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ABSTRACT

Despite all scientific advances in the last few decades, cancer is still an immense burden to
humanity, being the second leading cause of death globally. Although various treatment options
are available, in most cases, severe adverse effects are dose-limiting factors and often rapidly
developing resistances occur. One strategy to optimize the therapeutic index of compounds are
prodrugs, a concept where the drug can be specifically activated at the target site. Another
approach is the use of drug delivery systems (passive targeting), which exploit the enhanced
permeability and retention (EPR) effect. By encapsulation of the drug into nanoparticles, the plasma

half-life times and tumor accumulation can be increased.

Targeted therapy, including small molecule tyrosine kinase inhibitors (TKlIs) and monoclonal
antibodies, revolutionized cancer treatment over the past 20 years. Even though TKls target
oncogene-dependent cancer cells, resistances and lack of tumor specificity restrict them in their
clinical use. Consequently, within this work prodrugs of TKls were developed to overcome these
limitations. Aim of the first project was to improve the stability of an epidermal growth factor
receptor (EGFR) inhibitor-based cobalt(lll) prodrug system, which can be activated via hypoxia.
Modification of the ligands led to a decreased reduction potential (and therefore higher stability)
of the complexes whilst retaining their anticancer activity in vitro. However, the resulting data also
revealed that the direct attachment of the chelating ethylenediamine moiety to the quinazoline
ring of the EGFR inhibitor is unfavorable. Consequently, in the second project cobalt(lll) complexes
of the clinically approved multi-kinase inhibitor ponatinib (containing a -CH,- spacer unit at this
crucial position) were designed and indeed distinctly lower reduction potentials and increased
stabilities could be observed. Interestingly, in vivo studies showed that the most stable complex
was less active, suggesting that too high stability can prevent sufficient activation via hypoxia.

The third project of this thesis focused on a-N-heterocyclic thiosemicarbazones (TSCs), which are
currently under clinical investigation as anticancer drugs. Unfortunately, one of the most prominent
representatives, Triapine, showed hardly any efficacy against solid cancer types, most likely due to
a very short plasma half-life and fast metabolisation. Encapsulation into nanoparticles is therefore
an interesting strategy to bypass these disadvantages. Liposomal formulations of copper(ll)
complexes of Triapine and another clinically investigated TSC (COTI-2) were developed and
characterized. The liposomes of copper(ll) Triapine showed the most encouraging results in cell
culture experiments. In vivo a slow and continuous release of the drug could be observed in plasma,

proving its stable encapsulation and promising properties as drug delivery system.
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ZUSAMMENFASSUNG

Krebs ist, trotz aller wissenschaftlichen Fortschritte in den letzten Jahrzehnten, immer noch die
zweithdufigste Todesursache weltweit und stellt fir Erkrankte sowie Angehdrige eine enorme
Belastung dar. Die derzeit zur Verfligung stehenden Behandlungsmoglichkeiten werden haufig
durch das Auftreten schwerwiegender Nebenwirkungen eingeschrankt oder verlieren ihre Wirkung
durch sich rasch bildende Resistenzen. Eine vielversprechende Strategie zur Optimierung des
therapeutischen Index einer Substanz ist der Einsatz sogenannter Prodrugs. Durch spezifische
Mechanismen kann das Arzneimittel gezielt an der gewlinschten Wirkungsstelle aktiviert werden,
was Nebenwirkungen minimiert. Eine weitere aussichtsreiche Methode ist die Verwendung von
,Drug Delivery“-Systemen (passive targeting), welche den EPR-Effekt (enhanced permeability and
retention) nutzen. Hierbei werden Substanzen in Nanopartikel eingeschlossen, wodurch Plasma-

Halbwertszeiten erh6ht und die Tumorakkumulation deutlich verbessert werden kénnen.

In den letzten 20 Jahren hat die Substanzklasse der gezielten Krebstherapeutika (,Targeted
Therapeutics”), bestehend aus Tyrosinkinase-Inhibitoren (TKIs) und monoklonalen Antikérpern, die
Krebstherapie revolutioniert. Nichtsdestotrotz werden TKls aufgrund mangelnder Tumorspezifitat
und auftretender Resistenzen oft in ihrer klinischen Verwendung eingeschrankt. Im Rahmen dieser
Arbeit wurden daher Prodrugs von TKls entwickelt, um diese Nachteile zu liberwinden.

Ziel des ersten Projekts war es, die Stabilitat einer Co(lll)-basierten Prodrug zu verbessern, welche
eine epidermale Wachstumsfaktorrezeptor (EGFR) inhibitierende Einheit besitzt und im
hypoxischen Milieu des Tumors aktiviert werden kann. Die Modifikation der Liganden resultierte in
einem geringeren Reduktionspotential (und damit in der gewiinschten erhohten Stabilitdt) der
Komplexe, die ihre Antitumoraktivitat in vitro behielten. Es stellte sich jedoch heraus, dass die
direkte Bindung der chelatisierenden Ethylendiamin-Gruppe an den Chinazolinring des EGFR-
Inhibitors nicht von Vorteil ist. Infolgedessen wurden im zweiten Projekt Co(lll)-Komplexe des
klinisch zugelassenen Multikinase-Inhibitors Ponatinib, welches an ebenjener Stelle einen -CH,-
Spacer in seiner molekularen Struktur tragt, synthetisiert. Tatsachlich konnten deutlich niedrigere
Reduktionspotentiale und erhdhte Stabilitaten erzielt werden. Interessanterweise zeigte sich in In-
vivo-Studien, dass der stabilste Komplex eine geringere Wirkung aufwies. Dies deutet darauf hin,
dass eine ausreichende hypoxische Aktivierung wohl durch eine zu hohe Stabilitdt des Komplexes
verhindert wird.

Das dritte Projekt dieser Arbeit befasste sich mit a-N-heterocyclischen Thiosemicarbazonen (TSCs),
welche derzeit als potentielle Krebstherapeutika klinisch untersucht werden. Leider weist Triapin,
einer der prominentesten Vertreter, kaum Wirksamkeit gegen solide Tumore auf, was

hochstwahrscheinlich auf zu kurze Plasma-Halbwertszeiten und rasche Metabolisierung
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zuriickzufihren ist. Der Einschluss dieser Substanz(en) in Nanopartikel stellt eine interessante
Strategie zur Umgehung dieser Nachteile dar. Daher wurden liposomale Formulierungen der Cu(ll)-
Komplexen von Triapin und COTI-2, einem weiterem klinisch untersuchten TSC, synthetisiert und
charakterisiert. Die Liposomen von Cu(ll)-Triapin zeigten die vielversprechendsten Ergebnisse in
Zellkulturexperimenten. AnschlieBend konnte in vivo eine langsame und kontinuierliche
Freisetzung des Wirkstoffs in das Plasma beobachtet werden, was auf einen stabilen Einschluss und

somit auf eine vielversprechende Anwendung als ,,Drug Delivery“-System schlielRen lasst.
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1 INTRODUCTION

1.1 Cancer and the human mankind

Despite remarkable progresses in scientific and medical terms, cancer is still one of the leading
causes of death worldwide (right after cardiovascular diseases). Expressed in figures almost 10
million people have died in 2020 as a consequences of a cancer, on a global scale almost 1 in 6
deaths is a result of this illness, and 19.3 million new cases were recorded. The most common cancer
types (in terms of cases) from last year for both sexes are: Breast (2.26 million), lung (2.21 million),
colon and rectum (1.93 million), prostate (1.41 million), skin (non-melanoma) (1.20 million) and

stomach (1.09 million) with lung cancer showing the highest mortality (Figure 1).12
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Figure 1: Incidences and mortalities for the most common cancer types in both sexes from 2020.

Non-melanoma skin cancers are assigned to the other cancer category. Figure from reference 2.

This trend will continue in the future, as prognosis models suggest a surge of cancer incidences by
~14% and cancer deaths by ~16% between 2009 and 2030 for example in Austria.> There are a
variety of reasons associated with this phenomenon including the steady growth of the population,
increasing life expectancy as well as social and economic developments (e.g. tobacco/alcohol
consume, diet or living conditions).! Consequently, cancer will still represent a major challenge for
future generations and strategies are urgently in demand to at least stabilize cancer incidences
worldwide. Besides screening, early detection and raised awareness campaigns, the development
of improved anticancer therapeutics is of uttermost importance to achieve higher survival and cure
rates. Cancer as collective term was excellently described by R.W. Ruddon “as an abnormal growth
of cells caused by multiple changes in gene expression leading to dysregulated balance of cell
proliferation and cell death and ultimately evolving into a population of cells that can invade tissues

and metastasize to distant sites, causing significant morbidity and, if untreated, death of the host”.*



Notably, any part of the human body can be affected by cancer, resulting in more than 200 different
types and variations. A general distinction of the most common forms can be made between
carcinomas (solid tumors deriving from epithelial cells), sarcomas (cancers deriving from cartilage,
soft tissues or bones), leukemia (blood malignancies deriving from bone marrow) and lymphoma
(blood malignancies deriving from lymphocytes).> As cancers originate from a person’s healthy cells

it can be defined as deeply personal diseases, for which no universal treatments exist.

1.2 Forms of cancer treatment

For the treatment of cancer several options and combination possibilities are available today
depending on the type of cancer and its development stage.® One of the oldest oncological
disciplines is surgery, which has been in use for more than thousand years and improved
tremendously with time. Nevertheless, surgery is most of the times restricted to primary tumors
and due to its interfering nature not available for all organs. Hence, this approach is often combined
with other treatments such as radiotherapy and/or chemotherapy.” In radiotherapy, another
physical method, ionizing radiation (generated from outer or inner sources) is used to specifically
destroy cancer cells by e.g. damaging their DNA. Radiotherapy is mostly applied as neoadjuvant
(shrinking the tumor before main treatment) or adjuvant (preventing relapse after the main
treatment) therapy.® Chemotherapy is still one of the most widely used therapy options worldwide,
especially in combination with the above mentioned treatment forms. In general, a classic
chemotherapeutic agent interrupts mechanisms responsible for cell division (mainly by targeting
the DNA and associated processes), resulting in the forced apoptosis of cancer cells.® Theoretically,
selectivity should be achieved as malignant cells show a higher turnover than healthy cells.
Unfortunately, severe adverse events almost always occur during the treatment with such
cytostatic drugs, starting from gastrointestinal problems or hair loss to life-threatening issues like
anemia or cardiac vascular events. This results from a lack of distinction as also fast replicating
normal cells (e.g. hair, bone marrows or blood) are affected by these drugs.!® Conventional
chemotherapeutics can be classified into several subgroups, which differ in their mode of action:
DNA alkylating agents such as nitrogen mustards and nitrosoureas (e.g. cyclophosphamide and
carmustine), antimetabolites (e.g. fluorouracil, gemcitabine, capecitabine), antimitotic agents such
as topoisomerase inhibitors (e.g. topotecan, irinotecan) and platinum complexes (cisplatin,

).11 As classic chemotherapeutics suffer from these strong side effects, novel

oxaliplatin, carboplatin
approaches were sought after, with the aim to specifically target cancer cells while sparing the
healthy cells. An intensively explored and well-known example in modern cancer medicine is
immunotherapy, which was recently awarded with a Nobel Prize in 2018. As malignant cells develop

from the body's own cells, the immune system is not able to recognize and destroy them.



Overexpression of certain inhibitory receptors or production of immunosuppressive mediators
allows malignant cells to evade and protect themselves from immune response. Cancer
immunotherapy enables the detection of these “evasion” mechanisms, supporting the immune
system to identify and target abnormal cells.’> Another alternative to classic treatments, is
hormonal therapy. However, this option is only available for certain cancers types (e.g. breast,
prostate or female reproductive organs), which are induced by dysfunctional steroid hormones. By
inhibiting the production and/or effect of the respective hormones in the body, the growth of
tumors can be reduced or stopped.* One major treatment option, which revolutionized cancer
treatment in the last two decades, is targeted therapy. As its name suggests, in this therapy,
antineoplastic agents (small molecule or monoclonal antibody tyrosine kinase inhibitors [TKIs])
specifically act on oncogenic targets and pathways crucial for carcinogenesis. In this way a
distinction between normal and malignant cells can be achieved, resulting in decreased systemic
toxicities.'* Foundation for the targeted therapy approach was the steadily growing understanding
of the signaling pathways involved in the development of cancer. These underlying mechanisms
responsible for the complex biology of cancers can be described by the so-called hallmarks of
cancer. Such hallmarks targeted by targeted therapeutics are for example activation of invasion and

metastasis, sustainment of proliferative signaling or inducement of angiogenesis (Figure 2).%°
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Figure 2: The hallmarks of cancer and selected examples of therapeutics targeting them. Figure from
reference °. EGFR: epidermal growth factor receptor; CTLA4: cytotoxic T-lymphocyte-associated
protein 4; mAb: monoclonal antibody; HGF: hepatocyte growth factor; c-Met: proto-oncogene

receptor tyrosine kinase; VEGF: vascular endothelial growth factor; PARP: poly adenosine
diphosphate ribose polymerase; BH3: apoptosis regulator Bcl-2 homology domain 3.



2 CLASSES OF ANTICANCER THERAPEUTICS WORKED WITHIN THIS THESIS

Within this thesis | have worked with two of the above mentioned anticancer compound classes:
1) the development of prodrug systems for tyrosine kinase inhibitors and 2) passive drug targeting
strategies for a-N-heterocyclic thiosemicarbazones chemotherapeutics. Therefore, in the next

chapters | will introduce these two compound classes in more detail.

2.1 Targeted Therapy - Tyrosine Kinases

Tyrosine kinases (TKs) are a subclass of protein kinases and catalyze the transfer of
v-phosphate groups from adenosine triphosphate (ATP) to tyrosine residues on protein
substrates.'® Thus, they play a crucial role in cell-regulating signaling processes including
proliferation, cell-cycle control, differentiation, metabolism, survival and apoptosis.t” Roughly
518 kinases can be found in the human genome of which 90 encode for TKs. These TKs are
grouped into 58 receptor tyrosine kinases (RTKs) and 32 intracellular, non-receptor tyrosine
kinases (NRTKs).®® In general, the molecular architecture of RTKs consists of an extracellular
ligand-binding domain, a cytoplasmic region containing the protein TK (plus extra regulatory
domains) and a connecting single transmembrane helix.?® The binding of receptor-specific ligands
(e.g. growth/differentiation factors or hormones) to the extracellular region of the RTK leads to
an intermolecular dimerization and/or oligomerization of the tyrosine kinase domain (TKD).
These conformational alterations start the autophosphorylation cascade of the TKD'’s tyrosine
residues, activating the intracellular kinase moiety thereby. Subsequently, various downstream-
signaling processes are initiated, which then propagate critical cellular signaling pathways (Figure

3).19—20
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Figure 3: General ligand-mediated activation mechanism of tyrosine kinase receptors. After binding
of the growth factor ligand, the connection between two monomeric receptors is stabilized
resulting in the formation of a dimer. Subsequently the (via autophosphorylation) activated
intracellular kinase induces several downstream signaling processes. Figure adapted from
reference 21

Deregulation of these signaling processes has been associated with the development of various
diseases, most prominently cancer.?’ Malighant transformations can arise from abnormal activity
of RTKs, which can be caused by (roughly divided) four principal mechanisms: gain-of-function
mutations, genomic amplification, chromosomal translocation, and/or autocrine activation.’”” %

Since more than 70% of known oncogenes and proto-oncogenes involve TKs,? inhibition of those

is a promising and versatile approach in cancer therapy.?

2.1.1 Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors (TKIs), consisting of small molecules and monoclonal antibodies, belong
to the group of targeted therapeutics and represent one of the most prominent compound classes
in modern cancer therapy. The fundamental research of TKls started over 70 years ago with the
discovery of protein kinase activity, followed by the identification of the epidermal growth factor
receptor (EGFR) as first RTK. -2 Understanding the role of TK signaling cascades in carcinogenesis
initiated the studies of TKIs in the late 1980s. This research resulted in the clinical approval of the
small molecule TKI imatinib (BCR-ABL inhibitor) by the U.S. Food and Drug Administration (FDA) in
2001 and marked the breakthrough of targeted cancer therapy.?* Small molecule TKIs target the
ATP-binding site of TKs in multiple ways (e.g. by reversible/irreversible binding), leading to the

inactivation of the respective domain and subsequently inhibition of cellular processes.?>?’



More than 60 small molecule TKls have been clinically approved by the FDA after imatinib

revolutionizing cancer therapy ever after (Table 1).2 However, (severe) adverse effects and rapidly

emerging resistances limit their clinical use.?® Therefore, strategies to overcome these

disadvantages are of great interest.

Table 1: List of all FDA- approved small molecule TKls as of March 2021.%8 (for multi-kinase inhibitors

only their main therapeutic targets are provided). All compounds are applied orally.

Approved

Primary targets

Main therapeutic indications

Abemaciclib

Acalabrutinib
Afatinib
Alectinib
Avapritinib
Axitinib
Binimetinib
Bosutinib

Brigatinib
Cabozantinib
Capmatinib

Ceritinib
Cobimetinib
Crizotinib
Dabrafenib

Dacomitinib
Dasatinib

Encorafenib
Entrectinib

Erdafitinib
Erlotinib

Everolimus

Fedratinib
Fostamatinib
Gefitinib
Gilteritinib
lbrutinib

Imatinib

Lapatinib

2017

2017
2013
2015
2020
2012

2018

2012

2017
2012
2020

2014

2015

2011

2013

2018
2006
2018

2019

2019
2004
2009

2019

2018
2003
2018

2013

2001
2007

CDK4/6

BTK
ErbB1/2/4
ALK, RET
PDGFRa
VEGFR1/2/3

MEK1/2

BCR-Abl

ALK, RET
RET, VEGFR2
c-MET

ALK
MEK1/2
ALK, ROS1
B-Raf

EGFR
BCR-ADbI
B-Raf

TRKA/B/C, ROS1

FGFR1/2/3/4
EGFR
FKBP12/mTOR

JAK2

Syk
EGFR
FIt3

BTK

BCR-AblI

EGFR, ErbB2/HER2

Combination therapy/monotherapy for breast
cancer
Mantle cell ymphomas, CLL
NSCLC
ALS-positive NSCLC
GIST with PDGFRa exon 18 mutations
RCG
Combination therapy with encorafenib for
BRAFV6%%¢/K melanomas

CML

ALK-positive NSCLC
Medullary thyroid cancers, RCC, HCC
NSCLC with MET exon 14 skipping mutations

ALK-positive NSCLC resistant to crizotinib

BRAFVe%/K melanomas in combination with
vemurafenib

ALK or ROS1-postive NSCLC

BRAF"6%t/K melanomas, BRAF69%€ NSCLC,
BRAF"6%°F, anaplastic thyroid cancers

EGFFR-mutant NSCLC

CML
Combination therapy with binimetinib for
melanomas BRAFV600E/K
Solid tumors with NTRK fusion proteins, ROS1-
positive NSCLC

Urothelial bladder cancers

NSCLC, pancreatic cancers
HER2-negative breast cancers, pancreatic
neuroendocrine tumors, etc.

Myelofibrosis

Chronic immune thrombocytopenia
NSCLC
AML

CLL, mantle cell ymphomas, marginal zone
lymphomas, graft vs. host disease
Ph* CML or ALL, aggressive systemic
mastocytosis, etc.
HER2-positive breast cancer



Larotrectinib 2018 TRKA/B/C Solid tumors with NTRK fusion proteins
Lenvatinib 2015 VEGFR, RET Differentiated thyroid cancers
Lorlatinib 2018 ALK ALK-positive NSCLC

Midostaurin 2017 FIt3 AML, mastocytosis, mast cell leukemia
Neratinib 2017 ErbB2/HER2 HER2-positive breast cancers

Nilotinib 2007 BCR-AblI Ph* CML
Nintedanib 2014 FGFR1/2/3/4 Idiopathic pulmonary fibrosis

Osimertinib 2015 EGFR, T790M NSCLC

palbociclib 2015 CDK4/6 Estrogen receptor- and HER2- positive breast
cancers
Pazopanib 2009 VEGFR1/2/3 RCC, soft tissue sarcomas

PR 2020 FGER2 Advanced chplangmcarcmoma with a FGFR2

fusion or rearrangement

Pexidartinib 2019 CSF1R Tenosynovial giant cell tumors
Ponatinib 2012 BCR-Abl Ph* CML or ALL
Pralsetinib 2020 RET RET-fusion (i) NS(E!.C, (ii) medullary thyroid

cancer, (iii) thyroid cancer

Regorafenib 2012 VEGFR1/2/3 Colorectal cancers
Ribocidlib 2017 CDK4/6 Comblr.watl.o['l therapy with an aromatase

inhibitor for breast cancers
Ripretinib 2020 Kit, PDGFRa Fourth-line treatment for GIST
Ruxolitinib 2011 JAK1/2/3, Tyk Myelofibrosis, polycythemia vera

Selpercatinib 2020 RET RET fusion NSCLC and thyr0|fj cancers, RET

mutant medullary thyroid cancers

Selumetinib 2020 MEK1/2 Neurofibromatosis type |
Sorafenib 2005 VEGFR1/2/3 HCC, RCC, thyroid cancer (differentiated)
Sunitinib 2006 VEGFR2 GIST, pancreatic neuroendocrine tumors, RCC
Trametinib 2013 MEK1/2 BRAFV69%t/K melanomas, BRAF"%%%F NSCLC
Tucatinib 2020 ErbB2/HER2 Combination sgcpnd-llne treatment for HER2-

positive breast cancers

Vandetanib 2011 VEGFR2 Medullary thyroid cancers

Vemurafenib 2011 B-Raf BRAFV6%%¢/K melanomas

Zanubrutinib 2019 BTK Mantle cell lymphomas

ALK, anaplastic lymphoma kinase; ALL, acute lymphoblastic leukemias; AML, acute myelogenous leukemias;
BCR-ABL, fusion gene of the Philadelphia chromosome; BTK, Bruton's tyrosine kinase; CLL, chronic
lymphocytic leukemias; CML, chronic myelogenous leukemias; c-Met, MET proto-oncogene receptor
tyrosine kinase; EGFR, epidermal growth factor receptor; ErbB2/HER2, human epidermal growth factor
receptor-2; FGFR, fibroblast growth factor receptor; GIST, gastrointestinal stromal tumors; HCC,
hepatocellular carcinomas; JAK, Janus kinase; KIT, proto-oncogene receptor tyrosine kinase or mast/stem
cell growth factor receptor; mTOR, mechanistic target of rapamycin; MEK1/2, Mitogen-activated protein
kinase; PDGFR, platelet-derived growth factor receptor; NSCLC, non-small-cell lung carcinoma; Ph+,
Philadelphia chromosome positive; Raf, Raf proto-oncogene serine/threonine kinase; RCC, renal cell
carcinomas; Ret, RET proto-oncogene receptor tyrosine kinase; ROS1, ROS proto-oncogene 1 receptor
tyrosine kinase; TRK, tropomyosin receptor kinase; VEGFR, vascular endothelial growth factor.

The smaller but yet important compound class of TKls consists of monoclonal antibodies (mAbs),
which inhibit ligand-receptor interactions extracellularly and can even support the immune

response against cancerous cells (in the case of trastuzumab or pertuzumab).


https://en.wikipedia.org/wiki/Vascular_endothelial_growth_factor

Several TK targeting mABs have been clinically approved since 1998, with trastuzumab (targeting
HER) being the first one, including panitumumab (targeting EGFR; approval in 2006), ramucirumab
(targeting VEGFR2; approval in 2015), pertuzumab (targeting HER2; approval in 2015),
necitumumab (targeting EGFR; approval in 2015) and burosumab (targeting FGF23; approval in
2018).3! One of the most prominent example is cetuximab, a chimeric mABS approved in 2004 for
treatment of advanced colorectal cancer and late-stage head and neck cancer, which selectively

binds and blocks the EGFR.3?

First group of anticancer therapeutics worked within this thesis

2.1.1.1 EGFR-inhibitors

The epidermal growth factor receptor (EGFR) belongs to the group of RTKs and is part of the ErbB
family, therefore also referred to as HER1 and ErbB1.33 Different signaling pathways (such as the
RAS-RAF-MEK-ERK MAPK or the PI3K-AKT-mTOR) induce downstream signaling processes, which
lead to a cellular response and finally regulate e.g. the epithelial tissue development and
homeostasis.3* In healthy tissue, EGFRs are expressed in a range from 40,000-100,000 receptors
in a single cell. However, this number is drastically increased (up to 2 x 10° EGFR molecules per
cell) in various solid tumors e.g. non-small-cell lung carcinoma (NSCLC), breast, ovarian or renal
cancer.®® These deviations origin from gene amplification, protein overexpression, diverse
mutations and/or in-frame deletions.?® Since the EGFR is such a crucial key mediator in cell
signaling, overexpression can lead to promotion of tumorigenesis.® Inhibition of the EGFR by
targeted therapeutics is therefore a promising approach to more selectively treat tumor cells and
spare healthy cells.?’ To this day, three generations of EGFR-targeting small molecule TKIs and
three mABs (cetuximab, panitumumab and necitumumab) were clinically approved by the FDA.?®
37 Gefitinib was the first small molecule TKI approved by the FDA for NSCLC in 2003, closely
followed by erlotinib one year later in 2004 (Figure 4).% Their mode of action is based on a high
affinity towards the active site of mutated kinases and both of them bind in a reversible fashion to
the EGFR ATP binding pocket.3® Deviations such as the exon 19 deletion or the L858R point
mutation are one of the most common EGFR activating mutations and respond well to the
treatment with gefitinib (response rate of 70%).%° Studies showed that erlotinib is more effective
than gefitinib, however suffers from more adverse effects at the same time.* Unfortunately,
resistance development against the first-generation EGFR inhibitors unavoidably occurred after
roughly one year of treatment mainly caused by the exon 20 point mutation T790M. Studies
revealed that this mutation leads to a preference of ATP (in more than 60% of patients) to the

receptor kinase exceeding the potency of the first-generation of TKIs.*



Therefore, a second-generation of EGFR inhibitors was developed to bind irreversibly to the ATP
binding pocket overcoming the T790M mediated resistance thereby.*> Two representatives of this
second-generation, afatinib® and dacomitinib*, got FDA approval as a first line therapeutic for
EGFR-mutant NSCLC in 2013 and 2018 (Figure 4). Both drugs contain an electrophilic acrylamide
moiety in their molecular structure, which can bind covalently to a conserved cysteine (at the
active site of EGFR) via a Michael addition.*” # Preclinical studies of afatinib and dacomitinib
suggested indeed a high efficacy against T790M mutated EGFR, however they were characterized
by an unbearable low maximum tolerated dose (MTD) and dose-limiting toxicities.3® These issues
origin from lack of differentiation between the mutant T790M and wild-type EGFR (or other
members of the ErbB family), which limits their clinical application.** Consequently, a new
generation of irreversible EGFR inhibitors was developed with the aim to specifically target the
T790M (and other) mutations.*” Looking at the chemical structure of osimertinib, the change from
the previously established 4-anilinoquinazoline ring system to an N-(3-(pyrimidin-2-
ylamino)phenyl) acrylamide core is evident (Figure 4).*® Osimertinib was approved by the FDA in
2015 for patients with metastatic EGFR T790M mutation-positive NSCLC, who suffer from
progression after EGFR TKI treatment.*® In 2018 Osimertinib also got approval as first-line therapy
for EGFR-mutated advanced NSCLC and in 2020 for the adjuvant treatment of patients with early-
stage EGFR-mutated NSCLC.>%52 |n general, this TKI is usually well tolerated, however during the

treatment eventually other resistance mechanisms emerge, resulting from a C797S point mutation

or upregulation of various other kinase pathways.>
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Figure 4: Clinically approved first-, second-, and third-generation of EGFR inhibitors. The core
structures (4-anilinoquinazoline and N-(3-(pyrimidin-2-ylamino)phenyl)acrylamide for the third
generation) are highlighted in red.



Despite their specific targeted approach (especially in comparison to conventional chemotherapy),
severe skin- or gastrointestinal-related side effects are the still one of the main issues during the
treatment with EGFR-targeting TKls.>* Notably, the patients who suffer from the worst adverse
reaction show the best therapy response when treated with first generation EGFR-TKIs, revealing

a correlation between the intensity of side effects and therapeutic potential.>>>®

Taken together, despite their remarkable success as targeted therapeutics (especially against
NSCLC), EGFR TKIs are strongly limited by acquisition of resistance mechanisms and severe adverse
reactions. Even the development of new, improved generations of TKls could not turn this disease
into a chronic one, achieve long-term cure or strongly reduce side effects. Therefore, strategies to

optimize the therapeutic potential of small molecule EGFR inhibitors are urgently needed.

2.1.1.2 FGFR inhibitors

The fibroblast growth factor receptor (FGFR) family consists of five transmembrane RTKs (FGFR1—
5), and takes a crucial part in cell-regulating processes such as proliferation, differentiation or
survival. Furthermore, they are associated with the regulation of e.g. embryonic development,
tissue homeostasis and wound repair.>” Notably, FGFR5 misses a tyrosine kinase domain and acts
therefore only as a co-receptor for FGFR1.%® Similar to other RTKs, a cascade of downstream-
signaling pathways (e.g. RAS-RAF-MEK-ERK MAPK, PI13K/Akt and PLCy) is initiated by the binding of
fibroblast growth factors (FGFs) to the FGFR (followed by receptor dimerization and induced
intracellular autophosphorylation).>® Deregulation of these processes (origin from mutations and
gene amplification/fusions) can result in oncogenesis and tumor progression as well as in a variety
of other diseases.®® Consequently, blocking the FGF/FGFR signaling axis by e.g. small molecule TKls
is a promising approach to target various tumor types. To this date, the FDA approved several drugs
inhibiting the FGFR family including nintendanib (2014), erdaftinib (2019) and pemigatinib (2020),

in addition, several others are currently investigated in clinical trials.®*

2.1.1.3 ABL inhibitors

The Abelson (ABL) family (consisting of ABL1 and ABL2) belongs to the group of non-receptor
tyrosine kinases and is encoded by the mammalian ABL genes. These kinases take part in a wide
range of cellular processes including but not only cell proliferation, differentiation, survival,
migration, death, DNA-damage responses and regulate a variety of other biological functions.®?
Notably, ABL1 was determined as oncogene in the development of leukemia (originated from
Abelson murine leukemia virus or chromosome translocations) more than three decades ago.®
CML (chronic myelogenous leukemia), which is diagnosed in roughly 15-20% of new leukemia

cases, is caused by a deregulation of BCR-ABL1. BCR-ABL1 is encoded by the fusion gene resulting
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from the t(9;22)(g34;911) chromosomal translocation, commonly referred to as Philadelphia (Ph)
chromosome.® The discovery of BCR-ABL1 being the driver for initiation and maintenance of CML
was a “dream come true” for anticancer precision medicine and started the era of targeted
therapeutics. Imatinib was the first TKI ever to get approval by the FDA in 2001, marking a
milestone in cancer therapy. This drug showed promising results against CML, however occurring
resistances caused by point mutations (e.g. T315l) and adverse effects entailed a second-

(dasatinib, nilotinib, and bosutinib) and third-generation (ponatinib) of BCR-ABL1 inhibitors.5>°

2.1.1.4 Multi-kinase inhibitor Ponatinib

Cancer is an extremely complex disease and in most solid tumors, a range of various signaling
pathways can be overexpressed at the same time leading to tumor progression. Therefore, it
makes sense to inhibit more than one target by simultaneous administration of several “mono-
targeted” TKls. Although theoretically a promising approach, clinical studies revealed that such
combinations of TKls suffer from accumulated toxicities, frequently resulting in dose reduction for
the drugs or treatment discontinuation. Furthermore, combination therapies often prove to be
ineffective as the concentration of the drugs is too low (after dose reduction) to achieve any
significant anticancer activity. A preferred strategy is therefore to use a single TKI, which is able to
target multiple kinases at the same time (so-called multi-kinase inhibitors).%”

One of the most prominent representatives of a multi-kinase inhibitor is ponatinib, which inhibits
ABL, FGFR, platelet-derived growth factor receptor (PDGFR), vascular endothelial growth factor
receptor (VEGFR) and others kinases.®®% Ponatinib was granted FDA approval in 2012 as second
line treatment for resistant or imatinib intolerant Philadelphia chromosome-positive (Ph+) CML
and acute lymphoblastic leukemia (Ph+ ALL), specifically in cases of a BCR-ABL T315| mutation.”®7’!
Remarkably, only ponatinib and no other BCR-ABL1-targeting TKI (e.g. imatinib, dasatinib or
nilotinib) can inhibit the T315] mutation.”® This inhibition potential very likely results from the
unique acetylene linker of ponatinib, which gives its molecular structure a certain rigidity favorable
for these interactions. Crystal structures confirmed this binding mode of ponatinib with BCR-ABL1
(Figure 5)73: The imidazo[1,2-b]pyridazine core blocks the adenine pocket, the methylphenyl unit
binds a hydrophobic pocket (behind the gatekeeper residue) and the trifluoromethylphenyl group
fits into a pocket induced by the DFG-out (Asp-Phe-Gly = “DFG” motif). Lastly, the piperazine group

is necessary for the aqueous solubility of this highly lipophilic molecule.”
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Figure 5: Chemical structure of the clinically approved ponatinib (Iclusig®) and its schematic binding
mode with BCR-ABL (adapted from references™ 73 ).

Ponatinib is currently investigated in several preclinical and clinical studies on other cancers,’* of
particular interest is thereby the targeting of FGFR.”>7¢

Unfortunately, severe adverse reactions, most of them cardio-related, could be frequently
observed during the treatment with ponatinib.”” The occurrence of life-threatening arterial
thrombotic events in a clinical phase Il study finally led to dose-limitations and extra precautionary
measures during therapy.”®® Thus, approaches to overcome these drawbacks and still utilize the

potential of ponatinib are of high interest.

Second group of anticancer therapeutics worked within this thesis

2.2 a-N-Heterocyclic thiosemicarbazones and their metal complexes

a-N-heterocyclic thiosemicarbazones (TSCs) and their metal complexes (e.g. Cu, Fe, Zn, Ga) present
a compound class with very promising anticancer (as well as antibacterial, antiviral and antifungal)
properties.®! The proposed biological mode of action of TSCs is the inhibition of ribonucleotide
reductase (RR). In general, the RR converts ribonucleotides to 2’-deoxyribonucleotides, which are
vital for the synthesis and repair of DNA. RRs can be roughly divided into three classes (I, Il and Il1),
which all use different metals as cofactors, whereby only class la is expressed in mammalians. Two
dimeric subunits R1 and R2 form the tetrameric enzyme la RR and catalyze jointly the reduction
steps. The a, dimer (protein R1), includes the substrate (ribonucleotide) binding site, and is
activated by the electron of a tyrosyl radical, which is transferred to this moiety over a distance of
around 35 A. The smaller B, dimer (protein R2) consists of a diiron center and polypeptide chains,
here the tyrosyl radicals are generated. After the transport of the radical to the R1 subunit, a thiyl

radical is formed at the cysteine residue Cys439 (state 1; Figure 6).22
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Figure 6: Proposed mechanism for the reduction of ribonucleotides by RR.

Figure from reference %

The proposed mechanism continuous with the abstraction of the 3’-hydrogen atom of the ribose
by the thiyl radical and formation of the substrate radical intermediate (state 2). Protonation of 2'-
OH and subsequent elimination of water leads to the 2’-ketyl radical (state 3). In the next step, a
hydrogen atom is transferred to the 2’-position, generating a disulfide anion radical intermediate
(state 4), which is then transported back to ribose, restoring the substrate radical intermediate
(state 5). Finally, the hydrogen atom from the Cys439, which initiated the cycle, is moved to the
substrate re-generating the thiyl radical (state 6). The radical is transferred back to the R2 subunit
where it forms again the tyrosyl radical. Then the reduction of the disulfide bond (by thioredoxin
or glutaredoxin and the NADPH binding flavoprotein thioredoxin reductase) completes the
turnover.?? The thiyl radical would very likely disturb the reduction of the disulfide bond, which is

the reason for the interim transfer of the radical to the R2 subunit.

Among the compound class of TSCs, 3-aminopyridine-2-carboxaldehyde thiosemicarbazone,
(Triapine, Figure 7) is by far the best-studied representative being evaluated in more than 30
clinical phase I and Il trials.®® Several possible modes of action have been suggested for Triapine,
with the iron cofactor of the R2 subunit being most likely its target. Although, the exact mechanism
is yet to be elucidated, the work of Aye et al proposes the formation of an iron complex by the

reaction of the tridentate NNS donor atoms with the labile intracellular iron (Figure 7).8*
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Figure 7: Triapine (left) and its iron(lll) complex (right).

Notably, Triapine showed encouraging results against hematological cancers such as advanced
leukemia,®® but was hardly effective against solid tumor types (e.g. renal cell carcinoma or NSCLC)
and at best only achieved stabilization of tumor size.®5®” Thus, further clinical trials focused on
combinational therapies and a phase Ill study with cisplatin and radiation is currently executed.®
8 Recent studies from our group suggested that the rapid metabolism/excretion and poor tumor
accumulation of Triapine are likely reasons for its insufficient activity against solid tumor types.>*
92 Furthermore the occurrence of methemoglobinemia, a condition where methemoglobin
(metHB) blood levels are increased, could be frequently noticed during clinical trials.** The
formation of iron(lll) Triapine complexes in the blood stream and their subsequently redox reaction
with oxyhemoglobin (HBO,) explains this phenomena.’* Consequently, new strategies for

enhanced plasma half-life time and tumor specificity/accumulation are of high interest.

In the last decade, new generations of TSCs were developed with the aim to further improve the
anticancer activity of this compound class. Well studied examples are di-2-pyridylketone 4,4-
dimethyl3-thiosemicarbazone (Dp44mT) and its successor di-2-pyridylketone 4-cyclohexyl-4-
methyl-3-thiosemicarbazone (DpC), both possessing terminally disubstituted NH, groups (Figure
8). Notably, these TSCs are characterized by extraordinarily increased in vitro anticancer activity
(~500-fold) in comparison to Triapine. This significant differences can probably be attributed to the
intracellular formation of very stable copper complexes of the terminally disubstituted TSCs.*®> DpC

was studied in a clinical phase | trial in 2016.%

Another promising next-generation TSC is represented by 4-(pyridine-2-yl)-N-([(8E)-5,6,7,8-
tetrahydroquinolin-8-ylidene]amino)piperazine-1-carbothioamide (COTI-2), which deviates a bit
more from the classical TSC structure (Figure 8). In vitro experiments showed also a cytotoxicity in
the nanomolar range and encouraging results could be achieved in vivo.”” Hence, this TSC was

recently investigated in a phase Ib/lla clinical trial against gynecologic malighancies.®® Studies
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demonstrated that COTI-2 affects the tumor suppressor functionality by restoring mutated p53,

revealing a new mode of action for this compound class.?®1%
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Figure 8: Chemical structures of the next generation TSCs Dp44mT, DpC and COTI-2.

3 APPROACHES TO REDUCE THE ADVERSE EFFECTS OF ANTICANCER
THERAPEUTICS

The scientific efforts in the last decades led to the further optimization of already established
anticancer therapeutics and discovery of novel, promising strategies (e.g. targeted therapy).
Nevertheless, the occurrence of treatment-induced side effects still remains one the main issues of
modern anticancer therapy. Adverse events (caused by small-molecule drugs) can be divided in so-
called on-target and off-target effects. In general, on-target effects are the consequence of target
inhibition in the healthy tissue, thus can be described as loss of selectivity. Whereas off-target
effects occur rather unrelated and are induced by activity modulation of proteins that can be (but
does not have to be) biologically linked to the target protein.'°* To reduce adverse reactions, the
enhancement of the tumor selectivity and/or increase of the tumor accumulation of the respective
drug are promising strategies. Consequently, two major concepts, namely the prodrug and drug
targeting approach, have been vastly explored and applied to the compound class of small molecule
therapeutics. Both approaches will be briefly discussed and addressed in more detail in the later
chapters.

Prodrugs are defined as inactivated, non-toxic compounds, which release the active drug after
specific activation at the tumor site.!?? Regarding the drug targeting approach a distinction is made
between the passive- (or tumor) targeting and the active- (or ligand based) targeting approach. In
the passive-targeting approach, the drug is encapsulated into nanoparticles, which specifically
accumulate in the tumor. The active-targeting approach utilizes ligands, which are attached to the
anticancer therapeutic and can interact with (overexpressed) receptors on cancer cells leading to
an increased uptake.13194 Some drugs even combine both passive- and active targeting approaches

at the same time (e.g. surface-modified polymeric nanoparticles).%

15



The joint strategy of all three approaches is the release of the active drug, in whichever way, inside
the tumor tissue, sparring the healthy cells thereby. When administered to the patient, prodrugs
are distributed throughout the whole body comparable to conventional therapeutics (Figure 9A/B).
However, the active compound is released by tumor-specific triggers, hence mainly affects cancer
tissue. The drug distribution properties of the targeting approach distinctly differs: In both cases
(active and passive targeting strategy) the drug carrier is accumulated at the tumor site (where it

releases the drug) and not equally distributed throughout the body (Figure 9C).

(]

Figure 9: Schematic illustration of (A) conventional chemotherapy, (B) the prodrug and (C) the drug-
targeting approach; the tumors are represented by the red irregular shapes. Chemotherapeutics
distribute in the whole body effecting not only cancer cells but also rapidly, dividing healthy cells
(symbolized in red = active). Prodrugs likewise circulate in the whole body but are non-toxic until
they release their active moiety after a tumor-specific trigger event (symbolized in blue = inactive
and red = active). In the case of the drug-targeting approaches, the carrier is accumulated at the
tumor site and subsequently releases the drug in an unspecific (passive) or specific (active) way
(symbolized in beige = not accumulated and red = active).

3.1 Prodrugs

As mentioned briefly before, prodrugs are inactivated parent compounds, which only release their
cytotoxic moiety after a tumor-specific trigger event, sparring healthy cells thereby. In general, the
molecular structure of prodrugs usually consists of a trigger unit, the bioactive drug itself and in
most cases some kind of linker to connect them. To successfully develop a prodrug, the molecular
structure of the chosen compound needs to A) allow reversible, chemical modifications without
losing its anticancer properties and B) possess this modified part in the right position to ensure
triggered tumor selectivity. The activation mechanisms are versatile and depend on the
microenvironment of the tumor. Well-known examples include the overexpression of certain
enzymes, hypoxic milieu, decreased pH levels and oxidative or reductive conditions.’?? Regardless
of the activation trigger, to achieve selectivity in the tumor tissue, several crucial characteristics
need to be fulfilled. First and foremost the prodrug must exhibit a high stability in healthy tissue

while being labile and thus activatable at the target site.
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Secondly, the solubility and bioavailability of the prodrug must be given under the required
circumstances. Furthermore, it must be taken into consideration that the pharmacokinetics, which
describe the administration, distribution, metabolization and excretion (ADME) of the respective
compound are altered after chemical derivatization compared to the parent drug. The most

prominent and in this thesis used prodrug approaches will be discussed in following chapters.

3.1.1 Release mechanism of prodrugs

3.1.1.1 pH-sensitive prodrugs
Notably, the extracellular pH value of cancer cells is distinctly lower compared to healthy cells
(usually 0.5-1.0 units), as a high rate of glycolysis is maintained even under hypoxia. Consequently,
the lack of oxygen leads to an excess of lactic and carbonic acid, which in turn results in the drop
of the extracellular pH value. This difference between healthy and cancer cells represents
therefore an interesting approach for the development of prodrugs.’®® To achieve selective
activation the prodrug needs to be stable at physiological conditions (blood or extracellular space)
and release its bioactive moiety only after hydrolysis in an acidic environment. Functional groups
sensitive to pH value used for this strategy include imines, actetals/ketals, hydrazones and
carboxylic hydrazones (Figure 10A).1°> 1% QOne of the most successful representatives of this
approach is aldoxorubicin, an albumin-binding prodrug of doxorubicin bearing an acid-cleavable
moiety [(6-maleimidocaproyl) hydrazone], which is currently investigated in several clinical phase
Il and 1l trials (Figure 10B).2°7
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Figure 10: (A) pH-sensitive linkers regularly used in prodrugs. (B) Aldoxorubicin as representative
of acid-cleavable prodrugs in clinical trials.
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3.1.1.2 Enzymatic-sensitive prodrugs
Another property, which can be exploited for the prodrug approach, is the upregulation of specific
enzyme in cancer cells.’®® A well-studied and one of the most frequently used examples of such
enzymes is Cathepsin B, an intracellular cysteine protease highly overexpressed in tumors. As for
the mode of action of enzymatic-sensitive prodrugs, these overexpressed enzymes specifically
cleave selected peptide linkers, resulting in the release of the bioactive unity.}%® Therefore, the
choice of the cleavable linkers is crucial to achieve a specific activation. Studies of cathepsin B-
sensitive prodrugs of doxorubicin showed the high efficacy of dipeptide motives such as
Phenylalanine-Lysine (Phe-Lys) and Valine-Citrulline (Val-Cit). Furthermore, a self-immolative
spacer such as p-aminobenzycarbonyl (PABC) was integrated in the prodrug structure to control
the steric interactions.®® One of the most successful representative is the antibody-drug conjugate
(ADC) brentuximab vedotin (for Hodgkin’s lymphoma and anaplastic large cell lymphoma), which
is composed of the mAb brentuximab (carrier unit), Val-Cit (cathepsin B-cleavable moiety), PABC

(self-immolative linker) and monomethyl-auristatin E (MMAE; antimitotic drug) (Figure 11).1%
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Figure 11: Chemical structure of brentuximab vedotin. Monoclonal antibody brentuximab (star);
maleimide unit as attachment group (green); cathepsin B-cleavable Val-Cit peptide linker (red);
self-immolative PABC spacer (purple); cytotoxic agent MMAE (blue).

3.1.1.3 Hypoxia-sensitive prodrugs
Another intensively explored characteristic of cancer utilized for the prodrug approach is the
hypoxic environment of tumors. In general, hypoxia describes a lack of oxygen in the body and is
caused in solid tumors by their fast and uncontrolled growth. The defective vasculature of tumors
is characterized by its disorganized blood vessel networks and leakages, which prevents an even
distribution of oxygen. At the same time, the rapid proliferation of tumor cells as well as infiltration
of healthy tissue demands a high but not sustainable oxygen supply. Both features lead to an
imbalance between oxygen delivery and consumption, resulting in hypoxic tissue. Hypoxia is
related to an upregulation of the hypoxia-inducible transcription factor (HIF) and takes therefore
a crucial part in cancer progression and metastasis. Furthermore, it is associated with the

occurrence of resistances to conventional therapies, leading to a poor prognosis. As hypoxic

18



regions (to varying degrees) can be found in 50-60% of solid tumors, this characteristic is a

promising target for cancer therapy.*%*!

Various different hypoxia activated prodrugs (HAPs) have been developed over the past last
decades.’? The general idea behind this approach is to develop a prodrug that exhibits high
stability under normoxic conditions and only releases its active moiety in a hypoxic environment.
Thus, an enhanced selectivity between the healthy and tumor cells can be achieved, resulting in
less adverse effects. As for the proposed mode of action, in the first step the HAP is reduced by
enzymes (one-electron oxidoreductases) turning into an oxygen-sensitive radical intermediate.
This radical is instantly re-oxidized by molecular oxygen in healthy tissue (normoxia) generating
again the parental prodrug. Due to the insufficient oxygen supply in the hypoxic regions of the
tumor, an irreversible reduction takes place and the bioactive unit is released from the prodrug

(Figure 12).112
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Figure 12: Proposed mechanism for HAPs. In the presence of molecular oxygen (healthy tissue) the

prodrug stays in its inactive form, as a re-oxidation step takes immediately place after the initial

one-electron bio-reduction. However, under hypoxic conditions (cancer tissue) the lability of the

formed radical leads to a consecutive reaction (e.g. reduction, dissociation or fragmentation of the

prodrug), resulting in the release of the bioactive species.

Well-known one-electron oxidoreductases, which are overexpressed in solid tumor cells and able
to reduce HAPs, include NADH-cytochrome bs reductases, nitric oxide synthases, and NADPH-
cytochrome P450 reductase. In addition, two-electron oxidoreductases can be involved in the
activation of HAPs, in this case the activation mechanism is changed as no radical is formed.
Overexpression of these enzymes can lead to off-target effects, but at the same time offer another
target for HAPs.113

The four big compound classes, which are known for their suitable redox properties and possible

application as HAPs consist of quinones, N-oxides, nitroaromatics and transition metal complexes

(Figure 13).12 Quinones are well suited for this approach, as they can be reduced to hydroquinones

forming a stable, fully aromatic ring system thereby. Mitomycin C, a DNA crosslinking anticancer

antibiotic, was discovered more than six decades ago and is considered one of the first bioreductive

prodrugs.’*? Derived from this drug, several compounds have been synthesized with apaziquone
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being studied in clinical phase 1.1 Another compound class, which can be selectively reduced in
the hypoxic tumor environment, are N-oxides. Depending on the molecular structure of the N-
oxides, different enzymes are involved in the reduction process. In the case of aromatic systems,
one-electron reduction cause the formation of labile radicals.!*? A well-studied example of such a
prodrug is tirapazamine, which was clinically investigated in several phase Ill trials.’*®> Regarding
aliphatic N-oxides such as banoxantrone, reduction by two-electron oxidoreductases forms the
corresponding active tertiary amines.!*® The third group of triggers reducible under biological
conditions are nitroaromatics such as nitrobenzyls or nitroimidazoles. Their activation mechanism
is again based on an enzyme controlled reduction process, generating a nitro radical anion thereby.
Under normoxic conditions this radical intermediate is re-oxidized to the parental compound,
whereas the lack of oxygen results in the decomposition of the prodrug and release of the bioactive
moiety. Two of the most prominent representatives are evofosfamid (TH-302) and tarloxotinib (TH-
4000), which both use nitroimidazoles as trigger unit. The most advanced in terms of clinical
investigations (several phase lll trials) is evofosfamid, the prodrug of an ifosfamide derivative.

Tarloxotinib is one of the few TK-inhibiting (EGFR) HAPs and was investigated in several clinical
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phase Il trials.
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Figure 13: Representatives of different compound classes of HAPs, which have been or are
currently clinically investigated as HAPs. The approved bioreductive drug mitomycin ¢ once
initiated the development of quinone based HAPs.

The fourth compound class suitable for this approach is transition metal complexes (e.g. cobalt or
copper). In general, these metals are characterized by two main oxidation states, which exhibit

different stabilities, and their well adjustable redox properties. Under normoxia the complex with
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the higher oxidation state is stable and therefore inactivated. Whereas under hypoxia, the complex
is reduced to the labile lower oxidation state, resulting in release of the (bioactive) ligands.'t* %7
The most prominent element for metal complex-based HAPs is cobalt, with a well-studied
coordination chemistry. The redox potential of cobalt(lll)/(Il) complexes can be fine-tuned by
appropriate ligand selection to lie within the redox range of cells.!*® Notably, the octahedral
cobalt(Ill) complexes show high stabilities due to kinetic inertness, whereas the cobalt(ll) state is
characterized by kinetic lability (leading to a several magnitudes higher ligand exchange rate).!®
This outstanding difference can be exploited for the hypoxic environment of a tumor in form of a
HAP as described above. Regarding the choice of ligands, Ware et al revealed that bidentate
chelating ligands ensure sufficient stability under normoxia unlike the previously used
monodentate aziridine ligands.??® For this prodrug strategy, a well-balanced equilibrium between
the two oxidation states needs to be attained: The cobalt(lll) complex must be stable enough in
healthy tissue to reduce adverse effects. At the same time dissociation of the reduced cobalt(ll)
complex should only take place in a hypoxic environment at the target site. Comparable to pure
organic hypoxia-activatable drugs (see above) it is frequently suggest that in healthy tissues the
cobalt(lll) species is instantly restored by oxygen after reduction, inhibiting the release of the
bioactive ligand thereby.??'122 However, pulse radiolysis measurements contradicted this theory,
as the re-oxidation rates were too slow under normoxic conditions. Instead a competition between
the cobalt(lll) complexes and molecular oxygen for one-electron reductants is proposed.® Even
though the exact mode of action is yet to be elucidated, several promising cobalt(lll) complexes
have been synthesized over the last years using various anticancer drugs as ligands such as

alkylating agents (e.g. nitrogen mustards), matrix metalloproteinase (MMP) inhibitors (e.g.

marimastat) or TKls (e.g. EGFR inhibitor) (Figure 14).1241%

A B C

Figure 14: Representatives of cobalt(lll) based HAPs using different anticancer agents such as (A)

nitrogen mustards!?, (B) marimastat!?® or (C) an EGFR inhibitor'?’.

Notably, most of the hypoxia-activatable prodrugs use chemotherapeutics and especially DNA

alkylating agents as active moiety. Unfortunately, despite promising results in various clinical phase
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| and Il studies (e.g. for evofosfamide or tirapazamine), the respective phase Ill could not be
successfully completed for any HAP until now.'?® Interestingly, only in the past few years, this

approach has been applied also to the large class of small molecule TKls.12%-132

3.2 Drug delivery systems in anticancer therapy

Another promising strategy to reduce adverse effects by enhancing the tumor selectivity of
anticancer therapeutics is the use of so-called drug or targeted delivery systems.%31%% |n general,
drug delivery systems can be divided into passive- and active targeting approaches, which utilizes
different delivery strategies, targets and activation mechanisms (Figure 15).233 Both approaches

will be discussed in detail in the following chapters.
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Figure 15: Active- and passive targeting strategies in drug delivery. Figure adapted from reference
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3.2.1 Passive targeting approach — EPR effect

The enhanced permeability and retention (EPR) effect is the basis for passive targeting strategies
and was discovered first by Maeda and Matsumura more than four decades ago.’3*3* This
pathological condition is caused by the fast and uncontrolled growth (angiogenesis) of tumors,
which entails the formation of abnormal (in terms of size and form) and leaky blood vessels. As a
result, the endothelial cells are not properly arranged and large gaps (in the range of 200-2000
nm) between them can be found. Macromolecules (e.g. nanoparticles, proteins or polymers) can
diffuse into the tumor tissue through these openings and accumulate there (= enhanced
permeability effect). On the contrary, the healthy tissue is not exposed to macromolecules as it is
delimited by its intact endothelial cells (Figure 16).13¢13” The other aspect is the defective lymphatic
drainage system of the tumor, which ensures a sufficient accumulation of the respective
macromolecule at the target site (retention effect) (Figure 16).1% Both features combined result in

the EPR effect, which is already successfully utilized in clinics (e.g. liposomal doxorubicin, see
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below).'* However, it should be mentioned that factors such as hypoxia, inhomogeneities in the

tumor tissue or the cancer type itself could reduce or even prevent the impact of the EPR effect.%
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Figure 16: Schematic illustration of the enhanced permeability and retention (EPR) effect. In
healthy tissue, small molecules (here illustrated as red dots) can easily cross the endothelial cells
unlike e.g. nanoparticles (here illustrated as purple circles), which are hindered by their size.
However, in cancerous tissue, the misshaped angiogenic endothelial cells enable an entering of
macromolecules. In this manner, an accumulation of the encapsulated drug at the target site can
be achieved. Furthermore, the lymphatic drainage of tumors does not function properly leading to
aggravated removal of the drug carrier. Figure adapted from reference #

3.2.1.1 Nanoparticulate formulations for passive drug targeting
The history of nanoparticles in medicine goes back more than 50 years, when Bangham et al
discovered and reported the properties of swollen phospholipids.’** Formulations used for
anticancer drug delivery include lipid- (e.g. liposomes) or polymer- (e.g. micelles) based
nanocarriers, drug conjugates (e.g. antibody or protein) and various inorganic nanoparticles (e.g.

generated from gold, silica or hafnium oxide) (Figure 17).14
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Figure 17: Schematic overview of various types of nanoparticulate formulations used in cancer
therapy. From reference %,

To be suitable for the drug delivery approach these formulations must fulfill a number of
requirements such as a high encapsulation efficiency (EE), a slow and continuous release of the
drug, low toxicities as well as an enhanced accumulation in cancerous tissue.’® Furthermore, the
drug loaded carrier system must show a long-term circulation and a high level of stability in the
blood stream. After accumulation at the target site, a certain period of time or specific trigger
events should lead to the controlled release of the drug. Derived from these requirements, the
main properties of nanoparticulate formulations are their size and size distribution, zeta potential

(surface charge), as well as drug loading and drug release behavior.

The size of nanoparticles in context of drug targeting is determined between 1-1000 nm. However,
depending on the class of drug carriers a much narrower size range can be specified: For example
the size of gold particles is around ~13—60 nm, of polymer based nanocarriers between ~50-500
and of liposomes ~80-200.1441%> Notably, studies showed that a size below 400 nm of the drug
carrier is favorable for an efficient transport as well as an increased accumulation at the target
site.1¥ To examine the size of nanoparticles dynamic light scattering is used, a method, which
exploits the Brownian movement of suspended particles (in general, smaller particles tend to move
faster in comparison to larger particles). This technique uses monochromatic laser light to irradiate
the sample and detects the resulting scattered light, which is then analyzed for its intensity. A
dependency of the scattering intensity from fluctuation of the nanoparticles exists, which in turn

reveals the rate of diffusion and thereby size.!¥’
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Another characteristic, which can be acquired via this method, is the so-called polydispersity index
(PDI). The PDI is an important parameter in the preparation of nanoparticles as it describes their
size distribution and therefore quality of the formulation. As a general rule, a PDI below 0.15
displays a narrow size-distributions, suggesting a monodisperse behavior.*” Another important
characteristic is the electrostatic surface potential, which is referred to as zeta potential. The zeta
potential arises from dissociation/ionization of the used particle material and the adsorption of
ions on the particle surface.'*® Studies showed that a slightly negative or neutral charge allows
nanoparticles to evade interactions with plasma proteins and reduces the adsorption by them
(opsonization). This in turn leads to an increased long-term circulation in the body.'* Since a direct
measurement of the zeta potential is not possible, an electric field is applied to the nanoparticulate
formulation and the resulting electrophoretic mobility is determined. Subsequently, the acquired
data is mathematically processed by the Henry's equation to calculate the zeta potential.’*®

To describe the drug loading capacity the encapsulation efficiency (EE) is given. This parameter
indicates the percentage of the compound, which could be successfully encapsulated into the

respective nanoformulation.

The final (and perhaps most important) property of nanoparticles is their drug release behavior.
On the one hand, the drug must be stably enclosed inside the nanoparticulate formulation, as a
fast release counteracts the targeting effect. On the other hand, a controlled release of the
compound is necessary to achieve a constant drug concentration at the desired target site. In
general, the drug can be released in various manners e.g. by diffusion through the nanoparticles
matrix, and/or degradation and/or erosion of the nanoparticle itself.! To evaluate the release
profile a range of techniques is available (e.g. size exclusion chromatography, flow cytometry or
fluorescence assays'*?), depending on the nature of the encapsulated drug and nanoparticles. One
of the easiest to apply and frequently used methods is the so-called dialysis bag diffusion
method.?? In this technique, a certain volume of the sample is filled into a dialysis bag, which is
then transferred into an acceptor liquid. Over time the drug is released from the nanoparticulate
formulation, diffuses through the dialysis membrane and accumulates in the outer compartment
until the concentration equilibrium is established. To determine the drug release, samples from
the acceptor liquid are taken and analyzed for their concentration. Of course, this method is only

suitable for encapsulated drugs, which possess a certain solubility in the used aqueous solution.
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3.2.1.2 Liposomal Formulations

One of the most prominent and extensively investigated representatives of nanoparticles in

medicine are liposomes.

Due to their size and chemical nature, they can be used as nanocarriers for various drugs and
accumulate at the target site by utilizing the EPR effect. These spherical vesicles consist of a lipid
bilayer, which encloses an aqueous core and is composed of natural and/or artificial phospholipids
(e.g. phosphatidylglycerol, phosphatidylethanolamine or phosphatidylcholine).’>* Although these
lipid bilayers are easily formed by self-assembly of phospholipids in aqueous solutions, studies
showed a fast release of the encapsulated drugs. It turned out that those liposomes solely prepared
from unsaturated phospholipid molecules suffered from leakiness in their layers. To solve this
problem and improve the stability of the encapsulated drugs, cholesterol was included in the
synthesis to ensure a tight packing of the lipids.'>> The synthesis of the first drug-loaded liposomes
was already accomplished in the 1970s.1°® However, these liposomal formulations were easily
detected and attacked by macrophages or the serum complement system. Furthermore, due to
their lipophilic nature, they reacted with lipoproteins leading to instability and fast drug release.*’
One of the most successful strategies to overcome these drawbacks is the modification of the
liposomal surface. By these alterations, the interaction and consequently binding to plasma
proteins can be hindered and the circulation time thereby significantly increased. The most
prominent surfactant for this is polyethylene glycol (PEG). In general, liposomal formulation
prepared by this method are referred to as so-called “PEG-ylated” or “stealth” liposomes.?>81>9
Other approaches to modify the liposomal surface (to accumulate at the desired target site) include

the use of targeting ligands such as peptides or monoclonal antibodies.'®®

As for the preparation of liposomal formulations, several techniques are available, depending on
their application and the chemical properties of the encapsulated drug. The first and still one of
the most frequently used approaches is the thin lipid method, which was reported in 1965 by
Bangham et al.¥* In this technique, the liposomal building blocks are dissolved in an organic
solvent, which is subsequently evaporated leaving the eponymous thin lipid film. The following
step includes the rehydration of the thin lipid film by an aqueous solution of choice to form the
liposomes. Next, the liposomes are reduced and unified in their size, which can be carried out by
different methods (e.g. sonication with an ultrasonic bath/probe tip sonicator or extrusion through
polycarbonate filter).2® The thin lipid film hydration method is particularly suitable for the loading
of lipophilic drugs, which can be easily added at the beginning of the synthesis.’®? However,
applying this approach to less lipophilic drugs resulted in a low encapsulation efficacy as the

substances shows more affinity to the aqueous phase and stays dissolved in this medium. One very
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successful method to overcome these drawbacks is the so-called remote loading approach in which
hydrophilic or amphipathic compounds are encapsulated into preformed liposomes via a pH
gradient.’® |n this technique, the pH gradient between the internal and the external media of the
liposomal formulation “pumps” the drug inside the liposomes (Figure 18). The internal solution
usually consists of salts of weak bases (e.g. ammonium) or weak acids (e.g. acetates) and is formed
by rehydration of the thin lipid film.’%* By exchanging the external solution (e.g. to PBS) the
difference in the proton concentration gradient is created. Due to this, the uncharged drug is
forced inside the liposomes, where its protonation takes place. The loaded compound needs to
feature particular characteristics to be suitable for this method: Being soluble in the external
aqueous media (to at least a certain extent), exhibiting a logD in the range of —2.5to 2 at pH 7 and
a pKa < 11. Furthermore, depending on the compounds pKa and the pH of the external medium,

the change between its charged to uncharged form must be enabled.1%3164

Intraliposomal aqueous phase
(NH,),SO, pH~5

|

Extraliposomal medium
pH~7.4 PBS

Figure 18: Schematic illustration of the remote loading approach of a weak amphipathic base via
an ammonium sulfate gradient. Adapted from reference 163,

3.2.1.3 Nanoformulations as anticancer therapeutics in the clinic
The success story of liposomal anticancer formulations started in 1995, when Doxil®, which is a
PEGylated liposomal doxorubicin, got approval by the FDA for treatment of Kaposi’s sarcoma
induced by HIV.2> Doxil® marked a milestone in the (passive) drug targeting approach and is still
one of its most prominent and lucrative representatives.'®® After these first promising results, a
range of other liposomal formulations was developed and clinically approved. Only one year later,
in 1996, DaunoXome® (liposomal Daunorubicin) was approved for the therapy of various leukemia
and Kaposi’s sarcoma.® Another liposomal formulation (loaded into non-PEGylated liposomes) of

doxorubicin resulted in Myocet®, which got approval in Canada and Europe twenty years ago to
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treat ovarian and breast cancers.’®” Notably, the encapsulation of doxorubicin into liposomes
drastically enhanced its therapeutic potential as the plasma half-life time was increased from 0.2
h (free doxorubicin) to 2.5 h (Myocet®) or even 55 h (Doxil®).1%® Another advantageous aspect of
both liposomal formulations was the reduction of dose-limiting side effects such as
cardiotoxicities.®® Lipodex® was the third liposomal formulation of doxorubicin, which got clinical
approval in 2013 and demonstrated even higher circulation half-life (65 h) due to use of other
liposomal building blocks.’** Furthermore, liposomal formulations for instance of vincristine
(Marqibo®) or mifarmutide (Mepact®) have been approved for the therapy of various cancers.'’
All the above described (and some more) clinically approved liposomal formulations, their trade

name, approval year as well as therapeutic indications can be found in Table 2.

Table 2: A selection of FDA- approved nanoformulations.’*® 70 Only their main therapeutic
indications are provided.

Main therapeutic
indications
Kaposi’s sarcoma, ovarian

Drug Trade name Approved Type of formulation

Doxorubicin Doxil® 1995 PEGylated liposomes )
cancer, multiple myeloma
Doxorubicin Myocet® 2000 Non-PEGylated liposomes  Ovarian and breast cancer
i Itipl
Doxorubicin Lipodox® 2013 PEGylated liposomes Ovarian cancer, multiple
myeloma
Daunorubicin  DaunoXome® 1996 Non-PEGylated liposomes Various leukemias
Vincristi Leukemi I
incristine Marqibo® 2012 Non-PEGylated liposomes SElgamIE S el
sulfate lymphoma
Mifarmutide Mepact® 2009 Non-PEGylated liposomes Osteosarcoma
Irinotecan ONIVYDE® 2015 Non-PEGylated liposomes Metastact;cnsearncreatlc

Furthermore, liposomal formulations of other anticancer drugs are currently investigated in
several clinical trials: Liposomal cisplatin in form of Lipoplatin (phase Ill) and SPI-77 (phase Il) (both
PEGylated liposomes) or liposomal paclitaxel in form of EndoTAG-I (phase Il) and LEP-ETU (phase

).143 171172 Also novel (e.g. thermosensitive) liposomal

II) (both non-PEGylated liposomes
formulations of doxorubicin are developed (Thermodox in a phase Ill and MM-302 in a phase II/Ill
trials, both PEGylated liposomes).1’® The other important group of nanoformulations, which can
be used as drug-carrier in anticancer therapy, consists of polymeric nanoparticles. Although,
possessing encouraging properties such as prolonged half-life time and controlled release
behavior, no representative of this compound class has gotten approval so far.2”® However, many
polymeric nanoparticles are currently investigated in various clinical phase Ill trials e.g. Opaxio and

NK105 (both paclitaxel loaded polymeric nanoparticle formulations) or NC-6004 (nanoparticle

formulations of cisplatin).}”* All above described (and some more) clinically investigated liposomal
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formulations or polymeric nanoparticles, their trade name, clinical phase as well as therapeutic

targets can be found in Table 3.

Table 3: A selection of currently clinical investigated nanoformulations.}** 17° Only their main

Cisplatin Lipoplatin Phase llI PEGylated liposomes Non-small cell lung cancer
Cisplatin SPI-77 Phase Il PEGylated liposomes Ovarian cancer
Doxorubicin  Thermodox Phase llI PEGylated liposomes Breast cancer
Doxorubicin MM-302 Phase I1/1Il PEGylated liposomes Breast cancer
. . B t and ti
Paclitaxel EndoTAG-I Phase Il Non-PEGylated liposomes reast and pancreatic
cancer
Paclitaxel LEP-ETU Phase Il Non-PEGylated liposomes Ovarian and breast cancer
Paclitaxel Opaxio Phase IlI Polymeric nanoparticles Lung and ovarian cancer
Paclitaxel NK105 Phase llI Polymeric nanoparticles Breast cancer
Transdr
Doxorubicin BaA s(;iO;Jg Phase IlI Polymeric nanoparticles Hepatocellular carcinoma
Docetaxel BIND-014 Phase Il Polymeric nanoparticles Various cancers
Cisplatin NC-6004 Phase Il Polymeric nanoparticles Pancreatic cancer

3.2.2 Active Targeting

While the passive targeting approach utilizes the EPR effect, active targeting drugs interact with
their target (e.g. overexpressed receptors in cancer cells) via various ligands. Tumors often exhibit
a dysregulated expression of various receptors, which distinguishes them from healthy cells.
Selected ligands, which are attached to the actual drug actively target and bind to these
overexpressed receptors. By this enhanced affinity to the cancer cells, an increased uptake (mainly
via endocytosis) and thereby accumulation of the drug in the tumor tissue can be achieved. Ligands
used for this kind of approach include peptides, vitamins, lipids, sugars, or aptamers.’”> Despite
promising results in several preclinical and clinical trials, to this date no active tumor-targeting drug
is clinically approved by the FDA or any other drug regulatory authority.’® Poor tumor penetration,
inhomogeneities in the tumor tissue, toxicities or endosomal escape are still the main issues of this
compound class.r”” Some drugs even combine the active- and passive-targeting approach, resulting
in a strong synergism from the EPR effect and selective cell-uptake. Prominent representatives of
this mixed compound class are antibody-drug conjugates (ADC) and NPs with a ligand-modified

surface (e.g. polymer-caged nanobins).’®
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4 RESEARCH OBJECTIVES

Within this thesis, different strategies are applied to two anticancer compound classes (TKls and
TSCs) in order to overcome their respective drawbacks. Although small molecule TKls marked a
milestone in targeted cancer therapy two decades ago, severe treatment-related toxicities
frequently lead to dose-reductions or therapy discontinuation. Moreover, the occurrence of
rapidly developing resistances limits their application potential and period. Combination therapy
of two TKls can indeed result in strong synergistic effects as a range of signaling pathways is
targeted at the same time, bypassing resistance mechanisms in this way. Unfortunately, the
combined adverse effects of both drugs are frequently severe during this kind of treatment.
Therefore, approaches to reduce the side effects of TKls are urgently required to further improve

the potential of this compound class.

The first part of this work deals with the development of prodrug systems of TKls with the aim to
enhance their tumor selectivity whilst retaining their potent anticancer properties. In a previous
work, we established the first hypoxia-activatable cobalt(lll) prodrug (Co-EGFR) bearing a novel
EGFR-inhibiting ligand (KP2187).1%” Although promising results were obtained in initial in vivo
experiments, the stability of the complex towards reduction in serum/tissue showed potential for
improvement. Consequently, the first objective of this thesis was the enhancement of the stability
of Co-EGFR by decreasing its reduction potential. To this end, the EGFR inhibiting moiety and/or
ancillary ligands were methylated, a strategy proposed by Denny et al for other types of cobalt(ll)

120

prodrugs (Figure 19).

Figure 19: The previously synthesized cobalt(lll) complex Co-EGFR bearing the EGFR-inhibiting
moiety (KP2187).2%” Highlighted in red are the positions methylated with the aim to lower its cobalt
redox potential and increase the complex stability.

The resulting, novel derivatives were characterized by various methods (NMR, mass spectrometry
and elemental analysis) and their redox potential was investigated by cyclic voltammetry.

Furthermore, the stability of the complexes was examined in the presence of naturally occurring
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reducing agents and in fetal calf serum. Subsequently, their anticancer activity was evaluated
under normoxic/hypoxic conditions in vitro and correlated with the previously obtained physico-

chemical data.

One likely explanation for the high reduction potential of Co-EGFR (and thereof low stability in
vivo), is the direct attachment of the metal-chelating moiety to the aromatic ring system (Figure
19). In general, aromatic ring systems withdraw the electron density from adjacent groups, in this
case the metal center, leading to increased reduction potentials. Thus, in the second project the
already established cobalt(lll) prodrug approach was implemented to the clinically approved
mulitkinase-inhibitor ponatinib. Ponatinib is an ideal candidate for this kind of strategy as the
piperazine group mostly acts as a solubilizing unit, and thus can be substituted with an
ethylendiamine bridge. More importantly, there is a —CH, spacer unit between the piperazine
moiety and the aromatic ring system, which should result in higher electron density at the cobalt
and therefore lower reduction potentials (in comparison to KP2187). Thus, a novel ligand based on
ponatinib was developed with a metal-chelating ethylendiamine moiety in place of the original

piperazine group (Figure 20).
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Figure 20: Molecular structure of (A) the clinically approved multi-kinase inhibitor ponatinib and
(B) the novel ponatinib-based ligand. Highlighted in red is the moiety relevant for metal
coordination and its connection to the aromatic ring system.

At first, molecular docking studies showed if the novel ligand displays a similar binding behavior as
ponatinib and if the two cobalt(lll) complexes are indeed too bulky to fit into the respective binding
pockets (to act as prodrugs). Afterwards synthesis and complete characterization of two of the
proposed compounds with different auxiliary ligands (acetylacetone or methylacetylacetone) was
performed. The impact of the —CH, group was investigated by cyclic voltammetry and the stability
of the novel complexes was studied under physiological and biological relevant conditions.
Biological investigations such as in vitro tests in various cancer cell lines under normoxic/hypoxic

conditions revealed the differences of the release of the ligand from the cobalt(lll) complex and its
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antineoplastic properties. In vivo tests were performed to correlate the reduction potential of the

complexes with their tolerability and anticancer activity.

The second part of this work deals with the compound class of TSCs, which exhibit strong
anticancer properties and are currently examined in various clinical trials. However, one of its most
prominent drug candidates, Triapine, is widely not effective against solid tumors most likely due
to its short plasma half-life time and poor tumor accumulation. A promising approach to overcome
these drawbacks and increase the tumor targeting properties of TSCs is their encapsulation into
nanoparticles (such as liposomes) exploiting the EPR effect thereby. We successfully demonstrated
this strategy in a previous work, however, for Triapine no stable encapsulation could be reached.*”®
Therefore, we decided to encapsulate its copper(ll) complex as it behaves as prodrug, releasing
Triapine after reduction.®> 1° This strategy was also tested for the promising third generation TSC

COTI-2, and its copper(ll) complex (Figure 21).
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Figure 21: The clinically investigated TSCs Triapine and COTI-2 as well as their copper(ll) complexes.

First of all a series of different encapsulation methods and conditions was investigated to find the
optimal synthetic strategies for the two different drugs. After encapsulation, the physico-chemical
properties (e.g. particle size, surface charge, size distribution, encapsulation efficiency) and drug
release kinetics of the synthesized liposomal formulation were examined. The liposomes were
evaluated and compared with the free ligands/complexes regarding their anticancer properties in
vitro. Subsequently, the most promising liposomal formulations was tested for their release
properties and anticancer activity in vivo. Furthermore, the extent of methemoglobin formation, a

frequently observed side effect during the administration of Triapine, was analyzed.
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5 ABBREVIATIONS

ABL Abelson kinase

ADC antibody-drug conjugates

ALL acute lymphoblastic leukemia

ATP adenosine triphosphate

CML chronic myeloid leukemia

DNA deoxyribonucleic acid

DLS dynamic light scattering

EGFR epidermal growth factor receptor

EPR enhanced permeability and retention
FDA U.S. Food and Drug Administration
FGFR fibroblast growth factor receptor

HbO; oxyhemoglobin

HER human epidermal growth factor receptor
HSA human serum albumin

MAb monoclonal antibody

metHb methemoglobin

NMR nuclear magnetic resonance

NSCLC non-small-cell lung cancer

NRTK non-receptor tyrosine kinases

PDI polydispersity index

PDGFR platelet-derived growth factor receptor
PEG polyethylene glycol

RR ribonucleotide reductase

RTK receptor tyrosine kinase

TK tyrosine kinase

TKI tyrosine kinase inhibitors

VEGFR vascular endothelial growth factor receptor
WHO World Health Organization
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ABSTRACT: Although tyrosine kinase inhibitors (TKIs) have revolutionized
cancer therapy in the past two decades, severe drawbacks such as strong adverse
effects and drug resistance limit their clinical application. Prodrugs represent a
valuable approach to overcoming these disadvantages by administration of an
inactive drug with tumor-specific activation. We have recently shown that hypoxic
prodrug activation is a promising strategy for a cobalt(III) complex bearing a TKI
of the epidermal growth factor receptor (EGFR). The aim of this study was the
optimization of the physicochemical properties and enhancement of the stability
of this compound class. Therefore, we synthesized a series of novel derivatives to
investigate the influence of the electron-donating properties of methyl
substituents at the metal-chelating moiety of the EGFR inhibitor and/or the
ancillary acetylacetonate (acac) ligand. To understand the effect of the different
methylations on the redox properties, the newly synthesized complexes were

Intact complex in serum [%]

< Serum stability

Time [h]

analyzed by cyclic voltammetry and their behavior was studied in the presence of natural low-molecular weight reducing agents.
Furthermore, it was proven that reduction to cobalt(II) resulted in a lower stability of the complexes and subsequent release of the
coordinated TKI ligand. Moreover, the stability of the cobalt(III) prodrugs was investigated in blood serum as well as in cell culture
by diverse cell and molecular biological methods. These analyses revealed that the complexes bearing the methylated acac ligand are
characterized by distinctly enhanced stability. Finally, the cytotoxic activity of all new compounds was tested in cell culture under
normoxic and various hypoxic conditions, and their prodrug nature could be correlated convincingly with the stability data. In
summary, the performed chemical modifications resulted in new cobalt(III) prodrugs with strongly improved stabilities together

with retained hypoxia-activatable properties.

B INTRODUCTION

The epidermal growth factor receptor (EGFR) belongs to the
family of receptor tyrosine kinases, a group of proteins that are
responsible for numerous signal transduction processes in the
human body (e.g., cell growth, differentiation, and metabo-
lism)." Hence, an overexpression of the EGFR can be observed
in various types of solid tumors, including those of lung, head
and neck, ovary, breast, and colon.”” Especially in non-small-cell
lung cancer (NSCLC), which is still one of the leading causes of
cancer-related deaths worldwide, the EGFR is overexpressed in
atleast 50% of the patients.” Moreover, “activating mutations” of
the EGFR protein have been observed in <20% of the patients,
which results in a permanent activation of this signaling
pathway.” As such, cancer cells are highly dependent on the
respective growth signals and the development of EGFR
inhibitors as targeted therapeutics has been of great interest
over the past two decades. As a result of this intensive research,
several small-molecule or antibody inhibitors targeting the
EGFR have been clinically developed mainly for NSCLC
treatment.’ The mode of action of low-molecular weight EGFR
tyrosine kinase inhibitors (TKIs) is the (ir)reversible binding
into the ATP-binding pocket, which hampers the activation of
the downstream signaling [e.g., phosphorylation of extracellular

© 2020 American Chemical Society

\ 4 ACS Publications
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signal-regulated kinases (ERKs)].” The clinically approved
EGFR TKIs comprise gefitinib (Iressa, 2003), erlotinib
(Tarceva, 2004), afatinib (Gilotrif, 2013), and osimertinib
(Tagrisso, 2017), which are all used for the treatment of
NSCLC.° In addition, erlotinib (in combination with
gemcitabine) is approved for advanced and metastatic
pancreatic cancer.

Unfortunately, besides the rapid development of drug
resistance, EGFR- targeting TKIs in clinical application found
their limitations in insufficient tumor accumulation and
induction of side effects such as severe papulopustular skin
rashes, gastrointestinal-related adverse events, or fatigue.” It is
noteworthy that the intensity of these observed “on-target”
adverse effects directly correlates with therapy response.’ '
Thus, patients suffering from the most severe side effects (and
consequently most likely to have to discontinue therapy) are the
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Figure 1. Proposed mechanism of the hypoxia-activated cobalt(IIl) prodrug system. In healthy tissue (left), the cobalt(III) complex is too bulky to fit
into the ATP-binding pocket of the EGFR and is therefore biologically inactive. In the hypoxic environment of the tumor (right) an irreversible
reduction takes place. This results in the release of the TKI ligand with formation of cobalt(II) species {[Co(H,0)s]** and mixed acac/H,O

complexes} and subsequent inhibition of EGFR-downstream signaling.
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ones who would benefit most from EGER inhibitor treatment.'
Because adverse effects usually arise from a lack of tumor
specificity, the use of prodrug systems is a promising approach to
overcoming these drawbacks. Anticancer prodrugs are defined
as inactivated (nontoxic) derivatives of drugs, which ideally
release their active moiety at the desired site of action (e.g.,
tumors) by specific activation.'” Cancer tissue distinguishes
itself from the healthy surroundings in different ways."> One
well-researched example is the occurrence of hypoxic areas in
solid tumors caused by insufficient blood supply based on their
uncontrolled and fast growth.'”"> To exploit these tumor
characteristics, several substance classes of hypoxia-activated
prodrugs such as nitroaromatics, quinones, transition metal
complexes [especially cobalt(III) systems], and aromatic N-
oxides have been developed. Some of these compounds [e.g,

17795

tirapazamine, TH-302 (evofosfamide), and apaziquone] have
already been investigated even in clinical phase III studies;
however, no representative has reached clinical approval so far.'¢
Notably, for the large class of existing TKIs, only a few attempts
have been made to convert them into prodrugs that can be
activated under hypoxic conditions.'”~*°

With regard to metal-based drugs, cobalt complexes can be
used as attractive prodrug systems due to their adjustable redox
potential and well-established coordination chemistry.”' >’
Most important for this prodrug system is the kinetic inertness
of octahedral cobalt(II) complexes, whereas (after a one-
electron reduction) the cobalt(II) state is labile with fast ligand
exchange processes.”””* Applying this mechanism to the
hypoxic environment of a tumor, the inactive prodrug will
undergo an irreversible reduction in the hypoxic tissue with

https://dx.doi.org/10.1021/acs.inorgchem.0c03083
Inorg. Chem. 2020, 59, 17794—17810

46


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03083?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03083?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03083?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03083?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

o
A
2
cond

Counts per Se,

1.5%10°
MeL
—— Co(Acac),MeL"
——— Co(Meacac),MeL"
©
é 1.0x10°
(0]
7]
@
o
12}
g
© 5.0x10° 4
(@]
00 A
T 1

400 500 600
Emission Wavelength [nm]

Figure 2. (A) 3D full excitation—emission landscape of MeL (Rayleigh scattering of first and second order appears as diagonal ridges). (B)
Fluorescence emission spectra at a 4, of 365 nm of MeL, Co(acac),MeL*, and Co(Meacac),MeL" (the peaks at 420 nm are caused by Raman
scattering”"). All measurements were performed in PBS at pH 7.40 (30 M ligand, 30 uM complex, and 25.0 °C).

subsequent ligand release. In contrast, in healthy tissues the
complex is stable, preventing the ligand from exerting its
biological activity. It is noteworthy that Ware et al. already
showed that in the case of monodentate aziridine ligands, the
cobalt(II) complexes do not have sufficient stability under
normoxic conditions. Consequently, bidentate chelating li§ands
are preferred for the design of novel prodrug complexes.”' We
have recently successfully developed the first cobalt(III)-based
prodrug [Co(acac),L*] for a new EGFR inhibitor (denoted as
L)' (Figure 1). Notably, the potential of this new compound
class could be observed in several cancer cell models in vitro and
demonstrated encouraging results in vivo using xenograft tumor
models in mice. However, subsequent investigations showed
only moderate stability of the complex toward reduction in
blood serum. Consequently, the aim of this study was to further
improve this substance class by decreasing the cobalt redox
potential leading to higher stability. Therefore, we synthesized
several novel derivatives, evaluated their properties (electro-
chemical potential, interaction with natural reducing agents, and
serum stability), and correlated them with their cytotoxic
activity against cancer cell lines.

B RESULTS AND DISCUSSION

Synthesis and Characterization. To design an EGFR
inhibitor that can coordinate to cobalt(IIl), we used in our
previous study the typical quinazoline ring of most approved
EGEFR inhibitors but modified the 6 position by introducing an
ethylenediamine (“en”) type metal-binding moiety [L
(Scheme 1)]."” Reaction with Na[Co(acac),(NO,),] (acac =
acetylacetonate) yielded the cobalt(III) EGFR inhibitor ternary
complex Co(acac),L*. To develop derivatives with lower redox
potentials and consequently higher expected (blood plasma)
stabilities, we followed two strategies: (1) introduction of an
electron-donating methyl group at the “en” moiety (MeL) and/
or (2) using methylacetylacetone (Meacac) instead of acac as
the ancillary ligand.

MeL was synthesized using N-(3-bromophenyl)quinazoline-
4,6-diamine, N-Boc-(methylamino)-acetaldehyde, and sodium
cyanoborohydride. After deprotection with HCI, MeL could be
obtained in ~80% yield as a dihydrochloride salt. The
cobalt(III) complexes were synthesized by reaction of Na[Co-
(acac),(NO,),] or Na[ Co(Meacac),(NO,),] with L or MeL in
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a water/methanol mixture in the presence of activated charcoal
following a procedure described by Denny et al.*' (Scheme 1).
Finally, addition of brine to the reaction mixture resulted in the
precipitation of the complex as a chloride salt. Afterward, the
crude product was purified by reversed-phase high-performance
liquid chromatography (HPLC) (without addition of acids to
the eluent to avoid a counter ion exchange). The novel
compounds were characterized by mass spectrometry, 'H and
BC one- and two-dimensional nuclear magnetic resonance
(NMR) spectroscopy, and elemental analysis.

Of note are especially the NMR spectra of the cobalt(III)
complexes. In the case of Co(acac),L*'” and Co(Meacac),L",
two independent signal sets can be observed, belonging to two
pairs of diastereomers (Figure S1 and ref 17). The two
stereogenic centers originate from the propeller chirality of the
complex itself and the anilinic NH group. In the case of
methylated ligand MeL, an additional stereocenter is
formed,”*° resulting in four sets of signals for complexes
Co(acac),MeL* and Co(Meacac),MeL" (Figures S2 and S3).
The presence of these isomers can be easily seen in the "H NMR
spectra, where depending on the complex, two or four separated
singlets of the NH group appear (Figure S4). However,
especially in the aromatic area and within the “en” bridge the
protons tend to overlap. Therefore, an exact assignment of all
NMR signals could not be achieved (see Experimental Section).
Isolation of pure diastereomers by reversed-phase HPLC was
not possible, because the product peaks could not be separated
(also a change in the gradient or solvent and the addition of
formic acid did not result in sufficient separation).

Fluorescence Properties. In our previous work,'~ we
showed that EGFR inhibitor ligand L possesses distinct
fluorescence properties with an emission maximum at 455 nm
upon irradiation at 370 nm. This fluorescence is completely
quenched by coordination to the cobalt(IIT) ion [ Co(acac),L*].
Therefore, we also examined the fluorescence of MeL and the
novel complexes in phosphate-buffered saline (PBS) at pH 7.40.
The three-dimensional (3D) spectrum of MeL (Figure 24A) is
similar in intensity and maxima (A, = 455 nm, and 1, = 365
nm) compared to L. In agreement to our previous data, the
fluorescence of all cobalt(III) complexes is negligible, most
probably due to the metal center, resulting in extremely fast
intersystem crossing rates in the excited state”” [Figure 2B for
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Co(acac),MeL" and Co(Meacac),MeL"]. Therefore, we could
exploit the fluorescence properties for stability studies of the
complexes.

Lipophilicity. The first physicochemical property we
investigated was the lipophilicity of the complexes, because it
is a critical parameter for passing biological membranes.
Distribution coefficients (D,,) presented in Table 1 were
determined by the traditional shake-flask method in an
n-octanol/buffered aqueous solution at physiological pH. All
compounds containing an EGFR inhibitor ligand (L or MeL)
show highly lipophilic character, despite the positive charge of
the complexes. As expected, the methylated compounds are
more lipophilic than Co(acac),L* (Table 1). However, all
complexes still show good water solubility. The active EGFR
inhibitor ligand L itself proved to be highly lipophilic (logD; 4, =
1.86).” Therefore, the lipophilic character of the complexes is
mainly based on the coordinating EGFR inhibitor ligand and
just slightly modulated by the attachment of the cobalt-
(methyl)acetylacetonato fragment [the simple model complex
Co(acac),en* is very hydrophilic with a log D4, value of
—1.86]. The highly lipophilic character of the complexes
apparently contradicts the relatively good water solubility
(0.5—1.0 mM in water or PBS). Variation of the composition
of the aqueous phase in the case of Co(acac),L* revealed a
strong dependence of the distribution coeflicient on the ion
content of the aqueous solution (see footnote of Table 1). This
phenomenon refers to ion pair formation taking place between
the single positively charged complex and anions like CI™ and
H,PO,” present in the buffer system. Distribution coeflicients
determined in 20 mM phosphate and 0.1 M KCI probably
represent best the lipophilicity of the complexes under
physiological conditions.

These results are in line with HPLC measurements, where the
retention time of the complexes increases with the number of
methyl substituents resulting in the following order: Co-
(acac),L* < Co(acac),MeL* < Co(Meacac),L* <
Co(Meacac),MeL*.

Cyclic Voltammetry. As the reduction process is crucial for
the activation of cobalt(III)-based prodrug systems, the redox
properties of the complexes were investigated to elucidate the
effects of ligand methylation at different positions. Cyclic
voltammetry measurements were performed in aqueous
solution at pH 7.40 (10 mM phosphate buffer with 0.1 M
KCI). The voltammograms at a scan speed of 30 mV/s showed a
single irreversible cathodic peak in the range of 4—120 mV
versus the normal hydrogen electrode (NHE), which can be
assigned to the reduction of cobalt(III) to cobalt(II) (Figure 3).

Table 1. Distribution Coefficients (D, ,,) of the Complexes at
pH 7.40 [T = 25.0 °C, and I = 0.1 M (KCl)]

complex log Dy 49
Co(acac),L™ 1.59 + 0.06
Co(Meacac),L* 2.24 + 0.04
Co(acac),MeL* 2.05 +0.17
Co(Meacac),MeL" >2.7
Co(acac),en” —1.86 & 0.05
L 1.86 + 0.03”

“Distribution coefficients measured under different conditions: log D
= —0.55 + 0.01 (water, pH ~6.5), —0.09 + 0.03 [20 mM phosphate
buffer (pH 7.40)], and 2.22 + 0.03 [20 mM phosphate buffer and
0.58 M KCI (pH 7.40)].

Also, at a much higher scan speed of 1000 mV/s, the redox
processes were still completely irreversible (Figure SS).

Compared to reference compound Co(acac),L* with a
cathodic peak at 62 mV versus NHE, the methylation of the
acac ligand Co(Meacac),L* resulted in the desired lower
cathodic peak potential at 4 mV versus NHE. This trend is also
in agreement with literature data of cobalt(III) prodrug systems
containing nitrogen mustard ligands.”' In contrast to the
expectations, methylation of the “en” moiety of the EGFR
inhibitor ligand Co(Meacac),MeL* did not further decrease the
reduction potential but resulted in a slightly higher cathodic
potential (17 mV vs NHE). Analogously, Co(acac),MeL" also
showed an increased potential (120 mV vs NHE) compared to
that of Co(acac),L* (62 mV vs NHE).

Notably, the reduction potential of reference compound
Co(acac),en* was distinctly lower with a value of —141 mV
versus NHE even compared to the most promising representa-
tive of the EGFR inhibitor-containing complexes, Co-
(Meacac),L", at 4 mV versus NHE. To verify that the adjacent
aromatic moiety of the quinazoline is responsible for this shift
and that methylation of the “en” moiety indeed increases the
redox potential, additional model complexes were synthesized
(Figure 4): (1) Co(acac),PhEn" to determine the influence of
the phenyl moiety and (2) Co(Meacac),en”, Co(acac),MeEn*,
and Co(Meacac),MeEn" to confirm the shifts of the cathodic
peak potential as a result of the different methylations (MeEn =
N-methylethylenediamine; PhEn = N-phenylethylenediamine).
The synthesis of the complexes followed a similar procedure as
described above, and the only difference was the use of
ammonium hexafluorophosphate for precipitation of the
complexes (see details in the Experimental Section).

Indeed, cyclic voltammetric measurements performed for
Co(acac),PhEn* showed a strong shift of the cathodic peak
potential to 49 mV in comparison to that of Co(acac),en” at
—141 mV (Figure 4). This can be explained by the electron-
withdrawing effect of the phenyl ring, which distinctly increases
the redox potential of the cobalt center. With regard to the
methylations at the “en” versus the acac moiety, the model
complexes confirmed (even more pronounced) the tendencies
observed for the EGFR inhibitor-containing complexes [except
Co(acac),MeEn* with a slightly lower E. value]. The
introduction of the methylated acac moiety led to a significantly

0.0
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<
k=
2 4.0x10°
=
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-6.0x10° 4 Co(acac),L*
Co(Meacac),L*
Co(acac),MeL"
-8.0x10° +
=——Co(Meacac),MeL
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Figure 3. Cyclic voltammograms of Co(acac),L*, Co(Meacac),L",
Co(acac),MeL", and Co(Meacac),MeL" in 10 mM phosphate buffer
(pH 7.40) (1.5 mM complex, I = 0.10 M KC, scan rate of 30 mV//s, 25.0
°C). Potentials are referenced to the NHE.
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Figure 4. Cobalt(III) model complexes synthesized to investigate the effect of the methyl and phenyl substitution at the “en” and/or acac moiety. E_ is
the cathodic peak potential vs NHE of the cobalt complexes measured at a scan rate of 30 mV/s in 10 mM phosphate buffer (pH 7.4).

Table 2. Proton Dissociation Constants (K,) of Hacac as well as Fully Protonated MeEn and PhEn Together with the Overall
Stability Constants (f#) for the Binary and Ternary Cobalt(II) Complexes Determined by pH-Potentiometric Measurements®

acac (A) MeEn (B) PhEn (B)
pK 8.80 + 0.017 pK. 7.04 £ 0.02 1.85 + 0.01°
pK,, - pK,, 9.98 +0.01 9.34 +£ 0.01°

Log f3 Values of the Binary Complexes®
[Co(II)L]* 5.05 + 0.02” [Co(ID)L]** 526 + 001 3.63 + 0.05
[Co(IT)L,]° 8.66 + 0.05” [Co(IN)L,]** 9.15 + 0.02 6.75 + 0.09
[Co(T1)L,]~ - [Co(II)L,]** 12.94 + 0.04 -
Log f Values of the Ternary Complexes
[Co(I)AB]* 9.82 + 0.05 8.03 £ 0.15
[Co(11)A,B]° 12.73 + 0.09 12.08 + 0.09
[Co(I1)AB,]* 1320 = 0.12 1129 +0.13

“In ternary (mixed-ligand) complexes, “A” denotes acac and “B” denotes MeEn or PhEn [25.0 °C; I = 0.1 M (KCl)]. bReported data for the

cobalt(1I) acac system: pK,; = 8.83, log f[CoL] = .10, and log [ CoL,]

=9.08 (25 °C; I = 0.1 M NaClO,).*’ “pK, values of 1.76 + 0.03 and 9.42

+ 0.03, and 1.73 + 0.03 and 9.37 + 0.03, determined by ultraviolet—visible and spectrofluorometric titrations, respectively.

decreased reduction potential, whereas the methylation of the
“en” ligand showed the opposite effect. Therefore, in the case of
Co(Meacac),MeEn*, the influence of the methylated acac
moiety is widely annihilated by the methylation of “en”.
Notably, all reduction processes were completely irreversible
independent of the scan speed (30—1000 mV/s). In the
literature, the proposed mechanism for cobalt(III) prodrugs
usually comprises that in healthy tissues, which are provided
with a sufficient supply of oxygen, and after the reduction to
cobalt(1I), an immediate re-oxidation step occurs, regenerating
the inert cobalt(IIT) complex.”*° However, at the same time for
most of the cobalt(IIl) complexes in the literature, the redox
process in an aqueous solution is completely irreversible.”' ~**
This is in line with pulse radiolysis studies also revealing that the
re-oxidation rates under normoxic conditions are too slow.*’
Instead, competition between oxygen and the cobalt(III)
complexes for one-electron reductants was suggested. Interest-
ingly, despite this irreversibility, e.g, cobalt(IlI) nitrogen
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mustard complexes showed promising hypoxia selective
anticancer activity.”” In particular, Ware et al. tried to optimize
the electrochemical properties of cobalt(IIl) prodrug systems,
resulting in (partially) reversible complexes with highly hypoxia
selective activity against cancer cells.”® Unfortunately, their lead
compound did not show significant activity in a mouse model.
However, as our compound class, which displays irreversible
electrochemical properties, also possesses hypoxia-dependent
anticancer activity in a mouse model,'” this indicates that the
irreversibility of the reduction process does not interfere with
the in vivo effectiveness. Therefore, it is currently unknown how
the exact mechanism of the hypoxic selectivity of cobalt(III)
complexes works and which electrochemical properties are ideal.

Aqueous Solution Stability of the Formed Cobalt(ll)
Complexes. After reductive activation of the cobalt(III)
prodrugs, it is essential to investigate whether the formed
cobalt(Il) complexes indeed can release the coordinated
targeting ligand. For this reason, we selected two ternary
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systems as models to study the potential liberation of the (N,N)
ligand from the mixed-ligand cobalt complex upon reduction.
Thus, the aqueous stability of several cobalt(II) complexes was
investigated under strictly anaerobic conditions. Due to the
limited water solubility of cobalt(II) chloride complexes with L,
model ligands with better solubility, namely, MeEn and PhEn,
were used. First, deprotonation processes of the acetlyacetone
(Hacac) and the fully protonated MeEn and PhEn ligands were
followed at pH 2.0—11.5 (Table 2). The calculated pK, for
Hacac of 8.80 is in good agreement with literature data (pK, =
8.82) reported at I = 0.1 M NaClO,.”” The two pK, values of
MeEn [pK,, = 7.04 (MeNH,"); pK, = 9.98 (NH,")]
correspond well to the deprotonation constants of the fully
protonated form of “en”,**”” but the pK,; dramatically differs
from that of PhEnH,** (pK,, = 1.85; pK,, = 9.34). The latter
model ligand is quite comparable to EGFR inhibitor L (pK,; <
1.0; pK,, = 9.21) investigated in our previous work.”

Following the determination of the stability constants for the
binary complexes (Table 2), overall stability constants for the
mixed-ligand complexes formed in the cobalt(Il)—acac—MeEn
and cobalt(Il)—acac—PhEn ternary systems were calculated on
the basis of pH-potentiometric titrations. Three types of
complexes were formed, [CoAB]*, [CoA,B], and [CoAB,]",
where “A” denotes acac and “B” refers to MeEn or PhEn.
Concentration distribution curves in Figure S5 were computed
using the stability constants of the 1:2:1 cobalt(II)—acac—PhEn
composition that corresponds to the reduced form of Co(II)-
(acac),L’. On the basis of these data, negligible amounts (<1%)
of PhEn are coordinated to cobalt(II) at pH 7.4. For the 1:2:1
cobalt(IT)—acac—MeEn system, ~11% are still coordinated to
cobalt(Il) at pH 7.4 (Figure S6). However, it has to be
mentioned that these calculations were performed for 1 mM
cobalt(Il) (where the titrations were performed), and the
amount of the intact ternary complex further decreases with
lower concentrations [e.g., in the latter system at pH 7.4 and 0.1
mM cobalt(II), the coordinated MeEn fraction is only ~2%].

As a conclusion, these measurements strongly support the
assumption that after reduction of the cobalt(III) complexes, the
respective EGFR-targeting ligand completely dissociates, which
enables subsequent inhibition of the EGFR-downstream
signaling.

Interaction with Natural Low-Molecular Weight
Reducing Agents. Next, we investigated if common bio-

100
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X 60 -
g B
£ 40 | [CoA,B]
0 T T T T
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Figure S. Concentration distribution diagram for the 1:2:1 cobalt(II)—
acac—PhEn system. A = acac; B = PhEn [1 mM cobalt(I); I=0.10 M
(KCl); 25.0 °C].

logically relevant low-molecular weight reducing agents can
reduce Co(acac),L* or Co(Meacac),L’. Glutathione (GSH)
and reduced nicotinamide adenine dinucleotide (phosphate)
(NADH/NADPH) are responsible for the redox equilibrium in
the cytosol, while ascorbic acid (AA) is found in both extra- and
intracellular space. Among them, NADH is the strongest
reducing agent (formal potential at pH 7.0 of —0.32 V for
NAD*/NADH""), followed by GSH (—0.24 V for GSSG/GSH
at pH 7.0™"). For AA, usually 0.06 V for dehydro-L-ascorbate/
AA at pH 7.0 is reported.*” However, recent literature also
suggests even higher values in the range of 0.35—0.50 V.*>**
GSH is produced in cells at concentrations (1—10 mM) at least
one order of magnitude higher than those of NADH (30—100
M), 5540

The interaction of AA, GSH, and NADH at pH 7.40
(phosphate buffer) was investigated exemplarily for Co-
(acac),L* and Co(Meacac),L". The reaction was followed by
ultraviolet—visible (UV—vis) and fluorometric detection at 25
°C with a 10-fold excess of reducing agent. Spectrofluorometry
was proven to be an effective technique for monitoring this
redox reaction, because the free EGFR inhibitor ligand L is
highly fluorescent, while its cobalt(III) complex has negligible
emission (vide supra).'” Accordingly, an increase in the emission
intensity is expected upon reduction and concomitant release of
the free ligand. Figure 6 indicates practically no reduction
process of Co(Meacac),L" in the presence of 10 equiv of GSH,
and no significant amount of free L appeared in samples even
after 24 h. The same tendency was observed by UV—vis
detection (data not shown). For Co(acac),L?, again no
liberation of the active ligand could be detected within 24 h.
AA and NADH were also not able to reduce the two complexes
even after 24 h. These data show that the complexes are highly
stable in aqueous solution and biologically relevant low-
molecular weight non-enzymatic reducing agents are not
responsible for the reduction of the cobalt(III) complexes. For
other hypoxia-activatable drugs like tirapazamine and its second-
generation analogue SN30000, P450 oxidoreductases (POR)
have been proposed as proteins responsible for reduction.”’
However, Ware and co-workers>® and Wilson and co-workers*®
showed for different types of cobalt(III) complexes that the
cytotoxicity did not change in cells overexpressing POR

,/ \‘\ Free ligand L
II \\
5 300 -~ K \\\
2 II \\
2 /
2004 .
% /' AN
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Figure 6. Fluorescence emission spectra of Co(Meacac),L" in the
presence of 10 equiv of GSH followed for 24 h. The dashed spectrum
corresponds to the emission spectrum of free EGFR inhibitor L [cmmplEX
= 15 UM Cree figand = 15 M Apx = 350 nm; pH 7.40 (10 mM phosphate
buffer and 0.1 M KCI); 25.0 °C].
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Figure 7. Time-dependent stability of (A) Co(acac),L* and (B) Co(Meacac),L" incubated in FCS at 37 °C (pH 7.4, 150 mM phosphate buffer) and

analyzed by HPLC—mass spectrometry (depicted are the extracted

ion mass chromatograms). Due to the different ionization properties, the

intensities of the free ligand (m/z 358.1) and cobalt(III) complexes (m/z 614.0 or 642.1) cannot be directly compared.

compared to the parental cell line. Therefore, the actual reducing
molecules or reductase(s) are still unknown.

Serum Stability. The data presented in the previous
sections indicate that even in the presence of low-molecular
weight reducing agents the cobalt(III) complexes are completely
stable. Therefore, we wanted to investigate if this is still true in a
more elaborate biological environment like blood serum. To this
end, the four EGFR inhibitor complexes were dissolved in 50
mM phosphate puffer and mixed in a 1:10 ratio with fetal calf
serum (FCS; buffered with 150 mM phosphate buffer to keep a
stable pH of 7.4) to a final concentration of SO #M. The samples
were incubated at 37 °C and after 0, 2, 6, 24, and 26 h extracted
with acetonitrile and measured by HPLC-MS. The extracted ion
mass chromatogram of Co(acac),L* clearly showed the time-
dependent release of the free EGFR inhibitor (Figure 7A; red
peak at 11.8 min, m/z 358.1). The intact complex could be
observed at 14.2 min (blue peak, m/z 614.0). The red signal at
the same retention time (Figure 7A; 14.2 min, m/z 358.1) is a
mass spectrometry artifact and belongs to the free ligand
generated during ionization of the complex. In contrast, the mass
spectra of Co(Meacac),L* incubated in serum revealed much
smaller amounts of the released ligand (Figure 7B).

The same trend was observed for Co(acac),MeL* and
Co(Meacac),MeL" (Figure S7). Therefore, in this experiment,
a distinct increase in the stability in the presence of the Meacac
ligand could be observed in both complexes with ~85% intact
compound after serum incubation for 26 h at 37 °C. The
stability of these complexes was much higher than that of
Co(acac),L* and Co(acac),MeL*, having only 43% and 50%
intact compound after 26 h, respectively (Figure 8). In general,
these results are in accordance with the cyclic voltammetry
measurements, where Co(Meacac),L" and Co(Meacac),MeL*
showed the lowest redox potential of the four complexes.
Together, this indicates a strong influence of the methylation of
acac for the stability of cobalt(IlI) prodrugs; however, no
beneficial effect was seen in the case of methylation of the “en”
moiety.

Biological Investigations. Evaluation of the Complex
Stability in the Presence of Cells under Normoxic Conditions.
As a next step, we addressed the question of whether the new
derivatives are also more stable than Co(acac),L’ in the
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Figure 8. Stability measurements of Co(acac),L*, Co(Meacac),L",
Co(acac),MeL*, and Co(Meacac),MeL" incubated in FCS at 37 °C
(pH 7.4, 150 mM phosphate buffer) and analyzed by mass
spectrometry over a period of 26 h. The y-axis shows the relative
ratio of the integrated peak areas of the intact complex over time (in
percent) compared to the area at the starting point (0 h).

presence of cells under normoxic cell culture conditions
(medium containing 10% serum at 37 °C, 21% O,, and 5%
CO,). Therefore, the stability of the cobalt(II) complexes was
monitored indirectly by microscopy as well as flow cytometry in
A431 cells by exploiting the fluorescence of released ligands L
and MeL. As shown in Figure 9, the stability of the compounds
bearing a Meacac ligand was distinctly increased compared to
those of the acac derivatives. Consequently, while in case of the
acac drugs most of the ligand was already released after 24 h
(clearly visible by the blue fluorescence of the cells), the
micrographs of the Meacac compounds remained widely
unchanged.

This also could be confirmed by subsequently performed flow
cytometry investigations (Figure 10). In detail, the evaluation of
the fluorescence intensities showed that the cobalt complexation
led to a 1.9—2.6-fold reduced mean fluorescence and a 4—90-
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Co(acac),L* Co(Meacac),L*
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Figure 9. Fluorescence microscopic measurements indicating the release of the ligand from the different cobalt(III) complexes. Release of (A) L and
(B) MeL from the different cobalt(III) complexes under normoxic cell culture conditions (37 °C, 21% O,, and 5% CO,) using UV fluorescence
microscopy. A431 cells were incubated with 10 #M drugs for 6 or 24 h. Images are overlays of representative fluorescence and differential interference
contrast microscopies (10X objective) of the different treatments processed by Image] software.

fold reduced number of ligand-positive cells at the 6 h time
point. This is in good agreement with the already published data
on Co(acac),L*."” However, after incubation for 24 h 100% of
cells treated with the two acac complexes became ligand-
positive, resulting in a mean fluorescence similar to that of the
samples treated with the free ligand. In contrast, in the samples
of the Meacac-containing group, the mean fluorescence was
much less affected, as the percentage of ligand-positive cells
increased only from 2.2% to 18.4% and from 1% to 7.5%, in the
cases of Co(Meacac),L* and Co(Meacac),MeL", respectively.
This indicates that in contrast to the acac-auxiliary ligand, the
cobalt(IIT) complexes bearing a Meacac moiety are highly stable
under normoxic cell culture conditions for more than 1 day.
To evaluate if cobalt complexation also prevents EGFR
inhibition under normoxic conditions, Western blot analyses of
the EGFR phosphorylation at position Y1068 (activating
phosphorylation) as well as the activation of the EGFR
downstream protein ERK 1/2 were performed. To ensure an
EGFR-dependent signaling, A431 cells were serum-starved for
24 b, incubated with the indicated cobalt(IIl) drugs at three
different concentrations for 2 h, and stimulated by EGF for
10 min prior to protein isolation (Figure 11). In agreement with
our stability data, the Meacac ligand set efficiently prevented the
release of both L and MeL, indicated by the distinctly weakened

EGFR-inhibitory potential of Co(Meacac),L* and Co-
(Meacac),MeL" in comparison to Co(acac),L* and Co-
(acac),MeL*. The potent EGFR inhibition by free MeL and L
under these conditions is shown in Figure S8 and ref 17,
respectively.

Hypoxia-Dependent Cytotoxicity of the Cobalt Complexes.
Finally, we wanted to evaluate whether the Meacac coordination
sphere also affects the hypoxic activation of the complexes. To
characterize the activity of the free EGFR inhibitor ligands, prior
to the assessment of their anticancer activity in cell culture, the
EGFR-inhibitory potential was investigated in a cell-free kinase
inhibition assays in the presence of a 10-fold excess of ATP. The
results showed that the methylation at the terminal amino group
slightly reduced the EGFR inhibition potential from an ICy,
value of 0.29 nM for L to a value of 0.41 nM for MeL (Figure
$9).

Subsequently, MTT-based cytotoxicity assays of the com-
plexes in comparison to the respective metal-free ligands were
performed under different O, levels (21%, 5%, 1%, or 0.1%)
(Table 3 and Figure 12). As expected, the two EGFR inhibitor
ligands L and MeL did not show distinct differences in their
anticancer activity in normoxic versus the different hypoxic
conditions. However, MeL was approximately twice as effective
as L. This is interesting, as the kinase assay mentioned above did
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Figure 10. Release of (A) L or (B) MeL from the indicated cobalt(III) complexes under normoxic cell culture conditions (37 °C, 21% O,, and 5%
CO,) by flow cytometry. A431 cells were incubated with 10 uM drugs for 6 or 24 h, and the fold change in fluorescence intensity (left, after
normalization with fluorescence intensity of the cells) and the percent of fluorescence-positive cells (right) were evaluated using Diva Software and
GraphPad Prism. Statistical significance was calculated via two-way analysis of variance with a multiple-comparison test and Bonferroni correction with
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Figure 11. Impact of new cobalt(III) complexes on the EGFR signaling cascade (pEGFR, pERK 1/2) under normoxic conditions. A431 cells were
grown in medium with or without FCS and treated with the indicated drug for 2 h. After EGFR stimulation with 50 ng/mL EGF for 10 min, cells were
harvested, lysated, and further analyzed by Western blotting. The ratios of pEGFR or pERK 1/2 levels of the treated samples (after normalization to the
loading control f-actin) to the levels of the control (—FCS and +EGF) are given below the respective bands.
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Table 3. ICy, Values of L and MeL in Comparison to the Respective Cobalt(III) Prodrugs against A431 Cancer Cells after

Treatment for 72 h under Different O, Levels (21% to 0.1%)“

ICs (uM % SD)

drug normoxia hypoxia with 5% O, hypoxia with 1% O, hypoxia with 0.1% O,

L 120+ 1.3 12.8 + 0.9 12.7 £ 2.0 13.7 +29
MeL 6.9 + 1.8 8.7+ 12 5.5+04 54 +0.8
Cof(acac),L* 229 + 57" 18.7 + 4.0° 134+03 72+ 14
Co(Meacac),L* 51.9 + 9.4°¢ 45.5 +£2.7° 253+ 39 235+ 5.1
Co(acac),MeL" 151+ 1.6 13.5+32 12.5 + 3.1 119+ 3.5
Co(Meacac),MeL" 58.6 + 4.4°° 552 + 1.4° 32.0 +2.9¢ 19.9 + 1.0
erlotinib 133+ 4.7 nd 144 + 4.0 nd

“Values are given as means =+ SD of at least three independent experiments performed in triplicate. Statistical significance, between the drugs under
normoxic and different hypoxic conditions, was calculated via one-way analysis of variance with a multiple-comparison test and Bonferroni
correction. “p < 0.01 compared to hypoxia with 0.1% O,. “p < 0.001 compared to hypoxia with 1% and 0.1% O,. “p < 0.05 compared to hypoxia
with 0.1% O,. °p < 0.001 compared to the corresponding ligand and Co(acac),X" derivative under normoxia.
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Figure 12. Cytotoxic activity of the indicated compounds against A431 cancer cells. The incubation time of the compounds on the cells was 72 h under
normoxic and three different hypoxic conditions (5%, 1%, or 0.1% O,). Values are given as means =+ the standard deviation of one representative

experiment performed in triplicate.

not show a higher EGFR inhibitor potency for this new
inhibitor, probably indicating a shift in the target kinase
spectrum.

In good agreement with our previous study,'” the formerly
investigated Co(acac),L* exhibited an ~2-fold weaker anti-
cancer activity under normoxia (Table 3) than under reduced
oxygen conditions (<1%). Also in the case of Co(acac),MeL",
the cobalt complex was ~2-fold less active than the respective
free ligand. However, under hypoxic conditions, Co-
(acac),MeL" did not show full MeL activity even under the
lowest oxygen levels of 0.1%. In contrast, the two Meacac-
containing cobalt(III) complexes both showed ICs, values of
>50 4M under normoxic conditions and also weak hypoxia with
5% O, did not enhance the activity to a relevant extent.
However, the reduction of oxygen levels to 1% significantly (p <
0.001) increased the cytotoxic activity of the two prodrugs,
resulting in ICy, values of ~25 and ~32 uM for Co(Meacac),L*
and Co(Meacac),MeL", respectively. In the case of Co-
(Meacac),L*, a further decrease in the O, levels from 1% to
0.1% generated similar results. In contrast, for Co-
(Meacac),MeL", the presence of 0.1% O, induced an additional
significant (p < 0.05) improvement in drug efficacy (ICs, value

17803

of ~20 uM) compared to that for 1% O, hypoxia, resulting in a
2.9-fold increase in cytotoxicity compared to that under
normoxic conditions.

It is well-known that cobalt(I) ions have some biological
effects like an upregulation of the expression of the hypoxia
inducible factor (HIF)." Furthermore, a possible effect could
also arise from iron(IIT) binding of released Meacac.” However,
we already investigated in our previous work'’ CoCl, as well as
the complexes [Co(II)(acac),en] and [Co(III)(acac),en]|PF
with a simple ethylenediamine ligand without an EGFR-binding
moiety. No significant cytotoxic activity could be observed
against A431 cells under both normoxia and hypoxia. Therefore,
we can widely exclude a contribution of Co(Il) ions or released
acac (and subsequent iron chelation) on the anticancer activity
of EGFR inhibitor-bearing cobalt(III) prodrugs.

B CONCLUSIONS

Despite the revolutionizing effect they have had on cancer
therapy, TKIs are limited in their clinical application due to
severe side effects and rapid development of drug resistance.
Hence, the design of tumor-specifically activated prodrugs is an
important strategy for reducing these adverse effects. We
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recently established a hypoxia-activatable cobalt(III) prodrug
bearing an EGFR inhibitor ligand [ Co(acac),L*], which showed
promising results in vitro as well as in vivo.'” The aim of this
study was to further improve the stability of this type of prodrug
by introducing electron-donating methyl groups to lower the
reduction potential. Methylation was performed at the chelating
moiety of the EGFR inhibitor and/or the acac ancillary ligand.
Interestingly, methylation of the EGFR inhibitor ligand
[Co(acac),MeL*] alone did not result in the expected lower
cobalt(III) reduction potential. However, this aim was reached
using Meacac as the ancillary ligand, and complexes Co-
(Meacac),L* and Co(Meacac),MeL* showed highly increased
stability in blood plasma. This stability trend could also be
confirmed in cell culture using fluorescence microscopy and flow
cytometry, exploiting the quenched fluorescence of the EGFR
inhibitor ligand when coordinated to cobalt(III). Evaluation of
the cytotoxic activity of all compounds under normoxia versus
hypoxia revealed that the complexes with distinctly higher
stability still possess promising hypoxia-activatable properties.
However, the ICs, values at 0.1% O, after 72 h were significantly
higher compared to those of the free EGFR inhibitor ligands.
More in-depth studies are now needed to evaluate the
underlying reasons for this effect. Finally, a balance between
sufficient stability of the complex and tumor-specific release of
the EGFR inhibitor ligand is needed. However, only evaluation
in future in vivo experiments will reveal whether Co-
(Meacac),MeL" is a promising candidate with both high
stability and activity.

B EXPERIMENTAL SECTION

Materials and Methods. All solvents and reagents were obtained
from commercial suppliers. They were, unless stated otherwise, used
without further purification. Anhydrous MeOH and tetrahydrofuran
over molecular sieves were bought from Fisher Chemicals. The
precursors Na[Co(acac),(NO,),] and Na[ Co(Meacac),(NO,),] were
obtained following the protocol of Denny et al.>' Co(acac),en’,
Co(acac),L*, and L were synthesized according to our previous
publication.'”

For all HPLC measurements, Milli-Q water (18.2 MQ cm, Merck
Milli-Q Advantage, Merck, Darmstadt, Germany) was used. Preparative
RP-HPLC was performed on an Agilent 1200 Series system controlled
by Chemstation software. As the stationary phase, either a XBridge
BEH C18 OBD Prep Column (130 A, 5 um, 19 mm X 250 mm) or an
Atlantis T3 OBD Prep Column (100 A, 10 ym, 19 mm X 250 mm),
each from Waters Corp., was used. The general procedure included a
flow rate of 17.06 mL/min, an injection volume of <10 mL, and a
column temperature of 25 °C. Milli-Q water and acetonitrile (ACN)
without addition of acids were used as eluents unless stated otherwise.
Stability and kinetic experiments were analyzed on an Agilent 1260
Infinity system using a Waters Atlantis T3 column (150 mm X 4.6 mm)
coupled to a Bruker amaZon SL ESI mass spectrometer. If not stated
otherwise, water (containing 0.1% formic acid) and ACN (containing
0.1% formic acid) were used as eluents with a gradient of 1% to 99%
ACN within 29 min. Elemental analyses were performed by the
Microanalytical Laboratory of the University of Vienna on a Perkin
Elmer 2400 CHN Elemental Analyzer. Electrospray ionization (ESI)
mass spectra were recorded on a Bruker amaZon SL ion trap mass
spectrometer in positive and/or negative mode by direct infusion.
High-resolution mass spectra were recorded on a Bruker maXis UHR
ESI time-of-flight mass spectrometer. Expected and experimental
isotope distributions were compared. "H and '*C NMR one- and two-
dimensional spectra were recorded in DMSO-d¢ with a Bruker FT-
NMR AV NEO 500 MHz spectrometer at 500.10 ("H) and 125.75
(®C) MHz at 298 K or a Bruker FT-NMR AVIIl 600 MHz
spectrometer at 600.25 MHz ("H) and 150.93 MHz (*3C). Chemical
shifts (parts per million) were referenced internally to the solvent

17804

residual peaks. For the description of the spin multiplicities the
following abbreviations were used: s, singlet; d, doublet; t, triplet; g,
quartet; m, multiplet. For the NMR description of the synthesized
compounds, the following abbreviations were used: acac, acetylacetone;
Meacac, methylacetylacetone; en, ethylenediamine; MeEn, N-methyl-
ethylenediamine; phEn, N-phenylethylenediamine; ph, phenyl; quin,
quinazoline.

Synthesis. tert-Butyl [2-({4-[(3-Bromophenyl)amino]quinazolin-
6-yl}jamino)ethyl](methyl)carbamate. N-(3-Bromophenyl)-
quinazoline-4,6-diamine (1.5 g, 4.81 mmol) was dissolved in absolute
MeOH (47 mL) under an argon atmosphere. Freshly distilled acetic
acid (276 uL, 4.81 mmol) and molecular sieves (823 mg, 3—4 A, dried
overnight at 150 °C) were added. N-Boc-(methylamino)-acetaldehyde
(1 g 5.77 mmol) was dissolved in absolute MeOH (S mL), and the
mixture was added dropwise to the yellow reaction solution. After the
mixture had been stirred for 1 h, sodium cyanoborohydride (363 mg,
5.77 equiv) was added in small portions and the reaction mixture was
allowed to stir overnight under an argon atmosphere. The next day the
solvent was removed, and the yellow residue was extracted in 600 mL of
FtOAc and washed with 400 mL of 1 M HC], saturated NaHCO;, and
brine. The organic phase was separated, dried over Na,SO, and
concentrated in vacuo. The crude product was purified via flash
chromatography (15:1 dichloromethane/MeOH). Yield: 1.48 g (65%).
'H NMR (500.1 MHz, DMSO-dg): 6 1.19 (s, 6H), 1.39 (s, 3H), 1.41 (s,
3H),2.77-2.93 (m, 2H), 3.42—3.50 (m, 2H), 6.31 (d, ] = 8.0 Hz, 1H),
7.91-7.31 (m, 3H), 7.35 (t, 1H), 7.56 (d, ] = 2.0 Hz, 1H), 7.91 (d, ] =
2.0 Hz, 1H), 8.17 (s, 1H), 8.39 (s, 1H), 9.34 (d, ] = 6.0 Hz, 1H).

N*-(3-Bromophenyl)-N°-[2-(methylamino)ethyllquinazoline-4,6-
diamine Dihydrochloride (MeL). To a solution of tert-butyl [2-({4-
[(3-bromophenyl)amino]quinazolin-6-yl}amino)ethyl](methyl)-
carbamate (1.48 g, 3.12 mmol) in EtOH (30 mL) was added
concentrated HCI (1.25 mL, 40.0 mmol), and the reaction mixture was
refluxed for 3 h. The solution was cooled to room temperature and
stored overnight at 4 °C. The yellow precipitate was filtered off, washed
with EtOH, and dried in vacuo. Yield: 1.11 g (80%). '"H NMR (600.25
MHz, DMSO-dy): § 2.61 (t, 3H, H23), 3.15 (m, 2H, H21), 3.67 (m,
2H,H20),7.19 (s, 1H,H18), 7.45 (t,3H,H16), 7.48—7.54 (m, 2H, H2,
H1S),7.77 (d, 1H, ] = 2.0 Hz, H3), 7.88 (d, 1H, ] = 2.0 Hz, H11), 8.00
(s, 1H, H6), 8.13 (s, 1H, H13), 8.78 (s, 1H, H8), 9.09 (s, 2H, H22),
11.50 (s, 1H, H17). *C NMR (150.93 MHz, DMSO-d;): § 32.45
(C23), 38.93 (C21), 46.20 (C20), 98.57 (C6), 115.42 (CS), 120.73
(C3),121.00 (C14),123.71(C11),126.53 (C2),127.23 (C13), 128.72
(C15),130.41 (C16),130.88 (C4), 138.67 (C12), 146.30 (C8), 148.57
(C1), 158.23 (C10). MS: calcd for [C,,H;gBrN;]*, 372.08; found,
372.08. Anal. Caled for C;;H gBrN;-2HCI (M, = 445.18 g/mol): C,
45.86; H, 4.53; N, 15.73. Found: C, 45.75; H, 4.22; N, 15.47.

Bis(3-methyl-2,4-pentanedionato) N°-(2-Aminoethyl)-N*-(3-
bromophenyl)quinazoline-4,6-diamine Cobalt(ill) Chloride [Co-
(Meacac),L*]. Na[Co(Meacac),(NO,),] (84.4 mg, 0.22 mmol) was
dissolved in H,O (1.6 mL) and MeOH (4.5 mL). L (100 mg, 0.23
mmol) was dissolved in H,O (1 mL), neutralized with NaOH (1.65
mL, 0.28 M in MeOH), and subsequently added to the cobalt precursor
solution together with activated charcoal (64 mg). The resulting
mixture was stirred for 1 h at room temperature, filtered through Celite,
and washed with small amounts of a MeOH/H,O mixture (1:1). Brine
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(30 mL) was added to the filtrate, and the resulting solution was left at 4
°C overnight. The formed green precipitate was filtered off the next day.
The crude product (250 mg of a dark green solid) was purified by RP-
HPLC (Xbridge, H,0/MeOH, isocratic 57:43, without formic acid or
TFA to avoid counter ion exchange). Yield: 67 mg (44%). The ratio of
the two isomers was 1:0.36.

Shifts of the main isomer. '"H NMR (500.1 MHz, DMSO-d,): 6 1.00
(s, 3H, CH;, Meacac), 1.65 (s, 3H, CH;, Meacac), 1.88 (s, 3H, CH,,
Meacac), 2.05-2.06 (m, 6H, CH,, Meacac), 2.35 (s, 3H, CH,,
Meacac), 2.67—2.97 (m, 3H, CH,, en), 3.60—3.69 (m, 1H, CH,, en),
5.28—5.37 [m, 1H, CH, NH,(en)], 5.73—5.80 [m, 1H, CH, NH,(en)],
7.36—7.43 (m, 2H, ph), 7.52 (dd, 1H, J =9 Hz, ] = 2 Hz, quin), 7.67 (d,
1H, ] =9 Hz, quin), 7.82—7.89 (m, 1H, ph), 7.93 [d, 1H, NH(en)], 8.10
(s, 1H, ph), 8.14—8.17 (m, 1H, quin), 8.65—8.70 (m, 1H, quin), 10.12
(s, 1H, NH). 3C NMR (125.75 MHz, DMSO-dg): 6 13.8 (CH,,
Meacac), 14.9 (CHs, Meacac), 26.1 (2C, CH;, Meacac), 26.5 (2C,
CH;, Meacac), 41.8 (CH,, en), 50.9 (CH,, en), 98.3 (C;, Meacac),
100.5 (C,, Meacac), 113.4 (CH, quin)*, 121.2 (C, ph), 121. 3 (CH,
ph), 1247 (CH, ph), 126.5 (2C, CH, quin + ph), 130.0 (CH, quin)*,
130.6 (CH, ph), 140.6 (C,, ph), 142.8 (Cq, quin), 153.7 (CH, quin)*,
157.0 (C quin), 186.2 (C acac), 186.9 (Cq, acac), 187.3 (Cq, acac),
187.9 (C acac).

Shifts ofthe minor isomer. "H NMR (500.1 MHz, DMSO-d): 5 1.77
(s, 3H, CH;, Meacac), 1.78 (s, 3H, CH;, Meacac), 1.99 (s, 3H, CH,,
Meacac), 2.05—2.06 (m, 3H, CH; Meacac), 2.20 (s, 3H, CH,,
Meacac), 2.34 (s, 3H, CH;, Meacac), 2.67—2.97 (m, 3H, en), 3.72—
3.80 (m, 1H, en), 5.28—5.37 [m, 1H, NH,(en)], 5.73—5.80 [m, 1H,
NH,(en)], 7.18 (dd, 1H, ] = 9 Hz, ] = 2 Hz, quin), 7.36—7.43 (m, 2H,
ph), 7.46 [m, 1H,NH(en)], 7.71 (d, 1H, ] = 9 Hz, quin), 7.82—7.89 (m,
1H, ph), 8.14—8.17 (m, 1H, ph), 8.65—8.70 (m, 2H, quin), 10.25 (s,
1H, NH). *C NMR (125.75 MHz, DMSO-d): 6 14.7 (CH;, Meacac),
14.9 (CH,;, Meacac)*, 25.9 (CH;, Meacac), 26.6 (CH,, Meacac), 26.8
(CH,, Meacac), 26.7 (CH;, Meacac), 51.2 (CH,, en)*, 52.2 (CH,,
en)*, 100.4 (C,, Meacac), 100.6 (C Meacac), 114 (2C, CH, quin)*,
121.3 (CH, ph CS* 124.7 (CH, ph)* 126.5 (2C, CH, -quin + ph)*,
129.3 (CH, quin)*, 130.6 (CH, ph)*, 153.7 (CH, quin)*, 187.7 (C,,
Meacac), 188.2 (C,, Meacac).

MS: caled for [C,gH,,BrCoN;O,]*, 642.11; found, 642.28. Anal.
Caled for C,gH;,BrCICoN;0,-2H,0 (M, = 714.92 g/mol): C, 47.04;
H, 5.36; N, 9.80. Found: C, 46.85; H, 5.09; N, 9.68. *Detected only in
two-dimensional (2D) NMR.

Bis(2,4-pentanedionato) N*-(3-Bromophenyl)-N°-[2-
(methylamino)ethyllquinazoline-4,6-diamine Cobalt(lll) Chloride
[Co(acac),MeL*]. Na[Co(acac),(NO,),] (83.6 mg, 0.23 mmol) was
dissolved in H,O (1.6 mL) and MeOH (1.6 mL). MeL (105 mg, 0.24
mmol) was dissolved in H,O (1.1 mL), neutralized with NaOH (1.9
mL, 0.25 M in MeOH), and subsequently added to the cobalt complex
solution with activated charcoal (55.2 mg). The resulting mixture was
stirred for 1 h at room temperature, filtered through Celite, and washed
with small amounts of MeOH. Brine (6.1 mL) was added to the filtrate,
and the resulting solution was extracted with dichloromethane (3 X 10
mL). The organic phase was separated, dried with Na,SO,, and
evaporated. The crude product (115 mg of a dark green solid) was
purified by RP-HPLC (H,0/ACN, 30—42% ACN, 26 min, without
formic acid or TFA to avoid counter ion exchange). Yield: 63 mg
(40%). The ratio of the four isomers (A:B:C:D) was 1:0.42:0.33:0.20.

Shifts of the main isomer A. '"H NMR (500.1 MHz, DMSO-dy): §
1.56 (s, 3H, CH,, acac), 1.77 (d, 3H, J = 6 Hz, CH,, MeEn), 2.01 (s, 3H,
CH,, acac), 2.02 (s, 3H, CH;, acac), 2.30 (s, 3H, CH;, acac), 2.58—3.04
(m, 3H, CH,, MeEn), 3.68—3.92 (m, 1H, CH,, MeEn), 4.79 (s, 1H,
CH, acac), 5.67—5.75 (m, 1H, CH, acac), 6.74 [m, 1H, NH(en)],
7.33—7.43 (m, 2H, CH, ph), 7.46 (dd, 1H, CH, ] = 8 Hz, ] = 2 Hg,
quin), 7.61—7.73 (m, 1H, CH, quin), 7.83—7.94 (m, 1H, CH, ph), 8.13
(t, 1H, CH, ph), 8.23—8.27 (m, 1H, CH, quin), 8.29—8.38 [m, 1H,
NH(en)], 8.62—8.70 (m, 1H, CH, quin), 10.13 (s, 1H, NH). *C NMR
(125.75 MHz, DMSO-dy): 6 26.2 (CH,, acac), 26.4 (CHs, acac), 26.5
(CHa, acac), 26.6 (CH;, acac), 37.5 (CH;, MeEn), 50.8 (CH,, MeEn),
53.1 (CH,, MeEn), 96.4 (CH, acac), 98.8 (CH, acac), 115.7 (C,,
quin)*, 121.6 (C,, ph), 121.8 (CH, ph), 125.3 (CH, ph), 127.0 (CH
ph), 127.5 (CH, qum), 130.9 (CH, quin), 131.0 (CH, ph), 141.1 (C,,

ph), 142.7 (C,, quin), 148.5 (Cq, quin)*, 157.5 (Cq, quin), 189.6 (C,,
acac), 189.7 (C acac), 190.0 (C,, acac), 190.9 (C,, acac).

Shifts of isomer B. 'H NMR (500 1 MHz, DMSO- dg): 5 1.68 (s, 3H,
CH,, acac), 2.06 (d, 3H, ] = 6 Hz, CH;, MeEn), 2.03 (s, 3H, CHj, acac),
2.11 (s, 3H, CHj, acac), 2.26 (s, 3H, CH,, acac), 2.58—3.04 (m, 3H,
CH,, MeEn), 3.68—3.92 (m, 1H, CH,, MeEn), 5.55 (s, 1H, CH, acac),
5.67—5.75 (m, 1H, CH, acac), 6.18 [m, 1H, NH(en)], 7.29 (dd, 1H,
CH, ] = 8 Hz, ] = 2 Hz, quin), 7.33—7.43 (m, 2H, CH, ph), 7.61-7.73
(m, 1H, CH, quin), 7.83—7.94 [m, 2H, CH, ph + NH(en)], 8.16 (m,
1H, CH, ph), 8.62—8.70 (m, 1H, CH, quin), 8.70—8.74 (m, 1H, CH,
quin), 10.23 (s, 1H, NH). *C NMR (125.75 MHz, DMSO-d;): § 26.5
(CH,, acac), 26.8 (CHj, acac), 26.9 (CHj,, acac), 27.0 (CH,, acac),
35.8 (CH;, MeEn), 49.8 (CH,, MeEn), 53.5 (CH,, MeEn), 98.3 (2C,
CH, acac), 115.7 (Cq, quin)*, 116.1 (CH, quin)*, 121.6 (C,, ph),
121.7 (CH, ph), 125.2 (CH, ph), 1269 (CH, ph), 127.5 (CH, quin),
129.6 (CH, quin), 131.0 (CH, ph), 141.3 (C,, ph), 142.5 (C,, quin),
148.5 (C,, quin)*, 157.8 (C,, quin), 189.0 (C,, acac), 189.7 (C,, acac),
189.8 (C acac), 190.1 (C acac).

Shifts oflsomer C.'H NMR (500.1 MHz, DMSO-dy): 5 1.76 (s, 3H,
CH,, acac), 1.90 (d, 3H, ] = 6 Hz, CH;, MeEn), 1.99 (s, 3H, CH;, acac),
2.07 (s, 3H, CHj, acac), 2.26 (s, 3H, CH;, acac), 2.58—3.04 (m, 3H,
CH,, MeEn), 4.16—4.27 (m, 1H, CH,, MeEn), 5.51 (s, 1H, CH, acac),
5.67—5.75 (m, 1H, CH, acac), 6.87 [m, 1H, NH(en)], 7.25 (dd, 1H,
CH, ] = 8 Hz, ] = 2 Hz, quin), 7.33—7.43 (m, 2H, CH, ph), 7.61-7.73
(m, 1H, CH, quin), 7.83—7.94 [m, 1H, NH(en)], 7.98 (d, 1H, ] = 9.0
Hz, CH, ph), 8.16 (m, 1H, CH, ph), 8.62—8.70 (m, 1H, CH, quin),
8.98 (s, IH, CH, quin), 10.33 (s, 1H, NH). '*C NMR (125.75 MHz,
DMSO-dg): § 26.5 (CH;, acac)*, 26.7 (CHs, acac)*, 27.0 (CH,,
acac)*, 27.1 (CHj, acac)*, 36.6 (CH;, MeEn)*, 52.9 (CH,, MeEn)*,
51.1 (CH,, MeEn)¥, 98.1 (CH, acac), 114.4 (CH, quin)*, 115.7 (C,,
quin)*, 117.0 (CH, quin)*, 121.6 (C,, ph)*, 122.0 (CH, ph), 1256
(CH, ph), 127.0 (CH, ph)*, 127.5 (CH quin), 129.6 (CH, quin),
131.0 (CH, ph), 141.3 (C,, ph), 142.1 (C,, quin)*, 148.5 (C,, quin)*,
189.6 (C acac), 190.1 (C acac), 1904(C acac).

Shifts oflsomerD 'H NMR (500.1 MHz, DMSO dg): 51.71 (s, 3H,
CH,, acac), 1.88 (s, 3H, CHj, acac), 2.19 (d, 3H, ] = 6 Hz, CH,,
-MeEn), 2.58—3.04 (m, 3H, CH,, MeEn), 3.68—3.92 (m, 1H, CH,,
MeEn), 4.75 (s, 1H, CH, acac), 5.67—5.75 (m, 1H, CH, acac), 6.18 [m,
1H, NH(en)], 7.33—=7.43 (m, 2H, CH, ph), 7.61-7.73 (m, 1H, CH,
quin), 7.83—7.94 (m, 1H, CH, ph), 8.23—8.27 (m, 1H, CH, ph), 8.29—
8.38 [m, 1H, NH(en)], 8.62—8.70 (m, 1H, CH, quin), 8.70—8.74 (m,
1H, CH, quin), 10.21 (s, 1H, NH). *C NMR (125.75 MHz, DMSO-
dg): 6 26.5 (CHs, acac)*, 26.7 (CH,, acac)*, 35.4 (CH,, MeEn), 53.5
(CH,, MeEn)*, 96.5 (CH, acac)*, 98.6 (CH, acac)*, 115.7 (C,,
quin)*, 121.6 (C,, ph)*, 122.1 (CH, ph), 125.4 (CH, ph), 127.0 (CH,
ph)*, 127.5 (CH quin), 143.4 (C,, quin)*, 189.3 (C,, acac)*, 189.5
(C acac)*, 131.0 (CH, ph).

MS: caled for [C,,H;,BrCoN;0,]*, 628.10; found, 628.26. Anal.
Calcd for C,,H3,BrCICoN;O,2H,0 (M, = 700.89 g/mol): C, 46.27;
H, 5.18; N, 9.99. Found: C, 46.24; H, 5.05; N, 9.77. *Detected only in
2D NMR.

Bis(3-methyl-2,4-pentanedionato) N*-(3-Bromophenyl)-N°®-[2-
(methylamino)ethyl]quinazoline-4,6-diamine Cobalt(lll) Chloride
[Co(Meacac),MeL*]. Na[Co(Meacac),(NO,),] (85.6 mg, 0.21
mmol) was dissolved in H,O (1.6 mL) and MeOH (1.2 mL). MeL
(100 mg, 0.23 mmol) was dissolved in H,O (1 mL), neutralized with
NaOH (1.8 mL, 0.25 M in MeOH), and then added with activated
charcoal (52.5 mg) to the cobalt precursor solution. The resulting
mixture was stirred for 1 h at room temperature and filtered through
Celite, which was washed with small amounts of MeOH. Brine
(5.8 mL) was added to the filtrate, and the resulting solution was
extracted with dichloromethane (3 X 10 mL). The organic phase was
separated, dried with Na,SO,, and evaporated. The crude product (100
mg of a dark green solid) was purified by RP-HPLC (H,0/ACN, 30—
42% ACN, 26 min, without formic acid or TFA to avoid counter ion
exchange). Yield: 37.6 mg (24%). The ratio of the four isomers
(A:B:C:D) was 1:0.34:0.23:0.19.

Shifts of the main isomer A. '"H NMR (500.1 MHz, DMSO-dy): §
1.00 (s, 3H, CH;, Meacac), 1.57 (s, 3H, CH;, Meacac), 1.67—1.72 (m,
3H, CH,, MeEn), 1.90 (s, 3H, CH;, Meacac), 2.08 (s, 3H, CH,,
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Meacac), 2.11 (s, 3H, CH,, Meacac), 2.41 (s, 3H, CH;, Meacac), 2.58—
3.00 (m, 3H, CH,, MeEn), 3.60—3.83 (m, 1H, CH,, MeEn), 6.61—6.76
[m, 1H, NH(en)], 7.31—7.44 (m, 2H, CH, ph), 7.48 (d, 1H, CH, ] = 9
Hz, -quin), 7.55—7.71 (m, 1H, CH, -quin), 7.84 (d, 1H, ] = 2.0 Hz, CH,
ph), 8.06—8.17 [m, 3H, CH, quin + ph + NH(en)], 8.60—8.72 (m, 1H,
quin), 10.09 (s, 1H, NH). *C NMR (125.75 MHz, DMSO-d,): 6 13.8
(CH,, Meacac)*, 14.7 (CH;, Meacac), 26.1 (CH;, Meacac), 26.3
(CH;, Meacac), 26.4 (CH,, Meacac), 26.6 (CH,, Meacac), 36.9 (CH,,
MeEn), 50.2 (CH,, MeEn), 53.0 (CH,, MeEn), 98.5 (C,, Meacac),
101.2 (C,, Meacac), 113.7 (CH, quin)*, 121.1 (CH, ph), 124.6 (CH,
ph), 126.4 (CH, ph), 127.1 (CH, quin)*, 130.1 (CH, quin)*, 130.6
(CH, ph), 1409 (C,, ph), 142.5 (C,, quin), 156.9 (C,, quin), 187.0
(Cq, Meacac), 187.4 (Cq, Meacac), 187.5 (CCq, Meacac), 188.2 (Cq,
Meacac).

Shifts of isomer B. "H NMR (500.1 MHz, DMSO-dy): 6 1.67—1.72
(m, 3H, CH;, Meacac), 1.79 (s, 3H, CH,, Meacac), 1.95 (s, 3H, CH,,
Meacac), 2.04—2.14 (m, 6H, CH;, acac + MeEn), 2.23 (s, 3H, CH,,
Meacac), 2.33 (s, 3H, CH;, Meacac), 2.58—3.00 (m, 3H, CH,, MeEn),
3.60—3.83 (m, 1H, CH,, MeEn), 5.85 [m, 1H, NH(en)], 7.13—7.23
(m, 1H, CH, quin), 7.31-7.44 (m, 2H, CH, ph), 7.55—7.71 (m, 1H,
CH, -quin), 7.87—8.03 [m, 2H, CH, ph + NH(en)], 8.24 (s, 1H, CH,
ph), 8.60—8.72 (m, 1H, CH, quin), 8.75 (s, 1H, CH, quin), 10.23 (s,
1H, NH). *C NMR (125.75 MHz, DMSO-dy): § 14.6 (CH;, Meacac),
14.7 (CHs, Meacac), 35.2 (CH;, MeEn), 26.4 (CH;, Meacac), 26.6
(CH;, Meacac)*, 26.9 (CHs, Meacac), 26.1 (CH;, Meacac), 52.5
(CH,, MeEn), 100.7 (2C, C,, Meacac), 121.1 (CH, ph), 124.6 (CH,
ph)*, 126.4 (CH, ph), 127.1 (CH, quin)*, 129.2 (CH, quin), 130.6
(CH, ph), 187.0 (C, Meacac), 187.3 (C, Meacac), 188.0 (C,
Meacac).

Shifts of isomer C. "H NMR (500.1 MHz, DMSO-d;): 6 1.75 (s, 3H,
CH,, Meacac), 1.77—1.83 (m, 3H, CH;, MeEn), 1.82 (s, 3H, CH,,
Meacac), 1.97 (s, 3H, CH;, Meacac), 2.04—2.14 (m, 3H, CH,,
Meacac), 2.19 (s, 3H, CH,, Meacac), 2.37 (s, 3H, CH;, Meacac), 2.58—
3.00 (m, 3H, CH,, MeEn), 3.60—3.83 (m, 1H, CH,, MeEn), 6.61—6.76
[m, 1H, NH(en)], 7.13—7.23 (m, 1H, CH, quin), 7.31—7.44 (m, 2H,
CH, ph), 7.55-7.71 (m, 1H, CH, quin), 7.87—8.03 [m, 2H, CH, ph +
NH(en)], 8.19 (s, LH, CH, ph), 8.60—8.72 (m, 1H, CH, quin), 8.90 (s,
1H, CH, -quin), 10.28 (s, IH, NH). *C NMR (125.75 MHz, DMSO-
dg): 8 14.6 (CH;, Meacac), 14.7 (CH;, Meacac), 34.9 (CH;, MeEn),
26.2 (CH;, Meacac), 26.4 (CH,, Meacac)*, 52.7 (CH,, MeEn)*, 100.7
(2C, C,, Meacac), 121.1 (CH, ph), 124.6 (CH, ph)*, 126.4 (CH, ph)*,
127.1 ECH, quin)*, 129.3 (CH, quin), 130.6 (CH, ph), 187.2 (C,,
Meacac)*, 187.5 (C, C,, Meacac)*.

Shifts of isomer D. "H NMR (500.1 MHz, DMSO-d): 6 1.76 (s, 3H,
CH,, MeEn), 1.77—1.83 (m, 3H, CH;, Meacac), 1.99 (s, 3H, CH,,
Meacac), 2.04—2.14 (m, 3H, CH;, Meacac), 2.21-2.26 (m, 3H, CHj,,
MeEn), 2.33 (s, 3H, CH;, Meacac), 2.58—3.00 (m, 3H, CH,, MeEn),
3.60—3.83 (m, 1H, CH,, MeEn), 5.85 [m, 1H, NH(en)], 7.31—7.44
(m, 2H, CH, ph), 7.47 (m, 1H, CH, quin), 7.55—7.71 (m, 1H, CH,
quin), 8.24 (s, 1H, CH, ph), 8.06—8.17 [m, 3H, CH, quin + ph +
NH(en)], 8.60—8.72 (m, 1H, CH, quin), 10.14 (s, 1H, NH). *C NMR
(125.75 MHz, DMSO-dg): § 14.6 (CH; Meacac)*, 14.8 (CH,,
Meacac)*, 36.0 (CH3, MeEn)*, 26.4 (CH;, Meacac)*, 121.1 (CH, ph),
124.6 (CH, ph)*, 126.4 (CH, ph)*, 127.1 (CH, quin)*, 130.1 (CH,
quin)*, 130.6 (CH, ph), 186.4 (C, acac)*, 187.7 (C,, Meacac)*, 188.3
(Cq, Meacac)*.

MS: caled for [CyoH;sBrCoNO,]", 656.13; found, 656.13. Anal.
Calcd for C,oH34BrCICoN;O,2H,0 (M, = 728.95 g/mol): C, 47.78;
H, 5.53; N, 9.61. Found: C, 47.58; H, 5.40; N, 9.64. *Detected only in
2D NMR.

Bis(2,4-pentanedionato) (Phenyl-1,2-ethylenediamine) Cobalt-
(Ill) Hexafluorophosphate [Co(acac),PhEn*]. Na[Co(acac),(NO,),]
(100 mg, 0.27 mmol) was dissolved in H,0 (1.5 mL) and MeOH (1
mL), and N-phenylethylenediamine (36.9 L, 0.28 mmol) was added
to the solution with a spatula tip of activated charcoal. The reaction
mixture was stirred for 1 h at room temperature and filtered through
Celite. NH,PF, (152.4 mg, 0.94 mmol) was added to the filtrate, and
the solution was stored at 4 °C overnight. The formed grayish violet
solid was filtered off and washed with ice-cold H,O and Et,0. Yield: 45
mg (30%). The ratio of the two isomers was 1:0.81.

Shifts of the main isomer. "H NMR (500.1 MHz, DMSO-dy): 6 1.69
(s, 3H, CH,, acac), 2.00 (s, 3H, CH,, acac), 2.10 (s, 3H, -CHj, acac),
2.18 (s,3H, CHj, acac), 2.52—2.91 (m, 3H, CH,, phEn), 3.19—-3.25 (m,
1H, CH,, phEn), 5.35 (s, 1H,NH,), 5.56 (s, 1H, CH, acac), 5.66 (s, 1H,
CH, acac), 5.88 (s, 1H, NH,), 7.01 (d, 1H, J = 2 Hz, CH, ph), 7.15 (d,
2H, ] = 3 Hz, NH), 7.19—7.35 (m, 8H, CH, ph).

Shifts of the minor isomer. "H NMR (500.1 MHz, DMSO-d,): 6 1.70
(s, 3H, CH,;, acac), 1.95 (s, 3H, -CHj, acac), 1.98 (s, 3H, CHj;, acac),
2.19 (s, 3H, CHj, acac), 2.52—2.91 (m, 3H, CH,, phEn), 3.19-3.25 (m,
1H, CH,, phEn), 4.91 (s, 1H, CH, acac), 5.54 (s, 1H, NH,), 5.64 (s, 1H,
CH, acac), 5.64 (s, 1H, NH,), 7.01 (d, 1H, J = 2 Hz, CH, ph), 7.19—
7.35 (m, 4H, CH, ph), 7.76 (d, 2H, ] = 3 Hz, NH).

MS: calcd for [C;3H,4CoN,0,]*, 393.12; found, 393.04. Anal. Calcd
for CgH,(CoF¢N,0,P-0.5SH,0 (M, = 547.32 g/mol): C, 39.50; H,
4.97; N, 5.12. Found: C, 39.75; H, 4.82; N, 4.96.

Bis(3-methyl-2,4-pentanedionato) Ethylenediamine Cobalt(lll)
Hexafluorophosphate [Co(Meacac),en*]. Na[ Co(Meacac),(NO,),]
(150 mg, 0.37 mmol) was dissolved in H,O (2.25 mL) and MeOH (1.5
mL), and ethylenediamine (26.3 yL, 0.39 mmol) was added with a
spatula tip of activated charcoal. The reaction mixture was stirred for 1.5
h at room temperature and filtered through a syringe filter. NH,PFq
(212 mg, 1.3 mmol) was added to the filtrate, and the solution was
stored at room temperature for 2 h. Violet and orange crystals
precipitated after a while. The solid was filtered off and washed with ice-
cold H,O and Et,O. Separation of the two compounds was carried out
by dissolution in MeOH. The insoluble orange crystals were filtered off,
and the violet filtrate was evaporated and dried in vacuo. Yield: 30 mg
(16%). 'H NMR (500.1 MHz, DMSO-d): 6 1.86 (s, 6H, CH,,
Meacac), 2.13 (s, 6H, CH;, Meacac), 2.15 (s, 6H, CH;, Meacac), 2.34
(m, 2H, CH,, en), 2.45 (m, 2H, CH,, en), 4.78 (s, 2H, NH,), 5.21 (s,
2H, NH,). MS: calcd for [C;3H,,CoN,0,], 345.12; found, 345.10.
Anal. Caled for C H,sCoF¢N,0,P-0.5H,0 (M, = 499.27 g/mol): C,
33.68; H, 5.45; N, 5.61. Found: C, 33.85; H, 5.70; N, 5.39.

Bis(2,4-pentanedionato) (Methyl-1,2-ethanediamine) Cobalt(lll)
Hexafluorophosphate [Co(acac),MeEn*]. Na[Co(acac),(NO,),]
(500 mg, 1.34 mmol) was dissolved in H,O (7.5 mL) and MeOH (5
mL), and N-methylethylenediamine (123 uL, 1.41 mmol) was added to
the solution with a spatula tip of activated charcoal. The reaction
mixture was stirred for 1.5 h at room temperature and filtered through
Celite. NH,PF, (763 mg, 4.68 mmol) was added to the filtrate, and the
solution was stored at 4 °C for 4 days. The formed violet crystals were
filtered off and washed with ice-cold H,O and Et,O. Yield: 252 mg
(39%). 'H NMR (500.1 MHz, DMSO-dy): 6 1.67 (d, 3H, ] = 9 Hz,
CH,, MeEn), 2.04 (s, 3H, CH;, acac), 2.06 (s, 3H, CHj, acac), 2.09 (s,
6H, CHj, acac), 2.34—2.6 (m, 4H, CH,, MeEn), 5.27 (m, 2H, NH,),
5.61 (s, 1H, CH, acac), 5.63 (s, 1H, CH, acac), 6.16 (s, 1H, NH). MS:
caled for [C3H,,CoN,0,]%, 331.11; found, 331.10. Anal. Calcd for
C13H,4CoF¢N,O,P (M, = 476.24 g/mol): C, 32.79; H, 5.08; N, 5.88.
Found: C, 32.57; H, 5.11; N, $.83.

Bis(3-methyl-2,4-pentanedionato) (Methyl-1,2-ethanediamine)
Cobalt(lll) Hexafluorophosphate [Co(Meacac),MeEn*]. Na[Co-
(Meacac),(NO,),] (100 mg, 0.25 mmol) was dissolved in H,0O (1.5
mL) and MeOH (1 mL), and N-methylethylenediamine (22.9 uL,
0.26 mmol) was added with a spatula tip of activated charcoal. The
reaction mixture was stirred for 1.5 h at room temperature and filtered
through a syringe filter. NH,PF, (142 mg, 0.87 mmol) was added to the
filtrate, and the solution was stored at room temperature for 2 h. The
precipitated purple crystals were filtered off and washed with ice-cold
H,O and Et,0. Yield: 20 mg (16%). The ratio of the two isomers was
1:0.30.

Shifts of the main isomer. "H NMR (500.1 MHz, DMSO-d;): & 1.60
(d, 3H, J = 8 Hz, CH,, MeEn), 1.84 (s, 3H, CH;, Meacac), 1.88 (s, 3H,
CH,, Meacac), 2.11 (s, 3H, CH,, Meacac), 2.16 (s, 3H, CH,, Meacac),
2.18 (s, 3H, CH,;, Meacac), 2.21 (s, 3H, CH,, Meacac), 2.23—2.40 (m,
3H, CH,, MeEn), 2.62 (s, 1H, CH,, MeEn), 4.97 (s, 1H, NH,), 5.13 (s,
1H, NH,), 5.96 (s, 1H, NH).

Shifts of the minor isomer. "H NMR (500.1 MHz, DMSO-d;): 6 1.86
(s, 3H, CH;, MeEn), 1.89 (s, 3H, CH,, Meacac), 1.95 (d, 3H, J = 11 Hz,
CH,, Meacac), 2.14 (s, 6H, CH,, Meacac), 2.16 (s, 3H, CH,, Meacac),
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2.21 (s, 3H, CH;, Meacac), 2.23—2.40 (m, 3H, CH,, MeEn), 2.62 (s,
1H, CH,, MeEn), 4.81 (s, 1H, NH), 5.35 (m, 2H, NH,).

MS: calcd for [C;sH,sCoN,0,]*, 359.14; found, 359.12. Anal. Calcd
for C;sH,3CoF¢N,0,P-0.5SH,0 (M, = 522.31 g/mol): C, 35.1; H, 5.69;
N, 5.46. Found: C, 35.21; H, 5.64; N, 5.16.

Kinase Screening. The EGFR (ErbB1) kinase-inhibitory potential
of the novel ligand MeL in comparison to that of previously synthesized
ligand L was evaluated using the Select Screen Biochemical Kinase
Profiling Service at Life Technologies (ThermoFisher Scientific,
Madison, WI). The test compounds were screened in a final DMSO
concentration of 1% using the ZLYTE Assay in the presence of 10 uM
ATP.

Fluorescence Measurements. Fluorescence measurements were
performed on a Horiba FluoroMax-4 spectrofluorometer, and the data
were analyzed using FluorEssence version 3.5. The tested solutions
were dissolved immediately prior to analysis in PBS (10 mM, pH 7.4)
with a final concentration of 3 X 107> M. Scans were run at room
temperature with excitation and emission slit widths of 4 nm. Emission
scans were run from 375 to 600 nm using an excitation wavelength of
365 nm. The 3D fluorescence spectra of L and MeL were determined at
excitation wavelengths from 220 to 550 nm, and emission was recorded
within the range of 200—600 nm.

Lipophilicity. Distribution coefficient (D) values of the studied
cobalt(III) compounds were determined by the traditional shake-flask
method in an n-octanol/buffered aqueous solution at pH 7.40 (PBS)
and 25.0 + 0.2 °C as described previously.”' The complexes were
dissolved in an n-octanol presaturated aqueous solution of the buffer at
~100 pM. After phase separation, the UV—vis spectrum of the
compound in the aqueous phase was compared to that of the original
stock solution and the D, , values of the compounds were calculated
according to the following formula: [absorbance(original solution)/
absorbance(aqueous phase after separation) — 1].

Chemicals for Analytical Measurements. All solvents were of
analytical grade and used without further purification. MeEn, PhEn,
acac, Meacac, KH-phthalate, K;[Fe(III)(CN),], KCl, NaCl, HC],
KOH, AA, GSH, and reduced NADH were products of Sigma-Aldrich.
CoCl,-H,0, NaH,PO,, and Na,HPO, were purchased from Reanal,
and the exact concentration of the CoCl, stock solution was determined
by complexometry via its EDTA complex. Milli-Q water was used for
sample preparation.

Cyclic Voltammetry. The compounds were dissolved in 10 mM
phosphate buffer (pH 7.40), with 0.1 M KCl as the supporting
electrolyte, to obtain a final concentration of 1.5 mM. Electrochemical
experiments were conducted on an EG&G PARC 273A potentiostat/
galvanostat with scan rates of 30 and 1000 mV/s at room temperature.
Argon was bubbled through the solution before every measurement to
remove oxygen. A three-electrode configuration cell was used with a
glassy carbon electrode as the working electrode, which was polished
before every measurement. The reference electrode was Ag/AgCl/KCl
(3.5 M), and the auxiliary electrode was a platinum wire. Electrodes
were conditioned regularly in 1 M H,SO, for 5—10 cycles between
voltage limits of —1.0 and 1.0 V at a scan rate of 100 mV/s. The system
was calibrated with 1.5 mM K;[Fe(CN),] for every experiment. Redox
potentials measured relative to the Ag/AgCl/KCl (3.5 M) reference
electrode were converted for potentials against NHE by the addition of
0.205 V. Measurements were repeated at least three times, and the
mean values were calculated.

Spectroscopic Studies of the Proton Dissociation and Redox
Processes. Proton dissociation processes of PhEn were followed by
UV—vis spectrophotometry and spectrofluorometry; samples were
prepared in water containing 100 and 10 xM ligand, respectively, and
0.1 M KCl at 25 + 0.2 °C. The proton dissociation constants and the
UV—vis or fluorescence emission spectra of the individual species in the
various protonation states were calculated by deconvolution of the
spectra recorded in the pH range of 2.0—11.5 with PSEQUAD.*
Reduction of the cobalt(IIl) compounds by AA, GSH, and NADH in
aqueous solutions was followed for 24 h at 25.0 °C. All solutions were
prepared under strictly oxygen-free conditions in an argon atmosphere.
Batch samples contained 30 uM cobalt(III) complex and 10 equiv of
AA, GSH, or NADH in PBS buffer (pH 7.40) and were used only once

to record their UV—vis and fluorescence spectra. A Hewlett Packard
8452A diode array spectrophotometer was used in the interval of 200—
800 nm, and a Hitachi F-4500 spectrofluorometer was applied to record
the emission spectra (Agx = 290 nm and Agy = 310—450 nm in case of
the titration of PhEn; Agx = 370 nm and Agy = 400—600 nm in the case
of redox reactions).

pH-Potentiometric Measurements and Data Evaluation. For
determination of the proton dissociation (K,) and formation constants
() pH-potentiometric measurements were carried out at 25 + 0.1 °C
and an ionic strength (I) of 0.10 M (KCl) to keep the activity
coefficients constant. A carbonate-free KOH solution (0.10 M) was
used for titrations. The exact concentrations of HCI and KOH were
determined by pH-potentiometric titrations. A Metrohm-combined
electrode (type 6.0234.100) connected to an Orion 710A pH-meter
and a computer-controlled Methrom 665 Dosimat buret (increment, 1
uL; precision, 2 uL) were used for the pH-potentiometric measure-
ments. The electrode system was calibrated to the pH = —log[H*] scale
by means of blank titrations (strong acid HCl vs strong base KOH), as
suggested by Irving et al.>> The determined average water ionization
constant (pK,, = 13.76 + 0.01) corresponds well to the literature data.’”
Titration points included in the calculations gave a reproducibility
within 0.005 pH unit. Titrations were performed in the pH range of
2.0—11.5, and the initial volume of the samples was 10 mL. Binary
systems contained 1 or 2 mM ligand, and metal:ligand ratios of 1:1, 1:2,
1:3, and 1:4 were used. In the ternary systems, the cobalt(Il)
concentration was 1 mM and the two types of ligands (4, acac, and
B, MeEn, or PhEn) were varied as follows: 1:1:1, 1:2:1, 1:1:2, and 1:2:2
Co(II):A:B. The samples were degassed by bubbling purified argon
through them for 10 min prior to the measurements, and argon was also
passed over the solutions during the titrations.

The stoichiometry of the complexes and overall stability constants
were established by the computer program Hyperquad2013.>* For the
general equilibrium #(M,L H,) is defined as

pPM + qL + rH & ML H, as f(M,LH,) = [M,L H,]/[MJ’[L]"[H]

(1)

where M denotes the cobalt(II) ion and L the completely deprotonated

ligand. The calculations were performed as reported in our previous
work.**

Serum Stability Measurements. For serum stability measure-
ments, 135 uL of FCS, buffered with 150 mM phosphate (Na,HPO,/
NaH,PO,) to maintain a pH value of 7.4, was mixed with 15 uL of a 500
uM stock solution of the respective complex in 50 mM phosphate buffer
to reach a final concentration of 50 #M. The samples were incubated at
37 °C. At different time points, to 20 uL of serum was added 40 yL of
ACN. After being vigorously shaked for 2 min, the suspension was
centrifuged at 6000 rpm for 10 min. The supernatant was taken up with
a syringe and directly measured via HPLC-MS.

Biological Methods. Chemicals for Cell Culture Tests. All
investigated drugs were dissolved in DMSO. These stock solutions
(10 mM) were further diluted into culture media containing 10% FCS
at the indicated concentrations. The final DMSO concentrations were
always less than 1%. All other substances were purchased from Sigma-
Aldrich (St. Louis, MO).

Cell Culture. Human cancer cell line A431 (epidermoid carcinoma,
overexpressing EGFR/wt) was purchased from American Type Culture
Collection (ATCC) (Rockville, MD). The cell line was grown, unless
otherwise indicated, in humidified incubators (37 °C, 21% O,, and 5%
CO,) in RPMI 1640 containing 10% FCS (PAA, Linz, Austria). Under
hypoxic conditions, plated and treated cells were incubated in
humidified incubators (ProOx model C21 system von BioSpherix)
with 0.1%, 1%, or 5% CO, for the indicated period of time before
analysis.

Cytotoxicity Assay. A431 cells were seeded (3 X 10° cells/well) in
96-well plates, and after recovery for 24 h, the dissolved drugs were
added in increasing concentrations. After exposure to the drug for 72 h,
the proportion of viable cells was determined by the MTT assay
following the manufacturer’s recommendations (EZ4U, Biomedica,
Vienna, Austria). Cytotoxicity was expressed as ICs, values calculated
from full dose—response curves using GraphPad Prism.
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Western Blot Analysis. A431 cells were plated (1 X 10° cells/60 mm
dish) and allowed to recover for 24 h, followed by serum starvation for
24 h (except the nonstarving control). Subsequently, the cells were
treated with the drugs in different concentrations for 2 h. In the final 10
min, EGF was added with a final concentration of 50 ng/mL to
stimulate EGFR. Then, cells were harvested, and proteins were isolated,
resolved by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis, and transferred onto a polyvinylidene difluoride membrane
for Western blotting as previously described.'” The following
antibodies were used: EGFR (8198), p-EGFR (Tyr1068) (3077),
ERK 1/2 (9102), and p-ERK 1/2 (Thr202/Tyr204) (9101) (all
monoclonal rabbit, Cell Signaling Technology, Beverly, MA) and f-
actin (monoclonal mouse, Sigma). All primary antibodies were used in
1:1000 dilutions [in Tris-buffered saline containing 0.1% Triton X-100
(TBST) with 3% bovine serum albumin (BSA)]. Additionally,
horseradish peroxidase-labeled anti-mouse (7076) and anti-rabbit
(7074) secondary antibodies were used at working dilutions of 1:10000
(in TBST with 1% BSA).

Fluorescence Microscopy. A431 cells were seeded (5 X 10° cells/
well) in six-well plates and allowed to recover overnight. Then, cells
were treated with 10 yM investigated drugs (diluted with 10% FCS-
containing medium) for 6 or 24 h. After incubation, the drug solutions
were removed, and the cells were washed with PBS. Subsequently,
microphotographs were taken using UV fluorescence microscopy
(Nikon Eclipse Ti microscope with a DAPI filter and a high-pressure
mercury lamp) and a 10X objective.

Flow Cytometry. For better quantification of the fluorescence
intensity of released EGFR inhibitors, the previously microscoped cells
were trypsinized, harvested, and centrifuged. The pellets were washed
twice with PBS and further resuspended in Dulbecco’s modified Eagle’s
medium (DMEM). Subsequently, the samples were measured on a LSR
Fortessa flow cytometer (BD Biosciences, East Rutherford, NJ). The
compound fluorescence was detected using 405 nm excitation and
Pacific Blue (450/50 nm) band pass emission filters. Data were
analyzed using the FACSDiva software and are depicted as the percent
of fluorescence-positive cells and as the fluorescence intensity
normalized to the autofluorescence.
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Figure S1: 'H-NMR spectrum of Co(Meacac),L*, showing the whole-range (A) and the aromatic area from

~7-9 ppm (B). Two stereoisomers can be observed.
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Figure S2: 'H-NMR spectrum of Co(acac),MeL*, showing the whole-range (A) and the aromatic area from

~7-9 ppm (B). Four stereoisomers can be observed.
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Figure S3: 'H-NMR spectrum of Co(Meacac)Mel*, showing the whole-range (A) and the aromatic area

from ~7-9 ppm (B). Four stereoisomers can be observed.
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Figure S4: NH signals of the 'H-NMR spectra of complexes Co(acac)L* (A), Co(Meacac),L* (B),
Co(acac),MelL" (C) and Co(Meacac)MeL* (D). Depending on the number of stereogenic centres/isomers

two or four separated singlets of the NH-group appear.

66



0.0 1

<
=
£ -2.0x10%
3
O
-4.0x10° Co(Meacac),L*
Co(acac),L”
T T T T T
0.5 0.0 05

Potential (V)

Figure S5: Cyclic voltammograms of Co(acac).L* and Co(Meacac).L* in 10 mM phosphate buffer pH = 7.40
[conc. complex = 1.5 mM; | = 0.10 M KCI; scan rate: 1000 mV/s, T = 25.0 °C]
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Figure S6: Concentration distribution diagram for cobalt(ll)-acac-MeEn 1:2:1 system. A = acac; B = MeEn.

[conc. cobalt(ll) =1 mM; 1 =0.10 M (KCI); t = 25.0 °C]
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Figure S7: Time-dependent stability of Co(acac);MeL* (A) and Co(Meacac),MelL* (B) incubated in FCS at
37 °C (pH 7.4, 150 mM PB) monitored by HPLC—mass spectroscopy (depicted are the extracted ion mass
chromatograms). Due to different ionisation properties the intensities of the free ligand (m/z 372.1) and

the cobalt(lll) complexes (m/z 628.2 or 656.2) cannot be directly compared.
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Figure S8: Impact of MeL on the EGFR signaling (pEGFR, pERK 1/2) under normoxic condition. A431 cells

were grown in medium with or without FCS and treated with the indicated drug for 2 h. After EGFR

stimulation with 50 ng/mL EGF for 10 min, cells were harvested, lysed and protein expression analyzed by

Western blotting.
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Figure S9: Data points of the cell-free EGFR kinase inhibition assay of the EGFR inhibitor ligands L and MelL.
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As the first author, | synthesized and characterized all compounds, determined their fluorescence
properties, investigated their reduction potential, evaluated their stability under biological

relevant conditions and wrote the majority of the manuscript.
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Development of a cobalt(i)-based ponatinib
prodrug systemt

Marlene Mathuber,® Michael Gutmann, ©°® Mery La Franca, @Vb'c Petra Vician,”
Anna Laemmerer, 2 °¢ Patrick Moser,” Bernhard K. Keppler, 24
Walter Berger & **¢ and Christian R. Kowol & *2¢

Receptor tyrosine kinase inhibitors have become a central part of modern targeted cancer therapy.
However, their curative potential is distinctly limited by both rapid resistance development and severe
adverse effects. Consequently, tumor-specific drug activation based on prodrug designs, exploiting
tumor-specific properties such as hypoxic oxygen conditions, is a feasible strategy to widen the thera-
peutic window. After proof-of-principal molecular docking studies, we have synthesized two cobalt(in)
complexes using a derivative of the clinically approved Abelson (ABL) kinase and fibroblast growth factor
receptor (FGFR) inhibitor ponatinib. Acetylacetone (acac) or methylacetylacetone (Meacac) have been
used as ancillary ligands to modulate the reduction potential. The ponatinib derivative, characterized by
an ethylenediamine moiety instead of the piperazine ring, exhibited comparable cell-free target kinase
inhibition potency. Hypoxia-dependent release of the ligand from the cobalt(i) complexes was proven by
changed fluorescence properties, enhanced downstream signaling inhibition and increased in vitro anti-
cancer activity in BCR-ABL- and FGFR-driven cancer models. Respective tumor-inhibiting in vivo effects
in the BCR-ABL-driven K-562 leukemia model were restricted to the cobalt(i) complex with the higher
reduction potential and confirmed in a FGFR-driven urothelial carcinoma xenograft model. Summarizing,
we here present for the first time hypoxia-activatable prodrugs of the clinically approved tyrosine kinase
inhibitor ponatinib and a correlation of the in vivo activity with their reduction potential.

tively block the ATP-binding pockets in the active sites of tyro-
sine kinases.’> One representative of this substance class is

Tyrosine kinases play an essential part in the signal transduc-
tion pathways of cells, by catalyzing the transfer of
y-phosphate groups of adenosine triphosphate (ATP)." Thus,
they fulfil a crucial role in the control of e.g. cell growth, pro-
liferation and differentiation. Dysregulations of these signaling
processes have been linked to several diseases, including
cancer initiation and progression.” The development of tyro-
sine kinase inhibitors (TKIs) is a promising targeted thera-
peutic approach and resulted in the approval of respective anti-
bodies and small molecule inhibitors.>* The latter competi-
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2468 | Inorg. Chem. Front.,, 2021, 8, 2468-2485

ponatinib, a multi-kinase inhibitor, which targets among
others the Abelson kinase (ABL), fibroblast growth factor recep-
tor (FGFR), and platelet-derived growth factor receptor
(PDGFR) families.””” Ponatinib is clinically approved as second
line treatment for Philadelphia chromosome-positive chronic
myeloid leukemia (Ph+ CML)/acute lymphoblastic leukemia
(Ph+ ALL), especially in case of a BCR-ABLT315I mutation.®°
Its anti-tumorigenic potential is also evaluated in several other
cancer types,'* with the inhibition of FGFR being one major
point of interest.">"? However, despite the specific targeting of
oncogene-dependent cancer cells, adverse effects, caused by
the lack of distinction between healthy and cancerous tissue,
could be frequently noticed.'* In a clinical phase III study
severe arterial thrombotic events occured.’®'® As a result, the
maximum applicable dose of ponatinib for clinical routine was
reduced and further safety measures were included.">"”

To optimize the therapeutic potential of ponatinib, a prom-
ising way could be the use of prodrug systems. In general, anti-
cancer prodrugs consist of non-toxic, inactive compounds,
which only release their active counterpart through specific
activation in the tumor.'® Cancerous tissue exhibits certain
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features, such as a hypoxic environment, which can be
exploited for this kind of approach.'®*® Hypoxia-activated pro-
drugs (HAPs) have been intensively explored over the past
years for various substance classes with a focus on DNA alky-
lating agents.”’>* Although some of these compounds (e.g. tir-
apazamine, evofosfamide, apaziquone) have entered advanced
clinical studies, none of them received approval so far.>***
Surprisingly, until now this prodrug approach has been
implemented only on a few TKI compounds,**™>® with TH-4000
as one of the first examples.?® Various chemical possibilities to
exploit hypoxia are known with nitroimidazoles®”>° and cobalt
(m) metal complexes as important representatives.”****" The
mechanism of the latter is based on distinct differences in
ligand lability of the cobalt(u) (kinetically inert) and cobalt(u)
(kinetically labile) oxidation state.>** Due to its bulkiness, the
intact cobalt(ur) complex should not be able to bind to the ATP
binding pocket of the respective kinase (Fig. 1). In healthy
tissue (normoxic conditions) the complex is stable, thus the
release of the bioactive ligand is prevented.**

In contrast, in the hypoxic environment of a tumor, the
inactive prodrug will be irreversibly reduced. This results
in the dissociation of the complex, with formation of
[Co(u)(H,0)s]*" and release of the bioactive ligand with sub-
sequent binding to the kinase pocket (Fig. 1).

View Article Online
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In such a prodrug approach, a well-balanced equilibrium is
important: on the one hand the cobalt(u) complex needs to
have a high stability in healthy tissue, on the other hand the
bioactive ligand should be efficiently released after reduction
under hypoxic conditions. Seminal work of Ware et al. demon-
strated that monodentate aziridine ligands could not
sufficiently stabilized and therefore bidentate chelating
ligands are preferred.*

In a previous study of our group, we established the
concept of cobalt(m) prodrugs for EGFR-inhibitors, based on
Erlotinib derivatives (Lggpg; Fig. 2).>°® We observed that, due to
the direct connection of the ethylenediamine unit to the qui-
nazoline ring system, the reduction potential of the respective
cobalt(ur) complex distinctly increased resulting in reduced
stability in blood serum. In this study we focused on ponati-
nib, which is not only a highly active, clinically approved anti-
cancer drug, but possesses also a -CH,-spacer between the
solubilizing piperazine moiety and the aromatic ring system
(Lpon; Fig. 2). As ancillary ligands of the cobalt(u) complexes,
acetylacetone (acac) or methylacetylaceton (Meacac) were used.
The novel compounds were evaluated for their fluorescence
properties, electrochemical potential, kinetic reduction behav-
ior and serum stability. Additionally, their fluorescence pro-
perties and the biological activity were investigated under nor-

/ Normoxic healthy tissue \/

tyrosine kinase

A

Hypoxic cancer tissue
H,0
? H20y, l 2\\OH,
ATP binding iy | 2o h,0” "o, ATP binding
pocket of the o7 | >N o’ | \N pocket of the N

\) Reductl_’

\

tyrosine kinase

f onz

Fig. 1 Proposed mode of action of hypoxia-activated cobalt(i) prodrugs. Normoxic, healthy tissue (left side): The prodrug is inactive. Due to its
bulkiness, the cobalt(i) complex does not fit into the ATP-binding pocket of the respective tyrosine kinase. Hypoxic cancer tissue (right side): The
drug is active. In the hypoxic tissue of the tumor, the cobalt(in) complex is irreversibly reduced and the TKI ligand subsequently released able to

inhibit the signaling processes of the target tyrosine kinases.

Lecrr

Fig. 2

Ponatinib

-
NH, /
/N S
/N\N \
XN

LPon

(A) Chemical structure of the previously synthesized EGFR inhibitor ligand (Leger) With a direct attachment of the ethylenediamine moiety to

the aromatic ring system.?® (B) The clinically approved ponatinib (Iclusig®). (C) Newly developed ponatinib derivative (Lpon), Where the metal-
chelating ethylenediamine moiety is separated from the aromatic ring system.
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moxic vs. hypoxic conditions in an FGFR- or ABL1-driven
cancer cell background. Finally, the in vivo antitumor activity
of the novel complexes was evaluated in the respective xeno-
graft mouse models.

Results and discussion
Docking studies

To get a first indication if our proposed strategy is indeed
promising, we performed docking studies of the novel ligand
Lpon and the two cobalt(m) complexes Co(acac),Lpo, and
Co(Meacac),Lp,, (Scheme 1) compared to the approved par-
ental compound ponatinib. In general, the anticancer effect of
TKIs is based on their strong intermolecular, non-covalent
interactions with target-specific residues mainly consisting of
hydrogen bonds, van der Waals, and Coulomb interactions.>
Consequently, molecular docking is a well-established tool in
the field of TKI development.’® As kinases, two of the main
targets of ponatinib were chosen, namely FGFR1 (PDB ID:
4V04) and ABL1 (PDB ID: 4WA9). The results indicated that the
replacement of the piperazine moiety of ponatinib by an ethy-
lenediamine group (Lpoy,) did not change the binding mode in
the pockets of FGFR1 (Fig. 3A and B) as well as ABL1 (Fig. 3C
and D). In addition, the data of the complexes Co(acac),Lpon
and Co(Meacac),Lp,, convincingly showed that Lp,, attached
to the cobalt(m) core is unable to interact with the active sites
of FGFR1 and ABL1. The steric effects of the complexation pro-
hibited all crucial interactions with FGFR1 and ABL1 (Fig. 3
and S1t). Summarizing, the molecular docking studies showed
that Lpe, is comparable to ponatinib in its kinase binding

NH2 a N,BOC
2 . Ho o+ /
HoN CF3 HoN CF; N
Z\ N\
S \N
CF3
P x 3 TFA
ef H H/»
—_— HN

N
= N\
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ability and that the cobalt(ir) complexes can be considered as
promising prodrugs.

Synthesis and characterization

To obtain a suitable metal-binding moiety for the complexa-
tion with a cobalt precursor, the piperazine was exchanged
with an ethylenediamine unit (Scheme 1). To this end,
the aliphatic amino group of the commercially available
4-(aminomethyl)-3-(trifluoromethyl)aniline was protected
using di-tert-butyl dicarbonate. For the subsequent coupling
reaction between the free aromatic amino group and pur-
chased 3-(2-{imidazo[1,2-b]pyridazin-3-yl}ethynyl)-4-methyl-
benzoic acid, the carboxylic acid was first converted into the
corresponding acyl chloride using oxalylchloride (COCl), in
toluene.” Subsequently, the amino group was deprotected
using HCI, followed by neutralization of the formed HCI
salt. Reductive amination with N-boc-(metylamino)-acet-
aldehyde and sodium cyanoborhydride yielded in the intro-
duction of the protected ethylenediamine moiety. Finally, a
second deprotection step with trifluoroacetic acid (TFA) and
purification by reversed-phase HPLC generated the ethylene-
diamine-bearing ponatinib derivative Lp,, as three-fold TFA
salt.

For the synthesis of the cobalt complexes, acetylacetone
(acac) or methylacetylacetone (Meacac) were used as ancillary
ligands, since these ligands can also distinctly influence the
reduction potential of the complex.*>*® The cobalt(m) com-
plexes were synthesized by reaction of Na[Co(acac),(NO,),] or
Na[Co(Meacac),(NO,),] with Lp,, (after the in situ deprotona-
tion of the ligand with NaOH) in methanol and the presence
of activated charcoal following a slightly modified procedure

o CF3
OH N NH;
b,c,d
N.
~ N \
XN R |TFA
R
O,, o)
R C
o' °‘NH2
; CF, R =-H, -CHj
Co(acac);Lpon
Co(Meacac);Lpon

Scheme 1 Synthesis of Lpon and its cobalt(i) complexes Co(acac),Lpon and Co(Meacac),Lp,,. Reagents and conditions: (a) Di-tert-butyl dicarbonat,
THF, 81%; (b) (COCL),, abs. Toluol, NMM, DMAP, 68%; (c) 4 N HCLl in dioxan/H,0, 95%; (d) NaHCOs in EtOAc, 94%; (e) N-Boc-2-aminoacetaldehyde,
sodium cyanoborhydride, abs. THF, molecular sieves (3—4 A), 50%; (f) TFA in dichloromethane (ratio 1: 1), 40%; (g) in situ deprotonation with NaOH,
Na[Co(acac),(NO,),] or Na[Co(Meacac),(NO,),l, activated charcoal in MeOH, 36% for Co(acac),Lpon and 31% for Co(Meacac),Lpon.
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Fig. 3 Visualizations of the best docking poses of Lpo,, and Co(acac),Lpon, in comparison to ponatinib with FGFR1 (A and B) (PDB ID: 4V04) as well as
ABL1 (C and D) (PDB ID: 4WA9). Ponatinib is shown in red, Lpon, in blue and Co(acac),Lpon, in pink.

of Denny et al.’® Afterwards, the crude products were directly

purified by reversed-phase HPLC (with the addition of 0.1%
TFA to the eluents) leading to the respective TFA salts of
Co(acac),Lpo, and Co(Meacac),Lpo,. Due to the two stereogenic
centers (one from the propeller chirality of the complex itself
and the other from the aliphatic NH-group of the ethylenedia-
mine bridge), two isomers of the cobalt(im) complexes are
present. For Co(acac),Lp,, We could separate the two isomers
by adjusting the gradient of the preparative HPLC purification
(Fig. S2t). All novel compounds were characterized by mass
spectrometry as well as "H and ">C one- and two-dimensional
NMR spectroscopy and their purity was confirmed by elemen-
tal analysis. The amount of TFA was confirmed by '’F-NMR
measurements via the ratio of the fluorine signals between
Lpon and TFA.

The "H NMR spectra of the isomeric mixtures of the cobalt (i)
complexes [~60% :40% for Co(acac),Lpo, and ~70% :30%
for Co(Meacac),Lp,,]| show only one signal set in the aromatic
area (with the exception of H23; see Experimental part), but
two in the aliphatic area and of the -NH groups (Fig. S3 and
S4+1). This is in contrast to our previously synthesized cobalt(ur)
complex with Lgggr, where all signals could be observed
twice.?® An obvious explanation is that the conjugated system
in the Lpo, ligand is much less extended compare to Lggrr
(Fig. 2). A clear indication, that we were indeed able to lower

This journal is © the Partner Organisations 2021

the impact of the ring system on the chelating ethylenedia-
mine moiety and vice versa.

Following the successful isolation of the two isomers of
Co(acac),Lpon, We studied their interconversion behavior in
phosphate buffered saline (PBS) (pH 7.4, 10 mM) incubated at
37 °C. An interconversion is possible due to the chiral N of
the ethylenediamine moiety, which can detach, invert and
bind again, resulting in the other diastereomer. The results
showed that the conversion from isomer 1 into isomer 2 pro-
ceeded with ~30% after 72 h (Fig. 4A). In contrast, the reverse
reaction from pure isomer 2 into isomer 1 yielded in only
~20% conversion after 72 h (Fig. 4B). A higher kinetic stability
of isomer 2 is also supported by data after 9 days, which
reveal that initial pure isomer 1 is converted to a racemic
mixture with isomer 2 (50%:50%). In case of pure isomer 2
still a ratio of ~60:40 is present after 9 days. At the same
time, these experiments revealed that the complexes are
highly stable in aqueous solution at pH 7.4 without any
release of the ponatinib-like ligand. Because of the slow con-
version rates the pure isomers of Co(acac),Lp,, were also bio-
logically investigated (vide infra).

Fluorescence properties

We could recently show that ponatinib possesses distinct fluo-
rescence properties with an emission maximum at 470 nm

Inorg. Chem. Front,, 2021, 8, 2468-2485 | 2471


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1qi00211b

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 30 March 2021. Downloaded on 8/6/2021 9:47:18 AM.

(cc)

Research Article

100 4 |Z|
80
— 60 -
x
©
v
< 40
20
—a— |somer 1
—e— |somer 2
0 Y T ¥ T ¥ T ¥ T ¥ T ¥ T X T 3
0 10 20 30 40 50 60 70

Time [h]

View Article Online

Inorganic Chemistry Frontiers

100 4
80
— 60 -
X
@
o
s
< 404
20
—a— |somer 1

—e—|Isomer 2
- . . . —
0 10 20 30 40 50 60 70
Time [h]

Fig. 4 Kinetic behavior of the isomers of Co(acac),Lpon incubated in PBS at 37 °C (pH 7.4, 10 mM) and monitored by HPLC. Depicted is the conver-
sion from pure isomer 1 (A) and pure isomer 2 (B) into the respective mixtures over a period of 72 h.
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Fig. 5 Fluorescence properties of investigated ponatinib derivatives. (A) 3D full excitation—emission landscape of Lpon (Rayleigh scattering of 1 and
2" order appear as diagonal ridges). (B) Fluorescence emission spectra at lex = 320 NM Of Lpon, Col(acac),Lpon, and Co(Meacac),Lpon. Measurements
were performed in PBS at pH = 7.40 [conc. ligand/complex = 15 uM; T = 25.0 °C].

when irradiated at 320 nm (measured in PBS pH = 7.40, concen-
tration = 15 uM).*® Therefore, we also analyzed the fluorescence
of the novel ligand Lp,, and its cobalt(m) complexes under the
same conditions. The 3D spectrum of Lp,, showed a maximum
and intensity similar to ponatinib (ley, = 470 nm at Ae =
320 nm) (Fig. 5A). In contrast, for the cobalt(u) complexes a
strongly quenched fluorescence in PBS was observed (Fig. 5B).
This phenomenon can be explained by the metal center, which
influences the conversion of singlet-excited states to triplet-
excited states with extremely fast intersystem crossing rates
(typical lifetimes are in the fs scale). Hence, ligand-based fluo-
rescence is often difficult to observe in a metal coordinated

2472 | Inorg. Chem. Front., 2021, 8, 2468-2485

form.*! However, these distinct differences in the fluorescence
properties between free ligand and cobalt(m) complex can be
exploited for stability studies in cell culture (vide infra).

Cyclic voltammetry

Since the redox potential is a crucial characteristic for the acti-
vation of cobalt(u)-based prodrugs systems, we investigated
the novel complexes by cyclic voltammetry in comparison to
Co(acac),Lpgrr. Measurements were performed in dimethyl-
formamide (DMF) (+0.2 M [n-BuyN][BF,]) at a scan speed of
100 mV s~". The voltammograms revealed a single irreversible
cathodic peak, which can be assigned to the reduction of
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(A) Cyclic voltammograms of Co(acac),Lpon Co(Meacac),Lpo, and Colacac),Legrr in DMF (1.5 mM complex, I = 0.2 M [n-BuyNI[BF,4], scan

rate of 100 mV s, 25.0 °C). (B) Stability measurements of Co(acac)sLpon. Co(Meacac)sLpon and Colacac),Legrr incubated in pure FCS at 37 °C (pH
7.4, 150 mM phosphate buffer) analyzed by HPLC-MS over a time period of 26 h. The y-axis shows the relative ratio of the integrated peak areas of
the intact complex over time (in percent) compared to the area at the starting point (0 h).

cobalt(m) to cobalt(n) (Fig. 6A). Even at a higher scan speed of
1000 mV s, the redox processes were still completely irrevers-
ible for all complexes (Fig. S57).

The data clearly showed that the “separation” of the chelat-
ing ethylenediamine moiety from the ring system in case of
the ponatinib complex Co(acac),Lp,, resulted in the desired
strongly decreased cathodic peak potential at —315 mvV vs.
NHE, compared to the directly attached EGFR-inhibitor refer-
ence Co(acac),Lggpr at —57 mV vs. NHE. Methylation of the
ancillary acetylacetone ligands in Co(Meacac),Lp,, further
shifted the potential to —442 mV vs. NHE. This in line with lit-
erature data of other cobalt(m) prodrugs systems.>*?®
Investigation of the same complexes in a DMF/H,0 (7:3 v/v)
mixture, resulted in similar shifts (Fig. S61). In all measure-
ments completely irreversible reduction processes were
observed, regardless of the solvent or scan speed
(100-1000 mV s'). This is of interest, since the proposed
mechanism for cobalt(m) prodrugs is often associated with a
reversible redox behaviour of these complexes. The frequently
proposed model suggests that under normoxic conditions in
healthy tissue the reduced cobalt(n) complex will immediately
be re-oxidized by oxygen to the inert cobalt(m) complex and
thus the release of the bioactive ligand is prevented.***>*3
Interestingly, for most cobalt(m) prodrugs reported in litera-
ture irreversible redox processes in aqueous solutions could be
observed, which contradicts this hypothesis.**™*”

Notably, pulse radiolysis studies of cobalt(m) nitrogen
mustard complexes indeed suggested that the re-oxidation rate
under normoxia is too slow and the cobalt(um) complexes
rather compete with molecular oxygen for one-electron reduc-
tants.’® Nevertheless, different cobalt(m) complexes with irre-
versible electrochemical behavior exhibited strong hypoxia-
dependent activity against cancer cells in vitro and in vivo,
proving the potential of such complexes.*>*

This journal is © the Partner Organisations 2021

Serum stability measurements

Recently, we could show that even the EGFR-inhibitor cobalt(ur)
complex Co(acac),Lggrr (With the highest redox potential)
is completely stable in the presence of the natural low-mole-
cular weight reducing agents ascorbic acid, glutathione or
reduced nicotinamide adenine dinucleotide (NADH).*®
Therefore, we only investigated the stability of the novel
complexes in fetal calf serum (FCS). As reference again
Co(acac),Lygpr>° was included. The complexes were dissolved
in 50 mM phosphate puffer and mixed 1: 10 with fetal calf serum
(FCS; buffered with 150 mM phosphate buffer to keep a stable
pH of 7.4) to a final concentration of 50 uM. The samples were
incubated at 37 °C and after 0, 2, 4, 6, 24 and 26 h extracted
with acetonitrile and measured by HPLC-MS. Both ponatinib-
derived complexes Co(acac),Lp,, and Co(Meacac),Lp,, were
highly stable in FCS with ~90% intact complex after 26 h
(Fig. 6B). In contrast, the reference Co(acac),Lggrr Showed less
than 50% remaining complex after the same incubation time,
in line with our previous results.*® This indeed confirms, that
by avoiding the direct attachment of the ethylenediamine
moiety to an aromatic ring system, complexes with much
higher stability can be generated. Since no distinct difference
in stability between Co(acac),Lpo, and Co(Meacac),Lpo, within
26 h could be observed, measurements were repeated up to
72 h. Now the slightly increased stability of Co(Meacac),Lpo, at
~80% of intact compound compared to Co(acac),Lpo, at ~70%
could be uncovered (Fig. S71).

Biological investigations
Hypoxia-inducible intracellular ligand release

Prior to the evaluation of the anticancer activity of our novel
derivatives in cell culture models, we examined the stability of
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Fig. 7 Fluorescence-based evaluation of Lpe, release from Co(acac),Lpo, and Co(Meacac),Lpo, in K-562 cells under normoxic cell culture con-
ditions by flow cytometry. Cells were incubated with 10 pM of the respective compounds for the indicated exposure times and mean fluorescence
intensities were determined by flow cytometry (BD LSRFortessa X-20, pacific blue filter). Fluorescence intensities were normalized by subtracting
the auto fluorescence of untreated cells. Data are given in arbitrary units (a.u.) as means + SEM of five independent experiments. Statistical signifi-
cance was calculated by two-way ANOVA with p < 0.05(*); <0.01 (**); <0.001 (***).

Co(acac),Lp,, and Co(Meacac),Lp,, in the presence of cells
under normoxic conditions. The stability was determined by
the appearance of Lpo,-associated fluorescence (vide supra) in
BCR-ABL-driven K-562 leukemia cells via flow cytometry. As
shown in Fig. 7, both ponatinib and Lp,, were taken up rapidly
and efficiently by K-562 cells with no significant increase in
cell-associated fluorescence from 1 h exposure onwards. In
contrast, exposure of K-562 cells to equimolar concentrations
of both cobalt(i) complexes resulted in distinctly reduced cell-
associated fluorescence levels, proving the pronounced stabi-
lity of the complexes even in the presence of cells. Despite sig-
nificant Lpo,-release from the two complexes over time (up to
24 h), in case of Co(Meacac),Lp,, cell-associated fluorescence
remained more than 7.5-fold lower after 24 h as compared to
the free ligand. Moreover, the fluorescence intensities of
Co(Meacac),Lp,, were significantly reduced as compared to
Co(acac),Lpon, well in agreement with the higher reduction
potential of the latter complex.

Next, the impact of hypoxia on the stability of our novel
derivatives was evaluated by monitoring intracellular fluo-

2474 | Inorg. Chem. Front.,, 2021, 8, 2468-2485

rescence intensities under normoxic (21% O,) vs. hypoxic
(0.1% O,) conditions. In general, only in case of the cobalt(i)
complexes, but not the free ligand Lp,, and ponatinib, a sig-
nificant impact of oxygen conditions on cell-associated fluo-
rescence was observed (Fig. 8). Hypoxic fluorescence activation
in case of both cobalt(m) complexes was time-dependent,
reaching significance after 6 h of compound incubation and
resulting in 2- to 4-fold higher intensities. The activation
ability tended to be higher in the more stable Co(Meacac),Lpon
complex, probably related to the lower spontaneous reduction
under normoxic conditions (compare Fig. 7).

The enhanced stability of Co(acac),Lp,, under normoxia
and its hypoxia-induced ligand release was subsequently con-
firmed by fluorescence microscopy. Fluorescence intensities
indicated a ~2.8-fold decreased stability of the cobalt(u)
complex under hypoxic vs. normoxic cell culture conditions. In
case of the free ligand Lpoy, fluorescence intensities remained
unaffected by different oxygen levels (Fig. S97). These findings
are well in agreement with the flow cytometric analysis of the
intracellular ligand release, demonstrating reduced stability,
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Impact of hypoxia on cell-associated Lpon-fluorescence from Co(acac),Lp,, and Co(Meacac),Lpon. K-562 cells were incubated with 10 uM of

compounds for the indicated time points under hypoxic and normoxic conditions and fluorescence intensities were determined by flow cytometry
(BD LSRFortessa X-20, pacific blue filter). Fluorescence intensities were determined as described under Fig. 7 and mean fluorescence intensities
under hypoxic cell culture conditions were normalized to the respective normoxic conditions. Data are given as means + SEM of five independent
experiments. Statistical significance was calculated by one-way ANOVA with Dunnett multiple comparison test with p < 0.05(*); <0.01 (**); <0.001

(***).

i.e. enhanced ligand release of the cobalt(m) complexes in
hypoxic vs. normoxic environments.

Kinase screening

To investigate how the structural changes of the novel deriva-
tive affect its ABL1 and FGFR1 kinase-inhibitory potential in
comparison to ponatinib, both substances were tested in cell-
free kinase inhibition assays in the presence of a 10-fold
excess of ATP (Fig. S8f). The ICs, values for ponatinib, which
were 1.75 and 5.54 nM against ABL1 and FGFR1, are in the
same range as reported in literature."®

In comparison, the ICs, values of Lp,, against ABL1 and
FGFR1 was 1.93 and 25.9 nM, respectively. Consequently, the
ABL1 inhibition potential of our new ligand is comparable to
ponatinib, whereas the FGFR inhibition is distinctly weaker by
a factor of ~5.

Anticancer activity against ABL1- and FGFR-driven cancer cell
models

As a next step, the impacts of the novel derivatives on cell via-
bility of the leukemia cancer cell line K-562 (BCR-ABL-depen-

This journal is © the Partner Organisations 2021

dent)*® and the urothelial cancer cell line UM-UC-14 (FGFR3-
dependent)*® were evaluated under normoxic and hypoxic con-
ditions. In general, a 72 h continuous cell exposure to all inves-
tigated compounds resulted in a dose-dependent reduction of
cell vitality in the tested cell models under both oxygen con-
ditions as determined by two independent methods, i.e. MTT
assay (Fig. 9A) and ATP-based viability quantification (Fig. 9B).

Treatment of BCR-ABL-driven K-562 cells with ponatinib
resulted in a pronounced reduction of cell vitality with ICs, in
the nanomolar range. Notably, the anticancer activity of pona-
tinib was distinctly stronger as Lpop. As in the above-mentioned
cell-free kinase assay, ICs, values of both compounds against
ABL1 were comparable (compare Fig. S87), a reduced cellular
uptake of Lpo, as compared to the more lipophilic ponatinib
might be expected (calculated logP values®': ponatinib = 4.42;
Lpon = 3.39). Both cobalt(m) complexes were clearly less active
as compared to the free ligand under normoxic conditions
with Co(Meacac),Lp,, showing the highest ICs,
Anticancer activities of ponatinib and Lp,, were only margin-

value.

ally altered under hypoxia, reaching significance only at a con-
centration of 0.5 nM ponatinib with both assays (Fig. 9A). In
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Fig. 9 Anticancer activity of Co(acac),Lpon, Co(Meacac),Lpon, Lpon @nd ponatinib against human cancer cell models under normoxic (N) and
hypoxic (H) conditions. (A) BCR-ABL-positive K-562 leukemic cell viability was measured by MTT vitality assay and (B) by luminescence assay based
on ATP quantification (CellTiter-Glo) after 72 h. (C) Clonogenic cell growth of the FGFR3-driven UM-UC-14 urothelial cancer cell model determined
by colony formation assay after 5 d of incubation. Data are given as means + SD of one representative experiment performed in triplicates. Statistical
significance was calculated by two-way ANOVA with Sidak multiple comparison test with p < 0.05(*); <0.01 (**); <0.001 (***).

contrast, reduction of oxygen to 0.1% massively increased the
anticancer activity of Co(acac),Lp,n, and Co(Meacac),Lpon
against K-562 cells at a concentration range between 5 and
10 nM.

In FGFR3-dependent UM-UC-14 cells a comparable activity
pattern was observed but with IC5, values in the low micromo-
lar range (Fig. S107). Again, target cells could be strongly sensi-
tized by oxygen reduction against both cobalt(ur) complexes,
but only marginally to ponatinib. The sensitizing effect in
this cell model was more pronounced for Co(acac),Lpon VS.
Co(Meacac),Lp,, reflecting the differences in the reduction
potentials. Purification of the novel compounds was performed
in the presence of 0.1% TFA, leading to the respective TFA salts.
MTT assays with TFA in UM-UC-14 cells elucidated, that TFA up
to 25 uM had no impact on cell viability (Fig. S117).

In order to investigate the impact of long-term oxygen
restriction, clonogenic assays were performed in the FGFR3-
dependent UM-UC-14 cell model (Fig. 9C). Under normoxic
conditions both cobalt(i) complexes inhibited clonogenic cell
growth by approximately 50% only, whereas ponatinib by 95%.
In contrast, under hypoxic conditions all three compounds
were comparably active with more than 80% inhibition of
clone formation.

As mentioned above, two stereoisomers of Co(acac),Lpon
could be isolated. To clarify, whether there are differences in
their anticancer activity, they were analyzed (in addition to the
isomeric mixture) in UM-UC-14 cells by MTT assay. The impact
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on cell viability was moderately stronger for isomer 1 as com-
pared to isomer 2 at normoxic conditions. Accordingly, values
for the isomeric mixture positioned intermediate. As expected,
both stereoisomers and the isomeric mixture were distinctly
activated by hypoxic conditions. The moderately higher activity
of isomer 1 remained also under hypoxic conditions
(Fig. S12Af). Comparable effects were found in K-562 by
luminescence assay-based ATP quantification (Fig. S12BfY).
Since no remarkable difference in anticancer activity could be
observed for the pure isomers, the isomeric mixture was used
for all other experiments.

It is known from literature that cobalt(n) ions (which are
released after reduction of the cobalt(m) complexes) can cause
cytotoxicity®>>® and changes in the hypoxia inducible factor
(HIF-1 alpha).>® In our previous work we therefore investigated
the effect of CoCl,, and the two complexes [Co(u)(acac),en] and
[Co(m)(acac),en]PFs (“en” = ethylenediamine) without an
EGFR-targeting moiety on two cancer cell lines (A431 and
H1975).%° Notably, all compounds showed no significant cyto-
toxic activity under normoxic as well as hypoxic conditions.
Consequently, a major contribution of cobalt(u) ions on the
anticancer activity of our prodrugs can be widely excluded.
Concerning upregulation of HIF-1 alpha signalling, it should
be considered that our metal complexes are active in the nano-
molar to the low micromolar range, while in most papers
using CoCl, as hypoxia-mimicry, concentrations of 100 uM or
even higher are used.”
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Impact of hypoxia on downstream signalling inhibition

Next, the impact of both cobalt(u1) complexes, Lpo, and ponati-
nib on the phosphorylation of the downstream targets ERK1/2
and S6 was evaluated under normoxic vs. hypoxic conditions
by western blot analysis in BCR-ABL-driven K-562 cells
(Fig. 10).

Normoxia
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Generally, ERK1/2 phosphorylation, as readout of the MAPK
pathway, tended to be enhanced under hypoxic conditions,
while S6, as PI3K/AKT pathway indicator, tended to be
reduced. Ponatinib and the free ligand Lp,, were equally active
under the two oxygen conditions. However, comparable to the
viability assays, the efficacy of Lpo, was lower as compared to
ponatinib. The cobalt(mr) complexes were distinctly more active
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Fig. 10

Impact of the cobalt (i) complexes on the ERK1/2 and S6 under normoxic and hypoxic conditions. K-562 cells were treated with the com-

pounds, after 12 h cell lysates were prepared and protein expression as well as phosphorylation levels of downstream pathways (p-ERK1/2 and p-S6)
analyzed by western blotting. One representative experiment out of three is shown. The ratio of phosphorylated to total protein is given between

the respective lanes.
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In vivo anticancer activity of the investigated cobalt(i) complexes. (A) BCR-ABL-driven leukemic K-562 cells or (B) FGFR3-driven urothelial

UM-UC-14 cells were injected s.c. into the right flank of male CB17/SCID mice (n = 4 animals per experimental group). When tumors were measur-
able (day 5 and day 7, respectively) compounds (10 mg kg~ i.p.) were applied as indicated (black arrows). Tumor sizes were evaluated by caliper
measurement. Data are given as means + SEM. Statistical significance was calculated by two-way ANOVA with Sidak multiple comparison test with p
< 0.05(*); <0.01 (**).

82

This journal is © the Partner Organisations 2021 Inorg. Chem. Front,, 2021, 8, 2468-2485 | 2477


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1qi00211b

Open Access Article. Published on 30 March 2021. Downloaded on 8/6/2021 9:47:18 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

under hypoxic conditions, especially at the level of S6 phos-
phorylation. In this case, Co(acac),Lp,, turned out to be
equally active as compared to ponatinib. The activity of
Co(Meacac),Lp,, was generally weaker as compared to
Co(acac),Lpon-

In vivo anticancer activity

Based on this promising in vitro data, the antitumor activity
of our novel cobalt(1) complexes Co(acac),Lp,, and
Co(Meacac),Lp,, was evaluated in xenograft mouse models. As
a first in vivo experiment, BCR-ABL-driven K-562 cells were
injected subcutaneously (s.c.) and treated intraperitoneally
(i.p.) with the test compounds at 10 mg kg™" or the respective
amount of solvent three times a week, for two weeks.
Treatment with our novel derivatives was well tolerated
and even after repeated i.p. applications no substantial
body weight loss was observed (Fig. S13At). Administration
of Co(acac),Lp,, but not of the slower Lpy,-releasing
Co(Meacac),Lp,, complex significantly reduced tumor growth
of K-562 xenografts as compared to solvent controls (Fig. 11).
Consequently, anticancer activity of Co(acac),Lpo, was also
investigated against FGFR3-driven UM-UC-14 xenografts using
the identical treatment regime. Again, administration of
Co(acac),Lpo, displayed significant reduction of tumor
volumes compared to control, without significant impact on
body weight (Fig. 11, S13B¥).

Conclusions

TKIs greatly improved cancer therapy since their first approval
two decades ago. However, therapy resistance and severe side
effects are limiting their clinical application. In this study, we
developed the first ponatinib prodrugs with the aim to exploit
the hypoxic environment present in the malignant tissue for
cancer-specific drug activation. Molecular docking studies
showed that both cobalt(m) prodrugs synthesized are unable to
interact with the active sites of FGFR1 and ABL1 kinases and
that the bioactive ligand Lp,, has comparable kinase inhibi-
tory abilities as ponatinib. Cell-free kinase inhibition assays
confirmed binding of the free ligand to the targeted kinases
ABL1 and FGFR1, in the case of ABL1 with affinities compar-
able to ponatinib. Furthermore, investigation of the fluo-
rescence properties demonstrated, that the intensities of Lpon
were comparable to ponatinib, whereas Co(acac),Lpo, and
Co(Meacac),Lp,, exhibited a strongly quenched fluorescence.
Both derivatives were highly stable in pure FCS with ~90%
intact complex after 26 h. Nevertheless, according to cyclic vol-
tammetry, Co(Meacac),Lp,, exhibited a clearly lower reduction
potential as compared to Co(acac),Lpo,, suggesting higher
stability and slower ligand release. This was confirmed,
exploiting the distinct differences in the fluorescence pro-
perties between free ligand and cobalt(u) complexes. Flow
cytometry confirmed significantly enhanced spontaneous
release of the bioactive ligand from Co(acac),Lpoy, as compared
to Co(Meacac),Lp,, under normoxic conditions, but potent
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release of both compounds under hypoxia. Moreover, reduced
oxygen levels significantly increased inhibition of FGFR3-
downstream signaling and improved the anticancer activity of
both cobalt(mr) complexes against ABL- and FGFR-dependent
human cancer cell models. Finally, Co(acac),Lpo,, but not
Co(Meacac),Lp,,, significantly reduced in vivo xenograft growth of
the leukemic K-562 model. The in vivo activity of Co(acac);Lpon
was confirmed in an FGFR3 mutation-dependent urothelial
carcinoma xenograft background. This suggests, that especially
in the leukemic background hypoxic conditions might be too
weak to activate Co(Meacac),Lp,, based on the lower reduction
potential and, hence, higher stability. However, it needs to be
considered that in the current study relatively small tumors
were treated, due to a rapid tumor growth. Therefore, we cur-
rently aim to compare these drugs in slow growing cancer
xenografts at later stages and to identify other solid tumor
models, characterized by massive tumor hypoxia and driven by
ponatinib targets. This will allow to further elucidate the inter-
play between cobalt(m)-based prodrug systems and its
reduction kinetics, molecular targets and cancer hypoxia.

Experimental section
Docking studies

The 3D structures of the molecules (Lpy,, Co(acac),Lpo, and
Co(Meacac),Lp,,) have been drawn and optimized with Avogadro
version 1.2.0,>® using Force Field GAFF (General AMBER Force
Field).”” The molecules obtained are those with minimum
energy. The crystal structures of FGFR1 (PDB ID: 4V04) and
ABL1 (PDB ID: 4WA9) have been obtained from the RCSB
Protein Data Bank.>® The *.pdb files from proteins were
manipulated by elimination of adsorbed water and sulfur
dioxide molecules, addition of missing hydrogen atoms, proto-
nation of histidine residues, conversion of selenomethionines
in methionines, addition and optimization of the side chain
atoms. New *.pdb files were created of the proteins without
the co-crystallized ligands and of the native ligands without
the proteins using Chimera UCFS version 1.11.2.>° The
*.pdbqt files of drugs and proteins were generated using
AutodockTools-1.5.7rc.®® Ligand based molecular docking was
performed with Autodock Vina 1.5 using ponatinib coordi-
nates for FGFR1 and Axitinib for ABL1 to create the grid box.®!
The coordinates of the grid box are: FGFR1 (x-size: 30,
x-center: 27.814, y-size: 46, y-center: 5.016, z-size: 54, z-center:
16.789); ABL1 (x-size: 48, x-center: 7.819, y-size: 46, y-center:
156.948, z-size: 46, z-center: 37.479). Docking studies were per-
formed in triplicates and the calculated RMSD value was
always less than 1.5 A.®

Materials and methods

All solvents and reagents were obtained from commercial sup-
pliers. They were, unless stated otherwise, used without
further purification. Anhydrous MeOH and THF were bought
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from Fisher Chemicals over molecular sieves. The cobalt(i)
precursors Na[Co(acac),(NO,),] and Na[Co(Meacac),(NO,),]
were obtained by following the protocol of Denny et al.>® For
all HPLC measurements Milli-Q water (18.2 MQ cm, Merck
Milli-Q Advantage, Darmstadt, Germany) was used. Preparative
RP-HPLC was performed on an Agilent 1200 Series system con-
trolled by Chemstation software. As stationary phase a XBridge
BEH C18 OBD Prep Column (130 A, 5 pm, 19 mm x 250 mm)
from Waters Corp., Massachusetts, USA, was used. The general
procedure included a flow rate of 17.06 mL min~", an injection
volume of up to 10 mL and a column temperature of 25 °C.
Milli-Q water and acetonitrile with addition of acids (0.1%
TFA) were used as eluents unless stated otherwise. Elemental
analyses were performed by the Microanalytical Laboratory of
the University of Vienna on a PerkinElmer 2400 CHN
Elemental Analyzer. The amount of TFA was also confirmed by
'F NMR spectra. Electrospray ionization (ESI) mass spectra
were recorded on a Bruker Amazon SL ion trap mass spectro-
meter in positive and/or negative mode by direct infusion.

High resolution mass spectra were measured on a Bruker
maXis™ UHR ESI time of flight mass spectrometer. Expected
and experimental isotope distributions were compared. 'H
and *C NMR, one- as well as two-dimensional, spectra were
recorded in dg-DMSO with a Bruker FT-NMR Avance III
500 MHz spectrometer at 500.10 (*H) and 125.75 (**C) MHz at
298 K. Chemical shifts (ppm) were referenced internal to the
solvent residual peaks. For the description of the spin multipli-
cities the following abbreviations were used: s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet.

Synthesis

tert-Butyl (4-amino-2-(trifluoromethyl)phenyl)carbamate.
4-Amino-2-trifluoromethylbenzyl amine (2.03 g, 1.0 eq.) was
dissolved in THF (20 mL) at room temperature and di-tert-
butyl dicarbonate (2.58 g, 1.1 eq.) was added to the solution.
After stirring overnight, the solvent was removed and a
reddish, viscous oil was obtained. The crude product was puri-
fied via column chromatography (hexane: ethyl acetate 3:2),
resulting in yellow crystals. Yield: 2.51 g (81%). 'H NMR
(500.1 MHz, DMSO-de): & 7.24 (t, 1H), 7.11 (d, J = 8.4 Hz, 1H),
6.85 (d, J = 2.3 Hz, 1H), 6.75 (d, J = 8.3 Hz, 1H), 5.44 (s, 2H),
4.12 (d, J = 5.8 Hz, 2H), 1.39 (s, 9H) ppm. MS: calcd for
[C13H17F3N,0,-H] : 289.12, found: 288.97.

tert-Butyl  (4-(3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-4-
methylbenzamido)-2-(trifluoromethyl)benzyl) carbamate. 3-(2-
{Imidazo[1,2-b]pyridazin-3-yl}ethynyl)-4-methylbenzoic ~ acid
(0.95 g, 1 eq.) was suspended in toluene (abs., 90 mL) under
argon atmosphere. Then, N-methylmorpholine (1.12 mL, 3 eq.)
and (COCl), (1.79 mL, 1.1 eq., 2.0 M in dichloromethane) were
added. The reaction was stirred at room temperature for 1.5 h,
during which the solution become clear. The solvent was
removed and the crude product was dried in vacuo, to remove
any excess of (COCl),. The solid was again suspended in
toluene (abs., 90 mL) wunder argon atmosphere.
N-Methylmorpholine (0.56 mL, 1.5 eq.), tert-butyl (4-amino-2-
(trifluoromethyl)phenyl)carbamate (990 mg, 1 eq.) and 4-di-
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methylaminopyridine (4-DMAP) as catalyst (33 mg, 5 mol%),
were added. The reaction mixture turned into a bright yellow
color and was stirred at room temperature for 1 h, then
refluxed overnight. The solvent was removed and the crude
product dried in vacuo. After purification via column chrom-
atography (pure ethyl acetate), the product was obtained as
bright yellow crystals. Yield: 1.27 g (68%). "H NMR
(500.1 MHz, DMSO-dg): 6 10.58 (s, 1H), 8.73 (dd, J = 4.4 Hz J =
1.5 Hz, 1H), 8.29-8.23 (m, 2H), 8.21 (dd, J = 8.6 Hz, J = 1.8 Hz,
2H), 8.07 (d, J = 8.4 Hz, 1H), 7.95 (dd, J = 8.0 Hz, J = 1.9 Hz,
1H),7.56 (d, J = 8.2 Hz, 1H), 7.49 (dd, J = 11.9 Hz, J = 7.2 Hz,
2H), 7.40 (dd, J = 9.2 Hz, J = 4.4 Hz, 1H), 4.29 (d, J = 5.7 Hz,
2H), 2.61 (s, 3H), 1.41 (s, 9H) ppm. MS: caled for
[CooH,6F3N505+Na]’: 572.1880, found: 572.1878. Anal. caled
for CpoH,6F3N50; (M, = 549.55 g mol™): C, 63.38; H, 4.77; N,
12.74. Found: C, 63.06; H, 4.82; N, 12.47.

(4-(3-(Imidazo[1,2-b]pyridazin-3-ylethynyl }-4-methylbenzamido)-
2-(trifluoromethyl)phenyl) methanaminium chloride. tert-
Butyl (4-(3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-4-methyl-
benzamido)-2-(trifluoromethyl)benzyl) carbamate (1.26 g,
1 eq.) was dissolved in 1,4-dioxane (16.6 mL,) and 4 N HCI in
dioxane/water (2.86 mL, 5 eq.) was added. The reaction was
stirred at room temperature for about 3 h. The resulting white
precipitate was filtered off, washed with 1,4-dioxane and
diethyl ether. Yield: 1.12 g (94%). "H NMR (500.1 MHz, DMSO-
de): §10.76 (s, 1H), 8.76 (dd, J = 4.4 Hz, J = 1.3 Hz, 1H), 8.52 (s,
3H), 8.34-8.27 (m, 3H), 8.25 (d, J = 1.5 Hz, 1H), 8.21 (d, J = 8.4
Hz, 1H), 7.99 (dd, J = 8.1 Hz, = 1.7 Hz, 1H), 7.77 (d, ] = 8.5 Hz,
1H), 7.58 (d, J = 8.1 Hz, 1H), 7.44 (dd, J = 9.2 Hz, ] = 4.4 Hz,
1H), 4.15 (d, J = 5.4 Hz, 2H), 2.62 (s, 3H) ppm. MS: calcd for
[C,4H1sF3N;O+H]™: 450.1536, found: 450.1533. Anal. caled for
Cu4H,gF3N50-HCL-H,O (M, = 521.92 ¢ mol™Y): C, 55.23; H, 4.44;
N, 13.42. Found: C, 54.91; H, 4.19; N, 13.25.

N-(4-(Aminomethyl)-3-(trifluoromethyl)phenyl)-3-(imidazo-
[1,2-b]pyridazin-3-ylethynyl)-4-methylbenzamide. (4-(3-(Imidazo
[1,2-b]pyridazin-3-ylethynyl)-4-methylbenzamido)-2-(trifluoro-
methyl)phenyl) methanaminium chloride (240 mg, 1 eq.) was
dissolved in deionized water and a saturated sodium bicarbon-
ate solution was added until a slightly basic pH (7.5-8.0) was
reached. The aqueous phase was extracted three times with
ethyl acetate (3 x 50 mL). The organic layers were combined,
dried over MgSO, and in vacuo, resulting in a bright yellow
powder. Yield: 183 mg (89%). 'H NMR (500.1 MHz, DMSO-d,):
§10.55 (s, 1H), 8.73 (dd, J = 4.4 Hz, ] = 1.5 Hz, 1H), 8.27 (dd, J
=9.2 Hz, 1.6 Hz, 1H), 8.24 (s, 1H), 8.20 (dd, J = 21.5 Hz, 2.0 Hz,
2H), 8.07 (dd, J = 8.5 Hz, 1.9 Hz, 1H), 7.95 (dd, J = 8.0 Hz, 1.9
Hz, 1H), 7.77 (d, J = 8.5 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.40
(dd, J = 9.2 Hz, 4.4 Hz, 1H), 3.84 (s, 2H), 2.61 (s, 3H) ppm. MS:
caled for [Cy H;sF3N;O0+H]': 450.15, found: 450.04.

tert-Butyl  (2-((4-(3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-4-
methylbenzamido)-2-(trifluoromethyl) benzyl) amino) ethyl)
carbamate. N-(4-(Aminomethyl)-3-(trifluoromethyl)phenyl)-3-
(imidazo[1,2-b]pyridazin-3-ylethynyl )-4-methylbenzamide (470 mg,
1 eq.) was dissolved in abs. MeOH (abs., 13.5 mL) under inert
conditions, molecular sieves (3-4 A) and N-boc-2-aminoacetal-
dehyde (200 mg, 1.2 eq.) were added to the solution. The reac-
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tion was stirred at room temperature for 2 h. Subsequently,
sodium cyanoborohydride (97 mg, 1.2 eq.) was added and the
mixture was stirred overnight. The solvent was removed, the
solid was dissolved in ethyl acetate (100 mL) and the molecular
sieve was filtered off. The compound was extracted with satu-
rated sodium bicarbonate solution (50 mL) and the organic
phase was dried over MgSO, and in vacuo. Yield of the crude
product (according to HPLC): 50%.

"H NMR (500.1 MHz, DMSO-de): § 10.58 (s, 1H), 8.74 (dd,
J = 4.5 Hz, J = 1.5 Hz, 1H), 8.28 (dd, J = 9.2 Hz, 1.6 Hz, 1H),
8.25 (s, 1H), 8.23 (d, J = 2.0 Hz, 1H), 8.22 (d, J = 2.0 Hz, 1H),
8.08 (dd, J = 8.5 Hz, 1.9 Hz, 1H), 7.96 (dd, J = 8.0 Hz, 1.9 Hz,
1H), 7.75 (d, J = 8.5 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.40 (dd, J
= 8.9 Hz, 4.4 Hz, 1H), 6.80 (s, 1H), 3.84 (s, 2H), 3.09-3.02 (m,
2H), 2.62 (s, 3H), 2.60-2.55 (m, 2H), 1.38 (s, 9H) ppm. MS:
caled for [C3,H;,F3NgO5+H]": 593.2482, found: 593.2485.

N-(4-(((2-Aminoethyl)amino)methyl)-3-(trifluoromethyl)phenyl)-
3-(imidazo[1,2-b]pyridazin-3 ylethynyl)-4-methylbenzamide-3TFA
(Lpon). tert-Butyl (2-((4-(3-(imidazo[1,2-b]pyridazin-3-ylethy-
nyl)-4-methylbenzamido)-2-(trifluoromethyl) benzyl) amino)
ethyl)carbamate (400.3 mg, 1 eq.) was dissolved in dichloro-
methane (9 mL), TFA (9 mL) was added and the reaction was
stirred at room temperature for 1 h. By adding diethyl ether
to the orange solution, the product was precipitated as white
solid and filtered off. The crude product (280 mg) was puri-
fied by preparative RP-HPLC (Waters XBridge C18 column on
an Agilent 1200 Series system; H,O/ACN, both containing
0.1% TFA, 30.0-32.5% ACN gradient, 19 min per run) result-
ing in a beige, hygroscopic compound. Yield: 113 mg (40%).
"H NMR (500.1 MHz, DMSO-d®): § 10.74 (s, 1H, H17),
9.62-9.09 (m, 2H, H26), 8.73 (s, 1H, H6), 8.32 (s, 1H, H19),
8.29-8.22 (m, 4H, H2, H4, H14, H24), 8.11-7.85 (m, 3H, H29),
7.96 (d, J = 8.0 Hz, 1H, H12), 7.78 (d, J = 8.5 Hz, 1H, H23),
7.58 (d, J = 7.6 Hz, H11), 7.40 (m, 1H, H5), 4.40-4.32 (m, 2H,
H25), 3.34-3.28 (m, 2H, H27), 3.22-3.13 (m, 2H, H28), 2.62
(s, 3H, H15) ppm. "*C NMR (125.75 MHz, DMSO-d,): § 164.8
(C16), 145.1 (C6), 143.8 (C10), 140.2 (C22), 139.7 (C3), 138.2
(C14), 132.1 (C23), 131.9 (C13), 130.2 (C24), 130.2 (C11),
128.5 (C12), 128.1 (C20), 126.2 (C4), 124.6 (C18), 123.6 (C2),
123.0 (C21), 121.8 (C9), 119.1(C5), 117.6 (C19), 111.6 (C1),
96.3 (C8), 81.2 (C7), 46.5 (C25), 44.3 (C27), 35.3 (C28), 20.4
(C15) ppm. MS: caled for [CyeH,3FsNqO+H]': 493.1958,
found: 493.1962. Anal. Calcd for C,sH,3F3NgO-3TFA (M, =
834.57 g mol™): C, 46.05; H, 3.14; N, 10.07. Found: C, 46.28;
H, 3.30; N, 9.89.

o 19 20 CF3
16 18 22 25
HN 27
HN
" 24 23 26 —_—\"NHZ
28,
I-Pon
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Bis(2,4-pentanedionato)N-(4-(((2-aminoethyl Jamino)methyl)-
3-(trifluoromethyl)phenyl)-3-(imidazo[1,2-b]pyridazin-3-ylethy-
nyl)-4-methylbenzamide cobalt(m1) 2,2,2-trifluoroacetate
(Co(acac),Lpon). Na[Co(acac),(NO,),] (39 mg, 1 eq.) was sus-
pended in MeOH (3.66 mL). Lp,, (88 mg, 1 eq.) was dissolved
in MeOH (4.12 mL) and neutralized by NaOH (14 mg, 3 eq.).
To the resulting yellow solution a spatula tip activated charcoal
was added. The reaction was stirred for 2 h at room tempera-
ture. Afterwards the solution was filtered through a syringe
filter, which was washed with small amounts of MeOH. The
solvent was evaporated and the violet, crude product was dried
in vacuo (130 mg). Purification was performed by preparative
RP-HPLC (Waters XBridge C18 column on an Agilent 1200
Series system; H,O/ACN, both containing 0.1% TFA, isocratic
gradient ACN 46%, 27 min per run) resulting in a violet, hygro-
scopic complex. Yield: 36 mg (36%). The ratio of the two
isomers was 1:0.67.

Shifts of the main isomer; "H NMR (500.1 MHz, DMSO-d):
5 10.67 (s, 1H, H17), 8.73 (s, 1H, H6), 8.30-8.26 (m, 2H, H4,
H19), 8.26-8.22 (m, 2H, H2, H14), 8.18-8.14 (m, 1H, H24), 7.97
(d, 1H, J = 9 Hz, H12), 7.78 (d, 1H, J = 8 Hz, H23), 7.58 (d, 1H, J
= 9 Hz, H11), 7.43-7.39 (m, 1H, H5), 5.70 (s, 1H, CH, acac),
5.65 (s, 1H, CH, acac), 5.61 (s, 1H, H29), 5.26 (s, 1H, H26), 5.09
(s, 1H, H29), 3.89-3.79 (m, 2H, H25), 2.74-2.66 (m, 1H, H28),
2.63 (s, 3H, H15), 2.45-2.38 (m, 1H, H28), 2.55-2.45 (m, 1H,
H27), 2.38-2.32 (m, 1H, H27), 2.15 (s, 3H, CH,, acac),
2.13-2.10 (s, 6H, CHj, acac), 2.06 (s, 3H, CHj, acac) ppm. *C
NMR (125.75 MHz, DMSO-de): § 189.9 (Cq, acac), 189.1 (Cq,
acac), 188.9 (Cq, acac), 188.4 (Cq, acac), 164.7 (C16), 145.1 (C6),
143.7 (C10), 139.7 (C3), 139.3 (C18), 138.3 (C14), 133.7 (C23),
132.0 (C13), 130.2 (C11 + C19), 128.5 (C12), 128.4 (C22), 126.9
(C20), 126.1 (C4), 124.8 (C21), 123.2 (C24), 121.8 (C9), 119.1
(C5), 117.5 (C2), 111.6 (C1), 98.1 (CH, acac), 97.9 (CH, acac),
96.4 (C8), 81.2 (C7), 52.2 (C27), 47.1 (C25), 42.5 (C28), 26.5
(CHs, acac), 26.3 (CH3, acac), 26.1 (CH3, acac), 26.0 (CHj, acac),
20.4 (C15) ppm.

Shifts of the minor isomer; "H NMR (500.1 MHz, DMSO-
de): 6 10.67 (s, 1H, H17), 8.73 (s, 1H, H6), 8.30-8.26 (m, 2H,
H4, H19), 8.26-8.22 (m, 2H, H2, H14), 8.18-8.14 (m, 1H, H24),
7.97 (d, 1H, J = 9 Hz, H12), 7.91 (d, 1H, J = 8 Hz, H23), 7.58 (d,
1H, J = 9 Hz, H11), 7.43-7.39 (m, 1H, H5), 5.74 (s, 1H, CH,
acac), 5.65 (s, 1H, CH, acac), 5.61 (s, 1H, H26), 5.48 (s, 1H,
H29), 5.39 (s, 1H, H29), 3.63-3.58 (m, 1H, H25), 3.11-3.04 (m,
1H, H25), 2.63 (s, 3H, H15), 2.55-2.45 (m, 2H, H28), 2.45-2.38
(m, 2H, H28), 2.19 (s, 3H, CHj;, acac), 2.13-2.10 (s, 6H, CHs,
acac), 2.05 (s, 3H, CHj, acac) ppm. *C NMR (125.75 MHz,
DMSO-d;): 6 190.6 (Cq, acac), 189.9 (Cq, acac), 189.8 (Cq, acac),
189.5 (Cq, acac), 164.7 (C16), 145.1 (C6), 143.7 (C10), 139.7
(C3), 139.4 (C18), 138.3 (C14), 133.6 (C23), 132.0 (C13), 130.2
(C11 + C19), 128.5 (C12), 128.3 (C22), 126 126.6 (C20), 126.1
(C4), 124.8 (C21), 123.2 (C24), 121.8 (C9), 119.1 (C5), 117.5
(C2), 111.6 (C1), 98.1 (CH, acac), 98.0 (CH, acac), 96.4 (C8),
81.2 (C7), 50.9 (C27), 48.1 (C25), 42.3 (C28), 26.4 (CHs;, acac),
26.3 (CH3, acac), 26.1 (CHj, acac), 26.0 (CHg, acac), 20.4 (C15) ppm.

MS: caled For [C36H3,F3NgO5Co]": 749.2104, found:
749.2093. Anal. caled for C33H3,F¢NgO,Co-0.6TFA-1.5H,0 (M, =
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958.10 g mol™"): C, 49.14; H, 4.27; N, 8.77. Found: C, 48.84; H,
3.96; N, 8.53.

Bis(3-methyl-2,4-pentanedionato) N-(4-(((2-aminoethyl)-
amino)methyl)-3-(trifluoromethyl)phenyl)-3-(imidazo[1,2-b]-
pyridazin-3-ylethynyl)-4-methylbenzamide cobalt(m) 2,2,2-tri-
fluoroacetate (Co(Meacac),Lpo,). Na[Co(Meacac),(NO,),]
(27.8 mg, 1 eq.) was suspended in MeOH (2.41 mL). Lpoy
(88 mg, 1 eq.) was dissolved in MeOH (2.71 mL) and neutral-
ized by NaOH (9.17 mg, 3 eq.). To the resulting yellow solution
a spatula tip activated charcoal was added. The reaction was
stirred for 2 h at room temperature. Afterwards the solution
was filtered through a syringe filter, which was washed with
small amounts of MeOH. The solvent was evaporated and the
purple, crude product was dried in vacuo (85 mg). Purification
was performed by preparative RP-HPLC (Waters XBridge C18
column on an Agilent 1200 Series system; H,O/ACN, both con-
taining 0.1% TFA, isocratic gradient ACN 50%, 27 min per run)
resulting in a violet, hygroscopic lyophilisate. Yield: 22 mg
(31%). The ratio of the two isomers was 1:0.43.

Shifts of the main isomer; 'H NMR (500.1 MHz, DMSO-d): 6
10.66 (s, 1H, H17), 8.73 (s, 1H, H6), 8.30-8.21 (m, 4H, H2, H4,
H14, H19), 8.17-8.13 (m, 1H, H24), 7.97 (d, 1H, J = 9 Hz, H12),
7.75 (d, 1H, J = 8 Hz, H23), 7.58 (d, 1H, J = 9 Hz, H11), 7.43-7.39
(m, 1H, H5), 5.52-5.42 (m, 1H, H29), 4.99 (s, 1H, H29), 4.81 (s,
1H, H26), 3.94-3.84 (m, 2H, H25), 2.72-2.65 (m, 1H, H28), 2.63
(s, 3H, H15), 2.47-2.42 (m, 1H, H27), 2.44-2.38 (m, 1H, H28),
2.38-2.33 (m, 1H, H27), 2.24 (s, 3H, CH;, Meacac), 2.20 (s, 3H,
CH;, Meacac), 2.15 (s, 3H, CH3, Meacac), 2.13 (s, 3H, CHj,
Meacac), 1.92 (s, 3H, CH;, Meacac), 1.88 (s, 3H, CH3, Meacac)
ppm. °C NMR (125.75 MHz, DMSO-d,): § 188.1 (2Cq, Meacac),
187.3 (Cq, Meacac), 186.9 (Cq, Meacac), 164.7 (C16), 145.1 (C6),
143.8 (C10), 139.7 (C3), 139.2 (C18), 138.3 (C14), 133.4 (C23),
132.0 (C13), 130.1 (C11 + C2), 128.5 (C12), 128.2 (C20), 127.3
(C22), 126.1 (C4), 124.8 (C21), 123.1 (C24), 121.9 (C9), 119.2
(C5), 117.5 (C19), 111.7 (C1), 100.8 (Cq, Meacac), 100.7 (Cq,
Meacac), 96.4 (C8), 81.2 (C7), 52.1 (C27), 46.9 (C25), 42.4 (C28),
26.6 (CH3, Meacac), 26.5 (2CH;, Meacac), 26.2 (CH;, Meacac),
20.4(C15), 14.9 (CH;, Meacac), 14.8 (CH;, Meacac) ppm.

Shifts of the minor isomer; '"H NMR (500.1 MHz, DMSO-
ds): 6 10.66 (s, 1H, H17), 8.73 (s, 1H, H6), 8.30-8.21 (m, 4H,
H2, H4, H14, H19), 8.17-8.13 (m, 1H, H24), 7.97 (d, 1H, J = 9
Hz, H12), 7.89 (d, 1H, J = 8 Hz, H23), 7.58 (d, 1H, J = 9 Hz,
H11), 7.43-7.39 (m, 1H, H5), 5.52-5.42 (m, 1H, H29), 5.32 (s,
1H, H29), 5.12 (s, 1H, H26), 3.54-3.49 (m, 1H, H25), 2.99-2.93
(m, 1H, H25), 2.72-2.65 (m, 1H, H28), 2.63 (s, 3H, H15),
2.47-2.42 (m, 1H, H27), 2.44-2.38 (m, 1H, H28), 2.38-2.33 (m,
1H, H27) 2.28 (s, 3H, CH3, Meacac), 2.23 (s, 3H, CH3, Meacac),
2.18 (s, 3H, CH3, Meacac), 2.11 (s, 3H, CH3, Meacac), 1.92 (s,
3H, CH;, Meacac), 1.87 (s, 3H, CH;, Meacac) ppm. ">C NMR
(125.75 MHz, DMSO-ds): 6 188.7 (Cq, Meacac), 188.2 (Cq,
Meacac), 187.3 (Cq, Meacac), 187.0 (Cq, Meacac), 164.7 (C16),
145.1 (C6), 143.8 (C10), 139.7 (C3), 139.3 (C18), 138.3 (C14),
133.3 (C23), 132.0 (C13), 130.1 (C11 + C2), 128.5 (C12), 127.0
(C22), 126.1 (C4), 128.4 (C20), 123.1 (C24), 121.9 (C9), 119.2
(C5), 117.5 (C19), 111.7 (C1), 101.0 (Cq, Meacac), 100.7 (Cq,
Meacac), 96.4 (C8), 81.2 (C7), 50.7 (C27), 48.0 (C25), 42.0 (C28),
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26.4 (CH3, Meacac), 26.3 (CH;, Meacac), 26.2 (2CH;, Meacac),
20.4 (C15), 14.9 (CH3, Meacac), 14.8 (CH;, Meacac) ppm.

MS: caled for [C3sH4FsNgO5Co]™: 777.2417, found:
777.2405. Anal. caled for CyoH4FsNgO,;Co-TFA-H,O (M, =
1022.75 g mol™): C, 49.32; H, 4.34; N, 8.22. Found: C, 48.98;
H, 4.19; N, 8.01.

Interconversion of the isomers

For the interconversion measurements, a stock solution of the
two isomers of Co(acac),Lpo, (5 MM in water) was prepared.
The final concentration was reached by 1:100 dilution with
PBS (pH 7.4, 10 mM). The samples were incubated at 37 °C.
Measurements were performed on a Dionex UltiMate 3000 RS
UPLC system with a Waters Acquity UPLC® BEH C18 column
(3 x 50 mm, pore size 1.7 um). Water and acetonitrile (both
containing 0.1% TFA) were used as eluents, an isocratic gradi-
ent of 45% acetonitrile within 8 min was applied.

Fluorescence measurements

Fluorescence measurements were performed on a Horiba
FluoroMax®-4 spectrofluorometer and the data was analyzed
using the FluorEssence v3.5 software package. The tested solu-
tions were dissolved immediately prior to analysis in PB
(50 mM, pH 7.4) with a final concentration of 15 pM. Scans
were run at room temperature with excitation and emission
slit widths of 3 nm. Emission scans were run from
250-700 nm using an excitation wavelength of 320 nm. The 3D
fluorescence spectra of Lp,, were determined at excitation
wavelengths from 230-550 nm and emission was recorded
within the range of 220-700 nm.

Cyclic voltammetry

The compounds were dissolved in DMF (+0.2 M [1n-Bu,N|[BF,])
to obtain a final concentration of 1.5 mM. Electrochemical
experiments were conducted on an EG&G PARC 273A potentio-
stat/galvanostat with a scan rate of 100-1000 mV s™' at room
temperature. Argon was bubbled through the solution before
every measurement to remove oxygen. A three-electrode con-
figuration cell was used with a glassy carbon electrode as
working electrode, which was polished before every measure-
ment. The reference electrode was Ag/Ag'/ACN (10 mM AgNO;)
and the auxiliary electrode was a platinum wire. The potentials
were referenced to an internal standard redox couple of ferroce-
nium/ferrocene and calculated to the NHE (E;, = +0.72 V vs.
NHE).*? For the cyclic voltammetry measurements in DMF/H,0
(7:3 v/v; aqueous phase was 10 mM phosphate buffer at pH
7.40 with 0.1 M KCl), a glassy carbon electrode as working elec-
trode, a platinum auxiliary electrode, and an Ag/AgCl electrode
containing 3.5 KCI were used. Redox potentials measured rela-
tive to the Ag/AgCl/KCl (3.5 M) reference electrode and con-
verted to the NHE using +0.205 V. Measurements were at least
repeated three times and the mean values were calculated.

Serum stability measurements

For serum stability measurements, 135 pL FCS, buffered with
150 mM phosphate (Na,HPO,/NaH,PO,) to maintain a pH
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value of 7.4, were mixed with 15 pL of a 500 pM stock solution
of the respective complex in 50 mM phosphate buffer to reach
a final concentration of 50 uM. The samples were incubated at
37 °C. At different time points to 20 uL serum 40 pL of ACN
were added. After vigorously shaking for 2 min the suspension
was centrifuged at 6000 rpm for 10 min. The supernatant was
taken with a syringe and directly measured via HPLC-MS. The
samples were analyzed on an Agilent 1260 Infinity system
using a Waters Atlantis T3 column (150 mm x 4.6 mm)
coupled to a Bruker Amazon SL ESI-IT mass spectrometer.
Water and acetonitrile (both containing 0.1% formic acid)
were used as eluents with a gradient of 1-99% acetonitrile
within 29 min.

Biological methods

Kinase screening

The ABL1 and FGFR1 kinase-inhibitory potentials of the novel
derivative Lp,, in comparison to ponatinib were evaluated
using the Select Screen® Biochemical Kinase Profiling Service
at Life Technologies (ThermoFisher Scientific, Madison, USA).
The test compounds were screened in a final concentration of
1% DMSO using the Z-LYTE® Assay. Results are additionally
depicted in Fig. S8.1

Cell lines, cell culture conditions and drug treatments

All reagents were purchased from Sigma-Aldrich (St Louis,
USA) unless specified otherwise. The human leukemia cell line
K-562 (chronic myeloid leukemia; BCR-ABL-positive) and
human urothelial cancer cell line UM-UC-14 (FGFR3-depen-
dent), obtained from the American Type Culture Collection
(ATCC) (Rockville, MD, USA), were cultured in RPMI 1640
(K-562) or MEM (Minimum Essential Medium Eagle)
(UM-UC-14) supplemented with 10% fetal calf serum (PAA,
Linz, Austria) at 37 °C, 5% CO, in a humidified atmosphere.
In case of hypoxic cell culture conditions, plated and treated
cells were incubated at 37 °C, 5% CO, and 0.1% O, (ProOx
Model C21 system, BioSpherix) in humidified incubators for
the indicated time point before analysis. All investigated com-
pounds were dissolved in dimethyl sulfoxide (DMSO) as
10 mM stock solutions and were stored at —20 °C. Dilutions in
culture media supplemented with 10% fetal calf serum were
made immediately before the experiments at the indicated
concentrations. Corresponding dilutions of DMSO were used
as untreated vehicle controls.

Cytotoxicity assay

Cells were seeded (3-7 x 10" cells per well) in 96-well plates
and after 24 h recovery treated with increasing concentrations
of compounds in triplicates. After 72 h drug exposure under
normoxic or hypoxic cell culture conditions (0.1% O,) (ProOx
Model C21 system, BioSpherix), the proportion of viable cells
was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT)-vitality assay (EZ4U, Biomedica,
Vienna, Austria) or by luminescence assay based on adenosine
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triphosphate quantification (CellTiter-Glo, Promega, Madison,
Wisconsin) following the manufacturer’s recommendations.
Absorbance was measured at 450 nm (at 620 nm as reference)
(MTT) and luminescence after 1000 ms (CellTiter-Glo) at the
Tecan infinite 200Pro (Zurich, Switzerland). MTT-derived cyto-
toxicity was expressed as ICs, values calculated from full dose—
response curves using GraphPad Prism software (La Jolla, CA).

Colony formation assay

UM-UC-14 cells were seeded at low densities of 3 x 10° cells
per well in 24-well plates in 500 pL and after 24 h recovery
treated with 100 pL of increasing concentrations of com-
pounds in duplicates. Following drug exposure time of 5 days
under normoxic or hypoxic (0.1% O,) culture conditions, cells
were washed with phosphate-buffered saline (PBS), fixed with
ice-cold methanol for 30 min at 4 °C and stained with crystal
violet. Digital photographs were taken using a Nikon D3200
camera and processed with Image] software. For quantifi-
cation, crystal violet was eluted using 2% sodium dodecyl
sulfate (SDS) and color absorbance was measured at 560 nm at
the Tecan infinite 200Pro (Zurich, Switzerland). Values are
given in arbitrary units (a.u.) as mean + SD normalized to
untreated control.

Flow cytometry

Cells were seeded (1 x 10° cells per well) in 96-well plates, dis-
solved compounds were added and cells were incubated under
normoxic or hypoxic cell culture conditions. Samples were
measured on a BD LSRFortessa X-20 cell analyzer high
throughput sampler (HTS) (BD Biosciences, East Rutherford,
NJ, USA). Compound fluorescence was detected using 405 nm
excitation and pacific blue (450/50 nm) band pass emission
filters. Data were analyzed using BD FACSDiva software and
are given in arbitrary units (a.u.) as mean fluorescence intensi-
ties of cells normalized to the auto fluorescence of untreated
control.

Fluorescence microscopy

UM-UC-14 cells were seeded (2.5 x 10° cells per well) in 12-well
plates and after 24 h recovery treated with 10 pM of com-
pounds. After 24 h incubation, the drug solutions were
removed, cells were washed with PBS and microphotographs
of the different treatments were taken using UV fluorescence
microscopy (Nikon Eclipse Ti2 microscope with a DAPI filter
and a high-pressure mercury lamp) and a 20x objective. The
level of cellular fluorescence was determined from fluo-
rescence microscopy images using Image]J software.

Western blot analysis

K-562 cells were plated (5 x 10> cells per well) in 6-well plates
and allowed to recover for 24 h. Subsequently, the cells were
treated with the drugs in different concentrations. After 12 h
cells were harvested, proteins were isolated, resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS/PAGE), and transferred onto a polyvinylidene difluoride
membrane for western blotting. The following antibodies were
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used: ERK1/2 (p44/42) rabbit monoclonal antibody (mAb)
(137F5, #4695), phospho-ERK1/2 rabbit mAb (Thr202/Tyr204)
(20G11, #4376), phospho-S6 rabbit pAb (Ser240/244, #2215)
(Cell Signaling Technology, Beverly, MA, USA), S6 mouse mAb
(C-8. #sc-74459) (Santa Cruz Biotechnology, TX, USA) and
f-actin mouse mAb (#A5441, Sigma). All primary antibodies
were used in 1:1000 dilutions (in Tris-buffered saline contain-
ing 0.1% Tween20 (TBST) + 3% bovine serum albumin (BSA)).
Secondary goat anti-mouse-IgG (Fc specific)-peroxidase antibody
(#A0168, Sigma) and horseradish peroxidase(HRP)-labeled
mouse anti-rabbit IgG (#sc-2357, Santa Cruz Biotechnology)
were used at working dilutions of 1:10 000 (in TBST + 1% BSA).

In vivo xenograft experiment

Eight-to nine-week-old male C.B.17/SCID mice were bread in-
house (originally Harlan) and were kept in pathogen-free con-
ditions and controlled environment with 12 h light-dark cycle.
K-562 (5 x 10° in 100 pL serum-free RMPI medium, 20%
Matrigel) or UM-UC-14 (1 x 10° in 100 pL serum-free RMPI
medium) cells were injected into the right flank of male C.B.17/
SCID mice. When all tumors were measurable (at day 5 and day
7, respectively), all animals were dosed i.p. with solutions
(200 pL) containing Co(acac),Lp,, or Co(Meacac),Lpo, (10 mg
kg™, 200 WL per 20 g, dissolved in 50 mM PBS, 2% DMSO). The
control groups received solvent alone (200 pL, 50 mM PBS, 2%
DMSO). Compounds were dissolved in the respective amount of
DMSO and then added to PBS buffer for the desired end concen-
tration allowing application of 200 pL per 20 g and dosing using
30 gauze needles. Tumor growth was evaluated by daily record-
ing of tumor size by caliper measurement. Animals were sacri-
ficed by cervical dislocation. All procedures were performed in a
laminar flow hood. The animal experiments were performed
according to the regulations of the Ethics Committee for the
Care and Use of Laboratory Animals at the Medical University
Vienna (proposal number BMBWF-V/3b 2020-0.380.502).

Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software
(GraphPad Software, Inc.) and are expressed as mean + stan-
dard deviation (SD) of one independent experiment performed
in triplicates, unless stated otherwise. One- or two-way analysis
of variance (ANOVA) with multiple comparison test (Sidak,
Bonferroni or Dunnett) was performed for statistical evalu-
ation if not stated otherwise, p-values <0.05 were considered
statistically significant [p < 0.05(*); <0.01 (**); <0.001 (***)].
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Figure S1: Visualizations of the best docking poses of Leon and Co(Meacac).Leon in comparison to

ponatinib with FGFR1 (A and B) (PDB ID: 4V04) as well as ABL1 (C and D) (PDB ID: 4WA9). Ponatinib is

shown in red, Lpen in blue and Co(Meacac);Lronin green.
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Figure S2: HPLC measurements of Co(acac):Leon: A) Gradient from 5-95 % ACN (+0.1 % TFA), both

isomers are visible, but strongly overlapping. B) Adjusted gradient 45 % ACN (+0.1 % TFA) isocratic,

essential for separation via preparative HPLC.
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Figure S3: 'H-NMR spectrum of Co(acac),Lron, showing (A) the whole-range, (B) the aromatic area from
~7-11 ppm and (C) the aliphatic area from ~4-6 ppm . Two sets of signals can be observed, but only

in the aliphatic region and for the proton at 7.78/7.91 ppm.
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Figure S4: 'H-NMR spectrum of Co(Meacac),Lron, showing (A) the whole-range, (B) the aromatic area

from ~7-11 ppm and (C) the aliphatic area from ~4—6 ppm . Two sets of signals can be observed, but

only in the aliphatic region and for the proton at 7.75/7.89 ppm.
4
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Figure S5: Cyclic voltammograms of Co(acac),Lron, Co(Meacac).Lron and Co(acac)sLegrr in DMF (1.5 mM

complex, | =0.2 M [n-BugN][BF,], scan rate of 1000 mV/s, 25.0 °C).
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Figure S6: Cyclic voltammograms Co(acac).Leon, Co(Meacac),Leon and Co(acac):Lecrr in 7:3 DMF/H,0
(1.5 mM complex, | = 0.2 M [n-BusN][BF,] for DMF, aqueous phase = 10 mM phosphate buffer at
pH 7.40 with 1=0.1 M KCl, scan rate of 100 mV/s, 25.0 °C).
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Figure S7: Stability measurements of Co(acac);Lron and Co(Meacac);Lpon incubated in FCS at 37°C (pH
7.4, 150 mM phosphate buffer) analyzed by HPLC-MS over a time period of 72 h. The y-axis shows the
relative ratio of the integrated peak areas of the intact complex over time (in percent) compared to

the area at the starting point (0 h).
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Figure S8: Data points of the cell-free ABL1 (left) and FGFR1 (right) kinase inhibition assay of Lpon and

ponatinib.
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Figure S9: Ligand release of Co(acac):Lron Under normoxic and hypoxic cell culture conditions in

Normoxia

Fold Fluorescence
(hypoxia/normoxia)

Hypoxia

comparison to Lpon Using UV fluorescence microscopy. UM-UC-14 cells were incubated with 10 uM of
compounds for 24 h. Images of the different treatments were taken by UV fluorescence microcopy
(20X objective) and the corrected total cell fluorescence was evaluated using Imagel software. Data in
Figure S9B are given as means + SD of ten analyzed microphotographs per compound. Statistical

significance was calculated by unpaired t test with p <.05(*).
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Figure S10: Cytotoxic activity of Co(acac).Lpron, Co(Meacac);Lpon, Lron and ponatinib against the UM-UC-
14 cell line. Cells were incubated with the compounds under normoxic (21% O>) or hypoxic conditions
(0.1% 03). N = normoxia; H = hypoxia. Cell viability was measured by MTT vitality assay after 72 h.
Values are given as means  SD of one representative experiment, performed in triplicates. Statistical

significance was calculated by two-way ANOVA with Sidak multiple comparison test with p < .05(*); <

.01 (**); <.001 (***).
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Figure S11: Cytotoxic activity of TFA against the UM-UC-14 cell line. Cells were incubated with TFA and
cell viability was measured by MTT vitality assay after 72 h. Values are given as means = SD of one

representative experiment.
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Figure S12: Cytotoxic activity of both pure isomers of Co(acac).Lron against human cancer cell models
under normoxic (N) and hypoxic (H) conditions. A) FGFR3-driven UM-UC-14 urothelial cell viability was
measured by MTT vitality assay and (B) cell viability of BCR-ABL-positive K-562 by luminescence assay
based on ATP quantification (CellTiter-Glo) after 72 h. Data are given as means = SD of one
representative experiment performed in triplicates. Statistical significance was calculated by two-way

ANOVA with Sidak multiple comparison test with p <.05(*); < .01 (**); <.001 (***).
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Figure S13: Animal weights of xenograft experiments. (A) BCR-ABL-driven leukemic K-562 cells or (B)
FGFR3-driven urothelial UM-UC-14 cells were injected s.c. into the right flank of male CB17/SCID mice
(n=4 animals per experimental group). When tumors were measurable (day 5 and day 7, respectively)
compounds (10 mg kg? i.p.) were applied and animal weights were determined. Data are given as
means * SEM. Statistical significance was calculated by two-way ANOVA with Sidak multiple

comparison test.
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As the first author, | synthesized and characterized the liposomal formulations, evaluated their

stability as well as release kinetics and wrote the majority of the manuscript.
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Abstract

The a-N-heterocyclic thiosemicarbazones Triapine and COTI-2 are currently investigated as
anticancer therapeutics in clinical trials. However, especially against solid tumor types, Triapine was
widely inactive so far. A likely explanation is the short half-life plasma time and fast metabolism.
One promising approach to overcome such drawbacks is the encapsulation of the drug into
nanoparticles (passive drug-targeting). In a previous work we showed that it was not possible to
stably encapsulate free Triapine into liposomes. Hence, in this manuscript we present the
successfully preparation of liposomal formulations of the copper(ll) complexes of Triapine and
COTI-2. To this end, various drug-loading strategies were examined and the resulting liposomes
were characterized regarding their physico-chemical characteristics. Especially for liposomal Cu-
Triapine, a decent encapsulation efficacy and a slow drug release behavior could be observed.
Subsequent in vitro studies in different cell lines showed the expected strongly reduced cytotoxicity
and DNA damage induction due to stably encapsulated Cu-Triapine. Also in vivo distinctly higher
copper plasma levels and a continuous release could be observed for the liposomal formulation
compared to free Cu-Triapine. Taken together, the here presented nanoformulation of Cu-Triapine
is an important step further to increase the plasma-half-life time and tumor targeting properties of

anticancer thiosemicarbazones.

Introduction

a-N-Heterocyclic thiosemicarbazones possess a distinctive N,N,S-donor ligand set, which
characterizes them as strong metal chelators.! Both, the free ligands as well as their metal
complexes (e.g. with Cu, Fe, Ru, Ga, etc.) exhibit extraordinary antibacterial, antiviral and antitumor
activity.? Regarding their mode of action as anticancer drugs, recent studies proposed that
thiosemicarbazones can impact on several iron-dependent biological pathways by chelation of both
iron(ll) and iron(lll) ions. Thus, they are generally considered as “iron-interacting” drugs.>*
Moreover, another important mechanism (for at least a part) of this compound class is their
interaction with cellular copper ions.>” 3-Aminopyridine-2-carboxaldehyde thiosemicarbazone
(Triapine; Figure 1) is the most prominent and well-studied representative, with its main target
being the iron-dependent enzyme ribonucleotide reductase (RR).3* Triapine has been already
evaluated in more than 30 clinical phase I/II trials against different cancer types.® Noteworthy,
recently Triapine entered a clinical phase Ill study in combination with cisplatin and radiation
therapy against cervical or vaginal cancer patients (study number NCT02466971, clinicaltrials.gov).’
Although Triapine showed especially promising results against hematological cancers (e.g.
)10

advanced leukemia)'® hardly any activity was found against solid cancers (e.g. renal cell carcinoma
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or non-small-cell lung cancer).¥? The inefficacy of Triapine most likely results from rapid
metabolism/excretion!® and/or insufficient tumor accumulation.’**> More recently also new
thiosemicarbazones have been clinically investigated namely di-2-pyridylketone 4-cyclohexyl-4-
methyl-3-thiosemicarbazone (DpC) and 4-(pyridine-2-yl)-N-([(8E)-5,6,7,8-tetrahydroquinolin-8-
ylidene] amino)piperazine-1-carbothio-amide (COTI-2; Figure 1). DpC entered a phase | clinical trial
for patients with advanced solid tumors in 2016 (study number NCT02688101, clinicaltrials.gov).*®
COTI-2 is currently studied in a phase Ib/lla clinical trial for the treatment of gynecologic
malignancies (study number NCT02433626, clinicaltrials.gov).)” COTI-2 showed nanomolar
cytotoxicity against various cancer cells in vitro and promising activity in vivo.® Biological
investigations revealed that COTI-2 could restore the tumor suppressor functionality of mutated

p53.19-20

A general approach to distinctly prolong the plasma half-life time and simultaneously increase the
tumor-specificity/accumulation (also resulting in reduced adverse effects), is the encapsulation of
therapeutics into nanoparticulate drug formulations such as liposomes.?! Via the enhanced
permeability and retention (EPR) effect nanoformulations can accumulate in tumor tissue (by
passive targeting) due to the combination of leaky blood vessels together with a defective lymphatic
drainage system.?>?* Several liposomal formulations of anticancer drugs are already approved, such
as Doxil© (liposomal doxorubicin), Depocyt© (liposomal cytarabine) and Marqibo© (liposomal
vincristine).?* Previously, we already synthesized the first liposomal nanoformulations of Triapine.
However, a burst release of the drug occurred and no stable encapsulation could be achieved.?! In
this work, we investigated, if the copper(ll) complex of Triapine (Cu-Tria; Figure 1) is a suitable
derivative for encapsulation into liposomes. The underlying idea is that it is already known that the
copper complex of Triapine (Cu-Tria) can act as a “prodrug” with release of the Triapine ligand after
reduction.”? Furthermore, we investigated the encapsulation potential of COTI-2 and its copper(ll)
complex (Cu-COTI; Figure 1). Drug loading was performed either by the remote loading approach
(also used for preparation of e.g. the clinically approved Doxil©%) or by adding the drugs directly
to the lipid mixture.?” The obtained liposomal formulations were physico-chemically characterized
and subsequently tested for their anticancer activity on different cancer cell lines in comparison to
the free ligands. In addition, the impact on methemoglobin formation (a common side effect of
Triapine in clinical trials) was examined.? Finally, the plasma levels in vivo have been compared to

prove an enhanced retention time of the liposomal drugs compared to the free ligands.
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Figure 1: Chemical structures of the clinically investigated thiosemicarbazones Triapine and COTI-2

The liposomal preparation method is crucial for the final properties of the nanoparticles such as

particle size and encapsulation efficacy (EE). In this work, two methods were applied: 1) where the

respective drug is added to the lipid mixture at the beginning of the preparation (Scheme 1)

commonly applied for highly lipophilic (and water-insoluble) compounds.?’ 2) the remote-loading

approach which is preferably used for (fairly) water-soluble compounds (Scheme 2).% For both

methods the liposomal building blocks DSPC/CHOL/DSPE-mPEG (2000) 55:40:5 mol/mol (DSPC =

1,2-distearoyl-sn-glycero-3-phosphocholine; CHOL = cholesterol; DSPE-mPEG 2000 = 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

formulation, which is well established in literature.
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Scheme 1: Preparation of the liposomal formulations by addition of the drug at the beginning of

the synthetic procedure.

106



COTI-2 is highly lipophilic (logP of +2.89)! and is therefore suitable for the approach depicted in
Scheme 1. Briefly, the building blocks and the drug were dissolved together in a mixture of
chloroform and methanol. After refluxing at 65 °C for 1.5 h, the solvents were removed and the thin
film of lipid left dried in vacuo. This film was then rehydrated in an aqueous solution of choice (e.g.
0.3 M (NH4),S04) to form the liposomes (so called thin lipid hydration method).>? To achieve the
required size reduction and homogenization, subsequently ultra-sonication with a micro-tip was
performed. Non-encapsulated drug was removed by size exclusion chromatography (Sephadex
G50) with phosphate-buffered saline (PBS) at pH 7.4. Hardly any free COTI-2 could be observed on
the column correlating with a high encapsulation efficacy. However, overnight (despite storage at
4 °C) large amounts of precipitate formed, indicating a burst release of COTI-2. A switch in the
rehydrating solvent from (NH4),SO4 to KCI (0.15 M) did not change the encapsulation stability.
Therefore, we next tried to encapsulate its copper(ll) complex, which was synthesized from a 1:1
mixture of COTI-2 and CuCl; in methanol®! bearing a neutral thiosemicarbazone and two chlorido
ligands (Figure 1). However, similar results to the free COTI-2 were obtained, a high EE followed by
rapid precipitation, which could not even be prevented by storage at —20 °C. Therefore, we decided
to change the metal salt by in situ complexation of COTI-2 with either Cu(NOs); or CuSOa.
Subsequently, the liposomal building blocks were added to the respective reaction solution and
synthesis continued as described above. By complexation with Cu(NOs),, no stable encapsulation
could be obtained either. However, applying the same approach to the complex synthesized with
CuS0Q,, we succeeded in a stable liposomal formulation (named L-Cu-COTI; figure S1), which was
further characterized and biologically tested (see below). Unfortunately, only a low EE of 21 +3 %
(n = 5) was achieved for L-Cu-COTI. No precipitations could be observed up to two weeks when

stored at 4°C.

After successfully encapsulation of Cu-COTI, we tried the same approach also for the synthesis of
liposomal formulations of Cu-Tria (as mentioned before, it was not possible to stably encapsulate
free Triapine into liposomes?!). To this end, we used the preformed Cu(Triapine)Cl, complex as well
as the in situ complexation of Triapine with CuSO.. Nonetheless, no sufficient encapsulation of the
complexes could be observed, probably due to a distinctly higher hydrophilicity compared to Cu-
COTI. We also experimented with complexation directly in the liposomes by adding Triapine to a
liposomal formulation with an intra-liposomal copper solution. However, this resulted in complex
formation mainly outside the liposomal particles. Therefore, we changed the general method to

the remote-loading approach (Scheme 2).%°
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Scheme 2: Preparation of the liposomal formulations by the remote-loading approach.

Via an ammonium sulfate gradient (lower intra-liposomal pH compared to the pH of the extra-
liposomal solution) the drug can be “absorbed” into the liposomes.3® The drugs should have a
logD7, in the range of 2.5 to 2 and a pKa < 11, to be suitable for this technique.? For the remote-
loading approach, the thin lipid film was prepared as described before,?” however, without addition
of the drug. Rehydration was again performed with a 0.3 M (NH,),SO, solution and size reduction
by ultra-sonication. Afterwards, size exclusion chromatography (Sephadex G50) with phosphate-
buffered saline (PBS) at pH 7.4 to remove any access of (NH4),SO4 and create the required pH
gradient. Cu-Tria (synthesized from a 1:1 mixture of Triapine and CuCl,3**) was encapsulated by
addition to the freshly prepared liposomes and the resulting solution was stirred for 1 h at 65°C. A
second size exclusion column (same conditions as before) removed unloaded drug and generated
the liposomal formulation L-Cu-Tria (Figure S1). Indeed, hardly any free drug retained on the
column and the formed liposomes were stable. Despite the successful encapsulation, the EE varied
over a series of experiments. Since the performance of the remote-loading approach strongly
depends on the right pH gradient, we analyzed the pH value after addition of Cu-Tria to the
liposomal solution and a pH drop from 7.2 to ~6.9 could be observed. This could be circumvented
by using higher volumes of the liposomal solution (3.5 mL), maintaining the essential intra-
liposomal (~pH 5.3) versus extra-liposomal (~pH 7.2) pH difference. Additional modifications such
as increasing the buffer strength or re-buffering the liposomal solution after addition Cu-Tria did
not result in higher EE, even when increasing the amount of drug. Consequently, to reach a higher
drug loading, the volume of the solution was reduced to ~1/2 on a rotary evaporator. Afterwards,

another size exclusion column was carried out to ensure that Cu-Tria was still completely
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encapsulated. With this modification in the protocol, an EE of 64 £+ 5 % (n = 15) with high

reproducibility and high stability (no precipitate formed after >70 days at 4°C) could be obtained.
Liposome characterization

One of the most important characteristics of liposome is their size and size distribution, which can
be examined by dynamic light scattering (DLS). Measurements were performed in PBS (pH 7.4) at
room temperature and the average size as well as polydispersity index (PDI) were highly
reproducible (in general, a PDI below 0.15 indicates a narrow size distribution).

The L-Cu-COTI-loaded liposomes showed a size of 99 + 1 nm and a PDI 0.09 + 0.01 (Figure S2). For
the liposomes with encapsulated L-Cu-Tria, a size of 90 + 2 nm and a PDI of 0.12 + 0.02 were
obtained (Figure 2A). After reduction of the volume, we again checked the size and size distribution
of L-Cu-Tria by DLS to confirm that there was no degradation or agglomeration of the liposomes
(Figure S3). The average size and PDI of L-Cu-Tria was well reproducible with a size of 93 5 nm and

a PDI of 0.13 £ 0.02 over the synthesis of 14 batches.

Intensity (Percent)

/ : \ E : 250 nm

Size (d.nm)

Figure 2: A) Size distribution of L-Cu-Tria (by intensity) measured by DLS (each line represents
measurements in triplicate). B) Transmission electron microscopy (TEM) image of L-Cu-Tria;
samples were prepared by negative staining with Uranyless.

In addition, the zeta potential (= the electrostatic repulsion of the particle surface) was examined
in PBS (pH 7.4), resulting in slightly negative values for L-Cu-Tria at -1.3 £ 0.6 mV and for L-Cu-COTI

at -1.5 + 0.8 mV, which can be expected for PEGylated liposomes.3>3¢

Furthermore, we examined the morphology of L-Cu-Tria by negative stain transmission electron
microscopy (TEM) measurements. A representative picture can be seen in Figure 2B (the whole
image can be found in Figure S4), which nicely depicts the spherical shape of the liposomes and

confirms the size of ~ 100 nm measured by DLS.
Drug release from liposomes

To investigate the drug release of the liposomal formulation L-Cu-Tria, the dialysis diffusion

technique was applied. To this end, the liposomal formulations were transferred into a dialysis bag
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(molecular weight cut-off 14 kDa), which were then immersed into a PBS solution (pH 7.4) at 37 °C.
Over a period of 48 h, samples were removed from this solution and the released drug amount was
measured by UV-Vis spectroscopy. In addition, reference measurements with Cu-Tria only were
performed under the same conditions. In these experiments a low release of 9 % after 48 h was
observed, which indicates stable drug encapsulation and a controlled release behavior over time.
In contrast, free Cu-Tria showed the expected fast release out of the dialysis bag of nearly 100 %
already after 1 h. This method could not be applied for the evaluation of the liposomal formulation
of L-Cu-COTI, since the free Cu-COTI complex possesses hardly any aqueous solubility and
immediately precipitates after release. Therefore, the stability of the L-Cu-COTI encapsulation was

indirectly evaluated via their biological activity on different cancer cell lines.
Biological investigations
Anticancer activity and uptake of L-Cu-Tria in human cancer cells

It is well known from the literature,®3° that a PEGylated surface reduces the attachment of
liposomes to the plasma membrane and, consequently, hampers endocytic cellular uptake, e.g., via
macrophages. Thus, such nanocarriers are frequently referred to as “stealth liposomes”.
Noteworthy, this type of liposomes is also characterized by a distinctly reduced uptake into cancer
cells. In fact, their in vivo mode of action seems to be based mainly on enhanced accumulation in
the malignant tissue by the EPR effect followed by continuous drug release over a longer time.3”-3°
To evaluate whether our thiosemicarbazone nanoformulations act as “stealth liposomes”, ICP-MS
measurements of intracellular copper levels of cancer cells treated for 3 h with either the free
copper complex or the liposomal formulation were performed. Indeed, at 50 uM significantly lower

copper level were detected in L-Cu-Tria-treated cells compared to Cu-Tria (Figure 3), confirming the

“stealth nature” of the nanocarriers.
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Figure 3: Cellular copper levels of SW480 cells measured by ICP-MS after treatment with empty
liposomes, CuSQ,, Triapine, Cu-Tria or L-Cu-Tria at the indicated concentrations for 3 h. Values given
are the mean # standard deviation (SD) of triplicates. Significance to control (stars above bars) and
to other treatments (stars above brackets between bars) was calculated by one-way ANOVA and

Tukey’s multiple comparison test (* p < 0.05; ** P < 0.01; **** p < 0.0001).

The biological activity of the liposomal formulations compared to the free complexes was studied
by MTT viability assays in SW480 and HCT-116 cells after 48 and 72 h drug treatment (Table 1 and
Figure 4A). In comparison, also the activity of the metal-free ligands (Triapine and COTI-2) as well
as the unloaded liposomes were analyzed (Table 1 and Figure 4A). In general, unloaded liposomes
had no observable effects on cell viability. While for Triapine complexation with copper decreased
its anticancer activity in both cell models and time points, for COTI-2, the copper complex displayed
similar or even increased activity (Table 1), which is in line with previous publications.> 3! L-Cu-Tria
displayed an over 7- and 14-fold lower anticancer activity (in HCT-116 and SW480 cells,
respectively) compared to free Cu-Tria after 48 h of treatment. This is in agreement with the lower
drug uptake (Figure 3), but additionally reveals that the complexes are stably encapsulated into the
liposomes, preventing the cells from the cytotoxic activity. After 72 h, the difference decreased
especially in SW480 cells to an 8-fold lower anticancer activity, indicating drug release from the
liposomes over several days. Further prolongation of the exposure time to 10 days additionally

enhanced the activity of L-Cu-Tria (Figure 4B and 4C).
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With regards to the liposomal COTI formulation, L-Cu-COT], cell viability was similar when compared
to the treatment with free Cu-COTI (Table 2). This indicates a fast release of the drug from the
liposomes and, consequently, a rather low loading stability. Consequently, L-Cu-COTI has not the
appropriate drug release profile that allows a stable transport of the intact liposomes into the
malignant tissue, where it is released in a tumor-specific manner. Based on these results, no further

in vitro or in vivo experiments were performed with this drug panel.

Table 1: ICso values (mean £ SD) after 48 and 72 h of the metal-free ligands, the free complexes
and their liposomal formulations in SW480 and HCT-116 cells.

SW480 ICso (uM)

HCT-116 ICso (uM)

48h 72h 48h 72h
Liposomes >50 > 50 > 50 > 50
Triapine 0.91+0.08 0.62+0.12 1.40+0.69 0.81+0.07
Cu-Tria 2.99+1.66 0.90+0.14 5.53+0.57 3.38+0.45
L-Cu-Tria >44 7.29+1.93 >42 26.77 £ 8.10
Ratio L-Cu-Tria/Cu-Tria >14.7 8.0+ 1.2%* >7.6 7.9+1.9*%
COTI-2 n.d. 0.25+0.09 n.d. 0.06 £ 0.02
Cu-COTI 0.44 £ 0.06 0.16 £0.12 0.13+0.05 0.07£0.01
L-Cu-COTI 0.43 £ 0.06 0.12 £ 0.06 0.09 £0.03 0.06 £0.02
Ratio L-Cu-COTI/Cu-COTI 09+0.2"° 0.8+0.2"* 0.7+0.2" 0.8+0.2"¢

* p <0.05; ** p <0.01; n.s. not significant, calculated by one sample t test against 1.
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Figure 4: A: Cell viability of SW480 and HCT-116 cells treated with free complexes, drug-free or -
loaded liposomes measured by MTT assay after 48 and 72h. Values given in the graph are the mean
+ SD of triplicates from one representative experiment out of three. B: Cell viability after long-term
treatment of SW480 and HCT-116 cells with CuSQ,, free complexes, drug-free or -loaded liposomes.
After 10 days, cells were fixed, stained with crystal violet. Representative images of stained cells
(violet) are shown. Fold growth to untreated cells was calculated from integrated density analyzed
with Image J and shown in C. Values given are the mean + SD of duplicates from three experiment.
Significance to control was calculated in with two-way ANOVA and Dunnett’s multiple comparison
test (**** p <0.0001, * p <0.05).

The prolonged replication stress induced by the RR inhibition of Triapine was previously reported
to result in DNA double-strand breaks, assumingly due to the collapse of DNA replication forks.*
Accordingly, also when looking at pH2AX (by immunofluorescence staining and Western blot
analysis) as a marker for DNA damage and Triapine activity, encapsulation into liposomes prevented
DNA damage generated by Triapine-induced RR inhibition in 24 h experiments (Figure 5). CuSO4 and
the empty liposomes had either no or only minor effects in these experiments (Figure 5C and Figure
S5). However, upon prolonged incubation (7 days), the pH2AX levels became similar (HCT-116 cells)

or even higher (SW480 cells) in the L-Cu-Tria samples compared to the free copper complex (Figure

5C). This indicates a slow but continuous release of Cu-Tria from the liposomes.
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Figure 5: A: Representative images of pH2AX immunofluorescence staining (green) in nuclei (DAPI,

blue) of SW480 cells treated as indicated B: Quantification of immunofluorescence intensities in
the nucleus of the DNA damage marker pH2AX in SW480 and HCT-116 cells treated with the
indicated drugs and concentrations for 24 h. Values given are the mean fold intensities + SD per

nucleus. Significance to control was calculated in with two-way ANOVA and Dunnett’s multiple
comparison test (**** p < 0.0001, ** p < 0.01). C: Western blot analysis of pH2AX expressed by
SW480 and HCT-116 cells treated with indicated drugs and concentrations 24 h and 7 days. B-actin
was used as a loading control. Normalized pH2AX values to B-actin and compared to control are

given below the bands.
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Impact of the liposomal formulation on the serum half-life time in vivo

To get first indications on the pharmacokinetics of L-Cu-Tria in comparison to Cu-Tria, copper levels
in serum of mice treated with equimolar drug concentrations were determined via ICP-MS. As a
first step, the basal serum levels of animals (0.7 pg Cu/mL serum) were assessed 7 days before
treatment. Then the mice were treated intravenously (i.v.) with 1.75 mg/kg Cu-Tria either as a free
complex or in form of the liposomal formulation and blood was collected by the facial vein after 3,
24 and 48 h (Figure 6). Treatment with Cu-Tria did not result in measurable changes of the serum
copper levels at the investigated time points. In contrast, injection of the liposomal Cu-Tria
increased serum copper levels significantly. Thus, after 3 h serum copper concentration of around
4 pg/mL were detected, which decreased to 1.7 pg/mL after 24 h and returned to baseline copper
levels after 48 h (1 ug/mL). In general, the undetectable copper levels upon treatment with the free
complex were not unexpected, as we (and others) previously reported that the serum half-life time
of metal-free Triapine is below 1 h in mice based on the relatively fast excretion/metabolism of the
drug.** In addition, there is already a rather high copper content in the serum (due to copper-

containing enzymes such ceruloplasmin and albumin),*42

which decreases the sensitivity of the
measurements. However, considering that the theoretical elevation of copper blood levels by the
drugs at time of injection would be ~5 pg/mL, our preliminary data indicate that L-Cu-Tria is
characterized by a distinctly prolonged serum half-life (> 10 h). This would be in good agreement
with other liposomal drugs such as DOXIL®, which had a reported serum half-life of 13 h in female

C57BL/6 mice.®
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Figure 6: Serum copper levels of female Balb/c mice treated i.v either with 1.75 mg/kg Cu-Tria or L-
Cu-Tria and blood drawn via the facial vein at the indicated time points. Samples for baseline were
collected from the same mice 7 days prior drug treatment. Values given are mean # standard error
of the mean (SEM) and significance was calculated by Kruskal-Wallis test against the baseline with
false discovery rate by Benjamini and Hochberg (* p < 0.05; ** p < 0.01).
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Investigation of methemoglobin formation

The occurrence of methemoglobinemia, where oxyhemoglobin (HbO;) is oxidized to
methemoglobin (metHb), is a side effect frequently observed in clinical trials of Triapine.** It is
caused by iron(lll) Triapine complexes, which are formed in the bloodstream and, subsequently,
can oxidize hemoglobin.* We investigated, therefore, whether L-Cu-Tria in the presence of iron(lll)
leads to the formation of metHb. To this end, L-Cu-Tria and Triapine, which was included as positive
control, were incubated with Fe(NOs);in a 2:1 ration for 10 min at r.t. The subsequent reaction with
HbO, was monitored by UV-Vis spectroscopy*®*’. For Triapine the typical decrease in the absorption
of the HbO; bands (at 539 and 577 nm) and the hypsochromic shift could be observed (Figure 7A),
which indicates the formation of metHb and is comparable with the results of our previous work.?
For L-Cu-Tria no changes in the UV-Vis spectra were measured over time, suggesting that no redox-
active iron(lll) complex was formed, in agreement with the high stability constant of Cu-Tria*® (also
in case of Cu-Tria alone no redox reaction occurred, data not shown). Therefore, these data
demonstrates the stable complexation of Triapine in form of Cu-Tria preventing the generation of

methemoglobinemia.
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Figure 7: Time resolved UV-Vis spectroscopy of the reaction between human HbO; and A) Triapine
and B) L-Cu-Tria in the presence of iron(lIl) during 21 min (inset zoom of the range 500—650 nm).

Conclusions

a-N-Heterocyclic thiosemicarbazones are promising anticancer drugs and various compounds have
already be studied in clinical trials. Nevertheless, the most prominent representative Triapine did
not exhibit distinct antitumor activity against most solid tumor types. The underlying reasons are
most probably rapid metabolization and a short plasma half-life time. To increase the retention of
adrugin the body and simultaneously enhance its concentration at the tumor site, the passive drug

targeting approach represents a promising and frequently used strategy. The drug is encapsulated

15
117

0.95 \
1 0.175
i /

650

650



into nanoparticles, which then accumulate in the tumor tissue utilizing the EPR effect. This concept
is already successfully applied in the clinics e.g., for doxorubicin, daunorubicin, vincristine and
irinotecan.?* For the development of nanocarriers, several parameters such as size, zeta potential,
EE and reproducibility have to be considered.** Most importantly, the drug release profile, which is
crucial for the therapeutic effectiveness, has to be balanced: On the one hand, the drug is
inactivated by encapsulation into the nanoformulation, on the other hand, a too rapid release leads
to loss of selectivity. We demonstrated in a previous study that free Triapine is not suitable for this
method, as only a fast drug release from the nanoformulations could be observed.?! Therefore, in
this work we chose the copper(ll) complex (Cu-Tria) as derivative for encapsulation, since it can be
considered as prodrug, releasing Triapine after reduction to copper(l).> ?*> Additionally, the clinically
studied third-generation thiosemicarbazone COTI-2 and its copper(ll) complex (Cu-COTI) were
investigated. Owing to the lipophilic nature of COTI-2, the most suitable technique for
encapsulation was the addition to the thin lipid film at the beginning of the synthesis. As for the
more water-soluble Cu-Tria, the remote-loading approach (used for the preparation of Doxil©) was
applied. In vitro tests confirmed the stable encapsulation and slow drug release behavior of L-Cu-
Tria, in line with DNA damage experiments and drug release studies. However, for the liposomal
formulations of COTI-2 as well as of Cu-COTI, only a fast burst release could be observed. This clearly
shows that the exact chemical structure strongly impacts on the ability to generate stable liposomal
formulations, when comparing Cu-Triapine vs. Cu-COTI but also Cu-Triapine vs. Triapine.
Consequently, in vivo test were only performed with L-Cu-Tria and indeed a distinctly prolonged
half-life time compared to Cu-Tria was achieved. Furthermore, the formation of methemoglobin,
which is a side effect from Triapine, could be completely prevented in the presence of L-Cu-Tria.
Taken together, we could show that liposomal formulations are a promising method to increase
the plasma half-life time of Cu-Triapine, which is an important step further to generate successful

thiosemicarbazone nanopreparations.

Materials and methods

Chemicals

All solvents and reagents were purchased from commercial suppliers. They were, unless stated
otherwise, of analytical grade and used without further purification. 1,2-Distearoyl-sn-glycero-3-
phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG(2000)) and cholesterol were
obtained from Avanti Polar Lipids Inc. (Alabaster, AL). Human hemoglobin was acquired from Sigma
Aldrich. Milli-Q water was obtained from a Millipore Advantage A10 185 UV Ultrapure Water
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System (18.2 MQ; Molsheim, France). Cu-Tria was synthesized according Kowol et al,** COTI-2 and

Cu-COTI following procedures from Bormio Nunes et al.3*
Preparation of drug-loaded liposomes
Liposomal formulation of Cu-COTI (L-Cu-COTI)

The liposomes of Cu-COTI were prepared by in situ complexation of COTI-2 (2 mg) with CuSO, -
5H,0 (1.36 mg) in 1 mL of CHCls/MeOH (4:1, v/v). Afterwards, 20 mg DSPC, 6.5 mg DSPE-
mPEG(2000), 7.2 mg cholesterol were dissolved in 4 mL of a mixture of CHCls/MeOH (4:1, v/v),
transferred to the complex solution and stirred for 1.5 h at 65 °C. The solvent was then carefully
removed under reduced pressure to form a thin, yellowish film, which was dried in vacuo overnight.
Afterwards, the film was rehydrated with 2 mL of a 0.3 M (NH,),SO4 solution and 15 glass beads
were added. The mixture was rotated on a rotary evaporator for 1.5 h at 65 °C. Subsequently, the
suspension was decanted and refilled to 2 mL with 0.3 M (NH4),SO, solution. To homogenize the
suspension by ultra-sonication, the Bandelin ultrasonic homogenizer HD 3100 with a maximum
amplitude of 20% for 3 min, 5 min, 7 min, 5 min and 12 min (each with few seconds break) was
used. Non-encapsulated drug was removed by size exclusion chromatography (Sephadex G50)
using PBS (0.01 M, pH 7.4) as eluent, resulting in L-Cu-COTI. The liposomes were stored at 4 °C until

further usage.
Liposomal formulation of Cu-Tria (L-Cu-Tria)

Liposomal formulations of Cu-Tria were prepared using the remote-loading approach.?® 20 mg
DSPC, 6.5 mg DSPE-mPEG(2000) and 7.2 mg cholesterol were dissolved in 5 mL CHCl3/MeOH (4:1,
v/v) and the resulting solution was stirred for 1.5 h at 65 °C. The solvent was carefully removed
under reduced pressure to form a thin, opaque film, which was dried in vacuo overnight.
Afterwards, the film was rehydrated with 2 mL of a 0.3 M (NH,4),SO, solution and 15 glass beads
were added. The mixture was rotated on a rotary evaporator for 1.5 h at 65 °C. Subsequently, the
suspension was decanted and refilled to 2 mL with 0.3 M (NH4),SO4 solution. To homogenize the
suspension by ultra-sonication, the Bandelin ultrasonic homogenizer HD 3100 with a maximum
amplitude of 20% for 3 min, 5 min, 7 min, 5 min and 12 min (each with few seconds break) was
used. Excess ammonium sulfate was removed by size exclusion chromatography (Sephadex G50)
using PBS (0.01 M, pH 7.4) as eluent. Cu-Tria (1.2 mg) was doused with the purified liposomes
(around 3.5 mL) and stirred for further 1.5 h at 65 °C. To remove non-encapsulated drug, another
size exclusion column was performed (same conditions as before). About half of the aqueous
solution was evaporated at 40 °C on a rotary evaporator to increase the concentration. The

liposomes were stored at 4 °C until further usage.
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Particles size and surface charge (zeta potential)

The PDI and particle sizes were determined by DLS with a Malvern ZetaSizer Nano ZS (Malvern
Instruments Ltd., Malvern, UK) equipped with a 4 mW He-Ne, 632.8 nm laser beam at 25 °C and at
a scattering angle of 173°. Prior to the particle size measurement, the liposomes and nanoparticles
were diluted (1:9 v/v) with PBS and measured in disposable cuvettes (UV-cuvette micro, Brand
GmbH + Co KG, Germany). The zeta-potential was determined in disposable folded capillary cells

using the same instrument.

TEM measurements

The liposomes were analyzed by negative stain electron microscopy using a Carl Zeiss Libra 120
electron microscope. The liposomal formulation was diluted (1:10 v/v, with Millipore water), 10 pL
of the resulting solution were pipetted on a carbon-coated G240-mesh Nylon grid (Agar Scientific)
and the grid was allowed to dry overnight. At the next day, the grid was placed on a drop of
Uranyless (seated on a piece of parafilm tape) for 1 min. Excess solvent was removed with a filter
paper and the grid was dried for 10 min. The grid was then again placed on a fresh drop of Uranyless
and after 1 min the excess was drawn off with a filter paper. After drying for 3 h, the grid was

analyzed with the electron microscope.

Determination of encapsulated drug amount

Aliquots of 50 uL of the liposome probes were dried under reduced pressure by rotary evaporation
and then in vacuo for 10 min. The resulting film was dissolved in methanol and sonicated in an
ultrasonic bath for 2 min. The amount of encapsulated drug was determined by UV-Vis
spectroscopy on an Agilent 8453 UV-Vis spectrophotometer (Agilent Technologies, Germany) using
10 mm path length quartz cuvettes. To examine the concentration of the samples a calibration

curve of the drug was measured.

Drug release studies

For examination of the drug release, the dialysis bag diffusion technique was used. Freshly prepared
L-Cu-Tria was filled into a dialysis membrane (average flat width of 10 mm and molecular weight
cut off of 14 kDa; Sigma Aldrich, Austria). The membrane was sealed and immersed into 25 mL PBS
(pH = 7.4) at 37 + 1 °C with continuous stirring at 200 rpm. To examine the amount of drug that
diffused through the dialysis membrane, 1 mL-samples were withdrawn from the solution at fixed
time intervals (0 min, 1 h, 3 h, 6 h, 24 h and 48 h) and replaced by 1 mL of fresh PBS. The drug
concentration was measured by UV-Vis spectroscopy on an Agilent 8453 UV-Vis spectrophotometer
(Agilent Technologies, Germany). As a positive control, a stock solution of the free drug Cu-Tria in

water was diluted with PBS to the concentration of the drug in the liposomes. This solution was
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also placed into the dialysis bag and the drug content in the outer compartment was determined

as described above. All experiments were performed in duplicates.
Biological investigations
Cell culture

The following human cell lines were used: the colon carcinoma cell lines SW480 and HCT-116 (both
obtained from American Type Culture Collection, Manassas, VA). SW480 cells were cultured in
minimal essential medium and HCT-116 cell lines in McCoy's 5a medium supplemented with 2 mM
glutamine (from Sigma-Aldrich, MO, US) containing 10% fetal bovine serum and kept at 37°Cand 5
% CO..

Cellular copper levels

Cells were seeded (3x10°/well) in 1 mL in 6-well plates and left to recover for 24 h at 37 °Cand 5 %
CO,. The liposome-free compounds were dissolved in PBS (1 mM) and then further diluted in
growth medium. Drug dilutions were added in 1 mL/well for 3 h in triplicates. Then, cells were
washed twice with PBS, left to dry overnight and lysed with 500 pl/well HNOs. After one-hour
incubation, 400 pl of each well were removed and diluted with 7.6 mL H,O for copper measurement

with ICP-MS (see below).
Viability assay

Cells were seeded (2x10* cells/well) in 100 pl/well in 96-well plates and allowed to attach for 24 h
at 37 °C and 5 % CO.. The liposome-free compounds were diluted in PBS (1 mM) and then further
diluted in growth medium. Drug dilutions were added in 100 pl/well, with the final concentrations
depending on the compound and the cell line. After drug treatment, cells were incubated for 48 h
or 72 h at 37°C and 5 % CO,. The proportion of viable cells was determined by 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyltetrazolium assay (MTT) following the manufacturer’s
recommendations (EZ4U, Biomedica, Vienna, Austria). Anticancer activity was expressed as ICso
values (drug concentrations inducing 50% reduction of cell survival in comparison to the control)

calculated from full dose-response curves using GraphPad Prism software.
Clonogenic assay

For long-term drug exposure, 200 cells/well were seeded in 24-well plates and allowed to recover
for 24 h. Then, the cells were exposed to the compounds for 10 days. The cells were fixed with
methanol (-20°C, 20 min) and after washing with PBS stained with crystal violet (1 h, 100ug/ml,

Sigma-Aldrich, Austria). The washed and dried plates were then measured for fluorescence (with
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633 nm excitation and 610/30 nm BP emission filter) with the imager Typhoon Trio (GE Healthcare
Life Sciences). The sum of fluorescence intensities per well (integrated density) was measured with

Imagel and, after background subtraction, normalized to untreated cells.
Immunofluorescence

Cells (8x10%*/mL) were seeded in 50 uL on 10-well PTFE printed spot slides (Science Services,
Austria). After 24 h recovery, cells were treated with indicated drug concentrations and fixed with
4% paraformaldehyde for 10 min at room temperature and (after washing with PBS) blocked and
permeabilized with a solution containing 5% bovine serum albumin (BSA), 0.3% Triton-X-100 in PBS
for 1 h. The primary antibody pH2A.X (#2577, Cell Signaling Technology, Austria) was added 1:200
in a solution contacting 1% BSA and 0.3% Triton-X-100 in PBS overnight at 4°C. After washing with
PBS, the cells were incubated with anti-rabbit secondary antibody conjugated to AlexaFluor488 (#A-
11008, Thermo Fisher, 1:500 in 1% BSA and 0.3% Triton-X-100 in PBS) for 1 h. The cells were again
washed and counterstained with 4',6-diamidine-2'-phenylindole dihydrochloride (DAPI; 1 pg/mL) in
PBS for 10 min. The dyes were removed, and the cells mounted in Vectashield mounting medium
(Vector Laboratories, CA, USA) with a coverslip. Images were taken with a Zeiss LSM 700 Olympus
(Carl Zeiss AG, Oberkochen, Germany) confocal microscope and pH2A X fluorescence intensities per

nucleus were measured using Imagel.
Protein isolation and Western blot

Cells were seeded 2x10°/well or 2x10%/well in 6-well plates. After 24 h recovery, cells were treated
for 24 h or 7 days, respectively, with the indicated concentrations of the compounds. Cells were
scratched into the medium and after washing with PBS, lysed in lysis buffer (50 mM Tris, 300 mM
NaCl, 0.5% Triton-X-100) containing a phosphorylation inhibitor cocktail (Complete and Phospho-
Stop, Roche, Austria) for 45 min on ice. After 5 min ultrasound bath, lysates were centrifuged for
15 min at 14 000 rpm at 4°C. Protein concentration of supernatant was quantified using Micro BCA
Protein Assay (Pierce, Thermo Fisher, Austria). 15 ug of proteins were separated by SDS-PAGE (10
% gels), and transferred onto a polyvinylidene difluoride membrane for Western blotting as
described previously.>® The following primary antibodies were used: anti-pH2AX monoclonal rabbit
(Cell Signaling, #2577) and anti-B-actin monoclonal mouse (Sigma Aldrich, #A5441). Secondary,
horseradish peroxidase-labeled antibodies were anti-rabbit monoclonal mouse (sc-2357, Santa
Cruz Biotechnology, Austria) and anti-mouse polyclonal goat (Merck, #A0168) were used in working

dilutions of 1:10 000.
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Animals

Eight-to twelve-week-old BALB/c mice were purchased from Janvier (France). The animals were
kept in a pathogen-free environment and every procedure was done in a laminar airflow cabinet.
Experiments were done according to the regulations of the Ethics Committee for the Care and Use
of Laboratory Animals at the Medical University Vienna (proposal number BMWF-66.009/0157-
V/3b/2019), the U.S. Public Health Service Policy on Human Care and Use of Laboratory Animals as
well as the United Kingdom Coordinating Committee on Cancer Prevention Research's Guidelines
for the Welfare of Animals in Experimental Neoplasia. To ensure animal welfare throughout the
experiment, the body weight of the mice was assessed once a day. At weight loss exceeding 10 %

(in less than two days), animals were sacrificed by cervical dislocation.
Pharmacokinetic experiments

In order to reduce the number of used animals (following the “3R” guidelines), rotation design was
used for this experiments. In more detail, as a first step, blood was sampled from six untreated
female BALB/c mice via the facial vein. Seven days later, the animals received their first i.v.
treatment (three animals per group) with either 1.75 mg/kg Cu-Tria (in 5 % glucose in physiological
saline) or L-Cu-Tria (in PBS, 100 ul/ 20 g mouse). In each treatment group, blood was again drawn
via facial vein after 3, 24 or 48 h from one mouse per group. After a wash-out/recovery period of
seven days, the process was repeated different collection time points for each mouse. This was
then performed a third time. Thus, of each mouse 3, 24 and 48 h time point was collected in total.
After blood coagulation, serum was separated from the blood pellet by two centrifugation steps (3

000 g, 10 min) and stored at —20°C for ICP-MS analysis.
ICP-MS measurements

The copper levels in cell lysates and serum were determined by ICP-MS. The cell lysates were
prepared as described above (see Materials and Methods: Cellular copper levels). Preparation of

the serum samples was performed via digestion, parameters are stated below (Table2):

Table 2: Experimental parameters of sample preparation for the ICP-MS measurements

Sample Preparation

Type Open vessel graphite digestion
Solution 2 mL HNO; (20%) + 0.1 mL H,0,
(30%)
Vial material PFA
Vial size 25 mL
Weighing approx. 10-30 mg
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For measurements the ICP-MS Agilent 7800® (Agilent Technologies, Tokyo, Japan) was equipped
with an Agilent SPS 4 autosampler (Agilent Technologies, Tokyo, Japan) and a MicroMist nebulizer
at a sample uptake rate of approx. 0.2 mL/min. The Agilent MassHunter® software package
(Workstation Software, version C.01.04, Build 544.17, Patch 3, 2018) was used for data processing.
The experimental parameters for ICP-MS are summarized in the Table 3 below. The instrument was
tuned on a daily basis to achieve maximum sensitivity. The instrumental LOQ (LOQ = blank average

+ 10*stdev) was calculated by measuring a clean blank 5 times. All Cu-values were blank corrected.

Table 3: Experimental parameters of the ICP-MS measurements

ICP-MS Agilent 7800

RF power [W] 1550
Cone material Nickel
Carrier gas [L/min] 1.07
Plasma gas [L/min] 15
Monitored isotopes 1131, 83Cu, %Cu
Mode no gas, 0
Integration time [s] 0.1
Number of replicates 10
Number of sweeps 100

Investigation of methemoglobin formation

Fresh solutions of HbO, were prepared by dissolving human hemoglobin (20 mg) in 1 mL of PBS and
reducing the metalloprotein by incubation with an excess of sodium dithionite (~¥4 mg) for 1.5 h
at room temperature. Afterwards, the resulting solution was purified by gel filtration (Sephadex G-
25 and PBS as eluent). The final concentration of HbO, was determined by UV-Vis spectroscopy
from the extinction coefficient of the protein at 542 nm.*” Stock solutions of Cu-Tria (5 mM) and
Fe(NOs)s; (50 mM) were prepared in MeOH. L-Cu-Tria and Cu-Tria were then incubated with
Fe(NOs)s in a 2 : 1 molar ratio for 10 min at room temperature and diluted with PBS. For the kinetic
studies, the incubated solutions (final concentration of compounds: 50 uM) and HbO; (final
concentration: 5 uM total heme) in PBS were measured over a period of 22 min using a Perkin Elmer
UV-Vis spectrometer Lambda 35 over 15 cycles (300-650 nm; scan-speed 480 nm/min). As negative
control, all compounds were additionally measured without prior incubation with Fe(NOs); (final
concentration of compounds: 50 UM and HbO;: 5 UM total heme) and no changes in the UV-Vis
spectra could be observed (data not shown). For quantification the concentrations of HbO, and
metHb were determined at 577 nm and 630 nm after subtraction of the controls (HbO, or the

compound alone at 630 nm) from the extinction coefficient.
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Figure S1: Pictures of (A) unloaded liposomes, (B) L-Cu-Tria and (C) L-Cu-COTI.
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Figure S2: Size distribution of L-Cu-COTI (by intensity) measured by dynamic light scattering (each
line represent measurements in triplicate).
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Figure S3: Size distribution of L-Cu-Tria (by intensity) measured by dynamic light scattering (each
line represent measurements in triplicate). A) Directly after the second size exclusion
chromatography B) after reducing the solution by approximately half of its volume.

Figure S4: Transmission electron microscopy image of L-Cu-Tria; samples were prepared by
negative staining with Uranyless.
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Figure S5: Quantification of immunofluorescence intensities in the nucleus of the DNA damage
marker pH2AX in SW480 and HCT-116 cells treated with indicated concentrations of CuSQ4, empty
liposomes (equivalent concentration to loaded liposomes) or Triapine for 24 h. Values given are the
mean fold intensities + SD per nucleus. Significance to control was calculated by two-way ANOVA
and Dunnett’s multiple comparison test (**** p < 0.0001).
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8 CONCLUSION

Cancer is still one of the leading causes of death worldwide, in spite of all scientific development
and various available therapy options. The greatest restriction of anticancer therapeutics are
treatment-induced adverse effects, which are caused by a lack of tumor specificity and frequently
lead to dose-reductions or therapy discontinuation. In addition, the occurrence of resistances,
sometimes only after a short period of time, represents another major issue. Thus, the aim of this
thesis was to develop prodrug and passive drug targeting systems for two different compound

classes of anticancer drugs in order to overcome their respective drawbacks.

The first part of this thesis focused on small molecule TKls, a subclass of targeted therapeutics,
which dramatically improved cancer treatment over the last two decades. However, despite their
oncogenic targets, in the clinics TKls suffer from severe side effects and rapidly arising resistances.
One promising strategy to address these issues is the administration of TKls in form of prodrugs,
which are specifically activated at the target site. In this thesis cobalt(lll) complexes were used a
hypoxia-activatable prodrug systems. Previously we developed for the first time a cobalt(lll)
prodrug with a small molecule TKI (EGFR inhibitor) as ligand. Despite encouraging in vitro and first
in vivo experiments, the lead compound (Co-EGFR) was not as stable as expected in blood plasma.
Consequently, the aim of the first project was to increase the stability of the original complex by
reducing its redox potential. To this end, methyl groups as electron donators were inserted at
different positions (ligand and/or ancillary moiety). Cyclic voltammetry studies showed that by
using methyl acetylacetone (Meacac) instead of acetylacetone (acac) as auxiliary groups the
reduction potential could be successfully lowered. In contrast, the methylation of the ligand did
not result in the expected effect. Notably, the fluorescence property of the coordinated ligands is
almost completely quenched, which is useful for the distinction between free ligand and complex.
Thus, a strong correlation between the decreased reduction potential and increased stability
could be confirmed by physico-chemical and biological fluorescence measurements. In vitro tests
revealed that the most stable complexes could be still activated under hypoxic conditions.
Nevertheless, their ICso values did not reach those of the free ligands, suggesting a slow activation.
For the second project another strategy was applied to increase the stability of TKl-bearing
cobalt(Ill) prodrugs. We assumed that the high reduction potential of the previously synthesized
complex Co-EGFR was caused by the direct bonding of the metal-chelating moiety to the aromatic
ring system. Therefore, ponatinib, a clinically approved mulitkinase inhibitor, was chosen as ligand
motif as its molecular structure 1) allows the introduction of the necessary ethylenediamine group
(instead of the original piperazine moiety) and more importantly 2) has a —CH, spacer unit

between the aromatic ring system and piperazine moiety. This spacer unit was assumed to
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weaken the electron withdrawing effect of the aromatic rings. Molecular docking studies revealed
a similar binding mode of ponatinib and the novel ligand as well as the prodrug potential of the
cobalt(lll) complexes (again with acac or Meacac as ancillary ligands). Cyclic voltammetry
measurements showed that the —CH, group indeed fulfilled its purpose as distinctly reduced
reduction potentials were achieved compared to Co-EGFR. Cell tests confirmed the higher stability
and activation by hypoxia for the novel cobalt(lll) complexes. Notably, in vivo experiments
revealed that the complex with the lowest reduction potential (Meacac ligands) was less effective

than the analogue with acac as auxiliary ligands.

In summary, in both subprojects the reduction potential of the respective complexes could be
successfully lowered, while maintaining their hypoxia activatable properties in a biological
environment. However, the in vitro as well as in vivo results indicate that the complexes with the
lowest reduction potential became too stable to be completely activated (at least under the
applied conditions). Consequently, future research should focus on finding the right balance of
adequate stability and activity (e.g. by synthesizing and investigating a larger panel of different
complexes) as they are the crucial factors for this kind of approach. Additionally, all compounds
showed an irreversible redox behavior, which is not in line the suggested mode of action for
organic hypoxia-activated prodrug systems (immediate re-oxidization of the prodrug by molecular
oxygen after the one-electron reduction step). Therefore, of great interest is the elucidation of

the exact activation mechanism for hypoxia-activatable cobalt(lll) prodrugs.

The second part of this thesis addressed the compound class of TSCs. While Triapine, one of their
leading representatives, achieved encouraging outcomes in several clinical trials against
hematological cancers, hardly any efficacy against solid tumors could be observed. This very likely
results from a fast metabolization and short retention time of Triapine in the body. To distinctly
improve the anticancer potential of TSCs, the plasma half-life needs to be significantly extended
and the tumor specificity enhanced. A promising strategy to meet these requirements is the
passive drug targeting approach. With this concept, the respective compound is encapsulated into
nanoparticles, which then accumulate at the target site via the enhanced permeability and
retention (EPR) effect. Additionally, an improved solubility (especially useful for highly lipophilic
compounds) can be achieved. Notably, this method is already an approved cancer therapy in the
form of e.g. liposomal doxorubicin (Doxil®) or vincristine (Marqibo®). However, in a previous work
we revealed that this strategy could not be applied to Triapine as no stable encapsulation into
nanoformulations could be obtained. Thus, within the third project of this thesis, liposomal
formulations of copper(ll) Triapine (Cu-Tria) were prepared as this complex behaves like a

prodrug, releasing Triapine after being reduced. Furthermore, we included a clinically investigated
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third-generation TSC, namely COTI-2, as well as its copper(ll) complex into our studies. Depending
on the chemical nature of the respective drug, different encapsulation techniques were used. A
strongly decreased cytotoxicity and DNA damaging for liposomal Cu-Tria compared to the free Cu-
Tria was observed in vitro, indicating a stable encapsulation. In addition, a slow continuous release
of Cu-Triapine could be confirmed, an essential feature for the therapeutic effectiveness of
nanoformulations. Unfortunately, neither COTI-2 nor its copper(ll) complex could be stably
encapsulated. Consequently, only liposomal Cu-Tria was investigated in vivo, where a slow and
constant release could be confirmed by monitoring the copper levels in plasma via ICP-MS.
Additionally, methemoglobinemia, a frequently noticed adverse event of Triapine during clinical
studies, was completely prevented by the liposomal formulation. Therefore, the encapsulation
into nanoparticles is a promising strategy to enhance the plasma half-life time of Cu-Tria and
presents an encouraging basis for further research. Subsequent animal tests will reveal the
anticancer potential of liposomal Cu-Tria compared to the free drug. The obtained results of Cu-
Tria compared to Cu-COTI impressively show how crucial the exact chemical structure is for this
approach. Quite small differences can dramatically influence the encapsulation efficacy and the
release kinetics. Furthermore, it is worth mentioning that an encapsulation limit has been reached
for the micromolar active Cu-Tria. Thus, future studies should focus on TSCs, which are active
within the nanomolar range. Achieving then loading concentrations comparable to Cu-Tria should

ultimately lead to a higher anticancer activity.

Taken together, in this thesis prodrug as well as passive targeting strategies have been applied to
two different classes of antineoplastic agents (namely TKls and TSCs) with the aim to improve
their therapeutic index. Each approach could be successfully correlated with biologically
experiments and showed potential for future investigations. Concluding, the outcome of this work

will hopefully help to increase the tolerability and scope of the studied anticancer drugs.
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