous NaHCOj solution, dried over MgSQs, filtered,
and concentrated under reduced pressure to provide a white solid, which was purified by
recrystallization from Et.O/n-hexane (1:3, for 12 h) to give iv (2.57 g, 37%). 'H NMR (300 MHz,
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CDCly): & [ppm] = 8.10 (d, 2H 3J('H,'H) = 8.1 Hz; Hy), 7.74 (d, 2H, 3J('H,'H) = 8.1 Hz; Ho), 1.07 (s,
18H; CCHg); BC{'H} NMR (101 MHz, DMSO-Ds): & [ppm]=167.2 (s; COOH), 138.3 (d,
2J("3C,"F) = 14 Hz; Cy), 133.8 (d, %J("3C,"F) = 4 Hz; C,), 132.1 (s; C)), 128.3 (s; Co), 26.9 (s; CCHy),
19.7 (d, 2J(®C,'°F) =12 Hz; CCHa); 'F{2°Si} NMR (376 MHz, DMSO-D¢): & [ppm] = -187.2;
29Si{TH}INEPT NMR (79 MHz, DMSO-Ds): & [ppm] = 14.1 (d, "J('°F,2°Si) = 299 Hz). RP-HPLC (50 to
100% B in 15 min): tz = 8.5 min. K’ = 3.8. ESI-MS (positive): calculated monoisotopic mass
(C15H2sFO,Si): 282.15; found: m/z = 283.2 [M+H]*, 265.2 [M—H.O+H]".

F F F
t-Bu. ! t-Bu t-Bu. ! t-Bu t-Bu. ! t-Bu

Br
Si Si
a b c d
R —— —_— E— —_—

HO TBDMSO
TBDMSO HO 0~ OH

Br

i ii iii iv

Scheme 3: Synthesis of (4-SiFA)Bz-OH (iv): a) TBDMSCI, imidazole, rt, 16 h (DMF); b) tBulLi, tBuzSiF2, —78 °C to
rt, overnight (THF); c) HCI, rt, 18 h (MeOH); d) KMnQs, 0 °C to rt, 2.5 h (DCM/tBuOH/ NaH2POs-H:0 buffer).

3-(Di-tert-butylfluorosilyl)benzoic acid ((3-SiFA)Bz-OH)

F
t-Bu_ ! -t-Bu
Si

S

o
Chemical Formula: C15H,3FO,Si
Molecular Weight: 282,43

Di-tert-butylfluoro(3-tolyl)silane (i): A solution of 342 mg 3-bromo-toluene (2.0 mmol, 1.0 eq.) in
6 mL dry THF was cooled to 78 °C and 2.59 mL of tBulLi (4.40 mmol, 1.6 M in pentane, 2.2 eq.)
were added dropwise and stirred for 30 min at =78 °C. The reaction mixture was then added to a
solution of 397 mg of di-tert-butyldifluorosilane (2.20 mmol, 1.1 eq.) in 4.0 mL THF at -78 °C and
stirred overnight allowing to warm to rt under pressure control. The reaction was stopped by
addition of 40 mL brine. The aqueous layer was extracted with Et,O (3 x 20 mL), combined organic
phases were dried over MgSO, and the solvent was removed under reduced pressure to obtain

the crude product as yellow oil. The mixture was used in the next step without further purification.

3-(Di-tert-butylfluorosilyl)benzoic acid ((3-SiFA)Bz-OH, ii): To a solution of the complete crude
product (i) (@assumption: 2.0 mmol, 1.0 eq.) in 6.4 mL tBuOH/DCM (v/v= 7/1) were added 8.1 mL
of a NaHPO4-H->0O solution (20.0 mmol, 1.25 M in H.0, 10.0 eq.). To the solution 1.89 g KMnO,
(12.0 mmol, 6.0 eq.) were added at rt, the reaction mixture was carefully heated stepwise to 75 °C
and stirred for 24 h. The reaction was quenched by the addition of a saturated aqueous NaSOs

solution (15 mL). Concentrated aqueous HCI (5 mL) was added to completely dissolve MnO.. The
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solution was extracted with EtoO (8 x 40 mL), the combined organic phases were dried over
MgSO, and the solvent removed under reduced pressure. The crude product was purified by
HPFC and lyophilized to obtain ii (140 mg, 0.5 mmol, 25% over 2 steps) as colorless solid. 'H NMR
(400 MHz, CDCls): & [ppm] = 8.36 (s, 1H; Har2), 8.16 (dt, 1H, 3J('H,'H) = 7.8 Hz, “J('H,'H) = 1.6 Hz;
Hare), 7.86 (dt, 1H, 3J('H,'H) = 7.4 Hz, “J('H,"H) = 1.3 Hz; Har4), 7.51 (t, 1H, 3J(*H,'H) = 7.6 Hz; Ha-
5), 1.08 (s, 18H; CCHg); *C{'H} NMR (101 MHz, DMSO-Dg): & [ppm] = 167.3 (s; COOH), 137.8 (d,
8J("3C,"F) = 4 Hz; Car-4), 134.1 (d, 3J("3C,"®F) = 4 Hz; Car-2), 133.1 (d, 2J("3C,"®F) = 14 Hz; Car3), 130.7
(s; Care), 130.1 (s; Cars), 128.2 (s; Ca-1),26.9 (s; CCHs), 19.7 (d, 2J("*C,"F) = 12 Hz; CCHa);
19F{29Si} NMR (376 MHz, DMSO-De): & [ppm] = —187.3; 2°Si{'H}INEPT NMR (79 MHz, DMSO-Dg):
§ [ppm] = 13.8 (d, 'J(°F,2°Si) = 298 Hz). RP-HPLC (50 to 100% B in 15 min): ta= 9.2 min. K’ = 4.2.
ESI-MS (positive): calculated monoisotopic mass (CisH23sFO,.Si): 282.15; found: m/z =
283.3 [M+H]*, 266.3 [M—H,O+H]*.

F
F t-Bu ! t-Bu
Br t—Bu\S\i/t-Bu Si
_a_ b 4 2
OH
6 0

Scheme 4: Synthesis of (3-SiFA)Bz-OH (ii): a) tBuLi, tBuzSiF2, =78 °C to rt, overnight (THF) b) KMnQsa, 75 °C, 24 h
(DCM/tBuOH/NaH2PO4-H20 buffer).

3-(Di-tert-butylfluorosilyl)-5-((allyloxy)carbonyl)benzoic acid (AllO-(5-SiFA)Ip-OH)

t-B ":tB
-bBu ! -1-Bu
Si

WOT(@OH

0 (0]
Chemical Formula: C1gH,7FO4Si
Molecular Weight: 366,50

Di-tert-butyl(3,5-dimethylphenyl)fluorosilane (i) A solution of 4.54g 1-bromo-3,5-
dimethylbenzene (25.1 mmol, 1.0 eq.) in 73.1 mL dry THF was cooled to —78 °C and 34.7 mL of
tBuLi (55.5 mmol, 1.6 Min pentane, 2.2 eq.) were added dropwise and stirred for 30 min at-78 °C.
The reaction mixture was then added to a solution of 5.0 g of di-tert-butyldifluorosilane
(27.7 mmol, 1.1 eq.) in 49.1 mL THF at -78 °C and stirred overnight while allowing to warm to rt
under pressure control. The reaction was stopped by addition of 100 mL brine. The aqueous layer
was extracted with Et,O (3 x 100 mL), combined organic phases were dried over MgSQO, and the
solvent was removed under reduced pressure to obtain i (6.6 g, 24.8 mmol, 99 %) as a colorless
solid. 'TH NMR (500 MHz, CDCl,): d [ppm] = 7.19 (s, 2H; H,), 7.04 (s, 1H; H,), 2.33 (s, 6 H; CHs),
1.06 (s, 18 H; CCHs;). RP-HPLC (50 to 100% B in 15 min, 100% B for 10 min): tz = 16.4 min.
K =8.2.
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5-(Di-tert-butylfluorosilyl)isophthalic acid ((5-SiFA)Ip-OH, ii): To a solution of 1.1 g di-tert-
butyl(3,5-dimethylphenyl)fluorosilane (i) (4.0 mmol, 1.0 eq.) in 16.8 mL {BuOH/DCM (v/v= 3.5/1)
were added 16.0 mL of a NaH>PO4-H,O solution (40.0 mmol, 2.5 M in H>O, 10.0 eq.). To the
solution 7.6 g KMnO, (48.0 mmol, 12.0 eq.) were added at rt, the reaction mixture was carefully
heated stepwise to 75 °C and stirred for 24 h. The reaction was quenched by the addition of a
saturated aqueous NaSQOs; solution (50 mL). Concentrated aqueous HCI (10 mL) was added to
completely dissolve MnO,. The solution was extracted with Et,O (3 x 100 mL), the combined
organic phases were dried over MgSO, and the solvent removed under reduced pressure to obtain
ii (1.3 g, 4.0 mmol, 100%) as a colorless solid. '"H NMR (400 MHz, DMSO-Dg): 6 ppm = 8.53 {t,
1H, “J(H,'H) =1.7 Hz; Ha-), 8.32 (d,2H, “J('H,'H) =1.6 Hz; Hars-), 1.03(s, 18 H; CHys);
BC{'H} NMR (101 MHz, DMSO-De¢): 6 [ppm] = 166.5 (s; COOH), 137.9 (d, 3J(*C,'F) = 4 Hz;
Char-46), 134.0 (d, 2J("3C,"F) = 14 Hz; Car.s), 131.4 (s; Car-2), 130.8 (s; Car-1,-3), 26.8 (s; CCH3), 19.7 (d,
2J('3C,"°F) = 12 Hz; CCHg); *F{2°Si} NMR (376 MHz, DMSO-Dg): & [ppm] = -187.1; 2°Si{'H}INEPT
NMR (79 MHz, DMSO-Dg): 6 [ppm] = 13.8 (d, 'J(*°F,2°Si) = 299 Hz). RP-HPLC (50 to 100% B in
15 min): tg= 5.7 min. K’ = 2.20. ESI-MS (positive): calculated monoisotopic mass (C1sH23FO.Si):
326.13; found: m/z = 327.2 [M+H]*, 309.2 [M-H,O+H]".

3-((Allyloxy)carbonyl)-5-(di-tert-butylfluorosilyllbenzoic acid (AllO-(5-SiFA)Ip-OH, iii): A
suspension of 1.0 g 5-(di-tert-butylfluorosilyl)isophthalic acid (ii) (3.1 mmol, 1.0eq.) and 1.3 g
K2COs3 (9.2 mmol, 3.0 eq.) in 300 mL DMF was cooled to 0 °C and a solution of 185.0 mg Allyl
bromide (132.0 pL, 1.5 mmol, 0.5 eq.) in 10.0 mL DMF was slowly added over 20 min. The mixture
was stirred overnight at rt. Subsequently, the mixture was filtered and all volatiles of the filtrate
were removed under reduced pressure. The residue was dissolved in 100 mL HCI (1 M) and the
aqueous layer was extracted with Et,O (3 x 200 mL). The combined organic phases were dried
over MgSO, and the solvent was removed under reduced pressure. The crude product was
purified by HPFC and lyophilized to yield iii as colorless solid (250.9 mg, 684.6 mmol, 19 %).
"H NMR (400 MHz, DMSO-Dg): & [ppm] =8.57 (t, 1H, *J('H,"H) = 1.5 Hz; Hare), 8.36 (t, 1H,
4J('H,"H) = 1.5 Hz; Har-2), 8.34 (t, 1H, “J('H,'H) = 1.5 Hz; Har4), 6.07 (ddt, 1H, 3J('H,'H) = 17.3, 10.7,
5.5 Hz; CH~CH=CH,), 5.41 (dd, 1H, 3J('H,'H) = 17.2 Hz, 2J('H,'H) = 1.7 Hz; CH.-CH=CH.- (E)),
5.30 (dd, 1H, 3J('H,"H) = 10.3 Hz, 2J('H,'H) = 1.6 Hz; CH~CH=CH, (2)), 4.85 (d, 2H, 3J('H,'H) =
5.6 Hz; CH-~CH=CHy), 1.03 (s, 18H; CCHj5); *C{'H} NMR (101 MHz, DMSO-Dg): 5 [ppm] = 166.3
(COOH), 164.6 (CO-OAIll), 138.3 (d, 3J('®C,"*F) = 4 Hz; Car4), 137.6 (d, 3J(*®C,"°F) = 4 Hz; Cars),
134.3 (d, 2J("3C,'°F) = 14 Hz; Cars), 132.4 (CH~CH=CHy), 131.2 (Car-2), 131.0 (Car-1), 129.7 (Car-3),
118.2 (CH~CH=CH,), 65.6 (CH.—~CH=CHy), 26.8 (s; CCHs), 19.7 (d, 2J("*C,'®F) = 12 Hz; CCHj);
OF{29Si} NMR (376 MHz, DMSO-De): 6 [ppm] = —187.0; 2°Si{'H}INEPT NMR (79 MHz, DMSO-De):
8 [ppm] = 13.8 (d, 'J(*°F,2°Si) = 299 Hz). RP-HPLC (50 to 100% B in 15 min): tz= 10.4 min. K’ = 4.8.
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t- Bu\ ‘ /t Bu t-Bu\S‘i/t—Bu
t- Bu\ /t Bu
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Scheme 5: Synthesis of AllO-(5-SiFA)Ip-OH (iii): a) tBuLi, tBuzSiF2, =78 °C to rt, overnight (THF) b) KMnOs, 75 °C,
24 h (DCM/tBuOH/NaH2PQO4-H-0 buffer), c) Allyl-Br, K2COs, 0 °C to rt, overnight (DMF).

42



II. MATERIAL AND METHODS

4. Synthesis of PSMA Ligands

4.1. Synthesis of Reference Ligands
DCIBzL (I-BA-KuE) (70)

(o}

HN)K©\
COOH |
N

O

HOOC?;”JkH($COOH

Chemical Formula: C4gH24IN3Og
Molecular Weight: 549,32

2-CTC resin was loaded with Fmoc-L-Lys(Dde)-OH (GP1). After Fmoc-deprotection (GP3), on-
resin urea bond formation was conducted using di-tert-butyl (1H-imidazole-1-carbonyl)-L-
glutamate (GP7). The Lys-sidechain was Dde-deprotected (GP4a) and 4-iodobenzoic acid was
coupled (GP2a). The peptide was cleaved from the resin (GP5a) and the dried crude product was
purified by RP-HPLC. RP-HPLC (20 to 40% B in 15 min): tz = 14.5 min. K’ = 7.1. ESI-MS (positive):
calculated monoisotopic mass (C19H24IN3Og): 549.1; found: m/z = 549.4 [M+H]*.

PSMA-617 (Benesova et al. (98); purchased from MedChemExpress (Monmouth Junction, USA))

HOOC  /—COOH >—\ /—\N/—<

(S)

N \ / \_<
(S)N H
(S)
HOOC

Chemlcal Formula: C49H71NgO4g
Molecular Weight: 1042,15

PSMA I&T (prepared according to Weineisen et al. (99) and kindly provided within our group)

(S) N (5) |
HO,

%%

HO._O j

/\/\/\
T(\/\/\)L G) Nk/ (R) N)K/\;/
; COOH

Chemical Formula: CgzHg,IN11O03
Molecular Weight: 1498,39
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rhPSMA-7.3

Chemical Formula: CenggFN120258i
Molecular Weight: 1471,63

The reference ligand rhPSMA-7.3 was prepared according to the published protocol (726). RP-
HPLC (10 to 70% B in 15 min): tz = 10.0 min. K’ = 4.7. ESI-MS (positive): calculated monoisotopic
mass (CesHeoFN12025Si): 1470.7; found: m/z = 1471.4 [M+H]*, 736.7 [M+2H]?*.

rhPSMA10.1

PN o HO._0
O ® NN o~ ANEN N N{ PH
S N RNy
EH H H > o o
HN™
o
tBu.
U/S‘i
t-Bu

Chemical Formula: C60H95FN120238i
Molecular Weight: 1399,56

The reference ligand rhPSMA-10.1 was prepared according to the published protocol (725). RP-
HPLC (10 to 70% B in 15 min): tz = 9.9 min. K’ = 4.0. ESI-MS (positive): calculated monoisotopic
mass (CeoHasFN12023Si): 1398.6; found: m/z = 1399.6 [M+H]*, 700.6 [M+2H]2+.

4.2. Synthesis of Ligands Aiming for Metabolic Instability (Ml)

Mi-1

H H t-Bu
HOOC(SLN.__N.(sL.COOH _Si

DI tBu” L o) o

o = HO = . <

COOH \©\ HN Ho AN NS oH

07 NH o) Y o ) [ j
Oﬁ\“'@/\/\N)K/\/\/N 5 N)K/N 5 N)WN\_/N OH
OH H o H o H PN o
07 oH

Chemical Formula: C74H9gFN{3055Si
Molecular Weight: 1590,79
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2-CTC resin was loaded with Fmoc-D-Lys(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBuO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Lys-sidechain was Dde-deprotected
(GP4a) and subsequently, the amino acids Fmoc-Ahx-OH, Fmoc-L-Tyr(OtBu)-OH and Fmoc-Gly-
OH were alternately coupled (GP2a) and Fmoc-deprotected (GP3). Next, Fmoc-D-Dap(Dde)-OH
was conjugated using sym-collidine (GP2a). The Dde-group was removed in the presence of Fmoc
(GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a). Subsequently, the Fmoc-group
was removed (GP3), (S)-DOTAGA(tBu), was coupled to the resin-bound peptide for 3 h at rt
(modified GP2a) and the peptide was cleaved off the resin under concomitant deprotection of
acid-labile groups (GP5a). The cleaved, dried crude product was purified by RP-HPLC. After
lyophilization, the product was obtained as colorless solid (22%). RP-HPLC (10 to 90% B in
15min): tz = 8.7 min. K =3.9. ESI-MS (positive): calculated monoisotopic mass
(C71H108FN13025Si): 1589.7; found: m/z = 1589.4 [M+H]*, 795.2 [M+2H]?*.

MI-2
H H t-Bu
HOOC(SLN.__N(5L.COOH B S

B -bu

0 :L o) >\_\ —\ /_{

. o e /\/\I [ j
w
o%}w‘ K/\/ N S N)K/ (R) N)WN \_<
OH

Chemical Formula: C65H102FN130268|
Molecular Weight: 1528,68

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBUO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) and conjugated to succinic anhydride (GP2c). To the carboxylic acid, Fmoc-L-Lys-
OtBu-HCI was coupled (GP2b) followed by Fmoc-deprotection (GP3). Fmoc-Gly-OH was coupled
following GP2a and the peptide was Fmoc-deprotected (GP3). Next, Fmoc-D-Dap(Dde)-OH was
conjugated using sym-collidine (GP2a). The Dde-group was removed in the presence of Fmoc
(GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a). Subsequently, the Fmoc-group
was removed (GP3), (S)-DOTAGA(tBu): was coupled to the resin-bound peptide for 3 h at rt
(modified GP2a) and the peptide was cleaved off the resin under concomitant deprotection of
acid-labile groups (GP5a). The cleaved, dried crude product was purified by RP-HPLC. After
lyophilization, the product was obtained as colorless solid (31%). RP-HPLC (10 to 90% B in
15min): tz = 8.3 min. K =3.7. ESI-MS (positive): calculated monoisotopic mass
(CesH102FN13026Si): 1527.7; found: m/z = 1529.4 [M+H]*, 765.5 [M+2H]?*.
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MI-3
H H t-Bu
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Chemical Formula: C65H102FN13OZGSi
Molecular Weight: 1528,68

The Synthesis was carried out using the same procedure as described for MI-2 (see above) except
for the coupling of Fmoc-L-Lys(OtBu)-HCI. For the synthesis of MI-3, the corresponding D-amino
acid was coupled instead. After lyophilization, the product was obtained as colorless solid (28%).
RP-HPLC (10 to 90% B in 15 min): tz = 8.3 min. K'=3.7. ESI-MS (positive): calculated
monoisotopic mass (CesH102FN13026Si): 1527.7; found: m/z = 1527.3 [M+H]*, 764.2 [M+2H]?*.

Ml-4

H H
HOOC.(s) NTN@COOH
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HO N

N OH
Jo0 et
t-Bu \S‘i o [¢]

{—Bu
Chemical Formula: C71H;13FN4057Si
Molecular Weight: 1641,84

OH 0]

2-CTC resin was loaded with Fmoc-L-Lys(Dde)-OH (GP1). The Dde-group was cleaved (GP4b)
and (S)-DOTAGA(tBu)s was conjugated to the resin for 3 h (modified GP2a). After Fmoc-
deprotection (GP3), attachment of Fmoc-Gly-OH was realized by a prolonged coupling reaction
(GP2a) for 3 h. Fmoc-D-Dap(Dde)-OH (2.0 eq.) was coupled using sym-collidine (GP2a). The
following orthogonal Dde-deprotection was done using GP4b. (4-SiFA)Bz-OH was reacted with
the free amine of the sidechain (GP2a). After Fmoc-deprotection with piperidine (GP3), Fmoc-Ahx-
OH was coupled to the resin-bound peptide (GP2a). After another Fmoc-deprotection (GP3),
Fmoc-GABA-OH (2.0 eq.) was coupled to the resin for 2 h after pre-activation with HOAt (2.0 eq.),
TBTU (2.0 eq.) and DIPEA (6.0 eq.) in DMF for 10 min (modified GP2a). The peptide was Fmoc-
deprotected (GP3) and Fmoc-D-Glu-OtBu was conjugated (GP2a). After a final Fmoc-deprotection
(GP3), (tBUO)EUE(OfBu), (2.0 eq.) was coupled with HOAt (2.0 eq.), TBTU (2.0 eq.) and DIPEA
(6.0 eq.) in DMF for 3 h (modified GP2a). The peptide was cleaved off the resin (GP5a) and purified
by RP-HPLC. After lyophilization, the product was obtained as colorless solid (13%).
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RP-HPLC (10 to 90% B in 15 min): t = 8.5 min. K’ =3.8. ESI-MS (positive): calculated
monoisotopic mass (C71H113FN14027Si): 1640.8; found: m/z = 1642.2 [M+H]*, 821.7 [M+2H]?*.

MI-5
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H H ]
HOOC.(S.N N (J COOH

T t-Bu F O 0

AR o
COOH [ j N
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H

Chemlcal Formula: CGZHQSFN13024S|
Molecular Weight: 1456,62

The synthesis was conducted with the same procedure as described for MI-2 with the only
difference in using DOTA(tBu)4 instead of DOTAGA(tBu)4 for the last coupling step. The peptide
was cleaved off the resin (GP5a) and purified by RP-HPLC. After lyophilization, the product was
obtained as colorless solid (17%). RP-HPLC (10 to 90% B in 15 min): ts = 8.4 min. K’ = 3.7. ESI-
MS (positive): calculated monoisotopic mass (Ce2HasFN13024Si): 1455.7; found: m/z = 1457.3
[M+H]*, 729.3 [M+2H]?".

4.3. Synthesis of Branched Linker Constructs (BLC) for HSA Binding

Modulation

BLC-1

O
O (0]
HOOC I/\/ H
N R R / N\ / é
(S) W N R NH/\M (i) NT(\EN N M

j O
HN — ;{)
(S) /@O 4 >
HOOC COOH (s) tBu.
(S) (S) t Bu

Chemical Formula: C44gH{76FN2303¢Si
Molecular Weight: 2515.85
2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH according to GP1. The Dde-group was
cleaved (GP4b) off the sidechain and the deprotected amine was left to react with a solution of
succinic anhydride (GP2c). The coupled succinic acid was Allyl-protected using Allyl bromide
(30 eq.) in DMF (10 mL/g resin) for 16 h. Fmoc-deprotection was conducted (GP3). In the next
step, Fmoc-D-Lys(Dde)-OH was coupled (GP2a). After subsequent Fmoc-deprotection (GP3),
(tBuO)EUE(OtBu)2 (2.0 eq.) was conjugated with HOAt (2.0 eq.), TBTU (2.0 eq.) and DIPEA (6.0 eq.)
in DMF for 3 h (modified GP2a). After the following Dde-deprotection at the Lys-sidechain (GP4b),
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alternating tripeptide-coupling (modified GP2a) with Fmoc-(L-Pro)s-OH (2.0 eq.), HOAt (2.0 eq.),
TBTU (2.0 eq.) and DIPEA (6.0 eq.) in DMF for 3 h and Fmoc-deprotection (GP3) was performed
to install the nonapeptidyl-linker. The terminal proline was acetylated (GP2d) and the Allyl-group
of the succinic acid was cleaved (GP6). Fmoc-D-Lys(OtBu)-HCI| was attached to the peptide-
bound succinic acid (GP2b). Next, Fmoc-D-Dap(Dde)-OH was conjugated using sym-collidine
(GP2a). The Dde-group was removed in the presence of Fmoc (GP4b) and (4-SiFA)Bz-OH was
coupled to the sidechain (GP2a). Subsequently, the Fmoc-group was removed (GP3), (S)-
DOTAGA(tBu), was coupled to the resin-bound peptide for 3 h at rt (modified GP2a) and the
peptide was cleaved off the resin under concomitant deprotection of acid-labile groups (GP5a).
The cleaved, dried crude product was purified by RP-HPLC. After lyophilization, the product was
obtained as colorless solid (1.3%). RP-HPLC (10 to 90% B in 15 min): tz = 8.1 min. K’ = 3.6. ESI-
MS (positive): calculated monoisotopic mass (C116H176FN23036Si): 2514.2; found: m/z = 1256.9
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Chemical Formula: C44gH176FN2303¢Si
Molecular Weight: 2515.85

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBUuO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) and conjugated to Fmoc-D-Lys(Dde)-OH (GP2a). The Fmoc-group was cleaved (GP3) and
the deprotected amine was left to react with succinic anhydride (GP2c). The coupled succinic acid
was Allyl-protected using Allyl bromide (30 eq.) in DMF for 16 h. After the following Dde-
deprotection at the Lys-sidechain (GP4b), coupling of the tripeptide Fmoc-(L-Pro)s-OH (2.0 eq.)
with HOAt (2.0 eq.), TBTU (2.0 eq.) and DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) and Fmoc-
deprotection (GP3) was performed alternately to install the nonapeptidyl-linker. The terminal
proline was acetylated (GP2d) and the Allyl-group of the succinic acid was cleaved (GP6). Fmoc-
D-Lys(OtBu)-HCI was attached to the peptide-bound succinic acid (GP2b). Next, Fmoc-D-
Dap(Dde)-OH was conjugated using sym-collidine (GP2a). The Dde-group was removed in the

presence of Fmoc (GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a). Subsequently,
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the Fmoc-group was removed (GP3), (S)-DOTAGA(tBu)s was coupled to the resin-bound peptide
for 3 h at rt (modified GP2a) and the peptide was cleaved off the resin under concomitant
deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was purified by RP-
HPLC. After lyophilization, the product was obtained as colorless solid (1.5%). RP-HPLC (10 to
90% B in 15 min): tg = 7.7 min. K’ =3.3. ESI-MS (positive): calculated monoisotopic mass
(C116H176FN23036Si): 2514.2; found: m/z = 1256.6 [M+2H]?*.
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Chemical Formula: Cq4gH176FN23036Si
Molecular Weight: 2515.85

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBuO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) and conjugated to succinic anhydride (GP2c). To the carboxylic acid, H-D-Lys(Dde)-OAll
was coupled (GP2b) followed by a modified Dde-deprotection with an addition of Allyl alcohol
(100 eq.) to the deprotection solution (GP4a). The installation of the nonapeptidyl-linker was
performed by alternately coupling the tripeptide Fmoc-(L-Pro)s-OH (2.0 eq.) with HOAt (2.0 eq.),
TBTU (2.0 eq.) and DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) and Fmoc-deprotection (GP3).
The terminal proline was acetylated (GP2d) and the Lys-carboxylate was deprotected (GP6).
Fmoc-D-Lys(OtBu)-HCI was attached to the peptide (GP2b). Next, Fmoc-D-Dap(Dde)-OH was
conjugated using sym-collidine (GP2a). The Dde-group was removed in the presence of Fmoc
(GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a). Subsequently, the Fmoc-group
was removed (GP3), (S)-DOTAGA(tBu), was coupled to the resin-bound peptide for 3 h at rt
(modified GP2a) and the peptide was cleaved off the resin under concomitant deprotection of
acid-labile groups (GP5a). The cleaved, dried crude product was purified by RP-HPLC. After
lyophilization, the product was obtained as colorless solid (2.6%). RP-HPLC (10 to 90% B in 15
min): tz = 8.4 min. K’ = 3.7. ESI-MS (positive): calculated monoisotopic mass (C116H176FN23036Si):
2514.2; found: m/z = 1257.0 [M+2H]?*.
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Chemical Formula: Cy1gH176FN23036Si
Molecular Weight: 2515.85

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBuO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) and conjugated to succinic anhydride (GP2c). To the carboxylic acid, Fmoc-L-Lys-
OtBu-HCI was coupled (GP2b) followed by Fmoc-deprotection (GP3). Fmoc-D-Dap(Alloc)-OH was
conjugated to the resin-bound peptide (GP2a). Next, Fmoc-D-Dap(Dde)-OH was conjugated using
sym-collidine (GP2a). The Dde-group was removed in the presence of Fmoc (GP4b) and (4-
SiFA)Bz-OH was coupled to the sidechain (GP2a). Subsequently, the Fmoc-group was removed
(GP3), (S)-DOTAGA(tBu)s was coupled to the resin-bound peptide for 3 h at rt (modified GP2a).
The Lys-sidechain was Alloc-deprotected (GP6) and the installation of the nonapeptidyl-linker was
performed by alternately coupling the tripeptide Fmoc-(L-Pro)s-OH (2.0 eq.) with HOAt (2.0 eq.),
TBTU (2.0 eq.) and DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) and Fmoc-deprotection (GP3).
The terminal proline was acetylated (GP2d) and the peptide was cleaved off the resin under
concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was
purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid (1.2%). RP-
HPLC (10 to 90% B in 15 min): tz = 8.3 min. K’ = 3.7. ESI-MS (positive): calculated monoisotopic
mass (C116H176FN23036Si): 2514.2; found: m/z = 1256.9 [M+2H]?*.
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Chemical Formula: C116H176FN2303GSi
Molecular Weight: 2515.85

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBUO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) and conjugated to succinic anhydride (GP2c). To the carboxylic acid, Fmoc-L-Lys-
OtBu-HCI was coupled (GP2b) followed by Fmoc-deprotection (GP3). Next, Fmoc-D-Dap(Dde)-
OH was conjugated using sym-collidine (GP2a). The Dde-group was removed in the presence of
Fmoc (GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a). Subsequently, the Fmoc-
group was removed (GP3), and Fmoc-D-Lys(Dde)-OH was conjugated (GP2a). The Fmoc-group
was cleaved (GP3) and (S)-DOTAGA(tBu). was coupled to the resin-bound peptide for 3 h at rt
(modified GP2a). After the following Dde-deprotection at the Lys-sidechain (GP4a), coupling of
the tripeptide Fmoc-(L-Pro)s-OH (2.0 eq.) with HOAt (2.0 eq.), TBTU (2.0 eq.) and DIPEA (6.0 eq.)
in DMF for 3 h (modified GP2a) and Fmoc-deprotection (GP3) was performed alternately to install
the nonapeptidyl-linker. The terminal proline was acetylated (GP2d) and the peptide was cleaved
off the resin under concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried
crude product was purified by RP-HPLC. After lyophilization, the product was obtained as
colorless solid (5.4%). RP-HPLC (10 to 90% B in 15 min): tz = 7.4 min. K’ = 3.2. ESI-MS (positive):
calculated monoisotopic mass (C116H176FN23036Si): 2514.2; found: m/z = 1256.9 [M+2H]?*.
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BLC-6

Chemical Formula: CggH458FN23045Si
Molecular Weight: 2425.51

The synthesis was conducted analog to BCL-5, as described above. Instead of the nonaprolyl
linker, a nonaseryl linker was conjugated to the Dde-deprotected Lys-sidechain by alternately
coupling of the tripeptide Fmoc-[L-Ser(OtBu)]s-OH (2.0 eq.), HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) and Fmoc-deprotection (GP3). Although different
amounts of tripeptide and prolonged reaction time were investigated, the tripeptide-couplings with
Fmoc-[L-Ser(OtBu)s]-OH did not show complete conversion. The terminal serine was acetylated
(GP2d) and the peptide was cleaved off the resin under concomitant deprotection of acid-labile
groups (GP5a). The cleaved, dried crude product was purified by RP-HPLC. After lyophilization,
the product was obtained as colorless solid (2.9%). RP-HPLC (1010 90% B in 15 min): tz = 7.5 min.
K’ = 3.2. ESI-MS (positive): calculated monoisotopic mass (CesH1ssFN23045Si): 2424.1; found:
m/z = 1213.7 [M+2H]?*.
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Chemical Formula: Ct;Lli|146FN230398i
Molecular Weight: 2245.35
The synthesis was conducted analog to BCL-5, as described above. Instead of the nonaprolyl
linker, a (L-Ser-Gly-Gly)s-linker was conjugated to the Dde-deprotected Lys-sidechain by
alternately coupling of the tripeptide Fmoc-L-Ser(OtBu)-Gly-Gly-OH (2.0 eq.), HOAt (2.0 eq.),
TBTU (2.0 eq.) and DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) and Fmoc-deprotection (GP3

The terminal serine was acetylated (GP2d) and the peptide was cleaved off the resin under

52



II. MATERIAL AND METHODS

concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was
purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid (3.6%). RP-
HPLC (10 to 90% B in 15 min): tz = 7.6 min. K’ = 3.3. ESI-MS (positive): calculated monoisotopic
mass (CezH146FN23039Si): 2244.0; found: m/z = 1123.3 [M+2H]?*.
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Chemical Formula: C:iuH150FN1503GSi
Molecular Weight: 2065.31

The synthesis was conducted analog to BLC-5, as described above. Instead of the nonaprolyl
linker, a PEGs-linker was conjugated to the Dde-deprotected Lys-sidechain (modified GP2a) using
Fmoc-NH-PEGs-propionic acid (2.0 eq.), HOAt (2.0 eq.), TBTU (2.0 eq.) and DIPEA (6.0 eq.) in
DMF for 3 h. The Fmoc-group was cleaved (GP3) and the terminal amine was acetylated (GP2d).
The peptide was cleaved off the resin under concomitant deprotection of acid-labile groups
(GP5a). The cleaved, dried crude product was purified by RP-HPLC. After lyophilization, the
product was obtained as colorless solid (8.9%). RP-HPLC (10 to 90% B in 15 min): tg = 8.2 min.

= 3.6. ESI-MS (positive): calculated monoisotopic mass (CeoH150FN15036Si): 2064.0; found: m/z
= 1034.1 [M+2H]?*.
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Chemical Formula: C124H183F|N230368i
Molecular Weight: 2745.89
The synthesis was conducted analog to BLC-5, as described above. Instead of the acetylation

step, coupling of 4-(p-iodophenyl)butyric acid (2.0 eq.) with HOAt (2.0 eq.), TBTU (2.0 eq.) and
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DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) was performed. The peptide was cleaved off the
resin under concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude
product was purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid
(7.9%). RP-HPLC (10 to 90% B in 15 min): tz = 11.8 min. K’ = 5.6. ESI-MS (positive): calculated
monoisotopic mass (C124H183FIN23036Si): 2744.2; found: m/z = 1371.8 [M+2H]?*.
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Chemical Formula: C106H165F|N230458i
Molecular Weight: 2655,59

The synthesis, described as follows, resulted in a mixture of which the shown product could not
be isolated. The synthesis was conducted analog to BLC-6, as described above. Instead of the
acetylation step, coupling of 4-(p-iodophenyl)butyric acid (2.0 eq.) with HOAt (2.0 eq.), TBTU
(2.0 eq.) and DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) was performed. The peptide was
cleaved off the resin and dried under nitrogen stream (GP5a). The attempt to purify the dried crude
product by RP-HPLC was insufficient. The product could not be separated from deletion peptides

formed due to incomplete couplings with Fmoc-[L-Ser(OtBu)]s-OH.
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Chemical Formula: CqgoH53FIN23039Si
Molecular Weight: 2475.40
The synthesis was conducted analog to BLC-7, as described above. Instead of the acetylation
step, coupling of 4-(p-iodophenyl)butyric acid (2.0 eq.) with HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF for 3 h (modified GP2a) was performed. The peptide was cleaved off the
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resin under concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude
product was purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid
(8.0%). RP-HPLC (10 to 90% B in 15 min): ts = 8.9 min. K’ = 4.0. ESI-MS (positive): calculated
monoisotopic mass (C1ooH153FIN23039Si): 2473.9; found: m/z = 1236.5[M+2H]?*.

BLC-12

Hoon}N “\:LOOH /@Mf </\>\)L % 7 /_<

COOH Ho. O j
0%1 @/\/ N /\/\/(@ )k/ (R) N)K/\(S}N N%
oH HN 07 0H

(6]
t-Bu '\:
“Si

Chemical Formula: C::I:157FIN15035Si
Molecular Weight: 2295.36

The synthesis was conducted analog to BLC-8, as described above. Instead of the acetylation
step, coupling of 4-(p-iodophenyl)butyric acid (2.0 eq.) with HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF for 3 h (GP2) was performed. The peptide was cleaved off the resin under
concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was
purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid (11%). RP-
HPLC (10 to 90% B in 15 min): tz = 10.3 min. K’ = 4.8. ESI-MS (positive): calculated monoisotopic
mass (CesH157FIN15036Si): 2294.0; found: m/z = 1147.1 [M+2H]?*.

4.4. Synthesis of Ligands with Reduced Net Charge (RNC)
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Chemical Formula: C7gH92FN11050Si
Molecular Weight: 1464,73

Iz

2-CTC resin was loaded with Fmoc-L-Lys(Dde)-OH according to GP1. The Fmoc-group was
cleaved (GP3) and a urea bond was formed with di-tert-butyl (1H-imidazole-1-carbonyl)-L-
glutamate (2.0 eq.) and TEA (3.0 eq.) in DCE at 40 °C overnight (GP7). Dde-deprotection was
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conducted (GP4a) and subsequently, Fmoc-L-2-Nal-OH and Fmoc-tranexamic acid were
attached to the resin-bound peptide by alternately coupling (GP2a) and Fmoc-deprotection (GP3).
Next, Fmoc-D-Dap(Dde)-OH was conjugated using sym-collidine (GP2a). The Dde-group was
removed in the presence of Fmoc (GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a).
Subsequently, the Fmoc-group was removed (GP3), (S)-DOTAGA(tBu), was coupled to the resin-
bound peptide for 3 h at rt (modified GP2a) and the peptide was cleaved off the resin under
concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was
purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid (23%). RP-
HPLC (10 t0o 90% B in 15 min): tz = 10.1 min. K’ = 4.7. ESI-MS (positive): calculated monoisotopic
mass (CzoH102FN11020Si): 1463.7; found: m/z = 1463.4 [M+H]*, 732.3 [M+2H]?*.

RNC-2

HOOC COOH

Chemical Formula: C74H40gFN12054Si
Molecular Weight: 1549,83

2-CTC resin was loaded with Fmoc-L-Lys(Dde)-OH according to GP1. The Fmoc-group was
cleaved (GP3) and a urea bond was formed with di-tert-butyl (1H-imidazole-1-carbonyl)-L-
glutamate (2.0 eq.) and TEA (3.0 eq.) in DCE at 40 °C overnight (GP7). Dde-deprotection was
conducted (GP4a) and subsequently, Fmoc-L-2-Nal-OH, Fmoc-tranexamic acid and Fmoc-
GABA-OH were attached to the resin-bound peptide by alternately coupling (GP2a) and Fmoc-
deprotection (GP3). Next, Fmoc-D-Dap(Dde)-OH was conjugated using sym-collidine (GP2a). The
Dde-group was removed in the presence of Fmoc (GP4b) and (4-SiFA)Bz-OH was coupled to the
sidechain (GP2a). Subsequently, the Fmoc-group was removed (GP3), (S)-DOTAGA({Bu): was
coupled to the resin-bound peptide for 3 h at rt (modified GP2a) and the peptide was cleaved off
the resin under concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude
product was purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid
(28%). RP-HPLC (10 to 90% B in 15 min): tz = 10.0 min. K’ = 4.6. ESI-MS (positive): calculated
monoisotopic mass (C74H109FN12021Si): 1548.8; found: m/z = 1548.4 [M+H]*, 774.8 [M+2H]?*.
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Chemical Formula: C75H410gFN120,3Si
Molecular Weight: 1593,84

The synthesis was conducted analog to the synthesis of RNC-2 (see above) with the only
difference in coupling Fmoc-D-Glu-OtBu (GP2a) instead of Fmoc-GABA-OH. After completion of
the resin-bound peptide sequence, the peptide was cleaved off the resin under concomitant
deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was purified by RP-
HPLC. After lyophilization, the product was obtained as colorless solid (35%). RP-HPLC (10 to
90% B in 15 min): tz = 9.8 min. K’ =4.5. ESI-MS (positive): calculated monoisotopic mass
(C75H109FN12025Si): 1592.8; found: m/z = 1592.9 [M+H]*, 797.1 [M+2H]?*.

RNC-4

Chemical Formula: CggH136FN15056Si
Molecular Weight: 1888.20
The synthesis was conducted analog to the synthesis of RNC-2 (see above) with the only
difference in coupling Fmoc-NH-PEGs-propionic acid instead of Fmoc-GABA-OH. After
completion of the resin-bound peptide sequence, the peptide was cleaved off the resin under
concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was
purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid (21%). RP-
HPLC (10 to 90% B in 15 min): tz = 9.8 min. K’ = 4.5. ESI-MS (positive): calculated monoisotopic
mass (CsoH139FN12029Si): 1887.0; found: m/z = 1888.6 [M+H]*, 944.7 [M+2H]?*.
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Chemical Formula: CgoHggFN120,3Si
Molecular Weight: 1427,62
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2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBUO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) and conjugated to Fmoc-b-Ala-OH (GP2a) with a subsequent Fmoc-deprotection (GP3).
Fmoc-Ahx-OH was coupled following GP2a and the peptide was Fmoc-deprotected (GP3). Next,
Fmoc-D-Dap(Dde)-OH was conjugated using sym-collidine (GP2a). The Dde-group was removed
in the presence of Fmoc (GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a).
Subsequently, the Fmoc-group was removed (GP3), (S)-DOTAGA(tBu)s was coupled to the resin-
bound peptide for 3 h at rt (modified GP2a) and the peptide was cleaved off the resin under
concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was
purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid (18%). RP-
HPLC (10 to 90% B in 15 min): tz = 8.5 min. K’ = 3.8. ESI-MS (positive): calculated monoisotopic
mass (Ce2HeoFN12023Si):1426.7; found: m/z = 1427.9 [M+H]*, 714.1 [M+2H]?*.

RNC-6

H H
HOOC(SLN.__N.(SL.COOH

T

(e}
COOH

gT)H@/\/ Y\/ 7(\/ T%JOK} T(\;G/_\ﬁ«

v %0 L
HO OH

}—/\_/
tBu\ (0] (0]

tBu
Chemical Formula: C62H99FN14024Si
Molecular Weight: 1471,63

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBUO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) followed twice by the conjugation of Fmoc-b-Ala-OH (GP2a) by alternate coupling steps

58



II. MATERIAL AND METHODS

(GP2a) and Fmoc-deprotection (GP3). Fmoc-b-Dap(Boc)-OH was coupled according to GP2a
using sym-collidine as base and the peptide was Fmoc-deprotected (GP3). Next, Fmoc-D-
Dap(Dde)-OH was conjugated, again using sym-collidine (GP2a). The Dde-group was removed in
the presence of Fmoc (GP4b) and (4-SiFA)Bz-OH was coupled to the sidechain (GP2a).
Subsequently, the Fmoc-group was removed (GP3), (S)-DOTAGA(tBu)s was coupled to the resin-
bound peptide for 3 h at rt (modified GP2a) and the peptide was cleaved off the resin under
concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried crude product was
purified by RP-HPLC. After lyophilization, the product was obtained as colorless solid (21%). RP-
HPLC (10 to 90% B in 15 min): tz = 8.0 min. K’ = 3.5. ESI-MS (positive): calculated monoisotopic
mass (Cs2HeoFN14024Si): 1470.7; found: m/z = 1471.9 [M+H]*, 736.3 [M+2H]?".

RNC-7

H H
HOOC (sLN.__N(5,.COOH

b

: o} o
o = Y\ X
HO N N OH
COOH 0P NH HoN o [ j
A H H H H OH
I e T S S Ay
OH o) o) o M >0 o)

HN

t-Bu F@O
“Si

{—Bu
Chemical Formula: CggHgsFN44055Si
Molecular Weight: 1399,57

The synthesis was conducted analog to the synthesis of RNC-6 (see above) with the only
difference in coupling DOTA(tBu). instead of DOTAGA({Bu).. After completion of the resin-bound
peptide sequence, the peptide was cleaved off the resin under concomitant deprotection of acid-
labile groups (GP5a). The cleaved, dried crude product was purified by RP-HPLC. After
lyophilization, the product was obtained as colorless solid (15%). RP-HPLC (10 to 70% B in 15
min): tzg = 9.8 min. K’ = 4.5. ESI-MS (positive): calculated monoisotopic mass (CsgHosFN14022Si):
1398.7; found: m/z = 1399.8 [M+H]*, 700.3 [M+2H]?*, 467.3 [M+H]*".

4.5. Synthesis of Ligands with Modified SiFA Moieties (MSM)

MSM-1

H H
HOOC (SLN.__N(sL.COOH

J ° 5
COOH SI\t-Bu
HN
(0]

Chemical Formula: Cy7H4,FN3OgSi
Molecular Weight: 583,73
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A similar synthesis of this compound was published previously.(7715) (4-SiFA)Bz-OH (4.2 mg,
14.9 pmol, 1.0 eq.) was pre-activated with HOAt (2.0 mg, 14.9 pmol, 1.0 eq.), TBTU (4.8 mg,
14.9 pmol, 1.0 eq.) and DIPEA (4.5 eq.) in 1 mL DMF for 15 min at rt. For coupling, 500 pL of a
solution of (tBuO)KUE(OtBu). (1.0 eq.) in DMF were added to the pre-activated SiFA building block
and stirred for 2 h at rt. Next, the solvent was evaporated under reduced pressure at 60 °C. The
residue was dissolved in 1 mL of TFA/TIPS/DCM (v/v/v = 95:2.5:2.5) and left to react for 1 h at rt.
Subsequently, the volatiles were removed under a stream of nitrogen, the dried crude product
was purified by RP-HPLC and lyophilized to obtain a colorless solid (3.24 mg, 5.55 mmol, 37%).
RP-HPLC (10 to 70% B in 15 min): ts= 11.7 min. K’ =5.6. ESI-MS (positive): calculated
monoisotopic mass (Co7H42FN3OsSi): 583.3; found: m/z = 583.8 [M+H]*.

MSM-2

H H
HOOC (§) NTN@COOH

B F
g/ O t-Bu\S‘i/t-Bu
COOH
HN

(0]
Chemical Formula: Cy7H4,FN3OgSi
Molecular Weight: 583,73

(3-SiFA)Bz-OH (4.2 mg, 14.9 ymol, 1.0 eq.) was pre-activated with HOAt (2.0 mg, 14.9 pmol,
1.0 eq.), TBTU (4.8 mg, 14.9 umol, 1.0 eq.) and DIPEA (4.5 eq.) in 1 mL DMF for 15 min at rt. For
coupling, 500 yL of a solution of (tBuO)KuE(OtBu). (1.0 eq.) in DMF were added to the pre-
activated SiFA building block and stirred for 2 h at rt. Next, the solvent was evaporated under
reduced pressure at 60°C. The residue was dissolved in 1mL of TFA/TIPS/DCM
(v/v/v = 95:2.5:2.5) and left to react for 1 h at rt. Subsequently, the volatiles were removed under
a stream of nitrogen, the dried crude product was purified by RP-HPLC and lyophilized to obtain
a colorless solid (7.92 mg, 13.57 pmol, 91%). RP-HPLC (10 to 70% B in 15 min): {z = 11.5 min.
K’ =5.5. ESI-MS (positive): calculated monoisotopic mass (C.7H42FN3OsSi): 583.3; found: m/z =
584.4 [M+H]*.

MSM-3
H H
HOOC.(S.N N@COOH
H F
B -Bu. ! t-B
g/ (0] t-Bu éit u
COOH
HN OH
o o

Chemical Formula: CogH4oFN304(Si
Molecular Weight: 627,74
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II. MATERIAL AND METHODS

2-CTC resin was loaded with Fmoc-L-Lys(Dde)-OH (GP1). The resin-bound amino acid was Fmoc-
deprotected (GP3). On-resin urea-bond formation was conducted with (S)-di-tert-butyl-2-(1H-
imidazole-1-carboxamido)pentanedioate according to GP7. The Lys-sidechain was Dde-
deprotected (GP4a) and AIIO-(5-SiFA)Ip-OH was coupled (GP2a). The peptide was Allyl-
deprotected (GP6) followed by cleaving off the resin with concomitant deprotection of acid-labile
protecting groups (GP5a). The cleaved, dried crude product was purified by RP-HPLC and
lyophilized to obtain a colorless solid (41%). RP-HPLC (10 to 70% B in 15 min): tz = 10.0 min.
K’ = 4.6. ESI-MS (positive): calculated monoisotopic mass (CosH42FN3O+10Si): 627.3; found: m/z =
627.8 [M+H]*.

MSM-4
H H H H
HOOC. (S) NTN{?)/COOH HOOC (S) NTN@COOH
B -Bu. ! _t-B 3
g/ (o] t-Bu éi t-Bu (0] ﬁ
COOH COOH
HN NH
(6] O

Chemical Formula: C4gHg1FNgO14Si
Molecular Weight: 929,04

(5-SiFA)Ip-OH (7.15 mg, 14.9 ymol, 1.0 eq.) was pre-activated with HOAt (4.1 mg, 29.8 pmol,
2.0 eq.), TBTU (9:6 mg, 29.8 uymol, 2.0 eq.) and DIPEA (9.0 eq.) in 1 mL DMF for 15 min at rt. For
coupling, 500 pL of a solution of (tBuO)KuE(OtBu). (14.5 mg, 29.8 umol, 2.0 eq.) in DMF were
added to the pre-activated SiFA building block and stirred for 2 h at rt. Next, the solvent was
evaporated under reduced pressure at 60 °C. The residue was dissolved in 1 mL of
TFA/TIPS/DCM (v/v/v = 95:2.5:2.5) and left to react for 1 h at rt. Subsequently, the volatiles were
removed under a stream of nitrogen, the dried crude product was purified by RP-HPLC and
lyophilized to obtain a colorless solid (1.43 mg, 1.54 ymol, 10%). RP-HPLC (10 to 70% B in
15 min): tzr = 8.8 min. K’ = 3.9. ESI-MS (positive): calculated monoisotopic mass (CsoHs1FNsO16Si):
928.4; found: m/z = 928.6 [M+H]*.
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MSM-5

tBu" T t-Bu
F

Chemical Formula: CG3H99FN12025Si
Molecular Weight: 1471,63

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBUO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected
(GP4a) and conjugated to succinic anhydride (GP2c). To the carboxylic acid, Fmoc-D-Lys-
OtBu-HCI was coupled (GP2b) followed by Fmoc-deprotection. Next, Fmoc-D-Dap(Dde)-OH was
conjugated using sym-collidine (GP2a). The Dde-group was removed in the presence of Fmoc
(GP4b) and (3-SiFA)Bz-OH was coupled to the sidechain (GP2a). Subsequently, the Fmoc-group
was removed (GP3), (S)-DOTAGA(tBu): was coupled to the resin-bound peptide for 3 h at rt
(modified GP2a) and the peptide was cleaved off the resin under concomitant deprotection of
acid-labile groups (GP5a). The cleaved, dried crude product was purified by RP-HPLC. After
lyophilization, the product was obtained as colorless solid (33%). RP-HPLC (10 to 70% B in
15 min): ts = 9.9 min. K’ = 4.6. ESI-MS (positive): calculated monoisotopic mass (CesHogFN12025Si):
1470.7; found: m/z = 1471.9 [M+H]*, 736.7 [M+2H]?*.

MSM-6
H H
HOOC (s) NTN@COOH
O sy

COOH o NH y 0 HO\?O o o " (@) OH o

Ox "@/\/N /\/\/\ /\/N /_<
N N ®N N I

OH (0] O j

) HO N N OH

t-Bu/?\:l\t-Bu O>/ — %

(@)

Chemical Formula: CgzHggFN45,055Si
Molecular Weight: 1471,63

2-CTC resin was loaded with Fmoc-D-Orn(Dde)-OH (GP1). After Fmoc-deprotection (GP3),
(tBuO)EUE(OtBuU). (2.0 eq.) was coupled to the amine using HOAt (2.0 eq.), TBTU (2.0 eq.) and
DIPEA (6.0 eq.) in DMF at rt for 3 h (modified GP2a). The Orn-sidechain was Dde-deprotected

(GP4a) and conjugated to succinic anhydride (GP2c). To the carboxylic acid, Fmoc-D-Lys-
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II. MATERIAL AND METHODS

OtBu-HCI was coupled (GP2b) followed by Fmoc-deprotection. Next, AllO-(5-SiFA)Ip-OH was
conjugated (GP2a) and Allyl-deprotected (GP6). Fmoc-EDA-HCI was coupled to the unprotected
carboxylic acid (GP2b). Subsequently, the Fmoc-group was removed (GP3), (S)-DOTAGA(tBu)s
was coupled to the resin-bound peptide for 3 h at rt (modified GP2a) and the peptide was cleaved
off the resin under concomitant deprotection of acid-labile groups (GP5a). The cleaved, dried
crude product was purified by RP-HPLC. After lyophilization, the product was obtained as
colorless solid (20%). RP-HPLC (10 to 70% B in 15 min): tr = 8.9 min. K’ = 4.0. ESI-MS (positive):
calculated monoisotopic mass (CesHooFN12025Si): 1470.7; found: m/z = 1471.4 [M+H]*, 736.2
[M+2H]?.
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II. MATERIAL AND METHODS

5. Synthesis of "?'Lu-DOTAGA and "'Lu-DOTA Complexes

The corresponding "Lu-complexes were prepared from a 2 mM solution of the PSMA inhibitor
(1.0 eq.) in DMSO with a 20 mM aqueous solution of LuUCls (2.5 eq.), heated to 95 °C for 30 min.

After cooling, the "Lu-chelate formation was confirmed using RP-HPLC and ESI-MS.

nat) y-Complexes of Reference Ligands (725)

natl y-PSMA-I&T: RP-HPLC (10 to 70% B in 15 min): tg = 7.2 min, K’ = 3.3. ESI-MS (positive):
calculated monoisotopic mass (CesHsolLUN11O23): 1669.5; found: m/z = 1670.5 [M+H]*, 1113.8
[2M+3H]3+.

natl y-PSMA-617: RP-HPLC (10 to 70% B in 15 min): tzg = 6.5 min, K’ = 2.8. ESI-MS (positive):
calculated monoisotopic mass (CagHssLUNgO1g): 1213.4; found: m/z = 1213.6 [M+H]*, 607.5
[M+2H]?+.

natl y-rhPSMA-7.3: RP-HPLC (10 to 70% B in 15 min): tz = 9.6 min, K’ = 3.8. ESI-MS (positive):
calculated monoisotopic mass (CesHesFLUN12025Si): 1642.6; found: m/z = 1643.4 [M+H]*, 822.3
[M+2H]?.

natl y-rhPSMA-10.1: RP-HPLC (10 to 70% B in 15 min): tg = 9.9 min, K’ = 4.0. ESI-MS (positive):
calculated monoisotopic mass (CeoHg2FLUN12023Si): 1570.6; found: m/z = 1571.8 [M+H]*, 786.2
[M+2H]?+.

natl y-Complexes of Ligands Aiming for Metabolic Instability (Ml)

nat] y-MI-1: RP-HPLC (10 to 90% B in 15 min): tz = 8.4 min. K’ = 3.7. ESI-MS (positive): calculated
monoisotopic mass (C71H1osFLUN13025Si): 1761.7; found: m/z = 1762.7 [M+H]*, 881.7 [M+2H]?*.

nat] y-MI-2: RP-HPLC (10 to 90% B in 15 min): tz = 8.1 min. K’ = 3.6. ESI-MS (positive): calculated
monoisotopic mass (CesHaeFLUN13026Si): 1699.6; found: m/z = 1702.2 [M+H]*, 851.2 [M+2H]?*.

nat] y-MI-3: RP-HPLC (10 to 90% B in 15 min): tz = 8.0 min. K’ = 3.5. ESI-MS (positive): calculated
monoisotopic mass (CesHaeFLUN13026Si): 1699.6; found: m/z =1700.6 [M+H]*, 850.7 [M+2H]?*.

nat] y-MI-4: RP-HPLC (10 to 90% B in 15 min): tz = 8.5 min. K’ = 3.8. ESI-MS (positive): calculated
monoisotopic mass (C71H110FLUN14027Si): 1812.7; found: m/z =1816.1 [M+H]*, 908.2 [M+2H]?".

nat] y-MI-5: RP-HPLC (10 to 90% B in 15 min): tz = 8.7 min. K’ = 3.9. ESI-MS (positive): calculated
monoisotopic mass (Ce2HesFLUN13024Si): 1627.6; found: m/z =1629.9 [M+H]*, 815.1 [M+2H]?*.
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natl y-Complexes of Branched Linker-Constructs (BLC) for Albumin Binding Modulation

natl y-BLC-1: HPLC (10 to 90% B in 15 min): tz = 8.0 min. K’ = 3.6. ESI-MS (positive): calculated
monoisotopic mass (C116H173FLUN23036Si): 2686.2; found: m/z = 1344.8 [M+2H]?*.

natl y-BLC-2: HPLC (10 to 90% B in 15 min): tg = 7.5 min. K’ = 3.2. ESI-MS (positive): calculated
monoisotopic mass (C116H173FLUN23036Si): 2686.2; found: m/z = 1344.9 [M+2H]?*.

natl y-BLC-3: HPLC (10 to 90% B in 15 min): tzg = 8.1 min. K’ = 3.6. ESI-MS (positive): calculated
monoisotopic mass (C116H173FLUN23036Si): 2686.2; found: m/z = 1344.8 [M+2H]?*.

natl y-BLC-4: HPLC (10 to 90% B in 15 min): tg = 8.0 min. K’ = 3.5. ESI-MS (positive): calculated
monoisotopic mass (C116H173FLUN23036Si): 2686.2; found: m/z = 1345.4 [M+2H]?*.

natl y-BLC-5: HPLC (10 to 90% B in 15 min): tzg = 7.3 min. K’ = 3.1. ESI-MS (positive): calculated
monoisotopic mass (C116H173FLUN23036Si): 2686.2; found: m/z = 1344.6 [M+2H]?*.

natl y-BLC-6: HPLC (10 to 90% B in 15 min): tzg = 7.1 min. K’ = 3.0. ESI-MS (positive): calculated
monoisotopic mass (CesH1s5F LUN23045Si): 2596.0; found: m/z = 1299.9 [M+2H]?*.

natl y-BLC-7: HPLC (10 to 90% B in 15 min): tzg = 7.2 min. K’ = 3.0. ESI-MS (positive): calculated
monoisotopic mass (Ce2H143FLUN23039Si): 2415.9; found: m/z = 1209.8 [M+2H]?*.

natl y-BLC-8: HPLC (10 to 90% B in 15 min): tg = 8.0 min. K’ = 3.5. ESI-MS (positive): calculated
monoisotopic mass (CeoH147FLUN15036Si): 2235.9; found: m/z = 1119.8 [M+2H]?*.

natl u-BLC-9: HPLC (10 to 90% B in 15 min): tzg = 9.4 min. K’ = 4.3. ESI-MS (positive): calculated
monoisotopic mass (C124H1s0FILUN23O36Si): 2916.1; found: m/z = 1458.3 [M+2H)?*.

natl y-BLC-11: HPLC (10 to 90% B in 15 min): tg = 8.7 min. K’ = 3.9. ESI-MS (positive): calculated
monoisotopic mass (C1ooH150FILUN23O30Si): 2645.9; found: m/z = 1323,9 [M+2H]?*.

natl y-BLC-12: HPLC (10 to 90% B in 15 min): tg = 9.8 min. K’ = 4.5. ESI-MS (positive): calculated
monoisotopic mass (CesH1s4FILUN15036Si): 2465.9; found: m/z = 1235.3 [M+2H]?*.

natl u-Complexes of Ligands with Reduced Net Charge (RNC)

natl y-RNC-1: RP-HPLC (10 to 90% B in 15 min): tzg = 9.7 min. K’ =4.4. ESI-MS (positive):
calculated monoisotopic mass (CraH10sFLUN12021Si): 1720.7; found: m/z = 1722.1 [M+H]*, 861.5
[M+2H]?+.

natl y-RNC-2: RP-HPLC (10 to 90% B in 15 min): tg = 9.5 min. K’ =4.3. ESI-MS (positive):
calculated monoisotopic mass (CrsH10sFLUN12023Si): 1764.7; found: m/z = 1765.5 [M+H]*, 883.3
[M+2H]?+.
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natl y-RNC-3: RP-HPLC (10 to 90% B in 15 min): t = 9.9 min
calculated monoisotopic mass (CroHgeFLUN11020Si): 1635.6; found
[M+2H]*.

natl u-RNC-4: RP-HPLC (10 to 90% B in 15 min): ts = 9.6 min

calculated monoisotopic mass (CsoH13sFLUN12029Si): 2058.9; found:

natl u-RNC-5: RP-HPLC (10 to 90% B in 15 min): tz = 8.5 min

. K =4.6. ESI-MS (positive):
: m/z = 1636.9 [M+H]*, 818.8

. K'=4.4. ESI-MS (positive):
m/z = 1031.3 [M+2H]?*.

. K'=3.8. ESI-MS (positive):

calculated monoisotopic mass (Ce2HgsFLUN12023Si): 1598.6; found: m/z = 1599.8 [M+H]*, 799.9

[M+2H]2+.

natl u-RNC-6: RP-HPLC (10 to 90% B in 15 min): tz = 8.5 min

calculated monoisotopic mass (Cs2HesFLUN14024Si): 1642.6; found:

[M+2H]?+.

natl u-RNC-7: RP-HPLC (10 to 70% B in 15 min): tz = 10.0 min

calculated monoisotopic mass (CseHg2FLUN1402:Si): 1570.6; found:

[M+2H]2*.

natl y-Complexes of Ligands with Modified SiFA Moieties (MSM)

natl u-MSM-5: RP-HPLC (10 to 70% B in 15 min): ts = 9.9 min

calculated monoisotopic mass (CssHesFLUN12025Si): 1642.6; found:

[M+2H]2+.

natl u-MSM-6: RP-HPLC (10 to 70% B in 15 min): ts = 8.9 min

calculated monoisotopic mass (CssHesFLUN12025Si): 1642.6; found:

[M+2H2.
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. K =3.8. ESI-MS (positive):
m/z = 1644.1 [M+H]*, 821.9

. K =4.6. ESI-MS (positive):
m/z = 1572.3 [M+H]*, 786.5

. K'=4.6. ESI-MS (positive):
m/z = 1644.6 [M+H]*, 822.7

. K'=4.0. ESI-MS (positive):
m/z = 1644.9 [M+H]*, 822.4
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6. Synthesis of SiFA Model Peptides (MPs)

(4-SiFA)Bz-Gly-L-Lys-OH (MP-1GK)

NH,

t‘-Bu

Fo
_Si
t-Bu H o
N OH
\)LN (S)
o H (e}

Chemical Formula: Cy3H3gFN3O4Si
Molecular Weight: 467,66

2-CTC-resin was loaded with Fmoc-L-Lys(Boc)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), (4-SiFA)Bz-OH was conjugated to the free amine (GP2a). The peptide was cleaved from
the resin under concomitant deprotection (GP5a) and isolated after lyophilization as colorless solid
(77%). *F{*°Si} NMR (376 MHz, DMSO-De¢): 6 [ppm] =-187.17; 2°Si{’"H}INEPT NMR (79 MHz,
DMSO-Dg): 6 [ppm] = 14.08 (d, 'J(*°F,2°Si) = 299 Hz). RP-HPLC (30 to 90% B in 15 min): tp =
7.4 min. K’ =3.2. ESI-MS (positive): calculated monoisotopic mass (CazsH3sFN304Si): 467.26;
found: m/z = 468.4 [M+H]*.

(4-SiFA)Bz-Gly-L-Asp-OH (MP-1GD)

F—Bu

Fo
Si COOH
tBu" e
N OH
\)LH (S)
o o

Chemical Formula: Cy1H34FN,O4Si
Molecular Weight: 454,57

2-CTC-resin was loaded with Fmoc-L-Asp(tBu)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), (4-SiFA)Bz-OH was conjugated to the free amine (GP2a). The peptide was cleaved from
the resin under concomitant deprotection (GP5a) and isolated after lyophilization as colorless solid
(86%). 'F{?°Si} NMR (376 MHz, DMSO-De¢): 6 [ppm] =-187.17; 2°Si{’"H}INEPT NMR (79 MHz,
DMSO-Dg): 6 [ppm] = 14.08 (d, 'J(*°F,%°Si) = 298 Hz). RP-HPLC (30 to 90% B in 15 min): tp =
9.1 min. K’ =4.1. ESI-MS (positive): calculated monoisotopic mass (Cz1H31FN2QeSi): 454.19;
found: m/z = 455.3 [M+H]*.
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(4-SiFA)Bz-Gly-L-Tyr-OH (MP-1GY)

OH
t-Bu
Fol

S
t-Bu” : H 0
N OH
\)‘LH S
[e]

o
Chemical Formula: CygH35FN,O5Si
Molecular Weight: 502,66

2-CTC-resin was loaded with Fmoc-L-Tyr(OtBu)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), (4-SiFA)Bz-OH was conjugated to the free amine (GP2a). The peptide was cleaved from
the resin under concomitant deprotection (GP5a) and isolated after lyophilization as colorless solid
(90%). '*F{?°Si} NMR (376 MHz, DMSO-De¢): 6 [ppm] =-187.12; 2°Si{’"H}INEPT NMR (79 MHz,
DMSO-Dg): 6 [ppm] = 14.09 (d, 'J(*°F,%°Si) = 298 Hz). RP-HPLC (30 to 90% B in 15 min): tp =
10.2 min. K’ =4.7. ESI-MS (positive): calculated monoisotopic mass (CzsHssFN2OsSi): 502.23;
found: m/z = 503.3 [M+H]*.

(3-SiFA)Bz-Gly-L-Lys-OH (MP-2GK)

NH,
t-Bu ’\: t-Bu
&
H O
N OH
s
O H o

Chemical Formula: Cp3H3gFN30,Si
Molecular Weight: 467,66

2-CTC-resin was loaded with Fmoc-L-Lys(Boc)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), (3-SiFA)Bz-OH was conjugated to the free amine (GP2a). The peptide was cleaved from
the resin under concomitant deprotection (GP5a) and isolated after lyophilization as colorless solid
(95%). '*F{?°Si} NMR (376 MHz, DMSO-De¢): 5 [ppm] =-186.90; 2°Si{’"H}INEPT NMR (79 MHz,
DMSO-Dg): 6 [ppm] = 13.98 (d, 'J(*°F,%°Si) = 298 Hz). RP-HPLC (20 to 90% B in 15 min): tp =
11.3 min. K’ =5.4. ESI-MS (positive): calculated monoisotopic mass (C23sHssFN3O4Si): 467.26;
found: m/z = 468.5 [M+H]*.

(3-SiFA)Bz-Gly-L-Asp-OH (MP-2GD)

F
t-Bu_i B
Ung oY 0

b0 OH
N OH
\)LN )
0 H o

Chemical Formula: C,1H31FN,OgSi
Molecular Weight: 454,57
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2-CTC-resin was loaded with Fmoc-L-Asp(OtBu)-OH (GP1). After Fmoc-deprotection (GP3),
Fmoc-Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-
deprotection (GP3), (3-SiFA)Bz-OH was conjugated to the free amine (GP2a). The peptide was
cleaved from the resin under concomitant deprotection (GP5a) and isolated after lyophilization as
colorless solid (79%). °F{2*Si} NMR (376 MHz, DMSO-Dg): 6 [ppm] = —186.90; 2°Si{'"H}INEPT NMR
(79 MHz, DMSO-Dg): & [ppm] = 13.98 (d, 'J(*°F,2°Si) = 298 Hz). RP-HPLC (20 to 90% B in 15 min):
tr = 10.3 min. K’ = 4.8. ESI-MS (positive): calculated monoisotopic mass (C21H31FN2OsSi): 454.19;
found: m/z = 455.4 [M+H]*.

(3-SiFA)Bz-Gly-L-Tyr-OH (MP-2GY)

F
t-Bu. ! -t-B OH
u di u

H O
N OH
S
0] O

Chemical Formula: CygH35FN,O5Si
Molecular Weight: 502,66

2-CTC-resin was loaded with Fmoc-L-Tyr(OtBu)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), (3-SiFA)Bz-OH was conjugated to the free amine (GP2a). The peptide was cleaved from
the resin under concomitant deprotection (GP5a) and isolated after lyophilization as colorless solid
(77%). *F{*°Si} NMR (376 MHz, DMSO-De¢): 5 [ppm] =-186.86; 2°Si{’'H}INEPT NMR (79 MHz,
DMSO-Dg): 6 [ppm] = 13.99 (d, 'J(*°F,%°Si) = 298 Hz). RP-HPLC (20 to 90% B in 15 min): tp =
8.8 min. K’ =3.9. ESI-MS (positive): calculated monoisotopic mass (CzsH3sFN2OsSi): 502.23;
found: m/z = 503.8 [M+H]*.

(5-SiFA)Ip-Gly-L-Lys-OH (MP-3GK)

NH,
t-Bu '\: t-Bu
&
H (0]
HO N OH
A
o O H O

Chemical Formula: Cy4H3gFN306Si
Molecular Weight: 511,67
2-CTC-resin was loaded with Fmoc-L-Lys(Boc)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), AlIO-(5-SiFA)Ip-OH was conjugated to the free amine (GP2a). Allyl-deprotection was
conducted (GP6), the peptide was cleaved from the resin under concomitant deprotection (GP5a)

and isolated after HPFC-based purification and lyophilization as colorless solid (25%).
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19F{29Sj} NMR (376 MHz, DMSO-Ds): § [ppm] = —186.66; 2°Si{'H}INEPT NMR (79 MHz, DMSO-Dg):
8 [ppm] = 13.96 (d, 'J("°F,2°Si) = 299 Hz). RP-HPLC (20 to 90% B in 15 min): tz = 9.6 min. K’ = 4.4.
ESI-MS (positive): calculated monoisotopic mass (CasHssFN3OsSi): 511.25; found: m/z =
512.1 [M+H]".

(5-SiFA)Ip-L-Lys-Gly-OH (MP-3KG)

t-Bu ’\: t-Bu
~di

(e]
H
HOYC\WN@L o
SN
o O \H (0]
NH,

Chemical Formula: Cy4H3gFN30gSi
Molecular Weight: 511,67

2-CTC-resin was loaded with Fmoc-Gly-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-L-
Lys(Boc)-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-
deprotection (GP3), AlO-(5-SiFA)lp-OH was conjugated to the free amine (GP2a). Allyl-
deprotection was conducted (GP6), the peptide was cleaved from the resin under concomitant
deprotection (GP5a) and isolated after RP-HPLC-based purification and lyophilization as colorless
solid (26%). RP-HPLC (20 to 90% B in 15 min): tz = 7.6 min. K’ = 3.3. ESI-MS (positive): calculated
monoisotopic mass (C24HssFN3O6Si): 511.25; found: m/z = 511.6 [M+H]*.

(5-SiFA)Ip-Gly-L-Asp-OH (MP-3GD)

t-Bu '\: t-Bu
&

o)
oo OH
HO N OH
\)kN (s)
o) 0 H o

Chemical Formula: CyoH31FN5OgSi
Molecular Weight: 498,58

2-CTC-resin was loaded with Fmoc-L-Asp(OtBu)-OH (GP1). After Fmoc-deprotection (GP3),
Fmoc-Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-
deprotection (GP3), AlO-(5-SiFA)lp-OH was conjugated to the free amine (GP2a). Allyl-
deprotection was conducted (GP6), the peptide was cleaved from the resin under concomitant
deprotection (GP5a) and isolated after HPFC-based purification and lyophilization as colorless
solid (38%). °F{?°Si} NMR (376 MHz, DMSO-De): & [ppm] = —186.65; 2°Si{'H}INEPT NMR (79 MHz,
DMSO-Dg): 6 [ppm] = 13.94 (d, 'J(*°F,%°Si) = 299 Hz). RP-HPLC (20 to 90% B in 15 min): tp =
8.6 min. K’ =3.8. ESI-MS (positive): calculated monoisotopic mass (CxH31FN2OsSi): 498.18;
found: m/z = 499.1 [M+H]*.
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(5-SiFA)Ip-Gly-L-Tyr-OH (MP-3GY)

F
t-Bu.J t-B OH
u 3 u

bW o
HO N OH
\).LH (S)
0]

(0] (0]
Chemical Formula: Cy7H35FN,OSi
Molecular Weight: 546,67

2-CTC-resin was loaded with Fmoc-L-Tyr(OtBu)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), AlIO-(5-SiFA)Ip-OH was conjugated to the free amine (GP2a). Allyl-deprotection was
conducted (GP6), the peptide was cleaved from the resin under concomitant deprotection (GP5a)
and isolated after HPFC-based purification and Iyophilization as colorless solid (18%).
9F{29Si} NMR (376 MHz, DMSO-Dg): 6 [ppm] = —-186.62; 2°Si{'H}INEPT NMR (79 MHz, DMSO-Dg):
8 [ppm] = 13.96 (d, "J("°F,%°Si) = 299 Hz). RP-HPLC (20 to 90% B in 15 min): tz = 9.6 min. K’ = 4.4,
ESI-MS (positive): calculated monoisotopic mass (Cy7HssFN2O7Si): 546.22; found: m/z =
547.0 [M+H]*.

HO-L-Lys-(5-SiFA)Ip-Gly-L-Lys-OH (MP-K4GK)

NH,
t-Bu '\: t-Bu
£
OH O
H H
(SLN N OH
0 Y@( oy
o} O O

NH,

Chemical Formula: C3yH5qFN5O7Si
Molecular Weight: 639,84

2-CTC-resin was loaded with Fmoc-L-Lys(Boc)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), AlIO-(5-SiFA)Ip-OH was conjugated to the free amine (GP2a). Allyl-deprotection was
conducted (GP6) and H-L-Lys(Boc)-OtBu-HCI was coupled to the deprotected carboxylic acid
(GP2b). The peptide was cleaved from the resin under concomitant deprotection (GP5a) and
isolated after HPFC-based purification and lyophilization as colorless solid (16%). "*F{?*Si} NMR
(8376 MHz, DMSO0-D¢): & [ppm] =-186.19;  2°Si{’H}INEPT NMR (79 MHz,  DMSO-Dg):
8 [ppm] = 14.09 (d, 'J(*°F,%°Si) = 299 Hz). RP-HPLC (20 to 90% B in 15 min): ts = 5.7 min. K’ = 2.2.
ESI-MS (positive): calculated monoisotopic mass (CsoHs0FNsO7Si): 639.35; found: m/z =
640.6 [M+H]*.
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HO-L-Lys-(5-SiFA)Ip-Gly-L-Asp-OH (MP-K4GD)

t-Bu '\: t-Bu
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Chemical Formula: CygH43FN4OgSi
Molecular Weight: 626,75

2-CTC-resin was loaded with Fmoc-L-Asp(OtBu)-OH (GP1). After Fmoc-deprotection (GP3),
Fmoc-Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-
deprotection (GP3), AlO-(5-SiFA)lp-OH was conjugated to the free amine (GP2a). Allyl-
deprotection was conducted (GP6) and H-L-Lys(Boc)-OtBu-HCI was coupled the deprotected
carboxylic acid (GP2b). The peptide was cleaved from the resin under concomitant deprotection
(GP5a) and isolated after HPFC-based purification and lyophilization as colorless solid (21%).
9F{29Si} NMR (376 MHz, DMSO-Dg): 6 [ppm] = —186.22; 2°Si{'H}INEPT NMR (79 MHz, DMSO-De):
8 [ppm] = 14.09 (d, 'J(*°F,%°Si) = 299 Hz). RP-HPLC (20 to 90% B in 15 min): ts = 6.6 min. K’ = 2.7.
ESI-MS (positive): calculated monoisotopic mass (CpsHasFN4OoSi): 626.28; found: m/z =
627.5 [M+H]*.

HO-L-Lys-(5-SiFA)Ip-Gly-L-Tyr-OH (MP-K4GY)
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Chemical Formula: C33H47FN4OgSi
Molecular Weight: 674,84

2-CTC-resin was loaded with Fmoc-L-Tyr(OtBu)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), AlIO-(5-SiFA)Ip-OH was conjugated to the free amine (GP2a). Allyl-deprotection was
conducted (GP6) and H-L-Lys(Boc)-OtBu-HCI was coupled to the deprotected carboxylic acid
(GP2b). The peptide was cleaved from the resin under concomitant deprotection (GP5a) and
isolated after HPFC-based purification and lyophilization as colorless solid (9%). "*F{?*Si} NMR
(8376 MHz, DMSO0-D¢): & [ppm] =-186.28; 2°Si{'H}INEPT NMR (79 MHz, = DMSO-Dg):
8 [ppm] = 14.06 (d, 'J("°F,%°Si) = 299 Hz). RP-HPLC (20 to 90% B in 15 min): ts = 7.3 min. K’ = 3.1.
ESI-MS (positive): calculated monoisotopic mass (CssH47FN4OsSi): 674.31; found: m/z =
675.5 [M+H]*.
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HO-L-Glu-(5-SiFA)Ip-Gly-L-Lys-OH (MP-E4GK)

t- Bu\ \ /t Bu
?S}NT(Q‘/
N (S)

Chemical Formula: CygHy5FN4OgSi
Molecular Weight: 640,78

2-CTC-resin was loaded with Fmoc-L-Lys(Boc)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), AlIO-(5-SiFA)Ip-OH was conjugated to the free amine (GP2a). Allyl-deprotection was
conducted (GP6) and H-L-Glu(OtBu)-OtBu-HCI was coupled to the deprotected carboxylic acid
(GP2b). The peptide was cleaved from the resin under concomitant deprotection (GP5a) and
isolated after HPFC-based purification and lyophilization as colorless solid (12%). RP-HPLC (20
to 90% B in 15 min): tz = 6.7 min. K’ = 2.8. ESI-MS (positive): calculated monoisotopic mass
(C29H4sFN4OeSi): 640.29; found: m/z = 640.7 [M+H]*.

HO-L-Glu-(5-SiFA)Ip-Gly-L-Asp-OH (MP-E4GD)

tBu\\/t Bu
(S)N

Chemlcal Formula: Co7H3gFN3O44Si
Molecular Weight: 627,69

2-CTC-resin was loaded with Fmoc-L-Asp(OtBu)-OH (GP1). After Fmoc-deprotection (GP3),
Fmoc-Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-
deprotection (GP3), AlO-(5-SiFA)lp-OH was conjugated to the free amine (GP2a). Allyl-
deprotection was conducted (GP6) and H-L-Glu(OtBu)-OtBu-HCI was coupled to the deprotected
carboxylic acid (GP2b). The peptide was cleaved from the resin under concomitant deprotection
(GP5a) and isolated after HPFC-based purification and lyophilization as colorless solid (23%). RP-
HPLC (20 to 90% B in 15 min): tz = 7.5 min. K’ = 3.2. ESI-MS (positive): calculated monoisotopic
mass (Cz7H3sFN3011Si): 627.23; found: m/z = 627.7 [M+H]*.

73



II. MATERIAL AND METHODS

HO-L-Glu-(5-SiFA)Ip-Gly-L-Tyr-OH (MP-E4GY)
t- Bu\ /t Bu

©) N
(S)

Chemlcal Formula: C3,H45FN3O4Si
Molecular Weight: 675,78

2-CTC-resin was loaded with Fmoc-L-Tyr(OtBu)-OH (GP1). After Fmoc-deprotection (GP3), Fmoc-
Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-deprotection
(GP3), AlIO-(5-SiFA)Ip-OH was conjugated to the free amine (GP2a). Allyl-deprotection was
conducted (GP6) and H-L-Glu(OtBu)-OtBu-HCI was coupled to the deprotected carboxylic acid
(GP2b). The peptide was cleaved from the resin under concomitant deprotection (GP5a) and
isolated after HPFC-based purification and lyophilization as colorless solid (15%). RP-HPLC (20
to 90% B in 15 min): tz = 8.3 min. K’ = 3.7. ESI-MS (positive): calculated monoisotopic mass
(Cs2H42FN3010Si): 675.26; found: m/z = 675.7 [M+H]*.

HOOC-PEGs-(5-SiFA)Ip-Gly-L-Lys-OH (MP-PEGs4GK)

tBu\ /t Bu

IRV

Chemical Formula: C43H75FN4O45Si
Molecular Weight: 935,17

For the preparation of the MP-PEGg4GK, a combined solution phase and solid phase peptide
synthesis strategy was used. At first, the dipeptide H-Gly-L-Lys(Boc)-OtBu-TFA was synthesized
by pre-activation of 178 mg Fmoc-Gly-OH (0.6 mmol, 1.2 eq.) with 82 mg HOAt (0.6 mmol,
1.2 eq.), 228 mg HATU (0.6 mmol, 1.2 eq.) in 5 mL DMF and addition of 510 pL DIPEA (3.0 mmol,
5.0 eq.). After 15 min at rt, 1 mL of a solution of 169 mg H-L-Lys(Boc)-OtBu (0.5 mmol, 1.0 eq.) in
DMF was added and stirred for 4 h at rt. For subsequent Fmoc-deprotection with 30 vol.-%
piperidine in DMF, 2.5 mL piperidine were added to the solution. After 30 min, the solvents were
removed under reduced pressure at 60 °C. HPFC-purification and subsequent lyophilization of the
dipeptide yielded 184 mg of a colorless solid (78%). RP-HPLC (10 to 90% B in 15 min): tz =
8.9 min. K’ = 4.0. ESI-MS (positive): calculated monoisotopic mass (C17H33N3sOs): 359.24; found:
m/z = 359.8 [M+H]".

2-CTC-resin was loaded with Fmoc-NH-PEGs-CH,-CH,-COOH (GP1). After Fmoc-deprotection
(GP3), AlIO-(5-SiFA)Ip-OH was conjugated to the free amine (GP2a). Allyl-deprotection was
conducted (GP6) and H-Gly-L-Lys(Boc)-OtBu-TFA was coupled to the deprotected carboxylic acid
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(GP2b). The peptide was cleaved from the resin under concomitant deprotection (GP5a) and
isolated after RP-HPLC-based purification and lyophilization as colorless solid (25%). RP-HPLC
(20 t0 90% B in 15 min): tz = 7.5 min. K’ = 3.2. ESI-MS (positive): calculated monoisotopic mass
(CasH75FN4O15Si): 934.50; found: m/z = 934.4 [M+H]*.

Gal6N-(5-SiFA)Ip-Gly-L-Lys-OH (MP-Gal6N4GK)

t- Bu\ /t Bu

HO, ;(R) (R) OH
O'(r) N (S)
H

Chemical Formula. C3OH49FN4O1OS|
Molecular Weight: 672,82

2-CTC-resin was loaded with Fmoc-L-Lys(Boc)-OH (GP1a). After Fmoc-deprotection (GP3),
Fmoc-Gly-OH was coupled to the resin-bound amino acid (GP2a). After another Fmoc-
deprotection (GP3), AlO-(5-SiFA)lp-OH was conjugated to the free amine (GP2a). Allyl-
deprotection was conducted (GP6) and 6-amino-6-deoxy-1,2;3,4-di-O-isopropylidene-D-
galactopyranoside was coupled to the deprotected carboxylic acid (GP2b). The peptide was
cleaved from the resin under concomitant deprotection (GP5a) and isolated after RP-HPLC-based
purification and lyophilization as colorless solid (17%). RP-HPLC (20 to 90% B in 15 min): tz =
5.8 min. K’ =2.3. ESI-MS (positive): calculated monoisotopic mass (CsoHigFN4O10Si): 672.32;
found: m/z = 672.8 [M+H]*.
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7. Radiolabeling

7.1. '8F-Labeling

The described two-step procedure for ®F-labeling was previously optimized in our group by Daniel
Di Carlo (unpublished data).

Drying of Aqueous ['®F]Fluoride Solution: An aqueous ['®F]fluoride solution (in vitro-studies:
100-300 MBq, biodistribution study: up to 1.7 GBq; approximately 0.6-2.0 GBg/mL by the time
of use; obtained from the Klinikum rechts der Isar, Munich, Germany), was passed through an SAX
cartridge (Sep-Pak Accell Plus QMA Carbonate Plus Light, 46 mg, 40 um, Waters), which was
preconditioned with 10 mL of ultrapure water. The ['®F]fluoride-loaded cartridge was dried by
rinsing with 8 mL anhydrous DMSO followed by 10 mL air. For elution with an extraction efficiency
of 78 + 9%, a solution of 40 mg of ammonium formate in 500 yL anhydrous DMSO was slowly

passed through the cartridge followed by 5 mL air.

Labeling of SiFA Modified Peptides with the Dried ['®F]Fluoride Solution: For labeling,
125-500 pL of the eluted ['®F]fluoride solution were added to a proportional amount of precursor
solution (7.5-30 nmol, 1 mM in anhydrous DMSQ). After 5 min at rt, a sample was taken to
determine the radiochemical conversion (RCC) by thin-layer chromatography (TLC). The labeling
mixture was diluted with 10 mL PBS* (pH 3, adjusted with 1 M ag. HCI) and passed through an
Oasis HLB Plus Light cartridge (30 mg, 30 pm, freshly preconditioned with 10 mL EtOH and 10 mL
ultrapure H.O, Waters) followed by 10 mL PBS* and 10 mL air. The mixture of '®F-labeled peptide
and its chemically identical, cold precursor was eluted with 300 uyL EtOH/PBS* (v/v = 7:3). The
radiochemical purity of the '®F-labeled compound was determined by radio-RP-HPLC and radio-
TLC (silica gel 60 F2s4, mobile phase: MeCN/PBS (v/v = 3:2), +10% of NaOAc solution (2 M in H20),
+1% TFA). The radiochemical yield (RCY) was determined using a dose calibrator and calculated
considering decay-correction.

*NOTE: In cases of subsequent stability studies, the PBS used for purification was substituted by
ultrapure H2O. Only the PBS used for TLC was not substituted as the TLC analysis after the
cartridge-based purification displayed a proportion of less than 1% free ['®F]fluoride for all labeled

compounds.
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7.2. '%]-Labeling

125|

(['?°11-BA)KUE
Chemical Formula: C1gH,4'?°IN5Og
Molecular Weight: 547,32

The reference ligand (['2°l]I-BA)KUE for in vitro studies was prepared according to a previously
published procedure (151,155). For the iodination, the peracetic acid solution was freshly prepared
by the incubation of 50 yL acetic acid in 130 yL of 30 vol.-% H»0. in HO for 2 h at rt.
Approximately 0.1 mg of the stannylated precursor (n-Bu)sSn-BA-(tBuO)KuE(OtBu), was dissolved
in a mixture of 20 pL peracetic acid, 5.0 pL ['?°[][Nal (20 + 5 MBq, 74 TBg/mmol, 40 mM in NaOH,
Hartmann Analytic, Braunschweig, Germany), 20 uL MeCN and 10 pL acetic acid. The reaction
solution was incubated for 15 min at rt, diluted in 10 mL H.O and loaded on a Sep-Pak C18-Plus
Short cartridge (360 mg, 55-105 pm, Waters, preconditioned with 10 mL MeOH followed by 10 mL
H20). After purging the cartridge with 10 mL H,O followed by 10 mL air, the peptide was eluted
with 1.5 mL EtOH/MeCN (v/v = 1:1). The eluate was evaporated to dryness under a gentle nitrogen
stream at 70°C and treated with 500 pL TFA for 45 min. After removing TFA in a stream of nitrogen,
the crude product was purified by radio-RP-HPLC, yielding (['2°[]I-BA)KUE (10 + 2 MBq). HPLC
(20 to 40% B in 20 min): tz = 13.0 min.

7.3. '"Lu-Labeling

For """Lu-labeling, a previously published procedure was applied with minor modifications (756).
The labeling precursor (1.0 nmol, 5 pL, 0.2 mM in DMSO) was added to 10 pL of AcOH/NaOAc
buffer (1.0 M in H.O, pH 5.5, 1.0 M). Subsequently, 10 to 70 MBq ['"’Lu]LuCl; (Specific Activity
>3000 GBg/mg, 740 MBg/mL, 0.04 M HCI, ITM, Garching, Germany) were added and the mixture
was filled up to 100 pL with 0.04 M ag. HCI. The reaction mixture was heated for 20 min at 90 °C
and after addition of sodium ascorbate (0.1 M in PBS) the radiochemical purity was determined
using radio-HPLC and radio-TLC (0.1 M sodium citrate buffer and 1.0 M NH,OAc/DMF buffer
(v/v =1:1)).
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8. In Vitro Experiments

8.1. Cell Culture

PSMA* LNCaP cells (ACC 256; DSMZ-German Collection of Microorganisms and Cell Cultures
GmbH, Braunschweig, Germany) were cultivated in Dulbecco modified Eagle medium/Nutrition
Mixture F-12 with Glutamax (1:1) (DMEM-F12, Biochrom GmbH, Berlin, Germany) supplemented
with fetal bovine serum (10%, FBS Superior, Biochrom GmbH, Berlin, Germany) and kept at 37°C
in a humidified CO.-atmosphere (5%). A mixture of trypsin and EDTA (0.05%, 0.02%) in PBS
(Biochrom GmbH, Berlin, Germany) was used to harvest cells. Cells were counted with a Neubauer

hemocytometer (Paul Marienfeld, Lauda-Kénigshofen, Germany).

8.2. Determination of PSMA Affinity (ICso)

For PSMA affinity (ICso) determinations, the respective ligand was diluted (serial dilution 10 to
10°M) in Hank’s balanced salt solution (HBSS, Biochrom GmbH, Berlin, Germany),
supplemented with 1% bovine serum albumin (BSA, Biowest, Nuaillé, France). In the case of
metal-complexed ligands, the crude reaction mixture was diluted analogously, without further
purification. Cells were harvested 24 + 2 hours prior to the experiment and seeded in 24-well
plates (1.5 x 10° cells in 1 mL/well). After removal of the culture medium, the cells were carefully
washed with 500 pL of HBSS (1% BSA) and left 15 min on ice for equilibration in 200 yL HBSS
(1% BSA). Next, 25 pL per well of solutions, containing either HBSS (1% BSA, control) or the
respective test ligand in increasing concentration (107°-10* M in HBSS) were added with
subsequent addition of 25 pL of ['?%I]I-BA-KUE (2.0 nM) as radio-labeled competitor in HBSS
(1% BSA). For each concentration, the experiment was performed in triplicate. After incubation on
ice for 60 min, the experiment was terminated by removal of the medium and consecutive rinsing
with 200 pL of HBSS (1% BSA). The media of both steps were combined in one fraction and
represent the amount of free radioligand. Afterwards, the cells were lysed with 250 pL of NaOH
(1 M in H.0) for at least 15 min. After a washing step with NaOH (250 pL, 1 M in H;0), both
fractions, representing the amount of bound ligand, were united. Quantification of all collected
fractions was accomplished in a y-counter. ICs values were calculated using GraphPad PRISM
software (GraphPad Software Inc., La Jolla, United States). The whole PSMA-affinity

determination was repeated (n = 3).

8.3. Determination of PSMA-mediated Internalization

For internalization studies, LNCaP cells were harvested 24 + 2 hours before the experiment and
seeded in poly-L-lysine coated 24-well plates (1.25 x 10° cells in 1 mL/well, Greiner Bio-One,

Kremsmlinster, Austria). After removal of the culture medium, the cells were washed once with
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500 L DMEM-F12 (5% BSA) and left to equilibrate for at least 15 min at 37 °C in humidified
CO.-atmosphere (5%) in 200 uL DMEM-F12 (5% BSA). Each well was treated with either 25 pL of
either DMEM-F12 (5% BSA, control) or 25 pL of a 100 uM 2-PMPA (2-(Phosphonomethyl)-
pentanedioic acid, Tocris Bioscience, Bristol, UK) solution in PBS, for blockade. Next, 25 uL of the
radioactive-labeled PSMA inhibitor (10.0 nM in DMEM-F12 (5% BSA)) were added and the cells
were incubated at 37 °C for 60 min. The experiment was terminated by placing the 24-well plate
on ice for 3 min and consecutive removal of the medium. Each well was carefully washed with
250 pL of ice-cold HBSS. Both fractions from the first steps, representing the amount of free
radioligand, were combined. Removal of surface bound activity was accomplished by incubation
of the cells with 250 pL of ice-cold 2-PMPA solution (10 pM in PBS) for 5 min and rinsed again
with another 250 pL of ice-cold PBS. The internalized activity was determined by incubation of the
cells in 250 pyL NaOH (1 M in H20) for at least 15 min. The obtained fractions were combined with
those of the subsequent washing step with 250 pL NaOH (1 M in H.O). Each experiment (control
and blockade) was performed in triplicate. Free, surface-bound and internalized activity was
quantified in a j~counter. All internalization studies were accompanied by external reference
studies, using (['*l]I-BA)KUE (c = 0.2 nM), which were performed analogously. Data were
corrected for non-specific binding, determined by the blockade fractions, and normalized to the

specific internalization observed for the radio-iodinated reference compound.

8.4. Determination of n-Octanol/PBS Partition Coefficient (logDp 7.4)

Approximately 1 MBq of the '“Lu-labeled tracer or 0.5 MBg of the 'F-labeled tracer was
dissolved in 1 mL of n-octanol/PBS (v/v = 1:1) in a reaction vial (1.5 mL). After vigorous mixing of
the suspension for 3 min at rt, the vial was centrifuged at 15000 g for 5 min (Biofuge 15, Heraeus
Sepatech, Osterode, Germany) and 100 pL aliquots of both layers were measured in a y-counter.

The experiment was repeated (n = 6).

8.5. Determination of Human Serum Albumin (HSA) Binding
8.5.1. High-Performance Affinity Chromatography (HPAC)

HSA binding of compounds by HPAC was determined according to a previously published
procedure via HPLC (757). A Chiralpak HSA column (50 x 3 mm, 5 ym, H13H-2433, Daicel, Tokyo,
Japan) was used at a constant flow rate of 0.5 mL/min at rt. Mobile phase A was a freshly prepared
50 mM aqueous solution of NH,OAc (pH 6.9) and mobile phase B was isopropanol (HPLC grade,
VWR). The applied gradient for all experiments was 100% A (0 to 3 min), followed by 80% A (3 to
40 min). Prior to the experiment, the column was calibrated using nine reference substances with
a HSA binding, known from literature, in the range of 13 to 99% (757, 158). All reference- and test-

substances were dissolved in a 1:1 mixture (v/v) of isopropanol and a 50 mM aqueous solution of
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NH.OAc (pH 6.9) with a final concentration of approximately 0.5 mg/mL. Non-linear regression

(Figure 12) was established with the OriginPro 2016G software (Northampton, United States).
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Figure 12: Exemplary sigmoidal plot, showing the correlation between human serum albumin (HSA) binding of
selected reference substances and retention time (tr). The values of HSA binding were obtained from literature (lit.
HSA [%]) (157,158). Log tr: logarithmic value of experimentally determined retention time. Log K HSA: logarithmic
value of HSA binding values.

8.5.2. Albumin-Mediated Size Exclusion Chromatography (AMSEC)

The AMSEC approach is a novel size exclusion chromatography-based method recently
established in our group by Kunert et al. (159). A gel filtration column Superdex 75 Increase 10/300
GL (GE Healthcare, Uppsala, Sweden) was beforehand calibrated at constant flow rate of
0.8 mL/min at rt with PBS as mobile phase following the producer’s recommendations with a
commercially available gel filtration calibration kit (GE Healthcare, Buckinghamshire, UK)
comprising conalbumin (MW: 75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa),
ribonuclease A (13.7 kDa) and aprotinin (6.5 kDa) as reference proteins of known molecular weight

(Figure 13).
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Figure 13: Calibration plot of a Superdex 75 Increase gel filtration column using a low molecular weight gel filtration
calibration kit. MW: molecular weight. tr: experimentally determined retention time. Ve: elution volume. Kay: partition
coefficient.

Investigations of test substances/ligands were conducted with '7“Lu-labeled compounds at molar
activities of 10-20 GBg/pmol (chapter I1.7.3). Probes of 1.0 MBq of the radioligand were injected

directly from the labeling solution. All AMSEC experiments were conducted using a constant flow
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rate of 0.8 mL/min at rt with a solution of HSA in PBS (700 uM) or solely PBS as mobile phase as
indicated below. To calculate the ligand’s apparent molecular weight (MWapp) as an indicator of

HSA binding strength four different retention times had to be measured (Table 2).

Table 2: Experimental retention times and corresponding conditions required for the calculation of a ligand’s
apparent molecular weight (MWapp) corrected for ligand-specific interactions with the column matrix. All retention
times were corrected for the delay between the UV- and radio-detector.

Retention Time Signal Probe Mobile Phase
tamsec Radio 1.0 MBq of ""Lu-ligand (labeling solution) PBS + HSA (700 pM)
thsa uv 10 mg/mL HSA in PBS, 100 pL PBS
tLigand Radio 1.0 MBq of ""Lu-ligand (labeling solution) PBS
tacetone uv 2% acetone in PBS, 100 pL PBS

It was assumed that during the measurement of the ligand’s retention time in the presence of HSA
(tamsec) only two states are available for the tested ligand — 1) HSA-bound or 2) freely dissolved -
in the mobile phase (PBS + HSA). Therefore, it was approximated for the respective state that the
ligand exhibits either a retention behavior equal to HSA or shows a retention time in the column’s
cut-off region according to its low molecular weight. However, in these experiments only one peak
was observed indicating a dynamic equilibrium between those two states. The corresponding
retention time tausec Of this peak is interpreted as the result of a temporal average of the two
states.

It was concluded, that tavsec can be described as a linear combination of the respective retention
times of the HSA-bound state and the freely dissolved ligand (measured as tusa and tiigand,
respectively; see Table 2). Equation 3 describes the relation of the three measurables with the
proportion factor x (x € [0;1]) representing the temporal proportion of the HSA-bound state and

the freely dissolved state during the measurement of tausec:
tamsec = X * tysa + (1= %) * trigana @)
According to Equation 3 the proportion factor x can be defined as:

_ |tAMSEc—fLigand| (3‘)
|trsa - fLigand|

It turned out that although all tested ligands possessed low molecular weights in the column’s
cut-off region, retention times tigana Clearly varied. Consequently, tiigand and also tausec had to be
influenced by ligand-specific interactions with the column matrix and thus, are lacking
comparability between different test ligands. To ensure comparability tacetone Was determined as a
universal reference value for the retention time of a compound exhibiting neither HSA binding nor
unspecific interactions with the column matrix. Consequently, tamsec can be referenced (tamsecrer)

to the retention time tacetone transforming Equation 3 to 4:

tamsecrer = X+ tysa + (1 —X) * tacetone 4)
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Furthermore, tauwsecret Was calculated by the insertion of the ligand-specific proportion factor x
(Equation 3’) into Equation 4 resulting in Equation 5:

|fAMSEc—tLigand| |tAMSEC_tL' d|
tamsecrer = T+ tysa + (1 =22 ) - tacetone 6)
|tHSA tngand| |tHSA tLLgand|

Finally, the referenced, apparent molecular weight (MWago) was calculated from the retention time
tamsecref USing the determined calibration curve and should constitute a helpful parameter with
comparable values reflecting HSA-binding strength of compounds. Higher values in MWagp, are
associated with increased HSA binding strength as they are interpreted to be linked with a higher

temporal proportion of the ligand in an HSA-bound state.

8.6. Determination of Relative Radiochemical Conversion (rRCC)

In afirst step, the aqueous ['8F]fluoride solution provided by the Klinikum Rechts der Isar was dried
according to the aforementioned procedure (chapter I1.7.1). For a competitive labeling reaction,
167 pL of the dried ['®F]fluoride solution (30-50 MBq) in DMSO were added to 10 yL of an
equimolar mixture of the test compound and the corresponding (4-SiFA)Bz-reference compound
(5 nmol each in DMSO). After 5 min at rt, a sample was taken and instantly analyzed via radio-RP-
HPLC. If necessary, the standard solvent gradient (10 to 90% B in 15 min) was modified to achieve
baseline-separation ((3-SiFA)Bz-Gly-L-X vs. (4-SiFA)Bz-Gly-L-X with X =Tyr: 45t065% B in
15 min; X = Asp: 40 to 60% B in 15 min; X = Lys: 35 to 55% B in 15 min). In these cases, a mixture
of the cold precursors with an approximate 3-fold excess of the (3-SiFA)Bz- compared to the (4-
SiFA)Bz-compound was analyzed with the corresponding gradients for unambiguous peak
assignment. The relative radiochemical conversion (rRCC) was calculated by peak integration and
is expressed as the ratio of test-to-reference-compound [%]. The experiment was repeated
(n=3).

8.7. '8F-Defluorination Experiments

8F-Defluorination under Chemically Simulated In Vivo-Conditions of Blood (pH 7.4, 37 °C):
The test compound was labeled according to the aforementioned procedure (chapter 11.7.1)
starting with 200-300 MBq of aqueous ['®F]fluoride solution. The '®F-labeled compound (10 yL per
vial, approximately 0.8-1.0 nmol, 2.5-5.0 MBq) was added to 90 pL K.COj3 solution (3 mM in
ultrapure H.O, pH 7.4 adjusted with formic acid) per vial. The pH-value of the incubation solution
was controlled by a test strip (resolution: 0.5). After incubation for 0, 30, 60, 90 and 120 min at
37 °C in separate reaction vials, samples were analyzed via radio-TLC (silica gel 60 F2ss, mobile
phase: MeCN/PBS (v/v = 3:2), +10% of NaOAc solution (2 M in H20), +1% TFA) differentiating
between released ['®F]fluoride, immobilized at the baseline, and labeled test-compound. The

experiment was repeated (n = 3). The proportions of intact '®F-labeled peptide at the different time
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points were used to calculate the half-life of the '®F-defluorination. For the calculation of
exponential regression, GraphPad PRISM software (GraphPad Software Inc., La Jolla, United

States) was used.

8F-Defluorination under '7’Lu-Labeling Conditions for Radiohybrids (pH 5.5, 90 °C): The test
compound was labeled according to the aforementioned procedure (chapter 11.7.1) starting with
200-300 MBqg of aqueous ['®F]fluoride solution. The '8F-labeled compound (10 yL per vial,
approximately 0.8-1.0 nmol, 2.5-5.0 MBq) was added to a solution of 80 pL aqueous HCI (40 mM)
and 10 yL AcOH/NaOAc buffer (1.0 M in H.O, pH 5.5, 1.0 M) per vial. The pH-value of the
incubation solution was controlled by a test strip (resolution: 0.5). After incubation for 0, 30, 60,
90 and 120 min at 37 °C in separate reaction vials, samples were analyzed via radio-TLC (silica
gel 60 F2s4, mobile phase: MeCN/PBS (v/v = 3:2), +10% of NaOAc solution (2 M in H20), +1% TFA)
differentiating between released ['®F]fluoride, immobilized at the baseline, and labeled test-
compound. The experiment was repeated (n = 3). The proportions of intact '®F-labeled peptide at
the different time points were used to calculate the half-life of the '®F-defluorination. For the
evaluation, the GraphPad PRISM software (GraphPad Software Inc., La Jolla, United States) was

used.

18F- to "F-Isotopic Exchange in Aqueous Solution (1 mM NaF, pH 6.5, rt): The test compound
was labeled according to the aforementioned procedure (chapter I1.7.1) starting with 200-
300 MBg of aqueous ['®F]fluoride solution. The '"F-labeled compound (10 uL per Vvial,
approximately 0.8-1.0 nmol, 2.5-5.0 MBq) was added to a solution of 80 pL ultrapure H,O and
10 pL NaF solution (10 mM in H20) per vial. The pH-value of the incubation solution was controlled
by a test strip (resolution: 0.5). After incubation for 0, 30, 60, 90 and 120 min at 37 °C in separate
reaction vials, samples were analyzed via radio-TLC (silica gel 60 F2s4, mobile phase: MeCN/PBS
(v/v =3:2), +10% of NaOAc solution (2 M in Hx0), +1% TFA) differentiating between released
['®F]fluoride, immobilized at the baseline, and labeled test-compound. The experiment was
repeated (n = 3). The proportions of intact '®F-labeled peptide at the different time points were
used to calculate the half-life of the '®F-defluorination. For the evaluation, the GraphPad PRISM

software (GraphPad Software Inc., La Jolla, United States) was used.
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9. In Vivo Experiments

All animal experiments were conducted in accordance with general animal welfare regulations in
Germany (German animal protection act, in the edition of the announcement, dated May 18™,
2006, as amended by article 280 of June 19" 2020, approval no. ROB-55.2-1-2532.Vet_02-18-
109 by the General Administration of Upper Bavaria) and the institutional guidelines for the care
and use of animals. To establish tumor xenografts, LNCaP cells (approximately 1.5 x 107 cells)
were suspended in 200 L of a 1:1 mixture (v/v) of DMEM F-12 and Matrigel (BD Biosciences,
Germany), and inoculated subcutaneously onto the right shoulder of 6-8 weeks old CB-17 SCID
mice (Charles River, Sulzfeld, Germany). Mice were used for experiments when tumors had grown
to a diameter of 2-6 mm (4-20 weeks after inoculation).

NOTE: Due to a limited availability of the LNCaP passage initially used for in vivo experiments two
further passages were used, consequently resulting in datasets with deviating tumor uptakes and
referred to as LNCaP I, LNCaP Il and LNCaP lll in the text. For better comparability experiments
of reference compounds were partially repeated and depicted in the figures as available,

respectively. Data within set LNCaP | were previously published by our group (725, 160).

9.1. Biodistribution Experiment

Approximately 2-5 MBq (50-120 pmol) of the '"Lu-labeled PSMA inhibitors or approximately 1-
2 MBq (50-120 pmol) of the '8F-labeled ligand were administered by injection into the tail vein of
LNCaP tumor-bearing male CB-17 SCID mice and sacrificed after 1 h or 24 h post injection (p.i.).
Selected organs were removed, weighted and measured in a jpcounter. Results were all
decay-corrected and given in % injected dose per gram of tissue (%I1D/g). Tumor-to-organ ratios

were calculated from animals’ individual ratios and are given as mean + standard deviation.

9.2. pWSPECT/CT Imaging

Static images were recorded of sacrificed mice, 1 h or 24 h p.i. directly after blood collection by
cardiac puncture and prior to the subsequent biodistribution experiment. The acquisition time was
45 min. The HE-GP-RM collimator and a stepwise multi-planar bed movement were used. For
imaging studies, an MlLabs VECTor4 small-animal SPECT/PET/OI/CT from MiLabs (Utrecht,
Netherlands) was applied. Furthermore, data were reconstructed using the MILabs-Rec software
(version 10.02) and a pixel-based Similarity-Regulated Ordered Subsets Expectation
Maximization (SROSEM) algorithm with a window-based scatter correction (20% below and 20%
above the photopeak, respectively). Moreover, further data analysis was accomplished using the
PMODA4.0 software acquired from PMOD TECHNOLOGIES LLC (Zurich, Switzerland) at defined
settings (voxel size CT: 80 uym, voxel size SPECT: 0.8 mm, 1.6 mm (FWHM) Gaussian blurring post
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processing filter, with calibration factor in kBg/mL and decay correction and no attenuation

correction).

9.3. Metabolite Analysis

For determinations of metabolic stability, 4-6 MBq or 10-12 MBq of the radioactive-labeled PSMA
inhibitors were injected into the tail vein of LNCaP tumor-bearing male CB-17 SCID mice and
sacrificed after 4 h or 24 h p.i., respectively. The corresponding work-up for each sample is listed
below. Each sample was analyzed via radio-RP-HPLC with the same gradient used for quality
control (QC) of the respective "Lu-labeled compound prior to injection into mice (gradient and
extraction efficiency given in chapter 111.1.4).

Urine: Urine samples of the sacrificed mice were pooled, centrifuged at 16000 x g for 5 min and
directly analyzed via radio-RP-HPLC.

Blood: Blood was collected by cardiac puncture and diluted with 1 mL H.O. The sample was
centrifuged at 16000 x g for 5 min. The supernatant was collected, the residue was diluted with
1 mL H>O and centrifuged once more. Both supernatants were combined and loaded on a Strata X
cartridge (33 um Polymeric Reversed-Phase 500 mg, pre-conditioned with 5 mL MeOH, followed
by 5 mL H.0). After washing with 5 mL H,O, the adsorbed activity was eluted with MeCN/H.O
(v/v = 6:4, supplemented with 1% TFA). All eluates (one per mouse) were pooled and diluted with
H20 to the respective MeCN proportion of the start value of the gradient used for radio-RP-HPLC.
Kidney: Each kidney (two per mouse) was cut into 3-5 pieces and placed in a micro reaction tube
equipped with steel and ceramic beads (Lysis Tubes W, analytikjena, Jena, Germany). To the
sample, 1050 pL of an extraction buffer were added (850 uL HEPES, 1 M, pH 7.4; 100 pL 2-PMPA
solution in H2O, 20 mM; 100 pL NaCl solution in H2O, 1 M) prior to homogenization in a MM-400
ball mill (Retsch GmbH, Haan, Germany) at 30 Hz for 15 min. The homogenate was transferred
into an empty micro reaction tube and centrifuged (25830 x g, 10 min). The supernatant was
collected, and the residue was suspended in 1050 pL extraction buffer for an additional washing
step and transferred to the tube with steel and ceramic beads for another round of homogenization
at 30 Hz for 15 min. Afterwards, this second fraction of homogenate was transferred into a new,
empty micro reaction tube and centrifuged (25830 x g, 10 min). The supernatant of the second
fraction was combined with the first fraction and loaded on a Strata X cartridge (33 pm Polymeric
Reversed-Phase 500 mg, pre-conditioned with 5 mL MeOH, followed by 5 mL H>0). After washing
with 5 mL H,O, the adsorbed activity was eluted with MeCN/H.O (v/v = 6:4, supplemented with
1% TFA). All eluates (two per mouse) were pooled and diluted with H.O to the respective MeCN
proportion of the start value of the gradient used for radio-RP-HPLC.
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III. RESULTS AND DISCUSSION

A tabular overview of all determined in vitro and in vivo data of this work is provided in the

supplemental information (chapters V.1 and V.2).

1. Evaluation of Ligands Aiming for Metabolic Instability (Ml)

1.1. Background and Design of Ml Ligands

In PSMA-targeted radioligand therapy (PRLT), the kidneys are estimated to be an organ at risk
and thus, could potentially pose a dose-limiting-factor (167-163). To achieve an overall low dose
of non-target tissue in PRLT, usually a fast clearance kinetic realized by a predominant renal
excretion route is favored. Following the renal excretion path, a certain proportion of kidney
retention is related to the physiological PSMA expression localized in healthy tissue of the proximal
tubules (44).

To reduce vector-mediated activity accumulation and accelerate renal clearance, the installation
of a cleavable linker connecting the targeting vector and the radionuclide-bearing moiety could
serve as a useful approach (Figure 14). To ensure an unrestricted tumor accumulation, an
unaltered stability in blood as well as in tumor tissue should be maintained, while a selective
cleavage in kidney tissue would release a radiometabolite with lost target affinity. In the case of
such a PSMA-targeting radioligand, the resulting radiometabolite would exhibit no more PSMA-
mediated tubular reabsorption and the renal activity accumulation would probably be decreased.
In literature, several approaches are described exploiting enzymatically cleavable linkers

recognized by renal brush border enzymes (BBE).

Targeting Vector

Reduced Vector-mediated
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Cleavable Linker
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Figure 14: lllustration of a ligand comprised of a targeting vector attached to a radionuclide-bearing moiety via a
cleavable linker. In this example, the linker should be enzymatically cleaved by a renal brush border enzyme (BBE)
to reduce vector-mediated activity accumulation in the kidney.

Various cleavable linkers for the labeling of antibody fragments were investigated by Arano et al.
with the Met-Val-Lys sequence being one of them (7164-167). This sequence was reported to be
cleaved by the neutral endopeptidase (NEP), an enzyme highly expressed on the renal brush

border membrane (BBM), hydrolyzing the Met-Val bond while the recognition should be facilitated
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in the presence of the free Lys-carboxylate (167-170). The study of Arano et al. revealed a 7-fold
improvement of the tumor-to-kidney ratio 3 h p.i. with similar tumor uptakes for an Ga-NOTA-Met-
Val-Lys-Fab fragment opposed to the corresponding Ga-NOTA-Fab fragment (766). This strategy
was also successfully applied to an exendin 4 ligand with a 3-fold increase of the tumor-to-kidney
ratio 3 h p.i. while a high tumor uptake was preserved (777).

Furthermore, an attempt to translate this approach to a PSMA ligand based on HTK01166 as a
lead structure was conducted. To allow for a theranostic use, the terminal sequence was altered
into a DOTA-AmBz-Met-Val-Lys construct. Preliminary experiments conducted with a model
peptide — not yet attached to the PSMA targeting lead structure — exhibited an efficient cleavage
in vitro, a fast renal clearance in vivo and the hypothesized DOTA-AmBz-Met fragment was verified
as the main metabolite observed in urine (>90%) but to a low proportion (<5%) in blood, as
expected. In a next step, the cleavable DOTA-AmBz-Met-Val-Lys sequence was implemented into
the HTKO01166 lead structure. Unfortunately, a high instability of the modified PSMA ligand (9%
intact) was observed in blood 5 min p.i. with the main metabolite unidentified. As a result, 1 h p.i.
only an insignificant (p = 0.055), moderate reduction of kidney uptake to 70% of the reference
compound was achieved (172).

As mentioned above, the group of Arano also investigated additional linker sequences like the
Gly-Lys and the Gly-Tyr sequence (164,167). C-terminal Gly-Lys containing peptides and Fab
fragments, were determined to be recognized as substrates of the carboxypeptidase M (CPM),
highly expressed in human kidneys (164,173,174). The Gly-Tyr sequence seems to be converted
by more than one BBE and displayed a higher conversion in vitro compared to the Gly-Lys
sequence (167). In a work published by Vaidyanathan et al., the Gly-Tyr fragment was implemented
into the structure of the well-known PSMA ligand DCIBzL, also named I-BA-KUE (775). At first, the
novel ligand was directly compared to DCIBzL by co-injection in BALB/c normal mice using
deviating radioisotopes of iodine (['*'[]I-BA-Gly-Tyr-KuE vs. ['?%[]I-BA-KUE). The kidney-uptake at
21 h p.i. was remarkably lower for the Gly-Tyr derivative by a factor of 161. The experiment was
repeated with SCID mice bearing PC3-PIP (PSMA*) tumor xenografts. Interestingly, the choice of
mouse strains seems to heavily influence the metabolization as described similarly in previous
work (776). Therefore, it seems comprehensible that the difference in kidney uptake was less
drastic in SCID mice with only a 6- to 7-fold decrease 21 h p.i. for the Gly-Tyr derivative. At the
same time, a concomitant reduction of tumor uptake was observed by a factor of 3, still resulting
in an approximately 2-fold improved tumor-to-kidney ratio (775).

In our group, previous investigations focused on the implementation of the Gly-Lys sequence into
the PSMA I&T structure (715). The modification of the linker was well tolerated regarding in vitro
parameters but resulted in high instability observed in a murine blood sample 30 min p.i. which
was generally associated with poor tumor targeting potential. Despite the encouraging results for
the described cleavable Fab fragments as well as the cleavable exendin 4-based polypeptide, so

far BBE-cleavable linkers could be introduced to small molecule PSMA inhibitors with only limited
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success. In this work, results are presented investigating the use of BBE-cleavable Gly-Tyr and
Gly-Lys linkers by insertion into the radiohybrid lead structure rhPSMA-7.3. Structures

corresponding to the subsequent development steps are depicted in Figure 15.

In a first generation, both latter fragments were inserted at a position distant to the Glu-urea-Glu
(EuE) binding motif with minimal modifications of the lead structure. For the Gly-Lys fragment, the
geometry of the lead structure was only slightly changed by the inversion of the stereocenter of
the already present D-Lys in the linker region and the addition of Gly resulting in ligand MI-2. The
Gly-Tyr derivative MI-1 contains the cleavable fragment in a similar position, hypothetically leading
to the same metabolite Lu-DOTAGA-D-Dap|(4-SiFA)Bz]-Gly-OH. As a presumably non-cleavable
D-Lys counterpart (764), MI-3 was synthesized for direct comparison with MI-2 and for the

validation of a possibly superior in vivo performance of a cleavable derivative.

In a second generation, the postulated cleaving site was shifted into the radiohybrid unit consisting
of the SiFA moiety and a chelator. In this case, the Gly-Lys cleavage would result in a
pseudo-radiohybrid compound as chemically different radiometabolites would occur depending
on which prosthetic group was labeled. Nevertheless, as this project is focused on therapeutic
use, the hypothesized, obviously more hydrophilic Lys-(Lu-DOTAGA) metabolite was believed to

potentially possess a faster clearance kinetic opposed to the metabolite of the first generation.

In a third generation, a combinatorial approach was used. As it was determined in our group, the
choice of the chelator clearly influences the pharmacokinetics and thus, tumor-to-organ ratios
(125). Therefore, MI-2 was modified by the attachment of DOTA instead of DOTAGA resulting in
ligand MI-5. This compound is structurally also closely related to the DOTA-conjugate
rhPSMA-10.1 (DOTA-derivative of rhPSMA-7.3).
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Figure 15: Structures and development steps of the Ml ligands derived from the lead structure rhPSMA-7.3;
desired cleaving sites are indicated with dashed lines while the D-Lys derivative MI-3 is supposed to be stable.
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1.2. In Vitro Evaluation of Ml Ligands

In vitro data of the depicted Ml ligands as well as previously published data of the reference
ligands rhPSMA-7.3, -10.1, PSMA-617 and PSMA I&T (725) are shown in Figure 16.
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Figure 16: In vitro data of PSMA ligands aiming for metabolic instability (MI, blue) and reference ligands (grey), all
evaluated as ['""Lu]Lu-compounds; A) affinities (ICso [nM]) determined in a binding assay of "*Lu-compounds
(107'°-10-° M) with ['#I]I-BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-
mediated internalization of ['"’Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference
ligand ['51]I-BA-KUE (n =3); C) lipophilicity of ['"’Lu]Lu-compounds expressed as n-octanol/PBS partition
coefficient (logDpt 7.4, N = 6); D) apparent molecular weight (MWagp) of ['7”Lu]Lu-compounds determined by human
serum albumin-mediated size exclusion chromatography (AMSEC); E) human serum albumin binding of "*Lu-
compounds determined on a Chiralpak HSA column. Data depicted for reference compounds in A-D) were
previously published by our group (725); only AMSEC data were modified by a correction factor explained in
chapter 11.8.5.2. “The MWap, of MI-3 was determined with a different batch of HSA which might contribute to
limited comparability.

All ligands exhibited a high PSMA affinity in the low nanomolar range of 3-6 nM, as expected for
the minor structural modifications in MI-2, -3 and -5. The Tyr-residue in MI-1 was placed in a
structural distance to the EuE binding motif, where numerous aromatic modifications were
reported with predominantly little influence on the affinity (775,777). Only for ligand MI-4 a 3-fold
decline in affinity compared to rhPSMA-7.3 was determined. This finding is in well accordance
with previous data describing superior affinity for structurally related derivatives by a decrease of
linker length between the chelator and the SiFA moiety (rhPSMA 101 and rhPSMA 201) (152).
Internalization rates of MI-2, -3 and -5 were measured between 150% and 170% of the
assay-internal reference ['?%1]I-BA-KUE being slightly lower than the rhPSMA references. MI-1
displayed about a 2-fold drop in internalization possibly correlating with the drastically increased
apparent molecular weight (MWagp) Which was associated with a strong HSA binding. Seemingly,

the observed internalization into LNCaP cells of ligands was limited by their binding strength to
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bovine serum albumin (BSA) contained in the supernatant. Previous work in our group indicated
a strong influence by the absence or presence of BSA in the assay medium on the observed
internalization behavior of ligands with strong HSA binding (777). On the other hand, the use of
BSA in the assay medium was initially established to avoid non-specific ligand association with
plates and vials (715). To keep data as consistent as possible, no assay parameters were changed
in this project. Regarding MI-4, the inferior internalization kinetic was likely a product of its
decreased affinity.

As expected, all Ml ligands demonstrated a loss in hydrophilicity compared to the lead structure
rhPSMA-7.3 by either the substitution of a carboxylic acid by a more lipophilic aromatic residue
(MI-1), an increase of the distance between the lipophilic SiFA moiety and carboxylic
acid/DOTAGA (MI-2 to -4) or the use of DOTA with one carboxylic acid less (MI-5). However, the
structural alterations resulted in logD,+ 7.4 values still in a reasonable range (-2.8 to -3.5).

The two methods for characterization of HSA binding delivered partially diverging results. Because
of certain structural similarities with ibuprofen, it is assumed that the SiFA moiety predominantly
interacts with the HSA binding site Il (Sudlow Il, see also chapter II1.3.4). This binding site is
known for binding ibuprofen, an para-isopropyl substituted aromatic compound (778). In general,
HSA binding is predominantly observed for fatty acids and aromatic entities (778, 779). Therefore,
it is comprehensible that an additional aromatic moiety in MI-1 increased the MW g, Opposed to
rhPSMA-7.3 (39.9kDa vs. 21.6kDa). Contradictorily, the high-performance affinity
chromatography (HPAC) indicated a decrease in HSA binding (92.7% vs. 98.6%). MI-2 exhibited
quite similar values compared to rhPSMA-7.3 in both methods representing the high structural
similarity. The inversion of the Lys-stereocenter in MI-3, the increased distance to the carboxylic
acid group of DOTAGA in MI-4 and the removal of one carboxylic acid using DOTA instead of
DOTAGA in MI-5 was accompanied by a decrease of MWxp, (11.6 kDa, 9.9 kDa and 10.2 kDa,
respectively) even below the value of rhPSMA-10.1 (17.2 kDa).

These data are well in line with literature indicating a strong influence of charged groups in
proximity to lipophilic para-substituted aromatic moieties on their HSA binding. Deberle et al.
demonstrated a pivotal role of positively, neutral, or negatively charged groups in proximity to an
ibuprofen entity on HSA binding (746). Kelly et al. revealed a drastic influence on HSA binding by
variation of linker lengths between a carboxylic acid and a p-iodophenyl moiety (780).
Furthermore, our group could already present an influence by stereoinformation in the rhPSMA-7
diastereomers as well as by a change of the chelator (rhPSMA-7 isomers opposed to rhPSMA-10
isomers) on HSA binding (725). On the other hand, this expected trend was not as consistent for
HPAC-derived data with the HSA binding of MI-4 exceeding the value of MI-3 (95.6% vs. 90.2%).
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1.3. Biodistribution of Ml Ligands

In the following, ex vivo biodistribution data of the Ml ligands are compared to the lead compound
rhPSMA-7.3 (Figure 17). MI-1 was investigated in only one mouse as it clearly revealed an inferior
biodistribution compared to rhPSMA-7.3 with a drastically prolonged blood retention and a tumor-
to-blood ratio about 26-fold lower. Reasons might be the elevated HSA binding as well as
metabolic degradation in blood (see next chapter) — in contrast to the desired cleavage in the
kidneys immediately followed by urinary excretion. Moreover, the increased lipophilicity of MI-1
(as well as potential metabolites) probably raised the proportion of a hepatobiliary excretion
(T/Liver: 23.0 vs. 53.7 = 1.7 for MI-1 and rhPSMA-7.3, respectively). As a result, the kidney
accumulation could be more than halved but at the cost of a tumor uptake decreased to one-third.
The lowered tumor-targeting potential was in well accordance with the found instability in blood
(see next chapter).

MI-2 and MI-3 were originally designed to investigate a structurally closely related pair of a
cleavable (L-Lys) and a non-cleavable (D-Lys) ligand, respectively. Ex vivo biodistribution data
revealed an unexpected negligible difference in their performance showing no advantage of the
hypothesized cleavability on kidney retention. Both ligands exhibited about the half of the tumor
uptake as well as the kidney uptake concerning the lead compound rhPSMA-7.3. Interestingly, an
extraordinarily high standard deviation was observed for kidney uptakes of MI-2 and -3 across
respective mouse cohorts with no obvious single outlier. Calculating the tumor-to-organ ratios for
each mouse individually, the comparison of the subsequently derived mean values revealed a
slight but negligible improvement of tumor-to-kidney ratios (2.4 + 1.5, 1.9 £ 1.0 and 1.2 + 0.3 for
MI-2, MI-3 and rhPSMA-7.3, respectively). Tumor-to-liver ratios of MI-2 and MI-3 were also
increased by a factor of 2.4 and 3.7 whereas tumor-to-blood ratios declined to a respective ratio
of 40% and 47% compared to rhPSMA-7.3.

While kidney and liver uptakes of MI-4 were found to be similar to rhPSMA-7.3, tumor uptake was
reduced to about one-half of the lead compound with concomitant decreased tumor-to-kidney
and -liver ratios. This might be associated with the lower target affinity and PSMA-mediated
internalization as determined in vitro. The tumor-to-blood ratio was doubled but the increase

appeared irrelevant due to the high standard deviation.
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Figure 17: A) Ex vivo biodistribution of MI-1 (n=1), MI-2 (n=5), MI-3 (n =3), MI-4 (n=4), MI-5 (h=4) and
rhPSMA-7.3 (n=4) as ['’Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing CB-17SCID mice;
PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected dose per gram
(%ID/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver) calculated
individually for each mouse and expressed as mean + standard deviation. Data of rhPSMA-7.3 were previously
published by our group (725).

Within the Ml-series, MI-5 clearly possessed the most favorable biodistribution pattern with the
lowest kidney uptake (2.1 + 0.3 %ID/g) and only a minor decrease in tumor uptake compared to
rhPSMA-7.3 (9.1 £ 0.9 %ID/g vs. 11.6 + 2.2 %ID/g, respectively). All depicted tumor-to-organ
ratios could be improved opposed to the DOTAGA-bearing ligand rhPSMA-7.3.

Especially the decreased kidney uptake was clearly visualized in ySPECT/CT images. However,
MI-5 showed a quite equal biodistribution pattern as determined for rhPSMA-10.1, also reflected
by ySPECT/CT images (Figure 18).
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rhPSMA-7.3 rhPSMA-10.1 0 %ID/g

Figure 18: Static yYSPECT/CT images (maximum intensity projections) of MI-5, rhPSMA7.3 and rhPSMA-10.1 as
77 u-labeled compounds in LNCaP | tumor-bearing CB-17 SCID mice. Tumors (T) and kidneys (K) are indicated
by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood collection by cardiac puncture.
Images of rhPSMA-7.3 and -10.1 depicted as reference were previously published by our group (725).

Nevertheless, the comparison with the remaining reference compounds, especially with the
DOTA-conjugate rhPSMA-10.1, which is the structurally more closely related compound to MI-5,

revealed no advantage (Figure 19).

This leads to the conclusion that, if MI-5 was recognized as BBE substrate, its cleavability
constituted no beneficial effect over the choice of DOTA as chelator alone. Furthermore, all
investigated implementations of cleavable linkers in the Mi-series were followed by a minor
decrease in kidney uptake opposed to the effect by the choice of a different chelator. Therefore,
the focus of further investigations was shifted to modifications varying HSA binding and net
charge. These parameters were estimated as key parameters responsible for the high tumor-to-
organ ratios found for rhPMSA-10.1 and PSMA-617.
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Figure 19: A) Ex vivo biodistribution of MI-5 (n = 4) and the reference ligands rhPSMA-7.3 (n = 4), rhPSMA-10.1
(n = 5), PSMA-617 (n = 4) and PSMA 1&T (n = 4) as ['"’Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing
CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%1D/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver)
calculated individually for each mouse and expressed as mean =+ standard deviation. Data of reference ligands
were previously published by our group (725, 160).

1.4. Metabolization of Ml Ligands

In a first attempt within the Ml-series, the Gly-L-Tyr sequence was introduced as BBE cleavable
sequence in the ligand MI-1. Opposed to the reported 2-fold improvement of the tumor-to-kidney
ratio for a PSMA ligand by Vaidyanathan et al. (175), the drastically lowered tumor uptake of MI-1
to one-third compared to rhPSMA-7.3 had a decreased tumor-to-kidney ratio as a consequence.
This decreased tumor targeting potential seemed to be reflected by the high metabolic instability
found in blood (Figure 20).
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Figure 20: Chromatograms obtained by radio-RP-HPLC using the same gradient (10 to 70% B in 15 min, 95% B
for 5 min, 10% B for min); top chromatogram: analysis of a blood sample obtained by cardiac puncture of one
CB-17 SCID mouse 24 h p.i. of ['"""Lu]Lu-MI-1 (11.6 MBq, 170 pmol) and subsequent purification via cartridge
(chapter 11.9.3); bottom chromatogram: quality control (QC) of ['"Lu]Lu-MI-1 by RP-HPLC after [""Lu]Lu-
labeling (chapter 11.7.3).

The blood sample was obtained of one CB-17 SCID mouse 24 h p.i. by cardiac puncture. After a
cartridge-based purification for the removal of solid particles and biomolecules insoluble in
acetonitrile (MeCN, used solvent in subsequent HPLC analysis), the analyzed sample was yielded
in an overall extraction efficiency of 88.4%. The comparison of the corresponding chromatogram
with the quality control (QC) displayed only 12% intact tracer at 24 h post injection. This drastic
instability paired with the concomitant poor biodistribution pattern promoted the shift towards the
implementation of a different cleavable sequence.

Results on metabolic stability of the alternatively used Gly-L-Lys sequence of the first ligand in
this subgroup, MI-2, and the ligand with the most favorable pharmacokinetics, MI-5, are depicted
in Figure 21. As the initially chosen timepoint of 24 h p.i. of MI-1 resulted in a low remaining activity
in the kidneys and consequently with an unsatisfying signal intensity in the chromatogram (data
not shown), MI-2 and MI-5 were investigated 4 h post injection. Additionally, groups of two and
three mice, respectively, were injected to pool samples for a mean metabolic observation and to
ensure the collection of a sufficient amount of urine.

The DOTAGA-conjugate MI-2 was yielded in an overall extraction efficiency of 72% from blood
and 40% from kidney homogenate. The DOTA-conjugate MI-5 revealed extraction efficiencies of
59% from blood and 56% from kidney homogenate.

As expected, no metabolites were observed in the blood for MI-2. In the kidney and urine 84%
and 64% intact tracer were found, respectively. Surprisingly, the two compounds only differing in
the choice of DOTAGA or DOTA as chelator revealed a quite different metabolization pattern. Only
26% of MI-5 were found to be intact in blood which was contrary to the highest determined tumor
uptake within the Ml-series. Urine and kidney samples of MI-5 exhibited higher proportions of

intact tracer of 62% and 88%, respectively.
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Moreover, the main metabolite of MI-5 in blood and urine possessed an extremely short retention
time associated with high hydrophilicity. In contrast, the expected DOTA-/DOTAGA-D-dap[(4-
SiFA)Bz]-Gly-OH metabolites were estimated to exhibit a tendential loss in hydrophilicity
compared to the intact tracers bearing several additional carboxylic acids.

For MI-2, the expected trend was observed for the main metabolite in urine. Obviously, MI-5 was
degraded in a different way which might include the cleavage of the SiFA moiety off the chelator
explaining the short retention time.
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Figure 21: Chromatograms obtained by radio-RP-HPLC comparing samples of blood, urine and kidney of CB-17
SCID mice 4 h p.i. prepared according to chapter I1.9.3 with the corresponding quality control (QC) of the
compounds after ['’Lu]Lu-labeling (chapter 11.7.3); A: Analysis of ['’Lu]Lu-MI-2 (pooled from mice after injection
of 5.6 + 0.4 MBq, 93.6 + 6.1 pmol; n = 2; gradient: 10 to 90% B in 15 min, 95% B for 5 min, 10% B for 5 min);
B:['""Lu]Lu-MI-5 (pooled from mice after injection of 4.9 + 0.4 MBq, 79.0 + 6.5 pmol; n = 3; gradient: 20 to 60% B
in 15 min, 95% B for 5 min, 20% B for 5 min).

Additionally, a second peak in urine and kidney samples was observed with an only slightly
decreased retention time regarding the peak corresponding to intact tracer. These peaks could
also be recognized in trace amounts within the quality control and are most probably side products
emerging from the instable F-Si bond within the SiFA moiety as organofluorosilanes are known to
be prone to hydrolysis (740).

The formation of such trace impurities during ['7“Lu]Lu-labeling was typically observed for SiFA-
bearing compounds within this work. While a former protocol for ['"7Lu]Lu-labeling (756) with
NH4OAc/AcOH (pH 5.9) at 95 °C for 30 min revealed 8.3% side product in the labeling of
rhPSMA-7.3, the formation of side product could be minimized to 1.0% by the choice of a slightly
more acidic buffer (NaOAc/AcOH: pH 5.5) at 90 °C. To proof the side product as a result of
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hydrolysis of the F-Si bond, the former protocol was also conducted in the presence of 1000-fold
excess of NaF. The use of additional fluoride competing with the hypothesized hydroxide as
reactant of the side reaction clearly suppressed the formation of side product assumed as

HO-Si(tBu)>—R species (8.3% vs. 2.7%) (unpublished data determined by Kunert in our group).

In conclusion, some metabolites could be indeed observed for a choice of ligands designed to be
cleavable. In contrast to expectations, the detection of metabolites was not restricted to kidney
and urine samples but did also partially occur in blood samples — which commonly is associated
with reduced tumor-targeting potential. The ligand MI-5 revealed the most favorable
biodistribution pattern within the MI-series despite a remarkable instability in blood and the virtual
formation of an unexpectedly hydrophilic metabolite. This pointed to a metabolization deviant from
the initial aim of this project. Surprisingly, the comparison of the biodistribution of MI-5 with the
structural parent ligand rhPSMA-10.1 revealed a negligible difference, though. Assuming that
rhPSMA-10.1 was metabolically stable according to results for the related rhPSMA-7 isomers (77),
present findings suggest that an insertion of such metabolically instable linkers holds no benefit
for pharmacokinetics in the context of this ligand scaffold.

While some questions were not fully answered in this project with regard to the exact
metabolization pattern, it is unambigious that none of the investigated modifications resulted in a
compound with clearly improved properties opposed to the reference ligands. The comparison
with literature discussed above rather drives the impression that a clear benefit using the strategy
of cleavable linkers might be restricted to larger scaffolds with significantly slower clearance

kinetics of the intact tracer opposed to the respective released metabolite.
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2. Evaluation of Branched Linker Constructs (BLC) for HSA Binding
Modulation

2.1. Background and Design of BLC Ligands

One key parameter to influence pharmacokinetics of a compound, particularly blood and kidney
clearance, is the binding property towards plasma proteins. In this context, human serum albumin
(HSA) plays a pivotal role as the most abundant protein in human blood (723). Regarding PSMA
ligands several approaches have been investigated to increase HSA binding aiming for a
prolonged blood circulation and enhanced bioavailability for a superior tumor accumulation. The
following examples should display the state of the art and some possibilities of fine-tuned HSA
binding modulation. Nevertheless, these derivatives mostly suffer from heavily decreased tumor-
to-blood ratios. Thus, ligands within this work were aiming for a more balanced HSA binding.

In 2008, Dumelin et al. published D-Lys(IPB)-OH (IPB = 4-(p-iodophenyl)butyric acid) as a strong
binding motif towards human as well as murine serum albumin (723). Later on, Kelly et al.
investigated small molecule PSMA ligands derived from MIP-1095 bearing similar p-iodophenyl
entities for a modified HSA binding (780). The series clearly revealed the highest HSA binding for
Lys(IPB)-OH compounds whereas small changes in the number of bonds between the
p-iodophenyl moiety and the free Lys-carboxylate drastically decreased HSA affinity.

From there on, several groups included the IPB moiety in their design of PSMA ligands with
increased HSA binding (121,122,144,145,147,181). Schibli's group explored the applicability of
the IPB moiety on the PSMA-617 scaffold with altered structural modifications in vicinity to the
HSA binder. In a first series, IPB alone (PSMA-ALB-02), IPB-Asp. (PSMA-ALB-05) and IPB-Asps
(PSMA-ALB-07) were conjugated to the Lys-Na of the Lys(DOTA)-Txa-Nal-KuE platform. While
the addition of carboxylic acids in proximity to the HSA binder produced a beneficial
compensation of lipophilicity (logD: —2.8 vs. -3.5 vs. —3.9, respectively, opposed to ['7"Lu]Lu-
PSMA-617: —4.4), within the ALB-series PSMA-ALB-02 revealed the fastest blood clearance and
lowest kidney retention (area under the curve (AUC) opposed to PSMA-617: 2.8- and 11.4-fold
raised, respectively) whereas tumor uptakes were similar among the ALB-derivatives (AUC ~2-fold
of PSMA-617). Noteworthy, comparing PSMA-ALB-05 and -07 the additional Asp led to a ~2-fold
tumor-to-blood ratio but an almost halved tumor-to-kidney ratio. This is an important hint for the
development of hydrophilic linkers as the introduction of charges might be disadvantageous for
kidney retention (745).

In a next PSMA-ALB-generation, the positions of DOTA and IPB were interchanged to receive
PSMA-ALB-53 with a DOTA-Lys(IPB)-motif instead of the IPB-Lys(DOTA)-entity within the parent
compound PSMA-ALB-02. Obviously, the novel constitutional isomer possessed the same HSA
binder but with a more pronounced exposure. This led to a 10.7-fold increased AUC in blood but
an only 1.2-fold raised AUC in the tumor. Moreover, the analog PSMA-ALB-56 was investigated

and received by a replacement of the iodo- by a methyl-substituent to yield a weaker HSA binder.
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The determined AUC in blood was still double the value of PSMA-ALB-02, but the AUCs for tumor
and kidney were improved (+27% and —28%, respectively) (147).

Kuo et al. proceeded the modulation of HSA binding on a structural basis very similar to PSMA-
ALB-02 by investigation of further para-substituents on the 4-phenylbutyric acyl entity. The
observed trend for an enhanced blood retention assumed as a consequence of serum albumin
binding was well correlated with the trend of increasing lipophilicity of the HSA binder (%I1D/g in
blood at 3 h p.i. with the altered substituents; I: ~24, Br: ~21, Cl: ~17, CHs: ~13, OCHjs: ~6.6, NO.:
~2.5, F: ~2.1, NH.: ~0.5). These data appear to illustrate a quite helpful strategy in fine-tuning HSA
binding for optimal tumor-to-organ ratios. Indeed, the optimized, Cl-substituted derivative
[""Lu]Lu-HTKO03121 of Kuo et al. revealed a remarkable uptake in the LNCaP tumor model of
104 %ID/g at 24 h p.i. and according to dosimetry calculations even a 2.9-fold improvement of
the tumor-to-kidney absorbed dose ratio opposed to ['77Lu]Lu-PSMA-617. Nevertheless, the
drastically prolonged blood retention (4.3 %ID/g at 24 h p.i.) would obviously result in a dose-
limiting factor (787).

After determination of a suitable anchoring position for the attachment of an HSA binding entity in
their lead structure under preservation of low nanomolar PSMA affinity (782), a set of four ‘RPS’-
derivatives was investigated by Kelly et al. (144). Two structural parameters and respective
alterations were tested. The first parameter was the use of either Lys(IPB)-OH or the truncated
Lys(IPA)-OH (IPA: 4-(p-iodophenyl)acetic acid) as HSA binder. As mentioned above, the distance
between the carboxylic acid and the p-iodophenyl moiety in the Lys(IPB)-OH fragment was found
to exhibit the highest HSA affinity while several alterations of linker lengths in between led to a
reduction, inclusively for the Lys(IPA)-OH fragment (780).

The second parameter was the insertion or omission of a polyethylene glycol 8 (PEGs) linker
connecting the HSA binder with the optimized anchoring position in the lead structure.
Independently of the used HSA binder, the insertion of the PEGg-linker was accompanied by a
reduction of affinity towards PSMA as well as HSA. As expected, the use of the weaker HSA binder
as well as the PEGs-linker led to a faster blood clearance with the strongest effect for a
combination thereof. Interestingly, the PEGs-Lys(IPB)-OH ligand exhibited a significantly lower
kidney retention while possessing a slower blood clearance opposed to the Lys(IPA)-OH ligand
without a PEG-linker (AUC in kidney: 585 vs. 4676; AUC in blood: 420 vs. 22) leading to the highest
tumor-to-kidney AUC ratio of 4.7 for the PEGs-Lys(IPB)-OH ligand among the four ligands in
LNCaP-tumor-bearing mice. The authors concluded that the lowered kidney value by their use of
a PEG-linker was a synergistic result of two factors. On the one hand, a reduced HSA binding
promotes a faster whole-body clearance. On the other hand, it was speculated that the increased
linker size by the use of the PEG-linker reduced kidney retention by an ‘accelerated clearance
before tubular reabsorption’ (744). Inspired by the finding of Kelly et al., the concept of a branched
linker construct with a terminally attached HSA binder should be investigated in this work. This

modular scaffold seems to possess several advantages. First, after the determination of a suitable
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branching position (optimization of number of bonds m and n in Figure 22) the target affinity of
the whole construct is likely to be maintained independently of further modifications at the distant
HSA binder. This should facilitate the modulation of HSA binding aiming for a blood half-life
resulting in optimal tumor-to-background ratios. As indicated by the above-discussed literature,
structural parameters for the modulation might be the variation of substituents at the HSA binding
entity (787), the exposure or steric shielding of the HSA binder (745,147) or the variation of the
linker by positioning or absence of functional groups like carboxylic acids in proximity to the HSA
binder (744,145, 180). Furthermore, Kelly’s assumption of reducing tubular reabsorption and thus,
kidney retention, by the use of larger linker constructs might be confirmed (744). Therefore, the
linker moiety itself might be exploited to reduce the kidney dose not only as a function of blood
clearance. Lastly, we hypothesize that a suitable linker length with an appropriate structural
distance of the targeting vector and the HSA binder might allow for target binding of the ligand in
an HSA-bound state possibly providing an enhanced tumor accumulation opposed to a

comparable smaller ligand.

Human Serum
Albumin (HSA)

HSA Binder
Targeting Vector

Target-Expressing
Tumor Cell Surface Radionuclide

Figure 22: lllustration of a ligand comprised of a branched linker construct (BLC) connecting a targeting vector, a
radionuclide-bearing moiety and an HSA binder with all functional moieties in a distance allowing for simultaneous
binding to HSA and to the target expressed on tumor tissue. This structural basis should allow for a facilitated
fine-tuning of pharmacokinetics and tumor accumulation independent of a residence time in an HSA-bound state.

Development steps and structures of respective investigated ['77/"Lu]Lu-compounds in this
project are depicted in Figure 23. To investigate our hypothesis, a sufficient spatial distance
between the PSMA-targeting vector EUE and the HSA binder was indispensable. Thus, a rigid
poly-L-proline spacer was initially chosen for investigations as it was previously shown by
fluorescence energy transfer (FRET) studies that spatial distance could be efficiently retained
(783). The poly-L-proline type Il helix was described with a length of 3.1 A per amino acid summing
up to a total length of almost 28 A for a Prog-linker (784). The entrance funnel of PSMA was
reported to be approximately 20 A deep (717). Therefore, the linker was estimated to keep a

sufficient space between the PSMA targeting vector and HSA binding motif.
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18t Generation | Identification of Anchoring Positions Py in the Lead Structure rhPSMA-7.3
for the Branching Linker Moiety -L-Lys(Ac-Prog)-:
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Figure 23: Structures and development steps of the BLC ligands derived from the lead structure rhPSMA-7.3. The
nonaseryl-derivative BLC-10 could not be isolated due to low coupling yields within the linker moiety and no
separation from respective deletion peptides.
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In a first step, the optimal branching position by the insertion of a -Lys(Ac-Prog)-moiety (Ac =acetyl)
into the lead-structure rhPSMA-7.3 among the positions P1 to P5 was determined resulting in the
ligands BLC-1 to -5 (1%t Generation).

In the second generation, the Prog-spacer was substituted by a Serq-, (Ser-Gly-Gly)s- or PEGs-
spacer (BLC-6 to -8) possessing the same spacer lengths according to the number of bonds but
different numbers of hydrophilic groups and grades of flexibility to examine influences on PSMA
affinity as well as hydrophilicity.

In a third generation, the terminal acetyl group in the model compounds BLC-5 to -8 was replaced
by the reported albumin binding moiety IPB (BLC-9 to -12). However, BLC-10 could not be
isolated because of incomplete coupling reactions during the installation of the Sery-spacer

resulting in deletion peptides which could not be separated from the product.

2.2. In Vitro Evaluation of BLC Ligands

The insertion of the Lys(Ac-Prog) spacer at branching positions P1-3 resulted in a significant loss
of target affinity whereas positions P4 and P5 were moderately tolerated with I1Cso values in a low
nanomolar range and a loss of affinity within a factor of 2.3-2.8 compared to rhPSMA-7.3 (3.3 =
1.0 nM) (Figure 24).

Branching Position P, P, P, P, P, P

PSMA Affinity (ICs, [nM]) >1000 70+19 43+13 7.8+17 93+24

Figure 24: PSMA affinities (ICso [nM]) of of BLC-1 to BLC-5 correlated to their branching position Px and determined
in a binding assay based on respective "™Lu-compounds (107°-10-5 M) with ['?°[]I-BA-KUE (0.2 nM) as competitor
on PSMA* LNCaP cells (1 h, on ice, n = 3).

The two respective derivatives BLC-4 and -5 were further evaluated as potential scaffolds for
continuing optimizations (Figure 25).

The insertion of the rigid spacer in proximity to the SiFA moiety was followed by a remarkable
decrease in HSA binding according to both methods (HPAC: 76.7% and 87.9%; AMSEC: 3.6 kDa
and 4.4 kDa, respectively). Two factors were considered to be responsible. As described within
the MI-series, altered distances between carboxylic acids/DOTAGA and the SiFA moiety influence
HSA binding. On the other hand, the decrease in HSA binding observed for the two BLC ligands
was more drastic compared to differences within the Mi-series. Thus, it was concluded that the
SiFA moiety could be sterically shielded by the used spacer and therefore, the affinity towards

HSA was lowered. This finding seemed useful to minimize the influence of the SiFA moiety on the
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overall HSA binding. Thus, this construct should allow for a more flexible modification of the HSA
binding simply by the attachment of different HSA binding moieties at the terminus of the spacer.
Not surprisingly, the insertion of the moderately polar Prog-spacer increased the lipophilicity as it
can be seen from the logD7.4 values (BLC-4: -3.0 and BLC-5: -2.8 vs. rhPSMA-7.3: —4.1).

The internalization values differed for the two positions. BLC-4 showed an increase of
internalization by a factor of 1.2 while BLC-5 revealed a decrease of 14%, comparing both directly
to rhPSMA-7.3.
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Figure 25: In vitro data of BLC-4, -5 (violet) and reference ligands (grey), all evaluated as ['7""2{_u]Lu-compounds;
A) human serum albumin binding of "*Lu-compounds determined on a Chiralpak HSA column; B) apparent
molecular weight (MWagp) of ['77Lu]Lu-compounds determined by human serum albumin-mediated size exclusion
chromatography (AMSEC); C) lipophilicity of ["’Lu]Lu-compounds expressed as n-octanol/PBS partition
coefficient (logDp+ 7.4, N = 6);D) PSMA-mediated internalization of ['"’Lu]Lu-compounds in PSMA* LNCaP cells (1 h,
37 °C) as percentage of the reference ligand ['?I]I-BA-KUE (n = 3). Data depicted for reference compounds in B-D)
were previously published by our group (725); only AMSEC data were modified by a correction factor explained in
chapter 11.8.5.2.
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Although BLC-4 demonstrated slightly better in vitro characteristics, further investigations were
conducted based on BLC-5. The synthetic route of BLC-5 proofed to be more robust delivering
higher conversions during the realization of the spacer moiety and less impurities for final
purification resulting in a higher yield (1.2% vs. 5.4%).

On the basis of BLC-5 (Ac-Prog), three further spacer moieties with equal chain lengths in respect
to the number of atom bonds but with different grades of rigidity (783, 785, 186) and hydrophilicity
were tested (BCL-6: Ac-Sery; BLC-7: Ac-(Ser-Gly-Gly)s; BCL-8: Ac-NH-PEGs-propionyl). Results
regarding hydrophilicity and affinity are depicted in Figure 26.
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Figure 26: In vitro data of branched linker constructs (BLC, pink) and reference ligands (grey), all evaluated as
['""matl_u]Lu-compounds; A) affinities (ICso [nM]) determined in a binding assay of "Lu-compounds (10-'°-10"° M)
with ['2]I-BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n=3); B) PSMA-mediated
internalization of ['7”Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand
['2%1]]-BA-KUE (n = 3). Data depicted for reference compounds were previously published by our group (725); only
AMSEC data were modified by a correction factor explained in chapter 11.8.5.2.

The determined PSMA affinity for these derivatives was moderate and not significantly influenced
by the type of spacer suggesting that the PSMA binding pocket tolerated these modifications at
this position in the ligand structure regardless of the linker rigidity or inherent functional groups.
Noteworthy, couplings of Fmoc-[L-Ser(OtBu)]s-OH in the synthesis of BLC-6 were incomplete
leading to a low overall yield.

As expected, the addition of hydroxyl groups by the installation of the Sers- and (Ser-Gly-Gly)s-
spacer realized in compounds BLC-6 and -7 led to a remarkable increase of hydrophilicity
compared to BLC-5 (logD;.4: —4.1 each vs. —2.8). Opposingly, the PEGs-spacer in compound BLC-
8 caused a minor improvement of hydrophilicity (-3.6).

Based on results determined for BLC-1 to -8, branched linker constructs bearing an IPB moiety
as an HSA binder (123), were investigated. In vitro data of the corresponding ligands BLC-9 to -12
are depicted in Figure 27.

The substitution of the acetyl group by the IPB moiety showed no significant effect on the affinity.
Still, about a 3- to 4-fold increase of the ICso values compared to rhPSMA-7.3 was observed.
The internalization was dramatically affected by the introduction of the IPB moiety with a 3.0-, 4.6-
and 10.1-fold lower value opposed to rhPSMA-7.3 for the compounds BLC-9, -11 and -12,
respectively. As mentioned above, a strong HSA or BSA binding seemed to drastically decrease
the observed internalization value determined in the applied assay with BSA in incubation
media (177).

Due to the heavily exposed lipophilic IPB moiety, all HSA binder constructs showed a severe
decrease in hydrophilicity compared to their acetylated parent compounds as well as opposed to
the lead compound rhPSMA-7.3. Although logD- .+ values of the acetylated BLC-compounds BLC-
5 to -8 were strongly influenced by the functional groups within the spacer, a terminal lipophilic
HSA binder seemed to dominate the lipophilicity with only minor effects of the spacer.

As expected, the apparent molecular weight MWapp, as a parameter for HSA binding, was clearly

increased by the IPB moiety for the derivatives BLC-11 and -12 by a factor of 1.4 and 1.5,
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respectively, in comparison to the lead compound. Interestingly, BLC-9 showed a quite similar
HSA binding compared with rhPSMA-7.3 in both methods but a 5-fold increased MWap, compared
to the acetylated analog BLC-5. The HPAC method revealed a comparingly low value for BLC-12
(92.9%). But still, all IPB-derivatives clearly exhibited HSA bindings of >90%.
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Figure 27: In vitro data of BLC-9 to -12 (violet) and reference ligands (grey), all evaluated as ['77m{ u]Lu-
compounds; A) affinities (ICso [NM]) determined in a binding assay of "*Lu-compounds (101°-10- M) with ['3]]I-
BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-mediated internalization of
[""Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?°[]I-BA-KUE
(n = 3); C) lipophilicity of ['""Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDpti 7.4, N = 6);
D) apparent molecular weight (MWapp) of ['7’Lu]Lu-compounds determined by human serum albumin-mediated
size exclusion chromatography (AMSEC); E) human serum albumin binding of "!Lu-compounds determined on a
Chiralpak HSA column. Data depicted for reference compounds in A-D) were previously published by our group
(725); only AMSEC data were modified by a correction factor explained in chapter 11.8.5.2.

In conclusion, high HSA binding was observed for compounds with flexible spacers while the rigid
proline-based linker significantly decreased HSA binding and could serve in principle as a
structural platform for ligands with fine-tuned HSA binding from this perspective. However,
general problems of these branched linker constructs were an overelaborated synthesis with
difficulties corresponding to incomplete coupling steps, moderate affinity and a high lipophilicity
due to the strongly exposed HSA binder. A replacement of the IPB moiety by a different, more
hydrophilic HSA binder to reduce the logDr.4 values seemed difficult as HSA is known to bind
predominantly lipophilic aromatic entities (778,779).

Throughout the investigations regarding HSA binding modulation within this work and critical
literature analysis it became evident that a heavily prolonged blood retention by increasing HSA
binding mostly resulted in inferior tumor-to-background ratios (7121,122,144-147,181).

Importantly, blood retention of radioactive compounds can be a dose-limiting factor considering
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hematotoxic effects (7187). Moreover, eventual long-term effects by radiation exposure of the
kidneys as main excretion organ have to be taken into account (167, 762). These findings level out
an optional increased absolute tumor uptake. In parallel to this project, our group investigated the
['""Lu]Lu-rhPSMA-7 and -10 isomers which already revealed significant differences in HSA binding
just by alterations of the structural vicinity surrounding the SiFA moiety. Moreover, these data
suggested that even rhPSMA-7.3 possessed suboptimal slow pharmacokinetics and tumor-to-
organ ratios could be improved by a reduction of HSA binding (725).

Thus, the aim of the following work was shifted to a reduction of HSA binding. Noticing, that the
SiFA moiety itself already represented an HSA binder with an HSA affinity in a useful range,
additional attachments of HSA binding moieties were avoided as far as possible, and the concept

of branched linker constructs was discarded.
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3. Evaluation of Ligands with Reduced Net Charge (RNC)

3.1. Background and Design of RNC Ligands (1t Generation)

Accumulation and retention of PSMA ligands in the kidneys are a product of several parameters.
High hydrophilicity is commonly accepted as a discriminator for a mainly renal excretion route.
Consequently, most PSMA ligands are predominantly excreted by the kidney. Moreover, the
respective area under the curve is dependent on blood clearance and thus, HSA binding as partly
described in chapter I11.2.

Another parameter linked to kidney retention is tubular reabsorption. For a variety of peptides
reabsorption mechanisms related to molecular charge seem to play a role. It could be shown in
animals and patients that an application of basic, positively charged amino acid solutions
containing either lysine or arginine contribute to a significantly lower kidney retention of antibody
fragments (788-190). This concept could be transferred successfully on the application of
positively charged somatostatin receptor ligands [*°Y]Y-DOTATOC and ['"'In][In-DTPA%]octreotide
and is also recommended for the application of the FDA-approved ['"7Lu]Lu-DOTA-TATE (797-
193). For the negatively charged, Glu-rich peptide ["''In]In-DTPA-D-Glu'-minigastrin a similar
approach was investigated in mice. After pre-injection of polyglutamic acid a reduction of up to
>80% of the accumulated activity in the kidneys 4 h p.i. was observed (194).

One well-known candidate responsible for tubular reabsorption of many ligands is the scavenger
receptor megalin (795,796). Vegt and Melis et al. could demonstrate for their choice of peptide-
based ligands comprising of ['''In]in-octreotide, -octreotate, -exendin, -minigastrin
and -neurotensin a megalin-mediated kidney uptake. In comparison with wild-type mice, a
reduction of renal activity accumulation in megalin-deficient mice to a proportion between 22%
and 65% was found in well accordance with previous results of de Jong et al. (148,149). In the
case of PSMA ligands, a significant proportion of the reabsorption is target-mediated as PSMA is
found to be expressed in healthy proximal tubules (44). Therefore, activity accumulation can be
blocked by co-injection of cold PSMA ligands or even monosodium glutamate at the cost of a
decreased tumor uptake (797,798).

To modify a ligand’s inherent reabsorption behavior another approach seems promising. As
implied above, several examples indicate molecular charge as a key parameter for tubular
reabsorption of a compound albeit it is important to have in mind that repositioning or omission
of charged groups is also likely to affect further parameters such as hydrophilicity or HSA binding.
Thus, not surprisingly diverging results are found in literature. On the one hand, for instance, a
series of modified [**™Tc]Tc-chelators attached to the same affibody or the comparison of various
analogs of the a-melanocyte-stimulating hormone («-MSH) supported the impression of reduced
kidney uptake as a result of a reduced net charge (799,200). On the other hand, a pharmacokinetic

improvement of [(8Ga]Ga-PSMA-11 by the insertion of zwitterionic spacers was reported (207).
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Findings of Pomper et al. promoted the hypothesis of decreased tubular reabsorption by a
reduced net charge. They investigated the DOTA-bearing PSMA ligand ['?°I]VK-02-90 once with
the free chelator and once more as the respective "#Lu-chelate. While the blood clearance turned
out to be similar, the kidney clearance of the "*Lu-chelate was significantly improved with a more
than 9-fold lower activity accumulation at 24 h post injection. A similar, even though less
accentuated pattern was observed for the respective pair of ['2°[]VK-03-03 and its "&Lu-chelate
within the same publication (750). Another example is presented by the aforementioned
comparison of PSMA-ALB-05 and -07 distinguished by an Asp.- or Asps-linker (AUCkigney: 1837
vs. 3395) (145).

Based on the literature-driven hypothesis that reduced net charge (NC) could be related with a
ligand’s decreased tubular reabsorption, the omission and alteration of non-required carboxylic
acids within the rhPSMA-7.3 scaffold were investigated and results are herein described. The
scaffold obtains nine carboxylic acids of which three positions were assumed to be non-essential
for neither nanomolar target affinity nor (radio)metal chelation as indicated by the supposed

positioning within the binding cavity of PSMA (Figure 28).

Charged Groups Ato C
not Required for
Nanomolar PSMA Affinity/'""/"@Lu-chelation

Arene-Binding

BINDING
CAVITY OF
PSMA

Site
Omission/Alteration

Glutamate J Reduced Kidney Retention?
Pocket
Active Site

Figure 28: lllustration of the supposed positioning of rhPSMA-7.3 in the schematic binding cavity of PSMA
comprising of the glutamate pocket, zinc (II) active site (zinc ions in orange), arginine patch, S1 accessory site and
arene-binding site adapted from Kopka et al. (71). PSMA ligands with reduced net charge (RNC) within this chapter
are modified by omission or alteration of the carboxylic acids A to C aiming for reduced kidney retention.

As depicted, the carboxylic acids of the EuE binding motif are required for the attractive
interactions with the glutamate pocket and the arginine patch (36,65). Charge reduction might be
accomplished in position A by implementing a KuE binding motif similar to established therapeutic
agents as PSMA-617 and PSMA-I&T (98,99). The latter comprises a suberic acid linker attached
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to KuE. However, this linker structure was also implemented by Wurzer et al. in Ga-rhPSMA-6. For
this radiohybrid compound a decrease to a minor extent for PSMA affinity but in particular for
internalization was determined compared to Ga-rhPSMA-7 (726). These results as well as affinity
values observed for a series of [**"Tc]Tc-PSMA ligands published by Hillier et al. indicated that
carboxylic acid A might also contribute to an attractive interaction with the arginine patch (202).
To maintain a high PSMA affinity and favorable internalization behavior while omitting the charge
in position A, the use of the Txa-L-2-Nal-KuE sequence, already optimized for the PSMA-617
scaffold (203), was investigated in combination with the radiohybrid unit comprised of the
(4-SiFA)Bz- and a chelating moiety. This attempt aimed for a radiohybrid tracer possessing the
beneficial pharmacokinetic properties of ['7’Lu]Lu-PSMA-617 showing a fast whole-body
clearance and especially renal clearance in mice with a high and well-retained tumor accumulation
(98). Furthermore, comparing clinical results with ['"7Lu]Lu-PSMA I&T, the lower net charge-
bearing ['""Lu]Lu-PSMA-617 also displayed a lower kidney retention although a slower blood
clearance was observed (204).

But this approach not only promises to decrease the net charge and thus possibly improve renal
retention. The combinatorial use of an L-2-Nal-based linker and the SiFA moiety in a suitable
distancing might enable the targeting of both prominent hydrophobic pockets within the PSMA
binding cavity, namely the S1 accessory site and the remote arene-binding site (47,69,71). This
could result in an improved PSMA affinity with concomitant superior tumor uptake.

Figure 29 depicts the first generation of rhPSMA ligands RNC-1 to -4 comprised of the
PSMA-617’s expanded binding motif and the radiohybrid unit of rhPSMA-7.3 directly attached or
via different spacers X to optimize for target affinity (spacer length) as well as hydrophilicity
(carboxylic acid/polyether). Furthermore, the PEG-spacer was inserted to investigate the

assumption of a reduced tubular reabsorption of ‘larger linkers’ by Kelly et al (144).
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Figure 29: Structures of the first generation of ligands with reduced net charge (RNC) derived from the reference
structures rhPSMA-7.3 and PSMA-617 depicted with the net charge (NC) under physiological pH conditions.
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3.2. In Vitro Evaluation of RNC Ligands (15t Generation)

In vitro data of the compounds RNC-1 to -4 are shown in Figure 30. Despite expectations of
increased affinity, derivative RNC-1 and to a lower extend derivatives RNC-2 and RNC-3 exhibited
a loss of affinity with 1Cso-values of 62 + 8.3, 30 + 12 and 17 + 2.7 nM, respectively. Driven by the
hypothesis that the sterically demanding L-2-Nal forces the spacer to sidestep and thus, resulting
in steric repulsion of the SiFA moiety in the entrance funnel instead of attractive interactions with
the arene-binding site, a longer PEG-spacer was used in derivative RNC-4. Indeed, compared to
the shorter analogs RNC-1 to -3 the affinity of RNC-4 was increased to a value of 8.1 £ 0.9 nM.
Unfortunately, in respect to the reference compounds no gain in affinity could be achieved.
Additionally, internalization was drastically decreased for derivatives RNC-2 to -4 with values
ranging from ~10 to 22% relative to PSMA-617. Again, these data might be obscured by the

compounds’ serum albumin binding (777).
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Figure 30: /n vitro data of RNC-1 to -4 (red) and reference ligands (grey), all evaluated as ['7"/"{_u]Lu-compounds;
A) affinities (ICso [nM]) determined in a binding assay of "Lu-compounds (10-'%-10- M) with ['?]]I-BA-KuE (0.2 nM)
as competitor on PSMA* LNCaP cells (1 h, on ice, n=3); B) PSMA-mediated internalization of ['"’Lu]Lu-
compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?l]I-BA-KUE (n = 3); C)
lipophilicity of ['’Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDp+74, N =6); D)
apparent molecular weight (MWapp) of ['77Lu]Lu-compounds determined by human serum albumin-mediated size
exclusion chromatography (AMSEC); E) human serum albumin binding of "'Lu-compounds determined on a
Chiralpak HSA column. *Internalization and HSA binding were not determined for RNC-1. Data depicted for
reference compounds in A-D) were previously published by our group (725); only AMSEC data were modified by
a correction factor explained in chapter 11.8.5.2.

Obviously, the use of the two bulky, lipophilic building blocks L-2-Nal and (4-SiFA)Bz in one ligand
had a great impact on the hydrophilicity. Determined logD- 4 values were about three logarithmic

units more lipophilic for RNC-1 and -2 in respect to the references. The attempt of compensation
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by one more carboxylic acid (RNC-3) or a PEG-spacer (RNC-4) led only to a partial recovery of
hydrophilicity with still about two logarithmic units mor lipophilic than the references.

The MWy, was heavily increased for RNC-2 in respect to PSMA-617 and also rhPSMA-7.3
demonstrating that both aromatic systems, L-2-Nal and (4-SiFA)Bz, were bearing a certain affinity
to HSA and the binding coud be even strengthened combining both moieties within one molecule.
Noteworthy, the MW, was even slightly more increased for RNC-3 by placing a carboxylic acid
in between these two moieties. This finding was in accordance with the reported structure of the
suspected, addressed HSA binding site Il (Sudlow Il) with two inherent positively charged amino
acids, namely R410 and K414 (7178). Avoiding this additional carboxylic acid and placing the two
aromatic moieties further apart by a moderately hydrophilic PEG-spacer in derivative RNC-4
ended up with a MWap, significantly closer to the reference value of rhPSMA-7.3 (29.9 kDa vs.

21.6 kDa) and even lower comparing these both compounds by values determined with HPAC.

3.3. Biodistribution of an RNC Ligand (15t Generation)

Despite the lower PSMA affinity, the effect of a reduced net charge as well as a potentially positive
effect of the PEG-spacer on renal clearance were investigated in vivo by a biodistri-bution study
at 24 h p.i. with compound RNC-4. An inferior tumor uptake compared to rhPSMA-7.3 and -10.1
is visualized in respective ySPECT/CT images shown in Figure 31. The moderate kidney uptake

of RNC-4 was ranked between the two radiohybrid references.

10 %ID/g

rhPSMA-7.3 rhPSMA-10.1 0 %ID/g

Figure 31: Static yYSPECT/CT images (maximum intensity projections) of RNC-4, rhPSMA7.3 and rhPSMA-10.1
as "Lu-labeled compounds in LNCaP | tumor-bearing CB-17 SCID mice. Tumors (T) and kidneys (K) are indicated
by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood collection by cardiac puncture.
Images of rhPSMA-7.3 and -10.1 depicted as reference were previously published by our group (725).

Biodistribution data in comparison with the reference compounds are shown in Figure 32. As
expected, compared to rhPSMA-7.3 the kidney uptake was ~1.5-fold reduced, albeit the
difference seemed irrelevant due to standard deviation. Unfortunately, the tumor uptake was also

decreased by a factor of ~1.7 resulting in a nearly identical tumor-to-kidney ratio (1.27 vs 1.24).

113



III. RESULTS AND DISCUSSION

Apparently, the tumor-targeting potential was diminished by the worse affinity and internalization
behavior limiting tumor accumulation despite the drastically enhanced input function.

Obviously, as a consequence of the increased HSA binding the whole-body clearance was
markedly decelerated ending up with a tumor-to-blood ratio of 13.8 £2.3 for RNC-4 vs.
3843 + 1145 for rhPSMA-7.3 and 1423 + 455 for PSMA-617.

Furthermore, the high lipophilicity was accompanied by a raised proportion of hepatobiliary
excretion compared to rhPSMA-7.3 manifested in increased uptakes in liver (0.74 = 0.12 %ID/g
vs. 0.22 + 0.04 %ID/g) and intestines (0.41 + 0.27 %ID/g vs. 0.13 + 0.08 %ID/g). Consequently,

RNC-4 also exhibited the lowest tumor-to-liver ratio of 9.3 + 1.3.
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Figure 32: A) Ex vivo biodistribution of RNC-4 (n = 5) and the reference ligands rhPSMA-7.3 (n = 4), rhPSMA-10.1
(n =5), PSMA-617 (n = 4) and PSMA I&T (n = 4) as ['""Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing
CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%1D/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver)
calculated individually for each mouse and expressed as mean =+ standard deviation. Data of reference ligands
were previously published by our group (725, 160).

In conclusion, the idea of charge reduction in position A in combination with addressing the S1

accessory site by a lipophilic aromatic moiety like a naphthyl residue was refused. /In vivo data
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demonstrated a clear disadvantage of such a loss in hydrophilicity as well as in the raise of HSA

binding.

3.4. Extended Concept and Design of RNC Ligands (2" Generation)

As radiohybrid ligands RNC-1 to -4 drastically suffered from lipophilicity and strong HSA binding
induced by the L-2-Nal-modification in position A, a series of RNC ligands with a modified
approach was investigated. The hydrophilic D-Orn-EuE binding motif was conserved, and the
focus was shifted to modifications in position B and C. These positions were located in structural
vicinity to the HSA binding SiFA moiety and their modification regarding reduced net charge was
also aiming for fine-tuned HSA binding.

For a better understanding how affinity towards HSA can be modulated, the main binding sites
are briefly described in the following. Drug binding sites | and Il, also known as Sudlow’s site | and
Il, are characterized for the binding of aromatic moieties. While both binding sites appear to form
mainly hydrophobic pockets with polar patches containing positively charged amino acids or
proton donors, they are distinguishable by size (site | > site Il) and number of polar patches (site I:
2; site II: 1). Thus, structurally bulkier drugs like warfarin with more than one aromatic entity and/or
two or more electron-donating groups in a defined distance preferably bind to site I. On the other
hand, drugs like ibuprofen with only one aromatic entity and one electron-donating group tend to
bind more efficiently to site Il (178).

These facts are well reflected by the publication of Deberle et al. introducing ibuprofen as HSA
binding moiety to the PSMA-617 scaffold. At the attachment point of ibuprofen three different
amino acids of same size were inserted in between to investigate the pharmacokinetic influence
of a negatively (L"), neutrally (L°) or positively (L*) charged amino acid in proximity to the ibuprofen
entity. In vitro results displayed the expected trend for plasma protein binding in human as well as
murine plasma (L~ > L° > L*). Surprisingly, whereas the AUC (0-192 h) values in blood differed only
slightly (144 + 10 vs. 143 £ 15vs. 129 + 8 for L, L° and L*, respectively), differences in the kidneys
were more pronounced (1211 £ 61 vs. 868 + 91 vs. 652 £ 29 for L, L° and L*, respectively)
underlining the hypothesis of reduced tubular reabsorption by a reduced net charge (746).
Assuming a similar binding mode for the SiFA moiety as for the ibuprofen entity, this concept was
applied on the rhPSMA-7.3 scaffold resulting in the second generation of RNC ligands (Figure 33).
While carboxylic acid B of the lead compound was omitted in RNC-5, it was substituted by an
aminomethyl group to yield RNC-6. Lastly, for derivative RNC-7 the carboxylic acid in position C
was omitted using DOTA instead of DOTAGA in addition of the aminomethyl substituent in

position B.
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Figure 33: Structures of the second generation of ligands with reduced net charge (RNC) derived from the
reference compound rhPSMA-7.3 depicted with the net charge (NC) under physiological pH conditions.
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3.5. In Vitro Evaluation of RNC Ligands (2" Generation)

In Figure 34, in vitro data of derivatives RNC-5 to -7 and data of the reference compounds are
depicted. ICso values revealed a trend of a slight decreased affinity with a less negative net charge
but still in a nanomolar range (4.9-7.5 nM). This finding most probably correlates with the
composition of the remote arene-binding site comprised of the positively charged amino acids
R463, R511 and W541 (69). Therefore, the absence of carboxylic acid B or the substitution with
an even positively charged aminomethyl group and the further optional omission of carboxylic

acid C was likely to weaken the attractive interaction of the SiFA moiety with the arene-binding

site.
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Figure 34: In vitro data of RNC-5 to -7 (orange) and reference ligands (grey), all evaluated as ['7/"Lu]Lu-
compounds; A) affinities (ICso [nM]) determined in a binding assay of "*Lu-compounds (101°-10-5 M) with ['3]]I-
BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-mediated internalization of
[""Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?°[]I-BA-KUE
(n = 3); C) lipophilicity of ['""Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDpti 7.4, N = 6);
D) apparent molecular weight (MWapp) of ['7’Lu]Lu-compounds determined by human serum albumin-mediated
size exclusion chromatography (AMSEC); E) human serum albumin binding of "'Lu-compounds determined on a
Chiralpak HSA column. Data depicted for reference compounds in A-D) were previously published by our group
(725); only AMSEC data were modified by a correction factor explained in chapter 11.8.5.2.

Surprisingly, the internalization into LNCaP cells of RNC-5 exceeded the values of the reference
compounds (232 + 10% of I-BA-KUE vs. 145 + 14% of I-BA-KuUE for PSMA 1&T to 203 + 10% of
I-BA-KUE for PSMA-617) while the trend within the RNC-series followed the decreased affinity
(163 + 6.9 and 121 + 6.0% of I-BA-KuE for RNC-6 and -7, respectively).

Regarding carboxylic acids B and C, RNC-5 and rhPSMA-10.1 built a pair of ligands with the same
number of charged groups and the same net charge but with an altered placement of carboxylic

acids. However, the placement of the lipophilic SiFA moiety surrounded by acid B and DOTA
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(rhPSMA-10.1: logDgh74 = -3.78 = 0.06) proofed to be more efficient in retaining hydrophilicity
than shifting the charged group from position B into the chelator in form of DOTAGA (RNC-5:
logDpr7.a = =3.38 = 0.02). The reduction of net charge by the alteration of acid B to an aminomethyl
group was accompanied by a further loss in hydrophilicity (RNC-6: logDpn7.4 = —2.88 + 0.06) and
remained equal by an additional substitution of the chelator (RNC-7: logDph74 = —2.90 + 0.07). The
impression was driven that a balanced placement of hydrophilic groups within one compound
could serve for a higher hydrophilicity than the pure number of charged groups.

As predicted, based on the results of Deberle et al., the HSA binding could be clearly lowered in
this series of RNC ligands. Each step of omitting an electron-donor (carboxylic acid) or replacing
an electron-donor by an electron-acceptor (amine) in proximity to the SiFA moiety was followed
by a weakened HSA binding observed in both methods. RNC-7 exhibited an even lower HSA
binding in respect to PSMA-617 (8.1 kDa and 74.8% vs. 9.4 kDa and 84.9%).

3.6. Biodistribution of RNC Ligands (2" Generation)

In the following, three different reference datasets are depicted as it became evident that the three
different LNCaP cell passages used for inoculation within in vivo experiments during the course
of this thesis resulted in clearly deviating tumor uptakes between the respective groups of mice.
To allow at least for a limited comparability, for each group one reference compound (rhPSMA-
10.1) or more were re-evaluated. Consequently, values within each figure are only depicted for
reference compounds determined in mice inoculated with the same LNCaP cell passage as the
test substance (indicated as LNCaP | to lll, respectively).

In Figure 35, biodistribution data of RNC-5 in comparison with rhPSMA-10.1 are depicted, both
evaluated in mice inoculated with cell passage LNCaP Il.

Both ligands displayed a high tumor uptake of ~16%ID/g. While rhPSMA-10.1 revealed a low
kidney accumulation (1.5 + 0.33%ID/g) in well accordance with the previous dataset (LNCaP I:
2.0 £ 0.78%ID/g), RNC-5 showed an inferior kidney retention (8.4 + 2.0%ID/g) and a 5.3-fold
decreased tumor-to-kidney ratio. This finding is surprising as both ligands share the same net
charge only differing in the placement of one carboxylic acid and thus - following the working
hypothesis — an equal tubular reabsorption was expected.

One parameter presumably at least partially responsible for the higher kidney value was the
prolonged blood retention of RNC-5. Contradictorily to the almost equal HSA binding determined
in vitro (RNC-5: 15.9 kDa and 96.0% vs. rhPSMA-10.1: 17.2 kDa and 96.3%) a 2.6-fold decreased
tumor-to-blood ratio compared with rhPSMA-10.1 was observed. This in vitro vs. in vivo
discrepancy potentially originates from a species-dependent deviating trend of serum albumin
binding (human vs. murine). It was previously demonstrated that the determined plasma protein

binding can significantly vary depending on the use of human or murine plasma (745,746). The

118



III. RESULTS AND DISCUSSION

tumor-to-liver ratios appeared to be quite similar indicating a predominantly renal excretion for

both ligands.
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Figure 35: A) Ex vivo biodistribution of RNC-5 (n = 4) and the reference ligand rhPSMA-10.1 (n = 4) as ["""Lu]Lu-
compounds at 24 h p.. in male LNCaPIl tumor-bearing CB17-SCID mice; PG = parotid glands,
SG = submandibular glands; data expressed as percentage of the injected dose per gram (%ID/g) and
mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver) calculated individually for
each mouse and expressed as mean + standard deviation. E) Static ygSPECT/CT image (maximum intensity
projections) of RNC-5 as '""Lu-labeled compound in a LNCaP Il tumor-bearing CB-17 SCID mouse. Tumors (T)
and kidneys (K) are indicated by white arrows. The mouse was sacrificed 24 h p.i. and imaged directly after blood
collection by cardiac puncture.

Results of the biodistribution of RNC-6 in comparison with the reference compounds are shown
in Figure 36. In this case, the concept of reduced tubular reabsorption by reduced net charge was
applied successfully. A low kidney uptake of only 2.1 + 0.5%ID/g was observed.

Since the activity accumulation in the tumor stayed unalteredly high (RNC-6: 12 + 0.75%ID/g vs.
rhPSMA-7.3: 12 + 2.2%ID/qg) a superior tumor-to-kidney ratio in respect to rhPSMA-7.3 (5.9 + 1.3
vs. 1.2 + 0.3) was achieved. However, this value was comparable to the ratios obtained for
rhPSMA-10.1 (5.7 £ 2.0) and PSMA-617 (5.9 + 3.0).
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In relation to the weak HSA binding characterized for RNC-6 the tumor-to-blood ratio was
unexpectedly low with a value corresponding to 77% of rhPSMA-7.3 and only 26% of
rhPSMA-10.1.

As the uptake values of RNC-6 in liver (1.3- and 5.9-fold) and intestine (1.7- and 1.9-fold) were
increased in respect to the references rhPSMA-7.3 and -10.1 and were in well accordance with
the reduced hydrophilicity determined in vitro, the proportion of hepatobiliary excretion seemed
to be slightly raised. This aspect might also contribute to an apparently slower blood clearance

because of intestinal reabsorption.
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Figure 36: A) Ex vivo biodistribution of RNC-6 (n = 4) and the reference ligands rhPSMA-7.3 (n = 4), rhPSMA-10.1
(n =5), PSMA-617 (n = 4) and PSMA I&T (n = 4) as ['""Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing
CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%1D/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver)
calculated individually for each mouse and expressed as mean =+ standard deviation. Data of reference ligands
were previously published by our group (725, 160).

Comparative uSPECT/CT images visualize the significant reduction of kidney retention of RNC-6
opposed to rhPSMA-7.3 to a level similar to rhPSMA-10.1 (Figure 37). The equally high tumor
uptake compared with rhPSMA-7.3 seemed to be underrated in the image of RNC-6 due to the
relatively small tumor size.

120



III. RESULTS AND DISCUSSION
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Figure 37: Static yYSPECT/CT images (maximum intensity projections) of RNC-6, rhPSMA7.3 and rhPSMA-10.1
as "Lu-labeled compounds in LNCaP | tumor-bearing CB-17 SCID mice. Tumors (T) and kidneys (K) are indicated
by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood collection by cardiac puncture.
Images of rhPSMA-7.3 and -10.1 depicted as reference were previously published by our group (725).

In Figure 38, biodistribution data of RNC-7 with the most recent passage of LNCaP cells
(LNCaP lll) are depicted together with the corresponding re-evaluated references. This new
dataset exhibited surprising values, especially for PSMA-617. While the ranking of tumor
accumulation between the references stayed unchanged, PSMA-617 revealed a drastically faster
whole-body clearance (tumor-to-blood ratios: 16323 + 3998 in LNCaP Il mice vs. 1424 + 455 in
LNCaP | mice vs. 1058 from original publication in LNCaP-bearing BALB/c nu/nu mice (98))
unexpectedly raising the bar for the remaining candidates.

In comparison with the radiohybrid references, RNC-7 attracted the attention by its fast blood
clearance in well accordance with the low in vitro HSA binding. This resulted in improved tumor-
to-blood ratios (RNC-7: 8430 +4118 vs. rhPSMA-7.3: 4256 + 1030 and rhPSMA-10.1:
6111 = 1215). Nevertheless, the fast clearance of RNC-7 was accompanied by clearly reduced
tumor accumulation (5.2 = 1.8%I1D/g) ending up with a tumor-to-blood ratio surpassed by a factor
of 1.9 by the re-determined data of PSMA-617; even though absolute blood values were equal.
Similar as for RNC-6, the positively charged group in the linker of RNC-7 led to a significantly
decreased kidney retention (0.89 + 0.11%ID/g) and a tumor-to-kidney ratio comparable to
rhPSMA-10.1 (RCN-7: 6.0 + 2.3 vs. rhPSMA-10.1: 5.5 + 1.9). However, within this dataset no
compound reached the tumor-to-kidney ratio of PSMA-617 (37 + 11).

In respect to the reference compounds no increased proportion of hepatobiliary excretion was
found as indicated by the uptake values in liver and intestine. The apparently decreased tumor-

to-liver ratio rather was a consequence of poor tumor uptake.
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Figure 38: A) Ex vivo biodistribution of RNC-7 (n = 5) and the reference ligands rhPSMA-7.3 (n = 5), hPSMA-10.1
(n =4), PSMA-617 (n =5) and PSMA I&T (n = 5) as ['""Lu]Lu-compounds at 24 h p.i. in male LNCaP Ill tumor-
bearing CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the
injected dose per gram (%ID/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-
kidney/-liver) calculated individually for each mouse and expressed as mean + standard deviation.

In conclusion, the concept of reduced net charge could be translated successfully into decreased
kidney retention for ligands bearing a positively charged group in proximity to the SiFA moiety. It
was expected to modulate two parameters: 1) reduction of kidney retention by lower net charge
and 2) accelerated blood clearance by decreased HSA binding. While the former postulation could
be indeed observed in vivo, the predicted trend of blood clearance by the in vitro values for HSA
binding could not be transferred as clearly. Further parameters which might interfere with a precise
prediction of blood clearance, were a species-deviant serum albumin binding as well as a

concomitant increasing lipophilicity for ligands with a reduced net charge.

Therefore, a novel concept is described in the next chapter investigating a possibility of modifying

HSA binding and hydrophilicity of SiFA-bearing ligands with a modular approach.
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4, Evaluation of Compounds with Modified SiFA Moieties (MSM)

Passages of this chapter were adopted from a patent application (EP22187845.7; submitted to
the European Patent Office; date of receipt: 29.07.2022).

4.1. Motivation and Concept for a Novel SiFA Moiety

In the chapters I11.3.4-111.3.6, it could be successfully demonstrated that HSA binding can be
reduced by the positioning of positive charges in proximity to the SiFA entity. However, the
promising trends of in vitro data could only partially be translated into beneficial properties in the
in vivo application. Furthermore, the alteration of charged groups was accompanied by an
increase of lipophilicity. Thus, a novel approach to facilitate the modulation of HSA binding as well
as hydrophilicity needed to be developed.

As already described in chapter 111.2.1, Kuo et al. could demonstrate a correlation between an
increased lipophilicity of the para-substituent at 4-phenylbutyric acyl entities used as HSA binder
and a prolonged blood retention of the respective PSMA ligands (787). Unfortunately, the lipophilic
tert-butyl groups as well as the phenyl group within the SiFA entity cannot as easily be replaced
as their bulkiness is reported to be required for a sufficient steric shielding of the Si-F bond to
prevent its hydrolysis (740).

Opposingly, the constitutional isomer to the (4-SiFA)Bz entity carrying the silyl group in meta-
instead of para-position revealed a high in vivo stability in a protein labeling application (205). This
finding together with the results of Dumelin et al. serve as a valuable hint. Their HSA binder library
pointed out that aromatic moieties exhibit strong HSA binding with lipophilic substituents
predominantly in para-position (723). Consequently, an altered substituent pattern at the aromatic
moiety within the SiFA entity might decrease HSA binding.

Moreover, a less pronounced exposure or even steric shielding of the SiFA entity might contribute
to a modulation of HSA binding. A corresponding is given by a >10-fold increase of the blood AUC
value for PSMA-ALB-53 compared with PSMA-ALB-02. The main structural difference between
these two derivatives consists in the longer distance between the same HSA binder and the
peptide backbone for PSMA-ALB-53 (7145,147). It is also displayed by the derivatives BLC-9, -11
and -12 within this work that the rigidity of the structural environment of an HSA binding entity
within a compound can heavily impact the HSA binding property (chapter I11.2.2).

Furthermore, the lipophilicity issue of SiFA-bearing compounds should be faced. One successful
possibility was published by the synthesis of a positively charged SiFA building block by Kostikov
et al. and the further implementation in the development of a SiFAlin-modified TATE derivative by
Niedermoser et al. (141,142). This approach demonstrated an impressive shift from a (4-SiFA)Bz-
modified TATE ligand with long blood retention, poor tumor-to-background ratios and a high
proportion of hepatobiliary excretion to a SiFAlin derivative with a fast clearance and high contrast
on PET/SPECT/CT scans in mice.
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Nevertheless, the positively charged SiFA building block leaves some room for further
improvements as 1) a reduction of HSA affinity by alteration of the substitution pattern as implied
by Dumelin’s results was not applied yet, 2) the lipophilic silyl substituent in para-position is highly
exposed whereas HSA binding and hydrophilicity might be modulated by the introduction of
further hydrophilic groups in direct vicinity to sterically shield the silyl group, 3) a permanent
positive charge within a ligand is not necessarily tolerated by each target regarding structure-
activity relationships and might be even counterproductive in terms of hydrophilicity by lowering
the net charge (compare chapter I11.3.5).

To encounter the need of a SiFA entity with improved in vitro characteristics, a novel building block
was developed by the change of the substitution pattern to provoke steric repulsion with the HSA
binding pocket. Additionally, a second carboxylic acid was installed and utilized to efficiently boost
the hydrophilicity. Alternatively, this carboxylic acid can act as a conjugation side for further
modulators efficiently able to modulate HSA binding and hydrophilicity aided by the structural
proximity (Figure 39).

Decrease of HSA Binding by Provocation of Steric Repulsion

Addition of Modifier Modulating
Hydrophilicity and/or HSA Binding

)

Human Serum Human Serum Human Serum Human Serum
Albumin (HSA) Albumin (HSA) Albumin (HSA) Albumin (HSA)

HRARA

Substitution in Lead Structure for
Accelerated Whole-Body Clearance

‘\/\/\/\)\A/@

Targeting Vector Radionuclide

Figure 39: Development steps of a novel SiFA entity as prosthetic group for ®F-labeling with improved readily
modulated HSA binding and hydrophilicity characteristics by the change of the substitution pattern (2) and the
addition of a hydrophilic group (3) which can be used as a conjugation side for efficient modulators directly
attached at the SiFA entity (4).

124



III. RESULTS AND DISCUSSION

4.2. Synthesis of SiFA Building Blocks
In Scheme 6, three different routes for the synthesis of SiFA benzoic acid derivatives are depicted.

Classical Route A (according to Wurzer et al. and lovkova et al. (126,154))
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Scheme 6: Routes for the synthesis of p-/m-SiFA-benzoic acid [(4-SiFA)Bz/(3-SiFA)Bz] and 3-Allyl-5-SiFA-
isophtalic acid [AllO-(5-SiFA)Ip]: a) 1.2 eq. TBDMSCI, 1.2 eq.imidazole, rt, 16 h (DMF); b) 2.4 eq. tBuLi, 1.2 eq.
tBu2SiF2, 78 °C to rt, overnight (THF); b’) 2.2 eq. tBuLi, 1.1 eq. tBu2SiF2, —78 °C to rt, overnight (THF);c) HCI, rt,
18 h (MeOH); d) pyridinium chlorochromate, 0°C to rt, 3h (DCM); e) 7.0eq. KMnO4, 0°C to rt, 2.5h
(DCM/tBuOH/NaH2PO4-H20 buffer); €’) 3.5 eq. KMnQOs, 0 °C to rt, 2.5 h (DCM/tBuOH/NaH2PO4-H20 buffer); e’)
6.0 eq./Me group KMnQy, 75 °C reflux, 24 h (DCM/tBuOH/NaH2PO4-H20 buffer); f) 0.5 eq. Allyl-Br, 3.0 eq. K2COs,
0 °C to rt, overnight (DMF).

The Classical Route A was first published by lovkova et al. and applied later on by Wurzer et al.
(126,154). This route could be simplified by the direct oxidation of p-/m-SiFA benzyl alcohol iii to
the corresponding p-/m-SiFA benzoic acid (Route B). The use of toluene or xylene compounds
as educts in the Novel Route C even allowed for an omission of the protection/deprotection steps

required for the respective benzyl alcohols.
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Noteworthy, to achieve high conversions for the oxidation of benzylic methyl groups, elevated
temperature and a prolonged reaction time were necessary. Overall yields obtained by the various
routes are depicted in Table 3.

Table 3: Comparison of overall yields obtained for (4-SiFA)Bz, (3-SiFA)Bz and AllO-(5-SiFA)Ip by the use of the

classical route (A)/simplified classical route (B) or the novel route (C). *Determined by Wurzer et al. (126);
**determined by lovkova et al. (154); n.d. = not determined.

Building Block (Simplified) Classical Route Novel Route

Overall Yield [%)] Overall Yield [%]
(4-SiFA)Bz 51%/80** (A), 34 (B) 18 (C)
(3-SiFA)Bz 27 (B) 25 (C)
(5-SiFA)Ip/
AlIO-(5-SiFA)Ip n.d. 9719

Worth mentioning, altered purification steps of the final products yielded via Route C were
required as side products formed which could not be separated by re-crystallization. Thus, RP-
HPFC-based purification was applied ending up with comparably low isolated yields probably due
to incomplete cartridge elution. Nevertheless, Route C offered a convenient strategy with
inexpensive starting materials, especially in the case of 5-SiFA isophthalic acid [(5-SiFA)Ip] albeit

the purification step is worth to be optimized in interest of higher yields.

4.3. In Vitro Evaluation of SiFA MPs

To investigate the structural influence of the novel SiFA building block (5-SiFA)Ip in comparison to
the gold-standard (4-SiFA)Bz and the previously published (3-SiFA)Bz entity on labeling
properties, stability of the silicone fluoride bond, lipophilicity and HSA binding, each prosthetic
group was coupled to three different model peptides (MPs). These three series comprised of the
C-terminal dipeptides GK, GD and GY to portray determined trends with respect to the presence
of a cationic, anionic or aromatic amino acid (Figure 40, 15t Generation).

As mostly similar trends were observed for these three series, the modifiability of in vitro properties
was then only investigated by an extension of the GK-series offering differences in HSA binding
strengths within a region better distinguishable via the high-performance affinity chromatography
(HPAC) method (Figure 40, 2"¢ Generation).
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SiFA Model Peptides (SiFA MPs)
Comparative Investigation of Different SiFA Building Blocks
Considering Influences of Various Functional Groups in Structural Proximity
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OH
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K OH OH
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Figure 40: Compounds are entitled as follows: MP-MNXX with MP = model peptide, M = modifier in the one letter
code of amino acids/Gal6N = 6-amino-6-deoxy-D-galactopyranose/(PEG8) = amino-(polyethylene glycol 8)-
propionic acid, N = number of SiFA building block 1 to 4, XX = test dipeptide sequence in the one letter code of
amino acids.

The efficiency of the isotopic exchange for 8F-labeling was evaluated by the determination of the
radiochemical conversion (RCC, n = 3) analyzing a sample of the reaction mixture by thin-layer
chromatography (TLC). Besides, the decay-corrected radiochemical yield (RCY, n > 3) after
purification via cartridge was determined and referenced to the applied activity of a pre-dried

['®F]fluoride solution. All derivatives showed good to high RCCs and RCYs within a range of
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approximately 60-80% with molar activities of 3.1 + 1.8 GBg/umol. A certain trend was
observable with quite similar values for (4-SiFA)Bz and terminal (5-SiFA)Ip derivatives, while both
values tended to be slightly decreased for the (3-SiFA)Bz and slightly increased for
di-conjugated/bridging (5-SiFA)Ip derivatives (Figure 41).

B: GD-Series

VA
(L2222

77700007077/70700077774%

m1: (4-SiFA)Bz MP-1GD
m2: (3-SiFA)Bz MP-2GD

.
N

m3: (5-SiFA)Ip (terminal) MP-3GD 777772,
o4: (5-SiFA)lp (bridging) MP-K4GD s
A: GK-Series MP-E4GD . ’._'_fFH. .
0 20 40 60 80 100
MP-1GK RCC (Upper Bar)/RCY (Lower Bar) [%]
MP-2GK
MP-3GK
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MP-E4GK ol MP-3GY
MP-(PEG8)4GK == MP-K4GY
MP-Gal6N4GK - MP-E4GY
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Figure 41: Radiochemical conversion (RCC, n = 3) and radiochemical yield (RCY, n = 3) of '®F-labeling reactions
(5 min, rt, molar activity = 3.1 + 1.8 GBg/pmol; chapter 11.7.1) of model peptides (MPs) divided into subsets A:
GK-Series (full), B: GD-Series (diagonal stripes) and C: GY-Series (vertical stripes). Compounds sharing equal SiFA
entities (1 to 4) are depicted in the same color. RCYs are decay-corrected and refer to the applied activity of the
pre-dried ['®F]fluoride solution in anhydrous DMSO.

However, as the determined differences occurred to be mostly insignificant, a more precise
comparison was strived for. Indeed, this could be achieved by the determination of relative
radiochemical conversions (rRCC) in competitive isotopic exchange reactions. Herein, each
corresponding (4-SiFA)Bz compound was chosen as internal reference. Equal amounts of the test-
and reference-compound were added as one solution to an anhydrous ['®F]fluoride solution. After
5 min at rt, a sample was analyzed via radio-RP-HPLC. The relative radiochemical conversion
(rRCC) was calculated by peak integration and expressed as the ratio of test-to-
reference compound [%].

As it can be seen in Figure 42, differences in rRCC values were more pronounced and allowed
for a better comparability with the respective (4-SiFA)Bz compound as an internal reference for
each experiment under the very same conditions. The observed trend [(3-SiFA)Bz: ~75%
< (4-SiFA)Bz: 100% < terminal (5-SiFA)Ip: ~125% < bridging (5-SiFA)Ip: 150-250%)] clearly
demonstrated that derivatives with the novel (5-SiFA)Ip building block in terminal and even more
in a bridging position exhibited improved labeling properties, in particular increased reactivities
(rRCCs) resulting in higher RCYs.
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B: GD-Series
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Figure 42: Relative radiochemical conversion (rRCC) of competitive '®F-labeling reactions standardized to the
conversion of the corresponding (4-SiFA)Bz compound MP-1XX individually determined (n = 3) by the labeling of
an equimolar precursor mixture of the test compound and its MP-1XX counterpart (chapter I11.8.6). Data are
divided into subsets A: GK-Series (full), B: GD-Series (diagonal stripes) and C: GY-Series (vertical stripes).
Compounds sharing equal SiFA entities (1 to 4) are depicted in the same color. *Quality controls via HPLC show
the formation of two unidentified side products (approximately 5-10%) for the Gal6N-derivative which were added
to the test compound integral and are estimated to occur by virtue of keto- and enol tautomerism at the sugar
moiety.

On the downside, it was expected that a higher reactivity in labeling reactions was accompanied
by a decreased stability. Similar to the labeling reaction with ['®F]fluoride, an Sy2 mechanism was
proposed for the hydrolysis with hydroxide acting as a nucleophile and fluoride as a leaving group
(740). In general, a cleavage of ['®F]fluoride in a diagnostic application is highly undesired as the
loss of the radioactive label would not only lead to a limited targeting potential. Additionally,
['®F]fluoride is well-known for its bone uptake characteristic which would cause an unwanted off-

target activity accumulation (206). Thus, a sufficient stability is of major importance.

On the search for a parameter capable of predicting a first estimate for a trend of
stability/reactivity, it was assumed that the chemical shift § within 2°Si- and '*F-NMR spectra could
be correlated with the bond properties of the Si-F compounds. Chemical shifts of a choice of
model peptides representing all SiFA building blocks and test peptide-series are depicted in

Figure 43.
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Figure 43: Chemical shifts 5 [ppm] of model peptides of the GK-series (full), GD-series (diagonal stripes) and GY-
series (vertical stripes) measured by A: 2°Si{’'H}INEPT NMR (79 MHz, DMSO-Ds) and B: '*F{?2°Si} NMR (376 MHz,
DMSO-De).

Data of H6hne et al. show a certain similarity (albeit no linear correlation) between the trend of
partial charges at the Si and F atoms and the trend of determined half-lives during hydrolysis of
respective compounds (740). This observation was assumed to be transferable to chemical shifts
determined in this work. It was concluded that a higher electron density at the Si atom (lower
resonance frequency [ppm]) and a lower electron density at the F atom (higher resonance
frequency [ppm]) would be attributes of a more reactive compound with a less stable Si—F bond.
While the observed trend of reactivity derived from rRCCs for MPs with the different SiFA building
blocks (2 <1 < 3 << 4) did clearly not fit to the trend of Si signals (1~4 > 2 > 3), the trend of F
signals (1 < 2 < 3 < 4) seemed to correctly predict the higher expected reactivity of the novel SiFA
building block opposed to the (4-SiFA)Bz entity. However, it is undeniable that the prediction
obviously was quite unprecise and did not accurately reflect proportions of reactivities found in
form of rRCC values. Moreover, the electron density at the F atom surely is not the only parameter
influencing the reactivity of the model compounds. This fact was clearly reflected by the
comparison of rRCCs of different bridging (5-SiFA)Ip derivatives within the GK-series (MP-K4GK
and MP-E4GK: ~250% vs. MP-(PEG8)4GK and MP-Gal6N4GK: ~160%). Nevertheless, the

chemical shift of the 'F NMR might be useful as a first estimate of stability.
To investigate the in vitro stability of the SiFA building blocks more closely, a choice of model

peptides was incubated at various conditions to determine half-lives and estimate the potential

for in vivo applications. Results are depicted in Figure 44.

130



III. RESULTS AND DISCUSSION

7777220224222
7777777777 [~
717707777777/
gy

=

A MP-1GD
MP-2GD
MP-3GD
MP-3KG
MP-K4GD
MP-1GK
MP-3GK
MP-2GK
MP-3GY
MP-2GY
MP-E4GK
MP-1GY NN

MP-(PEG8)4GK | 3
MP-KAGK [+

MP-Gal6N4GK [+
MP-K4GY [[TITRH |

0.0 0.5 1j0 1?5 2'.0
Half-Life of Intact Peptide (pH 7.4, 37 °C) [h]

m 1: (4-SiFA)Bz
m2: (3-SiFA)Bz
10.0 15.0 200 B3:(5-SiFA)lp (terminal)
D04: (5-SiFA)Ip (bridging)

B wp-1eD C MP-3GD
MP-2GD MP-3GY
MP-3KG MP-1GD
MP-1GK MP-2GD
MP-2GK MP-1GY
MP-3GY MP-2GY [T
MP-3GD MP-3GK
MP-2GY MP-3KG
MP-3GK MP-1GK
MP-1GY MP-2GK

MP-(PEG8)4GK [ MP-K4GD [

MP-Gal6N4GK [ MP-E4GK [}
MP-K4GD [ MP-K4GY [T
MP-K4GK [—# MP-(PEG8)4GK [
MP-K4GY [TTTH MP-Gal6N4GK [ —FH
MP-E4GK [ MP-K4GK [

0.0 50 100 150 200 250 0.0 1.0 20 3.0 40
Half-Life of Intact Peptide (pH 5.5, 90 °C) [h] Half-Life of Intact Peptide (NaF, pH 6.5, rt) [h]

Figure 44: Half-lives (n = 3) of the intact '®F-labeled MPs calculated with values obtained after incubation for 0, 30, 60, 90 and 120 min at conditions: A: pH 7.4 at 37 °C simulated
blood conditions); B: pH 5.5 at 90 °C ('""Lu-labeling protocol for SiFA-radiohybrids); C: NaF (1 mM in Hz0, pH 6.5 at rt (reversed isotopic exchange in agueous medium); *Exact
half-lives not given because of unprecise regression (R? << 90%) with stabilities of >95% intact MP after 2 h.

131



III. RESULTS AND DISCUSSION

For quantification of the '8F-defluorination kinetics, samples were taken over a period of 2 h (t = 0,
30, 60, 90 and 120 min) and the proportion of intact, '®F-labeled peptide was monitored by
radio-TLC. Three different conditions were chosen to investigate the stability of the Si-F bond
within model peptides: 1) Simulation of the in vivo stability in blood (pH 7.4, 37 °C); 2) conditions
of the '"Lu-labeling protocol for SiFA-radiohybrids used by our group (pH 5.5, 90 °C) to ensure
the prerequisite for a theranostic approach; and 3) conditions of a reversed isotopic exchange in
aqueous media (1 mM NaF-solution) as Wurzer et al. proposed the reversed reaction with cold
fluoride in urine of mice as responsible for the formation of free ['®F]fluoride detected in a
metabolite analysis of rhPSMA-7 isomers (726).

It was expected that the trends of an enhanced reactivity determined under '®F-labling conditions
(rRCC of MPs with SiFA building blocks 1 to 4: 2 <1 <3 << 4) would also be reflected by a
concomitant decreased stability in aqueous media. Opposingly, stability investigations only
partially verified this assumption. Indeed, under all conditions the bridging (5-SiFA)lp derivatives
mostly revealed unequivocal shorter half-lives compared to the remaining model peptides (blood
condition: group 4: ~15 — 50 min vs. group 1 — 3: mostly ~1 =2 h and up to >>10 h; '"Lu-labeling
condition: group 4: ~2 -3 h vs. group 1 —3: mostly ~5 - 12 h and up to ~20 h; reversed isotopic
exchange: group 4: ~15-50 min vs. group 1 -3: ~1 -3 h).

The stability comparison of MPs belonging to groups 1 — 3 appears more complex. The stability
ranking of the different SiFA groups was inconsistent between the various test peptide series
(GK/GD/GY). Data rather suggest that the trend of reactivity of the SiFA groups was perturbed by
the influence of functionalities within the individual structural vicinity of an MP. This finding was
already indicated for deviating rRCCs in the GK-series (MP-M4GK with M = K/E/(PEG8)/Gal6N).
Moreover, H6hne et al. also observed deviating stabilities for quite similar SiFA compounds with
the general formula p-(tBu.Si)-Ph-CH.-R (R: -CH>OTHP/-(CHy)o-.-OH/-COOH) (740). In the
comparison of stabilities of MPs with an equal SiFA group, one trend of half-lives was found
several times: blood/'"’Lu-labeling condition GD > GK > GY; reversed isotopic exchange:
GD > GY > GK. One reason for superior stabilities of the GD-series might be an electrostatic
repulsion between the nucleophiles (OH/"F") initiating the cleavage of ['®Flfluoride and the
negatively charged, deprotonated aspartate carboxylates (pKa ~2-4) (207,208). The
predominantly protonated ammonium group of the Lys sidechains (pKa ~10.7) (207,208) of the
GK-series might weaken the nucleophilicity of attacking anions by protonation equilibria [R-NHs*
+ OH/F- == R-NH. + H>O/HF]. On the other hand, an electrostatic attraction might also facilitate
the nucleophilic attack by pre-coordination.

In summary, in vitro data indicatet a higher reactivity and instability of compounds with a bridging
(5-SiFA)Ip entity. However, not only the choice of the prosthetic group but also the functional
groups in the structural environment of SiFA entities appeared to play a pivotal role for the stability
of Si-F bonds. Noteworthy, previous in vivo experiences with [#Ga]Ga-rhPSMA-7.3 vs.
8F-rhPSMA-7.3 validated the stability of this (4-SiFA)Bz-containing derivative as sufficient (726).
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If this is also true for the novel (5-SiFA)Ip group will be further discussed in the chapters I111.4.5
and 111.4.6.

However, besides the results above regarding reactivity/stability of the different SiFA entities as a
requirement for a potential in vivo application, following data of the MPs clearly demonstrated the
improvement in hydrophilicity and HSA binding using the novel (5-SiFA)lp building block. The

comparison of logD7.4-values (n = 8) as a measurable of hydrophilicity is depicted in Figure 45.
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Figure 45: Hydrophilicity determined as n-octanol/PBS partition coefficient (logDpH7.4; n = 8) of model peptides
(MPs) divided into subsets A: GK-Series (full), B: GD-Series (diagonal stripes) and C: GY-Series (vertical stripes).
Compounds sharing equal SiFA entities (1 to 4) are depicted in the same color.

As expected for the constitutional isomers, results indicated only minor differences in
hydrophilicity between (4-SiFA)Bz and (3-SiFA)Bz derivatives. In contrast, the additional negative
charge by the introduction of a further carboxylic acid in the terminal (5-SiFA)lp derivatives proofed
a superior hydrophilicity with a shift of logDg+ 7.4 values by 2-3 logarithmic units. Regarding a gain
of hydrophilicity, the terminal use of the novel entity appeared to be most efficient. The conjugation
of Lys as a zwitterionic modifier delivered almost equal results whereas the addition of Glu with
even one more carboxylic acid led to a loss in hydrophilicity compared to the terminal (5-SiFA)Ip
group. This finding demonstrated the superiority of direct proximity of hydrophilic functionalities
to the lipophilic SiFA entity over an increased number of more distant hydrophilic modifiers.
Furthermore, this clarified that this overall strategy of developing a novel prosthetic group opens
a possibility to design compounds with a more efficiently boosted hydrophilicity opposed to
ligands with the same persistent prosthetic group and only a fine-tuned hydrophilic linker.

Within the extended GK-series, the (PEG8) modification exhibited a more decent but significant

improvement over the (4-SiFA)Bz compound (A = ~1.5 logarithmic units). The use of the still quite
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hydrophilic sugar-based modifier Gal6N (A = ~2 logarithmic units) might serve as a useful

alternative if an avoidance of charged groups is required (compare chapter I11.3.1).

Besides hydrophilicity — as already emphasized — HSA binding constitutes an important parameter
in modulating a compound’s pharmacokinetics. A strong HSA binding was associated with a
comparably slow and unfavored blood clearance in vivo. Results of HSA binding determined by
HPAC are depicted in Figure 46.
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Figure 46: HSA binding determined by HPAC of model peptides (MPs) divided into subsets A: GK-Series (full), B:
GD-Series (diagonal stripes) and C: GY-Series (vertical stripes). Compounds sharing equal SiFA entities (1 to 4)
are depicted in the same color.

Only minor differences in HSA binding were observed comparing (3-SiFA)Bz and terminal
(5-SiFA)Ip with (4-SiFA)Bz derivatives in the GD- and GY-series. Analogously to the PSMA ligands
RNC-6 and -7 (chapter I11.3.5), the introduction of a positively charged group in vicinity to the
SiFA entity reduced HSA binding. This could already be recognized by differences between the
test peptide series. While MP-1GY, -2GY, -3GY, -1-GD, -2GD and -3GD exhibited values in the
upper limit region of the method (>96%) and could not be well distinguished, MP-1GK possessed
a comparably lower HSA binding (93%) and small further improvements could be observed by the
alteration of the SiFA entity (90% and 86% for MP-2GK and MP-3GK/-3KG, respectively).

Fortunately, the HSA binding could be drastically decreased by conjugation of further modifiers
to the (5-SiFA)Ip moiety. The coupling of Lys to the second carboxylic acid of the (5-SiFA)lp entity
was assumed to reduce the HSA binding by two mechanisms: 1) introduction of a (additional)
positive charge or proton donor; and 2) provoking steric repulsions with the HSA binding pocket

simply by increasing the molecule’s size in an unfavored position. Indeed, a substantial reduction
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of HSA binding was revealed in all series and the effect was even more pronounced for MP-K4GK,
comprising two amino groups.

Compound MP-E4GK underlined the assumption of the two reduction mechanisms as the Glu
modification did not contain a positive charge but decreased HSA binding due to a similar steric
demand. Thus, it was comprehensible to observe a moderate reduction (MP-3GK
> MP-E4GK > MP-K4GK).

Derivative MP-(PEG8)4GK contains the structurally bulkiest modifier and thus, presumably poses
the best example within the series for reduced HSA binding by steric shielding of the SiFA group.
Herein, the HSA binding was measured to be at impressively low 30%.

Again, the sugar derivative MP-Gal6N4GK might also possess a useful modifier with an HSA
binding of just 45% and representing the only SiFA entity with high hydrophilicity, low HSA binding

and being free of a charged functional group.

Advantages of the novel (5-SiFA)lp-based platform are once more visualized by Figure 47.
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Figure 47: lllustration of the beneficial use of the novel (5-SiFA)Ip entity in modulating hydrophilicity (logDp+ 7.4) and
HSA binding exemplified by derivatives of the GK-series.

In conclusion, it can be summarized that the (5-SiFA)Ip moiety could serve as an extremely useful
platform for '®F-labeling not only with improved hydrophilicity but also as an HSA binding moiety
with an HSA binding easily modulated over a broad range of binding strength. This could be
achieved by conjugating suitable modifiers of choice to the additional carboxylic acid of the newly
developed (5-SiFA)lp moiety to adjust pharmacokinetic properties of a ligand exactly to the

requirements of an in vivo application.
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4.4. In Vitro Evaluation of MSM Ligands

Further investigations were conducted using ligands addressing the prostate-specific membrane
antigen (PSMA). In a first row, simplistic, non-radiohybrid MSM ligands were tested to proof the
concept of increased hydrophilicity and explore the effect of alterations on target affinity

(Figure 48). Data were determined with the kind help of Jan-Philip Kunert.
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Figure 48: Structures of simplistic PSMA ligands with various modified SiFA moieties (MSM) attached to the
PSMA-binding motif EuK aiming for reduced HSA binding and increased hydrophilicity.

The (4-SiFA)Bz-bearing ligand MSM-1 was first synthesized by Martina Wirtz in our group, entitled
as ‘(SiIFA-BA)KUE’, but was independently re-evaluated herein (775). The poor PSMA affinity (ICso:
820 + 246 nM) determined by her was speculated to constitute a good starting point to
demonstrate the usefulness of an alternative substitution pattern at the SiFA entity in structure-
activity relationships. As alterations MSM-2 to -4 were synthesized as respective (3-SiFA)Bz,
terminal (5-SiFA)lp and even a dimeric bridging EuK-(5-SiFA)lp derivative.

Indeed, the determined ICso-values represented a positive example for a structural-activity
relationship where the shift of the silyl group at the aromatic moiety was clearly beneficial for a
superior affinity. The simple shift of the silyl group from para- [MSM-1, (4-SiFA)Bz] to meta-position
[MSM-2, (3-SiFA)Bz] caused a more than 20-fold increase in affinity which could be further
improved by a factor of two attaching a carboxylic acid [MSM-3, (5-SiFA)Ip]. Obviously, steric
repulsion of the silyl group with the binding pocket could be diminished by the repositioning. The

addition of a further carboxylic acid might allow for an extra attractive interaction with the arginine
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patch as also assumed for EuE-orn-OH derivatives (726,202). Using a dimeric approach by
conjugating a second equivalent of the binding motif EuK to the free carboxylic acid at the (5-
SiFA)Ip moiety resulted even in a slightly higher affinity of 4.1 + 1.9 nM. Thus, this example
illustrates the use of altered SiFA entities as a simple opportunity to potentially increase target
affinity (Figure 49).
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Figure 49: In vitro data of MSM-1 to -4 (green) evaluated as ['®"F]F-compounds and reference ligands (grey)
evaluated as ['"""!_u]Lu-compounds; A) affinities (ICso [nM]) determined in a binding assay of "F-MSM ligands
and "Lu-references (1071°-10- M) with ['?I]I-BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice,
n = 3); B) lipophilicity of ['®F]JF-MSM ligands and ['"’Lu]Lu-references expressed as n-octanol/PBS partition
coefficient (logDpr7.4, N =6); D) human serum albumin binding of "™F-MSM ligands and "*Lu-references
determined on a Chiralpak HSA column. Data depicted for reference compounds in A) and B) were previously
published by our group (725).

Once more, this dataset points out that the additional carboxylic acid directly attached to the SiFA
moiety drastically boosts the hydrophilicity as a difference of about one logarithmic unit was
observed comparing MSM-3 with MSM-1 and -2. Interestingly, the dimeric MSM-4 bearing two
additional carboxylic acids opposed to MSM-3, exhibited only a slightly further increase in
hydrophilicity (-3.12 + 0.01 vs. -3.39 + 0.01). Again, this finding emphasizes the importance of
structural proximity of hydrophilic modifiers to the lipophilic SiFA moiety.

The values for HSA binding were nearly equal with only a minor decrease for the dimeric MSM-4
(96.7% vs. >98%). This was in accordance with expectations of a decreased HSA binding caused
by the steric shielding of the second binding motif. It was assumed that analogously to results of
the GD- and GY-series of MPs, the observation of clear differences in HSA binding is limited by
the upper plateau of the HPAC method. A comparison with AMSEC data would be interesting. But

the availability of AMSEC was temporally restricted due to technical difficulties.
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Another dataset was determined comprised of radiohybrid PSMA ligands with modified SiFA

moieties (Figure 50).
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Figure 50: Structures of radiohybrid PSMA ligands with modified SiFA moieties (MSM) derived from the reference
compound rhPSMA-7.3 aiming for reduced HSA binding.

The aim of this development step was the design of a ligand with in vitro data comparable to those
of Lu-rhPSMA-7.3 with the only difference in a reduced HSA binding. This should impact the
pharmacokinetics and proof the concept of expected superior tumor-to-organ ratios by an
accelerated whole-body clearance. Therefore, the number of carboxylic acids and the net charge
was not altered. In vitro results are depicted in Figure 51.

Fortunately, the modifications had little impact on the target affinity as well as the internalization
behavior indicating that this application of the modified SiFA moieties (3-SiFA)Bz and (5-SiFA)Ip
in bridging constitution were still tolerated by the remote arene-binding site (69).

Also, the differences in hydrophilicity between ['’Lu]Lu-rhPSMA-7.3 and ['"’Lu]Lu-MSM-6
appeared negligible whereas ['"’Lu]Lu-MSM-5 exhibited a small loss of hydrophilicity. These
findings were expected as the net charge was not changed and the ligand geometry was only

slightly modified.
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Figure 51: In vitro data of MSM-5 and -6 (green) and reference ligands (grey), all evaluated as ['7/"Lu]Lu-
compounds; A) affinities (ICso [NM]) determined in a binding assay of "*Lu-compounds (10°=10- M) with ['3[]I-
BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-mediated internalization of
[""Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?°[]I-BA-KUE
(n = 3); C) lipophilicity of ['""Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDpti 7.4, N = 6);
D) apparent molecular weight (MWapp) of ['’Lu]Lu-compounds determined by human serum albumin-mediated
size exclusion chromatography (AMSEC); E) human serum albumin binding of "!Lu-compounds determined on a
Chiralpak HSA column. Data depicted for reference compounds in A-D) were previously published by our group
(725); only AMSEC data were modified by a correction factor explained in chapter 11.8.5.2.

In this example, the use of the (3-SiFA)Bz instead of the (4-SiFA)Bz group already indicated a
decrease in HSA binding by the AMSEC method (rhPSMA-7.3: 21.6 kDa vs. MSM-5: 9.1 kDa) as
well as by the HPAC method (rhPSMA-7.3: 98.6% vs. MSM-5: 94.0%). The effect could be
drastically enhanced using the (5-SiFA)Ip-building block as a bridging element. This type of
structural arrangement seemed to possess limited possibilities of spatial adaptations to the HSA
binding site opposed to the attachment of the SiFA entity at a protruding sidechain. Thus, the
exposure of the SiFA entity next to the sterically demanding chelator would be reduced. As a
result, the HSA binding was decreased to 2.7 kDa and 78.9% even below the level of ['7"Lu]Lu-
PSMA-617 (9.4 kDa; 84.9%).

Following these promising in vitro results, biodistribution studies were conducted examining the

effect on pharmacokinetics and the in vivo stability of the novel SiFA entity.

4.5. Biodistribution of MSM Ligands

The attempt of translating the successfully reduced HSA binding into faster pharmacokinetics

in vivo delivered diverging results (Figure 52).
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Figure 52: A) Ex vivo biodistribution of MSM-5 (n =5), MSM-6 (n = 5) and the reference ligands rhPSMA-7.3
(n = 5), thPSMA-10.1 (n = 4), PSMA-617 (n = 5) and PSMA I&T (n = 5) as ['’Lu]Lu-compounds at 24 h p.i. in male
LNCaP Il tumor-bearing CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as
percentage of the injected dose per gram (%ID/g) and mean + standard deviation; B-D) tumor-to-organ ratios
(tumor-to-blood/-kidney/-liver) calculated individually for each mouse and expressed as mean + standard
deviation.

Contradictorily to the decreased HSA binding found for MSM-5, obtained blood- and kidney-
values were increased (1.3-fold and 3.1-fold, respectively) compared to ['"’Lu]Lu-rhPSMA-7.3. A
possible explanation could be a species-specific deviation in binding strength to human and
murine serum albumin for ['"’Lu]Lu-MSM-5. A substantially stronger interaction with the murine
protein compared to the human serum albumin would lead to a misfit between in vitro and in vivo
data. Similar counterintuitive observations were made in mouse experiments comparing ['7"Lu]Lu-
PSMA I&T (0.0061 + 0.0027%ID/g blood, 15.8 + 12.0 %ID/g kidney) and ['"’Lu]Lu-PSMA-617
(0.0007 + 0.0004 %ID/g blood, 0.29 + 0.08 %ID/g kidney) although the in vitro experiment for HSA
binding showed values with a reversed trend (71.9% ['"7Lu]Lu-PSMA I&T vs. 84.9% for ['"”Lu]Lu-
PSMA-617) (unpublished data of our group). In this case, the in vitro data determined via HPAC
appeared to fit more appropriate translated to clinical data of patients (204,209).

Opposingly, the reduced HSA binding and otherwise preserved in vitro parameters observed for
MSM-6 indeed accelerated its pharmacokinetics compared with ['"7Lu]Lu-rhPSMA-7.3. As
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expected, a faster blood clearance also effected the input-function limiting tumor accumulation
(18.2 £ 4.0 %ID/g vs. 9.9 £ 3.1 %ID/g determined for ['"’Lu]Lu-rhPSMA-7.3 and ['"’Lu]Lu-MSM-6,
respectively). Nevertheless, especially the blood clearance (0.0046 +0.0018%ID/g vs.
0.0004 + 0.0003%ID/g determined for ['""Lu]Lu-rhPSMA-7.3 and ['""Lu]Lu-MSM-6, respectively)
and kidney retention (11.4 £ 1.3 %ID/g vs. 0.97 + 0.43 %ID/g determined for ['"’Lu]Lu-PSMA-7.3
and ['"""Lu]Lu-MSM-6, respectively) could both be drastically decreased by a factor of more than
ten resulting in about 5-fold improved tumor-to-blood and -kidney ratios for ['"”Lu]Lu-MSM-6.
The tumor-to-blood ratio of ["7Lu]Lu-MSM-6 even surpassed the one of
['""Lu]Lu-PSMA-617 by a factor of two. However, data regarding tumor-to-kidney and tumor-to-
liver ratios of ['"7Lu]Lu-PSMA-617 (3.7-fold and 4.0-fold higher, respectively) determined with cell
passage LNCaP Ill were still undefeated. Noteworthy, the dataset of ['"’Lu]Lu-PSMA-617
determined with the cell passage LNCaP Il exhibited an undeclared surprisingly-fast whole-body
clearance in respect to previous data determined with the passage LNCaP | as well as to data of
the original publication (tumor-to-blood ratios: 16323 + 3998 in LNCaP Il mice vs. 1424 + 455 in
LNCaP | mice vs. 1058 from original publication in LNCaP-bearing BALB/c nu/nu mice (98).

The trend in improvement of tumor-to-kidney ratios found in ex vivo biodistribution studies is well

reflected by corresponding ySPECT/CT images (Figure 53).

10 %ID/g

rhPSMA-7.3 rhPSMA-10.1 PSMA-617 0 %ID/g

Figure 53: Static ySPECT/CT images (maximum intensity projections) of MSM-5, MSM-6, rhPSMA7.3,
rhPSMA-10.1 and PSMA-617 as "’Lu-labeled compounds in LNCaP Ill tumor-bearing CB-17 SCID mice. Tumors
(T) and kidneys (K) are indicated by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood
collection by cardiac puncture.

Another dataset was analyzed comparing respective '®F-labeled compounds of all herein tested
SiFA entities in vivo (Figure 54), not only validating the effect on pharmacokinetics, but also

indicating the stability of the respective ['®F]F-Si bond by the trend of bone uptake (206).
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Figure 54: Ex vivo biodistribution of the compounds ['®F]"®Ga-rhPSMA-7.3 (n = 4), ['®*F]MSM-3 (n = 5), ["8F]"*'Lu-
MSM-5 (n = 5), ['®F]"*Lu-MSM-6 (n = 5) and ['"’Lu]Lu-MSM-6 (n = 3) at 1 h p.i. in male LNCaP Ill tumor-bearing
CB17-SCID mice; data expressed as percentage of the injected dose per gram (%ID/g) and mean + standard
deviation. *Data of ['®F]"®'Ga-rhPSMA-7.3 were previously published by our group (77).

Already 1 h p.i., all derivatives showed a faster blood clearance with a blood value ranging
between 0.3-0.6 %ID/g compared to 0.96 %ID/g for ['®F]"*Ga-rhPSMA-7.3.

Moreover, kidney uptakes were drastically lowered by using alternative SiFA moieties deviant from
the (4-SiFA)Bz entity in ['®F]"*Ga-rhPSMA-7.3 (186 + 23.4 %ID/g and 114 +22.9 %ID/g vs.
292 £ 451 %ID/g for ["®F]"@Lu-MSM-5 and ["®F]"®Lu-MSM-6 vs. ["8F]"@Ga-rhPSMA-7.3,
respectively). Noteworthy, ['8F]"®Ga-rhPSMA-7.3 was the only derivative in this comparison
investigated as "#Ga-complex. This leads to a different polarity opposed to the lutetium complexes
in ['®F]"atLu-MSM-5 and ['®F]"Lu-MSM-6 which might also affect the kidney retention known to
be influenced by charge (270,2717). Obviously, the low kidney value (67.1 + 13.9 %ID/g) of
['®F]IMSM-3 was not directly comparable as this derivative seemed to suffer from insufficient
hydrophilicity resulting in hepatobiliary excretion as indicated by increased accumulation in liver
(7.2 + 4.8 %ID/g) and intestine (17.7 = 1.6 %ID/q).

Obviously, pharmacokinetics of these derivatives were clearly not identical and resulted in unequal
plasma half-lives. Thus, deviating incubation conditions were faced by the ['®F]F-Si bond within
the derivatives. Nevertheless, the trend of values for bone uptake, mainly caused by cleaved
['®F]fluoride  (compare  ['®F]"Lu-MSM-6: 2.43 +0.58 %ID/g  vs.  ['""Lu]Lu-MSM-6:
0.11 + 0.019 %ID/qg), was well reflected by the trend of reactivity found for related model peptides
(stability: (4-SiFA)Bz ~ (3-SiFA)Bz > terminal  (5-SiFA)Ip > bridging (5-SiFA)Ip). A closer

comparison is given in the next chapter.
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4.6. In Vitro vs. In Vivo Stability of SiFA Moieties

Herein, the trend of reactivity for a choice of model peptides determined in vitro is correlated with
results of bone uptakes observed for various PSMA-targeting MSM ligands as indicator for the in

vivo stability of the respective type of Si-F bond (Figure 55).
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Figure 55: Comparison of in vitro vs. in vivo data regarding reactivity and stability of the ['®F]F-Si bond as part of
the different SiFA moieties [(4-SiFA)Bz-, (3-SiFA)Bz-, terminal (5-SiFA)Ip- and bridging -(5-SiFA)Ip-]: A: reactivity
of model peptides (MPs) from the GK-series under anhydrous '8F-labeling conditions expressed as relative
radiochemical conversion (rRCC); B: half-lives of intact '®F-labeled MPs from the GK-Series incubated in an
aqueous KoCOs-solution (pH 7.4, 37 °C; simulated blood conditions); C: chemical Shifts & [ppm)] of °F{?*Si}NMR
spectra (376 MHz, DMSO-Ds) of the GK-series; D: activity accumulation (%1D/g) in CB-17 SCID mice (h=4) 1 h
p.i. of ®F-labeled PSMA ligands and ['"Lu]Lu-MSM-6 sharing the same SiFA moieties as depicted for the GK-
series and indicated in brackets. Data of ['®F]"@Ga-rhPSMA-7.3 were previously published by our group (77).

Relative radiochemical conversions (rRCCs) depicted in Figure 55A displayed a trend in reactivity
with the (3-SiFA)Bz compound similar to the normalized value of the (4-SiFA)Bz derivative, a
slightly higher rRCC for the terminal (5-SiFA)Ip entity by a factor of 1.3 and a clearly higher rRCC
for the bridging (5-SiFA)Ip moiety by a factor of about 2.6.

The increased reactivity was also found to be accompanied by a lower stability (Figure 55B) with
a half-life of the ["®F]F-Si bond within the MPs reduced by 15% attaching the (5-SiFA)Ip moiety
terminally and divided by a factor of 4.0 attaching a (5-SiFA)lp moiety in a bridging construct

instead of the classical (4-SiFA)Bz moiety, respectively.

143



III. RESULTS AND DISCUSSION

Furthermore, there seemed to be a correlation of enhanced reactivity and decreased stability with
a less negative '°F NMR-shift (Figure 55C), representing a lower electron density at the fluorine
atom.

Although the in vitro data (Figure 55A-C) were determined for MPs, their data seemed to have a
predictive value for the observed trend of in vivo stability in structurally-related PSMA ligands. The
trend of in vivo stability of F-Si bonds within PSMA ligands was reflected by activity accumulation
in bone, mainly due to dissociated ['8F]fluoride (Figure 55D). Again, the (5-SiFA)lp moiety attached
in a bridging way in ['®F]"'Lu-MSM-6 possessed the highest instability 1 h p.i. with a bone uptake
of 2.43 £ 0.58 %ID/g. The terminal use of the (5-SiFA)lp moiety led to a bone uptake of
1.16 £ 0.22 %ID/g for ['®®F]MSM-3. Comparatively, the (3-SiFA)Bz-bearing ligand ['8F]"aLu-MSM-5
revealed a similar bone uptake as the (4-SiFA)Bz moiety utilized in ['®F]"Ga-rhPSMA-7.3
(0.65 £ 0.11 %ID/g and 0.38 £ 0.32 %ID/g respectively) (77). To proof a bone uptake
predominantly caused by cleaved ['®F]fluoride, MSM-6 was also examined as '"’Lu-labeled tracer

leading to a clearly lower activity accumulation (0.11 + 0.019 %ID/q).

However, clinical translation of a terminally or even a bridging (5-SiFA)lp moiety seems feasible
despite an increased ['®F]fluoride release in mice comparing the found bone uptake with results
published about ['®F]SiFA/in-TATE (Femur: 1.9 + 0.6 %ID/g at 60 min p.i. (estimated by figure);
1.31 £ 0.31 %ID/g at 90 min p.i.) (7417). First clinical results about ['®F]SiFAlin-TATE in direct
comparison with [(8Ga]Ga-DOTA-TOC in 13 patients lead to the conclusion of ‘favorable
characteristics’ (272). In this study, a slightly higher bone uptake was found for ['®F]SiFA/in-TATE
compared to the non-fluorinated [8Ga]Ga-DOTA-TOC (SUVmax: 1.2 + 0.5 vs. 0.7 + 0.2; SUVmean:
0.6 £ 0.3 vs. 0.4 + 0.1). Thus, one can suppose that a certain instability of SiFA compounds is
manageable in clinical translation of imaging agents. Noteworthy, while a sufficient imaging
contrast might be maintained in spite of a present instability, the question of pharmacokinetic
comparability between the '8F- and '"“Lu-labeled twins is of concern for a truly theranostic
application. Indeed, apart from the observed bone uptake, biodistribution data of ['®F]"aLu-MSM-6

and ['""Lu]Lu-MSM-6 revealed nearly the same uptake pattern indicating a theranostic potential.

Besides the determined stability exhibiting room for improvement, the concept of an additional
carboxylic acid directly attached at the SiFA entity resulted in promising preclinical results. The
beneficial application of the acid group itself efficiently boosting hydrophilicity or as a conjugation
side for further modifiers to easily manipulate HSA binding as well as hydrophilicity over a broad
range could be demonstrated in a set of model peptides as well as in some PSMA ligands. Thus,
the strategy for modulating the in vitro properties of the SiFA entity can be judged as a valuable

development step delivering a basis for the design of novel radiohybrid ligands.
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IV. SUMMARY AND CONCLUSION

Previously, a novel class of radiohybrid compounds was introduced by Wurzer et al. suitable for
the imaging of PSMA-positive lesions in prostate cancer. These PSMA ligands comprise of a
silicon-based fluoride acceptor (SiFA) entity for '®F-labeling and a chelator for radiometal
complexation. This concept paves the way for a theranostic ligand pair of chemically identical
twins either labeled with fluorine-18 or lutetium-177. On this basis, several approaches were
investigated in this work to modify the lead structure, Lu-rhPSMA-7.3, aiming for an optimized
pharmacokinetic profile that enables a therapeutic application with a reduced radiation exposure
of the red bone marrow and the kidneys as dose-limiting organs.

In a first attempt to reduce kidney retention, the dipeptide fragments Gly-L-Tyr and Gly-L-Lys were
incorporated in the lead structure to design a metabolically instable linker positioned in between
the PSMA binding motif and the radionuclide-bearing entity. Their recognition by renal brush
border enzymes should potentially decrease PSMA-mediated activity accumulation. In vitro
results widely indicated a well toleration of the Gly-L-Lys modification with properties similar to
the reference compounds and superior compared to the lipophilic Gly-L-Tyr ligand with
extraordinarily high HSA binding. Not surprisingly, the Gly-L-Tyr ligand exhibited a remarkably
slow blood clearance in vivo. In general, this concept led to no clear improvement of the tumor-
to-kidney ratio in LNCaP tumor-bearing mice compared to the lead compound despite the proof
of metabolic instability in a subset of the investigated ligands.

Soon, the binding strength towards HSA as most abundant plasma protein was assessed as a
key parameter to maximize tumor-to-background ratios by fine-tuning pharmacokinetics to a fast
whole-body clearance while preserving a reasonable tumor uptake. One concept assumed to
accomplish this intent was the development of ligand constructs with a linker moiety branching
off the main peptide chain to provide a distant terminal position for exchangeable entities with
variable HSA binding strength. While a suitable anchoring position for a variety of additional linker
moieties (Prog, Serq, (Ser-Gly-Gly)s, PEGs) was found to result in PSMA ligands with suitable target
affinity (9-13 nM), the attachment of a strongly exposed, terminal, aromatic HSA binder led to
quite lipophilic derivatives. Interestingly, HSA binding was dependent on the chosen linker with a
remarkably decreased binding strength for derivatives with a rigid Progs-linker. However, the
synthesis of such constructs was judged as overelaborated with low yields and the ligands were
assessed to possess low potential for further optimizations.

Another project was focused on the reduction of the ligand’s highly negative net charge as this
was proposed to have an influence on renal tubular reabsorption and thus, kidney retention. For
this purpose, three carboxylic acids in the linker of the lead structure were estimated as not
essential for target affinity and were subsequently altered or omitted. The attempt to substitute
the ornithine carboxylic acid by a shift of the ‘orn-EuE’ motif to the established structural ‘Nal-KuFE’

motif was followed by a drastic drop in affinity and hydrophilicity in combination with the
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radiohybrid unit (DOTAGA-dap(SiFA)). Furthermore, this additional aromatic entity strongly
increased the HSA binding. The insertion of a physiologically uncharged, hydrophilic PEGs-linker
between the naphthyl residue and the SiFA entity in the ligand RNC-4 could at least partially
compensate the negative influence in all these parameters. Though, the biodistribution study
showed no improved tumor-to-kidney ratio but clearly revealed a decelerated blood/whole-body
clearance probably as a consequence of the increased lipophilicity and HSA binding. Smaller
structural changes by the omission of the carboxylic acid in proximity to the SiFA entity or even
the substitution with a positively charged amino group were well tolerated regarding the target
affinity. As similarly published for ibuprofen-modified PSMA ligands, this approach was also useful
to decrease HSA binding at the cost of a certain loss of hydrophilicity as determined in vitro.
Opposingly, in vivo results indicated no clear benefit for tumor-to-blood ratios. On the other hand,
the change in net charge by the use of an amino group indeed significantly reduced the kidney
retention, as hypothesized.

To face the generally high lipophilicity and HSA binding of SiFA-based compounds in a more
universal and modular approach, the novel SiFA entity 5-SiFA-isophthalic acid [(5-SiFA)Ip] was
developed with a divergent substituent pattern at the aromatic moiety and an additional carboxylic
acid. The in vitro properties were evaluated in a set of model peptides as well as PSMA ligands. It
was demonstrated that the simple addition of this charged group directly attached at the lipophilic
prosthetic group could efficiently boost the hydrophilicity (decrease of logD by 1-3 orders of
magnitude). Moreover, using the second acid group as conjugation site allows for a convenient,
modular attachment of further modifiers to facilitate the adjustment of a ligand’s pharmacokinetics
to respective radiopharmaceutical requirements. This possibility was shown to enable the
modulation of HSA binding over a broad range in two ways: 1) electrostatic repulsion by functional
groups or 2) steric shielding by bulky groups with low HSA affinity.

Admittedly, the theranostic concept is restrained by the higher reactivity/limited stability of the
Si—F bond within the novel prosthetic group, especially found for derivatives bearing the (5-SiFA)Ip
moiety in a di-conjugated way. Compared to ['®F]"*Ga-rhPSMA-7.3, in vivo experiments indicated
a 3- and 6-fold higher bone uptake 1 h p.i. in a corresponding terminal or bridging embedding
(("®FIMSM-3 and ['®F]"a'Lu-MSM-6, respectively). Whether this impedes the clinical translation for
a potential diagnostic application would have to be assessed by first-in-human studies. If
necessary, an enhancement of the stability might be achieved by manipulating the electron density
within the aromatic moiety, for example by substitution of the amide bonds by different functional
groups for conjugation.

Nevertheless, the therapeutic twin ['7’Lu]Lu-MSM-6 exhibited an outstanding tumor-to-blood ratio
even surpassing the value of the FDA-approved, current clinical gold standard ['7“Lu]Lu-
PSMA-617 by a factor of two and a 6.5-fold improved tumor-to-kidney ratio compared to the lead
compound ['"7Lu]Lu-rhPSMA-7.3 at 24 h post injection. These findings render ['"7Lu]Lu-MSM-6

as an interesting candidate for clinical investigation in a therapeutic context.
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V. SUPPLEMENTAL INFORMATION

V. SUPPLEMENTAL INFORMATION

1. Overview of In Vitro Data

Table 4: Overview of in vitro data of PSMA ligands. All data of compounds bearing a chelating agent refer to the
corresponding ['*'77Lu]Lu-complexes; n.d. = not determined.

Internalization HSA Binding
Compound ICs0 [nM] [% of Reference logDpH 7.4 (AMSEC, MWx;;)  (HPAC)
(n=3) Ligand] (n = 3) (n=6) [kDa] [%]

Reference Ligands

rhPSMA-7.3 3.3+1.0 184 + 12 -4.12 £ 0.11 21.6 98.6
rhPSMA-10.1 2.8 £ 0.51 177 £ 15 -3.78 £ 0.06 17.2 96.3
PSMA-617 3.3+0.20 203+ 10 -4.10+£0.10 9.4 84.9
PSMA 1&T 42 +0.78 145+ 14 -4.10 £ 0.10 1.9 71.9

Ligands Aiming for Metabolic Instability (MI)

MI-1 56+1.0 82 +3.0 -2.81 £ 0.03 39.9 92.7
Ml-2 54+1.2 151 +£6.2 -3.12 £ 0.05 20.4 98.2
MI-3 3.1 +£0.40 162 £ 5.9 -3.51 £ 0.07 11.6 90.2
MI-4 95+13 98+7.0 -2.88 £ 0.20 9.9 95.6
MI-5 5111 167 £ 2.3 -3.08 £ 0.22 10.2 88.8

Branched Linker Constructs (BLC) for HSA Binding Modulation

BLC-1 >1000 n.d. n.d. n.d. n.d.
BLC-2 70+19 n.d. n.d. n.d. n.d.
BLC-3 43 £ 13 n.d. n.d. n.d. n.d.
BLC-4 7817 225+ 8.4 -3.04 + 0.04 3.6 76.7
BLC-5 93x24 160 = 11 -2.82 + 0.10 4.4 87.9
BLC-6 11 +£3.0 n.d. -4.11 £ 0.06 n.d. n.d.
BLC-7 9935 n.d. -4.07 £ 0.16 n.d. n.d.
BLC-8 9.2x1.2 n.d. -3.55 + 0.05 n.d. n.d.
BLC-9 9.2 + 0.41 58 + 3.6 —2.33 £ 0.09 21.3 98.5
BLC-10* n.d. n.d. n.d. n.d. n.d.
BLC-11 183+1.9 4029 -2.45 + 0.09 38.3 97.5
BLC-12 9.6+1.9 18 + 0.76 -2.13+£0.17 41.9 92.9

Ligands with Reduced Net Charge (RNC)

RNC-1 62 + 8.3 n.d. -0.89 £ 0.04 n.d. n.d.
RNC-2 30 +12 20+2.3 -0.83+£0.14 50.0 97.6
RNC-3 17 £2.7 34 +£5.7 -2.31 £ 0.08 52.4 98.4
RNC-4 8.1 £0.90 44 +1.6 -1.97 £ 0.07 29.9 95.6
RNC-5 4.9 = 0.67 232 +10 -3.38 £ 0.02 15.9 96.0
RNC-6 6.1 £0.25 163 £ 6.9 -2.88 + 0.06 12.1 89.8
RNC-7 7.5+0.70 121 £ 6.0 -2.90 £ 0.07 8.1 74.8

Ligands with Modified SiFA Moieties (MSM)

MSM-1 327 + 73 n.d. n.d. n.d. 98.7
MSM-2 14+£2.0 n.d. n.d. n.d. 98.2
MSM-3 6.5+1.6 n.d. n.d. n.d. 98.7
MSM-4 41+£1.9 n.d. n.d. n.d. 96.7
MSM-5 56+ 1.1 162 + 8.1 -3.57 £ 0.10 9.1 94.0
MSM-6 4.9 + 0.91 18125 -4.03 £ 0.04 2.7 78.9

*Ligand could not be isolated due to inseparable deletion peptides formed during the synthesis.
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Table 5: Overview of in vitro data of model peptides (MPs) comprising of the GK-, GD- and GY-series with various SiFA entities attached; n.d. = not determined.

V. SUPPLEMENTAL INFORMATION

Half-Lives of '®F-Defluorination [h] (n = 3)

Compound RCY[%] RCC[%] rRCC[%]  “F{*SINMR H74.37°C pH5500cc N (MM) logDurs HSA Binding

(n=3) (n=3) (n=3) 5 (ppm) pH 6.5, rt (n=10) (HPAC) [%]
MP-1GK 76+ 14 77+75 100 —187.17 2.0=0.11 10£1.7 090£002  1.24%0.10 93.3
MP-2GK 62£26  74+93  91:040 ~186.90 1.6 +0.03 9.0 + 0.48 0.81+003  1.12+0.05 90.1
MP-3GK 75+18  78+30  134:69 ~186.66 1.7 + 0.04 6.8+1.7 1.4+005  -1.66+0.03 85.9
MP-K4AGK 77£17  81£07  256+32 -186.19 0.46 + 0.07 24+018  025+0004 -1.56+0.03 42.0
MP-E4GK 7725  83:29  238+22 n.d. 0.81+0.03 2.1 +0.12 064+001  -1.19+0.07 72.1
MP-3KG 75 £ 5.1 78 £ 5.1 106 + 1.8 n.d. 1118 11 +0.30 11+007  -1.68+0.00 85.6
MP-(PEG8)4GK 78+59  83:55  165%6.2 n.d. 0.56 + 0.11 3.1+0.33 045+007  -0.64+0.08 30.4
MP-Gal6N4GK 78+£20  84+20  159+9.4* n.d. 0.38 + 0.06 2.7+0.43 032+0.09  -1.08 +0.01 44.8
MP-1GD 73:52  77+48 100 —187.17 = 20+4.8 22+002  -0.72+0.05 98.3
MP-2GD 58+50  59+3.4 71£1.6 ~186.90 = 12+ 1.1 1.9+007  -1.10+0.02 97.6
MP-3GD 74 £ 10 73£95  111:18 -186.65 = 7.8+1.4 33030  -3.17+0.05 97.8
MP-K4GD 80 + 13 82 + 11 253 = 46 ~186.22 9.8+15 2.5+0.33 077007  -3.07 +0.07 63.0
MP-E4GD 75+53 8421 228 = 18 n.d. n.d. n.d. n.d. —2.02 +0.08 97.8
MP-1GY 2+7.7 78+ 11 100 —187.12 0.69 + 0.01 5.4+0.14 18+029 120005 97.9
MP-2GY 62 + 10 73+ 4.1 69 £ 2.0 -186.86 0.82 +0.11 6.9+ 1.1 1.74+044  1.25+0.06 96.8
MP-3GY 71+ 11 72£13 122073 -186.62 1.3 +0.21 8.3+1.8 25+016  -1.29+0.03 97.1
MP-K4GY 79+48  85:54  256+33 -186.28 0.29 + 0.04 22402 056+0.03  -1.18+0.01 82.6
MP-E4GY 7714 8421 252 + 27 n.d. n.d. n.d. n.d. ~-1.05 + 0.07 96.6

*Quiality controls via HPLC show the formation of two unidentified side products (approximately 5-10%) for the Gal6N-derivative which were added to the test compound integral
and are estimated to occur by virtue of keto- and enol tautomerism at the sugar moiety.
**Half-lives not given because of unprecise regression (R?<<90%) with stabilities of >95% intact MP after 2 h.
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V. SUPPLEMENTAL INFORMATION

2. Overview of In Vivo Data

Table 6: Ex vivo biodistribution data of rhPSMA-7.3, rhPSMA-10.1 and PSMA-617 at 24 h p.i. in male LNCaP (I/II/lll) tumor-bearing CB17-SCID mice; PG = parotid glands,
SG = submandibular glands; data expressed as percentage of the injected dose per gram (%1D/g) and mean + standard deviation; n.d. = not determined.

Activity Accumulation [%ID/g] of ['"’Lu]Lu-Compounds, 24 h p.i.

rhPSMA-7.3* rhPSMA-7.3 rhPSMA-10.1* rhPSMA-10.1 rhPSMA-10.1 PSMA-617* PSMA-617
Organ (n=4,LNCaP ) (n =5, LNCaP il (n=5,LNCaP I) (n =4, LNCaP II) (n =4, LNCaP lll) (n=4,LNCaP ) (n =5, LNCaP Ill)
Blood 0.0032 + 0.0007 0.0046 + 0.0018 0.0009 + 0.0001 0.0010 + 0.0006 0.0023 + 0.0008 0.0056 + 0.0026 0.0007 + 0.0003
Heart 0.0306 + 0.0093 0.0333 + 0.0027 0.0174 + 0.0013 0.0175 + 0.0031 0.0203 + 0.0056 0.0119 + 0.0043 0.0034 + 0.0019
Lung 0.0491 + 0.0114 0.0768 + 0.0160 0.0317 + 0.0040 0.0350 + 0.0098 0.0352 + 0.0162 0.0393 + 0.0130 0.0134 + 0.0043
Liver 0.2165 + 0.0402 0.2352 + 0.0342 0.1821 + 0.0552 0.2302 + 0.0811 0.1751 + 0.0492 0.1167 + 0.0567 0.0279 + 0.0031
Spleen 0.7333 + 0.2328 0.5817 + 0.1595 0.1749 + 0.0289 0.2410 + 0.0411 0.1942 + 0.0318 0.0812 + 0.0063 0.0482 + 0.0228
Pancreas 0.0247 + 0.0049 0.0241 + 0.0037 0.0132 + 0.0022 0.0183 + 0.0041 0.0160 + 0.0066 0.0106 + 0.0040 0.0055 + 0.0020
Stomach 0.0592 + 0.0281 0.0434 + 0.0158 0.0556 + 0.0135 0.0768 + 0.0192 0.0441 + 0.0211 0.0201 + 0.0028 0.0500 + 0.0192
Intestine 0.1325 + 0.0814 0.1001 + 0.0584 0.1147 + 0.0523 0.6464 + 0.2882 0.0744 + 0.0483 0.1185 + 0.0822 0.2252 + 0.1785
Kidney 9.8160 + 2.7388 11.3738 + 1.2675 1.9737 £ 0.7770 1.5223 + 0.3272 2.7754 £ 1.3387 1.4421 + 0.4243 0.2867 + 0.0760
Adrenals 0.5614 + 0.2215 0.4233 + 0.0765 0.0604 + 0.0415 0.1275 + 0.0614 0.1133 + 0.0506 0.1910 + 0.0711 0.0203 + 0.0021
Muscle 0.0091 + 0.0031 0.0094 + 0.0029 0.0033 + 0.0016 0.0046 + 0.0011 0.0057 + 0.0022 0.0092 + 0.0018 0.0011 + 0.0007
Bone 0.0475 + 0.0097 0.0307 + 0.0060 0.0218 + 0.0078 0.0290 + 0.0044 0.0317 + 0.0050 0.0267 + 0.0174 0.0052 + 0.0034
Tumor 11.6274 + 2.2372 18.1740 + 3.9884 9.8244 + 0.2982 16.1078 + 3.0602 13.0021 + 1.9868 7.4568 + 0.8969 10.2172 + 2.8471
PG 0.1314 + 0.0424 0.1068 + 0.0254 0.0413 + 0.0087 0.0651 + 0.0150 0.0582 + 0.0080 n.d. 0.0164 + 0.0073
SG 0.0564 + 0.0103 0.0644 + 0.0120 0.0368 + 0.0066 0.0443 + 0.0071 0.0349 + 0.0079 n.d. 0.0070 + 0.0024
T/Blood 3842.8 + 1145.2 4255.6 + 1030.2 11497.6 + 1952.7 20145.6 + 6997.8 6111.5+1215.1 1423.8 + 454.7 16323.0 + 3998.5
T/Kidney 1.24 £ 0.29 1.64 £ 0.53 5.66 + 1.99 10.81 + 1.64 5.47 +1.91 5.85 +2.99 36.83 + 10.5
T/Liver 53.68 + 1.68 78.11 £ 16.65 57.46 + 13.11 77.83 £27.10 78.09 + 18.05 91.22 + 73.46 361.86 + 77.9

*Data were previously published by our group (725).
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Table 7: Ex vivo biodistribution data of PSMA I&T and MI-1 to -5 at 24 h p.i. in male LNCaP (//1ll) tumor-bearing CB17-SCID mice; PG = parotid glands, SG = submandibular glands;

V. SUPPLEMENTAL INFORMATION

data expressed as percentage of the injected dose per gram (%1D/g) and mean + standard deviation; n.d. = not determined.

Activity Accumulation [%ID/g] of ['"’Lu]Lu-Compounds, 24 h p.i.

PSMA 1&T* PSMA 1&T Mi-1 MI-2 MI-3 Mi-4 MI-5
Organ (n=4,LNCaP ) (n =5, LNCaP il (n=1,LNCaP ) (n=5,LNCaP I) (n=3,LNCaP ) (n=4,LNCaP ) (n=4,LNCaP)
Blood 0.0118 + 0.0064 0.0061 + 0.0024 0.0261 0.0058 + 0.0041 0.0044 + 0.0027 0.0014 + 0.0012 0.0010 + 0.0007
Heart 0.0486 + 0.0339 0.0208 + 0.0061 0.0192 0.0156 + 0.0101 0.0062 + 0.0012 0.0232 + 0.0022 0.0118 + 0.0022
Lung 0.1576 + 0.0285 0.1138 + 0.0204 0.0381 0.0348 + 0.0101 0.0252 + 0.0057 0.0715 + 0.0760 0.0254 + 0.0037
Liver 0.0485 + 0.0109 0.0553 + 0.0235 0.1643 0.0679 + 0.0392 0.0331 + 0.0018 0.2106 + 0.0502 0.1082 + 0.0099
Spleen 1.9416 + 1.0077 1.2047 + 0.9384 0.5508 0.1191 + 0.0611 0.1261 + 0.0219 0.2131 + 0.1029 0.1329 + 0.0220
Pancreas 0.0480 + 0.0287 0.0295 + 0.0229 0.3587 0.0068 + 0.0036 0.0043 + 0.0015 0.0177 + 0.0039 0.0128 + 0.0011
Stomach 0.0483 + 0.0212 0.0326 + 0.0112 0.0284 0.0571 + 0.0291 0.0534 + 0.0107 0.0362 + 0.0200 0.0198 + 0.0068
Intestine 0.1202 + 0.0646 0.0507 + 0.0259 0.3462 0.2554 + 0.1980 0.2895 + 0.0635 0.0779 + 0.0667 0.0794 + 0.0190
Kidney 34.66.19 + 17.2004 15.8527 + 10.6895 4.9682 6.0394 + 6.2945 5.0987 + 3.5129 8.2684 + 1.9991 2.1049 + 0.3451
Adrenals 1.0569 +0.2398 1.3590 + 0.4138 0.1712 0.2743 + 0.2019 0.1489 + 0.0653 0.0478 + 0.0196 0.0827 + 0.0137
Muscle 0.0097 + 0.0037 0.0051 + 0.0030 0.0052 0.0046 + 0.0027 0.0021 + 0.0012 0.0087 + 0.0031 0.0025 + 0.0011
Bone 0.0142 + 0.0037 0.0209 + 0.0053 0.0278 0.0596 + 0.0352 0.0173 + 0.0053 0.0193 + 0.0045 0.0251 + 0.0093
Tumor 4.0636 + 1.1186 7.5780 + 2.3957 3.7848 6.3378 + 1.4994 6.4127 + 1.0729 5.4203 + 1.3463 9.1141 + 0.9249
PG n.d. 0.1346 + 0.0728 0.0656 0.0505 + 0.0296 0.0415 + 0.0193 0.0645 + 0.0058 0.0363 + 0.0073
SG n.d. 0.0581 + 0.0247 0.0228 0.0162 + 0.0094 0.0126 + 0.0038 0.0437 + 0.0035 0.0202 + 0.0026
T/Blood 408.1 +209.3 1288.5 + 121.9 144.8 1539.5 £ 725.2 1809.6 + 829.7 7945.8 + 6197.3 16325.2 + 13579.1
T/Kidney 0.15 + 0.08 0.61 £ 0.21 0.76 2.41 +1.54 1.92 = 1.00 0.71 £ 0.26 4.47 + 0.98
T/Liver 86.07 + 30.84 155.09 + 57.08 23.03 129.55 + 76.72 196.19 + 44.53 26.45 +£6.13 84.67 £ 9.87

*Data were previously published by our group (760).
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Table 8: Ex vivo biodistribution data of RNC-4 to -7 and MSM-5 and -6 at 24 h p.i. in male LNCaP (I/1ll) tumor-bearing CB17-SCID mice; PG = parotid glands, SG = submandibular

V. SUPPLEMENTAL INFORMATION

glands; data expressed as percentage of the injected dose per gram (%ID/g) and mean + standard deviation.

Organ

Activity Accumulation [%ID/g] of ['"’Lu]Lu-Compounds, 24 h p.i.

RNC-4
(n=5,LNCaP )

RNC-5
(n =4, LNCaP Il)

RNC-6
(n=4,LNCaP )

RNC-7
(n =5, LNCaP Ill)

MSM-5
(n =5, LNCaP Ill)

MSM-6
(n =5, LNCaP i)

Blood
Heart
Lung
Liver
Spleen
Pancreas
Stomach
Intestine
Kidney
Adrenals
Muscle
Bone
Tumor
PG
SG

0.5189 + 0.1641
0.2073 + 0.0425
0.5410 + 0.0932
0.7405 + 0.1205
0.4902 + 0.1251
0.0919 + 0.0224
0.2232 + 0.1242
0.4061 + 0.2690
6.3662 + 3.1062
0.4394 + 0.2100
0.0595 + 0.0217
0.1490 + 0.0201
6.9225 + 1.6837
0.2933 + 0.0777
0.1946 + 0.0441

0.0026 + 0.0014
0.0339 + 0.0061
0.0498 + 0.0181
0.2504 + 0.0196
0.6327 + 0.1535
0.0225 + 0.0042
0.0414 + 0.0097
0.0874 + 0.0428
8.3965 + 1.9839
0.3678 + 0.0410
0.0102 + 0.0020
0.0301 + 0.0072
16.1749 + 1.3241
0.1234 + 0.0114
0.0690 + 0.0068

0.0042 + 0.0019
0.0254 + 0.0061

0.0469 + 0.0094
0.2848 + 0.0567
0.3218 + 0.0557
0.0264 + 0.0070
0.0829 + 0.0379
0.2229 + 0.0932
2.0983 + 0.4949
0.1488 + 0.0477
0.0067 + 0.0033
0.0363 + 0.0061

11.8594 + 0.7477
0.0857 + 0.0181

0.0520 + 0.0128

0.0007 + 0.0001
0.0139 + 0.0013
0.0235 + 0.0033
0.1971 + 0.0106
0.5640 + 0.1031
0.0131 + 0.0033
0.0461 + 0.0262
0.0948 + 0.0348
0.8923 + 0.1145
0.0693 + 0.0230
0.0036 + 0.0009
0.0237 + 0.0053
5.2228 + 1.7612
0.0414 + 0.0054
0.0311 + 0.0042

0.0061 + 0.0019
0.0257 + 0.0050
0.0633 + 0.0245
0.1725 + 0.0651
1.4191 + 0.3867
0.0403 + 0.0132
0.0435 + 0.0220
0.0703 + 0.0384

35.2650 + 12.7784

0.9439 + 0.1771
0.0134 + 0.0044
0.0330 + 0.0074
12.0171 £ 2.3741
0.1695 + 0.0424
0.0831 + 0.0158

0.0004 + 0.0003
0.0100 + 0.0027
0.0170 + 0.0030
0.1135 + 0.0136
0.1367 + 0.0269
0.0112 + 0.0023
0.0332 + 0.0215
0.1445 + 0.1219
0.9725 + 0.4269
0.0275 + 0.0168
0.0021 + 0.0009
0.0234 + 0.0035
9.9269 + 3.0591
0.0261 + 0.0048
0.0195 + 0.0049

T/Blood
T/Kidney
T/Liver

13.83 +2.25
1.27 £ 0.44
9.33 +1.30

7775.7 + 3335.3
2.03 + 0.45
64.70 + 4.01

2950.4 + 682.5
5.94 +1.27
42.91 £6.70

8429.9 + 4117.7
6.00 + 2.35
26.36 + 8.19

2064.7 + 460.5
0.37 + 0.11
75.20 £ 16.21

31658.5 + 15690.7

10.71 + 1.64
91.52 + 40.01

151



V. SUPPLEMENTAL INFORMATION

Table 9: Ex vivo biodistribution data of PSMA I&T and MI-1 to -5 at 1 h p.i. in male LNCaP (I/ll) tumor-bearing CB17-SCID mice; PG = parotid glands, SG = submandibular
glands; data expressed as percentage of the injected dose per gram (%1D/g) and mean + standard deviation; n.d. = not determined.

Activity Accumulation [%ID/g] , 1 h p.i.

['*F]"*Ga-rhPSMA-7.3* ['*FIMSM-3 ['®F]"*'Lu-MSM-5 ['*F]"*'Lu-MSM-6 ['"’Lu]Lu-MSM-6
Organ (n=4,LNCaP ) (n =5, LNCaP lll) (n =5, LNCaP Ill) (n =5, LNCaP lll) (n =3, LNCaP Ill)
Blood 0.96 + 0.24 0.5509 + 0.2409 0.4210 + 0.0963 0.4157 + 0.0909 0.3047 + 0.175
Heart 0.87 +0.17 0.4233 + 0.1313 0.4227 + 0.1018 0.3620 + 0.1681 0.1953 + 0.0440
Lung 22 +0.35 0.9921 + 0.3264 1.2022 + 0.1399 0.6154 + 0.1079 0.5119 + 0.1394
Liver 0.69 +0.13 7.1993 + 4.8286 0.4771 + 0.1509 0.3340 + 0.0572 0.2036 + 0.0355
Spleen 16.6 £ 2.6 6.4396 + 3.5988 31.703 + 8.233 6.7052 + 3.5854 6.3744 + 0.4398
Pancreas 0.63 + 0.44 0.8168 + 0.6301 0.5955 + 0.1146 0.2375 + 0.0400 0.2026 + 0.0500
Stomach 0.44 + 0.23 0.5354 + 0.4056 0.4781 £ 0.1721 0.3503 + 0.1234 0.1963 + 0.0338
Intestine 0.35 + 0.07 17.702 + 1.565 0.3490 + 0.1130 0.5756 + 0.3699 0.1579 + 0.0342
Kidney 292 +45.1 67.113 £ 13.942 186.24 + 23.37 114.71 £ 22.94 118.07 = 4.05
Adrenals 2.2+0.83 2.3128 + 0.8259 6.0186 + 1.0541 1.9899 + 0.6469 1.6907 + 0.3168
Muscle 0.33 +0.15 0.2021 + 0.0866 0.1816 + 0.0180 0.1278 + 0.0325 0.0814 + 0.0185
Bone 0.38 +0.32 1.1620 + 0.2233 0.6496 + 0.1074 2.4349 + 0.5794 0.1100 + 0.0190
Tumor 18.3+7.2 8.4636 + 2.9910 11.415 £ 2.419 10.996 + 3.413 12.560 + 3.194
PG n.d. 0.8068 + 0.2778 2.4481 + 0.5265 0.7551 + 0.1381 0.8472 + 0.1335
SG n.d. 0.5194 + 0.2039 1.0298 + 0.0863 0.3642 + 0.1031 0.3189 + 0.0487
T/Blood n.d. 16.426 + 4.417 27.303 £2.170 26.058 + 3.957 43.867 + 13.752
T/Kidney n.d. 0.1238 + 0.0238 0.0614 + 0.0110 0.0953 + 0.0208 0.1069 + 0.0288
T/Liver n.d. 1.412 + 0.592 24.837 + 3.816 32.201 + 4.994 65.067 + 23.777

*Data were previously published by our group (77).
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V. SUPPLEMENTAL INFORMATION

3. Figure Index

Figure 1: Statistics depicted in absolute numbers in million (and % of total) regarding both sexes and all ages in
the year 2020; A: new cancer cases; B: cancer-related deaths; adapted from the GLOBOCAN 2020 database (3).

Figure 2: Kaplan-Meier survival curves illustrating an increased rate of PSA recurrence for patients with high PSMA
expression; adapted from Perner €t @l. (57).......oooee e 7

Figure 3: Top: interactions and mechanism of hydrolysis of the physiological substrate NAAG in the catalytic
center of PSMA as proposed from the crystal structure with the arginine patch and the glutarate sensor highlighted
in red and blue, respectively; adapted from Mesters et al. (36); Bottom: structure-activity relationships elucidated
2-(phosphonomethyl)pentanedioic acid (2-PMPA), phosphinates, phosphoramidates and ureas as highly affine
o[ aTe [TaTe g aTe 111 £ 4 PO P O P PSR 8

Figure 4: Structural features of the PSMA binding cavity comprised of A: the arginine patch with the possibility to
form the S1 accessory pocket as depicted for the binding of DCIBzL, adapted from Barinka et al. (65); B:
superposition of dinitrophenyl (DNP)-linker-KuE ligands (ARM-P2/-P4/-P8) with the DNP entity fixed at the remote
arene-binding site (R511 and W541), adapted from Zhang et al (69); C: cross-sections of PSMA indicating the
location of the S1’ pocket, the binuclear zinc active site and the S1 pocket composed of the arginine patch/S1
accessory pocket, entrance funnel and (remote) arene-binding site within the binding cavity, depicted ligand
conformations refer to 1) DCIBzL, 2) PSMA-617 and 3) ARM-P4, adapted from Kopka et al. (71). .....ccoeveveiennenn. 9

Figure 5: Structures of A: the FDA-approved agents ['''In]In-7E11-C5.3 (only the conjugation side of the chelator
for labeling depicted, mAb = monoclonal antibody) for immunoscintigraphy, [(8Ga]Ga-PSMA-11 and ['®F]DCFPyL
for PET imaging; B: clinical candidates in phase Il studies ['"®FJPSMA-1007, ['®F]CTT1075 and ['®F]"*Ga-rhPSMA-
7.3 for PET imaging as well as [*"Tc]Tc-MIP-1404 for SPECT imaging (72-78). .ceeeeeereeeeereereeeeeseeeeeneeeeeseeens 11

Figure 6: Structures of the FDA-approved therapeutic agent ['7’Lu]Lu-PSMA-617, its 225Ac-labeled counterpart
under clinical investigation as well as the clinical candidates ['7’Lu]Lu-PSMA I&T and [?2°Ac]Ac-PSMA I&T (98,99).
................................................................................................................................................................................ 14

Figure 7: [*3Ga]Ga-PSMA PET/CT scans of patient A: staging before PRLT (left), restaging 2 months after 3 cycle
(middle) and 2 months after 4" cycle (right) of [?°Ac]Ac-PSMA-617; and patient B: staging before PRLT (left),
restaging 2 months after 2 cycles of ['’Lu]Lu-PSMA-617 (middle) and restaging after 2 cycles of [22°Ac]Ac-PSMA-
617 (right); scan after 3" cycle (PSA <0.1 ng/mL) of [?2°Ac]Ac-PSMA-617 not shown; adapted from Kratochwil et
= )RR 16

Figure 8: Structures of further clinical candidates under investigation for therapeutic application in PRLT: the
monoclonal antibody [?2°Ac]Ac-/['"""Lu]Lu-J591 (only conjugation side of the chelator for labeling depicted,
mAb = monoclonal antibody), the ‘truncated Evans Blue’-modified ['"’Lu]Lu-EB-PSMA-617, [""Lu]Lu-CTT1403
with the phosphoramidate-based binding motif and the 4-(p-iodophenyl)butyric acid as albumin binder and the
radiohybrid compound [""Lu]Lu-rhPSMA-10.1 suitable for orthogonal ™"F- or 22Ac-/"""Lu-labeling
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Figure 9: lllustration of the radiohybrid concept using a chelator and a SiFA group as orthogonal labeling entities
for a truly theranostic approach; adapted from Wurzer et al. (126). .......coicueeiieriiiiiene e 21

Figure 10: Development steps of SiFA-modified somatostatin analogs and the respective impact on the
biodistribution in AR42J tumor-bearing mice visualized in PET images (figure by Niedermoser et al. (141))......... 24

Figure 11: Overview of approaches investigated in this work and respective modification sites within the lead
structure Lu-rhPSMA-7.3 aiming for an optimized blood clearance and a reduced kidney uptake. ..................... 27

Figure 12: Exemplary sigmoidal plot, showing the correlation between human serum albumin (HSA) binding of
selected reference substances and retention time (tr). The values of HSA binding were obtained from literature (lit.
HSA [%]) (157,158). Log tr: logarithmic value of experimentally determined retention time. Log K HSA: logarithmic
value Of HSA DINAING VAIUES. .....coiiiiiiiiie ittt ettt st ea e st e e eae e s ae e e sae e e s e e sneesneeeneesneennneeares 80

Figure 13: Calibration plot of a Superdex 75 Increase gel filtration column using a low molecular weight gel filtration

calibration kit. MW: molecular weight. tr: experimentally determined retention time. Ve: elution volume. Kay: partition
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Figure 14: lllustration of a ligand comprised of a targeting vector attached to a radionuclide-bearing moiety via a
cleavable linker. In this example, the linker should be enzymatically cleaved by a renal brush border enzyme (BBE)
to reduce vector-mediated activity accumulation in the KidNeY. .......ccooceiiieii e 86

Figure 15: Structures and development steps of the Ml ligands derived from the lead structure rhPSMA-7.3;
desired cleaving sites are indicated with dashed lines while the b-Lys derivative MI-3 is supposed to be stable.89

Figure 16: In vitro data of PSMA ligands aiming for metabolic instability (MI, blue) and reference ligands (grey), all
evaluated as ['""Lu]Lu-compounds; A) affinities (ICso [nM]) determined in a binding assay of "*Lu-compounds
(107'°-10-° M) with ['#I]I-BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-
mediated internalization of ['"’Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference
ligand ['%1]I-BA-KUE (n =3); C) lipophilicity of ['"’Lu]Lu-compounds expressed as n-octanol/PBS partition
coefficient (logDpt 7.4, N = 6); D) apparent molecular weight (MWagp) of ['77Lu]Lu-compounds determined by human
serum albumin-mediated size exclusion chromatography (AMSEC); E) human serum albumin binding of "*Lu-
compounds determined on a Chiralpak HSA column. Data depicted for reference compounds in A-D) were
previously published by our group (125); only AMSEC data were modified by a correction factor explained in
chapter 11.8.5.2. *The MWa,, of MI-3 was determined with a different batch of HSA which might contribute to
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Figure 17: A) Ex vivo biodistribution of MI-1 (n =1), MI-2 (n =5), MI-3 (n =3), MI-4 (n=4), MI-5 (n=4) and
rhPSMA-7.3 (n=4) as ['’Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing CB-17SCID mice;
PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected dose per gram
(%ID/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver) calculated
individually for each mouse and expressed as mean + standard deviation. Data of rhPSMA-7.3 were previously
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Figure 18: Static yYSPECT/CT images (maximum intensity projections) of MI-5, rhPSMA7.3 and rhPSMA-10.1 as
77 u-labeled compounds in LNCaP | tumor-bearing CB-17 SCID mice. Tumors (T) and kidneys (K) are indicated
by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood collection by cardiac puncture.
Images of rhPSMA-7.3 and -10.1 depicted as reference were previously published by our group (125).............. 94

Figure 19: A) Ex vivo biodistribution of MI-5 (n = 4) and the reference ligands rhPSMA-7.3 (n = 4), rhPSMA-10.1
(n =5), PSMA-617 (n = 4) and PSMA I&T (n = 4) as ['""Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing
CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%1D/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver)
calculated individually for each mouse and expressed as mean =+ standard deviation. Data of reference ligands
were previously published by our group (125,160).......c.eeieiiieiiieiee e e a e e e 95

Figure 20: Chromatograms obtained by radio-RP-HPLC using the same gradient (10 to 70% B in 15 min, 95% B
for 5 min, 10% B for min); top chromatogram: analysis of a blood sample obtained by cardiac puncture of one
CB-17 SCID mouse 24 h p.i. of ['"""Lu]Lu-MI-1 (11.6 MBq, 170 pmol) and subsequent purification via cartridge
(chapter 11.9.3); bottom chromatogram: quality control (QC) of ['"Lu]Lu-MI-1 by RP-HPLC after [""Lu]Lu-
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Figure 21: Chromatograms obtained by radio-RP-HPLC comparing samples of blood, urine and kidney of CB-17
SCID mice 4 h p.i. prepared according to chapter I1.9.3 with the corresponding quality control (QC) of the
compounds after ['’Lu]Lu-labeling (chapter 11.7.3); A: Analysis of ['’Lu]Lu-MI-2 (pooled from mice after injection
of 5.6 + 0.4 MBq, 93.6 + 6.1 pmol; n = 2; gradient: 10 to 90% B in 15 min, 95% B for 5 min, 10% B for 5 min);
B:['""Lu]Lu-MI-5 (pooled from mice after injection of 4.9 + 0.4 MBq, 79.0 + 6.5 pmol; n = 3; gradient: 20 to 60% B
in 15 min, 95% B for 5 min, 209% B fOr 5 MIN). ...eeiiciiieiee et e e e e e e e e e saae e e e se e e s eneeeennneeenn 97

Figure 22: lllustration of a ligand comprised of a branched linker construct (BLC) connecting a targeting vector, a
radionuclide-bearing moiety and an HSA binder with all functional moieties in a distance allowing for simultaneous
binding to HSA and to the target expressed on tumor tissue. This structural basis should allow for a facilitated
fine-tuning of pharmacokinetics and tumor accumulation independent of a residence time in an HSA-bound state.
.............................................................................................................................................................................. 101

Figure 23: Structures and development steps of the BLC ligands derived from the lead structure rhPSMA-7.3. The
nonaseryl-derivative BLC-10 could not be isolated due to low coupling yields within the linker moiety and no
separation from respective deletion PEPLIES. .......coo i e 102

Figure 24: PSMA affinities (ICso [nM]) of of BLC-1 to BLC-5 correlated to their branching position Px and determined

in a binding assay based on respective "™Lu-compounds (107°-10-5 M) with ['?°[]I-BA-KUE (0.2 nM) as competitor
on PSMA* LNCaP Cells (1 D, ONICE, N = 3). eeiiiiiiieiieeie ettt sttt st e e sae e sme e sae e e sbe e s e e e beesneenneeea 103
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Figure 25: In vitro data of BLC-4, -5 (violet) and reference ligands (grey), all evaluated as ['7"/"{_u]Lu-compounds;
A) human serum albumin binding of "Lu-compounds determined on a Chiralpak HSA column; B) apparent
molecular weight (MWagp) of ['77Lu]Lu-compounds determined by human serum albumin-mediated size exclusion
chromatography (AMSEC); C) lipophilicity of ['"’Lu]Lu-compounds expressed as n-octanol/PBS partition
coefficient (logDp+ 7.4, N = 6);D) PSMA-mediated internalization of ['’Lu]Lu-compounds in PSMA* LNCaP cells (1 h,
37 °C) as percentage of the reference ligand ['?5I]I-BA-KUE (n = 3). Data depicted for reference compounds in B-D)
were previously published by our group (125); only AMSEC data were modified by a correction factor explained in
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Figure 26: In vitro data of branched linker constructs (BLC, pink) and reference ligands (grey), all evaluated as
['""matl_u]Lu-compounds; A) affinities (ICso [nM]) determined in a binding assay of "Lu-compounds (10-°-107° M)
with ['21]I-BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n=3); B) PSMA-mediated
internalization of ['7”Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand
['2%1]I-BA-KUE (n = 3). Data depicted for reference compounds were previously published by our group (125); only
AMSEC data were modified by a correction factor explained in chapter I1.8.5.2.............c..ccooiiiiniiiieencene, 105

Figure 27: In vitro data of BLC-9 to -12 (violet) and reference ligands (grey), all evaluated as ['77m{ u]Lu-
compounds; A) affinities (ICso [NM]) determined in a binding assay of "*Lu-compounds (101°-10- M) with ['3I]I-
BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-mediated internalization of
[""Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?°[]I-BA-KUE
(n = 3); C) lipophilicity of ['""Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDpti 7.4, N = 6);
D) apparent molecular weight (MWapp) of ['’Lu]Lu-compounds determined by human serum albumin-mediated
size exclusion chromatography (AMSEC); E) human serum albumin binding of "Lu-compounds determined on a
Chiralpak HSA column. Data depicted for reference compounds in A-D) were previously published by our group
(125); only AMSEC data were modified by a correction factor explained in chapter 11.8.5.2. .............ccccccceeee. 106

Figure 28: lllustration of the supposed positioning of rhPSMA-7.3 in the schematic binding cavity of PSMA
comprising of the glutamate pocket, zinc (II) active site (zinc ions in orange), arginine patch, S1 accessory site and
arene-binding site adapted from Kopka et al. (71). PSMA ligands with reduced net charge (RNC) within this chapter
are modified by omission or alteration of the carboxylic acids A to C aiming for reduced kidney retention. ...... 109

Figure 29: Structures of the first generation of ligands with reduced net charge (RNC) derived from the reference
structures rhPSMA-7.3 and PSMA-617 depicted with the net charge (NC) under physiological pH conditions. 111

Figure 30: In vitro data of RNC-1 to -4 (red) and reference ligands (grey), all evaluated as ['7""2{_u]Lu-compounds;
A) affinities (ICso [nM]) determined in a binding assay of "Lu-compounds (10-'°-10- M) with ['?%]]I-BA-KuUE (0.2 nM)
as competitor on PSMA* LNCaP cells (1 h, on ice, n=3); B) PSMA-mediated internalization of ['"’Lu]Lu-
compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?l]I-BA-KUE (n = 3); C)
lipophilicity of ['’Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDp+74, N =6); D)
apparent molecular weight (MWapp) of ['7"Lu]Lu-compounds determined by human serum albumin-mediated size
exclusion chromatography (AMSEC); E) human serum albumin binding of "'Lu-compounds determined on a
Chiralpak HSA column. *Internalization and HSA binding were not determined for RNC-1. Data depicted for
reference compounds in A-D) were previously published by our group (125); only AMSEC data were modified by
a correction factor explained in chapter I1.8.5.2. ... e e 112

Figure 31: Static yYSPECT/CT images (maximum intensity projections) of RNC-4, rhPSMA7.3 and rhPSMA-10.1
as ""Lu-labeled compounds in LNCaP | tumor-bearing CB-17 SCID mice. Tumors (T) and kidneys (K) are indicated
by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood collection by cardiac puncture.
Images of rhPSMA-7.3 and -10.1 depicted as reference were previously published by our group (125)............ 113

Figure 32: A) Ex vivo biodistribution of RNC-4 (n = 5) and the reference ligands rhPSMA-7.3 (n = 4), rhPSMA-10.1
(n =5), PSMA-617 (n = 4) and PSMA I&T (n = 4) as ['""Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing
CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%1D/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver)
calculated individually for each mouse and expressed as mean =+ standard deviation. Data of reference ligands
were previously published by our group (125,160)........cuuriirieriie e e e e sbe e e nee e 114

Figure 33: Structures of the second generation of ligands with reduced net charge (RNC) derived from the
reference compound rhPSMA-7.3 depicted with the net charge (NC) under physiological pH conditions. ........ 116
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Figure 34: In vitro data of RNC-5 to -7 (orange) and reference ligands (grey), all evaluated as ['7/"Lu]Lu-
compounds; A) affinities (ICso [NM]) determined in a binding assay of "*Lu-compounds (101°-10- M) with [*3]]I-
BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-mediated internalization of
['""Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?°[]l-BA-KUE
(n = 3); C) lipophilicity of ['""Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDpti 7.4, N = 6);
D) apparent molecular weight (MWapp) of ['’Lu]Lu-compounds determined by human serum albumin-mediated
size exclusion chromatography (AMSEC); E) human serum albumin binding of "Lu-compounds determined on a
Chiralpak HSA column. Data depicted for reference compounds in A-D) were previously published by our group
(125); only AMSEC data were modified by a correction factor explained in chapter 11.8.5.2. .............ccccccceeee. 117

Figure 35: A) Ex vivo biodistribution of RNC-5 (n = 4) and the reference ligand rhPSMA-10.1 (n = 4) as [""Lu]Lu-
compounds at 24h p.. in male LNCaP Il tumor-bearing CB17-SCID mice; PG = parotid glands,
SG = submandibular glands; data expressed as percentage of the injected dose per gram (%ID/g) and
mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver) calculated individually for
each mouse and expressed as mean + standard deviation. E) Static ySPECT/CT image (maximum intensity
projections) of RNC-5 as '"’Lu-labeled compound in a LNCaP Il tumor-bearing CB-17 SCID mouse. Tumors (T)
and kidneys (K) are indicated by white arrows. The mouse was sacrificed 24 h p.i. and imaged directly after blood
collection by CardiaC PUNCIUIE. ........eeiiiiieeeie e e e e e s ene e smn e e s ann e e e e ne e e senneesanneeean 119

Figure 36: A) Ex vivo biodistribution of RNC-6 (n = 4) and the reference ligands rhPSMA-7.3 (n = 4), rhPSMA-10.1
(n =5), PSMA-617 (n = 4) and PSMA I&T (n = 4) as ['""Lu]Lu-compounds at 24 h p.i. in male LNCaP | tumor-bearing
CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%1D/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-kidney/-liver)
calculated individually for each mouse and expressed as mean =+ standard deviation. Data of reference ligands
were previously published by our group (125,160)......c..coiiieieriie et e e s sbe e e nnee e 120

Figure 37: Static yYSPECT/CT images (maximum intensity projections) of RNC-6, rhPSMA7.3 and rhPSMA-10.1
as "Lu-labeled compounds in LNCaP | tumor-bearing CB-17 SCID mice. Tumors (T) and kidneys (K) are indicated
by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood collection by cardiac puncture.
Images of rhPSMA-7.3 and -10.1 depicted as reference were previously published by our group (125)............ 121

Figure 38: A) Ex vivo biodistribution of RNC-7 (n = 5) and the reference ligands rhPSMA-7.3 (n = 5), rhPSMA-10.1
(n =4), PSMA-617 (n =5) and PSMA I&T (n = 5) as ['""Lu]Lu-compounds at 24 h p.i. in male LNCaP Ill tumor-
bearing CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the
injected dose per gram (%ID/g) and mean + standard deviation; B-D) tumor-to-organ ratios (tumor-to-blood/-
kidney/-liver) calculated individually for each mouse and expressed as mean + standard deviation.................. 122

Figure 39: Development steps of a novel SiFA entity as prosthetic group for ®F-labeling with improved readily
modulated HSA binding and hydrophilicity characteristics by the change of the substitution pattern (2) and the
addition of a hydrophilic group (3) which can be used as a conjugation side for efficient modulators directly
attached at the SIFA ©NTIEY (4)....eei it rs e e s ae e e sbe e s e e e beesaneeneeeas 124

Figure 40: Compounds are entitled as follows: MP-MNXX with MP = model peptide, M = modifier in the one letter
code of amino acids/Gal6N = 6-amino-6-deoxy-D-galactopyranose/(PEG8) = amino-(polyethylene glycol 8)-
propionic acid, N = number of SiFA building block 1 to 4, XX = test dipeptide sequence in the one letter code of
= 01T T J= T T L ST 127

Figure 41: Radiochemical conversion (RCC, n = 3) and radiochemical yield (RCY, n = 3) of '®F-labeling reactions
(5 min, rt, molar activity = 3.1 + 1.8 GBg/pmol; chapter 11.7.1) of model peptides (MPs) divided into subsets A:
GK-Series (full), B: GD-Series (diagonal stripes) and C: GY-Series (vertical stripes). Compounds sharing equal SiFA
entities (1 to 4) are depicted in the same color. RCYs are decay-corrected and refer to the applied activity of the
pre-dried ['®F]fluoride solution in @nhydrous DMSO...........coouiiirierieeeierie et eeeeeesee st e see e e seeeee e eseesaeeeesneans 128

Figure 42: Relative radiochemical conversion (rRCC) of competitive '®F-labeling reactions standardized to the
conversion of the corresponding (4-SiFA)Bz compound MP-1XX individually determined (n = 3) by the labeling of
an equimolar precursor mixture of the test compound and its MP-1XX counterpart (chapter I11.8.6). Data are
divided into subsets A: GK-Series (full), B: GD-Series (diagonal stripes) and C: GY-Series (vertical stripes).
Compounds sharing equal SiFA entities (1 to 4) are depicted in the same color. *Quality controls via HPLC show
the formation of two unidentified side products (approximately 5-10%) for the Gal6N-derivative which were added
to the test compound integral and are estimated to occur by virtue of keto- and enol tautomerism at the sugar
010} = PRSPPI 129

Figure 43: Chemical shifts 5 [ppm] of model peptides of the GK-series (full), GD-series (diagonal stripes) and GY-

series (vertical stripes) measured by A: 2°Si{’'H}INEPT NMR (79 MHz, DMSO-Ds) and B: "°F{?2°Si} NMR (376 MHz,
DIMISO D). --eeuueeueerueanteeneanseeeeaseaaseeneasseeaeeaaeeeesaeaaseaaeesesaeenseameeaseemseeseamseeneanseeaeeeseeneeeaeeeeeaeeaseeaeeeneeasesaeeasesneeaseenans 130
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Figure 44: Half-lives (n = 3) of the intact '®F-labeled MPs calculated with values obtained after incubation for 0,
30, 60, 90 and 120 min at conditions: A: pH 7.4 at 37 °C simulated blood conditions); B: pH 5.5 at 90 °C (""Lu-
labeling protocol for SiFA-radiohybrids); C: NaF (1 mM in H20, pH 6.5 at rt (reversed isotopic exchange in aqueous
medium); *Exact half-lives not given because of unprecise regression (R? << 90%) with stabilities of >95% intact
1= Vi {2 o VSRS 131

Figure 45: Hydrophilicity determined as n-octanol/PBS partition coefficient (logDpH7.4; N = 8) of model peptides
(MPs) divided into subsets A: GK-Series (full), B: GD-Series (diagonal stripes) and C: GY-Series (vertical stripes).
Compounds sharing equal SiFA entities (1 to 4) are depicted in the same COolOor...........coeveiiiiiieeniieseeeeee 133

Figure 46: HSA binding determined by HPAC of model peptides (MPs) divided into subsets A: GK-Series (full), B:
GD-Series (diagonal stripes) and C: GY-Series (vertical stripes). Compounds sharing equal SiFA entities (1 to 4)
are depicted in the SAME COIOL. ...........ooiiiii e e 134

Figure 47: lllustration of the beneficial use of the novel (5-SiFA)Ip entity in modulating hydrophilicity (logDp+ 7.4) and
HSA binding exemplified by derivatives of the GK-Series. .........cooiiiiiiiiiiie e 135

Figure 48: Structures of simplistic PSMA ligands with various modified SiFA moieties (MSM) attached to the
PSMA-binding motif EuK aiming for reduced HSA binding and increased hydrophiliCity. .........ccccccoviiiieinieennne 136

Figure 49: In vitro data of MSM-1 to -4 (green) evaluated as ['®"™F]F-compounds and reference ligands (grey)
evaluated as ['"""Lu]Lu-compounds; A) affinities (ICso [nNM]) determined in a binding assay of "#F-MSM ligands
and "Lu-references (101°-10- M) with ['?I]I-BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice,
n = 3); B) lipophilicity of ['®F]JF-MSM ligands and ['"’Lu]Lu-references expressed as n-octanol/PBS partition
coefficient (logDpr7.4, N =6); D) human serum albumin binding of "™F-MSM ligands and "Lu-references
determined on a Chiralpak HSA column. Data depicted for reference compounds in A) and B) were previously
PUDIIShed DY OUF GrOUD (125). ... .uiiieiiee ittt ettt ettt b e e e bt e s e e e aae e sab e e s meesaneesmeeeneesneeeneeeneeeanes 137

Figure 50: Structures of radiohybrid PSMA ligands with modified SiFA moieties (MSM) derived from the reference
compound rhPSMA-7.3 aiming for reduced HSA BIiNdiNg. ........coiiiiriiiiieie e 138

Figure 51: In vitro data of MSM-5 and -6 (green) and reference ligands (grey), all evaluated as ['7/"Lu]Lu-
compounds; A) affinities (ICso [NM]) determined in a binding assay of "*Lu-compounds (10-1°-10- M) with [*3]]I-
BA-KUE (0.2 nM) as competitor on PSMA* LNCaP cells (1 h, on ice, n = 3); B) PSMA-mediated internalization of
[""Lu]Lu-compounds in PSMA* LNCaP cells (1 h, 37 °C) as percentage of the reference ligand ['?°[]l-BA-KUE
(n = 3); C) lipophilicity of ['""Lu]Lu-compounds expressed as n-octanol/PBS partition coefficient (logDpti 7.4, N = 6);
D) apparent molecular weight (MWapp) of ['’Lu]Lu-compounds determined by human serum albumin-mediated
size exclusion chromatography (AMSEC); E) human serum albumin binding of "Lu-compounds determined on a
Chiralpak HSA column. Data depicted for reference compounds in A-D) were previously published by our group
(125); only AMSEC data were modified by a correction factor explained in chapter I1.8.5.2. .............ccccccceeee. 139

Figure 52: A) Ex vivo biodistribution of MSM-5 (n = 5), MSM-6 (n = 5) and the reference ligands rhPSMA-7.3
(n = 5), rhPSMA-10.1 (n = 4), PSMA-617 (n = 5) and PSMA I&T (n = 5) as ['’Lu]Lu-compounds at 24 h p.i. in male
LNCaP Il tumor-bearing CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as
percentage of the injected dose per gram (%ID/g) and mean + standard deviation; B-D) tumor-to-organ ratios
(tumor-to-blood/-kidney/-liver) calculated individually for each mouse and expressed as mean + standard
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Figure 53: Static ySPECT/CT images (maximum intensity projections) of MSM-5, MSM-6, rhPSMA7.3,
rhPSMA-10.1 and PSMA-617 as "’Lu-labeled compounds in LNCaP Ill tumor-bearing CB-17 SCID mice. Tumors
(T) and kidneys (K) are indicated by white arrows. Mice were sacrificed 24 h p.i. and imaged directly after blood
collection by CardiaC PUNCIUIE. ..........eiiiiieeie et e e s e s e e e s smn e e e e nn e e senneeeanneeean 141

Figure 54: Ex vivo biodistribution of the compounds ['®F]"#Ga-rhPSMA-7.3 (n = 4), ['®FIMSM-3 (n = 5), ["®F]"a'Lu-
MSM-5 (n = 5), ['®F]"*Lu-MSM-6 (n = 5) and [""’Lu]Lu-MSM-6 (n = 3) at 1 h p.i. in male LNCaP Ill tumor-bearing
CB17-SCID mice; data expressed as percentage of the injected dose per gram (%ID/g) and mean + standard
deviation. *Data of ['®8F]"®'Ga-rhPSMA-7.3 were previously published by our group (77). ......cccoeeecerereeesernenneene 142

Figure 55: Comparison of in vitro vs. in vivo data regarding reactivity and stability of the ['®F]F-Si bond as part of
the different SiFA moieties [(4-SiFA)Bz-, (3-SiFA)Bz-, terminal (5-SiFA)Ip- and bridging -(5-SiFA)Ip-]: A: reactivity
of model peptides (MPs) from the GK-series under anhydrous '8F-labeling conditions expressed as relative
radiochemical conversion (rRCC); B: half-lives of intact '®F-labeled MPs from the GK-Series incubated in an
aqueous KoCOs-solution (pH 7.4, 37 °C; simulated blood conditions); C: chemical Shifts & [ppm)] of °F{?*Si}]NMR
spectra (376 MHz, DMSO-De) of the GK-series; D: activity accumulation (%1D/g) in CB-17 SCID mice (h=4) 1 h
p.i. of ®F-labeled PSMA ligands and ['"Lu]Lu-MSM-6 sharing the same SiFA moieties as depicted for the GK-
series and indicated in brackets. Data of ['®F]"@Ga-rhPSMA-7.3 were previously published by our group (77).. 143
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4. Scheme and Table Index

Schemes

Scheme 1: Synthesis of (tBuO)EuE(OtBu)2: a) DCI, TEA, DMAP, 0 °C to rt, overnight (DCM); b) H-L-Glu(OBzl)-
OtBu-HCI, TEA, 0 to 40 °C, overnight (DCE); c) Pd/C (10%), Ha, rt, overnight (EtOH). .......ccccceriiiriiniieieeeeee 34

Scheme 2: Synthesis of (tBuO)KuE(OtBu)2: a) H-L-Lys(Z)-OtBu-HCI, TEA, 0 to 40 °C, overnight (DCE); b) Pd/C
(10%), Ha, rt, overnight (ELOH). ......ooiuiieieie ettt b e e e s e st e e sae e et e e saeeenneesneeeneennnean 35

Scheme 3: Synthesis of (4-SiFA)Bz-OH (iv): a) TBDMSCI, imidazole, rt, 16 h (DMF); b) tBuLi, tBuzSiF2, -78 °C to
rt, overnight (THF); c) HCI, rt, 18 h (MeOH); d) KMnQs, 0 °C to rt, 2.5 h (DCM/tBuOH/ NaH2PO4-H:0 buffer). ..... 39

Scheme 4: Synthesis of (3-SiFA)Bz-OH (ii): a) tBuLi, tBu:SiF2, =78 °C to rt, overnight (THF) b) KMnQsa, 75 °C, 24 h
(DCM/tBUOH/NaH2PO4-H20 DUFFEI). ..ttt ettt e e e e e en e smreeneennee s 40

Scheme 5: Synthesis of AllO-(5-SiFA)Ip-OH (iii): a) tBuLi, tBuzSiF2, =78 °C to rt, overnight (THF) b) KMnOs, 75 °C,
24 h (DCM/tBuOH/NaH2PO4-H:0 buffer), c) Allyl-Br, K2COs, 0 °C to rt, overnight (DMF). ........cccceiirieiiieeneeenne 42

Scheme 6: Routes for the synthesis of p-/m-SiFA-benzoic acid [(4-SiFA)Bz/(3-SiFA)Bz] and 3-Allyl-5-SiFA-
isophtalic acid [AllO-(5-SiFA)Ip]: a) 1.2 eq. TBDMSCI, 1.2 eq.imidazole, rt, 16 h (DMF); b) 2.4 eq. tBuLi, 1.2 eq.
tBu2SiF2, —78 °C to rt, overnight (THF); b’) 2.2 eq. tBuLi, 1.1 eq. tBu:SiF2, -78 °C to rt, overnight (THF);c) HCI, i,
18 h (MeOH); d) pyridinium chlorochromate, 0°C to rt, 3h (DCM); e) 7.0eq. KMnQOs, 0°C to rt, 2.5h
(DCM/tBuOH/NaH2PO4-H20 buffer); €’) 3.5 eq. KMnQs, 0 °C to rt, 2.5 h (DCM/tBuOH/NaH2PO4-H:0 buffer); e”)
6.0 eq./Me group KMnOs, 75 °C reflux, 24 h (DCM/tBuOH/NaH2PO4-H20 buffer); f) 0.5 eq. Allyl-Br, 3.0 eq. K-COs,
0 °C 10 rt, OVEINIGNT (DIMIF). ...ttt ettt ettt e st e e s e e sae e e ne e eae e e ebe e saneesneeeseeeneesbeesnneeneeaas 125

Tables

Table 1: EAU risk groups for biochemical recurrence of localised and locally advanced prostate cancer; GS =
Gleason score; adapted from the EAU-EANM-ESTRO-ESUR-SIOG Guidelines on Prostate Cancer 2020 (21).....3

Table 2: Experimental retention times and corresponding conditions required for the calculation of a ligand’s
apparent molecular weight (MWapp) corrected for ligand-specific interactions with the column matrix. All retention
times were corrected for the delay between the UV- and radio-detector. ... 81

Table 3: Comparison of overall yields obtained for (4-SiFA)Bz, (3-SiFA)Bz and AllO-(5-SiFA)Ip by the use of the
classical route (A)/simplified classical route (B) or the novel route (C). *Determined by Wurzer et al. (125);
**determined Dy JOVKOV@ €1 @l. (T53).....ccueiiiieeeee ettt ettt s ss e s ae e e nb e e s e e e beesneeneeea 126

Table 4: Overview of in vitro data of PSMA ligands. All data of compounds bearing a chelating agent refer to the
corresponding ["*'77Lu]Lu-complexes; n.d. = Not determined..........cccceeoeiieeeeieeie e 147

Table 5: Overview of in vitro data of model peptides (MPs) comprising of the GK-, GD- and GY-series with various
SiFA entities attached; Nn.d. = NOt AEEIrMINEQ. .........oeeeeiiiieeee e et e e e e e e e e e ean 148

Table 6: Ex vivo biodistribution data of rhPSMA-7.3, rhPSMA-10.1 and PSMA-617 at 24 h p.i. in male LNCaP
(I//101) tumor-bearing CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as
percentage of the injected dose per gram (%1D/g) and mean + standard deviation; n.d. = not determined....... 149

Table 7: Ex vivo biodistribution data of PSMA I&T and MI-1 to -5 at 24 h p.i. in male LNCaP (I/1ll) tumor-bearing
CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%ID/g) and mean + standard deviation; n.d. = not determined.........c..ccooveriiiiininie e 150

Table 8: Ex vivo biodistribution data of RNC-4 to -7 and MSM-5 and -6 at 24 h p.i. in male LNCaP (I/1ll) tumor-
bearing CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the
injected dose per gram (%I1D/g) and mean + standard deviation...........ccceeceireeciieecer e 151

Table 9: Ex vivo biodistribution data of PSMA 1&T and MI-1 to -5 at 1 h p.i. in male LNCaP (I/Ill) tumor-bearing

CB17-SCID mice; PG = parotid glands, SG = submandibular glands; data expressed as percentage of the injected
dose per gram (%ID/g) and mean + standard deviation; n.d. = not determined..........ccccoeveeeeeiceieeccee e, 152
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5. Abbreviations

%ID
2-CTC
2-PMPA

AA
ADT
Alloc
AMSEC

AP-2
ARPI

ASIR
ASMR
AUC
BBE
BBM
BLC
Boc
BSA
BSoC
Bzl
CB-17 SCID

CDI
CPM
CT
DCE
DCM
Dde

DIPEA
DMAP
DMSO
DNP

DOTA

DOTAGA

DRE
EAU
EBRT
EDTA

percentage of injected dose
2-chlorotrityl chloride

2-(phosphonomethyl)pentanedioic
acid

amino acid
androgen deprivation therapy
allyloxycarbonyl

albumin-mediated size exclusion
chromatography

adaptor protein-2

androgen receptor pathway
inhibitor

age-standardized incidence rate
age-standardized mortality rate
area under the curve

brush border enzyme

brush border membrane
branched linker constructs
tert-butyloxycarbonyl

bovine serum albumin

best standard of care

benzyl

mouse strain with severe combined
immunodeficiency (SCID)

1,1'-carbonyldiimidazole
carboxypeptidase M
computed tomography
1,2-dichloroethane
dichloromethane

1-(4,4-dimethyl-2,6-dioxocyclohex-
1-ylidene)ethyl

N,N-diisopropylethylamine
4-dimethylaminopyridine
dimethyl sulfoxide
dinitrophenyl

1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid

1,4,7,10-
tetraazacyclododececane,1-
(glutaricacid)-4,7,10-triacetic acid

digital rectal examination
European Association of Urology
external beam radiation

ethylenediamine tetraacetic acid
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ESI-MS

Et.0
EtOAc
EtOH

EuE

FBS

FDA
Fmoc
FOLH 1
GCP Il
GP
HsRESCA
HBED-CC

HBSS
HDI
HEPES

HLB

HOAt
HPAC

HPFC

HPLC

HSA
ICso

INEPT

IPB
ISUP

KuE
LET
LNCaP

LUMO

electrospray ionization mass
spectrometry

diethyl ether

ethyl acetate

ethanol
L-glutamate-urea-L-glutamate
fetal bovine serum

Food and Drug Administration
fluorenylmethoxycarbonyl
folate hydrolase |

glutamate carboxypeptidase I
general procedure

restrained chelating agent

N,N'-bis(2-hydroxy-5-(carboxyethyl)
benzyl)ethylenediamine-N,N'-
diacetic acid

Hank's balanced salt solution
human development index

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid

hydrophilic-lipophilic-balanced;
reversed-phase sorbent

1-hydroxy-7-azabenzotriazole

high-performance affinity
chromatography

high-performance flash
chromatography

high-performance liquid
chromatography

human serum albumin

half-maximal inhibitory
concentration

insensitive nuclei enhancement by
polarization transfer

4-(para-iodophenyl)butyric acid

International Society of Urological
Pathology

capacity factor
L-lysine-urea-L-glutamate
linear energy transfer

lymph node carcinoma of the
prostate; a human PSMA-
expressing cancer cell line

lowest unoccupied molecular orbital
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mCRPC

MeCN
mHSPC

Mi
mpMRI

MSM
MWApp

NAAG
NAALADase

NaOAc
NC
NEP
NMP
NMR
NOTA

NPV
PBS
PC3-PIP
PCa
PEG
PET
Ph
PLND
PPV
PRLT
PSA
PSMA

metastasized castration-resistant
prostate cancer

acetonitrile

metastasized hormon-sensitive
prostate cancer

metabolic instability

multiparametric magnetic
resonance imaging

modified SiFA moieties

apparent molecular weight [kDa],
parameter representing HSA
binding strength

N-acetyl-L-aspartyl-L-glutamate

N-acetylated a-linked acidic
dipeptidase

sodium acetate

net charge

neutral endopeptidase
N-methyl-2-pyrrolidone
nuclear magnetic resonance

1,4,7-triazacyclononane-1,4,7-
triacetic acid

negative predictive value
phosphate buffered solution
PSMA-expressing cell line
prostate cancer

polyethylene glycol

positron emission tomography
phenyl

pelvic lymph node dissection

positive predictive value

PSMA-targeted radiologand therapy

prostate-specific antigen

prostate-specific membrane antigen

160

QMA
RCC
RCY
RNC
RP
rRCC
rt

SAX
SiFA
SPECT

to

TAT
TBDMSCI
TBTU

tBu
TEA
TFA
THF
TIPS
TLC
TNM
tr
uICC

USPSTF

UV/Vis
WHO

quarternary methyl ammonium
radiochemical conversion
radiochemical yield

reduced net charge
reversed-phase

relative radiochemical conversion
room temperature

strong anion exchange
silicon-based fluoride acceptor

single-photon emission computed
tomography

dead time
targeted a-radiation therapy
tert-butyldimethylsilyl chloride

2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium
tetrafluoroborate

tert-butyl

triethylamine
trifluoroacetic acid
tetrahydrofuran
triisopropylsilane
thin-layer chromatography
tumor nodes metastases
retention time

Union for International Cancer
Control

United Sates Preventive Services
Task Force

ultraviolet/visible light

World Health Organization
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