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Abstract

Prostate cancer (PCa) is the most frequent cancer in men worldwide, behind only lung cancer. Although
the 5-year survival rate of localized PCis almost 100 %, it drops dramatically to just 30 % for the advanced
and metastatic form. This high mortality rate highlights not only the importance of early diagnosis, but

also the urgent need for the development of new therapeutic approaches.

The discovery of prostate-specific membrane antigen PSMA as a reliable tumor-associated biomarker for
prostate cancer has revolutionized the management of this disease. Several efforts have been done in the
last decade to develop selective and sensitive PSMA ligands for PET-imaging and endoradiotherapy.
Among these radiopharmaceuticals [®8Ga]Ga-PSMA 11 was the first FDA-approved PSMA-PET radiotracer,
followed with its therapeutic counterpart [*’Lu]Lu-PSMA 617. In the meantime, several groups have
joined the run for the best PSMA ligand. However, the development of PSMA radiopharmaceuticals that
have both favorable physicochemical properties and a beneficial pharmacokinetic profile remains a chal-

lenge which still need to be addressed.

In this dissertation, several PSMA ligands with different structural elements were designed and investi-

gated for their in vitro and in vivo properties.

Based on preliminary studies, DATA’™.SA.KUE and AAZTA>.SA.KUE were selected to be evaluated more
thoroughly. Both PSMA tracers have a hybrid chelator that is easily labeled under mild conditions in addi-
tion to beneficial pharmacokinetic properties regarding selectivity and tumor accumulation. Furthermore,
AAZTA®.SA.KUE has shown promising theranostic potential as it can be labeled with the PET nuclide scan-

dium-44 as well as the therapeutic B-emitter lutetium-177.

Moreover, a dual-targeted pamidronate-PSMA conjugate was developed to target both PSMA, which is
highly expressed in tumor lesions, and the hydroxyapatite structures in bone metastases. This ’’Lu-la-

beled conjugate showed promising results in preclinical studies.

The unique and favorable properties of PSMA make it an optimal target not only in nuclear medicine and
radiopharmacy but also in targeted chemotherapy. The advantages of the targeted therapy approach are
obvious since the discovery of antibody-drug conjugates (ADCs). However, although ADCs have repre-
sented a breakthrough in the treatment of many cancers, efforts to develop PSMA-ADCs have failed due

to lack of stability, premature drug release, and high toxicity.



In order to circumvent some of these challenges, small-molecule PSMA binding moieties were used in-
stead of antibodies. The resulting small-molecule drug conjugates (SMDCs) showed some advantages over
the ADCs, such as better tumor penetration due to lower molecular weight, fast clearance, and cost-ef-

fective synthesis.

The SMDCs developed in this dissertation can be divided into two groups. The first group includes dimeric
SMDCs consisting of a PSMA binding unit and the antimitotic agent MMAE. Both units are conjugated to
each other via the enzyme-cleavable linker valine-citrulline. The second group consist of trimeric conju-
gates (radiolabeled SMDCs) that, in addition to the PSMA-binding moiety and the cytostatic drug, contain
a chelator which is able to complex both diagnostic and therapeutic nuclides. Hence, the low-dose %Ga-
labeled SMDC is supposed to be used in the determination of the patient's suitability for therapy. In case
of positive response, the patient is then treated with the Y’Lu-labeled conjugate. In addition to the
thereby implemented personalized medicine approach, the combination of targeted chemotherapy and
radiotherapy in a single molecule, may have several advantages, such as circumventing the development
of resistance or enhancing a synergistic effect. Preclinical studies showed the promising potential of this
approach in terms of good tolerability and efficacy in vivo. However, further optimization on the molecular

structure of these compounds is necessary to enable a translational development.
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Kurzzusammenfassung

Prostatakrebs (PCa) ist nach Lungenkrebs die haufigste Krebserkrankung bei Mannern weltweit. Obwohl
die 5-Jahres-Uberlebensrate bei lokalisiertem PC nahezu 100 % betrigt, sinkt sie bei der fortgeschrittenen
und metastasierten Form dramatisch auf nur noch 30 %. Diese hohe Sterblichkeit macht nicht nur deut-
lich, wie wichtig eine friihzeitige Diagnose ist, sondern auch, wie dringend die Entwicklung neuer Behand-

lungsansatze notwendig sind.

Die Entdeckung des prostataspezifischen Membranantigens PSMA, als zuverlassiger tumor-assoziierter
Biomarker hat die Behandlung des Prostatakarzinoms revolutioniert. In den letzten Jahren wurden meh-
rere Anstrengungen unternommen, um selektive und empfindliche PSMA-Liganden fiir die PET-Bildge-
bung und Radiopharmakotherapie zu entwickeln. Unter diesen Radiopharmazeutika war [*8Ga]Ga-PSMA
11 der erste, von der FDA, zugelassene PSMA-PET Radiotracer, gefolgt von seinem therapeutischen Pen-
dant [Y7Lu]Lu-PSMA 617. In der Zwischenzeit haben sich mehrere Gruppen dem Wettlauf um den besten
PSMA-Liganden angeschlossen. Allerdings bleibt die Entwicklung von PSMA-Tracern, die sowohl giinstige
physikochemische Eigenschaften haben als auch einen vorteilhaften pharmakokinetischen Profil aufwei-

sen, weiterhin eine Herausforderung, die es noch zu bewaltigen gilt.

In Rahmen dieser Arbeit wurden mehrere PSMA-Liganden mit unterschiedlichen Strukturelementen ent-

wickelt und nach ihren in vitro und in vivo Eigenschaften untersucht.

Auf der Grundlage vorheriger Studien wurden die beiden PSMA-Liganden DATA>™.SA.KuE und
AAZTA® SA.KUE fiir eine praklinische Evaluierung ausgewihlt. Beide PSMA-Tracer haben einen hybriden
Chelator, der sich unter milden Bedingungen leicht markieren lasst sowie vorteilhafte pharmakokinetische
Eigenschaften in Bezug auf Selektivitdt und Tumoranreicherung. Dariiber hinaus hat sich AAZTA®.SA.KuE
als vielversprechende theranostische Verbindung erwiesen, da sie sowohl mit dem PET-Nuklid Scandium-

44 als auch mit dem therapeutischen " -Emitter Lutetium-177 markiert werden kann.

Des Weiteren wurde ein dual-targeted Pamidronat-PSMA-Konjugat entwickelt, das sowohl die, in den Tu-
morldsionen hochexprimierte, PSMA als auch die Hydroxyapatit-Strukturen in den Knochenmetastasen

adressiert. Dieses Y’Lu-markierte Konjugat zeigte in priklinischen Studien vielversprechende Ergebnisse.
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Die einzigartigen und vorteilhaften Eigenschaften von PSMA machen es zu einem optimalen Target nicht
nur in der Nuklearmedizin und Radiopharmazie, sondern auch in der zielgerichteten Chemotherapie. Spa-
testens seit der Entwicklung der Antikorper-Wirkstoff-Konjugate (ADCs) liegen die Vorteile des zielgerich-
teten Therapieansatzes auf der Hand. Doch obwohl ADCs einen Durchbruch bei der Behandlung von vielen
Krebserkrankungen darstellt haben, sind die Bemihungen, ein PSMA-ADC zu entwickeln, aufgrund man-

gelnder Stabilitat, vorzeitiger Wirkstofffreisetzung und hoher Toxizitat, gescheitert.

Um einige dieser Herausforderungen zu umgehen, wurden niedermolekulare PSMA-Bindungseinheiten
anstatt Antikorper verwendet. Die daraus resultierenden niedermolekularen Wirkstoffkonjugaten
(SMDCs) zeigten einige Vorteile gegenliber ihren Vorgangern, den ADCs wie z. B. eine bessere Tumor-
penetration aufgrund des geringeren Molekulargewichts, eine schnellere Clearance sowie eine kostenef-

fektive Synthese.

Die im Rahmen dieser Arbeit entwickelten SMDCs unterteilen sich in zwei Gruppen. Die erste Gruppe
beinhaltet dimere SMDCs, die aus einer PSMA-Bindungseinheit und dem antimitotischen Wirkstoff MMAE
besteht. Beide Einheiten sind tGber den enzymspaltbaren Linker Valin-Citrullin miteinander konjugiert. Die
zweite Gruppe besteht aus trimeren Konjugaten (radiomarkierten SMDCs), die zusétzlich zu der PSMA-
Bindungseinheit und dem Zytostatikum auch einen Chelator beinhalten, der in der Lage ist, sowohl diag-
nostische als auch therapeutische Nuklide zu komplexieren. Damit wird mit dem niedrigdosierten ®8Ga-
markierten SMDC die Eignung des Patienten fiir die Therapie festgestellt. Im Falle eines Ansprechens wird
der Patient mit der ¥’Lu-markierten Verbindung behandelt. Zusitzlich zu dem damit implementierten
Ansatz der personalisierten Medizin kénnte die Kombination einer zielgerichteten Chemotherapie und
Strahlentherapie in einem einzigen Molekil einige Vorteile mit sich bringen, wie z.B. die Umgehung einer
Resistenzbildung oder die Verstarkung eines synergistischen Effekts. Praklinische Studien zeigten das viel-
versprechende Potential dieses Ansatzes im Sinne einer guten Vertraglichkeit und Wirksamkeit in vivo.
Allerdings sind weitere Optimierung an der molekularen Struktur dieser Verbindungen notwendig, um

eine translationale Weiterentwicklung zu ermdglichen.
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1.1 Prostate Cancer
1.1.1 Epidemiology

Cancer is one of the leading causes of death worldwide with more than 10 million deaths in 2020%. The
incidence and mortality of cancer diseases has been drastically increasing in the last decades, particularly
in the industrial world. This increase in cancer incidence and mortality depends on several factors e.g.,

socioeconomic development, life style, genetics and exposure to carcinogens.

Prostate cancer (PC) is the second most common cancer in men worldwide. Although the incidence of PC
is about 60 % in men older as 65, the 5-year survival rate is compared to other cancer diseases very high
98%. However, this rate is strongly dependent on cancer stage and time point of diagnosis. Once the

cancer has metastasized, the 5-year survival rate decreases dramatically to 30 % 2°.
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1.1.2 Diagnosis of PC

Prostate cancer is a very slow-growing cancer and progresses in most cases asymptomatically.

Nevertheless, an early detection of this diseases has a significant impact on the clinical outcome. Beside

the digital rectal exam DRE, determination of the PSA-level is a common screening methode which is

based on the measurment of the prostate-specific antigen (PSA) concentration in the blood. In case of a

positive result, the prostate gland has to be imaged via magnetic resonance imaging MRI.

A subsequent prostate biopsy helps confirming the diagnosis and grading the tumor. According to the

corresponding Gleason-Score, the cancer is classified in low-, intermediate- or high-risk disease. However,

prior to therapy, the tumor stage, described as TNM system (T=Tumor; N= Nodes; M= Metastasis), have

to be determined (Figure 1). In addition, imaging tests such as *™Tc bone scan, CT, MRI scan or PSMA PET-

CT are used to localize the tumor. A general overview of the diagnostic scheme according to the guidelines

of the European Society for Medical Oncology ESMO is shown in figure 2.
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1.1.3 Therapy

Treatment of prostate cancer depends on several factors, e.g., the stage and grade of the tumor, the risk

of the disease and mainly from the physical condition of the patient.

In case of localized disease, active surveillance is an option applied by asymptomatic slow-growing and
low risk disease. Hereby the cancer is not actively treated but closely monitored using regular PSA tests

and DREs as well as repeated biopsies or pmMRI scans.

However, there are also curative options in the management of local prostate cancer e.g., the radical
prostatectomy where the entire prostate gland is removed, or the radiation therapy which can be divided

into internal radiation (brachytherapy) and external beam radiation.

Hormone therapy is one of the most important pillars of the management of hormone-sensitive cancer
diseases. Concerning PCa, androgen deprivation therapy ADT aims to lower the level of Testosterone and
dihydrotestosterone, thus inhibit or even reduce tumor growth. There are two different approaches of
ADT used in the treatment of locally advanced PCa. In the surgical castration or orchiectomy, androgen
suppression is reached by removing the testes, the organ where most androgens are produced. In con-
trast, chemical or medical castration seems to be more advantageous since it does not require any sur-
gery. In this therapy option, patients are treated with luteinizing hormone-releasing hormone (LHRH) ag-
onists like leuprolide or goserelin. These drugs reduce the testosterone production by downregulation of
LHRH receptors as a consequence of constant stimulation. Nevertheless, initial treatment with LHRH ag-
onists leads to a temporary increase in testosterone level, hence promoting tumor growth. To avoid this
so-called flare phenomenon, LHRH antagonist like abarelix can be used. However, since testosterone could
be produced in lower amount in adrenal glands and in the prostate cancer itself, ADT is often combined
with anti-androgen drugs like enzalutamide or apalutamide, which inhibit the signal transduction of tes-
tosterone.

Although hormone therapy is playing a crucial role in the management of PC, it can be only used as com-
bination with other treatment strategies like radiation therapy, since ADT does not lead to tumor regres-

sion.

While local prostate cancer could be cured with the therapy options mentioned above, metastatic pros-
tate cancer is considered to be incurable. Nevertheless, there are several treatment strategies applied in
this stage depending on the androgen-sensitivity of the tumor as well as the site of metastasis. In meta-
static hormone-sensitive PC (mHSPC), ADT represents the first-line therapy and the mainstay of manage-

ment of this PC stage. ADT is combined with either anti-androgen drugs or chemotherapy.
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Once mHSPC develops to the metastatic castration-resistant PCa (mCRPC) the severity of the disease in-
creases dramatically. Standard treatment of mCRPC is the use of docetaxel-based chemotherapy or, in a

post-docetaxel setting, cabazitaxel.

Additionally, an important concern in the therapy of metastatic PCa is the treatment of metastases. Since
most common metastatic sites of PCa are bones (84%) °, patients are treated with the a-emitter ?>>Ra
(Xofigo®) as first-line therapy of osseous metastases. The use of bisphosphonates or beta-emitting radio-
nuclides like strontium-89 or samarium-153 as part of the palliative care can help alleviating some of the
severe symptoms caused by bone metastases. Figure 3 gives an overview of the therapy options in de-

pendence of several factors.
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Fig-
ure 3 Different therapy regimen of PCa depending on androgen sensitivity, disease burden and symptoms. Based on The ESMO
Guidelines Committee °. Adapted from “natural History of Prostate Cancer”, by BioRender.com (2021). Retrieved from

https://app.biorender.com/biorender-templates.
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Beside the different treatment options mentioned above, there are several novel approaches studied so
far, especially in the field of immunotherapy. Sipuleucel-T (PROVENGE) was the first FDA-approved cancer
vaccine for treatment of mCRPC. This vaccine stimulates the immune system by inducing T-cells that are
capable to recognize the prostate acid phosphatase which is exclusively expressed by PCa cells. Although
this strategy seemed to be promising, Sipuleucel-T was not able to cure PCa but only prolonged the overall

survival by few months 72,

Finally, targeted therapy, which moved more and more into the focus of cancer research in general, has
shown its promising potential in the management of prostate cancer. The discovery of prostate-specific
membrane antigen PSMA was a game changer in both diagnosis and treatment of metastatic PC. [*®Ga]Ga-
PSMA-11 was the first FDA-approved PSMA-targeted PET Imaging drug for patients with metastatic PCa °
followed by [*7Lu]Lu-PSMA-617 that has been recently granted Breakthrough Therapy designation for

radioligand therapy of metastatic PCa °.
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1.2 Targeted therapy

In the last decades, a paradigm shift in oncology has taken place. Researchers worldwide are focusing
their work on the discovery and development of new diagnosis and therapy approaches which are specific
to the target that should be addressed. A new era has begun: the era of targeted therapy.
In contrast to traditional cancer treatment, targeted therapy is supposed to be highly specific to tumor
cells and therefore avoid the severe side effects caused by chemotherapy, surgery or even radiation ther-
apy, which are the three pillars of cancer management so far. The specificity of this approach is based on
the use of target vectors with high affinity to certain molecular structures which are either exclusively
expressed on tumor cells (tumor-specific) or upregulated in cancerous tissue (tumor-associated). Depend-
ing on the art of the target vector, a classification can be made into antibody drug conjugates ADCs and

small-molecule drug conjugates SMDCs.

1.2.1 Antibody drug conjugates ADCs

ADCs represent an important tool in targeted therapy. In the last years, several ADCs have been investi-
gated in clinical trials. With the turn of the millennium in 2000, The FDA approved the first ADC:
Gemtuzumab ozogamicin, an anti-CD33 mAb conjugated to calicheamicin, for the treatment of patients
with acute myeloid leukemia. However, in 2010 this ADC has been withdrawn from the market due to
severe toxicity 112, This unexpected outcome highlighted the challenges in the implementation and clin-

ical translation of ADCs.

The first step in the development of targeted therapeutics is to identify an appropriate target structure.
The target should be located on the surface of cancer cells thus be accessible to the circulating antibody.
Furthermore, the target antigen has to be exclusively expressed on tumor cells or at least at significant
higher levels than on other healthy tissue. Since the cytotoxic payload should be released intracellularly,
the target antigen has to be internalized upon ligand-binding. Non-internalized ADC could lead to a de-

crease in antitumor effect and even enhance toxicity via bystander effect.

Subsequent to the identification of targetable tumor-specific antigens, the synthesis of the mAb with high
binding potency and stability, sufficient homogeneity and low immunogenicity, represents one of the

most challenging steps in the development of ADCs.
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Moreover, the selection of the suitable cytotoxic drug that can be used as warhead is also fundamental in
the preliminary development of new ADCs. These chemotherapeutic drugs should fulfill several criteria
such as high potency (ICso in the nanomolar range) since the concentrations applied in drug conjugates
are often much lower than in conventional therapy. Most ADCs that are in clinical trial have a drug-to-
antibody ratio ADR of about 4, which means that the amount of drug molecules delivered into tumor cells
is restricted. Consequently, the most applied drugs display high systemic toxicity due to a narrow thera-

peutic window, thus are not clinically used as single drugs 34,

These warheads should have functional groups that make a conjugation to linker moieties feasible without
compromising the antitumor efficacy of the drug. Indeed, there are only few cytotoxic drugs that can meet
these criteria. The majority of them belong to the group of anti-microtubule agents such as auristat-
ins or tubulysins.

Obviously, a premature release of these highly toxic drugs should be inhibited to avoid a systemic toxicity.
Herein lies the importance of effective linker design. The selection of the linker plays a crucial role in the
determination of the pharmacokinetic profile of the ADC, since the chemical properties of the linker im-

pact the drug release, thus the therapeutic index of the drug formulation at whole.

In general, there are two main groups of linkers used in drug conjugates (Figure 4), cleavable and non-
cleavable linkers. However, as mAb have a half-life of several days in blood circulation, the stability of the

ADC should be ensured independently of the group the linker belongs to °.
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Figure 4 Schematic illustration of the most common used linker in drug conjugates. Created with Biorender.com

Cleavable linkers can be further divided into several subgroups depending on the drug-release conditions.
pH-sensitive linkers e.g., hydrazone groups, remain stable in the neutral pH of the blood circula-
tion but are hydrolyzed in the acidic intracellular environment.

Redox-sensitive linkers, based on disulfide groups, take advantage of the significantly higher concentra-
tion of glutathione in tumor cells to release the drug.

Nevertheless, this approach seems to have some limitations since some studies reported an association
of chemically labile linkers with non-specific drug liberation due to insufficient stability *°.
Another emerging subgroup of cleavable linkers are enzyme-sensitive linkers, such as valine-citrulline di-
peptide. These linkers are cleaved by lysosomal proteases such as cathepsin B, which is highly expressed
in tumor cells. However, an essential requirement of this enzyme-specific drug release is the internaliza-

tion of the antibody-antigen complex. An example of an ADC that includes a valine-citrulline linker is bren-

tuximab vedotin (Adcetris) which is already on the market since 2011 7.
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Another strategy in linker design is the use of non-cleavable linkers to ensure higher stability in blood
circulation. But even here an internalization of the ADC is required as the payload can only be released
after lysosomal degradation of the mAb. The ADC Kadcycla (Trastuzumab emantasine) was the first ADC
that includes a non-cleavable linker. It was approved in 2013 for the treatment of HER2-positive breast
cancer 8, which is a breast cancer with an elevated expression of the human epidermal growth factor
receptor 2 (HER2). Figure 5 shows a schematic illustration of the ADC-based drug targeting. Some of the

already approved ADCs are listed in table 1.

Antigene-binding region
i

Linker moei
Y Cytotoxic payload

J

Figure 5 Schematic illustration of the uptake of ADCs. Upon binding to the antigen (1) the ADC-Antigen complex is internalized via
endocytosis (2). The cytotoxic payload is released after either lysosomal degradation of the mAb or cleavage of linker unit (3). The
free drug binds to the its intracellular target (4). Created with Biorender.com.
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Table 1 FDA-approved ADCs

Drug name Target Payload Indication FDA approval
approval in 2000;
Gemtuzumab acute myeloid
CD33 calicheamicin withdrawn in 2010;
ozogamicin 112 leukemia
reapproval in 2017
Brentuximab HER2-positive breast
CD30 MMAE 2011
vedotin '’ cancer
Trastuzumab acute lymphoblastic
CD22 calicheamicin 2017
emtansine *° leukemia
relapsed or refractory
Polatuzumab
CD79b MMAE diffuse large B-cell 2019
vedotin-piiq %°
lymphoma
B-cell matura-
Belantamab relapsed or refractory
tion antigen MMAF 2020
mafodotin 2 multiple myeloma
BCMA
Loncastuximab diffuse large B-cell
CD19 SG3199 2021

tesirine-lpyl %

lymphoma
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Although ADCs have proved to be valuable tools in cancer treatment, ADC development reveal serious
limitations and challenges such as aggregation, which can lead to structural modification, thus loss of
antigen-binding potency, or degradation which presents a major drawback in terms of drug formulation
and stability, during the production process, as well as during transport and long-term storage 272°. More-
over, the large molecular size of mAb as target vectors in ADCs leads to poor tumor penetration. the slow
diffusion rate, poor vascularization and mostly lack of functional lymphatic system of solid tumors are
major reasons for the severely restricted antibody-based drug delivery. One of the strategies developed
to circumvent some of these hurdles is the use of small-molecules as target vectors instead of mAbs re-

sulting in the so-called small-molecule drug conjugates SMDCs.

1.2.2 Small-molecule drug conjugates SMDCs

In the last years, small-molecule drug conjugates have shown their promising potential as alternative ap-
proach to ADCs. The most important advantage of small molecules over mAb is their low molecular weight
that enables good cell penetration in solid tumors. Moreover, as most SMDCs are smaller than 40 kDa,
they are rapidly excreted from the blood through glomerular filtration, thus display a lower off-target
cytotoxicity than ADCs. Noteworthy is also their simplified and manageable synthesis compared to the
sophisticated manufacture process of mAbs as well as more straightforward transportation and storage
processes which are of immense value in regard to a translational use of the corresponding drug conju-

gates 2627,

While the design strategies and selection criteria of linker moiety and cytotoxic payload of SMDCs are
similar to these of ADCs, the targeting unit makes the decisive difference between the two drug-delivery
systems. Small-molecule targeting units should fulfill the same requirements as mAbs, in terms of high
binding affinity and selectivity to the target in order to ensure effective drug delivery along with a reduced
off-target cytotoxicity. This unit is mostly based on inhibitors or ligands of transmembrane receptors or
enzymes involved in carcinogenesis or tumor metabolism. Table 2 gives an overview of some preclinically

and clinically investigated SMDCs.
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Table 2 Examples of SMDCs investigated in preclinical and clinical trials. NCT= National Clinical Trial.

Drug name target Payload Disease NCT
Heat shock protein 90 NCT03221400
PEN-866 % SN-38 solid tumors
HSP90 (Phase1/2)
Folate receptor advanced Solid tu- NCT01999738
EC1456 »° tubulysin
FR mors (Phase 1)
Prostate-specific NCT02202447
EC1169 *° tubulysin prostate cancer
membrane antigen PSMA (Phase 1)
Phosphatidylserine
ZnDPA-SN-38 3! SN-38 solid tumors -
PS
Prostate-specific
PTX-SS-DUPA 3? paclitaxel prostate cancer -
membrane antigen PSMA
low-density lipoprotein non-small cell lung
NCT01497665
GRN1005 3 receptor-related protein 1 paclitaxel cancer with brain
(Phase 2)

LRP-1

metastases
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1.3 Prostate-specific membrane antigen

Prostate-specific membrane antigen PSMA is one of the most investigated tumor-associated targets in
the last decade. There are currently more than 400 clinical trials of PSMA-targeting conjugates for imaging

and therapy listed in the U.S. National Library of Medicine NIH 22,

PSMA was first described in 1987 by Horoszewicz et.al 3* as an antigen with high expression in LNCaP cells
(Lymph Node Carcinoma of the Prostate) thus suitable for use as tumor biomarker. In the following years
PSMA research has achieved major milestones such as molecular cloning in 1993 3> and determination of
the crystal structure in 2005 3¢. Furthermore, several studies have revealed the potential of PSMA as mo-

lecular target of prostate cancer PC resulted from the unique properties of this antigen.

1.3.1 Biological function and physiological expression

PSMA is a membrane-bound transmembrane glycoprotein belonging to the family of zinc-metallopepti-
dases. In the proximal small intestine, PSMA is known as folate hydrolase 1 since it is responsible for the
cleavage of glutamate residues from poly-y-glutamated folate, which enables folate reabsorption. The
same enzymatic activity is also found in the nervous system, where PSMA acts as N-acetyl-alpha—-linked
acidic dipeptidase (NAALADase), thereby hydrolyzing and inactivating the neurotransmitter N-acetyl-Il-as-
partyl-l-glutamate (NAAG) 3738 (Figure 6).

HO

OH

Figure 6 Chemical structure of the natural substrate N-acetylaspartylglutamic acid NAAG.

While the physiological role of PSMA in the small intestine and the nervous system is well understood, its
function in healthy prostate cells, in the proximal tubules of the kidneys and in salivary glands is not fully

elucidated. However, PSMA may be involved in the folate metabolism in these tissues 3°.
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Furthermore, cloning and sequencing of PSMA revealed a certain homology to the transferrin receptor.
Both structures are internalized via clathrin-coated pits. It has been shown that this internalization occurs
after the interaction of a specific motif localized in the intracellular domain of PSMA with the clathrin
adaptor protein 2-complex. It should be noticed, that the PSMA internalization rate is significantly in-

creased upon ligand binding indicating a possible unknown transport function of PSMA 3539,

The expression of PSMA in prostate cancer was found to be up to 1000-fold higher than in other healthy
tissues. Moreover, this overexpression correlates with the invasiveness and the severity of the disease
4041 The role of PSMA in promoting cancer growth is still unknown. However, there are some studies
suggesting an association with the elevated folate level in tumor cells resulted from the overexpression
of PMSA %243 Interestingly, PSMA has been also detected in neovasculature of solid tumors such as breast
cancer, renal cancer and lung cancer **, Although the role of PSMA in angiogenesis is not known so far,
the restricted expression in tumor-associated neovasculature renders PSMA a promising molecular target
for an antiangiogenic therapy “¢™*. Figure 7 gives an overview of both pathological and physiological

PSMA-expression.
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Figure 7 Schematic illustration of PSMA expression. Created with Biorender.com.
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1.3.2 PSMA molecular structure

According to crystallographic structural studies 3¢4°, PSMA consists of three main domains: a) the extra-
cellular C-terminal domain, b) the lipophilic transmembrane domain and c) the N-terminal intracellular
domain. The extracellular domain contains the active site of the enzyme and can be divided in a binuclear
Zn active site with catalytic residues and an arginine-rich patch responsible for the right orienta-
tion of PSMA ligands in the entrance funnel.

The active site of PSMA is formed by two pockets, S1’ and S1 (Figure 7). Whereas the S1 pocket also called
arginine patch, due to the three arginine residues located there, is rather flexible in terms of binding of
different chemical groups, the S1’ pocket is the pharmacophore unit of PSMA and thus responsible for the
binding of glutamate, the natural substrate of PSMA. Consequently, an interaction with this binding site

is crucial in the design of high-affinity ligands 92,

a) extracellular
domain

domain

¢) intracellular
domain

Figure 8 Schematic illustration of PSMA (left) with the three main domains of the enzyme. the molecular structure of the binding
pocket, which is located in the extracellular domain, in complex with the PSMA ligand PSMA-1007 (PDB code 505T) is depictured
on the right side. Main regions are highlighted in different colors: the S1° pharmacophore unit in green; the S1 arginine-patch in
blue and the arene-binding region in red. The two zinc ions are depicted as orange spheres. Both amino acids tryptophan-541 and
arginine-463 seem to play a crucial role in improving ligand binding affinity. The figure is constructed with the PyMOL Molecular
Graphics System, Version 2.4.1 Schrédinger, LLC and created with Biorender.com.
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The first designed PSMA ligands were as expected NAAG-analogues developed as PSMA inhibitors with
neuroprotective properties, since high glutamate level and the resulting excitotoxicity are associated with
several neurodegenerative diseases such as Alzheimer's or Parkinson’s disease %2,
To better understand the binding mode of the natural PSMA substrates, several studies on structure-
activity relationships were performed to identify key amino acid interactions and possible modifications

tothe designed lead structures in order to improve the chemical and biological properties of target ligands

49,50

Since the pharmacophore pocket S1° displays high binding affinity only to glutamate and glutamate
isosteres, almost all synthesized PSMA ligands were developed on the basis of glutamate or NAAG. How-
ever, efforts were made to identify suitable binding motif that coordinate the two zinc ions localized in
the S1’pocket. Interestingly, Zhang et al discovered an additional binding region on PSMA, the arene-
binding site >3. They developed a series of PSMA ligands and investigated the role of linker length and
substitutional groups on the binding affinity. Among these different ligands, DNP-ARM-P2 (dinitrophenol-
antibody-recruiting molecule targeting prostate cancer) displayed the most interesting features not in
terms of ultra-high affinity (ICso in the picomolar range) but also regarding the interaction with the arene-
binding region through n-stacking of the nitroarene group with Trp541. Electrostatic interactions between
the two nitro groups in the dinitrophenol ring (DNP) and the guanidinium group of Arg463 seem also to

be of major importance.
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First SAR studies led already in 1996 to the discovery of 2-phosphonomethyl pentanedioic acid (PMPA), a
highly potent phosphonate-based PSMA inhibitor with PSMA binding affinity in the picomolar range .
However, PMPA as well as several phosphonate-based PSMA inhibitors displayed poor pharmacokinetic

properties resulting in a limitation of their potential therapeutic use.

The insertion of a phosphoramidate group for zinc coordination resulted in the development of a new
class of PSMA pseudo-irreversible inhibitors 5> . These non-hydrolysable transition-state analogs of NAAG
(Figure 11B) displayed increased PSMA affinity due to additional hydrogen bonds between the nitrogen
of the phosphoramidate functionality and the oxygen of vicinal amino acids. The irreversible binding mode
of phosphoramidate-based inhibitors and thus expected favorable in vivo properties regarding higher af-
finity and internalization rate as well as rapid tumor uptake have encouraged researchers to develop
[*8F]F-CTT1057 which is the most prominent phosphoramidate-based inhibitors so far. [*F]F-CTT1057 has
even entered clinical trial as PET imaging agent in patients with prostate cancer prior to radical prostatec-

tomy and in patients with metastatic castration resistant prostate cancer (mCRPC) °°.

COOH

HooC NH
0=P-OH

2-PMPA ['*FIF-CTT1057 ¢
0 o)
Os_OH H H
0 N
I\ -
T el 1o O COOH

Figure 9 Phosphonate-based PSMA inhibitors
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Another approach in the design of PSMA inhibitors was the replacement of the phosphonic functionality
by an ureido group resulting in a compound that mimics the planar peptide bond of PSMA substrates such
as NAAG without the ability to be hydrolyzed by the enzyme (Figure 11A). The resulted glutamate-ureido-
based inhibitors have been the most investigated and applied group of PSMA inhibitors especially in nu-

clear medicine and radiopharmacy.
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Figure 10 Design of PSMA inhibitors is based on two different approaches: urea-based PSMA inhibitors imitate the peptide bond
of NAAG (A) whereas the phosphonate-based PSMA inhibitors mimic the transition state (B).
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1.3.3 PSMA inhibitors for imaging

The first FDA-approved imaging agent targeting PSMA was the !In-labeled murine mAb 7E11-C5 (Pros-
taScint). However, one major limitation of 7E11-C5 is that it binds to the intracellular domain of PSMA,
therefore can only detect apoptotic cells *’*%, In order to overcome this drawback, the humanized mAb
J591 which binds to an extracellular site of PSMA was developed °°. Several clinical trials were conducted
to investigate the pharmacokinetic profile of #Zr-labeled J591 for PET imaging as well as the therapeutic
counterpart ’’Lu-labeled 1591 which showed a hematological toxicity due to a long blood circulation half-
life. In order to reduce this dose-limiting myelosuppression, ’’Lu-labeled 1591 was applied in fractionated
doses in several cycles *°. This dose-fractionation strategy was also used in the study design of the ongoing

clinical trial of 2°Ac-labeled J591 *°.

Another radiolabeled PSMA antibody is 2’Th-labeled PSMA-TTC. The alpha-emitter thorium-227, with a
half-life of more than 18 days, is complexed via the 3,2-HOPO chelator covalently bound to a fully human
PSMA antibody. 22’Th-labeled PSMA-TTC is currently tested in a large multi-center, international, phase 1

study in pre-treated mCRPC patients .

In addition to PSMA antibodies, efforts were made to exploit the advantages of small-molecule inhibitors
for PSMA targeting (Figure 12). In the early 2000 Pomper et al. developed the first radiolabeled PSMA
ligand [*!C]C-DCMC 1. Although this radiopharmaceutical displayed PSMA specificity and good tumor up-
take in PSMA-positive xenografts, the short half-life of !C of about 20 min limited its clinical application

and resulted in a shift towards the use of other radioisotopes with better characteristics.

[*8F]F-DCFBC was a fluorine-18 labeled derivative of DCMC, developed to take advantage of the favorable
properties of the most predominate PET-nuclide fluorine-18 such as half-life of 109 min, low maximum
positron energy resulting in higher spatial resolution and in particular lower radiation dose of patients

due to high positron emission yield of 97%.

Although [*8F]F-DCFBC has been studied in several clinical trials, it displayed a major disadvantage, namely

the long blood retention time due to high albumin-binding, thus a reduced tumor-to-blood ratio %3,

[*8F]F-DCFPyL was developed to overcome this drawback and has been so far one of the most PSMA im-

aging agents investigated in clinical trials 47,
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Figure 11 Radiolabeled PSMA-based PET imaging agents

The increasingly better understanding of the PSMA binding pocket led to a change of direction in the
design of novel PSMA radiopharmaceuticals towards a modification of the linker moiety. Several PSMA
inhibitors with different linkers were developed to enhance the binding affinity and improve the interac-
tion of the PSMA ligands with the amino acids in the binding pocket. Herein, a group from Molecular
Insight Pharmaceuticals (MIP) used an aminohexanoyl moiety to develop MIP-1072 and MIP-1095 (Figure
13), both labeled with the SPECT nuclide iodine-123. These PSMA ligands were the first halogenated urea-
based PSMA agents with excellent inhibition potency and high tumor uptake %, Their favorable proper-
ties paved the way for the development of ®°™Tc-labeled urea-based imaging agents. Among these %™Tc-
labeled tracers, [®°™Tc]Tc-MIP-1404 showed the best pharmacokinetic properties and is the first PSMA

SPECT diagnostic agent to complete a phase 3 clinical trials 7972,

['=1]1-MIP-1095 ['Z11-MIP-1072 [*"Tc]Te-MIP-1404  on
0

HO ‘K, NAO

H e
N]/\/N --------- 9""‘Tc1CO),
. COOH . 0 COOH o o Nl‘N"'
L A A OH wo . J oH HO X oH \=/
Y ON N YN N NN o
H H 0
00

Figure 12 Radiolabeled PSMA-based SPECT imaging agents
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In addition to the described radioisotopes, gallium-68 became more and more one of the most important
radioisotopes in molecular imaging. Apart from its favorable properties, the availability of gallium-68 via
a %8Ge/%®Ga generator and therefore its cyclotron-independency was the major reason for its broad appli-
cation in the design of novel PSMA imaging agents. In 2010 Banerjee et al. described the synthesis and
preclinical evaluation of two [*®Ga]Ga-DOTA-conjugated PSMA inhibitors and investigated the impact of
the linker properties on binding affinity and in vivo pharmacokinetics ’2. According to the obtained results,
the use of an appropriate linker to guarantee a correct orientation of the radiotracer within the 20 A
tunnel as well as to provide a specific distance between the KuE binding motif and the gallium complex is
of major importance. In addition, a hydrophobic linker seems to increase the binding potency probably

through interaction with the lipophilic S1 pocket.

Further optimization of the linker moiety led to the development of the most prominent and the first FDA-
approved PSMA PET imaging agent, [®3Ga]Ga-PSMA-11 or [*®Ga]Ga-PSMA-HBED-CC 77 (Figure 14). The
KuE binding unit is coupled to the HBED-CC chelator via a 6-aminohexanoic acid linker resulting in an
increase in lipophilicity thus improved binding affinity and internalization ratio. Furthermore, the HBED-
CC chelator allows a straightforward radiolabeling with gallium-68 at room temperature in high yield and

purity.
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Figure 13 Chemical structure of [¢4Ga]Ga-PSMA-11
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1.3.4 PSMA inhibitors for therapy

The positive results obtained from the several studies described above and in particular the successful
translation of many of the PSMA radiopharmaceuticals to the clinic paved the way for the development
of PSMA inhibitors for endoradiotherapy. Although the HBED-CC chelator displayed favorable properties,
itis not suitable for complexing therapeutic nuclides such as lutetium-177. However, BeneSova et al. could
develop PSMA-617, a DOTA-based PSMA inhibitor that can be used for both diagnostic and therapeutic
purposes. The DOTA chelator was conjugated to the KuE (lysine-urea-glutamate) unit by a hydrophilic 2-
naphthyl-L-alanine linker which led to an improved pharmacokinetic profile of the tracer ’*. Subsequent
to the outstanding results from clinical studies, [*"’Lu]Lu-PSMA-617 was recently granted Breakthrough
Therapy designation for treatment of patients with metastatic castration-resistant prostate cancer

(mCRPC) 7.

Parallel to the studies of Benesova et al., Weineisen et al. have developed PSMA I&T (imaging & therapy)
using the bifunctional chelator DOTAGA and a D-amino acid linker to increase the metabolic stability in
vivo %77, Moreover, [*8Ga]Ga-PSMA-I&T displayed similar clinical efficacy as [*8Ga]Ga-PSMA-11 78, The
therapeutic counterpart [Y”’Lu]Lu-PSMA-I&T is currently being tested in several clinical studies ”°. Note-
worthy is that [?°Ac]Ac-PSMA I&T has received the FDA Authorization of Investigational New Drug (IND)

application for providing Targeted Alpha Therapy (TAT) for mCRPC in August 2021 %,

PSMA-617 PSMA-I1&T

o o l J\/N /—\
- ).L_\ \/\/\r N/\(':OOH
™ N / \ COOH HOOC
o H N N
[ j HOOC—/ N’ \/COOH
v, _NH N N
l HOOC—" \__/ \_-COOH
(o) NH

)/c‘) EOOH J)o J\)coon

K

Hooc/\u H COOH HOOC/\N COOH

Figure 14 Chelator-based PSMA tracer for use in PC therapy
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1.3.5 PSMA drug conjugates

Although the number of clinical trials with PSMA radioligands for either imaging or therapy has signifi-
cantly increased in the last years, there are only few PSMA-targeted drug conjugates investigated so far.
Targeting PSMA via mAb was the strategy adopted in the development of MLN2704 which was the first
clinically tested PSMA-ADC. MLN2704 consists of the mAb J591 conjugated to the microtubule inhibitor
maytansinoid 1 via a redox-sensitive disulfide linker 8. Although MLN2704 displayed satisfying results in
phase 1 clinical trial conducted with 23 patients, the further application was discontinued after phase 2
large cohort study due to severe adverse effects such as neurotoxicity. It was assumed that the instability
of the ADC and the resulting premature release of the cytotoxic drug were the major reasons for this neg-
ative outcome &,

PSMA-MMAE is another PSMA-targeting ADC being recently investigated in several clinical trials. The main
component of PSMA-MMAE is the fully human mAb IgG1 which is conjugated to the antimitotic drug
MMAE through a protease cleavable linker . Although the results of the phase 2 clinical trial, reported in
2020, showed a lower neurotoxicity than MLN2704, instability of the drug conjugates and subsequent
deconjugation even though an enzyme cleavable linker is used, were still the major limitation of further
clinical application 88, A similar fate was faced by MEDI3726, a PSMA-ADC with high specific cytotoxicity
in vitro but insufficient tolerability in patients. Further development was discounted after the outcomes

of the phase 1 study &.

Generally, it can be concluded that the investigated PSMA-ADC have failed so far in delivering the cyto-
toxic payload specifically to the tumor due to their instability in blood circulation and the subsequent
premature drug release. One possible approach to avoid these pitfalls is the development of small-mole-
cule drug conjugates through replacement of the mAb in ADCs with small-molecule inhibitors. Inspired by
the successful implementation of this approach in PSMA radiopharmaceuticals, several efforts were made

to apply the lessons learned from the PSMA-research until now.
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Roy et al. described a PSMA-SMDC consisting of the high affinity targeting moiety DUPA, a disulfide linker
and an indenoisoquinoline topoisomerase | inhibitor (Figure 16). Additionally, a peptide linker is used to
improve the hydrophily and improve the orientation of the SMDC within the PSMA binding pocket. The
DUPA-drug conjugate displayed high binding affinity in vitro along with antitumor efficacy and good tol-

erability in xenograft models 8°
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Figure 15 DUPA-based PSMA topoisomerase | inhibitor conjugate

Based on these promising results, another DUPA-SMDC (Figure 17) was developed using paclitaxel as cy-
totoxic drug in addition to a disulfide linker to ensure a tumor specific release. DUPA-PTX could also

achieve encouraging results in cell assays and animal studies &’

Figure 16 DUPA-based PSMA paclitaxel conjugate
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In 2019, a research group from the Endocyte company published preclinical results of EC1169 which is the
first PSMA-SMDC to enter clinical trials. EC1169 is composed of the KUE-PSMA binding unit, the antimitotic
drug tubulysin B hydrazide and a disulfide-based linker (Figure 18). It showed outstanding features in
terms of good binding affinity in vitro, high therapeutic efficacy and safety in vivo compared to docetaxel,
which is the standard of care chemotherapeutic agent in the management of mCRPC . This favorable
profile encourages the further testing in a phase 1 clinical trial &°.
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Figure 17 Chemical structure of EC1169

In January 2021, Wang et. al presented the results obtained from preclinical studies of a novel PSMA
targeting SMDC. PSMA-1-VcMMAE was developed based on PSMA-ADC through replacement of the mAb
through the small molecule PSMA-1. Both PSMA drug conjugates use MMAE as cytotoxic drug and the
cathepsin cleavable linker valine-citrulline (Figure 19). However, PSMA-ADC displayed a higher cytotoxic
potency in PSMA-positive cells probably due to the higher affinity of the mAb to PSMA. Nevertheless,

animal studies proved the superiority of PSMA-1-VcMMAE over PSMA-ADC in terms of a larger therapeu-

ticindex °°.
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Figure 18 Chemical structure of PSMA-1-VcMMAE
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A similar approach was applied by Boinapally et.al ° who recently reported the development of SBPD-1
which consists of MMAE, valine-citrulline linker and a small-molecule PSMA-binding unit. SBPD-1 demon-
strated high binding affinity in the low-nanomolar range along with a PSMA-dependent cytotoxicity and
antitumor effect in xenograft models. The tolerability and thus the translational potential of this SMDC
were the main highlighted benefits.
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Figure 19 Chemical structure of SBPD-1

In summary, the herein described SMDCs (Table 3) have to prove their translational potential by under-
going clinical testing. However, it will be exciting to see whether they have succeeded in circumventing

the drawbacks of ADCs thus could avoid a similar fate.
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Table 3 PSMA drug conjugates that are either preclinically or clinically investigated.

PSMA drug conjugates Targeting unit payload status
discontinued
MLN2704 J591 maytansinoid 1
at phase 2
3
a discontinued
< PSMA-MMAE IgG1l MMAE
$ at phase 2
s p
(7]
a
discontinued
MEDI3726 lgG1 pyrrolobenzodiazepine
at phase 1
indenoisoquinoline
DUPA-SMDC DUPA preclinical studies
topoisomerase | inhibitor
DUPA-PTX DUAP paclitaxel preclinical studies
(7]
[¥]
g phase 1
n EC1169 KuE tubulysin B
< NCT02202447
=
(7]
a
PSMA-1-VcMMAE PSMA-1 MMAE preclinical studies
SBPD-1 KuE MMAE preclinical studies
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2 Objectives
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Cancer diseases are the second-leading cause of death worldwide. The demographic shift toward an aging
society especially in the industrial world, the unhealthy life-style and the increased exposure to cancero-
genic agents, mainly because of the rising pollution, are some of the reasons of this dramatic develop-
ment.

Conventional imaging and in particular treatment approaches have shown significant limitations and re-
strictions thus demonstrating the urgent need for new efficient and particularly specific anti-cancer strat-
egies. In the last decades a fundamental change has taken place from a systemic therapy targeting all
proliferating cells, even healthy cells such as cells of the bone marrow and gastrointestinal tract, toward
a targeted and personalized therapy. Major advances in the field of molecular analysis and biotechnology
paved the way for the discovery of novel tumor biomarker and enabled a profound understanding of car-
cinogenesis and tumor metabolism.

The identification of tumor-associated biomarker such as HER? (human epidermal growth factor receptor
2) in breast cancer, EGFR (epidermal growth factor receptor) mutations in lung cancer or BCR-ABL (break-
point cluster region gene-Abelson) in chronic myeloid leukemia are few examples of breakthrough inno-

vations in cancer research.

Accordingly, the discovery of PSMA in the late 90°s has also revolutionized the management of prostate
cancer resulting in a development of a series of high affinity selective PSMA radiopharmaceuticals for
imaging as well as for endoradiotherapy. this intensive research has recently led to the approval of two
PSMA inhibitors, [8Ga]Ga-PSMA-11 and [Y’Lu]Lu-PSMA-617. However, the approval of further PSMA lig-

ands would certainly follow soon.

In contrast, research in the field of drug delivery conjugates could not yet achieve such milestones. The
developed PSMA-ADCs failed in demonstrating safety and tolerability in clinical trials although they dis-
played outstanding preclinical properties. Research groups are now focusing their efforts in optimizing
alternative drug conjugates with small-molecules as targeting vector. Nevertheless, there is only one
PSMA-SMDC in clinical trial until now. Thus, the next few years will reveal if the SMDCs will make the

translational leap to a clinical application.
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Although most PSMA ligands investigated so far displayed promising results in preclinical and even in
clinical studies, they still have some major drawbacks especially regarding their pharmacokinetic proper-
ties. Clinical studies with [Y7Lu]LuPSMA-617 showed high uptake in salivary glands which seems to be
partly PSMA-specific since there are a lower level of PSMA expression in this organ. The irradiation of the
salivary glands particularly with therapeutic nuclides such as lutetium-177 and actinium-225 and the re-
sulting xerostomia are dose-limiting adverse effects of PSMA-617 radioligands impacting severely the
safety and tolerability of the treatment 2. The physiological expression of PSMA in the kidney should also
be taken into account by the design of PSMA ligands for endoradiotherapy to avoid possible nephrotoxi-
city.

Additionally, the change of direction in the management of cancer diseases toward a personalized therapy
requires a profound characterization of the molecular profile of the tumor prior to treatment. In the case
of PSMA, PET/CT imaging should be conducted prior to therapy in order to localize the tumor and more
importantly assess its PSMA expression and thus the suitability of a PSMA endoradiotherapy. In this con-
cern, developing a theranostic compound, that is able to complex both diagnostic and therapy nuclides,
is of great benefit. This theranostic approach is to some extent realized through the use of theranostic
pairs such as [*8Ga]Ga-PSMA-11 for PET/CT imaging followed by [*”’Lu]Lu-PSMA-617 or [>2°Ac]Ac-PSMA-
617 for Therapy. However, the varying molecular structure of these PSMA radiopharmaceuticals and the
resulting differences, not only in physicochemical properties but more importantly in the pharmacokinetic

behavior, should be taken into account.

Besides, it has been shown that the use of PSMA as molecular target for drug delivery is an equally prom-
ising approach as its application in nuclear medicine and radiopharmacy. However, PSMA-targeted drug
delivery is still in its early stages. The currently reported drug conjugates have to be either optimized in

terms of safety profile or clinically validated.
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This dissertation aims to address some of these needs and challenges and can be divided into several parts

as shown in figure 21.

i) radiopharmaceuticals for
diagnosis and
endoradiotherapy

ii) small-molecule drug
conjugates

PSMA

iii) radiolabeled small-molecule
drug conjugates

Figure 20 Overview of the projects of the PhD thesis

In the first part (i), several structure-activity relationship studies are conducted to investigate the impact
of targeting unit, linker moiety and chelator on PSMA binding affinity. The goal of these studies was to
identify appropriate candidates that were not only easily synthesized and effectively labeled but that es-
pecially displayed favorable pharmacokinetic properties, high PSMA binding affinity and selectivity. Addi-
tionally, one of the major objectives of this research was also the development of theranostic PSMA radi-
oligands that can be labeled with diagnostic nuclides such as gallium-68 or scandium-44 as well as with

the therapeutic isotope lutetium-177.

Furthermore, the focus of this PhD project was also the design and preclinical evaluation of PSMA-tar-
geted SMDCs (ii). Beside the selection of appropriate drugs that can be used as active compounds, inten-
sive considerations about the molecular design of such drug conjugate were made prior to synthesis. In
addition, it was also of crucial importance to establish cell- and enzyme-based assays that were required

to assess the cytotoxicity and selectivity of the synthesized compounds.

Finally, a novel strategy that incorporate an active drug in PSMA radiopharmaceuticals resulting in radio-
labeled SMDCs should be investigated for its feasibility (iii). These “trimeric” conjugates consist of three
main parts: a PSMA binding unit to ensure tumor targeting, an active pharmaceutical ingredient and a
chelator able to complex diagnostic as well as therapeutic isotopes. The concept of this strategy was on
the one hand, to assess the patient suitability with e.g., gallium-68-labeled low-dose SMDC using PET/CT

prior to therapy with the same SMDC, this time, however, labeled with lutetium-177.
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On the other hand, a bisphosphonate radiolabeled SMDC should be developed to treat bone metastases
frequently occurring in mCRPC. In the context of dual targeting principle, both PSMA and hydroxyapatite
bone structures are addressed. Figures 22-23 summarize the implied in vitro and in vivo characterization

methods.

Molecular design
Determination of binding afﬁnitK Q@
in vitro ‘

Late endosome

Lysosome
Determination of @ \
internalization ratio /n vitro @ @

Early endosome @ 50%:“ o

Apoptosis
Y Psma /

-
‘e a®

- : Determination of
® PSMA binding unit cytotoxicity in vitro /| -
Bk cytotoxic drug/
radionuclide

Figure 21 Schematic illustration of the applied in vitro experiments. Several considerations on the appropriate molecular design
are conducted prior to synthesis. The binding affinity as well as the internalization ratio are determined using PSMA*-cells. In case
of the SMDCs, cytotoxic studies are performed to assess the potency of the drug conjugates as well as the mechanism of action.
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Figure 22 Schematic illustration of the applied in vivo experiments. The PSMA radiopharmaceuticals are tested in tumor-bearing
mice via UPET imaging and biodistribution studies. Efficacy and tolerability of the PSMA-SMDC are determined through monitoring
of changes in weight and tumor volume. The survival rate is characterized as Kaplan-Meier curves. Studies are carried out with
well-known reference substances to provide adequate comparability.
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This dissertation is based on several manuscripts, which are listed below along with their respective au-
thor involvement.

Squaric acid based-radiopharmaceuticals for tumor imaging and therapy

Published in Bioconjugate Chemistry 2021;32(7):1223-1231

Author contribution: conducted literature research to the Methods for linking biomolecules and
stated the synthetic features and benefits of squaric acid. H. Lahnif conducted literature research to the
use of squaric acid as linker moiety for radiopharmaceuticals targeting prostate-specific membrane anti-
gen. summarized the role of squaric acid as linker moiety for radiopharmaceuticals targeting
Fibroblast Activation Protein. resumed the benefits of squaric acid as linker in antibody-based
radiopharmaceuticals. and H. Lahnif wrote the introduction and conclusion. criti-
cally reviewed the manuscript. supervised the project.

Hybrid chelator-based PSMA-radiopharmaceuticals: translational approach

Published in Molecules 2021; 26(21), 6332.

Author contribution: , H. Lahnif, .and conceived and planned the experi-
ments; performed the synthesis and radiolabeling and carried out the in vitro stability studies. H.
Lahnif maintained the LNCaP cells and carried out the in vitro binding studies and the internalization stud-
ies. , H. Lahnif and conducted the in vivo studies. H. Lahnif evaluated the data from in
vitro binding studies and internalization studies as well as from animal studies. and H. Lahnif wrote
and edited the manuscript. and supervised the project and reviewed the
manuscript.

Old drug, new delivery strategy: MMAE repackaged

In preparation

Author contribution: , H. Lahnif, . and conceived the experiments;
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ABSTRACT

Targeting vectors bound to a chelator represent a significant fraction of radiopharmaceuticals used now-
adays for diagnostic and therapeutic purposes in nuclear medicine. The use of squaramides as coupling
units for chelator and targeting vector helps to circumvent the disadvantages of several common coupling
methods. This review gives an overview of the use of squaric acid diesters (SADE) as linking agent. It fo-
cuses on the conjugation of cyclic chelators, e.g., DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid), as well as hybrid chelators like AAZTA® (6-pentanoic acid-6-amino-1,4-diazepine tetrace-
tic acid) or DATA®™ (6-pentanoic acid-6-amino-1,4-diazapine-triacetate) to different targeting vectors,
e.g., prostate-specific membrane antigen inhibitors (KuE; PSMAI), fibroblast activation protein inhibitors
(FAPi) and monoclonal antibodies (mAbs). An overview of the synthesis, radiolabeling, in vitro and in vivo
behavior of the described structures is given. The unique properties of SADE enable a fast and simple
conjugation of chelators to biomolecules, peptides and small molecules under mild conditions. Further-
more, SA-containing conjugates could not only display similar in vitro characteristics in terms of binding
affinity when compared to reference compounds, they may even induce beneficial effects on the phar-

macokinetic properties of these radiopharmaceuticals.

Keywords: Squaric acid, Squaramide, PSMA, FAP, monoclonal antibodies
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Introduction

The development of effective cancer diagnosis and treatment strategies is one of the most important
concerns of cancer research and patient treatment. Over the last decades, the use of radiolabeled com-
pounds has become increasingly important. With the use of radiopharmaceuticals for diagnostic imaging
as well as for therapeutic approaches, nuclear medicine provides an important contribution to medical
health care. This strategy is described as “Theranostics”, which supports “precision oncology”. Figure 1

gives a simplified sketch on the targeting vectors discussed in the following sections.
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Figure 1 Benefits of tumor-targeting in nuclear medicine. Bifunctional chelators labeled with radioisotopes for diagnosis (e.g.,
68Ga, 44Sc) or therapy (e.g., 177Lu, ®>Ac) attached to a targeting moiety e.g., antibody, PSMA-inhibitor or FAP-inhibitor via appro-

priate linker. Radiotracers accumulate in target tissue and allow precise diagnosis and treatment with reduced side-effects. (Cre-
ated with BioRender.com)
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The use of radiometals in radiotracers is highly relevant in both imaging and systemic targeted radiother-
apy. However, they necessitate a complexation through a chelator since they can’t be covalently bound
in contrast to other radioisotopes such as fluorine-18. The chelators are covalently bound to target vectors
L2 This linkage normally involves typical amide formation reactions or other linkage types like thioureas
or triazoles. Alternatively, coupling via squaric acid diethyl ester (SADE) enables the synthesis of asym-
metric squaric acid based bisamides. This review highlights the advantages of the use of SADE as coupling
agent in radiopharmaceutical chemistry in terms of versatility and ease of synthesis. In addition, it sum-
marizes recent results of radiolabeling, in vitro and in vivo studies of SADE conjugated radiopharmaceuti-

cals.

Overview of methods for linking biomolecules

One of the most used synthetic reactions in medical chemistry nowadays is amide bond formation 3. There
are several coupling reagents for amide bond formation and methods for the conjugation of biomolecules.
These methods include the use of carbodiimides (Figure 2; A) *° as well as carbodiimides in combination
with additives such as N-hydroxyl derivatives of benzotriazoles (Figure 2; B) #°, anhydrides (Figure 2; C) 4,
uronium salts, such as HBTU (Figure 2; D) *” or NHS esters (Figure 2; E) ®°. One major drawback of all of
these approaches is the possibility of excessive formation of side products. This is due to the high reactiv-
ity of the formed amine intermediates. A common side-product of e.g., carbodiimides is the formation of
unreactive N-acylurea of the acid used in the synthesis *°. In addition, many functional groups must be
protected, otherwise they may also react and form side-products 7. Also, instability (anhydrides) or sen-

sitivity to water (NHS esters) is a problem with some coupling reagents #2°.

Apart from the coupling reagents mentioned here as examples, a large number of other methods and

compounds for the formation of amide bonds have been developed in recent decades *

68



Uroniumsalt | p
e.g. HBTU

- urea derivative

Amide bond formation strategies Other coupling strategies

F: Isothiocyanate conjugation

RZN=C=N-R? R e s
0N R-N=C=s
; Carbodimide L C. .R® . - . RlN)LN/R“
R'-COOH R" TO7°N H H
H R*NH,

O-acylisourea

+ R'-COOH

HOXt B - urea derivative G: Copper-catalyzed-azide-alkyne cycloaddition (CuAAC)

C R!

RN :
0 R*NH, | A o o . o cul) NN |
_ /
o NN el g Xt A e N¥¥
- HOXt - R"-COOH

H: Strain-promoted-azide-alkyne cycloaddition (SPAAC)

):

\

P
>
X
he
z

NI

R*-NH,
o
\ (0] i R17N3 RW\N’N\\N N’/N‘N/R1
1 N +
N=N RN R 0 — = =
I E o) +
- _N .
o R4 R4 R4

Figure 2: Some examples of widely used coupling techniques in medicinal chemistry

A variety of other methods for linking biomolecules are also available. For example, isothiocyanates (Fig-
ure 2; F) can be used. These isocyanates are more stable than e.g., NHS esters due to their lower reactivity.
However, it is described that some thiourea conjugates tend to decompose over time °. Another im-
portant method is the copper(l)-catalyzed Huisgen 1,3-dipolar cycloaddition which is a typical “Click reac-
tion”. This Cycloaddition is widely used not only in medicinal chemistry but also in fields like material

) 1112 and has received more and more attention in radiopharmacy 3. The copper

sciences (Figure 2; G
catalyzed cycloaddition (CUAAC) of an azide residue and a terminal alkyne leads to the formation of a
1,2,3-triazole. This method of coupling is highly selective, but both reactive groups usually have to be
synthetically integrated into the corresponding compounds prior to the reaction. High-coupling yields at
mild temperatures can be achieved in short reaction times. However, cytotoxic copper(l) used here as
catalyst, needs to be removed prior to in vivo applications *1°. The strain-promoted-azide-alkyne-cycload-
dition (SPAAC) avoids the problem of using cytotoxic metal catalysts by using strained cyclooctyne rings
(Figure 2; H). This forces the ring system into a geometric state similar to the transition state of CUAAC,
thus reducing the activation energy without the need for a catalyst. However, this introduces another
large unit into the molecule, which can have an influence on pharmacology. Another major drawback is

the lack of regioselectivity in the transition state, leading to the formation of two regioisomers 16-18 93795
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Synthetic features of squaric acid and squaric acid diesters

Due to the strong mesomeric stabilization of the dianion, the cyclic diacid so called squaric acid (3,4-dihy-
droxycyclobut-3-en-1,2-dione, SA) is a strong acid comparable to sulfuric acid (pKa; = 0.5-1.2; pKiz = 2.2-
3.5) and has an aromatic character. Squaric acid is planar and follows the Hiickel’s rule for aromatic sys-
tems ([4n+2] n-electrons). This results in the delocalization of the cyclic electrons of the ring system and

leads to an energetic stabilisation of the dianion 1921,

O O
0 0 0 0 o@ o O 0~ o oe
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S o 9 o
HO OH ) 0~ O o O 0 O o)
0 0 —NH °
R1_NH2 2
B T pH7T -R pH9 R R
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/0 0™\ H H

a b c

Figure 3: A) Structure and mesomeric stabilization of squaric acid. B) Scheme asymmetric amidation of SADE with different amines.
First amidation is carried out at pH 7. Reaction at pH 9 leads to an amidation of the second amine. pH values apply to aqueous

solutions. The reactions are driven by change in aromaticity 2223,

Cohen first described the synthesis of squaric acid in 1965 4. Over the years, interest in the use of squaric

acid has grown. This ranges from the use as organocatalyst 2>25, supramolecular self-assembly motifs 2527,

chelating agent for metal ions %, bioisosteres in drug design 2° and the use in bioconjugation 2%,

SADE as coupling reagent shows advantages over other coupling agents. The ester groups react selectively
with amines. It is not necessary to protect other nucleophilic groups and therefore deprotection of po-
tentially sensitive biomolecules is not required. Amines are often already components of biomolecules
and do not need to be inserted preparatively. Additionally, no side reactions can be observed. Hydrolysis
was not observed in the previous work and the work summarized here. This could be explained by the
aromatic stability of the amide-like bonds, as described below 2°. The reaction takes place under mild

conditions 2%3°, There is no limitation to specific solvents. Both organic and aqueous media are possible

20,31,32 96-98
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Amidation can be performed asymmetrically by controlling the pH-value in aqueous conditions or the
basic conditions in organic solvents (Figure 3B) 3°. The asymmetrical reaction process is enabled by the
change in aromaticity of the intermediate stages at different basic conditions 3%33, The first amidation
results in a monoamide (Figure 3B, b). Under more basic conditions, this monoamide is deprotonated,
enabling a second amidation. The formed diamide (Figure 3B, c) is most stable since it has the highest

aromatic stability of the series 22333,

SA (squaric acid) can provide donor atoms for complexations of metal ions, which may have both positive
and negative effects on the complexation of the chelator and stability 2. The negative effect of SA influ-
ence can be observed when TRAM.SA.KuE (9, Table 1) is labeled with ®Ga. Actually, the TRAM ((1,4,7-
triazonane-1,4,7-triyl) tris(methylene)) tris((1-amino-15-oxo-4,7,10-trioxa-14-azaheptadecan-17-yl) phos-
phinic acid) chelator is known for its perfect labelling properties with %8Ga 3*. In this case, radiolabeling is
not possible at moderate temperatures. The reason can be seen in a steric hindrance and a competition
of the carbonyl groups of the SA units for complexation of Ga(lll) 34. On the other hand, It is postulated
that the squaric acid motif coordinates to Zr(IV) in addition to the three hydroxamate groups of DFO,
potentially providing an octadentate chelating unit and thus being responsible higher radiochemical yields

and higher chelator/metal complex stabilities 3°. However, these findings are still under discussion 367,
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Table 1: Overview of squaric acid mediated conjugations in radiopharmaceutical sciences (* = unpublished data)
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Squaric acid mediated conjugation of bifunctional chelators to biomolecules or small molecules and

radiolabeling of those conjugates

Despite the broad application of SADE in synthetic organic chemistry or chemistry in general as previously
described, it received little attention in radiopharmaceutical chemistry. In literature few compounds are
known where SADE serves as a linker of bifunctional chelators and a target structure. Most prominent is

the conjugation of the chelator deferoxamine to complex 8Zr for immuno-PET imaging 3>38%,

Yet, there is a number of radiometals other than 8Zr and a variety of chelators other than DFO. Among
several cyclic chelators, DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) and NOTA
(1,4,7-triazacyclononane-1,4,7-triacetic acid) are prominent representatives. DOTA and its derivatives,
like DOTAGA (1,4,7,10-tetraaza-cyclododecane-1-pentandiacid-4,7,10-triacetic acid), are suitable for sev-
eral relevant radiometals (e.g. %8Ga, **Sc, *1In, 22°Ac, Y7Lu). Therefore, they are the most frequently used

chelators in nuclear medicine *.

The use of NOTA for %8Ga-labeling offers an interesting alternative. It can be labeled with %Ga at room
temperature and shows high stabilities °. The NOTA derivative TRAP (1,4,7-triazacyclononane-1,4,7-

4 However, the

tris(methyl(2-carboxyethyl))-phosphinic acid) shows even better labeling properties
number of nuclides suitable for complexation by NOTA and its derivatives is lower compared to DOTA

which limits the use of NOTA in theranostic approaches #2.

Hybrid chelators combine the stable complexation of cyclic chelators with the fast and mild radiolabeling
properties of acyclic chelators. For example, AAZTA® (6-pentanoic acid-6-amino-1,4-diazepine tetra-acetic
acid) provides fast and complete complexation (e.g., with %8Ga, #*Sc, ®*Cu, "’Lu) leading to complexes of
high stability (e.g., with %8Ga, #*Sc, ’Lu). Same results can be achieved for *Ga labelling of DATA®™ (6-

pentanoic acid-6-amino-1,4-diazapine-triacetate) 32434,

Details for the synthetic procedure for coupling of bifunctional chelators to target structures such as bio-

molecules or small molecules of selected examples and references can be found in Table 1.
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For a coupling of a target vector to a bifunctional chelator using squaric acid, two slightly different syn-
thetic routes are possible. It is possible to first couple SADE to the chelator, then conjugate the chelator
monoamide to the target structure (path A). On the other hand, the target structure monoamide can first
be synthesized, followed by the conjugation of the chelator unit (Path B). With a view to the synthesis of
various bioconjugates bearing squaric acid by coupling a bioactive structure to various labeling units Path
B is so far advantageous as the squaric acid monoamide structure conjugated to the target vector unit can
be produced and purified in a large batch. If a chelator is to be coupled to many different target vectors,

path A is preferable. Importantly both synthetic strategies enable simple synthetic routes to conjugates.

The synthesized compounds can be labeled with a metallic radioactive isotope before evaluation and later
application in vivo (e.g., PET imaging). An overview of the labeling chemistry can be found in the support-

ing information.
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Squaric acid as linker moiety for radiopharmaceuticals targeting prostate-specific membrane antigen

Prostate cancer is one of the most common types of cancer among men “. In the last decade, the mem-
brane-bound glycoprotein prostate-specific membrane antigen (PSMA) became an important target for
both diagnosis and therapy of prostate cancer *°. PSMA expression is relatively low in healthy prostate
tissue, whilst it is highly expressed in prostate cancer cells. This PSMA-overexpression correlates with

severity and aggressiveness of this malignancy *°.

In recent years, several urea-based PSMA radiopharmaceuticals such as PSMA-11, PSMA-617 or PSMA-
I&T have been established >4, Herein the lysine-urea-glutamate-target vector KuE has been used as
PSMA-targeting moiety. The insertion of a hydrophobic linker in these PSMA-ligands has led to a higher
binding affinity due to an improved interaction with the PSMA-binding pocket >°. In terms of radionuclide
complexation, several chelators have been functionalized using SA as coupling unit with KuE. Among those
are cyclic chelators like DOTAGA, NODAGA (1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid) and
TRAP  ((1,4,7-triazonane-1,4,7-triyl)tris(methylene))tris((1-amino-15-oxo0-4,7,10-trioxa-14-azaheptade-
can-17-yl)phosphinic acid) 34, as well as hybrid chelators like AAZTA® 32, In the context of PSMA inhibitor-
based radiopharmaceuticals, SA is part of the in the linker moiety and should interact as aromatic unit,

increasing the binding affinity of the compound.

DOTAGA.SA.KUE (7, table 1) displays high PSMA-binding affinity (Ki=14.8 + 4.3 nM) similar to PSMA-617
(Ki=13.3 + 3.3 nM) and an even better value than PSMA-11 (Ki=23.8 + 3.9 nM) 34 Thus, the exchange of
the hydrophobic linker of PSMA-11 and PSMA-617 against SA seems to have no negative impact on PSMA-

binding affinity.
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Although [*8Ga]Ga-PSMA-11 shows a better accumulation in the tumor in contrast to the cyclic chelator
based radiotracers [*®Ga]Ga-NODAGA.SA.KuE, [®®Ga]Ga-DOTAGA.SA.KuE, [*®Ga]Ga-TRAM.SA.KuE and
[8Ga)Ga-PSMA-617, the measured tracer fraction in the kidneys (420.37 + 22.76 %ID/g) was significantly
higher than those of the SA-containing radiotracers [8Ga]Ga-NODAGA.SA.KuE, [®3Ga]Ga-DOTAGA.SA.KUE,
[%3Ga]Ga-TRAM.SA.KUE and [8Ga]Ga-PSMA-617 (3.18 + 0.64 %ID/g; 2.51 + 1.09 %ID/g; 8.45 + 4.31 %ID/g
and 6.97 + 4.49 %ID/g respectively). With a tumor uptake of around 3 to 6 %ID/g the SA-containing com-
pounds [*®Ga]Ga-NODAGA.SA.KuE, [®®Ga]Ga-DOTAGA.SA.KuE and [®®Ga]Ga-TRAM.SA.KuUE showed a simi-

lar uptake than [®®Ga]Ga-PSMA-617 (6.51 + 0.98 %ID/g) (Figure 4) 3.

[ [%8GajGa-NODAGA.SA.KUE
B [%®GajGa-DOTAGA.SA.KUE
500- ] [*®GalGa-TRAM.SA.KUE
B [*®GajGa-PSMA-11
B [*®GajGa-PSMA-617
400-

300+

%ID/g

Figure 4 Data from ex vivo biodistribution studies. The activity in the selected organs is expressed as percent of injected dose per
gram (%ID/g). Figure was created with GraphPad Prism version 9,. Statistics are calculated with Student’s t-test by GraphPad
Prism version 9. Significances are defined as **: P < 0.01 and ***: P < 0.001 (compared to [64Ga]Ga-PSMA-11). Adapted with
permission from Greifenstein, L., Engelbogen, N., Lahnif, H., Sinnes, J.-P., Bergmann, R., Bachmann, M., and Résch, F. (2020) Syn-
thesis, labeling and preclinical evaluation of a squaric acid containing PSMA-inhibitor labeled with %8Ga — a comparison with
PSMA-11 and PSMA-617. ChemMedChem 1-11. Copyright 2020 Wiley-VCH.
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Figure 5: Time-activity curve of the SA-conjugates [*4Ga]Ga-DOTAGA.SA.KUE and [¢3Ga]Ga-TRAM.SA.KUE compared to [63Ga]Ga-
PSMA-11 and [68Ga]Ga-PSMA-617. SUV: standardized uptake value. Figure was created with GraphPad Prism version 9.

The renal uptake of the SA-containing conjugates was remarkably lower than for [*8Ga]Ga-PSMA-11.
These compounds as well as [*®Ga]Ga-PSMA-617 were almost cleared from the kidney within the first 20
minutes (Figure 5). The rapid clearance enables not only a better visualization of the adjacent prostate

but reduces nephrotoxicity especially with regard to the application of therapeutic isotopes like *’’Lu and

ZZSAC 34

In conclusion, the investigated [*®Ga]Ga-SA.KUE constructs showed comparable in vivo properties to
[8Ga)Ga-PSMA-617 and in some extent to [*8Ga]Ga-PSMA-11. Most presumably, this is because of the
interaction of the SA motif with the aromatic pocket of PSMA, meaning that SA resembles the complex
linker structure of PSMA-617. The SA-unit seems to have a positive impact on the pharmacokinetic be-
havior of the PSMA ligands regarding kidney accumulation. The reduction of radiation exposure of the
kidney is a major concern in the elaboration of novel radiotracers, since the kidney is the dose-limiting

organ in radionuclide therapy °%°7.
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Squaric acid as linker moiety for radiopharmaceuticals targeting Fibroblast Activation Protein

The fibroblast activation protein (FAP) is a type Il transmembrane glycoprotein and is related to the di-
peptidyl peptidases (DPP2, DPP4, DPP8 and DPP9) and the endopeptidase prolyl oligopeptidase (PREP) .
It is expressed in pathophysiological lesions, characterized by tissue remodeling (e.g., cancer or fibrosis)
but not in healthy tissues >, In tumors, FAP is expressed on cancer associated fibroblasts (CAFs) 1. CAFs
seem to have a regulatory role in tumor biology and extracellular matrix composition 2. The stromal tissue
of over 90 % of epithelial carcinomas (e.g., colon or breast cancer) shows CAFs expressing FAP %, Thus,

targeting of FAP-CAFs can be used for diagnosis and therapy of several types of cancer.

Based on a high affinity and highly selective 4,4-difluoroproline-quinoline FAP inhibitor (so called

UAMC1110) multiple radiopharmaceuticals were developed at the DKFZ in Heidelberg recently 646,

First radiopharmaceuticals containing the FAP inhibitor UAMC1110 and a SA unit were developed using
DOTA and DATA®™ as bifunctional chelators 6. The affinity towards FAP of DOTA.SA.FAPi (0.9 + 0.1 nM), as
well as of DATA’™.SA.FAPi (0.8 + 0.2 nM) are comparable to the affinity of UAMC1110 (0.43 + 0.07 nM) °.

Both compounds showed high selectivity towards FAP (low nM of ICsq values).

PET studies in HT-29 tumor-bearing mice were performed using [*8Ga]Ga-DOTA.SA.FAPi. There is a clear
tumor uptake (SUVmean of 0.75 £ 0.09 in tumor, figure 6) and overall good tumor-to-organ ratios at 60 min

p.i., due to fast blood clearance and renal excretion “®.

Mouse 1 Mouse 2 Mouse 3
bladder
tumor .

Min I s Max

Figure 6 [¢3Ga]Ga-DOTA.SA.FAPI uptake in vivo. Representative coronal small-animal PET/CT image (MIP) 1 h p.i. Reprinted from
Moon, E. S., Elvas, F., Vliegen, G., De Lombaerde, S., Vangstel, C., De Bruycker, S., Bracke, A., Eppard, E., Greifenstein, L., Klasen,
et al. (2020) Targeting fibroblast activation protein (FAP): Next generation PET radiotracers using squaramide coupled bifunctional
DOTA and DATA>™ chelators. EINMMI Radiopharm Chem. 5, 1-35. (Open Access, licensed under Creative Commons Attribution
4.0. International License (http://creativecommons.org/licenses/by/4.0/)).

80


http://creativecommons.org/licenses/by/4.0/

Additionally, first clinical investigations were carried out with both radiotracers. Preliminary clinical stud-
ies of [®8Ga]Ga-DATA>™.SA.FAPi in focal nodular hyperplasia, a type of liver cancer, have evidenced FAP-
specific uptake . Clinical investigations on biodistribution and pharmacokinetics of [®®Ga]Ga-
DOTA.SA.FAPi in fifty-four patients with various cancer types were conducted ®. Figure 7 gives examples
of [*8Ga]Ga-DOTA.SA.FAPi PET/CT scans of three female patients with breast cancer and lung cancer and
demonstrates the intense and selective uptake of [®8Ga]Ga-DOTA.SA.FAPi at several time points. Accumu-
lation is seen in primary lesions (black arrow), pancreas (red arrow) and salivary glands . Additionally, in
the same study, clinical PET/CT comparisons between [®F]FDG and [®8Ga]Ga-DOTA.SA.FAPi have shown
coincident SUL values (standardized uptake value (SUV) normalized by lean body mass) in diseases, lesions
and metastases (except in brain metastases, where SUL values of ®8Ga-FAPi were significantly higher) of
various cancer types. Moreover, first successful 24-h post-therapeutic whole-body and SPECT/CT scans

with [*7Lu]Lu-DOTA.SA.FAPi were recently reported .
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Figure 7 [8Ga]Ga-DOTA.SA.FAPi images of three female patients with breast cancer and lung cancer at different time points. An
accumulation is seen in primary lesions (black arrow), pancreas (red arrow) and salivary glands. Reprinted by permission from
Springer Nature: Springer Nature, European Journal of Nuclear Medicine, Ballal, S., Yadav, M. P., Moon, E. S., Kramer, V., Roesch,
F., Kumari, S., Tripathi, M., AnrunRaj, S. T., Sarswat, S., and Bal, C. (2020) Biodistribution, pharmacokinetics, dosimetry of [¢4Ga]Ga-
DOTA.SA.FAPI, and the head-to-head comparison with [*F]F-FDGPET/CT in patients with various cancers. Eur. ). Nucl. Med. Mol.
Imaging. Copyright 2020 Springer Nature.
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Squaric acid as linker moiety for antibody-based radiopharmaceuticals

A further promising approach to benefit from the unique advantages of the squaric acid moiety in radio-
pharmaceutical chemistry is coupling of a suitable chelator to terminal amine groups of large biomole-
cules such as antibodies. Besides the native therapeutic anti-cancer effects of unmodified monoclonal
antibodies (mAbs), their highly selective binding can also be used to transport either conventional chemo-

therapeutic drugs or both diagnostically and therapeutically relevant radionuclides to a specific target.®®

Rudd et al. compared the conjugation of the chelator deferoxamine B (DFO) to the antibody trastuzumab
using SADE and p-phenyl-isothiocyanate, a popular variant for antibody conjugation. It could be shown
that the conjugation of HsDFOSAME (table 1, comp. 3) to the antibody provides simple and fast conjuga-
tion chemistry leading to sufficiently high antibody-to-chelator ratios and doesn’t require more compli-
cated procedures, such as slow addition to prevent antibody aggregation, as is the case with the p-PhNCS
derivative (HsDFO-p-PhNCS). Using the squaric acid containing derivative also led to both faster labelling
kinetics and higher complex stability in combination with the PET nuclide #Zr. Additionally, [¥Zr]Zr-
DFO.SA.trastuzumab showed a better imaging performance than the compared compound [#Zr]Zr-DFO-
p-Ph.trastuzumab in mouse models of HER2 positive tumors 3°. Since tetravalent Zr** prefers a coordina-
tion number of eight, the six oxygen donors of DFO are supplemented by two additional water molecules
in aqueous solution. Therefore, the resulting complex is characterized not only by an unsaturated chela-
tion, but also by sensitivity to deprotonation 7274, As a result, #Zr-labeled DFO-conjugates frequently show
a certain instability in vivo leading to a release of the osteophilic radiometal and undesired accumulation
in the bones 7578, Even though this effect mainly occurs in small animal studies (and rather less in the
human organism) presumably due to a faster metabolism, development of novel improved chelator de-
rivatives is subject of current research >’°. Rudd et al. assumed the enhanced complex stability of [39Zr]Zr-
DFO.SA to be due to a participation of the squaric acid dione backbone to the complexation of the radio-
metal leading to an octadentate coordination. However, this assumption has not yet been confirmed.
Chomet et al. could not reproduce a significantly improved stability 3¢. Furthermore, Holland recently
showed by DFT (density functional theory) calculation that only one of the two oxygen atoms is involved

in the complexation indicating a heptadentate chelator ¥’.
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Berg et al. also investigated the behaviour of squaric acid coupled chelator-antibody conjugates in com-
parison to p-phenyl isothiocyanate mediated analogues in rhesus monkeys. On the one hand, this study
indicated an advantage of the SA-containing compound in terms of bioconjugation stability of the 8Zr-
DFO complex and the antibody. In contrast, the thiourea coupled compounds showed very high activity
levels in the bladder in early measurements. This could be evidence of instability in terms of NCS-antibody
conjugation, as the stand-alone [®°Zr]Zr-DFO complex is known to be rapidly excreted via the renal system
39 0n the other hand, the squaric acid coupled compounds showed higher bone uptake in monkeys, which
clearly contradicts the assumption of an increased complex stability based on the provision of additional

donor atoms.

As SADE enables mild coupling conditions, it allows the conjugation of sensitive molecules such as anti-
bodies without damaging their sensitive structure and can improve stability of the chelator-antibody con-
jugate. Compared to NCS coupling, it seems that the SA-strategy leads to a protein-binding of higher in
vivo stability. Therefore, SA represents a promising and suitable linker moiety that provides easy and sta-

ble functionalization of an antibody with an appropriate chelator molecule under mild conditions.

Conclusion

In summary, the developed and in this review described SA-containing radiopharmaceuticals present
promising conjugation, radiolabeling, in vitro as well as in vivo properties for application in nuclear medi-

cine.

It could be demonstrated through several studies that SA is a valuable tool in the development of targeted
radiopharmaceuticals. The unique properties of SADE enable fast and simple conjugation of chelators to
biomolecules, proteins, peptides and small molecules under mild conditions without the need of excessive
protecting group chemistry. Additionally, the use of SAME buildings blocks allows a simplified organic
synthesis. The insertion of SA as linker demonstrated no negative effect on the labeling properties of the

radiopharmaceuticals, since high radiochemical yields were achieved with all conjugates described herein.

Beside the several chemical advantages of SA regarding conjugation, labeling and stability of the corre-
sponding complexes, the SA-containing ligands indicate a similar or even improved pharmacokinetic char-
acteristics compared with established radiopharmaceuticals in terms of binding affinity to the addressed

target and tumor accumulation in vivo.
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ABSTRACT

(1) Background: Prostate-specific membrane antigen PSMA has been extensively studied in the last dec-
ade. It became a promising biological target in diagnosis and therapy of PSMA-expressing cancer diseases.
Although there are several radiolabeled PSMA inhibitors available, the search of new compounds with
improved pharmacokinetic properties and simplified synthesis is still ongoing. In this study we developed
PSMA ligands with two different hybrid chelators and a modified linker. Besides a simplified synthesis and

labeling procedure, the compounds have displayed a promising pharmacokinetic profile.

(2) Methods: DATA>™.SA.KuE and AAZTA®.SA.KUE were synthesized. DATA®™.SA.KuE was labeled with ®4Ga
and radiochemical yields of various amounts of precursor at different temperatures were determined.
The complex stability in phosphate-buffered saline (PBS) and human serum (HS) was examined at 37 °C.
Binding affinity and internalization rate were determined in in vitro assays using PSMA-positive LNCaP
cells. Tumor accumulation and biodistribution were evaluated in vivo and ex vivo using an LNCaP Balb/c

nude mouse model. All experiments were conducted with PSMA-11 as reference.

(3) Results: DATA*™.SA.KUE was synthesized successfully in 14 steps. AAZTA®.SA.KUE was synthesized and
labeled according to literature. Radiolabeling of DATA®™.SA.KUE with ®Ga was performed in ammonium
acetate buffer (1 M, pH 5.5). High radiochemical yields (> 98 %) were obtained with 5 nmol at 70 °C, 15
nmol at 50 °C and 60 nmol (50 pg) at room temperature. [*3Ga]Ga-DATA>™.SA.KUE was stable in human
serum as well as in PBS after 120 min. PSMA binding affinities of AAZTA®.SA.KuE and DATA>™.SA.KuE were
in nanomolar range. PSMA-specific internalization rate was comparable to PSMA-11. /n vivo and ex vivo
studies of [Y7Lu]Lu-AAZTA>.SA.KuE, [**Sc]Sc-AAZTA>.SA.KuUE and [®®Ga]Ga-DATA>™.SA.KUE displayed spe-

cific accumulation in the tumor along with a fast clearance and reduced off-target uptake.

(4) Conclusions: Both KuE-conjugates showed promising properties especially in vivo allowing a transla-

tional theranostic use.

Keywords: prostate specific membrane antigen PSMA; hybrid chelator; radionuclide diagnosis and ther-

apy
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1. Introduction

Prostate-specific membrane antigen PSMA has become a very popular target in the diagnosis and therapy
of prostate cancer in the last decade. PSMA is a glycoprotein with several functions originating from its
glutamate-carboxypeptidase activity. In the central nervous system, PSMA acts as NAALADase, which
cleaves the glutamate moiety from the neurotransmitter N-acetyl aspartyl glutamate. However, in the
proximal small intestine this enzyme, called folate hydrolase FOLH1, releases glutamate residues from
poly-glutamated folate 2. Besides these physiological functions, PSMA seems to play an important role
in prostate carcinogenesis since it is highly expressed in prostate tumor cells. These expression correlates
with the aggressiveness and invasiveness of the tumor 3 and is a major reason for choosing PSMA as a

molecular target in the management of prostate cancer (PC).

Prostate cancer is the second common cancer among men and the fifth leading cause of death worldwide
57 However, an early detection of PC in a localized stage can significantly reduce its mortality leading to
a 5-year survival rate of more than 90% 2. In contrast, a late-stage tumor is aggressive and almost resistant
to the available therapies. The metastatic castration-resistant prostate cancer (mCRPC) is one of the most
aggressive forms of prostate cancer with a poor outcome and restricted therapy options °. One of the
most promising approaches herein is the PSMA-targeted radioligand diagnosis and therapy. The unique
characteristics of PSMA as molecular target in combination with the small-molecule PSMA inhibitors as
target vectors paved the way for the development of highly sensitive radiopharmaceuticals like the PET-

radioligand [®®Ga]Ga-PSMA-11 and its therapeutic counterpart [Y/’Lu]Lu-PSMA-617 1011,

One of the challenges in designing appropriate PSMA inhibitors for a theranostic use is on the one hand
the reduction of the off-target accumulation in order to minimize the exposure and irradiation of metab-

olizing organs like the kidney and in particular of the salivary glands 121

, on the other hand the develop-
ment of PSMA-ligands which can be easily synthesized and effectively labeled. To address some of these

concerns, we developed AAZTA®.SA.KUE and DATA®™.SA.KuE.

Like all PSMA ligands, the herein described PSMA radiopharmaceuticals consists of three parts: chelator,

linker moiety and KuE-based PSMA-targeting vector.

The chelator is responsible for the introduction of the radionuclide. In this study, the bifunctional hybrid
chelators DATA®™ (6-pentanoic acid-6-amino-1,4-diazapine-triacetate) and AAZTA® (6-pentanoic aicd-6-
amino-1,4-diazepine tetra-acetic acid) are used as chelators (Figure 1). With regard to radiometals, hybrid
chelators combine the positive complexation properties of acyclic chelators, such as fast complexation
kinetics at mild temperatures, with the advantages of cyclic chelators, such as prolonged complex stability

1617 In these structures, the two tertiary diazepine amines provide the cyclic component for
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complexation. Another amine outside the diazepine backbone provides another complexation unit (acy-
clic component). The remaining complexation sites are provided by carboxy groups alkylated to the

amines 161820,

AAZTA® shows ideal labeling properties for transition metals, such as scandium as well as for lanthanides,
e.g., gadolinium and lutetium. Thus, AAZTA® is suitable as a chelator for diagnostic use (e.g., scandium-44)

as well as for therapeutic applications (e.g., lutetium-177) 172122,

The DATA®™ chelator has optimal labeling properties at mild conditions for the generator-based PET nu-
clide gallium-68. Furthermore, the AAZTA and DATA chelators are also suitable for instant kit-labeling

applications with e.g. Lutetium-177 and gallium-68 723,

0 HO>/ \ 40>\’OH Q o; N—
o D OH
Htig ° Ho‘g
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Figure 1 Bifunctional derivatives of the hybrid chelators AAZTA® and DATA>™

Lysine-urea-glutamate (KuE) has been established as PSMA inhibitor. KuE consists of lysine and glutamate
which are both linked to each other via a urea unit. KuE is based on the natural PSMA-substrate NAAG,
but cannot be cleaved by the enzyme °. Both PSMA-617 and PSMA-11 carry this structural unit as the
PSMA-binding entity %*.

The third structural element found in PSMA radiopharmaceuticals is the linker moiety connecting the che-
lator to the urea-based target vector. In addition to the function of coupling, these linkers are usually
designed to improve the pharmacokinetics of the compounds °. These moieties can interact with the
aromatic-binding region of the PSMA binding pocket leading to an increase in the affinity of the PSMA
ligand 2°. The coupling of KuE is achieved via the side-chain amine of the lysine. Usually, amide coupling
reactions are used for this purpose. Alternatively, conjugation can be achieved by using square acid diethyl
esters (SADE). This group allows two amines to be selectively coupled via asymmetric amidation, forming
a squaramide. This simplifies the synthesis in so far as, for example, no protective group chemistry is
required, as is the case with standard amide couplings. The coupling reaction is selective with amines only

and by controlling the amidation of both squaric acid esters via pH 172629,
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The control of the asymmetric amidation via the pH value can be explained by the different aromaticity
and thus the different mesomeric stabilities of the individual intermediates at the different pH values

(Figure 2) 3032,

e} o O (@] (0] O
j:-( R{—NH, j;/( R,—NH,
pH7 _R pH 9 R,— -R
o N-Ri 2~N N-Ri
/7O 07N < H H H

Figure 2 Asymmetric amidation of SADE with different amines. The reactions are driven by change in aromaticity of the different

intermediates.

With regard to PSMA radiopharmaceuticals, the use of squaric acid shows another advantage. Squaric
acid has an aromatic character and can therefore interact with the aromatic binding region in the PSMA
binding pocket resulting in an increased affinity. Sophisticated linker units, as in PSMA-617, are no longer
necessary. Greifenstein et al. recently showed that a square amide containing DOTAGA-KUE derivative is
comparable to the standard compounds PSMA-617 and PSMA-11 in terms of in vitro binding affinity, tu-

mor accumulation and in vivo kinetics 2.
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2. Results
2.1. Organic synthesis
Synthesis of AAZTA®.SA.KUE was according to literature /.

The synthesis of the DATA chelator is based on the synthesis described by Farkas et al 1® and Greifenstein

et al Y7, It was synthesized according to figure 3.

OH

_ o)
H N o

i N —

9 o
Figure 3 Synthesis of DATA®™: (a) tert-butyl bromoacetate, Na,COs;, MeCN, 96 %; (b) Pd/C, EtOH, formic acid, H,, 98 %; (c)
paraformaldehyde, 2-nitrocyclohexanone, MeOH, 77 %; (d) Raney®-Nickel, EtOH, H,, 72 %; (e) tert-butyl bromoacetate, DIPEA,
MeCN, 62 %; (f) Formalin (37 %), AcOH, NaBH,, ACN, 74 %; (g) LiOH, dioxane/H,0, 84 %; (h) tertbutyl(2aminoethyl)carbamate,
HATU, DIPEA, ACN, 94 %; (i) TFA/DCM, 1:1.

N,N'-dibenzylethyldiamines were first reacted with tert-butyl bromoacetate to give the di-alkylated
compound 1. The benzyl protecting groups were then removed by reduction. The diazepane 3 was formed
by a double Mannich reaction. For this purpose, 2-nitrocyclohexanone was used, the ring of which was
opened using the anion exchanger Amberlyst® A21. In the following Mannich reaction, this ring-opened
intermediate reacted with 2 to form the desired diazepane 3.
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After reduction of the nitro group (4), tert-butyl bromoacetate was added in an undercurrent to give the
mono-alkylated compound 5. The secondary amine of 5 was then methylated in a reductive amination.
This led to the protected chelator DATA®™ 6. In order to functionalise 6 with the target vector, however,
it was necessary to introduce an ethylenediamine bridge. For this purpose, the methyl ester of 6 was
saponified using lithium hydroxide (compound 7) and the mono Boc-protected ethylenediamine was
linked via an amide coupling to get 8. After an acidic deprotection compound 9 can be conjugated to the

targetvector using squaric acid.

The PSMA inhibitor lysine-urea-glutamate (KuE) was synthesized and coupled to 3,4-dibutoxycyclobut-3-

en-1,2-dione (SADE) according to figure 4.

(0] (o)
©/O\2\NH HN/&?.\Q NH,
O 0]
XE + N wjj - foi
i Y\I
00 QLTI b LT 00 (i 0 YWY K

Figure 4 Synthesis of the PSMA-inhibitor lysine-urea-glutamate-squaric acid monoester: (a) N(g)-benzoyloxycarbonyl-L-lysine, tri-
phosgene, triethylamine DCM, 0°C; (b) L- glutamic acid di-tert-butyl ester hydrochloride, triethylamine, DCM, 41 %; (c) Pd/C,
MeOH, H,, 96 %; (d) 3,4-dibutoxycyclobut-3-en-1,2-dione, 0.5 M phosphate buffer pH 7, ethyl acetate, 77 %; (e) TFA/DCM, 1:1, 83
%.
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For the introduction of the urea unit the amino group of protected lysine was transformed into an isocy-
anate using triphosgene. The isocyanate was then reacted with tert-butyl protected glutamate and the
protected PSMA-inhibitor lysine-urea-glutamate 10 was obtained and followed by reductive deportation
of the lysine side chain yielding 11. This compound was then coupled to SADE in phosphate buffer at pH
7. Acidic deprotection of the protected compound 12 led to the couplable PSMA-inhibitor lysine-urea-

glutamate-squaric acid monoester 13 (KuE.SAME).

The free primary amine of DATA®™ (9) was then coupled to the free coupling side of KuE.SAME (13) in 0.5
M phosphate buffer at pH 9 to obtain the final compound DATA>™.SA.KuE (14) (Figure 5).

9 “NH
13 HO 14

Figure 5 Synthesis of DATA>™.SA.KuE (14) 0.5 M phosphate buffer pH 9, 10 %.
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2.2. Radiolabeling
Radiolabeling of AAZTA®.SA.KUE with %8Sc and *’’Lu was performed according to literature *’.

DATA™ SA.KUE was radiolabeled with gallium-68 in ammonium acetate buffer (1 M, pH 5.5), varying
amounts of precursor (5 nmol to 60 nmol) and different temperatures (room temperature to 70 °C). La-
beling was carried out in triplicate with 30 — 50 MBq of gallium-68. Figure 6A shows the kinetic studies of
the ®Ga-radiolabeling of DATA>™.SA.KUE. The lower the quantity of precursor used, the higher the tem-
perature required to obtain quantitative radiochemical yields (RCY). Labeling of 10 nmol at 50 °C only
achieve a RCY of 56 % after 15 minutes. The increase to 15 nmol at 50 °C results in quantitative RCY (> 99
%). The increase of temperature even allows the quantitative labeling (> 99 % RCY) of 5 nmol. 50 pg (60
nmol) can be radiolabeled in yields of over 99 % with gallium-68 even at room temperature. The high

radiochemical yield and high purity of [®8Ga]Ga-DATA®™.SA.KuE was confirmed by radio-HPLC (Figure 6B).
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Figure 6 A: Kinetic studies of ®8Ga-radiolabeling of DATA>™.SA.KUE for various amounts of precursor and different temperatures.
Labeling of 15 nmol at 50 °C, 5 nmol at 70 °C and 60 nmol at RT resulting in quantitative RCYs after one minute. Radiolabeling of
10 nmol at 50 °C results in a RCY of 56 % after 15 minutes. B: radio-HPLC of [(3Ga]Ga-DATA>™.SA.KUE. tg (free 3Ga) = 2.0 min; tr
([#8Ga]Ga-DATA>™.SA.KUE) = 8.8 min. radio-HPLC confirmed purity and high RCY of [63Ga]Ga-DATA>™.SA.KuUE. C: Stability studies
for [(3Ga] Ga-DATA®™.SA.KuE complex in human serum (HS) and phosphate buffered saline (PBS) of intact conjugate at different

time points.
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Studies of the complex stability were performed in human serum (HS) and phosphate buffered saline
(PBS). In both media, [*8Ga]Ga-DATA®™.SA.KUE showed a stability of > 98 % over a period of 120 minutes
(Figure 6C)

2.2. In vitro studies
2.2.1. PSMA-binding affinity

The potency of PSMA-binding of DATA®™.SA.KUE and AAZTA®.SA.KUE has been determined in a competi-
tive radioligand assay and compared with the binding affinity of PSMA-11 measured in the same assay.
Results are plotted as inhibition curves (Figure 7) and ICso values are determined using GraphPad Prism
(Table 1). AAZTA®.SA.KUE and DATA®™.SA.KuE showed similar binding affinities while PSMA-11 seems to

have two-fold higher potency in vitro.
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Figure 7 Inhibition curve of AAZTA>.SA.KuE, DATA>™.SA.KUE and PSMA-11. com: counts per minute.
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Table 1 ICso values of the investigated compounds. Data represented as Mean + SD (n=3)

Compound 1Cs0 [nM]
DATA®™.SA.KuE 51.1+£5.5
AAZTA’.SA.KUE 52.1+4.0
PSMA-11 26.2+2.4

2.2.2. Internalization rate

PSMA ligands are internalized upon binding to PSMA probably via clathrin-mediated endocytosis 333*. To
determine the PSMA-specific cellular uptake of the developed PSMA ligands, we measured both the sur-
face-bound and the internalized radioactivity in PSMA-positive LNCaP cells at four different conditions; at
37°C with and without blocking with the potent PSMA inhibitor PMPA (2-Phosphonomethyl pentanedioic
acid) and at 4°C with and without blocking with PMPA. Results are plotted in Figure 8. [®®Ga]Ga-
DATA®™ SA.KUE displayed the highest internalization ratio 6.6 + 0.6 %, whereas the uptake fractions of
[4Sc]Sc-AAZTA®.SA.KUE and [*®Ga]Ga-PSMA-11 were slightly lower (4.8 % and 5.2 % respectively). This

PSMA-specific uptake was mainly reduced at 4°C.

10

% IA per 106 cells

37°C 4°C

[*®Ga]Ga-DATA™.SA.KuUE [##Sc]Sc-AAZTA>.SA.KUE [*®*Ga]Ga-PSMA 11

Figure 8 Internalization rate of [(4Ga]Ga-DATA®*™.SA.KUE and [**Sc]Sc-AAZTAS.SA.KUE with [4Ga]Ga-PSMA-11 as reference . % in-

jected dose per 10° LNCaP cells.
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2.3. Animal studies

In order to evaluate the in vivo behavior of the SA.KuE-conjugates, an LNCaP-xenograft model was used.
Labeling of AAZTA®.SA.KUE with the different nuclides scandium-44 and lutetium-177 seems to have no
impact on the pharmacokinetic properties of the conjugates since there were no significant differences
observed in the biodistribution data (Figure 9). Tumor accumulation values of all four compounds were
similar, 3.92 +0.50 %ID/g; 5.41+0.83 %ID/g; 4.43 +0.56 %ID/g and 5.52+ 0.75 %ID/g for [*Sc]Sc-
AAZTA® SA.KUE, [Y7Lu]Lu-AAZTA> SA.KUE, [*®Ga]Ga-DATA ™. SA.KUE and [*®Ga]Ga-PSMA-11 respectively.
Noteworthy is the higher Kidney-uptake of [®8Ga]Ga-PSMA-11 (73.39 + 18.77 %ID/g) compared to the up-
take of the SA.KuE-conjugates (20.69 + 7.24 %ID/g, 22.70 + 0.90 %ID/g, 13.63 + 6.81 %ID/g for [**Sc]Sc-
AAZTA>™.SA.KUE, [Y7Lu]Lu-AAZTA>™.SA.KuE and [*8Ga]Ga-DATA>.SA.KUE respectively. Both, tumor and kid-
ney uptake of [8Ga]Ga-DATA®.SA.KuUE were found to be PSMA-specific since they could be blocked by co-

injection of PMPA as seen in figure 10.

B [**sc]Sc-AAZTA® . SA.KUE M [°8Ga)Ga-DATA’™.SA.KUE

B [Y77Lu]Lu-AAZTA® SA.KUE M [%%Ga)Ga-PSMA-11
1001
80
60

407

20 Th

107

%ID/g

Figure 9 Ex vivo biodistribution data of [*Sc]Sc-AAZTA5.SA.KUE, [V77Lu]Lu-AAZTA>.SA.KUE, [68Ga]Ga-DATA®™.SA.KUE and [¢3Ga]Ga-

PSMA-11 in LNCaP tumor-bearing Balb/c nude mice 1h p.i. %ID/g: % injected dose per gram. Values are mean + SD.
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Figure 10 Ex vivo biodistribution of [(4Ga]Ga-DATA>™.SA.KUE compared to organ accumulation after co-injection with an access

PMPA.

To further understand the pharmacokinetics of the developed PSMA ligands, we performed YUPET-scans
with the same xenograft model (Figure 11). Tumor accumulation of all three compounds was very similar.
The kidney uptake of [*®Ga]Ga-DATA®.SA.KUE was remarkably lower than the reference compound
[8Ga)Ga-PSMA-11. This finding correlates with the results obtained from the time-activity curves of both
compounds (Figure 12). Herein the radioactivity concentration of [*®Ga]Ga-DATA>™.SA.KuE decreased con-
tinuously 10 min p.i. while the concentration in the tumor remained constant. However, the radioactivity
concentration of [®8Ga]Ga-PSMA-11 remained at a higher level during the period of the scan. As demon-
strated in the WPET scans, uptake in the tumor as well as in the kidney was PSMA-specific. After co-injec-

tion of PMPA almost no radioactivity could be detected (Figure 11).
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Figure 11 Maximum intensity projections of UPET scans 1h p.i. of (a) [¢3Ga]Ga-PSMA-11, (b) [(8Ga]Ga-DATA*™.SA.KUE, (c) [*4Sc]Sc-
AAZTA?.SA.KUE and (d) co-injection of [*4Sc]Sc-AZTA>.SA.KUE and PMPA. (tumor circled).
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Figure 12 Time-activity curves of the uptake of [(3Ga]Ga-DATAS™.SA.KUE and [¢4Ga]Ga-PSMA-11 in the kidneys (a) and the tumor
(b) over the total period of the UPET scan.
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3. Discussion

The discovery of PSMA as molecular target in diagnosis and therapy of prostate cancer as well as the
application of radiolabeled PSMA inhibitors have revolutionized the management of this disease resulting
in a significant improvement especially in staging and assessment of prostate cancer *. Although several
PSMA ligands have been developed over the last decades, the search for novel tracer with optimized
pharmacokinetic properties particularly for therapeutic purposes is still present, since some of the clini-
cally used PSMA radioligand therapeutics e.g. [*°Ac]Ac-PSMA-617 showed some severe side effects like

xerostomia %1336,

To determine the effect of the chelator on the PSMA-binding affinity and the internalization rate of PSMA
ligands, we synthesized two PSMA inhibitors with different hybrid chelators. In the cell-based assays, both
DATA>™ SA.KUE and AAZTAS.SA.KUE showed similar binding potency and internalization ratios indicating
that an exchange of DATA®™ against AAZTA® have no impact neither on the binding affinity nor on the
internalization ratio in PSMA-positive LNCaP cells. These findings correlate with the results published else-
where 3. PSMA-11 displayed higher potency in vitro which could be due to the better interaction with the
PSMA binding pocket. However, the internalization ratio of PSMA-11 was similar to these of the SA.KuE-
conjugates. The PSMA-specificity of binding and uptake in LNCaP cells and LNCaP-tumor could be demon-
strated by blocking PSMA-receptors with the potent inhibitor PMPA.

In order to evaluate the pharmacokinetic behavior of our compounds and to compare them with PSMA-

11, we performed animal studies using an LNCaP-xenograft model.

AAZTA®.SA.KUE was labeled with the positron emitter **Sc and the B-emitter ”’Lu. Both radiotracers dis-
played similar biodistribution data indicating that both isotopes do not impact the pharmacokinetic prop-
erties of the PSMA radioligand. This result makes this pair ideal for a theranostic use. In addition, [®®Ga]Ga-
DATA>™.SA.KuE equally showed a promising biodistribution profile and a good imaging contrast. Surpris-
ingly, although PSMA-11 showed a two-fold higher binding potency in vitro, tumor accumulation was sim-
ilar to the SA.KuE-conjugates. Furthermore the kidney uptake of [®®Ga]Ga-PSMA-11 was significantly
higher than the SA.KuE-conjugated compounds. [®3Ga]Ga-DATA>™.SA.KUE, [**Sc]Sc-AAZTA>.SA.KUE and
[2”7Lu]Lu-AAZTA>.SA.KUE. Thus, these compounds seem to display a rapid renal clearance along with a

good tumor accumulation.

Accordingly, the in vivo properties of both SA.KuE-conjugates were more favorable than PSMA-11 since
the kidney uptake was remarkably reduced, whilst showing a similar tumor accumulation. The reduced
kidney uptake may lower the nephrotoxicity of [}”’Lu]Lu-PSMA inhibitors resulting in a minimization of

side effects and an improvement of tolerability.

109



4. Materials and Methods

4.1. General

All chemicals were purchased from Sigma-Aldrich, Merck, Fluka, AlfaAesar, VWR, AcrosOrganics, TCl, Iris
Biotech and Fisher Scientific and used without purification. Dry solvents were obtained from Merck and
VWR, deuterated solvents for NMR spectra from Deutero. Thin layer chromatography was performed with
silica gel 60 F254 coated aluminum plates from Merck. Evaluation was carried out by fluorescence extinc-
tion at A=254 nm and staining with potassium permanganate. The radio TLCs were evaluated using a CR-
35 Bio test imager and the AIDA software (Elysia-Raytest, Belgium). The *H and *C NMR measurements
were performed on an Avance Il HD 300 spectrometer (Bruker Corporation, Billerica, MA, USA) (300 MHz,
5mm BBFO sample head with z-gradient and ATM and BACS 60 sample changer), an Avance Il 400 spec-
trometer (Bruker Corporation, Billerica, MA, USA) (400 MHz, 5 mm BBFO sample head with z-Gradient
and ATM and SampleXPress 60 sample changer) and an Avance Ill 600 spectrometer (600 MHz, 5mm TCI
CryoProbe sample head with z-Gradient and ATM and SampleXPress Lite 16 sample changer) from Bruker.
The LC/MS measurements were performed on an Agilent Technologies 1220 Infinity LC system coupled
to an Agilent Technologies 6130B Single Quadrupole LC/MS system. Semi-preparative HPLC purification

was performed on a 7000 series Hitachi LaChrom (Hitachi, Chiyoda, Japan).

4.2. Organic Synthesis

DATA>™ was synthesized according to the procedure described by Farkas et al. and Greifenstein et al.?’
N,N’-Dibenzyl-N,N’-di-(tert-butylacetate)-ethylendiamine (1)

N,N’-dibenzylethylendiamine (2.90 mL, 3.00 g, 12.50 mmol) and sodium carbonate (5.10 g, 48.70 mmol)
were dissolved in acetonitrile (50 mL) and stirred for 30 min at room temperature. Tert butyl bromoace-
tate (3.60 mL, 4.60 g, 23.70 mmol) in acetonitrile (10 mL) was added dropwise at room temperature. The
reaction mixture was stirred overnight at 90 °C and filtered. The solvent was evaporated under reduced
pressure. The product was purified by column chromatography (hexane/ethyl acetate; 6:1, Rf =0.37) and

obtained as colourless solid (5.73 g, 12.2 mmol, 96 %).

1H-NMR (400 MHz, CDCI3): & [ppm] = 7.34-7.21 (m, 10H), 3.78 (s, 4H), 3.26 (s, 4H), 2.82 (s, 4H), 1.44 (s,
18H).
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13C-NMR (400 MHz, CDCI3): 6 [ppm] =171.03, 139.18, 129.05, 128.30, 127.10, 80.86, 58.39, 55.27, 51.73,
28.24.

MS (ESI+): 469.4 [M+H]+, calculated for C28H40N204: 468.30 [M]+.
N,N’-di-(tert-butylacetate)-ethylendiamine (2)

Product 1 (2.3 g; 5.60 mmol) was dissolved in abs ethanol (15 mL) and formic acid (0.43 mL, 0.52 g, 11.0
mmol). To this solution palladium on activated carbon (416 mg, 16 %wt) was added and the solution was
saturated, kept and stirred overnight with hydrogen. Pd/C was filtered over celite and the solvent was
evaporated under reduced pressure. The product (1.58 mg, 5.5 mmol, 98 %) was used without further

purification.
MS (ESI*): 289.3 [M+H]*, calculated for C14H2sN,04: 288.36 [M]*.
1,4-Di(tert-butylacetate)-6-methyl-6-nitroperhydro-1,4-diazepane (3)

2-Nitrocyclohexanone (1.70 g, 12 mmol) and Amberlyst® A21 (2 mass equivalents) were dissolved in meth-
anol (30 ml) and stirred at 90 °C for 1 h. Paraformaldehyde (1.30 g, 42.3 mmol) and Product (2) (3.50 g, 12
mmol) were added. The solution was heated overnight under reflux. The solvent was evaporated under
reduced pressure. The product was purified by column chromatography (hexane/ethyl acetate; 2:1, Rf =

0.33) and obtained as yellowish oil (4.52 g, 9.28 mmol, 77 %).

1H-NMR (400 MHz, CDCI3): & [ppm] = 3.65 (s, 3H), 3.60 (d, J = 14,6 Hz, 2H), 3.45 (d, J = 17,3 Hz, 2H), 3.30
(d, ) =17,3 Hz, 2H), 3.12 (d, J = 14,6 Hz, 2H), 2.84 (m, 4 H), 2.27 (t, 2H), 1.83 (m, 2H), 1.57 (m, 2H), 1.46 (s,
18H), 1.18 (m, 2H).

13C-NMR (400 MHz, CDCI3): 6 [ppm] = 173.73, 170.92, 95.12, 81.31, 61.57, 61.18, 56.87, 51.68, 37.27,
33.71, 28.35, 24.82, 22.99.

MS (ESI*): 488.3 [M+H]", calculated for C3H41N30g: 487.29 [M]*.
1,4-Di(tert-butylacetate)-6-methylpentanoate-6-amino-perhydro-1,4-diazepane (4)

Compound 3 (4.50 g, 9.30 mmol) was dissolved in abs. ethanol (40 mL). Raney® nickel was added and the
solution was saturated, kept and stirred for four days with hydrogen at 40 °C. The nickel was filtered over
celite and the solvent was evaporated under reduced pressure. Compound (4) (3.92 g, 8.60 mmol, 72 %),

was obtained as greenish oil and used without further purification.
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MS (ESI*): 458.3 [M+H]", calculated for C,3H43N30¢: 457.32 [M]*.
1,4-Di(tert-butylacetate)-6-methylpentonate-6-amino-tert-butylacetate-perhydro-1,4-diazepane (5)

Compound 4 (1.30 g, 2.84 mmol) and N,N-diisopropylethylamine (483 uL, 367 mg, 2.84 mmol) were dis-
solved in dry acetonitrile (20 mL) and stirred for 20 min at room temperature. Tert-butyl bromoacetate
(538 uL, 720 mg, 3.69 mmol) was added dropwise and stirred overnight at room temperature. The solvent
was evaporated under reduced pressure. The product was purified by column chromatography (cyclohex-
ane/ethyl acetate; 3:1 + 3 % trimethylamine, Rf = 0.34) and obtained as yellowish oil (1.01 g, 1.77 mmol,
62 %)

1H-NMR (400 MHz, CDCI3): & [ppm] = 3.65 (s, 3H), 3.29 (s, 4H), 3.21 (s, 2H), 2.83-2.60 (m, 8H), 2.30 (dd, J
=8.9, 6.3 Hz, 2H), 1.90 (s br, 1H), 1.62=1.54 (m, 2H), 1.46 (s, 9H), 1.44 (s, 18H), 1.32—1.23 (m, 4H).

MS (ESI*): 572.4 [M+H]*, calculated for C,9Hs3N30s: 571.38 [M]*.

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

pane (6)

Compound 5 (1.00 g, 1.75 mmol), formalin solution (482 uL, 526 mg, 6.47 mmol) and acetic acid (300 pL,
315 mg, 5.25 mmol) were dissolved in dry acetonitrile (20 mL) and stirred at room temperature for 30
min. Sodium borhydride (200 mg, 5.29 mmol) was added portionwise over 30 min. The reaction solution
was stirred for 2 hours at room temperature. Water (25 mL) was added and extracted with chloroform (4
x 50 mL). The organic phase was separated and dried over sodium sulfate and evaporated under reduced
pressure. The product was purified by column chromatography (cyclohexane/ethyl acetate; 5:1 + 2 % tri-

methylamine, Rt = 0.28) and obtained as colourless oil (0.76 g, 1.39 mmol, 74 %).

1H-NMR (400 MHz, CDCI3): & [ppm] = 3.65 (s, 3H), 3.42 (s, 2H), 3.32-3.18 (m, 4H), 2.93 (d, J = 14.0 Hz, 2H),
2.83-2.73 (m, 2H), 2.70-2.58 (m, 4H), 2.35-2.24 (m, 5H), 1.63-1.48 (m, 4H), 1.45 (s, 9H), 1.44 (s, 18H),
1.41-1.22 (m, 2H).

MS (ESI*): 586.4 [M+H]", calculated for C3oHssN3QOsg: 585.40 [M]*.

1,4-Di(tert-butylacetate)-6-pentanoicacid-6-(amino(methyl)-tert-butylacetate)-perhydro-1,4-diazepane
(7)
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Compound 6 (0.75 g, 1.28 mmol) was dissolved in a 1,4-dioxane/water (2:1) mixture. 1 M lithium hydrox-
ide solution (1.92 mL, 1.92 mmol) was added and stirred for 7 days. After 2, 4 and 6 days 1 M lithium
hydroxide solution (0.32 mL, 0.32 mmol) was added. 1,4-dioxane was evaporated under reduced pressure.
The remaining water phase was extracted with chloroform (5 x 50 mL). The organic phase was washed
with 1 M sodium hydrogencarbonate solution (25 mL) and brine (2 x 25 mL) and dried over sodium sulfate
and evaporated under reduced pressure. The product (615 mg, 1.07 mmol, 84 %) was obtained as yellow-

ish oil.

1H-NMR (400 MHz, CDCI3): & [ppm] = 3.44 (s, 2H), 3.25 (d, J = 2.2 Hz, 4H), 2.93 (d, J = 14.0 Hz, 2H), 2.82-
2.73 (m, 2H), 2.71-2.61 (m, 4H), 2.34 (t, } = 7.7 Hz, 2H), 2.27 (s, 3H), 1.65-1.51 (m, 4H), 1.45 (s, 18H), 1.44
(s, 9H), 1.43-1.21 (m, 2H).

13C-NMR (400 MHz, CDCI3): & [ppm] = 178.46, 172.53, 170.98, 81.02, 80.44, 77.36, 62.86, 62.59, 62.48,
59.02, 54.21, 37.49, 36.92, 34.17, 28.37, 28.27, 25.71, 21.97.

MS (ESI*): 572.4 [M+H]", calculated for C,9Hs3N30g: 571.38 [M]*.

1,4-Di(tert-butylacetate)-6-((5-(2-((2-ethoxy-3,4-dioxocyclobut-1-en-1yl)amino-ethyl)amino)-5-oxopen-

tyl)-6-(amino(methyl)-tert-butylacetate)-perhydro-1,4-diazepane (8)

Compound 7 (100 mg, 0.175 mmol), HATU (66.5 mg, 0.175 mmol) and DIPEA (90 pl, 69 mg, 0.525 mmol)
were dissolved in dry acetonitrile (2 mL) and stirred for 15 min at room temperature. Tert-butyl(2-ami-
noethyl) carbamate (45 uL, 46 mg, 0.280 mmol) was added to the solution and stirred over night at room
temperature. The solvent was evaporated under reduced pressure. The product was purified by column
chromatography (dichloromethane/methanol; 20:1, Rs = 0.22) and obtained as colourless oil (118.4 mg,

0.166 mmol, 94 %).

1H-NMR (400 MHz, CDCI3): & [ppm] = 6.34 (br, 1H), 5.26 (br, 1H), 3.60 (s, 4H), 3.38-3.34 (m, 2H), 3.26-3.24
(m, 2H), 3.21 (s, 4H), 2.96 (d, J = 14,1 Hz, 2H), 2.75-2.63 (m, 2H), 2.66-2.63 (m, 2H), 2.59 (d, J = 14,1 Hz,
2H), 2.19 (t, 2H), 1.62-1.53 (m, 4H), 1.43 (s, 18H), 1.42 (s, 27H), 1.28-1.20 (m, 2H).

13C-NMR (400 MHz, CDCI3): & [ppm] = 174.38, 173.31, 172.80, 165.88, 82.85, 82.77, 63.44, 62.48, 62.05,
55.48, 54.47, 47.11, 40.81, 39.87, 35.55, 29.82, 28.53, 28.32, 28.14, 27.91, 26,17, 23.41.

MS (ESI*): 714.5 [M+H]", calculated for C3sHs7NsOq: 713.49 [M]*.
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1,4-Di(acetate)-6-((5-(2-(aminoethyl)amino)-5-oxopentyl)-6-(amino(methyl)-acetate)-perhydro-1,4-diaz-

epane (9)

Compound 8 (20 mg, 0.028 mmol) was dissolved in a solution of dichloromethane and triflouroacetic acid
(2 mL, 1:1) and stirred over night at room temperature. The solvent was evaporated under reduced pres-

sure and used without further purification.
MS (ESI*): 446.2 [M+H]", calculated for C19H3sNsO7: 445.25 [M]*.

2-[3-(5-benzyloxycarbonylamino-1-tert-butoxycarbonyl-pentyl)-ureido]-pentanedioic acid di-tert-butyl

ester (10)

Triphosgene (420 mg, 1.40 mmol) was dissolved in dichloromethane (5 mL) and cooled to 0 °C. A solution
of N(€)-benzoyloxycarbonyl-L-lysine (1.42 g, 3.80 mmol) and triethylamine (1.05 mL, 765 mg, 7.60 mmol)
in dichloromethane (25 mL) was added dropwise over a period of 3 hours at 0 °C. The reaction mixture
was stirred for 40 minutes and L-glutamic acid di-tert-butyl ester hydrochloride (1.13 g, 3.80 mmol) and
triethylamine (1.05 mL, 765 mg, 7.60 mmol) in dichloromethane (20 mL) was added. The solution was
stirred over night at room temperature. The solution was evaporated under reduced pressure. Ethyl ace-
tate (25 mL) was added. The organic layer was washed with saturated NaHCO3-solution (2x 10 mL) and
brine (2x 10 ml), dried over sodium sulfate and evaporated under reduced pressure. The residue was
purified by column chromatography (hexane/ethyl acetate; 20:1, Rf = 0.26) and the product was obtained

as colourless oil (357.6 mg, 0.58 mmol, 41 %).

1H-NMR (300 MHz, CDCI3): & [ppm] = 7.38 — 7.22 (m, 5H), 5.16 (d, J = 13.5 Hz, 1H), 5.09 (d, J = 3.2 Hz, 2H),
4.32 (dt, J = 7.5, 5.2 Hz, 2H), 3.16 (s, 2H), 2.40 — 2.15 (m, 2H), 1.93 — 1.68 (m, 2H), 1.43 (m, 29H).

13C-NMR (300 MHz, CDCI3): 6 [ppm] = 172.54, 172.25, 172.15, 157.09, 156.61, 136.67, 128.47, 128.04,
128.01, 82.29, 81.84, 80.65, 77.24, 66.56, 53.38, 53.03, 40.63, 32.53, 31.52, 29.36, 28.28, 28.07, 28.00,
22.26.

MS (ESI*): 622.4 [M+H]*, 644.4 [M+Na]*, calculated for C3;Hs1N30q: 621.36 [M]*.

2-[3-(amino-1-tert-butoxycarbonyl-pentyl)-ureido]-pentanedioic acid di-tert-butyl ester (11)
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Compound 10 (337.6 mg, 0.55 mmol) was dissolved in methanol (3 mL). To this solution palladium on
activated carbon (22 mg) was added and the solution was saturated, kept and stirred overnight with hy-
drogen. Pd/C was filtered over celite and the solvent was evaporated under reduced pressure. The prod-

uct (260 mg, 0.53 mmol, 96 %) was used without further purification.

1H-NMR (300 MHz, CDCI3): & [ppm] = 5.48 (dd, J = 10.3, 8.1 Hz, 2H), 4.31 (dd, ) = 5.7, 2.4 Hz, 2H), 2.77 (t,
J=6.6 Hz, 2H), 2.36 — 2.25 (m, 2H), 2.05 (ddd, J=7.1,5.9, 2.1 Hz, 1H),1.92-1.68 (m, 2H), 1.44 (d,J=7.1
Hz, 33H).

13C-NMR (300 MHz, CDCI3): & [ppm] = 172.61, 172.47, 157.05, 82.07, 81.67, 80.55, 53.39, 52.99, 41.12,
32.40, 31.66, 31.43, 28.28, 28.08, 28.02, 22.20.

MS (ESI*): 488.3 [M+H]", calculated for C4H4sN3O7: 487.33 [M]*.

2-[3-(2-(2-ethoxy-3,4-dioxo-cyclobut-1-en-1yl)amino-1-tert-butoxycarbonyl-pentyl)-ureido]-pentanedi-

oic acid di-tert-butyl ester (12)

Compound 11 (260 mg, 0.53 mmol) was dissolved in 0.5 M phosphate buffer (pH 7, 2 mL), 3,4-dibutoxycy-
clobut-3-en-1,2-dione (82 L, 95 mg, 0.53 mmol) was added and the pH was adjusted to 7. Ethyl acetate
(1 mL) was added and stirred overnight. The solvent was then removed via lyophilisation and ethyl acetate
(2 mL) was added. The solution was then filtered and the solvent was removed under reduced pressure.
The product (248 mg, 0.41 mmol, 77 %) was obtained as colourless oil and used without further purifica-

tion.

1H-NMR (300 MHz, CDCI3): & [ppm] = 4.78 — 4.73 (m, 2H), 4.13 (g, ) = 7,1 Hz, 2H), 3.45 (d, J = 5,7 Hz, 2H),
2.36—2.32 (m, 2H), 2.06 (s, 4H), 1.74 — 1.55 (m, 2H), 1.52-1.43 (m, 27H), 1.27 (t, ) = 7,1 Hz, 2H).

13C-NMR (300 MHz, CDCI3): & [ppm] = 189.09, 172.22, 157.27, 124.41, 125.10, 77.35, 77.03, 76.71, 70.07,
53.20, 44.39, 31.59, 28.00, 21.93, 21.07, 14.20.

MS (ESI*): 612,4 [M+H]", calculated for C3oHagN3010: 611,34 [M]*.

2-[3-(2-(2-ethoxy-3,4-dioxo-cyclobut-1-en-1yl)amino-1-carboxy-pentyl)-ureido]-pentanedioic acid (13)

115


javascript:
javascript:
javascript:

Compound 12 (50 mg, 0.082 mmol) was stirred with a mixture of dichloromethane and triflouroacetic acid
(2 mL, 1:1) at room temperature for 2 hours. The solvent was evaporated under reduced pressure. The

product was obtained as colourless oil (30.2 mg, 0.068 mmol, 83 %) and used without further purification.

1H-NMR (300 MHz, D20): & [ppm] = 4.75 — 4.65 (m, 2H), 4.30 — 4.12 (m, 2H), 3.59 (dt, J = 23,5 Hz, 6,6 Hz,
1H), 3.48 (t, J = 6,6 Hz, 1H) 2.49 (t, J = 7,3 Hz, 2H), 2.16 (dtd, J = 15,3 Hz, 7,4 Hz, 5,2 Hz, 1H), 2.04 — 1.90
(m, 1H) 1.86 — 1.75 (m, 2H), 1.73 — 1.46 (m, 3H), 1.41 (dt, J = 7,1 Hz, 3,6 Hz, 5H).

13C-NMR (300 MHz, D20): & [ppm] = 188.86, 182.94, 177.13, 176.95, 176.05, 173.15, 159.08, 70.41,
52.91, 52.48, 30.26, 29.91, 28.86, 26.15, 21.59, 14.95.

MS (ESI*): 444,2 [M+H]", calculated for C1sH25N3010: 443,15 [M]*.
DATA®™ SA.KuUE (14)

Compound 9 (30 mg, 0.067 mmol) and compound 13 (42 mg, 0.095 mmol) were dissolved in 0.5 M phos-
phate buffer (pH 9, 1 mL). The pH was adjusted to 9 and stirred for two days at room temperature. The
crude product was purified by HPLC (column: LiChrospher 100 RP18 EC (250 x 10 mm) 5 u, flow rate: 5
mL/min, H20/MeCN + 0.1 % TFA, 9 to 15 % MeCN in 20 min, Ry = 10.1 min) to obtain DATA5m.SA.KuE as
white powder (5.26 mg, 0.0062 mmol, 10 %).

MS (ESI*): 843.3 [M+H]*, 422.2 [M+2H]?**, 441.2 [M+K+H]%, calculated for C3sHsaNgO16: 842.37 [M]".

116



4.3. Radiolabeling

For radiochemical evaluation, gallium-68 was eluted from a %8Ge/%®Ga-generator (ITG Graching, Munich,
Germany) and purified manually with an ethanol based post-processing to separate iron, zinc and germa-

nium impurities .

Radiolabeling was performed in 0.4 mL 1 M ammonium acetate buffer at pH 5.5. Reactions were carried
out with different amounts of precursor (5, 10, 15, 60 nmol) and at different temperatures (RT, 50 °C and
70 °C) with 30 — 50 MBq Ga-68. The pH was controlled at the start and after the labeling. For reaction
control, radio-TLC (TLC Silica gel 60 F254 Merck) and citrate buffer pH 4 as mobile phase and radio-HPLC
using an analytical HPLC 7000 series Hitachi LaChrom (Column: Merck Chromolith® RP-18e, linear gradient
of 5-95 % MeCN (+0.1 % TFA)/ 95-5 % Water (+0.1 % TFA) in 10 min) was used. TLC's were measured in
TLC imager CR-35 Bio Test-Imager from Elysia-Raytest (Straubenhardt, Germany) with the analysis soft-

ware AIDA (Elysia-Raytest, Belgium).

Radiolabeling of AAZTA®.SA.KUE with scandium-44 and lutetium-177 was performed according to litera-

ture V7.
4.4. In vitro stability studies

Complex stability studies were performed in human serum (HS, human male AB plasma, USA origin, Sigma
Aldrich) and phosphate buffered saline (Sigma Aldrich). 8-10 MBq of the labeled compound were added
to 0.5 mL of the media. After 30-, 60- and 120-min aliquots were taken to evaluate the radiochemical

stability. The studies were carried out as triplicate.
4.5. in vitro binding affinity

PSMA binding affinity was determined according to literature 3°. LNCaP-cells (purchased from Sigma-Al-
drich) were cultured in RPMI 1640 (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum

(Thermo Fisher Scientific), 100 pg/ml streptomycin, and 100 units/ml penicillin at 37°Cin 5% CO,.

10° LNCaP cells per well were applied in MultiScreenurs DV Filter Plates (Merck Millipore) and incubated
with 0.75 nM [%8Ga]Ga-PSMA-10 in the presence of 12 increasing concentrations of the non-labeled SA-
conjugated compounds. After incubation at room temperature for 45 min, cells were washed several
times with ice-cold PBS to remove free radioactivity. Cell-bound activity was measured in a y-counter
(2480 WIZARD2 Automatic Gamma Counter, PerkinElmer). Data were analyzed in GraphPad Prism 9 using

nonlinear regression. For each concentration. Experiments were replicated 4-times.
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4.6. internalization ratio

Internalization ratio was determined according to literature 394, Prior to seeding cells, 24-well plates were
coated with 0.1% poly-L-lysine (Sigma-Aldrich) in PBS for 20 min at room temperature. Subsequently 10°
LNCaP cells in 1 mL RPMI 1640 Medium were added in each well and incubated for 24 h at 37 °C. 250 uL
of the %8Ga-labeled compounds in Opti-MEM™ | Reduced Serum (ThermoFisher) were added to each well
to a final concentration of 30 nM. The plates were then incubated for 45 min at 4°C and 37°C respectively
either with or without adding PMPA (Sigma-Aldrich) to a final concentration of 500 uM. The supernatant
was removed and the cells were washed several times with ice-cold PBS. Afterwards cells were incubated
twice with 50 mM glycine buffer pH 2.8 for 5 min to remove the surface-bound radioactivity. In order to
determine the internalized fraction of the compounds, cells were lysed by incubating with 0.3 M NaOH

for 10 min.
4.7. animal studies

6- to 8-week-old male BALB/cAnNRj (Janvier Labs) were inoculated subcutaneously with 5x10° LNCaP cells
in 200 pL 1:1 (v/v) Matrigel/PBS (Corning®). In vivo and ex vivo experiments are conducted after the tumor

has reached a volume of approximately 100 mm?.

LNCaP-xenografts were anesthetized with 2% isoflurane prior to i.v. injection of 0.5 nmol of the radio-
labeled compounds. The specific activities of the tracers were approximately 10 MBg/nmol, 6 MBg/nmol
and 15 MBg/nmol of ®8Ga-labeled compounds, [**Sc]Sc-AAZTA>.SA.KUE and [Y77Lu]Lu-AAZTA>.SA.KUE re-

spectively. For blocking experiments mice were co-injected with 1.5 pmol PMPA/mouse.

Biodistribution studies. Animals were sacrificed 1 h p.i. Organs of interest were collected and weighed.
The radioactivity was measured and calculated as decay-corrected percentage of the injected dose per

gram of tissue mass %ID/g.

MicroPET-imaging. After i.v. injection of the labeled compounds, anesthetized mice (one mouse for
each group) were placed in the prone position in a nanoScan® PET/MR (Mediso). MRI measurements were
performed followed by a static PET scan with the nanoScan PET/MRI (Mediso, Budapest, Hungary). PET
data were reconstructed with Teratomo 3D (four iterations, six subsets, voxel size 0.4 mm), co-registered
to the MR, and analyzed with Pmod software (version 3.6) (PMOD Technologies LLC, Zirich, Switzerland).
Material Map for co-registration of the PET scan; 3D Gradient Echo External Averaging (GRE-EXT), Multi
Field of View (FOV); slice thickness, 0.6 mm; TE, 2 ms; TR, 15 ms; flip angle, 25 deg.
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5. Conclusion

In summary, the synthesized hybrid chelator-based PSMA radiopharmaceuticals DATA>™.SA.KuE and
AAZTA>.SA.KUE could be labeled at mild conditions with high radiochemical yields. The stability of the
labeled compounds in PBS and human serum was demonstrated. Both SA.KuE conjugates displayed good
PSMA binding affinities in LNCaP cells along with good internalization ratios. Additionally, [*®Ga]Ga-
DATA>™.SA.KuE, [*Sc]Sc-AAZTA>.SA.KUE, and [Y"’Lu]Lu-AAZTA>.SA.KUE showed similar in vivo behavior,
suggesting that the exchange of either the chelator or the nuclide does not impact the pharmacokinetic
of the investigated compounds. This finding renders [**Sc]Sc-AAZTAS.SA.KuE and [*7Lu]Lu-AAZTA>.SA.KuE
an interesting pair for theranostic application. Tumor accumulation of the tested PSMA radioligands was
similar to that of [®®Ga]Ga-PSMA-11, although lower than the value reported in literature for PSMA-617.
The decreased kidney uptake of the SA.KUE conjugates is noteworthy, which could be a major benefit in

reducing irradiation of the kidneys, resulting in lower nephrotoxicity and improved tolerability.
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ABSTRACT

(1) Background: Targeted therapy is a concept that has gained significant importance in the last years,
especially in oncology. The severe dose-limiting side effects of chemotherapy necessitate the develop-
ment of novel, efficient and tolerable therapy approaches. In this regard, PSMA has been well established
as a molecular target for diagnosis as well as therapy of prostate cancer. Although most PSMA-targeting
ligands are radiopharmaceuticals used in imaging or radioligand therapy, this article describes an evalua-
tion of MMAE.VC.SA.617, a PSMA inhibitor small molecule-drug conjugate, thus addressing a hitherto

little-explored field.

(2) Methods: The PSMA small-molecule drug conjugate, MMAE.VC.SA.617, consisting of the PSMA-bind-
ing unit KuE, valine-citrulline linker and the antimitotic drug MMAE, was synthesized starting from the
commercially available compounds MMAE.VC and NH,-PSMA-617. The in vitro PSMA binding affinity and
cytotoxicity were determined in cell-based assays. enzyme-specific cleavage of the active drug was quan-
tified via an cathepsin B-based assay. Efficacy and tolerability in vivo were assessed using an LNCaP xeno-

graft model.

(3) Results: The binding affinity of the MMAE-conjugate was moderate compared to the drug-free PSMA
inhibitor. Cytotoxicity in vitro was in the nanomolar range. Both binding and cytotoxicity were found to
be PSMA-specific. Additionally, complete MMAE release could be reached after incubation with cathepsin
B. In vivo, the MMAE-conjugate displayed good tolerability and dose-dependent inhibition of tumor

growth.

(4) Conclusion: The developed MMAE-conjugate showed good properties in vitro as well as in vivo. Nev-

ertheless, further optimization is required to better exploit the translational potential of this compound.

Keywords: MMAE; PSMA; drug targeting; Small-molecule drug conjugates; prostate cancer
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Introduction

Chemotherapy is one of the most important pillars in the treatment of cancer diseases. However, the
toxicity of this approach, resulting from the unspecific interaction of cytotoxic drugs with healthy tissue,

presents one of the major drawbacks of this cancer treatment 2.

Targeted drug delivery was one of the strategies developed in the last decades to face this challenge.
Antibody Drug-Conjugates (ADCs) thereby represented a breakthrough *. ADCs consist of a cytotoxic drug
and an antibody with high affinity to its target. Both components are connected via a linker, mostly a
cleavable linker. Since ADCs are supposed to be stable constructs, the cytotoxic payload is only released
after binding to the target. Nevertheless, this approach seems to have some limitations and disadvantages
such as long circulation time and therefore high exposure of healthy tissues, the reduced EPR effect due
to low penetration of the large antibodies into tumor tissue and the expensive and sophisticated synthesis
of these drug conjugates 7. Small-molecule drug conjugates (SMDCs) have been developed to tackle all
these challenges. The low molecular weight of targeting vectors in SMDCs allows a circumventing of prac-

tically all the disadvantages mentioned above.

Prostate cancer is the most common cancer in men and the second-leading cause of cancer death world-
wide 8°. In the management of prostate cancer, the prostate-specific membrane antigen (PSMA) has been
validated as a reliable tumor-associated biomarker and target for diagnosis as well as for therapy of this
disease %1, PSMA is a membrane glycoprotein expressed on prostate tumor cells at significantly higher
concentrations than on healthy tissue. Additionally, PSMA-expression correlates with the grade of metas-

tasis and progression of the tumor, allowing a concise staging and therapy 214,

In the last decade, several PSMA-targeting pharmaceuticals have been developed. Radionuclide-based
PSMA inhibitors like [®®Ga]Ga-PSMA-11 and [*"’Lu]Lu-PSMA-617 have played a significant role in the tre-
mendous progress made in the diagnosis and therapy of prostate cancer 8, Beyond the radionuclide
therapy approach, PSMA-targeted drug conjugates have been also thoroughly investigated. Two PSMA-
targeting ADCs, MLN2704 and PSMA-ADC have even entered clinical studies but failed due to side effects
and lack of tolerability. These disappointing outcomes are probably resulting from the instability of the

ADCs and the subsequent deconjugation as well as the long circulation time of these immunoconjugates

19-21
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Another promising approach to target PSMA was the use of small-molecule high affinity PSMA inhibitors
as homing ligands. Several groups have reported positive results in preclinical studies, thus demonstrating
the potential of SMDCs to circumvent the restrictions on tolerability, safety and efficacy of ADCs 222>,
Developing a small molecule drug conjugate requires a thorough design and the right choice of building
components. The SMDC described in this study consists of three main modules. The targeting unit Kuk-
617 refers to the combination of the PSMA- inhibitor KuE (lysine-urea-glutamate) and the naphthyl-cyclo-
hexyl linker of PSMA-617. This moiety is crucial in the design of targeted drug delivery systems, since it is
responsible for delivering the cytotoxic payload to the desired “address”. Obviously, this cytotoxic payload
needs to be a highly potent drug mostly with a narrow therapeutic window and therefore not applicable
as single drug. Herein the potent antimitotic drug Monomethyl auristatin E (MMAE) was selected which
is part of several ADCs, such as the FDA-approved brentuximab vedotin (ADCETRIS™) 2¢. Besides these
essential components, the linker plays a decisive role in the efficacy, stability and resulting tolerability of
the whole SMDC. In the developed SMDC, a valine-citrulline linker is used to conjugate MMAE to KuE-617.
This dipeptide belongs to the class of enzyme-cleavable linkers. It is cleaved by cathepsin B, which is a

lysosomal protease overexpressed in various forms of cancer, including prostate cancer 2”2,
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Results
Synthesis

The synthesis of MMAE.VC.SA.617 was carried out in a fast and straightforward two-step synthesis. The
commercially available compounds MMAE.VC and NH;-KuE-617 were used as starting components and

were coupled using squaric acid diester as linking unit. The synthesis route is shown in Figure 1.
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Figure 1 Synthesis of MMAE.VC.SA.617

The use of the squaric acid diester as a coupling reagent is particularly suitable because of its ability to
conjugate two amines quickly, selectively and under mild conditions. This asymmetric amidation can be
performed in both aqueous and organic media, which makes it very versatile. It is highly selective towards
amines, making the use of protecting groups on other nucleophilic groups unnecessary. This coupling
method is receiving more and more attention, ranging from the conjugation of bioconjugates and nano-

particles to use in radiopharmaceuticals 231,

In the first step the primary amine of the terminal valine of MMAE.VC was conjugated to squaric acid
diethyl ester through an asymmetric amidation in an aqueous phosphate buffer at pH 7. To improve the
solubility of MMAE.VC, DMSO was added. The reaction resulted in a quantitative conversion of MMAE.VC
to MMAE.VC.SA. monitored by LC-MS. In the second step, MMAC.VC.SA as well as NH,-KuE-617 were
dissolved in Ethanol and in the presence of triethylamine, the second asymmetric amidation took place.

MMAC.VC.SA.617 was isolated in a yield of 43 % by semi-preparative HPLC purification.
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Binding affinity

One of the most important characteristics of drug conjugates is the specific and strong interaction with
the addressed target. In order to evaluate the binding potency of the MMAE-conjugate, we performed a
competitive radioligand binding assay using PSMA-positive LNCaP cells. Furthermore, we determined the
affinity of the drug-free KuE-617 in the same assay to get a better understanding of the effect of conjuga-
tion regarding the interaction within the PSMA binding pocket. The binding affinity of KUE-617 expressed
as the ICso value was in the same range as the clinically-used PSMA radiopharmaceutical PSMA-11 and
PSMA-617. However, the insertion of MMAE resulted in a significant decrease in binding potency (Table
1). It should be noted that the binding of MMAE.VC.SA.617 was demonstrated to be PSMA-specific since
no binding occurs after co-incubation with the potent PSMA inhibitor PMPA, thus blocking of the PSMA

receptors (Figure 2).

8004

600+

o MMAEVC SA G617
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0 . . .
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Figure 2 Concentration-inhibition curve of MMAE.VC.SA.617 compared to MMAE.VC.SA.617 + PMPA (n=3). com: counts per mi-
nute.

Table 1 binding potency of the PSMA-targeted compounds. Values are expressed as Mean + SD

compound 1Cs0 [nM]
PSMA-11 174+16
PSMA 617 15.1+3.8
KuE-617 21.5+1.9
MMAE.VC.SA.617 188.6 £ 24.7
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In vitro cytotoxicity

CellTiter-Blue® Viability Assay

The cytotoxicity of MMAE.VC.SA.617 was evaluated in vitro using Celltiter-Blue®. The conjugation of
MMAE to KuE-617 resulting in the dimeric compound seems to affect in vitro cytotoxicity, since the 1Cso
value of the MMAE conjugate is approx. 100-times higher than the non-conjugated MMAE. Nevertheless,
following the blockade of PSMA receptors by excess addition of PMPA, the cytotoxic effect of
MMAE.VC.SA.617 decreased. Furthermore, co-incubation of the LNCaP cells with the cathepsin inhibitor
E-64 led to a similar decrease in cytotoxicity. This is probably due to the inhibition of cathepsin B, which
is responsible for cleavage of the valine-citrulline linker and thus the subsequent release of MMAE. Table

2 shows the results of the Celltiter-Blue® cytotoxic assay.

Table 2 ICso values of the compounds tested in the Celltiter-Blue® cytotoxic assay. Values are mean + SD

compound 1Cs0 [nM]
MMAE 0.23+0.06
MMAE.VC.SA.617 33.0+4.9
MMAE.VC.SA.617 + PMPA 92.8+8.3
MMAE.VC.SA.617 + E-64 84.4+0.1
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Immunofluorescence studies

To further evaluate the cytotoxic effect of MMAE compared to MMAE.VC.SA.617 we treated LNCaP cells
for 24 h with either MMAE (Figure 4b), MMAE.VC.SA.617 (Figure 3c) or MMAE.VC.SA.617 plus PMPA (Fig-
ure 3d) prior to co-staining with DAPI and a-tubulin antibody. Cells incubated with both MMAE and
MMAE.VC.SA.617 showed a distinctive tubulin disruption resulting in a significant damage of the micro-
tubule cytoskeleton. However, co-incubation with PMPA reduced the cytotoxic effect of MMAE.VC.SA.617

and therefore demonstrated the PSMA-selectivity of this SMDC.

a) Control b) LNCaP + MMAE

c) LNCaP+ MMAE.VC.SA.617 d) LNCaP+ MMAE.VC.SA.617 + PMPA

Figure 3 Immunofluorescent staining of a-tubulin (green) with Alexa fluor 488 a-tubulin antibody. Cell nuclei are counterstained
with DAPI (blue). Images were taken at 20X magnification. LNCaP cells were used as control (a), incubated with either 1 nM MM AE
(b), or 100 nM MMAE.VC.SA.617 (c). PSMA-specific effect was determined by co-incubation of 100 uM PMPA (d).
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Cathepsin B cleavage assay

The cathepsin-specific cleavage of MMAE.VC.SA.617 was evaluated by incubating LNCaP cells at 37 °C with
cathepsin B (Figure 4a). A control experiment was conducted by determining the stability of
MMA.VC.SA.617 in PBS (in the absence of cathepsin) (Figure 4b). Aliquots were taken at different time
points and analysed via liquid chromatography mass spectrometry LC/MS. The concentration of MMAE
increased continuously after incubation with cathepsin B. Complete release from the drug conjugate was

reached after approx. 20 min. In contrast, in the absence of cathepsin B, MMAE.VC.SA.617 remained al-

most stable.
a) b)
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Figure 4 a) Quantification of MMAE release after incubation with cathepsin B; b) control experiment: stability of MMAE.VC.SA.617
in PBS without incubation with cathepsin B.
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Animal studies

In order to specify the pharmacological properties of MMAE.VC.SA.617 we inoculated LNCaP cells into
NOD-SCID mice to generate a xenograft model. Prior to in vivo studies in tumor-bearing mice, we con-
ducted a toxicological study in healthy NOD-SCID mice to determine the maximal tolerable dose of MMAE.
Mice injected with 1 mg/kg MMAE had to be euthanized 5 days post-injection due to massive body-weight
loss (Figure 5).
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Figure 5 Body-weight change (left) and survival curve (right) of NOD-SCID mice after one i.v. injection of MMAE (n=3 mice per
group).

Based on these findings, in vivo therapeutic efficacy studies were conducted with 3 different active drug
concentrations of MMAE.VC.SA.617, namely 0.1 mg/kg, 0.5 mg/kg and 1.0 mg/kg. In the reference group,
mice were injected with either 0.1 mg/kg or 0.5 mg/kg MMAE.

In the MMAE.VC.SA.617 group, mice injected with either 0.5 mg/kg or 1.0 mg/kg seemed to well tolerate
the treatment since body weight remained almost constant and all mice survived until the end of the
experiment. Surprisingly, in the 0.1 mg/kg MMAE.VC.SA.617 group only one mouse survived the treat-
ment. In this group tumor volume increased continuously over time while in the group with the higher
concentrations, treatment seemed to inhibit tumor growth resulting in a constant tumor volume. On the
other hand, 4 mice injected with 0.5 mg/kg MMAE were sacrificed after the 5™ injection due to massive
weight loss. Although one mouse survived and was cured after the 4™ injection, the treatment led to a
weight loss of about 40 % indicating the toxicity of therapy with this MMAE concentration. In contrast, all
animals survived in the 0.1 mg/kg MMAE group. However, tumor volume remained constant so that tu-

mor regression could not be observed.
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Figure 6 Antitumor effect and tolerability of MMAE and MIMAE.VC.SA.617. a) body weight change of animals injected vial tail vain
with different doses of MMAE.SA.617 and b) MMAE. Grey arrows indicate time of injection. b) + ¢) monitoring of tumor volume
development of mice during and post treatment. Values are mean + SD (n=5). e) + f) Kaplan-Meier survival curves.
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Discussion

The development of strategies for selective drug delivery is one of the most important research fields in
the fight against cancer. Herein we described a small-molecule drug conjugate consisting of the potent
antimitotic drug MMAE and the high affinity PSMA inhibitor derivative KuE-617. Both entities are linked
via a valine-citrulline linker. The design, synthesis and subsequent in vitro and in vivo evaluation were per-
formed in several steps.

The compound MMAE.VC.SA.617 was synthesized in a fast and straightforward 2-step synthesis. The two
units of the compound, the drug-linker conjugate MMAE.VC and the PSMA-binding unit KuE-617, were
conjugated via asymmetric amidation using a squaric acid linking unit. In the first step, squaric acid had to
be added every second day, as it was observed via LC-MS to be consumed during the reaction. After 8
days, MMAE had been quantitatively converted. In this case, the amidation was carried out in an aqueous
buffer solution, as the progress of the reaction is controlled by the pH value. However, since the MMAE
conjugate did not dissolve completely in water, DMSO was added. The second stage of the reaction was
carried out in ethanol. In the organic medium, triethylamine was added as a base to enable the second
asymmetric amidation of the squaric acid linker unit. The final compound MMAE.VC.SA.617 was obtained

after semi-preparative HPLC purification.

The PSMA-binding affinities of MMAE.VC.SA.617 as well as of the drug-free conjugate KuE-617 were de-
termined in a cell-based radioligand competitive assay. The I1Cso value of KuE-617 was in the low nanomo-
lar range, similar to the chelator-based PSMA radioligands PSMA-617 and PSMA-11 (21.5+ 1.9 nM, 15.1
+ 3.8 nM and 17.4 + 1.6 nM respectively). However, the insertion of MMAE led to a significant decrease
in PSMA-binding affinity resulting in nearly 10-fold higher ICso value than KuE-617 (188.6 + 24.7 nM vs.
21.5 £ 1.9 nM) indicating that the conjugation of KuE-617 to MMAE had a negative impact on binding
affinity of the PSMA inhibitor, probably due to changes in the conformation of the drug conjugate and its

orientation within the PSMA binding pocket.
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In the field of drug targeting, selecting a potent drug is as important as designing a high affinity targeting
unit. The cytotoxic drug used herein is the tubulin inhibitor MMAE, which is already used in several ADCs
263233 To characterize the pharmacological properties of the MMAE-conjugate we determined its cyto-
toxicity using CellTiter-Blue®. This assay is based on the ability of viable cells to transform resazurin into
the fluorescence-emitter resorufin. Thus, the fluorescence signal correlates with cell viability. The I1Cso
value of the single drug MMAE was as expected in the picomolar range whereas the cytotoxicity of
MMAE.VC.SA.617 was about 100-fold lower (0.23 + 0.06 nM vs. 33.0 + 4.9 nM). This could be related to a
potential decrease in lipophilicity of MMAE.VC.SA.617 due to the added carboxylic groups of the KuE unit
and the ureido group of citrulline resulting in a reduction in passive diffusion through the cell membrane.
Another possible reason could be an incomplete release of MMAE within tumor cells as a result of a low
cathepsin B level in LNCaP cells or even an impaired internalization ratio. Nevertheless, the PSMA-specific
uptake of MMAE.VC.SA.617 could be demonstrated by blocking PSMA receptors using PMPA which leads
to a 3-times lower cytotoxicity (92.8 + 8.3 nM). Additionally, the inhibition of cathepsin B via co-incubation
with E-64 and the resulting decrease in cytotoxicity proved the essential role that this enzyme plays in the
cleavage of the valine-citrulline linker and the subsequent release of MMAE. This enzyme-dependent
cleavage of the dipeptide linker is a crucial feature in targeted therapeutics, since the active drug should

be released only after uptake in tumor cells.

In a further step, we tried to better characterize the cytotoxicity of MMAE.VC.SA.617 using immunofluo-
rescence imaging. It is known that the antimitotic drug MMAE acts by inhibiting the a-tubulin polymeri-
zation. This could be proved with the conducted Immunofluorescence studies which showed a distinctive
disturbance in tubulin formation of LNCaP cells incubated with either MMAE or MMAE.VC.SA.617 (Figure
3b-c). The cytotoxic effect of MMAE.VC.SA.617 could be reduced by co-incubation with PMPA and thus
blocking of PSMA receptors (Figure 3d). These results were in accordance with the findings described

above.

The targeted delivery of cytotoxic drugs to tumor cells requires not only binding to tumor-associated
structures but also a specific release of the conjugated drug in tumor tissue. The SMDC described herein
includes a valine-citrulline linker, which is one of the commonly used linkers in ADCs 3*3, Valine-citrulline
is cleaved by enzymes of the cathepsin-family, especially cathepsin B, which is highly expressed in tumor
cells 2737106197 | order to verify the cathepsin-specific cleavage of MMAE.VC.SA.617, the ratio of MMAE
over time in the presence or absence of cathepsin B was quantified (Figure 4a-b). As expected, MMAE
could be released completely after about 20 min of incubation with cathepsin B whereas

MMAE.VC.SA.617 remained almost stable in PBS.
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Based on the positive results obtained from the in vitro assays, animal studies were performed in order
to characterize the in vivo profile of MMAE.VC.SA.617 in terms of antitumor effect and tolerability.
Thereby, the single drug MMAE is used as reference. According to the results from the toxicity study, two
different concentrations of MMAE.VC.SA.617 were selected: 0.1 mg/kg and 0.5 mg/kg MMAE respec-
tively. Additionally, we decided to treat one group with 1 mg/kg MMAE.VC.SA.617. This MMAE concen-
tration was found to be toxic in non-tumor-bearing NOD-SCID mice, since all animals died after only one

injection (Figure 5).

Animals treated with 0.1 mg/kg MMAE survived until the end of the experiment. Although the treatment

was well tolerated, the tumor volume remained constant so that no tumor regression could be observed.

Surprisingly, four mice treated with 0.1 mg/kg MMAE.VC.SA.617 died before the end of the experiment
due to grave body weight loss and large tumor volume. These unexpected results could be attributed to
insufficient drug delivery into the tumor tissue. As concluded from in vitro studies the cytotoxicity of the
MMAE conjugate was ten-fold of magnitude lower than the single drug MMAE, which could have different
reasons as explained above. This loss in cytotoxicity could not be compensated by the active PSMA-tar-
geting since MMAE.VC.SA.617 displayed a moderate binding affinity. Despite these unexpected results in
the 0.1 mg/kg MMAE.VC.SA.617 group, the tolerability of MMAE.VC.SA.617 in the two other concentra-
tions 0.5 mg/kg and 1.0 mg/kg could be demonstrated (100 % animal survival). Consequently,
MMAE.VC.SA.617 seems to be stable in mouse blood, since no toxic side effects occurred in these groups
even after 8 i.v. injections. Moreover, tumor growth could be effectively inhibited. On the other hand,

only one mouse survived in the 0.5 mg/kg MMAE group, indicating a severe toxicity of the single drug.

In summary, the synthesized MMAE.VC.SA.617 was proved to be selective in terms of PSMA binding and
cytotoxicity toward PSMA-positive LNCaP cells. The in vitro cleavage of the valine-citrulline linker by ca-
thepsin B has also been demonstrated. Animal studies have shown a good tolerability of MMAE.VC.SA.617
even at high concentrations. In addition, tumor growth could be effectively inhibited in both the 0.5 mg/kg

and 1.0 mg/kg groups.
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However, further optimization of the chemical structure of the MMAE SMDC is required to improve the
PSMA binding affinity and the cytotoxicity of the compound. Possible approaches would be on the one
hand, the use of a target vector with a higher PSMA binding affinity than KuE-617, on the other hand the
use of a different linker/ spacer either to enhance the lipophilicity of the molecule and thus the passive
diffusion through the cell membrane or to avoid a possible interaction of MMAE with the targeting unit,
which could lead to a change in the conformation of the SMDC and therefore to a disadvantageous orien-

tation within the PSMA binding pocket.

Materials and Methods
4.1. General

Chemicals were purchased from Sigma-Aldrich, Merck, VWR, AcrosOrganics and TCl. MMAE.VC was pur-
chased from Hycultec GmbH and PSMA-617-NH; from Huayi Isotopes Co. Deuterated solvents for NMR
spectra from Deutero. Silica gel 60 F254 coated aluminum plates from Merck were used for thin layer
chromatography. NMR measurements were performed on an Avance Ill 600 spectrometer (600 MHz,
5mm TCI CryoProbe sample head with z-Gradient and ATM and SampleXPress Lite 16 sample changer)
from Bruker. The LC/MS measurements were performed on an Agilent Technologies 1220 Infinity LC sys-
tem coupled to an Agilent Technologies 6130B Single Quadrupole LC/MS system. Semi-preparative HPLC
purification was performed on a 7000 series Hitachi LaChrom using a semi-preparative LiChrospher 100

RP18 EC (250 x 10 mm) 5 u column.

4.2. Organic Synthesis
MMAE.VC.SA

MMAE.VC (20 mg, 0.018 mmol) was dissolved in 0.5 M phosphate buffer pH 7 (500 uL) and DMSO (500
pL). 3,4-Diethoxycyclobut-3-ene-1,2-dione (5 mg, 4 pL, 0.027 mmol) was added and stirred for 8 days.
Every second day 0.5 eq of 3,4-Diethoxycyclobut-3-ene-1,2-dione were added. The solvent was removed

via lyophilisation and the product was used in the next step without purification.

MS (ESP) 236.0 ([M+H]+/2), calculated for CeaHogN10015:1246.72 [M]+
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MMAE.VC.SA.617

MMAE.VC.SA (20 mg, 0.016 mmol) and PSMA-617-NH, (10 mg, 0.016 mmol) were dissolved in ethanol (3
mL). Triethylamine (50 pL) was added and the reaction mixture was stirred for 6 days. The solvent was
removed under reduced pressure. MMAE.VC.SA.617 was obtained as white powder (14.2 mg, 43 %) after
HPLC purification (LiChrospher 100 RP18 EC (250 x 10 mm) 5 g, flow rate: 5 mL/min, H,O/MeCN + 0.1 %
TFA, 45 % to 55 % MeCN in 20 min, tg = 9.0 min).

MS (ESI*): 929.0 ([M+H]*/2), calculated for CgsH137N15023: 1857.22 [M]*.

'H NMR (600 MHz, EtOD-ds) & [ppm] = 7.77 (dd, J = 19.3, 9.2 Hz, 2H), 7.69 (d, J = 31.8 Hz, 3H), 7.41 (t, J =
7.9 Hz, 5H), 7.30 (dt, J = 15.4, 7.4 Hz, 3H), 7.24 — 7.15 (m, 1H), 5.18 (dt, J = 28.3, 15.2 Hz, 1H), 5.07 (d, J =
11.7 Hz, 1H), 4.93 (d, J = 31.6 Hz, 1H), 4.32 - 4.04 (m, 4H), 3.93 — 3.87 (m, 1H), 3.84 (s, 1H), 3.70 (s, 3H),
3.45 (d, J = 14.1 Hz, 2H), 3.41 -3.26 (m, 9H), 3.23 (s, 1H), 3.11 (d, J = 15.3 Hz, 3H), 2.96 (td, /= 18.7, 7.0
Hz, 3H), 2.52 (s, 1H), 2.34 — 2.15 (m, 3H), 2.06 (s, 1H), 2.01 = 1.77 (m, 2H), 1.75—1.27 (m, 12H), 1.27 - 1.16
(m, 6H), 1.08 — 0.69 (m, 28H).

4.3. In vitro binding affinity

LNCaP prostate cancer cells (purchased from Sigma-Aldrich) were cultured in RPMI 1640 (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific), 100 pg/ml streptomycin,

and 100 units/ml penicillin at 37°Cin 5% CO..

LNCaP cells were incubated for 45 min with different concentrations of the MMAE-conjugates in the pres-
ence of 0.75 nM [%8Ga]Ga-PSMA-10. Free radioactivity was removed by several washing steps with ice-
cold PBS. Probes were measured in a y-counter (2480 WIZARD? Automatic Gamma Counter, PerkinElmer).

Obtained data were analyzed in GraphPad Prism 9 using nonlinear regression.
4.4, CellTiter-Blue® Viability Assay

10 cells per well were seeded in a 96-well plate for 24 h prior to incubation with increasing concentrations
of either MMAE (0.1 nM to 0.5 uM) or MMAE.VC.SA.617 (2.5 nM to 10 puM). Subsequently 20 uL of
CellTiter-Blue® Reagent were added in each well and incubated for 2 h at 37°C. For blocking studies, 2.5
nmol of PMPA was added to each well prior to incubation with SMDC. Fluorescence (560¢/590em) Was

recorded using a Tecan Spark multimode reader.
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4.5. Immunofluorescence studies

2000 cells/well were seeded in Nunc® Lab-Tek® Il - CC2™ Chamber Slide™ (Sigma Aldrich) and incubated
with the test compounds at 37 °C for 24 h. After fixation with 4 % PFA, cells were permeabilized with 0.5
% Triton X-100 for 15 min at room temperature. Cells were then washed several times with PBS and
blocked with 3 % BSA in PBS for 1 h at room temperature. a-tubulin staining was performed by incubating
the cells with alpha-Tubulin Antibody, Alexa Fluor® 488 conjugate (B-5-1-2) (ThermoFisher Scientific) at a
final concentration of 2 ug/mL for 3h at room temperature. Counterstaining with DAPI was carried out
with ProLong™ Gold Antifade Mountant with DAPI (ThermoFisher Scientific) according to the manufac-

turer’s protocol. Cells were visualized using a fluorescence microscope (Keyence BZ-8000) at 20x.
4.6. Cathepsin B cleavage assay

Cathepsin B from human liver (Sigma Aldrich) was activated by incubation at room temperature with
30 mM dithiothreitol DTT and 15 mM EDTA at pH 5.5. Subsequently, 2.5 uM of the activated cathepsin B
was added to 25 uM of MMAE.VC.SA.617 and incubated at 37 °C. Aliquots were taken at different time
points. The enzymatic activity of cathepsin B was blocked by adding 1 uL of E-64 (1 mM) in each vial.
Samples were analyzed using an Agilent Technologies 1220 Infinity LC system coupled to an Agilent Tech-

nologies 6130B Single Quadrupole LC/MS system.
4.7. Animal studies

Animals used for the biodistribution studies were obtained from the breeding facilities of the Institute of
Biosciences and Applications, NCSR “Demokritos”. Our experimental animal facility is registered according
to the Greek Presidential Decree 56/2013 (Reg. Number: EL 25 BIO 022), in accordance to the European
Directive 2010/63 which is harmonized with national legislation, on the protection of animals used for
scientific purposes. All applicable national guidelines for the care and use of animals were followed. The
study protocol was approved by the Department of Agriculture and Veterinary Service of the Prefecture

of Athens.
4.7.1. Toxicology study in healthy NOD-SCID mice

Prior to the therapeutic efficacy study in LNCaP tumor-bearing mice, a toxicology study is carried on
healthy NOD-SCID mice to determine the tolerable dose of the single drug MMAE. Nine NOD-SCID mice
were divided into 3 groups and received a single dose of MMAE. Group A received 0.1 mg (54 nmol)/kg
body weight, Group B received 0.5 mg (270 nmol)/kg body weight while Group C received 1 mg (540
nmol)/kg body weight. Mice injected with 1 mg/kg MMAE had to be euthanized 5 days post-injection due

to massive body-weight loss.
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4.7.2. Therapeutic efficacy study in LNCaP tumor-bearing NOD-SCID mice

A therapeutic efficacy study of the MMAE.VC.SA.617 vs MMAE was performed in six groups of LNCaP
tumor-bearing NOD/SCID mice, two of which acted as reference groups while an additional group acted
as the control group. LNCaP cells were cultured in RPMI-1640 medium of pH 7.4, supplemented with 10%

FBS, 100 U/mL of penicillin, 100 pg/mL of streptomycin, 2 mM glutamine, 10

mM HEPES and 1 mM sodium pyruvate. Cell cultures were maintained in 75 cm? flasks, grown at 37°C in
5% CO; in a humidified atmosphere and the medium was changed approximately every 72 hours (doubling
time is about 40 hrs). Cells in exponential phase of growth were harvested by a 10 min treatment with a
0.05% trypsin—0.02% EDTA solution and neutralized with medium containing serum immediately. Cultures
at passages 8—10 were used for the experiments. For the LNCaP xenograft development, cells were sus-
pended in 100 pL in RPMI-1640 medium (supplemented as described above) and 100 uL Matrigel (ratio
1:1) (1x10° cells/200 pL) and maintained on ice until the inoculation. All equipment (syringes and needles)
was chilled on ice prior to use in tumor cell inoculation. The mice were subcutaneously inoculated on the
left shoulder with the LNCaP cells. The tumor-bearing animals were ready for experimentation approxi-

mately 14 days after cell inoculation.

The six groups of experimentation were as follows:

Group A: MMAE 0.1 mg/kg mouse body weight (reference group A)
Group B: MMAE 0.5 mg/kg mouse body weight (reference group B)
Group C: MMAE.VC.SA.617, 0.1 mg/kg mouse body weight

Group D: MMAE.VC.SA.617, 0.5 mg/kg mouse body weight

Group E: MMAE.VC.SA.617, 1 mg/kg mouse body weight

All groups of mice were intravenously injected twice a week, for the first 5 doses of MMAE,
MMAE.VC.SA.617 or saline, and then an additional 3 doses once a week, resulting in a total of 8 doses
over a period of 7 weeks. Body weight and tumor volume were assessed on each day of i.v. injection, and
every 3-4 days after the end of treatment administration, to 52 days after the initiation of the therapeutic

efficacy study.
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Abstract

Background: Prostate cancer (PCa) is one of the most common cancer types worldwide. 90 % of men with
late stage PCa will develop bone metastases. [/’Lu]Lu-PSMA-617 therapy is often not as successful in
patients with bone metastases as in patients without bone metastases. Since the expression level of PSMA
(prostate-specific membrane antigen) in bone metastases can also vary significantly, a compound is being
searched for which accumulates in bone metastases independently of tumour stage and PSMA level. With
DOTA-L-Lys(SA.Pam)-PSMA-617, we present in this paper a compound that, in addition to a PSMA inhibi-
tor as a target vector, also contains a bisphosphonate that is established as a bone tracer and thus com-
bines the advantages of PSMA targeting and bone targeting. The molecule can be labelled with ’Lu via

the DOTA chelator and used for the therapy of PCa-related bone metastases.

Results: [Y’Lu]Lu-labelling of DOTA-L-Lys(SA.Pam)-PSMA-617 showed quantitative RCY within 10 minutes
and a high complex stability over a period of 14 days. The lipophilicity of the labelled compound was
similar to the lipophilicity of the reference compound [*7Lu]Lu-PSMA-617 (-2.29 +0.12 % vs. -2.23 + 0.20)
and showed an excellent and selective HAP binding of 98.2 + 0.11 %. With a K; of 42.3 £ 7.7 nM the PSMA
binding affinity is lower in comparison to [*’’Lu]Lu-PSMA-617. First ex vivo biodistribution studies with
LNCaP tumor-bearing Balb/c mice showed a PSMA dependent tumor accumulation of 4.2 £ 0.7 %ID/g and
a femur accumulation of 3.4 £ 0.4 %ID/g. High tumor-to-blood and bone-to-blood-ratios (210 and 170)

were also achieved.

Conclusions: [Y7Lu]Lu-DOTA-L-Lys(SA.Pam)-PSMA-617 is a promising compound for therapy of PCa re-
lated bone metastases. Accumulation on the bone metastases via two mechanisms also enables the treat-
ment of bone metastases that show little or no PSMA expression. The DOTA chelator also enables a

theranostic approach of the compound.

Keywords: PSMA, Bisphosphonate, Pamidronate, Bone metastases, prostate cancer, Lutetium-177
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Introduction

Prostate cancer (PCa) is one of the most commonly diagnosed cancer diseases in the world and one of the
leading causes of cancer-related deaths worldwide ®. The 5-year survival rate for early diagnosed and lo-

calised PCa is 98 %. However, if metastases have already formed, the rate drops to 30 % 2.

The introduction of prostate-specific membrane antigen (PSMA) as a molecular target has revolutionised
the diagnosis and treatment of PCa. In recent years, there has been a rapid increase in new radiopharma-
ceuticals for diagnosis and targeted radionuclide therapy of PCa **. Particularly small molecule-based
PSMA ligands have received a lot of attention >°. The type Il transmembrane glycoprotein PSMA or gluta-
mate carboxypeptidase Il (GCPII) consists of 750 amino acids and is located in the cell membrane of pros-
tate epithelial cells. Usually, PSMA expression is upregulated in PCa and correlates with the severity of the
disease. Apart from PCa, PSMA is physiologically expressed only in few normal tissues, such as the kidney
and the salivary glands ’. Upon binding of a substrate to PSMA, internalisation occurs. With regard to

therapy, a targeted and irreversible uptake of the therapeutic nuclide into the PCa cell is thus possible 8.

The most commonly used PSMA inhibitors are based on urea derivatives. The currently most promising
PET-PSMA radiopharmaceutical is PSMA-11, which can be labelled with %Ga *1°. PSMA-617, labelled with
77Lu ([Y7Lu]Lu-PSMA-617, Lu-PSMA) is the most important therapeutic compound until now 7112, The
results of the clinical phase Ill study have just been published. The so-called VISION study demonstrated
a good tolerability of the [Y’Lu]Lu-PSMA-617 therapy along with an increase in the overall survival rate.

Hence, introduction of [*”’Lu]Lu-PSMA-617 as standard treatment is recommended 3.

Most men with advanced PCa develop bone metastases *. This affects about 90 % of men with late stage
PCa '°. The presence of bone metastases is a negative indicator for the survival of the patient. The
WARMTH study has shown that the overall survival rate of patients with bone metastases treated with
[*”7Lu]Lu-PSMA-617 is lower than when there is no metastasis 6. Independently of this, bone metastases
cause a significant reduction in quality of life due to, e.g., pain or compression of the spinal cord and nerve

roots or the displacement of red bone marrow, which appears especially in advanced PCa 7.

While metastasis in bone tissue can be osteoblastic, osteolytic or mixed forms, PCa-related metastases
are usually osteblastic ¥, In both cases, the hydroxyapatite (HAP), the mineral material of the bone, is
uncovered. The release takes place either by degradation of the bone by osteoclasts (osteolytic lesion) or

by rebuilding and remodelling of the bone (osteoblastic lesion) 2°.
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Over the last 40 years, bisphosphonates have become established as drugs for various bone diseases L.
The efficacy of these pyrophosphate derivatives is based on a high affinity to HAP, which is due to the
chelation of the calcium ions of HAP 22, Bisphosphonates, such as MDP (methylene diphosphonate) or
EDTMP (ethylenediamine tetra(methylene phosphonic acid)), are acyclic phosphonic acids that can both
complex a radionuclide and adsorb to HAP, enabling diagnosis or therapy via the radioactivity of the nu-
clide 23, [**3Sm]Sm-EDTMP is used, for example, for reduction of bone metastases-induced pain 2*. In ad-
dition, there are bisphosphonates that are functionalised with a chelator that enables the radiolabelling.
These include compounds such as BPAMP 2° or the most promising [*7’Lu]Lu-DOTAZ°-26:27,

One of the first clinically investigated nitrogen-containing bisphosphonate is pamidronate (Pam). The con-
jugation of Pam to squaric acid (SA) not only allows an easy and rapid conjugation with other moieties,
such as chelators %8, but also supports the antiresorptive effect of the bisphosphonate due to the presence
of an amine component at this position 2°3°. This is also the case, for example, with the highly potent
bisphosphonate zolendronate 2¢%72°, Unpublished data indicate that SA.Pam has a higher bone uptake

than, for example, DOTAZ,

Prostate cancer can vary widely in the expression of PSMA. It is known that primary tumors and especially
metastases can be PSMA-negative313%, This can also be the case for bone metastases 333%. Here it was
shown that there is a high correlation between bone metabolic activity and cancer-related PSMA expres-
sion in bone lesions at early stages of the disease, implying that bone metastases have significantly high
PSMA expression at early stages. In later stages, this correlation is increasingly absent or there is a greater
deviation, which implies a lower PSMA expression in bone metastases 3. The reasons for this heteroge-
neous expression are manifold and many effects can play a role. These can be the complex biochemical
and pathobiological processes due to genetically and non-genetically induced differentiation types of the
tumor and the metastases in the progress of the disease >3%3637 Another influence can be, for example,

the type of therapy 3.

It was found, that low average PSMA expression in metastases is associated with a shorter overall survival
rate. At the moment, itis not yet clear whether patients with low PSMA-levels benefit from a therapy with
lutetium-177 labelled PSMA-617 3. Therefore, there is a need for a compound that can accumulate at
PCa-related bone metastases independently of tumor-stage and PSMA-level. In terms of imaging, differ-
ent pairs of PSMA PET-tracers and bone scan agents have been studied in the past with varying results in

their performance 353843,
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The combination of the advantages of PSMA targeting and bone targeting in one compound would reduce
the complexity of the treatment, enables expression-independent therapy of bone metastases and thus
would be favourable. In this way, bone metastases can be treated via two mechanisms, the possible PSMA
expression and the imbalanced metabolic mechanism of the bone cells. In this study, we developed a
chimeric compound containing the highly affine PSMA inhibitor KuE on the one side and a bisphosphonate
drug (pamidronate, Pam) on the other side. Both targeting moieties are coupled to the DOTA chelator and
can therefore be used for endoradiotherapy with e.g., lutetium-177. Furthermore, we used the PSMA-
617 linker for coupling the KuE unit to DOTA, since it has been proven that this linker plays an important
role in enhancing the PSMA binding affinity /. Moreover, pamidronate was coupled to DOTA via squaric
acid amide, which has also shown a positive impact in terms of simplified synthesis and improved phar-

macokinetics %4
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Results
Organic synthesis of DOTA-L-Lys(SA.Pam)-PSMA-617

The synthesis of DOTA-L-Lys(SA.Pam)-PSMA-617 was divided into three parts. First the solid-phase based
synthesis route of the PSMA-617 motif (6) based on the synthetic route developed by Benesova et al. ’
(Figure 1). The bisphosphonate-based target vector (8) unit was synthesized in a two-step synthesis (Fig-
ure 2). Both target vectors were then combined in a third synthesis step using lysine as a linking bridge

and functionalised with a DOTA chelator for radiolabelling (Figure 3).

The eight-step solid-phase synthesis of the PSMA-617-backbone (Figure 1) started from L-lysine which is
bound to a Wang-resin. In the first step, an isocyanate was generated by adding triphosgene to bis(tert-
butyl)-L-glutamate, which was then added to the Fmoc-deprotected lysine-resin to generate the KuE unit
of the PSMA inhibitor. To add the PSMA-617-linker unit, the alloc protecting group of the side chain amine
of 1 was removed by reduction. This was followed by addition of the amino acids 3-(2-napthyl)-L-alanine
and 4-aminomethylcyclohecxane-OH (4-Amc-OH) to the side chain amine of lysine, using a standardised
solid-phase based peptide synthesis protocol with HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-tri-
azolo[4,5-b]pyridinium 3-oxide hexafluorophosphate) as coupling reagent. The final solid-phase bound
and protected PSMA-617-target vector motif (5) was obtained. The Fmoc protecting group of the ami-

nomethylcyclohexane group was removed for further functionalisation.
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Figure 1 Synthesis scheme of the resin bound PSMA-617 backbone.
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The second target vector, the squaric acid conjugated bisphosphonate pamidronate (8) was synthesized
in a two-step synthesis with an overall yield of 28 % (Figure 2). According to literature, B-Alanine was
transformed into pamidronate (7) using phosphorus acid and phosphorus trichloride *°. This was followed

by an asymmetric amidation to conjugate the amine of the bisphosphonate to the squaric acid ester.

O, O
(o]
o a) 2 H3PO3, PClzin Sulfolan, 75 °C, 3 h j;/( o H,0.P PO<H
Pt b) H20, 105 °C 3 h H203R PO3H, /0 SN 2)4 a2
H,N OH > HZN/\XOH d ” OH
7 0.5 M phosphate buffer pH 7 F
r,2d 8

Figure 2 Synthesis scheme of the pamidronate target vector (8)

The final part of the synthesis was the conjugation of the two target vectors 6 and 8 and the DOTA-chela-
tor using lysine as bridging unit (Figure 3). First, protected lysine was conjugated to the free amine of the
resin bound compound 6. After Fmoc deprotection, DOTA-Tris(tert-butyl ester) was conjugated. Both
steps were carried out with HATU as reagent for amide formation. This reaction led to the complete pro-
tected and resin bound compound 11. This compound was completely deprotected under acidic condi-
tions and removed from the solid phase. In the further process of the reaction, protective groups are no
longer necessary, as the following asymmetric amidation is highly selective for amines. Compound 12 was
purified via semi preparative HPLC resulting in a yield of 4 % after the amide formation steps. Finally, the
second target vector Pam.SA (8) was added - this was done via the asymmetric amidation of the squaric
acid monoester and the free amine of compound 12. Due to poor solubility of the bisphosphonate 8 in
organic solvents, this reaction was carried out in aqueous phosphate buffer at a pH value of 9. The final
compound 13 was purified via semi-preparative HPLC with a yield of 84 %. The entire compound DOTA-L-
Lys(SA.Pam)-PSMA-617 was prepared in 15 steps with a total yield of 1 %.
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Radiochemical evaluation with lutetium-177

Radiolabelling of compound 13 with lutetium-177 was carried out at 95°C in 1 mL of ammonium acetate
buffer (1 M, pH 5.5). The radiochemical yield (RCY) as a function of precursor amount (5 to 30 nmol) was

evaluated and illustrated in figure 4.
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Figure 4 Labelling kinetics of [177Lu]Lu-13 for various amounts of precursor at 95 °C in 1 M ammonium acetate buffer pH 5.5 at 95
°C. Precursor amounts of > 10 nmol resulting in RCYs of > 96 % after 10 min.

For substance amounts higher than 10 nmol, radiochemical yields of over 90 % were already achieved
after 5 min. The RCY was almost quantitative after 10 min. In contrast, with a substance quantity of
5 nmol, the RCY obtained after 5 min was of only 75 %. In the further progress of the reaction, the yield
increased to 85 %, but then stagnated there indicating that the labelling kinetics are depending on the
amount of the precursor. RCY and radiochemical purity were analysed by radio-TLC and radio-HPLC. On
radio-TLC the labelled compound [’Lu]Lu-13 showed a Rs of 0.0, while free unlabelled [*"’Lu]Lu®** showed
a R of 0.8 — 1 in citrate buffer as mobile phase. On analytical radio-HPLC, the compound had a retention

time (tr) of 9.8 min.

Since the stability of the ligand-chelator conjugate is crucial for a translational use, complex stability stud-
ies were carried out different media (phosphate buffered saline (PBS), isotonic saline (NaCl) and human

serum (HS)). Results are shown in figure 5.

162



100

95
90 1
85

80

—i— PBS
75

70 —8&— NaCl

65 HS

stability / %

60
55

50
0 2 4 6 8 10 12 14

time / days

Figure 5 Stability studies of [V77Lu]Lu-13 in different media for 14 d. [*77Lu]Lu-13 is stable in PBS and NaCl. The stability in HS
decreases to 93 % after 9 days.

In PBS and saline, [Y’Lu]Lu-13 showed > 98 % intact conjugate even after 14 days. Stability in human
serum decreases slightly. However, after 9 d, 93 % are still intact. Stability is preserved and even after 14
days the stability in HS is still at 93 %.

The lipophilicity of the compound was determined via the equilibrium distribution in a mixture of n-oc-
tanol and PBS using the shake flask method. LogD7.4 values of [Y”’Lu]Lu-13 and the reference compound
[Y7Lu]Lu-PSMA-617 are shown in table 1. The lipophilicity of the lutetium-labelled compound 13 was sim-
ilar to the lipophilicity of [*’Lu]Lu-PSMA-617.

Table 1 Experimentally determined logD;.4 values of [V”7Lu]Lu-13 and the reference [*”’LuJLu-PSMA-617

Compound logD;.4 (n-octanol/PBS)
[*Lu]Lu-13 -2.29+0.12
[*Lu]Lu-PSMA-617 -2.23+0.20
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Binding studies on hydroxyapatite (HAP)

The Ca-containing hydroxyapatite is found in mammal bones 6. Crystalline HAP is therefore suitable as a
model compound to investigate the accumulation potential of bisphosphonates to the bone structure or
bone metastases in vitro. Figure 6 shows the enrichment of [*/Lu]Lu-13, [*’Lu]Lu-PSMA-617 and free
[Y7Lu]Lu to HAP in comparison to the enrichment of [Y’Lu]Lu-13 and free [*"’Lu]Lu®" to HAP previously

blocked with pamidronate.
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Figure 6 Percent enrichment of [Y77Lu]Lu-13 (98.2 + 0.11 %), [7Lu]Lu-PSMA-617 (4.77 + 1.35 %) and free [*77Lu]Lu3* (99.89 + 0.02
%) to HAP in comparison to the percent enrichment of [Y7Lu]Lu-13 (7.31 + 1.08 %) and free [7Lu]Lu3* (4.89 + 0.51 %) to HAP
previously blocked with pamidronate.

Uncomplexed lutetium cation [Y7Lu]Lu3*is known for its high affinity towards HAP “¢. Therefore, it was
used as positive sample. In this study, it showed a HAP-binding of 99.89 + 0.02 %. [*’’Lu]Lu-13 also showed
also a nearly complete enrichment at the HAP surface (98.2 + 0.11 %), comparable to the free lutetium
cation. In contrast, [*/’Lu]Lu-PSMA-617 displayed no notable binding (4.77 + 1.35 %). To evaluate the se-
lectivity of binding, HAP was blocked with an excess of pamidronate prior to incubation with the test
compounds. The binding of [*’Lu]Lu-13 (7.31 *+ 1.08 %) as well as [*”’Lu]Lu®* (4.89 + 0.51 %) decreased

significantly, indicating a specific binding to the calcium ions of the apatite structure.
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In vitro affinity assay

In a further step, we evaluated the PSMA binding affinity of compound 13 in a competitive radioligand
assay and compared the calculated K; value to the inhibition constant values of compound 12 to evaluate
the influence of the SA.Pam unit and to PSMA-617 as seen in table 2. Compound 13 showed good binding
affinity similar to that of ["'Lu]Lu-13, thus indicating that radionuclide complexation does not have any
impact on PSMA-binding. However, the bisphosphonate-free PSMA tracer DOTA-L-Lys-PSMA-617 (com-
pound 12) displayed 2-fold higher binding potency than the pamidronate-PSMA conjugates, indicating an
influence of the SA.Pam unit. In addition, the binding affinity of the reference compound PSMA-617 in
this assay is also higher than in comparison to compound 13. Compound 12 shows a comparable affinity

to PSMA-617.

Table 2 Inhibition constant values of PSMA ligands. Values are mean +SD.

Compound Ki [nM]
compound 13 52.6+3.5
["tLu]Lu-13 423+7.7
compound 12 (DOTA-L-Lys-PSMA-617) 19.7+3.3
PSMA-617 6.9+1.3
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ex vivo studies

Biodistribution studies of [Y’Lu]Lu-13 were performed using LNCaP tumor-bearing Balb/c mice. The accu-
mulation of the ’’Lu-labelled tracer in several organs was determined and illustrated in figure 7. Although
the accumulation of the tracer in both tumor and femur were similar (4.2 £ 0.7 %ID/g and 3.4 + 0.4 %ID/g
respectively), the bone-uptake was, in contrast to tumor-uptake, not PSMA-specific since it could not be
blocked by the PSMA inhibitor PMPA (2-(Phosphonomethyl)pentanedioic acid). Additionally, [*’Lu]Lu-13
showed the highest accumulation in the kidneys 16.5 +2.1 %ID/g, which seems to be PSMA-specific since
it could be reduced by co-injection of PMPA. In contrast, the uptake in the liver as well as in the spleen
was PSMA-unspecific. Noteworthy is the high tumor-to-blood and bone-to-blood ratios (210 and 170 re-

spectively) resulting from a minimal accumulation in the blood.

20"
B [*7Lu)Lu-13
B [*77Lu]Lu-13 + PMPA
154
[e]0]
S~
a
= 101
X
5-
O' T .;-I T T _-r_l ﬁ
N > & O & < Q & g @ 2
o > Q O > . ) N < N
& N \O (‘4 N & & X S o)
S A\ B \(\a} -6&9 6‘0 )
N\
N
6@
[\

Figure 7 Biodistribution of 0.5 nmol [*77Lu]Lu-13 at 24 h p.i. (n=3). PSMA-selectivity was assessed by co-injection of 1,5 mol PMPA.
Data are % injected dose per gram tissue.
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Discussion

Due to the heterogeneity in PSMA-expression of many bone metastases, the dual-targeting strategy could
be an advantageous approach in the treatment of prostate cancer-related bone metastases. A new het-
erodimeric compound containing a PSMA inhibitor target vector, a bisphosphonate drug and a DOTA che-
lator was developed and evaluated regarding radiolabelling, lipophilicity, HAP binding, in vitro affinity to-

wards PSMA and ex vivo kinetic properties.
The compound DOTA-L-Lys(SA.Pam)-PSMA-617 (13) was prepared in 15 steps with a total yield of 1 %.

Radiolabelling of 13 with Y’Lu showed a fast and quantitative RCY after 10 min with quantities over
10 nmol. The "’Lu-labelled compound is stable (< 98 %) in PBS and saline for 14 days and in HS for 5 days,
releasing 7 % of the *”’Lu until day 9 and remaining stable even after 14 days (93 %). Thus, the complexa-
tion of the therapeutic nuclide seems to be stable even after two weeks. Due to the long half-life of *’Lu
(7 days), it is also possible to store the labelled compound for a short time before injection, for example,
for the treatment of several patients with one batch of tracer. The most suitable medium here is isotonic
saline, which could also serve as injection medium. Moreover, the high stability of [1”’Lu]Lu-13 in HS makes
it unlikely that ’Lu will be released during the circulation time in the blood. The experimentally deter-
mined logD-4 value as a measure of lipophilicity is almost identical to the value of [*’Lu]Lu-PSMA-617,

which serves as reference, indicating the hydrophile character of both compounds.

An aqueous suspension of crystalline HAP was used as a bone tissue model to test the HAP binding po-
tency of the novel compound. The adsorption of [Y/’Lu]Lu-13 to HAP was almost quantitative. It is nearly
identical to the adsorption shown by free 7’Lu**. Uncomplexed Y’’Lu3* is known for its high HAP affinity
and correspondingly strong accumulation in bone tissue.®® Compared to other literature-known DOTA
conjugated bisphosphonates, e.g. DOTAM™M (92.2 + 2.7 %), DOTAM?" (92.7 + 1.3 %) or BPAPD (83.0

0.8 %), [Y"’Lu]Lu-13 showed an even better adsorption “%,

By blocking of HAP with an excess of pamidronate prior to addition of [””Lu]Lu-13 or [Y’Lu]Lu®*, no sig-
nificant adsorption was observed. This proves that the selective binding of [*"’Lu]Lu-13 to HAP is due to
the adsorption of the SA.Pam unit at the calcified HAP surface. As expected, [*’’Lu]Lu-PSMA-617 showed
no notable binding to HAP. This shows that, in contrast to [*’’Lu]Lu-13, [*’Lu]Lu-PSMA-617 can only ac-

cumulate in bone metastases via one mechanism, namely PSMA-binding.
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In addition to HAP adsorption, ["Lu]Lu-13 displayed a PSMA binding affinity in the nanomolar range. the
complexation of the radiometal had no impact on the binding potency, since the K; values of both com-
plexed and uncomplexed conjugates were similar (42.3 + 7.7 nM and 52.6 + 3.5 nM for ["'Lu]Lu-13 and
comp 13 respectively). However, the bisphosphonate-free compound 13 showed 2-fold higher binding
potency revealing that the coupling of pamidronate affects the interaction of the tracer with the PSMA

binding pocket, possibly through changes in the conformation of the molecule.

Biodistribution studies were conducted in LNCaP tumor-bearing mice in order to better characterize the
translational potential of the dual-targeting properties of [*’’Lu]Lu-13. In terms of PSMA-specific accumu-
lation, [*”’Lu]Lu-13 showed good PSMA-specific tumor accumulation 4.2 + %ID/g which could be reduced
by blocking the PSMA receptors with the potent PSMA inhibitor PMPA. According to literature the tumor-
uptake of [*7Lu]Lu-PSMA-617 seems to be significantly higher 11.2 + 4.17 %ID/g.1% However, this could
be due to the higher binding affinity of this tracer K= 6.9 + 1.3 nM vs. 42.3 = 7.7 nM for ["'Lu]Lu-13. Nev-
ertheless, [Y’Lu]Lu-PSMA-617 did not display any binding to HAP as discussed above, thus accumulation
in bone metastases is supposed to be minimal since bone-uptake is depending on PSMA-expression. In
contrast, [Y’Lu]Lu-13 showed bone accumulation in the same range as tumor accumulation. As this could
not be blocked by PMPA suggesting that bone uptake is solely resulting from HAP binding. As already
discussed, compound 13 can therefore be used in contrast to PSMA-617 for the therapy of PSMA negative
bone metastases, since it can also accumulate at the metastases via the increased bone metabolism. Com-
pared to the results published by Meckel et al, [*”’Lu]Lu-13 showed similar bone uptake as [*"’Lu]Lu-DOTA-
20L(3.4 + 0.4 %ID/g and 3.2 + 0.4 %ID/g respectively) *®. However, kidney accumulation of [*"’Lu]Lu-13 was
higher than [*7Lu]Lu-DOTA% (16.5 + 2.1 %ID/g vs. 1,3 + 0.1 %ID/g respectively). This could be due to the
existence of PSMA receptors in the kidneys as known from literature *°. Furthermore, the uptake in the
liver and the spleen seems to be PSMA-independent, since no blocking effects were observed. The reason
has yet to be found, as increased liver uptake is not known here for either bisphosphonates or PSMA-617.
Nevertheless, target-to-background ratio of [*’’Lu]Lu-13, 24h after injection, was remarkably high (tumor-
to-blood-ratio, 210; bone-to-blood ratio, 170) revealing the promising potential of this compound. Espe-
cially with regard to the conjugated DOTA-chelator, which is a versatile chelator not only used in complex-
ing the therapeutic B nuclide Lu-177, which is evaluated in this study, but is also applicable with other
clinically relevant nuclides used in diagnosis by PET (e.g. %Ga or #*Sc) or SPECT (e.g. !'!In or ®’Ga). Further-
more, the use of compound 13 in combination with a-emitters (e.g. 2**Ac or ?13Bi) would be interesting
for the treatment of bone metastases in close distance to the bone marrow due to the short range of

these nuclides.

168



Conclusion

In this work, a novel chimeric compound for therapy of prostate cancer related bone metastases was
designed and successfully synthesized. Key structure elements of the novel compound are the following.
The well-known and established PSMA inhibitor KuE in combination with the PSMA-617 linker unit ena-
bles high affinity towards PSMA. The bisphosphonate pamidronate as HAP target vector shows high bone
accumulation. It is conjugated via SA unit, which allows easy conjugation chemistry as well as increase of
the antiresorptive effect of the bisphosphonate. Finally, the DOTA chelator allows the labelling with a
wide range of diagnostic and therapeutic radiometals.

DOTA-L-Lys(SA.Pam)-PSMA-617 shows both excellent labelling properties and very good and selective
HAP binding, which is superior to other DOTA-conjugated bisphosphonate compounds. The in vitro PSMA
affinity is lower than that of PSMA-617, which can be ascribed to an influence of the Pam.SA group. Nev-
ertheless, the compound shows both PSMA-dependent tumor uptake and PSMA-independent uptake into

bone tissue and a remarkably high tumor-to-blood as well as bone-to-blood-ratio after 24 h.

The available results show that the new compound is well suited for the therapy of PCa-related bone
metastases. Despite the low affinity and in vivo uptake compared to [*’Lu]Lu-PSMA-617, the new com-
pound could contribute significantly to the therapy of bone metastases by exploiting the heterodimeric
dual-targeting mechanism and thereby increasing avidity as discussed above. This is particularly the case
when PSMA expression in metastases is low or absent and therapy with [*”’Lu]Lu-PSMA-617 or other
PSMA-based therapeutics is not possible. In addition, it enables a simpler therapeutic approach. Likewise,
PSMA-negative metastases cannot be "overlooked". The possibility to target via both target vectors with
a single theranostic radiotracer could improve patient management. Although the compound in the first
studies is a promising compound for theranostics of PCa related bone metastases, further investigation
and optimisation is needed to improve the radiotracer. For example, with regard to PSMA affinity or liver

uptake.
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Materials and Methods

General

All chemicals were purchased from Sigma-Aldrich, Merck, Fluka, AlfaAesar, VWR, AcrosOrganics, TCl, Iris
Biotech and Fisher Scientific and used without purification. Dry solvents were obtained from Merck and
VWR, deuterated solvents for NMR spectra from Deutero. PSMA-617 was purchased from Hycultec. Thin
layer chromatography was performed with silica gel 60 F254 coated aluminum plates from Merck. Evalu-
ation was carried out by fluorescence extinction at A=254 nm and staining with potassium permanganate.
The radio TLCs were evaluated using a CR-35 Bio test imager from Raytest and the AIDA (Raytest) soft-
ware. The H and *C NMR measurements were performed on an Avance |ll HD 300 spectrometer (300
MHz, 5mm BBFO sample head with z-gradient and ATM and BACS 60 sample changer), an Avance Il 400
spectrometer (400 MHz, 5mm BBFO sample head with z-Gradient and ATM and SampleXPress 60 sample
changer) and an Avance Il 600 spectrometer (600 MHz, 5mm TCI CryoProbe sample head with z-Gradient
and ATM and SampleXPress Lite 16 sample changer) from Bruker. The LC/MS measurements were per-
formed on an Agilent Technologies 1220 Infinity LC system coupled to an Agilent Technologies 6130B
Single Quadrupole LC/MS system. Semi-preparative HPLC purification was performed on a 7000 series
Hitachi LaChrom and the respectively mentioned conditions and column. For radiolabelling experiments

n.c.a. [*’Lu]LuClz in 0.04 M HCI (ITM, Garching, Germany) was used.

Organic synthesis
Solid phase synthesis of the PSMA ligand (PSMA-167-resin)

The synthesis of the glutamate-urea-lysine binding motif and the linker of the PSMA-617 backbone was
carried out following the established solid phase peptide chemistry as described by Benesova et al. with

slight adjustments to the reaction procedures **.

Bis(tert-butyl)-L-glutamate-hydrochloride (4.5 g, 15.21 mmol) and DIPEA (7.98 g, 10.5 mL, 61.74 mmaol)
were dissolved in dry dichloromethane (200 mL) and cooled to 0 °C. Triphosgene (1.56 g, 5.26 mmol) in
dichloromethane (30 mL) were added dropwise over a period of 4.5 h. After the complete addition, the

solution was stirred for an additional hour.

The Fmoc protecting group of Fmoc-L-Lysine(Alloc)-Wang resin (1.65 g, 1.5 mmol, 0.9 mmol/g) was re-
moved by stirring it in a piperidine/DMF (1:1) solution for 15 minutes followed by a washing step with

dichloromethane.
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The deprotected L-lysine(Alloc)-Wang resin was added to the previous prepared solution and stirred over
night at room temperature. The resin (compound 1) was washed with dichloromethane (15 mL) and used

without further purification.

Tetrakis(triphenylphosphin)palladium (516.0 mg, 0.45 mmol) und morpholine (3.92 g, 3.92 mL,
45.00 mmol) were dissolved in dichloromethane (12 mL) and added to compound 1. The solution was
stirred for 1 d under exclusion of light. Afterwards it was washed with dichloromethane (15 mL),a 1 %
DIPEA solution in DMF (3 x 10 mL) and a sodium diethyldithiocarbamat trihydrate solution (15 mg/mL) in
DMF (9 x 10 mL x 5 minutes), resulting in compound 2, the resin-immobilized and Alloc-deprotected glu-

tamate-urea-lysine conjugate.

Fmoc-3-(2-naphthyl)-L-alanine (1.75 g, 4.00 mmol), HATU (1.52 g, 4.00 mmol), HOBt (540 mg, 4.00 mmol)
and DIPEA (780 mg, 1.02 mL, 6.03 mmol) were dissolved in dry DMF (10 mL) and added to the resin. The
solution was stirred overnight and then washed with DMF (10 mL) and dichloromethane (10 mL). To re-
move the Fmoc-group, the resin (compound 3) was stirred in a piperidine/DMF (1:1, 8 mL) solution for 20

minutes and washed with DMF (10 mL) and dichloromethane (10 mL), resulting in compound 4.

Fmoc-4-Amc-OH (1.52 g, 4 mmol), HATU (1.52 g, 4.00 mmol), HOBt (540 mg, 4.00 mmol) and DIPEA (780
mg, 1.02 mL, 6.03 mmol) were dissolved in dry DMF (10 mL) and added to the resin (compound 4). The
solution was stirred for two days and then washed with DMF (10 mL) and dichloromethane (10 mL). To
remove the Fmoc-group from compound 5, it was stirred in a piperidine/DMF (1:1, 8 mL) solution for 20
minutes and washed with DMF (10 mL) and dichloromethane (10 mL), leading to the final resin bound

PSMA-617 backbone (6).
Pamidronate (7, Pam)

B-Alanine (1.5 g, 0.017 mol) and phosphorus acid (2.76 g, 0.034 mol) were dissolved in Sulfolane (5.5 mL)
and cooled to 0 °C. Phosphorus trichloride (4.62 g, 2.95 mL, 0.034 mmol) was added dropwise. The solu-
tion was stirred for 3 h at 75 °C. Water (15 mL) was added and stirred for 12 h at 100°C. Ethanol (15 mL)
was added and the product (7, 1.48 g, 0.006 mol, 37 %) was obtained as yellow solid after crystallisation
at 0°C for 3 days.

1H NMR (300 MHz, D,0) & [ppm] = 3.34 (t, ] = 7.1 Hz, 2H), 2.31 (tt, J = 13.7, 7.1 Hz, 2H).
13C-NMR (400 MHz, D20): & [ppm] = 72.58, 36,14, 30.54.
31p NMR (121.5 MHz, D,0) 6 [ppm] = 17,58 (s, 2P).

MS (ESI*): 236.0 [M+H]", calculated for CsH13:NO7P,: 235.07 [M]*.
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Pamidronate-squaric acid ethylester (8, SA.Pam)

Pamidronate (7, 500 mg, 2.13 mmol) was dissolved in phosphate buffer (0.5 M, pH 7, 5 mL). 3,4-Diethox-
ycyclobut-3-ene-1,2-dione (squaric acid diethylester, SADE, 542 mg, 468 pL, 3.2 mmol) was added and the
mixture was stirred for 2 days at room temperature. Ethanol (3 mL) was added for crystallisation. The
mixture was allowed to stand for 3 days in the freezer to complete crystallisation. The white precipitation

was washed with cold ethanol and compound 8 (0.58 g, 1.62 mol, 76 %) was obtained as white solid.

1H NMR (400 MHz, D;0) & [ppm] = 4.79-4.62 (m, 2H), 3.31 (t, ) = 6.6 Hz, 2H), 2.32-2.15 (m, 2H) 1.42 (dt, J
=11.7, 7.2 Hz, 3H).

31p NMR (162 MHz, D,0) 6 [ppm] = 17,92 (s), 2.26 (s).
MS (ESI*): 360.0 [M+H]*,720.0 2[M+H]", 763.0 2[M+Na]®, calculated for CsH1sNO1oP: 359.16 [M]*.
Fmoc-L-Lys(Boc)-PSMA-617-resin (9)

Fmoc-L-Lys(Boc)-OH (506 mg, 0.0011 mmol), HATU (415 mg, 0.0011 mg, HOBt (146 mg, 0.0011 mmol) and
DIPEA (277 pl, 211 mg, 0.00162 mmol) were dissolved in acetonitrile (4 mL) and stirred for 30 min. The
PSMA-617-resin (300 mg, 0.0027 mmol, 0.09 mmol/g) was added and the mixture was stirred for one day
at room temperature. The resin was washed with acetonitrile (10 mL) and dichloromethane (10 mL) and

used in the next step.
L-Lys(Boc)-PSMA-617-resin (10)

The Fmoc-L-Lys(Boc)-PSMA-617-resin (9) was stirred for one hour in a mixture of DMF and Piperidine (1:1,
6 mL). The Fmoc deprotected resin was washed with DMF (10 mL) and dichloromethane (10 mL) and used

in the next step without further purification.
DOTA(tBu)s-L-Lys(Boc)-PSMA-617-resin (11)

DOTA-Tris(tert-butyl ester) (310 mg, 0.54 umol), HATU 308 mg, 0.00081 mmol), HOBt (110 mg, 0.00081
mmol) and DIPEA (184 pL, 140 mg, 0.0011 mmol) were dissolved in acetonitrile (4 mL) and stirred for 30
min. L-Lys(Boc)-PSMA-617-resin (10, 461 mg, 0.00027 mmol, 0.9 mmol/g) was added and the mixture was
stirred for one day at room temperature. The resin was washed with acetonitrile (10 mL) and dichloro-

methane (10 mL) and used in the next step without further purification.
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DOTA-L-Lys-PSMA-617 (12)

DOTA(tBu)s-L-Lys(Boc)-PSMA-617-resin (11, 536 mg, 0.00027 mmol, 0.9 mmol/g) was stirred in a solution
of TFA and dichloromethane (1:1, 4 mL) for 2 hours. The TFA/dichloromethane solution was evaporated
under reduced pressure and the product (12, 10.6 mg, 0.0091 mmol, 4 %) was obtained as a colourless
powder after semi-preparative HPLC purification (column: LiChrospher 100 RP18 EC (250 x 10 mm) 5 y,
flow rate: 5 mL/min, H,O/MeCN + 0.1 % TFA, 25 % MeCN isocratic, tg = 10.3 min).

MS (ESI*): 1172.5 [M+2H]*,585.9 1/2[M+2H]"*, 391.0 1/3[M+2H]*, calculated for CssHgsN11017: 1170.33 [M]*
DOTA-L-Lys(SA.Pam)-PSMA-617 (13)

Compound 12 (10 mg, 0.0085 mmol) and compound 8 (16 mg, 0.043 mmol) were dissolved in phosphate
buffer (0.5 M, pH 9, 1mL) and stirred for 2 days. The product (13, 10.56 mg, 0.0071 mmol, 84 %) was
obtained as a colourless powder after semi-preparative HPLC purification (column: LiChrospher 100 RP18
EC (250 x 10 mm) 5 y, flow rate: 5 mL/min, H,O/MeCN + 0.1 % TFA, 23 % to 28 % MeCN in 20 min,
tr = 8.2 min).

MS (ESI*): 511.3 1/3[M+H+2Na]*, 520.0 [1/3M+2K]*, 781.0 1/2[M+2K]*, calculated for CeHg2N1202¢P>:
1483.42 [M]*

Radiolabelling of DOTA-L-Lys(SA.Pam)-PSMA-617 with Lutetium-177 ([*”’Lu]Lu-13)
For radiolabelling experiments n.c.a. [Y’Lu]LuClz in 0.04 M HCI (ITG, Garching, Germany) was used.

Radiolabelling was performed in 0.4 uL and 1 mL 1 M ammonium acetate buffer at pH 5.5. Reactions were
carried out with different amounts of precursor (5, 10, 30 nmol) and at 95 °C with 40 — 50 MBq n.c.a.
lutetium-177. Radio-TLC (TLC Silica gel 60 F254 Merck) and citrate buffer (pH 4) as mobile phase and radio-
HPLC using an analytical HPLC 7000 series Hitachi LaChrom (Column: Merck Chromolith® RP-18e, 5-95 %
MeCN (+0,1 % TFA)/ 95-5 % Water (+0,1 % TFA) in 10 min) was used for reaction control. TLC's were meas-
ured in TLC imager CR-35 Bio Test-Imager from Elysia-Raytest (Straubenhardt, Germany) with AIDA soft-

ware.
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In vitro stability studies

Complex stability studies were carried out in human serum (HS, human male AB plasma, USA origin, Sigma
Aldrich) and phosphate buffered saline (Sigma Aldrich). 5 MBq of the radioactive compound were incu-
bated in 0.5 mL of the media for 14 d. After several time points (1h, 2h, 5h, 1d, 2d, 5d, 7d, 9d and 14d),

aliquots were taken out to evaluate the radiochemical stability. Experiments were carried out as triplicate.

Lipophilicity determination

Using the shake flask method, the logD;.4 value of the compound was determined. The labelling solution
was adjusted to pH 7.4 and 5 MBq were diluted in 700 ul n-octanol and 700 ul PBS. It was shaken for 2
min at 1500 U/min and then centrifuged. 400 ul of the n-octanol phase and 400 pl of the PBS phase were
each transferred to a new Eppendorf tube. 3-6 pl were then pipetted on a TLC plate and analysed via
phosphor imager. LogD7 4 value was calculated by determining the ratio of the activities of the two phases.
This procedure was repeated twice more with the respective phase with higher activity, so that three

coefficients were obtained and the mean value was calculated.

Binding studies of ’Lu-labelled compound on hydroxyapatite (HAP)

Hydroxyapatite (20 mg) was incubated in saline (1 mL) for 24 h. 50 ul of the labelled [*"’Lu]Lu-13 (5 MBq)
and respectively [Y’Lu]Lu-PSMA-617 (5 MBq) was added. The suspension was vortexed for 20 s and incu-
bated for 1 h at room temperature. The samples were passed through a filter (CHROMAFIL® Xtra PTFE-
45/13) and the supernatant was washed with water (500 pL). The radioactivity of the liquids and the HAP-
containing supernatant were measured with a curiemeter (Aktivimeter Isomed 2010 MED Nuklear-Mediz-
intechnik Dresden GmbH). The binding of [*’Lu]Lu-13 and [*"’Lu]Lu-PSMA-617 was determined as percent

of activity absorbed to HAP. Free Lu-177 was examined as a positive probe analogously.

For blocking experiments, Hydroxyapatite (20 mg) was incubated in saline (1 mL) with pamidronate

(100 mg) and evaluated with [*’Lu]Lu-13 and free Lu-177 as described above.
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In vitro binding affinity

Cold ["*Lu]Lu complexes were synthesized by shaking a mixture of 13 (371 uL of a 1 mg/ml solution, 250
nmol) and LuCl; (129 pL of a 1 mg /mL solution, 375 nmol; metal to ligand ratio 1.5 to 1) in 1 M ammonium

acetate buffer at 95 °C for 2 hours. Complexation was monitored by ESI-LC/MS.

Based on the protocol published by Benesova et al. the PSMA binding affinity was determined in a com-
petitive radioligand assay ’. PSMA-positive LNCaP-cells (purchased from Sigma-Aldrich) were cultured in
RPMI 1640 (Thermo Fisher Scientific) supplemented with 10 % fetal bovine serum (Thermo Fisher Scien-
tific), 100 pg/ml streptomycin, and 100 units/ml penicillin at 37°Cin 5 % CO,. These cells were incubated
for 45 min with rising concentrations of the test compounds in the presence of 0.75 nM [*8Ga]Ga-PSMA-
10. Free radioactivity was removed by several washing steps with ice-cold PBS. Probes were measured in
a y-counter (2480 WIZARD? Automatic Gamma Counter, PerkinElmer). Obtained data were analyzed in

GraphPad Prism 9 using nonlinear regression.

Animal studies

All animal experiments were approved by the ethical committee of the state of Rhineland Palatinate (ac-
cording to §8 Abs. 1 Tierschutzgesetz, Landesuntersuchungsamt) and performed in accordance with rele-

vant federal laws and institutional guide-lines approval Nr. 23 177-07/G 21-1-022.

6- to 8-week-old male BALB/cAnNRj (Janvier Labs) were inoculated subcutaneously with 5x10° LNCaP cells
in 200 pL 1:1 (v/v) Matrigel/PBS (Corning®). ex vivo experiments are conducted after the tumor has

reached a volume of approximately 100 cm3.

LNCaP xenografts were anesthetized with 2% isoflurane prior to i.v. injection of 0.5 nmol of [*"7Lu]Lu-13.
The specific activity was approximately 3 MBg/nmol. PSMA-selectivity was investigated by co-injection of

1.5 umol PMPA/mouse.

Animals were euthanized 24 h p.i. Organs were collected and weighed. The radioactivity was measured

and calculated as decay-corrected percentage of the injected dose per gram of tissue mass %ID/g.
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4 Summary and outlook
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The high incidence of PCa, as well as the high mortality rate of the advanced and metastatic forms, high-
light the need for the development of accurate and sensitive diagnostic approaches as well as effective

treatment strategies.

The discovery of prostate-specific membrane antigen PSMA as a reliable tumor-associated biomarker for
prostate cancer led to a breakthrough in targeted imaging and endoradiotherapy of this disease. Several
PSMA-targeted radioligands have been developed and evaluated in preclinical and clinical trials. The re-
cent FDA-approval of [®8Ga]Ga-PSMA-11 and [Y"’Lu]Lu-PSMA-617 demonstrates the tremendous promise
of the PSMA targeting approach and encourages researchers to develop further PSMA inhibitors with
better properties especially in terms of easier synthesis and labeling but also lower off-target accumula-
tion. Furthermore, Efforts are also being made to identify theranostic compounds for use in personalized

medicine that are suitable for both diagnosis and therapy.

Beyond the use of PSMA as molecular target for nuclear medicine and radiopharmacy, it has also been
demonstrated that this molecular target is equally appropriate for application in targeted drug delivery,

although this approach is still in its early stages.

i) PSMA radiopharmaceuticals for diagnosis and therapy

the development of PSMA inhibitors for use in PET-imaging and endoradiotherapy was based on the hith-
erto known information about the PSMA binding pocket. Several studies on structure-activity-relation-
ships were conducted to evaluate the impact of the different components of the PSMA radioligands on
the in vitro binding affinity and to identify the most suitable compounds for further testing. An overview

of the molecular design of the PSMA radiopharmaceuticals is shown in Figure 24.

AAZTAS
DATAS™ KUE
DOTAGA EuE
linker .
chelator = = = = = = === targeflJ[lng
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Figure 23 Molecular design of the evaluated PSMA radiopharmaceuticals. To address the pharmacophore pocket of PSMA, gluta-
mate-urea-glutamate (EuE), was tested in addition to the established lysine-urea-glutamate (KukE). Furthermore, two different
linker structures have been evaluated the SA-based linker and the naphthyl-cyclohexyl linker of PSMA-617. The impact of the
chelator on the PSMA binding affinity has also been determined through the use of the hybrid-based chelators AAZTA®, DATA>™
and the DOTA-derivative DOTAGA.
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In vitro binding affinities of the evaluated PSMA radiopharmaceuticals, expressed as ICso values, are sum-

marized in table 4.

Table 4 ICsp values of the investigated compounds. Data represented as Mean + SD (n=3)
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The KuE targeting moiety seems to interact better with the binding pocket than EuE since all KukE- deriva-
tives showed higher affinities than the EuE-based analogs. Such a clear statement could not be made in
the case of the two implied linkers. While DOTAGA.SA.KUE and DOTAGA-PSMA-617 showed similar 1Cso
values, the use of the 617-linker in AAZTA®>-PSMA-617 showed a significant improvement in binding affin-
ity compared to AAZTA.SA.KUE. however, this effect could not be shown in the case of DATA*™-PSMA-617,
since the binding affinity was almost 2-fold lower than DATA®™.SA.KUE. A clear effect of the chelator on
the affinity could also not be stated. Rather, it is the totality of the components that is important since
these building blocks define the orientation of the whole molecule in the binding pocket and its interac-

tion with the amino acids located there.

Based on the results discussed above, DATA>™.SA.KUE and AAZTA®.SA.KUE were selected for further eval-
uation. the hybrid chelators DATA®™ and AAZTA® displayed promising properties in several studies, in
terms of fast complexation kinetics at mild temperatures along a prolonged complex stability. The selec-
tion of squaric acid as linker moiety was based on the aforementioned in vitro results but also on the work
of Engelbogen et al. who first described favorable characteristics of squaric acid in terms of a straightfor-
ward synthesis and coupling. Further investigations of Greifenstein et al. revealed a positive impact of this

chemical functionality on the pharmacokinetic properties in vivo.

[8Ga)Ga.DATA™.SA.KUE, [**Sc]Sc.AAZTA®.SA.KUE and [Y7Lu]Lu.AAZTA>.SA.KUE showed good binding affin-
ity and internalization ratio in vitro. Moreover, tumor accumulation in xenograft models was similar to
the clinically used [*8Ga]Ga.PSMA-11. It should be mentioned that the kidney uptake of the squaric acid-
based PSMA ligands was significantly lower than that of [®8Ga]Ga.PSMA-11, which is regarding kidney ir-
radiation and the resulting nephrotoxicity of great benefit. Interestingly, both [**Sc]Sc.AAZTA®.SA.KuE and
[Y7Lu]Lu.AAZTAS.SA.KuE displayed similar favorable properties in vivo which makes them a promising pair

for a theranostic use.
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ii) PSMA-targeted small-molecule drug conjugates

The tremendous progress made in the field of nuclear medicine with PSMA radiopharmaceuticals made
this molecular structure a promising target for a targeted drug delivery, a field that has gained significant
importance in recent years. Although the development of ADCs represented a breakthrough in targeted
therapy, PSMA-targeted antibody drug conjugates did not achieve the anticipated results. The insufficient
stability of the conjugate and the associated systemic toxicity are the main challenges to be overcome.

One of the most promising strategies being pursued for this purpose is the development of SMDCs.

The design of MMAE.VC.SA.617 was based on preliminary studies revealing the potency of the KuE binding
unit and the positive effect of the PSMA-617 linker on the binding affinity. Additionally, squaric acid was
used not only to facilitate the subsequent coupling to the drug but also to benefit from the favourable
properties investigated in previous studies. The SA.617 unit showed high PSMA binding affinity in vitro.
However, coupling to the MMAE.VC. unit led to a loss in binding potency suggesting that the interaction
within the PSMA pocket has been significantly impaired. A closer look at the structural formula of
MMAE.VC.SA.617 suggests that an intramolecular reaction may have taken place, probably facilitated by

the proximity of the ureido group of citrulline to the carboxyl group of glutamate (Figure 23).

7

Figure 24 Suggested intramolecular reaction of the ureido group of citrulline with the carboxyl group of glutamate which can lead

to impairment of the binding capability since the pharmacophore site of PSMA (pink region) only recognize unmodified glutamate.
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By looking at the structural formula of PSMA-1-VcMMAE published by Wang et.al and SBPD-1 published

by the Pomper group, it is noticeable that these SMDCs have almost the same components as

MMAE.VC.SA.617 except the linker localized between the KuE unit and the enzyme cleavable linker (Fig-

ure 24). Since PSMA-1-VcMMAE as well as SBPD-1 displayed outstanding results in vitro as well as in vivo,

it can be assumed that this linker structure plays a decisive role thereby.

While PSMA-1-VcMMAE consists of a long highly negative peptide linker that ensures a sufficient distance

between the binding unit and the rest of the molecule, SBPD-1 includes only an aliphatic spacer that was

probably flexible enough to allow the entire molecule to adopt a favorable conformation for optimal in-

teraction with the PSMA binding pocket.

HO

Figure 25 Comparison of the different linker structures of (A) MMAE.VC.SA.617, (B) PSMA-1-VcMMAE and (C) SBPD-1 highlighted

in pink. All three PSMA drug conjugates have the same KuE PSMA binding unit (green) and valine-citrulline linker (blue). R= MMAE
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As reported by Zhang et al., an interaction of PSMA-ligands with the arene-binding region e.g., through m-
stacking, plays a crucial role in the orientation and positioning of these ligands within the PSMA pocket
and therefore their binding affinity >3. By comparing the two structural formulas of MMAE.VC.SA.617 and
DNP-ARM-P2, it is noticeable that citrulline is located almost exactly at the position of the DNP ring thus
probably in the arene-binding site. The protonated ureido group could impede the interaction within this
region and could even have a negative effect due to electrostatic repulsion (Figure 25). The insertion of a
spacer moiety between the binding unit of the SMDC and the valine-citrulline linker could help circum-
venting the above discussed issues. Otherwise, a more flexible linker should be used in order to enable a

better orientation in the binding pocket.
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Figure 26 Hypothetical positioning of DNP-ARM-P2 (A) and MMAE.VVC.SA.617 (B) in the PSMA-binding pocket. The arene-binding

site is highlighted in orange whereas the pharmacophore pocket is green. The hydrophobic entrance funnel of PSMA is marked in

blue.
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Besides a good binding affinity, the success of the targeted therapy approach depends also on the selec-
tive delivery of the cytotoxic payload to the tumor and more importantly on a controlled drug release.
MMAE.VC.SA.617 consists of MMAE, one of the most potent antimitotic drugs linked to valine-citrulline

to ensure the selective proteolytic cleavage by cathepsin B, an enzyme high expressed in tumor cells.

According to the performed studies, MMAE.VC.SA.617 showed a cytotoxicity in the nanomolar range. This
toxic effect could be considerably reduced by blocking PSMA receptors with PMPA thus, indicating a
PSMA-selective uptake. Nevertheless, the cytotoxicity of MMAE.VC.SA.617 was significantly lower than
that of MMAE indicating that the conjugation has, here as well, a negative impact on the effectiveness of
the drug conjugate. In addition, the reduced lipophilicity of MMAE.VC.SA.617 due to the carboxyl groups
of the KuE binding unit may have led to this loss in cytotoxicity. Since MMAE penetrates the cell membrane

via passive diffusion, the intracellular uptake of the charged drug conjugate will be strongly limited.

By increasing the binding affinity of MMAE.VC.SA.617 e.g., through the use of an appropriate lipophilic
linker, the impaired passive diffusion could be compensated by the PSMA-dependent uptake. Neverthe-
less, the enzyme-specific cleavage of MMAE.VC.SA.617 and the subsequent release of MMAE within few
minutes could be demonstrated, thus fulfilling one of the most crucial criteria of targeted therapy.
these findings were in accordance to the results obtained from the conducted in vivo studies. The tolera-
bility of MMAE.VC.SA.617 and thus its stability in vivo could be demonstrated. Additionally,

MMAE.VC.SA.617 has shown an effective tumor-growth inhibition even several weeks post treatment.

Finally, it is important to mention that the setup and design of in vitro and in vivo experiments play a
decisive role in preclinical research. The results reported herein seem to be inferior to those published
elsewhere, however, direct comparability cannot be made. The in vitro and in vivo studies conducted with
both PSMA-1-VcMMAE and SBPD-1 were based on the use of PC3 PIP cells. This cell line was transduced
to overexpress PSMA to a significantly higher extent than the patient-derived LNCaP cells used for testing
of MMAE.VC.SA.617*%11 |t will be interesting to determine the in vitro and in vivo properties of
MMAE.VC.SA.617 using PC3 PIP cells and to compare them with the results obtained with LNCaP cell-

based studies.
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iii) PSMA-targeted radiolabeled small-molecule drug conjugates

One of the serious consequences of the progression of PCa is metastasis. 90% of patients with late-stage
PCa develop mainly bone metastases, which cannot always be successfully treated with [Y”’Lu]Lu-PSMA-
617 due to differential mostly insufficient PSMA expression. To meet this challenge, DOTA-L-Lys(SA.Pam)-
PSMA-617 was developed, which contains pamidronate in addition to the PSMA binding unit KuE. Like all

bisphosphonates, pamidronate binds with high affinity to HAP structures of the bone.

The dual-targeted DOTA-L-Lys(SA.Pam)-PSMA-617 demonstrated its potential as theranostic agent for im-
aging and therapy of PC-related bone metastases independent of PSMA expression. Beside high stability
in human serum, an excellent, selective HAP binding and a binding affinity in the nanomolar range could
be shown. Additionally, DOTA-L-Lys(SA.Pam)-PSMA-617 displayed good PSMA-dependent tumor uptake

along with a PSMA-independent femur accumulation.
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Figure 27 Chemical structure of DOTA-L-Lys(SA.Pam)-PSMA-617. Pamidronate (orange) binds to HAP while KuE (green) targets
PSMA.
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Finally, the dual targeting approach was implemented in the development of radiolabeled SMDC that
consists of the cytotoxic drug MMAE, the PSMA-targeting unit KuE and the DOTAGA chelator. Combining
chemotherapy and endoradiotherapy in one molecule is a novel strategy to improve patient quality of life
by both determining patient-specific suitability for therapy with the gallium-68-labeled SMDC and enhanc-
ing antitumor efficacy while minimizing resistance development. Based on the positive results obtained
from the preclinical evaluation of MMAE.VC.SA.617, a trimeric SMDC was developed by inserting the bi-
functional DOTAGA chelator to the dimeric MMAE.VC.SA.617 as seen in figure 29.
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Figure 28 Insertion of the bifunctional DOTAGA chelator led to the trimeric PSMA SMDC. R= MMAE.VC
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Although the synthesis of DOTAGA.MMAE.VC.SA.617 was carried out successfully, this trimeric SMDC
could not be labeled with gallium-68. One possible explanation would be the deficient formation of an
octahedral complex, which is necessary for the stable complexation of gallium-68 due to an intramolecu-
lar reaction between the ureido group of citrulline and one carboxyl group of DOTAGA. An alternative

chemical arrangement of the macrocyclic chelator within the conjugate could overcome this problem.

Regarding the in vitro properties of DOTAGA.MMAE.VC.SA.617, the binding affinity as well as the cytotox-
icity were determined analogously to the dimeric counterpart MMAE.VC.SA.617. The ICso value of DOT-
AGA.MMAE.VC.SA.617 was almost 20-fold higher than that of MMAE.VC.SA.617 (3.9 £ 0.5 uM vs. 188.6
24.7 nM) indicating a decrease in PSMA binding affinity. The negative effect of the DOTAGA insertion were
even more pronounced in terms of cytotoxic potency which decreased drastically. The half maximal in-
hibitory concentration of DOTAGA.MMAE.VC.SA.617, determined in in vitro cytotoxic assays, was 13.9 +
1.3 uM, more than 400-fold higher than that of MMAE.VC.SA.617 (33.0 £ 4.9 nM).

These results necessitate optimization of the drug design to counteract the deterioration in binding affin-
ity and cytotoxicity. Possible strategies would be, on the one hand, to replace the valine-citrulline linker
with another linker such as disulfide groups to inhibit potential intramolecular reactions, and on the other
hand, to introduce a lipophilic spacer such as an alkyl chain, which would increase the required distance
between the pharmacophore binding unit KuE and the rest of the conjugate, but also increase its lipo-

philicity leading to improved passive diffusion across the cell membrane.

In summary, the dual targeting and drug delivery approach could be successfully implemented with both
PSMA-targeted conjugates, i.e. DOTA-L-Lys(SA.Pam)-PSMA-617 and MMAE.VC.SA.617. Nevertheless, fur-
ther studies are required in order to optimize the in vitro and in vivo behavior of these drug conjugates.
Especially in the case of MMAE.VC.SA.617 and DOTAGA.MMAE.VC.SA.617, optimizations are to be made
with regard to the molecular structure in order to ensure better orientation in the PSMA binding pocket,
thus better binding affinity and cell-uptake. At this point, it is worth mentioning again that other cleavable
linkers should be tested, as well as the introduction of a spacer that should preferably have lipophilic
properties to also improve passive diffusion across the cell membrane.

Furthermore, the in vitro assays should be performed with other cell lines such as PC3-PIP to allow a better

comparison with the drug conjugates already described in the literature.
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5.2 List of abbreviations

A angstroem

AAZTAS (6-pentanoic acid-6-amino-1,4-diazepine tetra-acetic acid)

ADC antibody-drug conjugate

approx. approximately

Arg arginine

ARM antibody-recruiting molecules

BCR-ABL breakpoint cluster region gene- Abelson proto-oncogene

CAFs cancer associated fibroblasts

CcD cluster of differentiation

cpm counts per minute

CcT computed tomography

DAPI 4',6-diamidino-2-phenylindole

DATAS™ 6-pentanoic acid-6-amino-1,4-diazapine-triacetate

DFO desferrioxamine

DMSO dimethylsulfoxide

DNP dinitrophenol

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

DOTAGA 1,4,?,10-'tetraaza—cyclododecane—l-pentandiacid—4,7,10—tri—
acetic acid),

DPP dipeptidyl peptidases

DSB double-strand breaks

DTT dithiothreitol

EDTMP (ethylenediamine tetra(methylene phosphonic acid

EGFR epidermal growth factor receptor

ESB single strand breaks

FAP fibroblast activation protein

FDA U.S. Food and Drug Administration

FOLH1 folate hydrolase

HAP hydroxyapatite

HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxide hexafluorophosphate)

HBED N,N-bis(2-hydroxybenzyl)ethylenediamine-N,N-diacetic acid

Her2 human epidermal growth factor receptor 2

HOPO hydroxypyridine-1-oxide

HPLC high performance liquid chromatography

HR homologous recombination

HS human serum

1Cs0 half maximal inhibitory concentration

kDa kilodalton

Ki inhibitory constant

KuE (4-amino-1-carboxybutyl)carbamoyl)glutamine

LC/MS liquid chromatography mass spectrometry

LNCaP Lymph Node Carcinoma of the Prostate

mAb monoclonal antibody

MDP methylene diphosphonate

MRI magnetic resonance imaging

NAAG N-acetyl-aspartyl-glutamate
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NAALADase N-Acetylated alpha-linked acidic dipeptidase

NHS N-hydroxysuccinimide

NIH National Institutes of Health

NODAGA 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid)

NOTA 1,4,7-triazacyclononane-1,4,7-triacetic acid)

PABC p-aminocarbamate

Pam pamidronate

PBS phosphate buffered saline

PET Positron Emisson Tomography

PFA paraformaldehyde

PMPA 2-phosphonomethyl pentanedioic acid

p.i. post injection

PSA prostate-specific antigen

PSMA prostate-specific membrane antigen

RCY radiochemical yield

SADE square acid diethyl esters

SAR structure-activity-relationship

SMDC small-molecule drug conjugate

SPAAC strain-promoted-azide-alkyne-cycloaddition

SPECT single-photon emission computerized tomography

SuUv standardized uptake value

TAT targetetd alpha therapy
(1,4,7-triazonane-1,4,7-triyl)tris(methylene))tris((1-amino-

TRAM 15-ox0-4,7,10-trioxa-14-azaheptadecan-17-yl)phosphinic
acid)

TRAP 1,4,7-triazacyclononane-1,4,7-tris(methyl(2-carboxyethyl))-
phosphinic acid)

Trp tryptophane

vC valine-citrulline

WARMTH World Association of Radiopharmaceutical and Molecular
Therapy

Zol zoledronate
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