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1. Introduction

1. Introduction

1.1 Cancer

In the last century, the average life expectancy was rapidly increasing and even between
2000 and 2016, the median lifespan was enhanced by 5.5 years. Negatively associated
with the higher life expectancy is the growing incidence of noncommunicable diseases
(NCDs) which are responsible for 71% of all deaths globally . Next to cardiovascular
diseases, cancer is the second leading cause of death worldwide, whereby 18.1 million
new cases and 9.6 million deaths were estimated to account in 2018 [2I. The rising burdens
of cancer in the developing world are not only caused by population growth and ageing,
but also environmental factors and lifestyle, reproductive and hormonal factors, as well
as infections play an important role >-%. The most common types of cancer in men are
lung, prostate, colorectal, stomach and liver cancer, while in women breast, colorectal,
lung, cervix and thyroid cancer occur most frequently . Cancer in general can arise in
any part of the body and thus, comprise a large group of diseases. All kinds of cancer are
defined by a rapid and abnormal cell growth with the potential to invade surrounding

(271 According to Hanahan and Weinberg, eight

tissue and to spread to other organs
hallmarks of cancer and two ‘enabling characteristics’ have been identified which
facilitate tumor growth and metastatic dissemination (Figure 1) . The acquisition of

these distinctive and complementary biological capabilities is required for the malignant

( )

{_Emerging Hallmarksj

Evading
growth

Sustaining
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Figure 1. The ten hallmarks of cancer adapted from Hanahan and Weinberg 8], comprising six biological
capabilities, two emerging hallmarks of potential generality and two characteristics which enable cancer.
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1. Introduction

transformation of normal cells. The two enabling characteristics which have been
described facilitate these acquisitions during the multistep development of human tumors.
One is genome instability which is responsible for random mutations, such as

chromosomal rearrangement 121

the other characteristic is tumor-promoting
inflammation which is driven by the immune system and involves the inflammatory state
of premalignant or malignant lesion 1318, Moreover, it is assumed that each core
hallmark is regulated by a number of parallel signaling pathways which elucidate the
complexities of neoplastic diseases and might be partially responsible for the ability of
tumors to survive with residual function permitting renewed tumor growth and clinical
relapse [*!°. Drugs that interfere with at least one of the hallmark capabilities are

considered as promising candidates for cancer therapy and numerous drug candidates

with different molecular targets and mode of actions are under research.

1.2 Cancer therapy

In order to treat and cure cancerous diseases, a variety of treatment options and therapies
have been investigated. Since the malignant transformation of cells is not reversible, the
removal and/or destruction of tumorous tissue represents the basis of cancer treatment.
Classical options include surgical resection, radiation therapy, chemotherapy and
hormone therapy 2°24. Already at the end of the 19" century, the first milestone in cancer
therapy was achieved by William S. Halsted, who pioneered surgical approaches for
cancer by establishing radical mastectomy to cure breast cancer and to reduce recurrence
(251 The removal of both, the tumor and the surrounding tissue, is still an important
treatment option for cancer and the most effective treatment of localized primary tumors
(261 Nowadays, a broader range of innovative therapies is available including targeted
therapy, immunotherapy, bone marrow transplantation and gene therapy 2638,
Considering that tumorous diseases possess a high diversity and differ strongly from each
other, depending on their tissue origin, cell types and genetic profile, individual specific

treatment regimes and combined therapies are often applied according to the kind of

tumor, the stage of cancer and specific genetic feature of the tumor %411,

1.2.1. Radiation therapy

The next milestone subsequent to cancer surgery was the successful use of radiation
therapy to treat cancer. Already five years after Marie Curie’s discovery of radium in
1898, it was used to treat two Russian patients with basal cell carcinoma of the skin,

resulting in an eradication of the disease in both patients “**1, while the first histological

2



1. Introduction

cure of a similar skin cancer from X-ray treatment was already documented in 1899 [4>44],

Since that moment, radiation therapy represents one of the main treatment options for
cancer. In general, there are two ways to apply radiation to the cancerous tissue. The most
common approach in clinics is the use of external beam radiotherapy (EBRT) which is
delivered from the outside of the body to the location of the tumor by using high energy
rays, like photon or proton beams ?**#71 Another treatment option is internal radiation
or brachytherapy which is delivered from inside the body by radioactive sources.
Brachytherapy has been already used since the early 20" century and although its
application became less common with the advanced progress in EBRT, this treatment
modality has benefited from technological advances and is particularly used to treat
prostate and cervical cancer due to its exceptional effectiveness [*3*]. In the last decades,
radiation therapy techniques improved significantly which was mainly caused by
advances in imaging techniques, computerized treatment planning systems and the
improved understanding of radiobiology and radiation therapy 2?3021 According to
the rapid progress in this field, a variety of radiation therapy techniques are available
nowadays, such as linear accelerators, 3-dimensional conformal radiotherapy, proton
therapy, image guided radiation therapy, stereotactic body radiation therapy, and intensity
modulated radiation therapy **3]. Due to its high efficiency and the immense technical
advances, nearly half of all cancer patients receive radiation therapy, whereby it is often
used in combination with other treatment strategies, such as surgery, immunotherapy and

chemotherapy 12654381,

1.2.2. Chemotherapy
The term chemotherapy was coined and initiated in the beginning of the last century by a
German chemist named Paul Ehrlich who is often considered as ‘the founder of

> [2159-611 ' Hijg idea was the use of chemical substances or substances

chemotherapy
endowed with chemical groups which provide a pharmacologic or toxicologic effect at a
distinct part of the body to treat a certain disease %%, Another important achievement
of his work was his theory of a ‘magic bullet’, a drug which specifically attacks a
particular pathogen without harming healthy/host cells. Initially, he attempted this
concept on infectious diseases and his first magic bullet (Salvarsan) provided the first
effective treatment for syphilis until penicillin was discovered %264, In general, Paul
Ehrlich presumed that his idea of a ‘magic bullet’ can be also applied to other kinds of

pathogens also to cancer and his accomplishments provide the fundament of a new era of

anticancer therapies.



1. Introduction

A selection of historical and commonly used chemotherapeutics is shown in Figure 2.
The first remission of a cancerous disease by administration of a synthetic compound was
reported by Sidney Faber in 1948, who treated children with acute leukemia by
intramuscular injection of the folic acid antagonist aminopteroylglutamic acid
(aminopteine) [*°]. This achievement was facilitated by the observation that the injection
of folic acid conjugates lead to an ‘acceleration phenomenon’ in the leukemic process and
the following conclusion that antimetabolic drugs with structural similarity might cause
blocking of the processes [#>%%. Another folic acid analogue which was also developed
for the treatment of acute leukemia is methotrexate (MTX, also amethopterin or 4-amino-
10-methyl-pteroylglutamic acid) [*”). Initially, MTX has been approved by the Food and
Drug Administration (FDA) for the treatment of served, recalcitrant, disabling psoriasis
in 1972 %8 Later on, an additional approval was granted for its use in malignant
neoplastic diseases, such as acute lymphoblastic leukemia, non-Hodgkin lymphoma,
gestational choriocarcinoma, but also head and neck, breast and lung cancers %370,

In 1949, the FDA approved nitrogen mustard (mustine, chlormethine, mechlorethamine)
as the first chemotherapeutical drug. Nitrogen mustard, which was originally developed
as a weapon gas, was used for the treatment of non-Hodgkin lymphoma "7, The
cytotoxic effect is based on its ability to modify DNA by guanine alkylation, which led
to the development of several related alkylating compounds, such as chlorambucil and
cisplatin [7>-731,

Apart from alkylating agents, different strategies have been investigated causing
inhibition of DNA replication. One approach is the application of DNA unit analogs. The
first candidate of the new class of tumor inhibiting compounds, 5-fluorouracil (5-FU) has
been described already four years after the discovery of the double-helical structure of
DNA by James Watson and Francis Crick in 1953 7¢77], This pyrimidine antimetabolite
possesses different modes of action including the disruption of RNA processing and
functions by incorporation into RNA and DNA and the depletion of thymidine
triphosphate (TTP) by inhibition of the thymidylate synthase "*!. 5-FU is widely used for
the treatment of cancer, particularly for colorectal cancer, where it is often used in
combination with other anticancer drugs, like MTX or cisplatin [”®!. Another efficient
DNA unit surrogate is gemcitabine, a cytidine analog which is used for the treatment of
various carcinomas, and it is the standard chemotherapy for patients with advanced
pancreatic cancer 89321,

Furthermore, another group of chemotherapeutics has been discovered that affect DNA
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Figure 2. Selection of historical and common chemotherapeutics.

replication, called anthracyclines. The first discovered anthracycline was daunorubicin
(Dau) in the early 1960, followed by its 14-hydroxyl derivative doxorubicin (Dox,
Andramycin®). Both drugs were isolated from Streptomyces peucetius and exhibit a
strong antitumor activity by inhibiting protein biosynthesis and DNA replication via
intercalation between DNA bases (G and C) [¥¥. Dox and Dau were granted FDA approval
in the 1970", whereby Dox is commonly applied in a broad range of malignancies,
including leukemia, lymphomas and breast cancer, while Dau is mainly used to treat acute
myelogenous leukemia and acute lymphocytic leukemia 4. Due to the great success of
Dox and Dau for chemotherapy, a huge variety of anthracycline analogs have been

produced, while only epirubicin and idarubicin gained clinical relevance [¥483,
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In the beginning of the 1990s, a new family of highly efficient anticancer substances,
called taxanes, gained importance in clinical cancer treatment 3¢, The first discovered
member of this group was paclitaxel (PTX, Taxol®) which is a naturally derived
substance, isolated from the bark of the western yew tree (Taxus brevifolia) 8*%¢1. PTX is
a widely used treatment option for malignant diseases, like head and neck, ovarian, breast
and lung cancers [#%), Moreover, it is also often used in combination with other anticancer
dugs, for instance together with gemcitabine as first-line therapy of pancreatic

adenocarcinomas [B187-901 A

semi-synthetic analog of PTX is docetaxel (DTX,
Taxotere®) which is used, like PTX, for the treatment of various cancer diseases,
including advanced breast cancer, non-small cell lung, prostate, gastric and head and neck
cancers ¥, The activity of PTX and DTX is based on their high tubulin binding affinity
which promotes the formation of excessively stable microtubules and inhibits their

disassembly [,

The second generation taxane, cabazitaxel possesses a similar
mechanism of action, but in contrast to PTX and DTX, it is more effective in multidrug-
resistant tumor cells and provides the ability to penetrate the blood—brain barrier in vivo

92931 Due to the promising results of clinical phase III on advanced prostate cancer, it

has been approved in 2010 for the treatment of hormone-refractory prostate cancer 293/,
In the last decades, chemotherapy has been developed continuously, and although there
are many novel treatment options, it still plays a key role. Today, single-agent therapy
occurs very rarely, because of the heterogeneity of cell chemosensitivity within a single

cancer. To overcome this problem, various anticancer drugs are commonly used in

combination.

1.2.3. Hormone therapy

Considering that the growth of some types of malignancies strongly depend on the
presence of certain hormones, hormonal cancer therapy offers another effective option to
treat cancer. Commonly, hormone therapy is applied to tumors of the reproductive
system, like breast, ovarian and prostate cancer. The impact of hormones on cancerous
diseases has been already demonstrated in the end of the 19™ century, when
oophorectomy was performed to treat breast cancer in women °Y. Nowadays, the
application of drugs which prevent the production of certain hormones or inhibit their
action are much more common. In breast cancer therapy, aromatase inhibitors (Als) and
selective estrogen receptor modulators (SERM), like tamoxifen are frequently used
(Figure 3) ?7?°!. Tamoxifen possesses a dual agonist-antagonist activity and acts by

binding to estrogen receptors (ER) which prevent the binding of coactivators by
6



1. Introduction

SERM e { Aromatase inhibitors } ~\
O O~ N

dohe © o’

N
- 2 N,
O N g_//
Tamoxifen Anastrozole Letrozole Exemestane
\ J . J

Figure 3. Selection of selective estrogen receptor modulators (SERM) and aromatase inhibitors (Als) for
hormone therapy of breast cancer.

conformational change of the receptor. This leads to an impediment of estrogen mediated

transcriptional activity 31,

Another treatment option for post-menopausal and
non-pregnant women, is the application of Als, which lead to a subsequent decrease of
estradiol levels by preventing the peripheral conversion of androgens to estrogens. New
generation Als, such as anastrozole, letrozole and exemestane, have rapidly become first
line therapy, since they are more efficient than tamoxifen, and their lack of agonistic

activity leads to a reduced risk for thrombotic or endometrial cancer %271,

1.2.3.1. Gonadotropin-releasing hormone (GnRH) analogs

Another sufficient hormonal treatment alternative, in particular for breast and prostate
cancer, is the administration of gonadotropin-releasing hormone (GnRH) analogs that
cause a central endocrine ablation. The natural GnRH, also known as GnRH-I or
luteinizing hormone releasing hormone (LH-RH), regulates the production of sex steroids
by inducing a hormonal cascade, and was discovered by Andrew V. Schally and
coworkers in 1971 P61, This hormonal decapeptide (Glp-His-Trp-Ser-Tyr-Gly-Leu-Arg-
Pro-Gly-NH,, where Glp is pyroglutamic acid) is synthesized in specialized neurons of
the hypothalamus and released in the hypophysial portal bloodstream by pulsatile
secretion 7). Hence, it reaches the anterior pituitary, where it binds to special G-protein-
coupled seven-transmembrane receptors (GPCRs) called gonadotropin-releasing
hormone-receptors (GnRH-R). This stimulates the production of luteinizing hormone
(LH) and follicle stimulating hormone (FSH). The release of these gonadotropins triggers
gametogenesis, as well as the secretion of androgens and estrogens. In case of GnRH-
based cancer therapy, this hormonal signaling pathway is disrupted, whereby two
different strategies can be applied. Initially, it has been demonstrated that the continuous
exposure and high doses of human GnRH-I or its agonists result in the suppression of
gonadotropin and sex-steroid secretion by desensitization of gonadotropic cells and the

downregulation of pituitary GnRH receptors. Considering that the in vivo half-life of
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GnRH-I is very short and varies between 2-5 minutes, synthetic GnRH agonists have been
developed which possess a higher stability in the circulation °*]. Studies on the primary
amino acid sequence of naturally occurring GnRHs revealed that the residues 5 till 8 are
quite variable, while the C-and the N-terminal regions of GnRH are highly conserved in

1001 Moreover, it could be shown that the active conformation of mammalian

vertebrates [
GnRH exhibits a B-turn structure, whereby the N- and C-termini face each other. This
illustrates that the N-and C-terminal residues are crucial for the receptor binding and
activity, while changes of the B-turn forming amino acids 5 to 8 are mostly well tolerated
(100.101] ' Taking this into account, as well as the fact that glycine in position 6 is highly
prone to degradation during circulation, °Gly was often exchanged by D-amino acids,
providing highly potent GnRH-agonists, like triptorelin [*D-Trp] and nafarelin [*D-(2-
naphtyl)alanine (Nal)] [!°2!9] The modification in position six was often combined with
the C-terminal variations Pro-ethylamide (Pro-NHEt or Pro-EA) and Pro-Azgly-NH.,,
yielding further superagonists, such as leuprolide [®D-Leu, °Pro-EA], buserelin [°D-
Ser(tBu), *Pro-EA] and goserelin [°D-Ser(tBu), *Pro-'’Azagyl-NH,] [1%41%61 It could be
shown that the increased activity of the compounds is caused by an enhanced durability
in the bloodstream, as well as an improved B-turn conformation of the ®D-amino acid

1001 'GnRH agonists, like buserelin, goserelin, leuprolide and

substituted compounds |
triptorelin, are often used to treat hormonal prostate or breast cancer, and are commonly
administered intramuscular, subcutaneous or by subcutaneous depots which release the
drug over a certain period %1, Although this kind of therapy can cause several side
effects, like initial tumor flares, hot flashes, erectile dysfunction, gynecomastia and
chemical castration, the treatment with GnRH analogs is often the first choice for the
pharmacological treatment for advanced, metastatic prostate cancer due to its good
tolerance and the reversibility of sex steroid suppression 2881, Furthermore, GnRH
agonists are not only used for cancer therapy, but also for the treatment of other hormonal
diseases, like endometriosis and precocious puberty or for in vitro fertilization *”. The
most commonly used GnRH-agonists and their therapeutic applications are summarized
in Table 1 3],

Another strategy to interrupt the hormonal cascade of sex steroid release, is the
administration of GnRH antagonists, which cause a reversible blockage of the pituitary
receptor without gonadotropin release. These synthetic GnRH derivatives bind to the
receptor with high affinity and avoid in that way, the activation of the receptor by the

native peptide hormone. One of the main advantages of GnRH antagonist therapy over

8
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Table 1: Summary of approved GnRH-agonist and their therapeutic application in human

[102,103]

GnRH-analogs

Sequence and therapeutic application

Buserelin acetate
Superfact®, Cinnafact®

Goserelin acetate
Zoladex®

Histrelin acetate

Glp-His-Trp-Ser-Tyr-D-Ser(tBu)-Leu-Arg-Pro-EA

Treatment of hormone dependent prostate cancer
Glp-His-Trp-Ser-Tyr-D-Ser(tBu)-Leu-Arg-Pro-Azagly-NH:
Treatment of hormone dependent prostate and breast cancer,
endometriosis, uterine fibroids, central precocious puberty and
in in vitro fertilization

Glp-His-Trp-Ser-Tyr-D-His(N™-Bzl)-Leu-Arg-Pro-EA

,‘E Vantas®, Suprelin LA®, Treatment of hormone dependent prostate cancer, treatment of
§n central precocious puberty in children
i Leuprolide acetate Glp-His-Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-EA
E (Leuprorelin) Treatment of hormone dependent prostate and breast cancer,
5 Lupron®, Eligard® endometriosis, uterine fibroids, central precocious puberty
Nafarelin acetate Glp-His-Trp-Ser-Tyr-D-Nal-Leu-Arg-Pro-Gly-NHz
Synarel® Treatment of endometriosis, uterine fibroids, central precocious
puberty and in in vitro fertilization
Triptorelin acetate or  Glp-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Pro-Gly-NHz
pamoate Treatment of hormone dependent prostate and breast cancers,
Decapeptyl®. endometriosis, uterine fibroids, central precocious puberty and
Gonapeptyl Depot® in in vitro fertilization
Abarelix Ac-D-Nal-D-Cpa-D-Pal-Ser-N-MeTyr-D-Asn-Leu-Lys(iPr)-
Plenaxis®?* Pro-D-Ala-NH;
- Palliative treatment of advanced prostate cancer
E Cetrorelix acetate Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH:
§° Cetrotide® Used in in vitro fertilization
E Degarelix acetate Ac-D-Nal-D-Cpa-D-Pal-Ser-Aph(Hor)-D-Aph(Cba)-Leu-
E' Firmagon® Lys(iPr)-Pro-D-Ala-NH,
= Treatment of advanced hormone dependent prostate cancer
&)

Ganirelix acetate
Antagon®, Orgalutran®

Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-D-hArg(Et;)-Leu-hArg(Et,)-
Pro-D-Ala-NH:
Used in fertility treatment to prevent premature ovulation

Aph(Cba): 4-ureido-phenylalanyl, Aph(Hor): 4-[2,6-dioxohexahydropyrimidin-4(S)-ylcarboxamido]-L-phenylalanyl,
Azagly-NH,: hydrazine carboxamide, Cit: citrulline, Cpa: 4-chlorophenylalanine, EA: ethylamide, Glp: pyroglutamic
acid, hArg(Et2):N°-[bis(ethylamino)methylene]-lysine, iPr: isopropyl, Nal: 2-naphtylalanine, N-MeTyr: N-
methyltyrosine, N*-Bzl: benzyl protection on N*-imidazol of His, Pal: 3-pyridylalanine.

avoluntarily withdrawing the drug from the market in 2006

the treatment with GnRH agonist, is the prevention of an initial surge of LH and FSH,
which excludes the risk of flare effects and ensures a direct inhibition of gonadotropin
and sex steroid secretion %1% The therapeutic use of GnRH antagonists is similar to
that of GnRH agonists, whereby the main applications in clinics are in vitro fertilization

[109

and treatment of prostate cancer '%°). In general, four peptide-based GnRH antagonists

were granted FDA approval, including abarelix, cetrorelix, degarelix and ganirelix,

whereby abarelix was voluntarily withdrawn from the marked (Table 1) 31,
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Next to peptidic GnRH antagonists, a ‘second generation” of GnRH modulators has been
recently discovered, which are nonpeptide, small molecule GnRH antagonists [!93-110:111]
In comparison to peptide GnRH analogs that are commonly administrated parenterally,
this new class of GnRH antagonists possesses the potential for an oral administration,
simplifying the treatment and represents a more convenient way of drug application for
the patients. In 2018, the first non-peptidic and orally administrated GnRH antagonist
called elagolix (Orilissa®) has been approved for the treatment of moderate to severe
pain, associated with endometriosis in women (Figure 4) ['!2l. Besides, other highly
promising small molecule GnRH modulators are in clinical development, such as
relugolix (Relumina®) and linzagolix (Figure 4). Although non-peptide GnRH
modulators represent attractive alternatives, the administration of peptide-based GnRH
analogs remains the mainstay for the treatment of hormone dependent cancer.

In addition to the natural GnRH-R occurrence in pituitary, GnRH-R expression has been
also identified in various reproductive system related cancers, such as breast, prostate and
ovarian cancers, but also in non-reproductive cancers, like pancreatic and lung cancer [113-
1151 "1t could be shown that GnRH-agonists induce a dose- and time-dependent growth

[100,116-120] * Moreover, also

inhibitory effect on cancer cells by GnRH-R activation
classical GnRH antagonists act on tumor cells like GnRH-agonist and their binding to
locally expressed GnRH-Rs elicits a similar direct antitumor effect 2012, This effect
seems to be mediated by the interaction of GnRH receptors with G-protein a; which
occurs after ligand binding and induces activation of phosphotyrosine phosphatase-
dependent transducing mechanism preventing mitogenic signal transduction and reduces
the expression of growth factor receptors [%126-1281 In comparison, GnRH-R activation
at the pituitary level by GnRH agonists leads to an interaction with G-protein aq which
induces activation of phospholipase C pathway [8%*%117] This indicates that the signaling
mechanisms which are triggered by GnRH-R binding, differ in pituitary and in cancer
cells, though the extra-pituitary GnRH-Rs possess the same DNA nucleotide sequence
like pituitary GnRH-Rs, and also the expressed mRNA and receptor protein are of

]
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Figure 4. Chemical structure of three non-peptidic GnRH antagonists.
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98,129,130

identical size | 1. The exact cause for this phenomenon is not yet completely

understood, but one possible explanation provides the concept of ligand-induced selective

1251311321 "1t i5 assumed that

signaling which was proposed by Millar and coworkers [
different active receptor conformations are existing depending on the cell type which are
able to activate distinct signaling complexes and in that way, induce various cellular
effects. This assumption is further supported by the fact that natural isoforms of GnRH-I
are able to bind GnRH-Rs on cancer cells. Thus, GnRH-II (Figure 5), a second form of
GnRH which was initially identified in chicken brain, but occurs ubiquitous in vertebrates
including human, has been shown to reveal an improved cell growth inhibitory effect in
comparison to GnRH-I, while its ability to induce the gonadotropin secretion pathway is

125

less effective !?%). In contrast to GnRH-I, GnRH-II expression was verified significantly

outside of the brain, whereby it could be detected predominantly in the kidney, but also

(1331 Due to the widespread expression, multiple functions

in bone marrow and prostate
might be exerted by GnRH-II, but its exact role is not yet fully elucidated. A second
GnRH receptor type (GnRH-IIR) which might mediate the biological effect of GnRH-II
could be identified in few species including nonhuman primates, while it is not present in
several mammals including human, chimpanzee, cow, horse, rat and mouse [,
Although mRNA expression of GnRH-IIRs could be identified in human tumor cells, the
existence of the functional full-length protein could not be verified, which might be
mainly related to a frameshift in exon 1 and a premature stop codon in exon 2 U134 This
observation, but also other data, support the assumption that the biological activity of
GnRH-I, GnRH-II and their derivatives is mediated exclusively by type I GnRH-R
[125,132,135]

Another natural isoform of GnRH-I is the sea lamprey (Petromyzon marinus) analog
GnRH-III which was identified and characterized by Sower et al '3¢]. This weak GnRH
agonist binds to GnRH-Rs on cancer cells and induces like GnRH-I and II a direct
antitumor activity on several cancer cell lines, while its gonadotropin releasing activity is
strongly reduced in vitro and in vivo 37138 However, further studies pointed out that

GnRH-III can act as a GnRH agonist and stimulates LH and FSH release in a dose-

dependent manner, but GnRH-I induces gonadotropin secretion at a 1000-fold lower dose

GnRH-I Glp—His—Trp—Ser—-Tyr—Gly—-Leu—Arg—Pro—Gly — NH,
GnRH-II Glp—His—Trp—Ser—-His—Gly — Trp — Tyr—Pro-Gly — NH,
GnRH-III Glp—His—Trp—Ser—His—Asp—Trp—Lys —Pro—Gly — NH,

Figure 5. Primary amino acid sequence of different GnRH isoforms. Conserved N- and C-terminal residues
are highlighted in grey.
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(1391 Moreover, it has been shown that GnRH-III binds to the GnRH-R on human breast
cancer cells with higher affinity than GnRH-I. Furthermore, the results indicated specific
binding to two binding sites, a high and a low affinity binding site, which could be also
observed for GnRH-I agonists, like Triptorelin, but not for native GnRH-I [137:140],
Considering other studies, it is expected that there are two GnRH binding sites in cancer,
one with low affinity and high capacity and another one with high affinity and low
capacity %, This cancer specific low affinity-high capacity binding site seems to be
important for the direct anticancer activity of GnRH derivatives. To enhance the
anticancer potency of GnRH-III, a series of structure-related activity studies have been
conducted 13814171931 One general result is the conformational difference between GnRH-
I and GnRH-III. While GnRH-I exposes a well-defined U-shape conformation, GnRH-
I is characterized by an extended backbone structure [*>!4*]. Besides, the studies
revealed that amino acid substitutions in the peptide sequence can have a positive impact

14L142] "In conclusion, GnRH-III represents a

on the cancer growth inhibitory effect [
valuable candidate for affecting cancer cells selectively without causing an endocrine
effect which might lower the risk of chemical castration and other gonadotropin releasing

activity related side-effects.

1.2.3.2. Somatostatin analogs
Another group of therapeutic peptides which are used clinically for cancer therapy are
somatostatin analogs. Native somatostatin (SST) is an important regulatory-inhibitory

144

neuropeptide with autocrine, paracrine and endocrine activity ['*4. This cyclic peptide

hormone is secreted by neuroendocrine neurons of the hypothalamus and by paracrine
cells in different parts of the gastrointestinal tract, but mainly in the pancreas [!*-147],
Somatostatin is expressed as a 116 amino acid-containing precursor molecule called
preprosomatostatin, and the two biologically active forms which contain either 14 or 28
amino acids (SST-14 and SST-28), are produced by alternate proteolysis !“®). Both forms
are key regulators of several biological functions, including suppression of growth
hormone (GH), thyroid stimulating hormone and adrenocorticotropic hormone secretion,
inhibition of growth factor synthesis (e.g. insulin-like growth factor (IGF), epidermal
growth factor (EGF), vascular endothelial growth factor (VEGF)), and inhibition of
pancreatic and gastrointestinal hormone secretion (e.g. glucagon and insulin) ). The
exocrine and endocrine activity of SST is mediated by binding to a distinct family of

GPCRs consisting of five somatostatin receptors (SSTR1-5) 1], These receptors are not

only expressed in specific healthy tissues (brain, pancreatic islets, adrenal gland,
12
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gastrointestinal tract, liver, lung, and thyroid), but also in various tumor types including
neuroendocrine tumors, gastrointestinal and pancreatic cancer, breast cancer, prostate
cancer, lung cancer and hepatocellular carcinoma P>%71 It could be shown that
somatostatin and its derivatives possess an antitumoral activity which is exerted by direct
and indirect mechanisms. The direct antineoplastic action is based on antimitotic and
apoptotic effects [°?. Thus, cell cycle arrest is caused by the inhibition of cyclic adenosine
monophosphate (cAMP) activity, followed by downregulation of phosphorylation
through activation of phosphotyrosine phosphatase and inhibition of tyrosine kinase
leading to the suppression of mitogenic hormones and cytokines, while SST mediated
apoptosis is caused by intracellular acidification, endonuclease activation and p53
induced Bax upregulation ['4715% Additionally, an indirect antiproliferative effect of SST
is induced by suppression of growth factors (IGF and EGF), inhibition of tumor
angiogenesis (VEGF) and immune modulating activity (e.g. lymphocyte proliferation,
immunoglobulin synthesis) >147-1511 Similar to native GnRH, the clinical application of
native SST is limited by its very short plasma half-life (ti2 = 2-3 minutes) caused by
proteolytic degradation. In order to overcome this limitation, various D-amino acid-
containing, synthetic SST analogs have been developed which possess an improved
metabolic stability and increased SSTR affinity and/or selectivity. Nowadays, two FDA
approved SST analogs are commonly used in cancer therapy, namely octreotide (OCT,
Sandostatin®) and lanreotide (Somatuline®) (Figure 6). Both somatostatin analogs are

used for the treatment of acromegaly and symptoms caused by neuroendocrine tumors,

/ { Somatostatin and its analogs } \
D-Nal Cys Tyr '
Asn Phe |
Lys
Phe Lys
Thr-ol Cys Thr Thr-ol Cys Val
Ala Gly Cys
Trp Octreotide Lanreotide
SSTR2 (SSTR3 and SSTR5) SSTR2 (SSTR5)
Lys
Cys @ Cys Tyr ) Cys Tyr
Thr
Ser | | &
Thr Phe Lys
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Somatostatin (SST14)
SSTR1 - SSTR5 RC-121 TT-232
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Figure 6. Structure of native somatostatin (SST14), clinically used SST analogs octreotide and lanreotide
and the SST derivatives RC-121 and TT-232. The preference of the SST analogs to the somatostatin
receptors (SSTR) is mentioned according to their binding affinities. The given SSTRs are bound with high
affinities, while the SSTRs in parentheses represent moderate affinities. Diverse colors highlight structural
similarities and differences. Nal: 2-naphtylalanine 13
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whereby slow release formulations are available enabling a monthly injection interval
[99.147.152] * Although a decrease in tumor size occurs only rarely by somatostatin analogs,
their medication provides clinical benefits for the treatment of accompanying symptoms
of cancer, such as carcinoid syndrome. Lanreotide has been also approved by the FDA
for the treatment of patients with unresectable, well- or moderately-differentiated, locally
advanced or metastatic gastroentero-pancreatic neuroendocrine tumors (GEP-NETSs) to
improve progression-free survival ['32],

At this point, it might be worthy to state that another somatostatin derivative gained FDA
approval, called pasireotide (Signifor®) [!33], This ‘head-to-tail’ cyclic SST analog is used
for the treatment of Cushing’s disease, a rare endocrine disease, and exerts its activity by
binding to SSTR1-3 and SSTR5 ). However, since it is commonly not used for cancer
therapy, further details will not be mentioned here.

Besides OCT and lanreotide, a variety of potent somatostatin derivatives for cancer
therapy have been developed, including RC-121 and TT-232 (Figure 6). RC-121 which
was initially synthesized by Schally’s group, possesses a highly enhanced potency and a
longer duration of action for inhibition of GH release, and also the suppression of insulin
and glucagon release was improved, but here the potency was much lower compared to
GH release **. Moreover, RC-121 exhibits a significant in vitro and in vivo inhibitory
effect on cancer cells and binds to SSTR2 with high affinity and to SSTRS with moderate

1551561 ‘Next to cyclic octapeptides, the heptameric SST analog TT-232 which

affinity [
contains a five-residue ring and differs from RC-121 only by the deletion of *Val, has no
GH release inhibitory activity, but it exerts a strong tyrosine kinase inhibitory activity
inducing antiproliferative and apoptotic effects in vitro and in vivo [*"-1%1 Thus, TT-232
elicits a strong antineoplastic activity on a wide range of malignant tumors, like breast,
prostate and colon cancer. It has been proven that TT-232 induces its activity by

preferential binding to SSTR4, but also to SSTR1 and SSTRS 61,

1.2.4. Targeted tumor therapy
Although classical approaches for cancer treatment provide valuable advantages, each of

1621 Conventional surgery

these treatment options has its limitations and disadvantages [
offers an efficient treatment of localized tumors, but does not affect the formation and
progression of metastases. Moreover, the surgical removal of tumor tissue is accompanied
by damages to heathy tissue and/or the removal of organs or parts of organs which might
cause other health-related problems and limits the patients’ quality of life. In comparison,

radiation therapy provides an effective treatment option to destroy large proportions of
14
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cancer cells and offers the ability to shrink tumors without organ removal. However,
radiation therapy is not efficient in treating metastatic neoplastic diseases, and it might
causes damages to surrounding tissue, and especially in case of larger tumors, a complete
eradication of tumor cells cannot be achieved, hence, it is commonly used as
supplementary treatment strategy. In order to affect also metastases, chemotherapy is
widely used as systemic therapy, but the lack of selectivity, drug-specific side effects and
toxicity to healthy tissues can lead to various complications.

A promising alternative is represented by targeted tumor therapy. Already 100 years ago,
the principle of targeted tumor therapy was described by Paul Ehrlich, who received the
Nobel Prize for Medicine in 1908. He coined the term ‘Magic bullet’ for a drug which is
highly specific for its target and thus, do not cause toxic side effects in healthy tissue (6],
In the recent decades, a major advance has been achieved, and nowadays a wide selection
of targeted treatment modalities against cancer are available. In general, targeted tumor
therapy is directed to specific cancer associated targets, while standard chemotherapy acts
on all rapidly dividing cells whether cancerous or not %2, Moreover, drugs for targeted
cancer therapy can be mostly categorized into two main groups, namely molecularly
targeted drugs and targeted drug delivery systems (DDS), whereby both groups can be
also divided into small molecule drugs and monoclonal antibodies (mAb) %) In
molecularly targeted therapy, the applied drugs or substances interact selectively with a
specific target which interferes with at least one hallmark of cancer necessary for tumor
growth and progression. Prominent examples for molecularly targeted drugs are small
molecule kinase inhibitors, such as imatinib (Gleevec®) and sorafenib (Nexavar®) or
mAbs, such as rituximab (Rituxan®) and trastuzumab (Herceptin ®) 641651
Trastuzumab was approved by the FDA for the treatment of human epidermal growth
factor 2 (HER2) receptor positive breast cancer in 1998 [l Although the exact
mechanisms of trastuzumab mediated antibody-dependent cellular cytotoxicity (ADCC)
are not yet fully elucidated, recent studies pointed out that trastuzumab inhibits
downstream signaling cascades and promotes in that way cell cycle arrest and apoptosis
[167-169] ‘Tn addition, it has been shown that trastuzumab exerts an antiangiogenic activity

[169-172

in vitro and in vivo I, Thus, treatment with Herceptin leads to a significantly

improved disease free and overall survival in patient with HER2 positive metastatic breast

[173

cancer 7?1, Today, a myriad of antibody therapeutics are approved and over 570 mAb are

in various clinical phases for both cancer and non-cancer indications, whereby 33 are in

late stage clinical studies for cancer diseases 741,

15



1. Introduction

Another form of targeted therapy, is ligand-mediated drug delivery which is also called
active drug targeting (Figure 7A). This approach is based on the fact that receptors for
many regulatory ligands are overexpressed on the surface of various cancer cells. These
ligands can be used as carriers for anticancer drugs. After binding of the ligand, the
receptors are internalized into the cancer cell and consequently the attached drugs can
enter tumor cells via receptor-mediated endocytosis. The release of the drugs or small
drug-containing metabolites is commonly facilitated by distinct intracellular mechanisms
or conditions, such as high glutathione (GSH) concentration, acidic pH in lysosomes or
degradation by lysosomal enzymes which ensure that the drug gets to its site of action
(Figure 7A). The main advantages of receptor mediated targeting compared to the
application of free drugs is the selective delivery of potent cytotoxic agents to cancer cells
and the accompanied decreased toxicity to normal tissue. In general, the transition
between some targeting cancer therapies are blurred, and therapeutics which are applied
in molecularly targeted therapy might be also used as ligand for the delivery of drugs.
Thus, mAbs, like trastuzumab, have been used as carriers for the delivery of cytotoxic
payloads and were classified as antibody drug conjugates (ADC). Next to
macromolecules, also small molecule ligands, such as folic acid, carbohydrates or
peptides, can be used as targeting moieties, whereby peptide hormone analogs of GnRH

or somatostatin represent promising homing devices for targeted tumor therapy.

1.2.4.1. Antibody-drug conjugates (ADC)

The concept to link an anticancer drug to a cell targeting antibody was firstly implemented
in at the end of the 1950s. Mathe and coworkers linked MTX to polyclonal gamma
globulins from hamster in order to achieve a combinatory effect on mouse leukemia
[175.176] However, the progress in ADC research, from the initial magic bullet concepts of
Paul Ehrlich up to FDA approved ADCs, is strongly connected to the achievements in
antibody technology. A key step for the success of therapeutic antibodies and ADCs, was
the development of the hybridoma technology which enables the production of mAb [177],
In 1983, the first human clinical trial with an ADC was conducted, whereby an anti-
carcinoembryonic antigen antibody-vindesine conjugate, derived from sheep, has been
used 1781, Other clinical trials with murine mAbs pointed out that the foreign proteins
were rapidly cleared from the body as a result of an immune response and the

1791 An efficient remedy of this problem

development of human anti-mouse antibodies [
could be provided by another important advancement in antibody engineering, the

development of chimeric and humanized antibodies 1'%%!. The first FDA approved mAb
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for cancer treatment was rituximab (Rituxan®), a chimeric antibody which is
administrated to treat CD-20 expressing B-cell lymphomas ['7®!. The final breakthrough
was the discovery of phage display technology and the creation of transgenic mice which
enable the production of fully human antibodies ['81%2 Due to these advances, the
immune response which has been observed for murine mAb, could be minimized, while
the circulation half-life was significantly prolonged 7). Encouraged by these
improvements, a first generation of ADCs have been developed and tested in the 1990s
(1761 Unfortunately, these ADCs exerted insufficient results in clinical trials which was
mainly related to the low in vivo potency of the conjugated drugs, inefficient target
internalization, side product prone drug coupling and imperfect linker design 7!,
Additional refinements of the cytotoxic payload, as well as the linker system and the
conjugation reaction led to improved ADCs with superior targeting characteristics, high
durability in circulation, combined with efficient drug release inside the cancer cell and
low systemic toxicity. Up to now, four ADCs have been approved by the FDA for cancer
treatment (Figure 7B). Gemtuzumab ozogamicin (Mylotarg®) was the first ADC which
entered the market. Molotarg® consists of a CD-33 targeting mAb and the highly
cytotoxic, DNA breaking drug N-acetyl-gamma-calicheamicin which is conjugated to
lysine side chains of the mAb by a combined reducible-acid labile disulfide bond-
hydrazone linker. From 2000 to 2010, Mylotarg® was used to treat patients over 60 years
with relapsed acute myeloid leukemia, who were not suitable candidates for standard

chemotherapy (1%,

Due to insufficient survival improvement and raised toxicity
concerns, Mylotarg® was voluntarily withdrawn from the market in 2010. Based on
additional extensive clinical studies and an improved understanding of drug dosing,

[183] * Brentuximab vedotin

Mylotarg® was relaunched into the market in 2017
(Adcetris®) and trastuzumab emtansine (also called T-DM1, Kadcyla®), two ADCs
equipped with microtubule polymerization blocking agents, gained market approval in
the early 2010s (1831861 Adetris® which targets CD-30, is administered in Hodgkin
lymphoma and anaplastic large cell lymphoma. The antimitotic drug monomethyl
auristatin E (MMAE) is linked to cysteine side chains of the mAb by thioether bond
formation with a 6-maleimidohexanoyl (EMC) spacer which is adjacent to a protease
labile dipeptide and a self-immolative para-aminobenzyloxycarbonyl (PABC) spacer.
This linker system facilitates the release of the free drug within the cancer cell after

187,188

cleavage by lysosomal enzymes (mainly cathepsin B) (Figure 7B) | 1. In comparison,

Kadcyla® which is used to treat metastatic breast cancer by HER2 targeting, is equipped
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Figure 7. A. Schematic structure of FDA approved antibody-drug conjugates (ADC). B. Endocytic uptake
of ADCs and intracellular drug releasing mechanisms, including disulfide reduction by glutathione (GSH),
hydrazone cleavage by acidic pH and peptide(-linker), degradation by lysosomal cathepsins. n: drug-to-
antibody ratio, CCM: N-acetyl-gamma-calicheamicin, MMAE: monomethyl auristatin E, DMI:
mertansine, S3-S3’: substrate binding site, P3-P3’ substrate residues that bind to the active center, S1-S1’
cleavage site (substrate and enzyme binding site according to Schecher and Berger nomenclature [13%),

with a non-cleavable SMCC linker (N-succinimidyl-4-(N-maleimidomethyl)-cyclo-
hexane-1-carboxylate) to link the drug mertansine (also called maytansinoid or DM1) to

surface exposed lysine residues of the mAb 1. In this case, active lysine-linked drug
[187]
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The newest ADC on the market, inotuzumab ozogamicin (Besponsa®), is applied to treat
relapsed or refractory acute lymphoblastic leukemia, and consists of a humanized CD-22
targeting mAb and the same drug linker system which was used for Mylotarg® [191:192],
Due to the success of the approved ADCs, nearly 60 ADCs are in clinical pipelines to
date, whereby nine ADCs are already in late-stage clinical trials [1741%3],

Although ADCs achieved a great success and are considered as excellent DDSs, there are
also certain drawbacks which might cause some limitations. A major problem is the
heterogenicity of the conjugation reaction which causes positional and stoichiometric
diversity. This might lead to serious analytical and therapeutic problems, especially for

1941 A substantial improvement

conjugates with a relatively narrow therapeutic window [
offers the THIOMAB™ antibody technology which allows the site-specific conjugation
of a thiol-reactive drug-linker system to a substituted cysteine of the mAb, which was
incorporated by site-directed mutagenesis ['*>~1°7!. However, due to the complex nature
of the ADCs, large scale production is still difficult to achieve, and requires special
conditions which is accompanied with high production costs [1**]. Additionally, the large
size of the ADCs has a negative impact on the extravasation and the penetration into solid

tumors '), This limitations might be overcome by small molecule drug conjugates

(SMDC).

1.2.4.2. Small molecule drug conjugates

In comparison to protein-based biopharmaceutics, like ADCs, SMDCs, in particular
peptide-drug conjugates, possess valuable properties, like excellent tissue permeability,
low immunogenicity and structural simplicity. Moreover, peptide-based DDS can be

2002011 Egpecially, the good

produced cost-efficiently in large scale by chemical synthesis |
progress in peptide technology, solid phase synthesis and chemical ligation techniques
facilitates the synthesis and modification of peptides [2°>203], The main limitation of native
peptides is their relatively short plasma half-life and the accompanied low in vivo
stability, as well as the rapid renal clearance [***. However, as shown for GnRH and
somatostatin derived peptide therapeutics (1.2.3.), these limitations can be overcome by
sequence modifications with unnatural amino acids, like D-amino acids, and modified-
release dosage, such as depot formulation 1. Due to the success story of GnRH and
somatostatin analogs for hormonal (targeted) therapy, both peptide hormones are
promising targeting moieties for targeted tumor therapy. Thus, a variety GnRH and

somatostatin DDS are under research and will be outlined in the upcoming sections. In

order to provide a wider picture of the topic SMDC, it is worth to mention that also other
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peptides or small molecules with specific binding activity to cell surface receptors or cell
membrane permeability are extensively studied. Prominent examples for peptide DDSs
are bombesin [2%2%] RGD and isoDGR peptides [?1*2!] NGR peptides ?1"22%1 TAU-

223-225

protein derived peptides [22!2%21 and cell penetrating peptides (CPP) 1 but also small

ligand carriers are used for targeted cancer therapy, like folic acid (analogs) or prostate-

specific membrane antigen (PSMA) ligands [226-2%°,

Daunorubicin, doxorubicin and paclitaxel as payload

Traditional anticancer agents, such as Dau, Dox and PTX, are often used as cytotoxic
payloads for SMDC. The anthracyclines Dau and Dox consists of a planar tetracyclic
anthracyclinone body which is glycosylated at the C7-OH with the deoxy pyranose sugar
daunosamine. The structure of Dau provides two suitable conjugation sites, either the C13
carbonyl function or the amino group of the daunosamine sugar, whereas Dox can be
additionally linked to its C14-OH group (Figure 8). The anticancer activity of Dau and
Dox is elicited by non-covalent intercalation between DNA-base pairs which inhibits
DNA topoisomerase II activity and thus, affects polymerase activity. It is known that
anthracyclines stabilized the DNA-topoisomerase Il cleavage complex, resulting in
highly lethal DNA breaks which might lead to apoptosis when DNA cuts become
irreversible at genomic regions of active DNA synthesis in proliferating cancer cells 2%,
Moreover, also redox-processes which are mediated by the quinone structure, are
responsible for toxicity. The production of reactive oxygen species can damage DNA,
cell-membranes and proteins, but it is also assumed that these oxygen species are
responsible for the cardiotoxic side effects of the drug [2°!],

The naturally-derived antimitotic drug PTX, is another valuable candidate for targeted
drug therapy, since it provides an exceptionally strong anticancer activity and can be
linked by its hydroxyl groups (Figure 8). The C2°-OH group of PTX is often used for the
ligation to linker systems which enable an intracellular release of the free PTX, since the
exposure of the free C2’-OH group is highly important for the activity of PTX. In that
way, the drug is less active until it enters tumor cells where the free drug is released by
distinct mechanisms. Although the high potential of PTX was already discovered in the
early 1960s, it needed nearly 30 years until PTX entered the market [*¢. The major
challenge for the distribution and wide use of PTX was its large scale production, since
the extraction from the primary source afforded only low yield which was not economical,
and the total synthesis of PTX is quite demanding due to its complex structure with eleven

stereocenters. A breakthrough was achieved with the establishment of the semisynthetic
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Figure 8. Structure of daunorubicin, doxorubicin and paclitaxel. The functional groups used as conjugation
sites are colored in blue.

route which facilitates the large scale production of PTX from the natural precursor 10-
deacetyl baccatin III. This precursor is extracted from the renewable and more readily

available leaves of the European yew tree.

GnRH-based drug delivery systems
At the end of the 1980s, the first cytotoxic GnRH-I derivatives have been developed in
Schally’s laboratories, thereby agonistic and antagonistic GnRH carriers have been used
as targeting moiety, and the alkylating agents cisplatin or melphalan (Mel), the
phenylalanine derivative of nitrogen mustard, were incorporated >33 In cases of
GnRH agonists, the drug was inserted in position 6, either directly in the peptide sequence
(°D-Mel) or conjugated to the side chain of °D-Lys. Moreover, further GnRH-I-[*D-Lys]-
drug conjugates have been designed, where MTX or Dox were applied as cytotoxic

2352361 In order to link Dox to the lysine side chain, a glutaric acid linker was

payload |
inserted, enabling an ester bond formation with the primary hydroxyl group at the C-14
of Dox. The antitumor activity of this conjugate, called zoptarelin-doxorubicin
(Zoptrex™, AEZS-108, previously AN-152) (Figure 9A), was intensively studied. It
could be demonstrated that AEZS-108 internalizes selectively in GnRH-R expressing
cells, and that the drug is released intracellularly by tumor specific carboxylesterases,
revealing a significant tumor growth inhibition on several tumor types in vitro and in vivo
[113237-239] 'Based on these promising results, AEZS-108 was the first cytotoxic GnRH-I
derivative which entered preclinical and clinical trials **°!. Unfortunately, AEZS could
not achieve its primary endpoint in clinical phase III studies on endometrial cancer, which
was caused by the lack of a significant difference in the median period of overall survival
of patients treated with Zoptrex™ as compared to patients treated with Dox ?*!. The

main reason for this might be the poor enzymatic stability of the conjugate in circulation.
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Figure 9. A. Structure of ester bond-linked doxorubicin (AEZS-108) and 2-pyrrolino-doxorubicin (AN-
207) GnRH-I-[°D-Lys] B. Structure of 2-pyrrolino-DOX-DNA adduct (guanine DNA interstrand cross-
links) [113,244]

It has been demonstrated that the ester bond is rapidly hydrolyzed by carboxylesterases

[242

of mouse (t12 = 19 minutes) and human (t;» = 126 minutes) blood serum ?**. Together

with the development of AEZS-108, modified Dox-analogs have been studied with the

2431 In this occasion, 2-pyrrolino-Dox

aim to generate compounds with higher potency |
(pyDox, 3’-deamino-3’~(2”pyrroline-1"-yl)-doxorubicin) was discovered which is 500-
1000-times more active than Dox. Further studies indicated that the improved potency of
pyDox is mainly related to the alkylating ability of pyDox. Thus, pyDox blocks not only
topoisomerase II activity by intercalation, but also forms cross-links in double-stranded
DNA by covalent and hydrogen bonding with guanine bases (Figure 9B) [!!32%] Dye to
its effectiveness, pyDox was used to prepare the highly active AEZS-108 analog AN-207
(Figure 9A) 2% Initial in vitro studies revealed highly promising results leading to a
series of preclinical studies to analyze the antitumor activity of AN-207 [113:236.245-248]
Although these preclinical studies demonstrated a lower toxicity and an improved
efficacy of AN-207 than the free drug, AN-207 was not further investigated in clinical
trials. This might be explained by more harmful side effects of pyDox in comparison to
Dox, caused by a premature release of the drug by carboxylesterases '3, However, due
to the initial encouraging results of AEZS-108 and AN-207, further GnRH-I-[°D-Lys]
drug conjugates have been designed and evaluated. Aggrawal et al. conjugated curcumin,
a diarylheptanoid of turmeric, via ester bond to the glutaryl spacer. The resulting
conjugate revealed an apoptotic effect, and a significant reduction of pancreatic cancer
cell growth could be obtained in vitro and in vivo ?*). Comparable results have been
reported for GnRH-I-[°D-Lys-gemcitabine] conjugates on prostate cancer cells and
tumor-bearing mice 2>,

Apart from that, also the potential of GnRH-I-PTX derivatives has been verified. Vanek
and coworkers utilized a truncated GnRH agonist (Glp-His-Trp-Ser-Tyr-D-Cys-Leu-OH)

and linked PTX via its C2’-OH group to the carboxylic function of a thiol-reactive
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maleimide spacer which was conjugated to °D-Cys. The resulting PTX conjugates exerted

231 Moreover, the GnRH-I antagonist degarelix

a GnRH-R mediated anticancer activity [
was employed as a targeting moiety for PTX. A carbonate function was formed to link
PTX to a thiol-containing bifunctional spacer which was attached to degarelix (modified
with 3-sulfanylpropanoic acetyl moiety) in different positions by disulfide bond
formation. In vitro studies revealed that all conjugates possess a cancer cell growth
inhibitory effect, and were more stable in human serum than AEZS-108 23],

Considering that the sea lamprey GnRH analog, GnRH-III, elicits a GnRH-R-mediated
inhibitory effect on the growth of various human cancer cell types, while the hormone
releasing effect is substantially reduced, GnRH-III represents a valuable targeting moiety
for targeted tumor therapy. One of the first GnRH-III conjugates contained a non-
degradable poly(vinylpyrrolidone-co-maleic acid) (P(VP-co-MA)) moiety which was
linked through the enzyme labile tetrapeptidyl spacer GFLG to ®Lys. This GnRH-III-
P(VP-co-MA) conjugate revealed a higher antiproliferative activity on human ERa
positive and negative breast cancer, as well as on endometrial and prostate cancer cells
than the unconjugated GnRH-III. Moreover, the in vivo antitumor activity on estrogen

2531 1t was

independent human breast cancer xenograft in nude mice was improved !
proposed that this improvement might be related to a higher proteolytic resistance of the
compound accompanied with an elongated receptor occupancy and an intracellular
cytotoxic effect, caused by the non-degradable copolymer ?°*?*] Due to these
encouraging outcomes, also biodegradable, branched polypeptide carriers have been
devolved, but the obtained results were not satisfying, which was either related to an
insufficient synthetic reproduction (polylysine backbone GnRH-III conjugates) or an
insignificant antiproliferative effect (tuftsin-derived polypeptide backbone GnRH-III
conjugates) >4,

Furthermore, Mez6 and coworkers developed a huge variety of GnRH-III-based DDS,
whereby different series of studies have been performed to systematically refine the
properties of the GnRH-III conjugates and to improve the antitumor activity. In the first
set of GnRH-III-drug conjugates, the anticancer agents MTX, Dox and Dau have been
used as payload. In all cases, the lysine in position 8 was utilized as ligation site, whereby
different linkage systems have been compared (2>, Thus, Dox was attached to the GnRH-
Il carrier, either by ester bond to a glutaryl spacer, by hydrazone bond to a

monohydrazide succinyl linker, by oxime bond to an aminooxyacetyl (Aoa) -GFLG

spacer or by amide bond formation to a glutaryl and glutaryl-GFLG moiety. Moreover,

23



1. Introduction

equivalent oxime and amide bond-containing GnRH-Dau conjugates have been
synthesized. Cell viability studies on human breast and murine colon cancer cells exposed
that the applied linkage systems have a significant impact on the anticancer activity. The
ester and hydrazone linked conjugates possess the highest activity which might be related
to the intracellular release of the free anthracycline. However, also the oxime bond-linked
conjugates displayed a substantial in vitro cytostatic effect, although this system does not
facilitate the release of the free drug. It is worth mentioning, that the direct comparison
of oxime-linked Dox and Dau revealed that the Dau conjugates possess a slightly
improved cytostatic effect over the Dox conjugates on breast and colon cancer cells. This
effect could be confirmed in latter studies, indicating the advantage of Dau for this
ligation system [2°32%¢] Interestingly, none of the conjugates which were linked via amide
bond to the amino sugar of Dox or Dau, revealed a significant cancer cell growth
inhibitory effect. It has been proposed that this is related to a reduced intercalation ability,
caused by the amide bond which might disturb the interaction of Dau/Dox with DNA
bases. Considering that the relatively short half-life of the ester bond under physiological
conditions might limit the efficacy of the conjugates and cause toxic side effects, also the
stability of hydrazone and oxime bond-linked GnRH-III conjugates have been verified
(2551 According to the literature, the hydrazone bond should be stable in circulation (pH
~ 7.4), while the acidic conditions in lysosomes (4.5-5) should lead to linker degradation
and release of the drug. The pH sensitivity studies displayed that the hydrazone linker is
not fully stable at pH 7.4 which might cause a partial release of the drug before it can

reach the tumor tissue and enter cancerous cells [2*°

1. In comparison, the oxime bond is
more stable under physiological conditions and thus represents an attractive and
alternative linkage system, even if the lack of free drug release might limit the potency of
the DDS. In order to improve the anticancer activity of the highly stabile oxime bond-
linked GnRH-III-Dau conjugates, different concepts have been established, including the
influence of cathepsin cleavable peptide linkers between Dau=Aoa and the sidechain of
8Lys 2571, These studies pointed out that the incorporation of an enzyme labile linker
(GFLG or YRRL) did not lead to an improved antitumor activity compared to the GnRH-
III conjugate where Dau=Aoa was directly linked to the &-NH> group of ®Lys (K1).
Similar antitumor activities could be also obtained in vivo on colon carcinoma-bearing
mice (281, This was mainly related to the degradation profiles of the conjugates caused by

lysosomal enzymes, revealing for all conjugates the presence of the smallest Dau-

containing metabolite. Moreover, DNA binding studies provided valuable information
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about the intercalation ability of the active Dau=Aoa-metabolites. Although the DNA
affinity of the metabolites was slightly reduced in comparison to the free drug, all
Dau=Aoa-fragments interacted efficiently with DNA, whereby the Gly- and Lys-
containing Dau-metabolites exposed enhanced binding properties over the Tyr-fragment
(257 Due to these outcomes, the attention was turned to modifications in the targeting
sequence. Manea et al. reported that an exchange of the *Ser by “Lys within the GnRH-
III sequence causes an improved cytostatic effect of the conjugates on human breast and
colon cancer cells > In order to enhance the stability towards proteases with the
preference to cleave between basic amino acids, the impact of lysine acetylation
(Lys(Ac)) has been studied, demonstrating that the initially improved cytostatic effect of
the “Lys compound was not affected by the side chain modification. Moreover, the
acetylation led to an increased cellular uptake rate, compared to the native *Ser and the
free “Lys-containing GnRH-III derivatives. The positive effect of the “Lys(Ac) exchange
on the antitumor activity of GnRH-III-Dau conjugates was further verified by in vivo
studies on murine colon carcinoma-bearing mice [**°!. Additional studies by Hegediis et
al. demonstrated that this effect could be further improved using other short chain fatty
acids for acylation. The best cytostatic effect was detected for the compound with
butyrylated “Lys (*Lys(Bu)) (K2). The improved growth inhibitory effect on human colon
cancer and ER(+) breast cancer cells could be explained by an increased cellular uptake
of the GnRH-III-Dau derivative. Moreover, the higher potential of K2 in comparison to
the GnRH-III-[*Lys(Ac),}[Lys(Dau=Aoa)] conjugate, could be further confirmed by in
vivo studies on human colon carcinoma bearing mice (2],

Apart from that, the beneficial exchange of “Ser to “Lys paved the way for the
development of multifunctional GnRH-III conjugates. Leurs et al. reported on an
improved cancer cell growth inhibitory effect of the dual drug conjugate GnRH-III-
[“Lys(MTX),8Lys(Dau=Aoa)] on non-reproductive system related colon cancer cells in
comparison to the mono-drug conjugates GnRH-III-[*Lys(MTX), Lys(Ac)] and GnRH-
II-[®Lys(Dau=Aoa)] (K1) %! Considering that the compound GnRH-III-
[“Lys(MTX),®Lys(Ac)] did not display a cytotoxic effect under the applied assay
conditions, the authors concluded that the exerted cytostatic effect of the dual drug
conjugates might be synergetic. Furthermore, a similar effect could be obtained for the
dual drug conjugate, where both drugs were attached to ®Lys, namely GnRH-III-
[*Lys(MTX-Lys(Dau=Aoa)]. However, it needs to be mentioned that both dual-drug

conjugates displayed a similar anticancer activity as K1 on steroid hormone receptor
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expressing breast and prostate cancer cells ®!). In addition, a related study has been
published, where Dau was used twice (di-Dau) instead of MTX and Dau in combination
(2621 In this case, GnRH-II-[*Lys(Dau=Aoa),*Lys(Dau=Aoa)] and GnRH-III-
[*Lys(Dau=Aoa-Lys(Dau=Aoa))] revealed a significant enhanced anticancer activity on
all analyzed cancer cell lines over K1, whereby the improvement on prostate and colon
cancer cells was more remarkable than on estrogen dependent breast cancer cells. Further
studies on di-Dau-containing GnRH-III conjugates have been reported by Hegediis et al.,
whereby the targeting sequence was equivalent to that of K2 and both Dau molecules
have been inserted at ®Lys by adding an additional Lys to the side chain [2%]. In total, four
different GnRH-III-[*Lys(Dau=Aoa-X-Lys(Dau=Aoa-X) conjugates have been
developed. Next to the initial conjugate without any spacer, X represents either GFLG,
diethylene glycol (EG2) or GFLG-EGa. Cell viability studies on human ER(+) breast
cancer cells pointed out that all spacer-containing derivatives exerted a higher cytostatic
activity than the non-spacer conjugate, whereby the GFLG-EG2 compound exposed the
best biological activity. Moreover, it has been shown that the improved cell growth
inhibitory effect was related to the release of mono-Dau metabolites which could be
observed for the three spacer-containing GnRH-III-di-Dau conjugates. It worth
mentioning that the insertion of diethylene glycol spacer enhanced significantly the water
solubility of the conjugates.

However, although most of the GnRH-III-di-Dau conjugates revealed an improved
cytostatic effect, the mono-Dau conjugate K2 represents the most promising candidate
for GnRH-III-based targeted tumor therapy, since it possesses a comparable cytostatic

effect and provides a better ratio between drug-content and achieved anticancer activity
[262-264]

Somatostatin-based drug delivery systems
Similar to the GnRH-drug conjugates, the first cytotoxic somatostatin derivatives have

1541 Different somatostatin

been developed in the mid 1980s by Schally and coworkers !
analogs have been tested for their ability as efficient targeting moieties, whereby RC-121
was identified as highly promising candidate. Due to this, Dox and pyDox were linked to
RC-121 using the same drug linker system as for the GnRH-Dox conjugates AEZS-108
and AN-207, resulting in the Dox conjugate AN-162 and the pyDox compound AN-238
(2651 Both conjugates exhibit a strong antitumor effect in vitro and in vivo on a wide range

of tumor types, including prostate, breast, ovarian, pancreatic, colon and lung cancers

[206248] These promising outcomes led to preclinical studies of AN-162 [266:267] Although
26



1. Introduction

many promising results for both conjugates have been published, to date there is no hint
for performed or ongoing clinical trials which might be a result of the premature drug
release by carboxylesterases as already mentioned for the GnRH conjugate AEZS-108. A
promising alternative was reported by Mez6 and coworkers, who linked Dau to RC-121

(268]This conjugate

by oxime bond formation to an N-terminally inserted Aoa spacer
revealed a substantial inhibitory effect on the growth of breast, non-small cell lung cancer
(NSCLC) and colon cancer cells in vitro.

Next to RC-121, OCT has been extensively used as homing device to target SSTR
positive cancer. For instance, the tubulin binder PTX was linked to its C2’-OH function
by ester bond formation with a succinyl linker that was attached to the N-terminus of OCT
(2691 This conjugate displayed a selective cell growth inhibitory effect on SSTR
expressing ER(+) breast cancer cells. Moreover, the same PTX-OCT conjugate was used
to overcome taxol-resistance in human ovarian tumor xenograft 2’%l. Another PTX-OCT
conjugate was reported by Huo et al. which consists of the same PTX-linker system, but
here a polyethylene glycol spacer (PEG) was inserted between the succinyl moiety and

271 The in vitro and in vivo antitumor

OCT to increase the solubility of the compound [
activity on NSCLC was investigated, revealing a significant and stronger antitumor
efficacy, combined with a lower toxicity in comparison to PEGylated PTX which was
used as control. This effect could be further improved by incorporating the redox sensitive
3,3’-dithiodipropionyl spacer between PTX and the PEGylated OCT instead of succinyl
linker 2721, The authors proposed that these positive results are related to an accelerated
release of the free PTX and exposure of the free C2°-OH group. The fast intracellular
release of the less-hindered PTX-propionyl-SH prodrug by GSH seems to be the key step
and facilitates an increased ester hydrolysis.

Apart from that, a variety of other PTX-OCT systems have been reported which exert a
significant antitumor activity in vitro and in vivo, including di-PTX-OCT conjugates and
OCT-modified-PTX-loaded micelles 273?731, Furthermore, also lanreotide has been used
as targeting peptide of PTX-loaded micelles which provokes apoptosis and a tumor
growth inhibition in human lung cancer bearing mice 2761,

Next to PTX, many other drugs have been linked to octreotide, such as Dox, bufalin,

2712801 - A5 an example, Lelle ef al. used a

periplocymarine and proteasome inhibitor
dithiol functionalized glutamate linker which contains oxime-linked Dox at the N*-group
(Dox=Aoa-Glu(O-mercaptamine)-O-mercaptamine). This linker was intercalated

between the disulfide bridge of OCT, resulting in an OCT-DOX conjugate with two
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disulfide bonds and an enlarged ring size ?’"!. It has been shown that a GSH mediated
release of the Dox-linker caused an in vitro cytostatic effect on pancreatic and breast
cancer cells.

Although radiolabeled derivatives are not the main focus of the present thesis, it should
be noted that somatostatin derivatives have been successfully used as targeting moieties
for diagnosis and radiotherapy [°”]. The first and most commonly used radiotracer for
somatostatin receptor scintigraphy was !''In-DTPA-octreotide (!'!In-Pentetreotide,
OctreoScan®; where pentetic acid (DTPA) is used as chelator for '''In) which has been
approved by the FDA in 1994 ). However, some weaknesses of OctreoScan®, like the
limited image quality and spatial resolution encouraged the development of more efficient
chelator-conjugated SST-analogs 28!, A superior alternative is ®*Ga-DOTATATE
(GaTate, NETSPOT®), where octreotate is used as targeting moiety and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) as chelator. In comparison to
octreotide, octreotate, possesses a carboxylic C-terminus instead of the alcohol. Due to
the enhanced diagnostic efficacy, GaTate has been recently approved by the FDA 2821,
Moreover, the '7Lu chelated equivalent '""Lu-DOTATAE ((LuTate, Lutatheran®)
entered the US market in January 2018, and is used for targeted radiotherapy of
somatostatin  receptor-positive GEP-NETs, including foregut, midgut, and

neuroendocrine tumors in adults 8!,
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2. Aims and objectives

Although the progress in cancer research leads to a constant improvement of anticancer
drugs and increasing median survival rates, there are still urgent needs for more effective
therapies. One worthwhile strategy is represented by targeted cancer therapy, and the use
of drug delivery systems. Considering that receptors for GnRH and somatostatin are
highly expressed on the surface of various cancer cells, both peptide hormones and their

analogs can be used as homing devices for targeted drug delivery.

Recent studies demonstrated that oxime-linked daunorubicin GnRH-III bioconjugates
exert an efficient in vitro and in vivo antitumor activity and possess a high stability in
circulation. However, the lack of free drug release might limit the potency of the
conjugates. To compensate this effect, different strategies should be pursued to increase

the antitumor activity of the GnRH-III drug delivery system.

Besides, somatostatin-drug conjugates represent an attractive drug delivery system,
especially for tumors which lack GnRH-receptor expression. In the last years, many
different somatostatin analogs have been investigated which elicit an antineoplastic
activity by binding to different somatostatin receptors. Recent studies highlight the value

of the two somatostatin analogs RC-121 and TT-232.

Due to this fact, the central goal of the present thesis was the development and evaluation
of efficient GnRH- and somatostatin-based drug delivery systems for targeted tumor

therapy. Moreover, certain main objectives have been defined:

1. Improvement of the antitumor activity of oxime bond-linked GnRH-III-Dau
conjugates:

* synthesis and characterization of oxime bond-linked GnRH-III-Dau conjugates with
various unnatural amino acids in the GnRH-III sequence, using solid phase peptide
synthesis (SPPS) and ligation of Dau in solution

* evaluation of the cytostatic effect of the compounds on GnRH expressing human

breast and colon cancer cells in comparison to K2 by cell viability assays

¢ additional analyses of (best) candidates to analyze the cellular uptake (flow
cytometry) and localization (confocal laser scanning microscopy (CLSM)), stability
in plasma and in presence of lysosomal enzymes (LC-MS assay) and GnRH receptor
affinity by radio ligand binding studies in order to validate the results of the cell

viability assays and to prove the mechanism of action of the conjugates

2. Development of cleavable linker-containing GnRH-drug conjugates:
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* synthesis of targeting moieties by SPPS (best carriers from the 1. objective) and
synthesis of PTX and Dau-containing linker systems in solution consisting of Val-Ala
or Val-Cit cathepsin B cleavage site and a PABC self-immolative spacer, followed by
attachment to carrier

* synthesis of non-cleavable counterparts as controls

* evaluation of cytostatic effect of the conjugates on human cancer cells to gain
information about the impact of the linker system and comparison of the anticancer
activity to the oxime-linked GnRH-III-Dau conjugates

* proof of linker concept by lysosomal degradation studies and receptor binding studies

3. Comparison of different SST carriers and linker systems to establish a new SST lead
compound:

* synthesis of 5(6)-carboxyfluorescein (FAM) labeled SST-compounds by SPPS, using
RC-121 and TT-232 as targeting moiety, as well as a new type of somatostatin
derivative which is cyclized by thioether bond instead of a disulfide bridge

¢ cellular uptake studies of the FAM compounds by CLSM and flow cytometry to
compare the potential of the derivatives as homing device for targeted drug delivery

* synthesis of equivalent oxime bond-linked SST-Dau conjugates and analysis of the
cytostatic effect on human SSTR-expressing cancer cells to select the best targeting
moiety

* synthesis of additional SST-conjugates with different linker systems and evaluation
of their cytostatic effect to investigate the impact of these linker systems on the
anticancer activity

¢ synthesis of 2-pyrrolino-Dau (pyDau) SST conjugate using the best carrier-linker
combination to deliver the highly potent daunorubicin analog pyDau to SSTR-

expressing cancer cells and evaluation of the antitumor activity
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3. Results and discussion

Targeted tumor therapy represents a promising strategy for the selective and efficient
treatment of tumors and their metastases. Next to monoclonal antibodies, peptide ligands,
such as GnRH or somatostatin, can be used as carriers for cytotoxic payloads. Encouraged
by the success of the first GnRH- and somatostatin-based drug delivery systems which
have been established in the laboratories of the Nobel laureate A. V. Schally, a large
number of cytotoxic GnRH and somatostatin derivatives has been synthesized and
evaluated.

In the present thesis, novel derivatives of the regulatory peptides GnRH-III and
somatostatin have been developed and used as carrier for therapeutic agents, whereby
different linker systems and anticancer payloads have been applied (Scheme 1). The
resulting cytotoxic DDSs were characterized, and different biochemical studies have been
performed, including the analysis of the growth inhibitory effect of all designed peptide-

drug conjugates on different human cancer cells.

3.1. GnRH-III-drug conjugates

The natural sea lamprey analog of GnRH, GnRH-III represents a promising starting
compound for the development of new types of SMDC. With the aim to achieve an
improved cytostatic effect on human cancer cells, the influence of sequence modification
within the GnRH-III sequence has been studied. To ensure the comparability of the
results, 5Lys was constantly used as ligation site, whereby Dau was initially attached to
an incorporated Aoa moiety by formation of an oxime bond. In total, 20 novel GnRH-III-
Dau conjugates were synthesized and analyzed for their cytostatic effect on MCF-7 and
HT-29 human cancer cells. The best candidates were chosen for further biochemical
evaluations, including cellular uptake and localization studies, radioligand binding
studies and analysis of stability/degradation in presence of cell culture medium, human
blood plasma or lysosomal homogenate.

Moreover, the most promising GnRH-III carriers of these studies were selected as
targeting moiety for the development of new drug conjugates, containing a cathepsin B
cleavable dipeptide linker and a self-immolative spacer. As a payload, the classical
anticancer drugs Dau and PTX have been used. For a better comparison, non-cleavable
linker-containing GnRH-drug conjugates were also synthesized. The resulting
compounds have been studied for their growth inhibitory effects on A-2780 ovarian and

Panc-1 pancreatic cancer cells. These cell lines were selected according to their receptor
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8 <EH-D-Tic-SHDWK(Dau=Aoa)PG-NH,

o 3 9  <E-D-Tic-SHDWK(Dau=Aoa)PG-NH,

=S O 10 <EH-D-Tic-SHDwK(Dau=Aoa)PG-NH,

11 <E-D-Tic-SHDwK(Dau=Aoa)PG-NH,

12 <EHWSHD(OMe)WK(Dau=Aoa)PG-NH,
2" set of GnRH-IIl | |13 <EHWSHDWK(Dau=Aoa)P-NHEt

Dau conjugates 14 <EHwK(Bu)HDWK(Dau=Aoa)PG-NH,

15 <EH-D-Tic-K(Bu)HDWK(Dau=Aoa)PG-NH,
16 <E-D-Tic-K(Bu)HDWK(Dau=Aoa)PG-NH,
17 <EH-D-Tic-K(Bu)HDwK(Dau=Aoa)PG-NH,
18 <E-D-Tic-K(Bu)HDwK(Dau=Ao0a)PG-NH,
19 <EHWK(Bu)HD(OMe)WK(Dau=Aoa)PG-NH,
20 <EHWK(Bu)HDWK(Dau=Aoa)P-NHEt

GnRH-Ill Drug
Conjugates
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66 Dau=Aoa-LRRY-f[CYWKVCIT-NH,
. 67 Dau=Aoa-LRRY-f[CYWKC]T-NH,
Dau-conjugates 68 Dau=Aoa-LRRY-f[CYwK-Dab-(COCH,)|T-NH,

69 Dau=Aoa-LRRYC-NH
£CH, CO-f-[CYWKVC]T-NH,
70 (CH,);-CO-f[CYWKVCIT-NH,
-CO-(Val-Ala-PABC-Dau)

Conjugates

Somatostatin Drug

| pyDau-conjugates —— 71 pyDau=Aoa-LRRY-f[CYWKVC]T-NH, ‘

Scheme 1. Overview of all synthesized GnRH-III and somatostatin conjugates. Aoa: aminooxyacetic acid,
Dab: 1,4-diaminobutyric acid, Dau: daunorubicin, diamine: N,N’-dimethylethylene diamine, FAM: 5(6)-
carboxyfluorescein,  Tic: 1,2,3,4-tetrahydroisoquinoline-3-carboxylic ~ acid, @ PABC:  para-
aminobenzyloxycarbonyl, PTX: paclitaxel, pyDau: pyrrolino-daunorubicin.

expression level which was determined by western blot studies. In order to prove the

concept, the cleavage of the peptide linker and the corresponding release of the drug were
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investigated in presence of lysosomal enzymes and the affinity of the conjugates to the

GnRH-R was examined by radioligand competition assay.

3.1.1. Oxime bond-linked daunorubicin—-GnRH-III conjugates

Many different linker systems, such as ester, hydrazine, oxime or amide bonds have been
investigated in our laboratories to link anthracyclines, like Dox and Dau, to GnRH-based
targeting moieties 42724 Since the oxime linkage provides distinct advantages, like
its formation in aqueous solution using unprotected peptide carriers, as well as its high
chemical and enzymatic stability, this ligation method was chosen to study the impact of
sequence modification in the GnRH-III sequence on the efficiency of tumor targeting.
Apart from that, two different groups of compounds have been designed, one with the
native serine in position 4 and a second group where the *Ser was replaced by “Lys(Bu)
(Scheme 2). This modification was selected due to the promising in vivo and in vitro

results of our lead compound K2 12602641,

3.1.1.1. Synthesis of oxime bond-linked daunorubicin—GnRH-III conjugates
All oxime-linked GnRH-III-Dau derivatives were synthesized as shown in Scheme 2.
The peptide carriers were prepared by standard solid phase peptide synthesis (SPPS)

using orthogonal lysine protecting groups. With exception of compound 19, Fmoc-

m Control-GnRH-lll-conjugates m
K1: <EHWSHDWK(Dau=Aoa)PG-NH,
‘ SPPS . SPPS
K2: <EHWK(Bu)HDWK(Dau=Aoa)PG-NH,

OOO@OOO@OC). 1st set of GnRH-lll conjugates OOO K OOO é OO.
] |a)

1: <EHWSHdWK(Dau=Aoa)PG-NH,
2: <EHWSHeWK(Dau=Aoa)PG-NH,
0000000« OO. 3: <EHWSHWWK(Dau=A0a)PG-NH, OOO K OOO K OO.
\ Q) o 4: <EHWK(Bu)HdWK(Dau=A0a)PG-NH, Py @
Bo¢ 5: <EHWK(Bu)HeWK(Dau=Aoa)PG-NH,
S K 6: <EHWK(Bu)HWWK(Dau=Aoa)PG-NH, OOO OOO OO.
\d) Hzn,o\/ko 2nd set of GnRH-Ill conjugates 0 \c) - o
7: <EHWSHDWK(Dau=Aoa)PG-NH, v

S K 8: <EH-D-Tic-SHDWK(Dau=A0a)PG-NH, K K
(Lo 9: <E-D-Tic-SHDWK(Dau=Aoa)PG-NH, /\/ko \d) i ok,
o HO v 10: <EH-D-Tic-SHDwK(Dau=Aoa)PG-NH, K
O‘O‘ “on 11: <E-D-Tic-SHDwK(Dau=Aoa)PG-NH, /\/L (k
6 o OoH O NH2 12: <EHWSHD(OMe)WK(Dau=Aoa)PG-NH,
O-w 13: <EHWSHDWK(Dau=Aoa)P-NH-CH,CH; 1"
: 14: <EHWK(Bu)HDWK(Dau=Aoa)PG-NH, O‘O‘ o
15: <EH-D-Tic-K(Bu)HDWK(Dau=Aoa)PG-NH, & om OOM
. Rink amide MBHA or Ethyl Indole AM resin 16: <E—D»Tic»K(Bu)HDWK(Dau:Aoa)PG—NHZ 9, “OH
O protected amino acid 17: <EH-D-Tic-K(Bu)HDwWK(Dau=Aoa)PG-NH,

18: <E-D-Tic-K(Bu)HDwK(Dau=Aoa)PG-NH,
19: <EHWK(Bu)HD(OMe)WK(Dau=Aoa)PG-NH,
D protecting group 20: <EHWK(Bu)HDWK(Dau=Aoa)P-NH,-CH,CH,

Scheme 2. Synthesis of GnRH-III-Dau conjugates. (a) (1) 2% hydrazine in DMF 12 X 5 min; (2) 3 eq
butyric anhydride, 3 eq DIPEA in DMF, 2 h, (b) (1) 2% TFA in DCM, 6 x 5 min; (2) 10% DIPEA in DCM,
3 x 5 min; (3) 3 eq Boc-Aoa-0OH, 3 eq HOBt, 3 eq DIC in DMF, 1 h, (c) 95% TFA, 2.5% TIS, 2.5% H,0,
10 eq H-Aoa-OH, 2 h, (d) 1.3 eq Dau in 0.1 M NH4OAc buffer (pH 5), overnight. Fmoc: 9-
fluorenylmethoxycarbonyl, SPPS: solid phase peptide synthesis, Dde: 1-(4,4-dimethyl-2,6-dioxocyclohex-
1-ylidene)ethyl, Mtt: 4-methyltrityl, Bu: butyryl; Aoa: aminooxyacetyl, Dau: daunorubicin.

unprotected amino acid
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Ser(tBu)-OH or Fmoc-Lys(Dde)-OH was coupled in position four and Fmoc-Lys(Mtt)-OH
in position eight. The Dde group was cleaved after peptide chain elongation and then the
“Lys was butyrylated. In the next step, the Mtt group was removed under mild acidic
condition and Boc-Aoa-OH was coupled to the lysine side chain. The peptide moieties
were cleaved from the resin using an appropriate TFA-scavenger mixture, followed by
RP-HPLC purification. Immediately afterwards, the ligation of Dau by oxime bond
formation was carried out in solution and the resulting conjugates were purified again by

preparative RP-HPLC.

Synthesis of I*' set of GnRH-III-Dau-conjugates — modification in position 6

Initially, GnRH-III analogs were investigated where ®Asp was replaced by D-Asp, D-Glu
and D-Trp. These modifications were chosen since it has been reported that an insertion
of D-amino acids in position 6 of GnRH-I and GnRH-II can produce highly efficient
analogs with an improved receptor binding affinity and an enhanced anticancer activity
(99.101,284.285] * A fter synthesis, the corresponding GnRH-III-Dau conjugates 1-6, as well as
the control peptides K1 and K2 were characterized by analytical RP-HPLC and mass
spectrometry (Table 2, Appendix 10.2.1.1. Figure A1-AS). All bioconjugates revealed a
high purity of at least 95% and were obtained in yields up to 27% over all synthesis and
purification steps. The reduced yields of the °D-Aaa-containing compounds, especially
for the D-Trp derivatives 3 and 6, might be mainly related to their decreased solubility in
buffered aqueous solution used for chemoselective ligation. Furthermore, the unprotected

aminooxyacetyl group is prone to react with aldehydes and ketones. Unwanted side-

products can be easily formed through the reaction of the peptide precursors with traces

Table 2: Chemical characteristics of 1% set of GnRH-III-Dau bioconjugates
[’Lys(Dau=Aoa)]- Purity RP-HPLC ESI-MS MWca Yield

Code G LRH-II compound  [%]  Re[min]*  /MWexp[g/mol]®  [%]
K1 - >97 27.8 1841.89/1841.66 2
K2 [“Lys(Bu)] >97 29.3 1953.07/1952.79 27

1 [D-Asp] >96 28.0 1841.89/1841.60 8
2 [°D-Glu] >08 29.2 1855.91/1855.70 14
3 [°D-Trp] >95 325 1913.01/1912.80 7
4 [“Lys(Bu),*D-Asp] >08 29.5 1953.07/1952.90 9
5 [*Lys(Bu),*D-Glu] >96 29.7 1966.93/1966.70 7
6 [“Lys(Bu),*D-Trp] >97 32.6 2024.03/2023.70 6

4Column: Phenomenex Luna C18 column (250 mm x 4.6 mm) with 5 pm silica (100 A pore size);
gradient: 0 min 0% B, 5 min 0% B, 50 min 90% B; eluents: 0.1% TFA in water (A) and 0.1% TFA in
acetonitrile-water (80:20, v/v) (B); flow rate: 1 mL/min; detection at 220 nm. *Bruker Daltonics Esquire
3000+ ion trap mass spectrometer. °Yield over all synthetic and purification steps
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of acetone or formaldehyde in plastic tubes (from softeners) or laboratory air, whereby
the reaction environment, as well as the RP-HPLC purification conditions can have a high

impact on the yields.

Synthesis of 2™ set of GnRH-III-Dau-conjugates — advanced sequence modification

Next to the modification of ®Aaa, an additional set of GnRH-III-Dau conjugates was
developed based on previously reported antiproliferative activity studies of drug-free
GnRH-III derivatives ['*?. My research was focused particularly on amino acid
substitutions in position 3 and/or 7 by D-Aaa, alkylation of the ®Asp side chain and the
modification of the C-terminus were carried out. The synthesized bioconjugates were
characterized by analytical RP-HPLC and mass spectrometry (Table 3, Appendix
10.2.2.1. Figure A11-A26). To ensure the absence of free Dau, two different analytical
RP-HPLC column types (C4 and C18) have been applied. The final products could be
obtained in moderate yields up to 42% over all steps. In case of compound 19, the overall
yield was drastically reduced, which was mainly related to the enhanced reactivity of the
methyl ester of the ®Asp side chain. Due to the side-reaction of hydrazine with the

SAsp(OMe) during Dde cleavage, the synthesis strategy needed to be changed (see

Table 3: Chemical characteristics of 2™ set of GnRH-III-Dau bioconjugates
GnRH-III- [8Lys(Dau=A0a)] Purity RP-HPLC ESI-MS MWca Yield

Code compound [%] Re[min]* /MWexp [g/mol]® [%]°
K1 i 07 2137 1841.89/1841.66 22
K2 (Lys(Bu)] 97 2241 195307195279 27
(D-Trp] 208 2143 1841.89/184165 14
[3D—Tic] >98 21.22 1814.86/1814.65 17
AHis, *D-Tic] 95 2208 167772167754 41
10 D-Tic, 'D-Trp] 297 2158 181486/181462 16
1 AHis, *D-Tic, 'D-Trp] 505 2310 167772167753 42
12 [*Asp(OMe)] 505 2185  1855.91/1855.64
13 [IOAGly—NHEt] >97 21.18 1812.88/1812.82 8
14 [D-Ttp, “Lys(Bu)] 08 2283 1953.07/195265 16
15 [D-Tic, *Lys(Bu)] 507 2257 192605192573 19
16 CAHis,*D-Tic, ‘Lys(Bu)] 396 2427  1788.91/1788.64 35
17 [D-Tic,Lys(Bu). 'D-Trp.] 296 2277 1926.05/192581 25
18 [AHis, D-Tic,“Lys(Bu), 'D-Trp] 98 2427 1788.91/1788.68 16
19 [“Lys(Bu), *Asp(OMe)] 508 2202 1967.10/1966.68 1
20 [“Lys(Bu), "AGIy-NHE{] 97 2317 192407192372 10

*Column: Vydac 214TP5 C4 column (250 mm x 4.6 mm) with 5 um silica (300 A pore size); gradient: 0
min 0% B, 5 min 0% B, 40 min 90% B; eluents: 0.1% TFA in water (A) and 0.1% TFA in acetonitrile-
water (80:20, v/v) (B); flow rate: 1 mL/min; detection at 220 nm. *Bruker Daltonics Esquire 3000+ ion trap
mass spectrometer. “Yield over all synthetic and purification steps.
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5.2.1.3.1.) and >=A0a-OH has been used instead of Boc-Aoa-OH. This coupling reaction
was insufficient even after the second repetition which had a decisive impact on the total
yield. Moreover, for both Asp(OMe) compounds (12, 19), the formation of the
succinimide ring-containing side-product could be detected which also reduced the
overall yields of the compounds. However, the obtained amount of the conjugates was
sufficient for the conducted experiments, wherefore the synthesis strategy was not

optimized further.

3.1.1.2. Biochemical evaluation of 1*' set of GnRH-III-Dau-conjugates

To evaluate the influence of sequence modification in position 6, a variety of biochemical
studies have been carried out, whereby the novel GnRH-III-Dau compounds were
systematically compared with the lead compounds K1 and/or K2. Next to the stability in
cell culture medium and the degradation in presence of rat liver lysosomal homogenate,
the in vitro cytostatic effect, the receptor binding affinity, the cellular uptake, as well as

the subcellular localization of the conjugates 1-6 have been examined.

3.1.1.2.1. Stability and degradation of the I*' set of GnRH-III-Dau conjugates

In order to verify the efficient activity of the GnRH-III-based drug delivery system, the
stability under physiological conditions and the release of the drug in tumor cells is of
great importance. Next to stability studies in presence of gastrointestinal enzymes and
human serum, the durability under biological assay conditions and the degradation in
presence of lysosomal enzymes provide beneficial information. Previously, it has been
reported that the conjugates GnRH-III-[*Lys(Dau=Aoa)] (K1) and GnRH-III-[*Lys(Ac),
8Lys(Dau=Aoa)] reveal a high stability in human serum, as well as in presence of trypsin,

257,251 Moreover, it

thereby both conjugates stayed intact for at least 24 hours at 37 °C [
could be shown that the modification in position 4 from Ser to Lys(Ac) enhanced the
durability in presence of a-chymotrypsin, which was mainly related to a decelerated
cleavage of the *Trp-*Lys(Ac). A further improvement of the resistance towards
chymotrypsin could be observed with increasing chain length of the acyl moiety on the
*Lys [241, Thus, the butyrylated conjugate K2 revealed a two-times higher stability than
GnRH-III-[*Lys(Ac), !Lys(Dau=Aoa)] [2°°2* Considering the satisfactory stability of
the “Lys(Bu)-containing GnRH-III conjugates in presence of chymotrypsin and trypsin,
an oral administration of the compounds might be feasible. Since the *Ser of GnRH-

peptides are highly susceptible to enzymatic cleavage, the replacement by an acylated

lysine leads to an increased stability under physiological conditions and extents the
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application possibilities of the GnRH-III-based DDS [264:286.287],

Apart from that, it can be assumed that the ®D-Aaa-containing GnRH-III derivatives
reveal a similar or improved durability in presence of gastrointestinal enzymes and human
serum. Therefore, the focus was turned to the stability of the compounds in cell culture
medium and in presence of rat liver lysosomal homogenate. Both experiments were
performed at 37 °C and the compounds were incubated up to 24 hours. For a direct
comparison, K1 and K2 were included in the experiments and all collected samples were
analyzed by LC-MS. All bioconjugates remained intact in cell culture medium, which is
in line with our previous studies >4, Within 24 hours of incubation, only the full
bioconjugates could be detected, displaying that no free Dau or any Dau-containing
metabolite was produced under conditions used for biological assays.

Next to the stability of the compounds, the release of the drug within the cancer cell is of
high importance. Therefore, the digestion of the GnRH-III-Dau analogs (1-6, K1, K2) in
presence of rat liver lysosomal homogenate has been studied. Since the oxime bond
possesses a high chemical and enzymatic stability, no release of free Dau was detected,

2592641 However, recent studies point out that

which is in agreement with previous results [
also small Dau-containing metabolites such as H-Lys(Dau=Aoa)-OH can interact with
DNA by intercalation and inhibit the topoisomerase II activity which leads to reduced cell

2571 The results of the degradation study demonstrate that all applied GnRH-

proliferation !
III conjugates were digested by lysosomal enzymes resulting in various fragments
(Figure 10A, Appendix 10.2.1.2.), whereby the degradation profile and cleavage sites
vary depending on their amino acid sequence. Though, the cleavage of the C-terminal
part of the conjugate (H-Gly-NH, and H-Pro-Gly-NH,) could be observed already within
the first 5 minutes for all eight conjugates indicating the presence of enzymes with
carboxymono- and dipeptidase activity. Besides that, the smallest Dau-containing
metabolite H-Lys(Dau=Aoa)-OH (Figure 10B) was most efficiently released in case of
the °L-Asp-containing control derivatives. This fragment could be detected after one (K2)
and two (K1) hours of incubation which is consistent with previous results [2>*264] In
contrast, the ®D-Asp-containing counterpart 1 and 4 displayed an increased resistance to
lysosomal enzymes which avert the release of the H-Lys(Dau=Aoa)-OH. Despite this fact,
a small amount of the bioactive metabolite could be obtained after 24 hours lysosomal
digestion of the °D-Glu-containing conjugates 2 and 5. Interestingly, from all D-Aaa-

containing compounds, the ’D-Trp derivatives were most efficiently degraded revealing

the presence of the smallest Dau-metabolite already within two (6) or four (3) hours and
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Figure 10. Degradation of 1% set of GnRH-III-Dau bioconjugates by rat liver lysosomal homogenate. A:
Detectable cleavage sites of lysosomal enzymes, B: mass spectrum and structure of the smallest Dau-
containing metabolite (H-K(Dau=Aoa)-OH). C: RP-HPLC chromatogram of the bioconjugates after 24 h
incubation with lysosomal homogenate at 37 °C (*peak of H-K(Dau=Aoa)-OH).

in higher amount (Figure 10C: labeled peaks). Moreover, the obtained fragment H-
wWK(Dau=Aoa) indicates that the °D-Trp of compound 3 was accepted by the S1° site
of at least one lysosomal protease which might promote the release of the active fragment.
It can be assumed that also the ®D-Trp of bioconjugate 6 was accepted at this site, but due
to a prior hydrolysis of the peptide bond between "Trp- and ®Lys(Dau=Aoa)-OH, an
evidential fragment could not be detected. Another explanation for this diversity might
be the substrate specificity of the proteases whereby not only the S1 and S1° but also
adjacent binding sites can have an impact on the proteolysis of the substrate 2531, In
general, lysosomal cysteine proteases also known as cathepsins show a broad substrate
specificity with the preference to cleave their substrate after basic or hydrophobic residues
(2891 Nearly all human cysteine proteases exhibit an endopeptidase activity, whereas
cathepsin B possesses an additional carboxydipeptidase activity and cathepsin X acts as

289-293

carboxymono- and dipeptidase | 1. In contrast, cathepsin H possesses both an

endopeptidase and a strong monoaminopeptidase activity different from cathepsin C

e 2902941 Considering all identified proteolytical

which acts as a diaminopeptidas
fragments, it can be supposed that the applied rat liver homogenate contains a mixture of

enzymes with comparable activities. Besides, the obtained results indicate that the
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exomono- and/or dipeptidase activity was not substantially affected by the amino acid
replacement, while the incorporation of °D-Aaa in combination with *Ser reduced the
endopeptidase activity. Interestingly, the analysis of the *Lys(Bu) conjugates (4-6, K2)
leads to the assumption that the replacement of *Ser by *Lys(Bu) supports the
acceptability of the GnRH-III-Dau compounds as substrate for lysosomal endopeptidases.
Thus, the insertion of *Lys(Bu) has not only a positive impact on the stability under
physiological conditions, but also on the degradation of the compounds by lysosomal
enzymes. This might be of high relevance for the release of the drug or bioactive
metabolites within cancer cells and might enhance the selectivity of these conjugates to
tumor cells.

3.1.1.2.2. In vitro cytostatic effect

To determine the biological activity of the novel conjugates, the in vitro cytostatic effect
of the GnRH-III-Dau conjugates 1-6 was studied on reproductive system related MCF-7
human breast cancer and unrelated HT-29 human colon cancer cells. The well-studied
bioconjugates K1 and K2 were used as internal standards for a better and direct
comparison, since immortal cell lines can differ in their genotypic and phenotypic

295,291 However, due to

characteristics depending on the passage and state of confluence !
their easy handling, cost-effectiveness and a high level of reproducibility, cancer cell lines
are often the first method of choice to study the antiproliferative activity of novel
anticancer drugs or drug conjugates 2%,

It could be shown that GnRH-R expression occurs in cancers related to the reproduction
system, like breast, endometrial, prostate and ovarian cancer, but also in tumors unrelated
to the reproductive system, such as lung, melanoma and colorectal cancer [!14297-392],
Based on these findings, one cell line from each group, namely MCF-7 and HT-29 was
chosen to study the growth inhibitory effect of the GnRH-III-Dau conjugates on cancer
cells. Many different studies evidence that both cell lines express GnRH-receptors and
that they are particularly suitable for in vitro characterization of GnRH and its derivatives
[80,116.252.302] " Apart from that, the GnRH-R expression was confirmed for both human
cancer cell lines by western blot analysis (Appendix 10.2.2.3.). In order to investigate the
influence of sequence modification in position 6, a resazurin-based cell viability assay
was performed® and the corresponding ICso values were calculated by nonlinear

regression (sigmoidal dose-response) (Table 4, Appendix 10.2.1.3.). Due to the fact that

2 Experiments were performed in close collaboration with Beata Biri-Kovacs
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Table 4: In vitro cytostatic effect of 1% set of GnRH-III-Dau bioconjugates on HT-29 human colon
cancer and MCF-7 human breast cancer cells

“TT1-18 =
Code  GMRH-II-PLys(Dau=Aoa)]

ICso [pM] HT-29  ICso [uM] MCF-7

compound
K1 - 1.5+£0.5 32+0.1
K2 [“Lys(Bu)] 19407 27+0.1
1 [D-Asp] 8.9+ 13 13.0+0.5
2 [*D-Glu] 10.1+ 1.4 6.8+02
3 [*D-Trp] n.d.? n.d.?
4 [“Lys(Bu),’D-Asp] 93+ 1.1 62402
5 [“Lys(Bu),’D-Glu] 13.7+£2.6 7.0£1.2
6 [“Lys(Bu),’D-Trp] n.d. n.d.

n.d. — not determined, * compound 3 and 6 precipitated in medium at concentrations higher than 20 pM
— no dose response), all values represent mean + SE

the D-Trp-containing compounds 3 and 6 started to precipitate in cell culture medium at
higher concentrations, the maximum concentration of these compounds was limited to 10
uM. Unfortunately, the precipitation could not be avoided using DMSO instead of water.
Thus, it can be assumed that the reduced solubility is mainly related to the presence of
inorganic salts, sugars, amino acids or other components of the medium. Though 10 uM
was not sufficient to obtain the maximal biological response of the compounds, but both
compounds revealed a growth inhibitory effect at this concentration. The cell viability
was reduced down to 58% (3) or rather 55% (6) in case of HT-29 cells, while 69% (3)
and 53% (6) cell viability has been determined on MCF-7 cells. For the other novel
bioconjugates, ICso values between 6.2-13.7 uM were obtained on both cell lines. Except
compound 1, all new GnRH-III-Dau analogs display a higher cytostatic effect on MCF-7
than on HT-29 cells which is in line with previous studies [2>*264. Moreover, all analyzed
compounds exhibit a moderate in vitro cytostatic effect, although the replacement of *Asp
by D-Asp, D-Glu or D-Trp did not lead to an improved biological activity on the examined
cell lines. This might be explained by the enhanced stability of the new conjugates 1-6
towards lysosomal enzymes and the associated release of the active drug-metabolite
within the cancer cell.

Apart from that, there was no substantial difference regarding the anticancer activity of
the *Ser and “Lys(Bu)-containing derivatives which is not in accordance with former
studies [?*¥. A possible explanation for this observation might be the extended treatment
time which was adjusted from six hours to 24 hours. This modification was necessary to
achieve the maximal biological response of the novel DDSs. Thus, it can be assumed that

the *Ser bioconjugates require a longer treatment period to display their full biological
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activity. Besides that, the °D-Glu conjugates 2 and 5 exhibit slightly higher ICso values
on HT-29 cells than the D-Asp compounds, although the release of the smallest Dau-
containing metabolite was observed only in case of the D-Glu analogs. Considering these
findings, it can be supposed that not only the formation of the smallest drug metabolite,
but also other factors, like the cellular uptake or the receptor affinity of the drug-

conjugates have an impact on the biological activity.

3.1.1.2.3. Radioligand binding studies

To gain a further insight into the role of ®Asp on the anticancer activity, the receptor
binding affinity of the GnRH-III-Dau derivatives was investigated by an in vitro
radioligand competition assay. The experiments were performed at the research group of
Gébor Halmos (Department of Biopharmacy, Faculty of Pharmacy, University of
Debrecen). Hence, the displacement of radiolabeled triptorelin (GnRH-I-[*D-Trp]) by the
Dau conjugates (K1, K2, 1, 2, 4, 5) has been studied on human pituitary and GnRH-R
positive human prostate cancer tissues. The obtained ICso values (Table 5) are in the low
nanomolar range indicating that all applied compounds replace ['*°I]-triptorelin
efficiently from cancer, as well as pituitary tissue. In agreement with previous studies, the
majority of the analyzed GnRH-III-Dau analogs displayed a slightly higher binding
affinity on human prostate cancer than on pituitary tissue [264?%4 The highest binding
affinity was obtained for the control K2 (3.9 nM on pituitary and 3.0 nM on human
prostate cancer), followed by its °D-Asp-containing counterpart 4 (6.1 nM on pituitary
and 4.0 nM on human prostate cancer). In general, the “Lys(Bu) conjugates bind GnRH-
Rs with higher affinity than their *Ser equivalent, whereas the selectivity of *Ser
conjugates towards cancer tissue was more favorable. Besides that, the results indicate
that the incorporation of D-Glu in position 6 reduces the binding affinity with a higher
extent than D-Asp. Nevertheless, all determined ICso values are within a narrow, low
nanomolar range and vary, especially on cancer tissue (3.0-11.6 nM), only slightly from
each other, indicating that the incorporation of D-Asp and D-Glu has no crucial effect on
the receptor binding affinity. Furthermore, the investigated GnRH-III-Dau conjugates
displaced the radiolabeled triptorelin completely by wusing rising compound
concentrations (1 pM to 1 uM). This is comparable to the reported results of the high
affinity GnRH-R ligands cetrorelix and buserelin, whereas GnRH unrelated peptides, like
SST-14 or bombesin, could not inhibit triptorelin binding at concentrations up to 1 uM
[303.304] " Comparing the obtained results with findings from the literature, it can be

supposed that all analyzed conjugates bind to the GnRH-receptor in a specific manner.
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3. Results and discussion

Table 5: Competitive inhibition of ['251][°*D-Trp]-GnRH-I binding to membranes of human pituitary and
human prostate cancer specimens by GnRH-III-Dau conjugates.

Code GnRH-III-[*Lys(Dau=Aoa)] o ICso [nM]
compound pituitary prostate cancer
K1 - 6.5+0.7 52+0.6
K2 [“Lys(Bu)] 3.9+0.7 3.0+ 1.1
1 [‘D-Asp] 19.4+2.8 8.9+ 1.6
2 [‘D-Glu] 23.5+2.1 104+1.3
3 [*D-Trp] n.d. n.d.
4 [“Lys(Bu),’D-Asp] 6.1+0.1 40+1.3
5 [“Lys(Bu),’D-Glu] 79+1.1 11.6+2.0
6 [*Lys(Bu),’D-Trp] n.d. n.d.

n.d. — not determined, all values represent mean + SE

3.1.1.2.4. Cellular uptake of the bioconjugates by flow cytometry

Flow cytometry studies were carried out® to investigate the cellular uptake of the GnRH-
III-Dau conjugates on HT-29 and MCF-7 cancer cells, whereby only living cells have
been considered to determine the cellular uptake rates (Figure 11). Because of the
reduced solubility of compound 3 and 6 in cell culture medium, they were not included
in this experiment. The cancer cells were treated with different concentrations of the new
conjugates 1, 2, 4 and 5, as well as the controls K1 and K2 for six hours. Both controls
revealed a higher cellular uptake rate on HT-29 cells than the D-Aaa-containing
compounds, whereby the cellular uptake at 10 pM compound concentration was higher
for K2 (27.2%) than for K1 (17.8%) which is in line with previous data 2254 At 40
uM, the uptake rates for K1 (94.1%) and K2 (94.7%) were comparable, whereby the
uptake of novel compounds varied between 13.1% (5) and 55.2% (1). In addition, all
bioconjugates except 5 (84%) displayed a cellular uptake rate over 90% on HT-29 cells
at 160 uM concentration. A similar effect could be observed on MCF-7 cells, while
compound 5 was taken up by 76.8% of living cells. Furthermore, °D-Asp bioconjugate 1
revealed with 3.5% the best uptake rate at 10 uM and with 48.4% the second best at 40
uM concentration, though K2 was taken up more efficiently with 61.2%. Considering all
obtained uptake rates, compound 1 exposed the best uptake profile of the °D-Aaa-
containing compounds with even higher uptake rates on MCF-7 than its °L-Asp
counterpart K1, while both °D-Glu derivatives showed a clearly declined cellular uptake
rate on both cell lines. Additionally, the uptake rates of the *Ser analogs 1 and 2 were

substantially higher than for the “Lys(Bu) counterparts 4 and 5, although an opposite

b Flow cytometry studies were performed by Beata Biri-Kovacs
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Figure 11. Cellular uptake of 1% set of GnRH-III-Dau conjugates by flow cytometry. A: HT-29 and B:

MCF-7 cancer cells after 6 h treatment. Experiments were performed in duplicates. Error bars represent
SD.

effect could be observed for the °L-Asp controls K1 and K2. Taking into account that the
receptor binding was not essentially disturbed by the incorporation of D-Aaa in position
6, it might be possible that the internalization of the receptor is influenced by these
sequence modifications.

Considering all these findings, it can be concluded that the cytostatic effect is not only
influenced by the cellular uptake of the bioconjugates, but also the release of the smallest
Dau-containing metabolites is of high relevance. This becomes particularly obvious in
case of bioconjugate 1 which was taken up more efficiently than the other D-Aaa
compounds, while its ICso value was comparable to the ones from the other derivatives
or even higher. This might be a result of the enhanced stability of bioconjugate 1 in
presence of lysosomal enzymes which prevents the release of the bioactive metabolite H-

Lys(Dau=Aoa)-OH.

3.1.1.2.5. Confocal laser scanning microscopy (CLSM) studies®

In order to visualize the cellular uptake and the sub-cellular localization of the
bioconjugates (1, 2, 4, 5, K1 and K2) on MFC-7 cells, confocal fluorescence microscopy
studies were carried out. In the initial experiment, 10 uM, 40 uM and 160 uM compound
concentrations were used and after six hour treatment, the cells were fixed and prepared
for CLSM imaging. Due to the fact that Dau assimilates in the nuclei and intercalates with
DNA, nuclei were stained with DAPI to verify the presence of the drug on its site of

action by co-localization. All presented CLSM images are depicted in BestFit mode to

¢ All CLSM samples were prepared by Beata Biri-Kovacs (MTA-ELTE Research Group of Peptide
Chemistry, ELTE Budapest) and images were recorded by Balint Szeder (MTA Research Centre for Natural
Science, Institute of Enzymology, Budapest)
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ensure an improved illustration of low signals and to enhance image quality. In general,
the recorded images should not be considered in a quantitative manner, but they provide
valuable qualitative information of the intracellular localization of the bioconjugates. All
analyzed compounds and concentrations displayed the Dau-signal predominantly in the
nuclei but also in small cytosolic compartments (Figure 12A, Appendix 10.2.1.4)
demonstrating that the conjugated Dau gets to its site of action.

In order to gain a deeper insight into the intracellular localization directly after
internalization, an additional CLSM experiment was carried out in a time-dependent
manner. Based on the fact, that bioconjugate K2 provides the highest biological activity
on MCF-7 cells and was taken up most efficiently according to the flow cytometry

studies, it was selected for further investigation, whereby a constant compound

DAPI Daunorubicin Merge

A---

'

Lysosomes Merge, DAPI

Daunorublcm

Figure 12. Cellular localization of conjugate K2 (40 uM) visualized by confocal laser scanning microscopy
(CLSM). A: Co-localization of Dau-signal with nuclei (stained by DAPI) after 6 h incubation. B: Time-
dependent localization of K2 after 1, 5, 10, 30 minutes and 1, 2, 3, 6 hours incubation. C: Co-localization
of K2 with lysosomes (stained with CytoPainter Lysosomal staining Kit) after 5 minutes incubation. Scale
bars represent 10 pm.
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concentration of 40 uM was applied. The obtained results (Figure 12B) demonstrate the
presence of Dau in the nuclei already after 10 to 30 minutes, while after a short treatment
period of 1 and 5 minutes, the Dau-signal was mainly detected in small cytosolic vesicles.
Due to the fact that it is assumed that the GnRH-III derivatives, like K2, enter cancer cells
by a receptor-mediated endocytic pathway, the small cell compartments at early time
points might be lysosomes. To validate this assumption, a lysosomal co-localization study
was carried out with bioconjugate K2 on MCF-7 cells. For this purpose, the cells were
preincubated with a lysosomal stain, followed by five minutes treatment with K2. As
shown in Figure 12C, the obtained signal of the lysosomal stain corresponds largely to
the monitored Dau-signal. Considering that a higher amount of intracellular vesicles was
monitored by Dau than by the lysosomal staining kit, it can be assumed that the remaining
vesicles belong to other compartments of the endocytic pathway and display early and

late endosomes.

3.1.1.2.6. Receptor blockage by triptorelin

The obtained results from CLSM studies support the proposed endocytic internalization
of the GnRH-III conjugates. To ensure that the cellular uptake occurs in a receptor-
mediated manner, the uptake rate of K2 was studied by flow cytometry in presence of the
GnRH superagonist triptorelin. The ligand competition assay was performed by Beata
Biri-Kovacs and carried out on MCF-7 cells using a constant concentration of K2 (40
uM) and ascending doses of triptorelin. This highly effective GnRH-I analog was already
successfully used to verify the receptor mediated pathway of the GnRH-I-Dox conjugate
AN-152 2% Since recently reported data pointed out that triptorelin can cause an

enhanced GnRH-R density on MCF-7 cells, a shorter treatment time might be favorable

=

for the competition study [**7). Due to this and the 309
results of the CLSM which indicate that one to two
hours of treatment are sufficient enough to obtain a 20-
substantial uptake of K2, the treatment time was
adjusted to 100 min, whereby the cells were incubated 10-

simultaneously with K2 and triptorelin. The obtained

cellular uptake of K2 (%)

results evident that the cellular uptake of K2 can be

| Ll I I |
inhibited in a concentration dependent manner by 0 JeERs0:440-1000
cTriptorelin [”M]

triptorelin which confirms the assumption that the o
Figure 13. Competitive inhibition of
GnRH-III-Dau conjugates can enter GnRH-R positive K2 on MCF-7 cells in presence of
triptorelin (125-1000 pM) by flow
cancer cells in a receptor mediated manner (Figure 13).  cytometry.
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3.1.1.3. Biochemical evaluation of 2" set of GnRH-III-Dau conjugates

Considering the fact that the incorporation of ®D-Aaa did not lead to an improved
antitumor activity of the GnRH-III-Dau conjugates, further amino acid substitutions, and
their effect on cancer cell proliferation have been investigated. The applied sequence
modifications have been selected based on the findings of previously reported structure-
related activity studies of unconjugated GnRH-III derivatives !, Due to the results of
Pappa et. al., 14 novel GnRH-III-Dau conjugates with modified peptide sequence have
been prepared and evaluated. Similar to the 1% set of GnRH-III-Dau-conjugates, all
synthesized compounds have been studied for their inhibitory effect on the growth of
GnRH-R expressing HT-29 colon cancer and MCF-7 breast cancer cells. For a better
interpretation of the results, the cytostatic effect of a distinct group of compounds was
also analyzed on MDA-MB-231 breast cancer cells. Afterwards, the best candidates were
selected for further studies, including the stability in presence of human blood plasma and
lysosomal enzymes, the cellular uptake and sub-cellular localization, as well as the

affinity to GnRH-Rs.

3.1.1.3.1. In vitro cytostatic effect

At the outset of the cell viability studies, GnRH-R expression was confirmed on HT-29,
MCF-7 and MDA-MB-231 cancer cells by western blot analysis. In case of all three cell
lines, a distinct band at approximately 38 kDa was identified, which can be considered as
full-length human GnRH-R (Appendix 10.2.2.3. Figure A30). In addition, further bands
at higher molecular weight (55-70 kDa) were detected which is in line with previous
findings and might represent the glycosylated forms of the GnRH-Rs [*%-3%7] I the next
step, the in vitro cytostatic effect of the modified GnRH-III-Dau derivatives was
determined on MCF-7 and HT-29 human cancer cells by a resazurin-based cell viability
assay, performed by Bedta Biri-Kovécs. To ensure the comparability with previous
results, the well-established compounds K1 and K2 were used as internal standards and
positive controls #°*?4 As it is shown in Table 6, all investigated GnRH-III-Dau
conjugates revealed an inhibitory effect on cancer cell growth, whereby the obtained ICso
values vary between 0.14 and 6.64 uM on MCF-7 cells and 3.31-18.00 uM on HT-29
cells. The slightly lower anticancer activity on HT-29 is in line with previous data [2>264],
With exception of compound 16, the cytostatic effect of the bioconjugates was not
substantially different from that of the controls K1 and K2. However, the exchange of
3Trp by *D-Tic in combination with “Lys(Bu) and the deletion of *His led to a remarkable

improved cytostatic effect of bioconjugate 16 on both cell lines, whereby its 1Cso value
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Table 6: In vitro cytostatic effect of 2™ set of GnRH-III-Dau bioconjugates on HT-29 human colon
cancer, MCF-7 and MDA-MB-231 human breast cancer cells

Code [GnRH-III-8Lys(Dau=Ao0a)]- ICso [uM] ICso [uM] ICso [uM]
compound HT-29 MCF-7 MDA-MB-231
K1 - 13.89+3.62 2.54+0.67 8.22+0.13
K2 [“Lys(Bu)] 15.93+0.99  2.36+0.07 9.00+1.33
[*D-Trp] 15.2542.51 3.60+0.28 n.d.
[*D-Tic] 8.75+0.86 2.89+0.62 n.d.
[*AHis, *D-Tic] 10.32+1.32 2.75+0.17 9.35+1.93
10 [*D-Tic, 'D-Trp] 15.3442.63  3.42+0.39 n.d.
11 [2AHis, 3D-Tic, 'D-Trp] 10.70+0.95 1.90+0.58 7.88+1.24
12 [*Asp(OMe)] 10.66+1.76  4.81+0.72 n.d.
13 [1°AGly-NHEt] 14.18+£3.59 4.88+0.01 14.33+1.18
14 [*D-Trp, “Lys(Bu)] 15.03£2.51 6.64+1.58 n.d.
15 [*D-Tic, “Lys(Bu)] 12.73£3.10 2.56+0.51 n.d.
16 [2AHis, *D-Tic, ‘Lys(Bu)] 3.3120.90 0.14+0.01 2.49+0.53
17 [*D-Tic, “Lys(Bu), 'D-Trp,] 16.83£0.66  2.57+0.47 n.d
18  [2AHis, *D-Tic, *Lys(Bu), 'D-Trp] ~ 16.55£0.30  2.81+0.04 8.18+0.18
19 [“Lys(Bu), *Asp(OMe)] 18.00+0.13 3.44+0.51 n.d.
20 [“Lys(Bu), '°’AGly-NHE] 17.84+0.08 2.23+0.40 12.41£2.30

n.d. — not determined, all values represent mean = SE

on MCEF-7 cells was more than 15-times lower, and on HT-29 cells around five-times
lower than that of compound K2. Furthermore, the C-terminal modification !°AGly-NHEt
(13, 20) did not cause a notable change in the anticancer activity compared to the controls.
These results are in line with reported results of drug-free GnRH-III derivatives ('],
while in case of GnRH-I, the substitution of Gly-NH, by ethyl amide leads to an enhanced
biological activity of the GnRH-I agonist fertirelin [29%3%°] This effect could be further
improved by combining the C-terminal modification °Pro-'°AGly-NHEt with °D-Aaa
resulting in GnRH-1 superagonists, like buserelin (°D-Ser(tBu),'°AGly-NHEt) or
leuprolide (°D-Leu,'°AGly-NHEt), with much higher biological activity than GnRH-I or

993991 1t has been shown that the improved activity of these GnRH-I agonists is

fertirelin [
mainly related to an enhanced B-turn conformation which is caused by the D-Aaa
substitution in position 6 1% Regarding the results of the 1% set of GnRH-Dau
conjugates, it could be demonstrated that an adaption of this concept to GnRH-III
derivatives is not leading to a similar positive effect on the activity of GnRH-III
derivatives. Beyond that, divergent results about the importance of *Asp on the anticancer
activity of GnRH-III have been published [1*%1423191 - According to Pappa et al., who

studied the antitumor activity of GnRH-III peptide derivatives without drug molecule, the
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negative charge in position six is not essential for the antiproliferative activity of GnRH-
111 derivatives, whereby especially methylation of *Asp might lead to an increased activity
(1421 On the other hand, previous studies pointed out that this aspartate plays a crucial role

1423101 'To investigate the impact of ®Asp

on the activity of GnRH-III and its derivatives !
on the antitumor activity of GnRH-III-[®Lys(Dau=Aoa)] conjugates, Asp(OMe) was
incorporated instead of ®Asp yielding compound 12 and 19. The obtained results confirm
that the acidic character is not mandatory for the anticancer activity of the Dau conjugates,
though the methylation did not lead to an improved in vitro cytostatic effect. Considering
these results, as well as the findings from the literature, it can be assumed that not the
negative charge directly, but rather the general structure of the side chain and the
corresponding different intramolecular interactions are responsible for the biological
activity.

In addition, the N-terminal residues *His and *Trp might be of high importance for the

1011 In case

receptor binding and the antiproliferative activity of GnRH-I and GnRH-III !
of GnRH-I derivatives, it could be shown that an exchange of *Trp to *D-Trp and *D-Tic
led to a reduced receptor binding affinity, while the antiproliferative activity of the
compounds was increased on MCF-7 cells B!, A similar inhibitory effect on the cell
growth of LNCaP human prostate cancer cells could be observed for *D-Trp and *D-Tic-
containing GnRH-III derivatives which could be further improved by a coincidental 'D-
Trp insertion ['*2]. Due to these findings, the influence of His->Trp sequence modification
was analyzed, whereby also the combination with "D-Trp was examined. In accordance
with previous studies, none of the applied modifications led to a substantial decline of the
cytostatic effect of the GnRH-III-Dau conjugates !, In the first step, *D-Trp or *D-Tic
was incorporated within the peptide sequence resulting in a slightly enhanced activity for
the D-Tic compounds 8 and 15 on HT-29 cells. To achieve a more pronounced reduction
of the cancer cell viability, the effect of *His deletion with or without "D-Trp substitution
was studied in combination with *D-Tic. In contrast to the results from Pappa et al., the
replacement of "Trp to ’D-Trp did not lead to an improved anticancer activity which might
be the result of an enhanced stability of the conjugates towards lysosomal enzymes. Thus,
one possible explanation is that the insertion of 'D-Trp adjacent to *Lys(Dau=Aoa), could
lead to a decelerated release of the smallest Dau-containing metabolite which might
overcompensate an advantageous inherent anticancer activity. Apart from that, the
deletion of *His in combination with *D-Tic-*Lys(Bu) produced a GnRH-III-Dau

conjugate (16) with a clearly increased anticancer activity on both cell lines, whereby the
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improvement on MCF-7 cell was notably higher than on HT-29. This effect might be
related to the fact that GnRH-receptor signaling can interfere with estrogen receptor
signaling 8%, For instance, it was shown that the GnRH agonist triptorelin inhibited 17p-
estradiol (E2)-induced cell proliferation in MFC-7 and other ERa+/ER[B- cancer cells
while ERo-/ERB+ cancer cell lines remained unaffected [*°)). This example clearly
indicates that GnRH-analogs can affect estrogen-induced cell proliferation. To verify the
obtained results, the in vitro cytostatic effect of compound 16 was additionally
investigated on GnRH-R positive but ERa negative MDA-MB-231 breast cancer cells.
For a better interpretation, all 2AHis-3D-Tic-containing conjugates (9, 11, 16, 18), as well
as the C-terminal modified conjugates (13, 20) were included in this study. The tendency
of the growth inhibitory effect on MDA-MB-231 cells was comparable to that of MCF-7
and HT-29 cells, whereby bioconjugate 16 revealed on all three cell lines a higher activity
than K2 (Figure 14) or any other applied GnRH-Dau conjugate. This clearly indicates
that compound 16 is highly efficient on ERa+ and ERa- breast cancer cells, as well as on
reproduction system unrelated colon cancer cells, which might lead to an enlarged scope
of application. The promising results, especially on MDA-MB-231 cells which are not
only ERa-, but also progesterone receptor (PgR) and human epidermal growth factor
receptor 2 (HER-2) negative, illustrate the great potential of compound 16 %71 Since
these so called triple negative breast cancer (TNBC) cells are known to be more

aggressive and lack the ability to use specific targeted treatment options, like Herceptin
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Figure 14. Cytostatic effect of the GnRH-III conjugate K2 and 16 on A: HT-29, B: MFC-7 and C: MDA-
MB-231 human cancer cells after 72 h (24 h treatment and an additional 48 h incubation). Curves obtained

by non-linear regression (sigmoidal dose response, error bars represent the standard deviation of four
parallels, the measurements were repeated twice).
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(Her-2 targeted chemotherapy), alternative approaches are necessary to affect these

3121 Since GnRH-R expression occurs in more than 50% of human breast

cancer cells |
cancer, GnRH-Rs might represent a potential target to overcome these limitations and
offer a possibility to treat TNBC more efficiently. Considering that the GnRH-III-Dau
conjugate 16 provides the highest inhibitory effect on the growth of various cancer cell
lines, further studies were carried out in direct comparison to K2 to verify its potential as

GnRH-based DDS.

3.1.1.3.2. Stability in human and mice plasma

To ensure an efficient and selective delivery of the drug to cancer cells, the stability of
DDSs under physiological conditions is of high relevance. Initially, the stability of
compound 16 and K2 was investigated in human blood plasma. Both conjugates were
incubated up to 24 hours at 37 °C in 90% plasma and appropriate samples were analyzed
by LC-MS. In accordance with previous results of related GnRH-III-Dau conjugates, no
degradation or cleavage could be observed within one day plasma exposure (Appendix
10.2.2.4, Figure A31A) %3131 This indicates that both compounds possess a high
stability towards plasma-specific enzymes providing a reliable durability during
circulation. Moreover, it might be possible that the incorporation of *D-Tic causes an even
higher stability of compound 16 than that of K2. However, since the elimination half-life
(t12¢) of GnRH-I agonists, like triptorelin (¢;2. = 2.8 hours), or antagonists, like cetrorelix
(t12¢ = 11-12 hours), is commonly below 24 hours after intravenous application, the
incubation time was restricted to 24 hours [*!416] Taking into account that preclinical
studies of anticancer drugs are mainly carried out using xenograft mouse models, the
durability of 16 and K2 was also determined in mouse blood plasma revealing that both
compounds are stable for at least 24 hours (Appendix 10.2.2.4, Figure A31B). Both in
vitro studies provide valuable information and are helpful to avoid misinterpretation of
preclinical results which might be caused by differences between the enzymatic activity

of laboratory animals and humans [24>317],

3.1.1.3.3. Lysosomal degradation in presence of rat liver lysosomal homogenate

Next to the durability in blood plasma, the degradation of compound 16 and K2 in
presence of rat liver lysosomal homogenate was analyzed. In accordance with previous
findings and the results of the 1% set of GnRH-III-Dau conjugates, no free Dau could be
detected [25%2%4 However, both bioconjugates were digested by lysosomal enzymes,

whereby various fragments could be detected (Figure 15, Appendix 10.2.2.5. Table A2).
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Figure 15. Degradation of the GnRH-III conjugates K2 and 16 in presence of lysosomal rat liver
homogenate. Cleavage sites produced by lysosomal enzymes are shown by full line arrows (left). LC
chromatograms of K2 and 16 after 24 h degradation (middle) and MS spectra of the active metabolite H-
Lys(Dau=Aoa)-OH (right).

In general, the degradation profile of K2 was similar to the previous study (3.1.1.2.2.)
which verifies a comparable enzyme activity of the used lysosomal homogenates. The N-
terminal fragment Glp-His-Trp-Lys(Bu)-OH and the C-terminal fragment H-His-Asp-Trp-
Lys(Dau=Aoa)-Pro-Gly-NH, were already detected after five minutes incubation which
clearly indicates the presence of a lysosomal enzyme with endopeptidase activity. Apart
from that, the obtained results displayed that the novel compound 16 possesses an
enhanced stability towards lysosomal enzymes than K2, whereby especially the N-
terminal region Glp-D-Tic-Lys(Bu) provides a higher resistance. Despite this, the
enzymatic hydrolysis of the C-terminal amino acids H-Gly-NH, and H-Pro-Gly-NH, was
not influenced by the sequence modification and also the release of the smallest Dau-
containing metabolite H-Lys(Dau=Aoa)-OH could be observed for both conjugates within
one hour. Based on these findings, it can be proposed that the rapid formation of the active
Dau metabolite is mainly mediated by lysosomal enzymes which possess carboxymono-
and/or dipeptidase activity. In summary, the applied amino acid modifications of
conjugate 16 lead to an enhanced stability of the N-terminus, while the degradation of the
C-terminus and the corresponding release of the smallest Dau-metabolite is not disrupted
which is of high relevance for the biological activity of oxime bond-containing GnRH-

[II-Dau conjugates.

3.1.1.3.4. Cellular uptake of the bioconjugates by flow cytometry

Based on the fact that anthracyclines, like Dau, have autofluorescent properties, the
cellular uptake, as well as the subcellular localization of GnRH-III-Dau conjugates can
be studied without changing the inherent properties of the DDSs. Thus, flow cytometry

studies were performed to determine the cellular uptake rates of K2 and 16 on HT-29 and
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MCF-7 human cancer cells. After six hours treatment with different compound
concentrations, both cell lines displayed an enhanced cellular uptake rate for compound
16 in comparison to K2 while considering only the fluorescence emission of living cells
(Figure 16). In case of HT-29, the uptake rate at low concentrations (3.125 uM, 6.25 uM
and 12.5 pM) was approximately 2.7-times higher for 16 than for K2. At 25 uM
concentration, 55.7% (K2) and 89.5% (16) of HT-29 cells were Dau positive, while the
cellular uptake rates at 50 uM were 92.3% and 99.3%. A similar tendency could be
obtained on MCF-7 cells, whereby the cellular uptake at 3.125 uM was already 4-times
higher for compound 16 (14.6%) than for K2 (3.3%). At the two highest concentrations,
uptake rates between 96.5 and 100% could be observed. Due to these results, it can be
assumed that the enhanced anticancer activity is mainly caused by the improved cellular
uptake of compound 16. Especially the results at low concentrations indicate that the
cellular uptake of 16 is accelerated which might provide the high potency of the
compound. Moreover, the higher uptake rates on MFC-7 are in line with the lower 1Cso

values, which might be related with a higher GnRH-R level on the cell surface.
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Figure 16. Cellular uptake of GnRH-III-Dau conjugates K2 and 16 by flow cytometry. A: HT-29 and B:

MCF-7 cancer cells after 6 h treatment. Experiments were performed in duplicates. Error bars represent
SD.

3.1.1.3.5. Confocal laser scanning microscopy (CLSM) studies®

Aside from quantitative flow cytometry studies, the cellular uptake and the subcellular
localization of compound 16 was investigated in a time-dependent manner by CLSM. For
this study, MCF-7 cells were treated with 16 for different periods of time from five
seconds up to one hour, followed by fixation and preparation for image recording. To
ensure the comparability with the study of K2 (3.1.1.2.5.), 40 uM compound
concentration was used and images were depicted in BestFit mode (Figure 17).

Moreover, nuclei were stained with DAPI to verify the presence of Dau or Dau-containing

4 All CLSM samples were prepared by Beata Biri-Kovécs and images were recorded by Balint Szeder
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DAPI Daunorubicin Merge DAPI Daunorubicin Merge

Figure 17. Time-dependent cellular uptake and co-localization with nuclei (stained by DAPI) of GnRH-III
conjugate 16 (Daunorubicin signal) on MCF-7 breast cancer cells after 5, 15, 30 and 60 seconds (left), as
well as 5, 10, 30 and 60 minutes (right) incubation. Scale bars represents 10 pum.

derivatives on the site of action. The recorded images illustrate an accumulation of Dau
in the nuclei after five minutes, while within the first minute, the Dau-signal was
predominantly detected in the cytosol and in small cytosolic vesicles which are assumed
to represent endosomes and lysosomes. Similar studies of K2 showed after five minutes
the Dau-signal only in small cytosolic vesicles, and a treatment period of 10 minutes was
necessary to verify the accumulation of Dau in the nuclei. This indicates that the GnRH-
[II-Dau conjugate 16 was taken up more efficiently by MCF-7 cell than K2. Moreover, it
can be assumed that the delivery of the drug to the site of action is accelerated. Beyond
that, the images of 16 at five and ten minutes display dividing cells, where the chromatin
was already condensed and chromosomes became visible. This illustrates not only the

presence of Dau in nuclei, but also the rapid intercalation of the drug into DNA.

3.1.1.3.6. Radioligand binding studies

In order to prove that the novel bioconjugate enters cancer cells by receptor mediated
endocytosis, the binding affinity of 16 and K2 to GnRH-Rs was determined by
radioligand displacement assay. The experiments were performed at the research group
of Gabor Halmos (Department of Biopharmacy, Faculty of Pharmacy, University of

Debrecen). Increasing compound concentrations were used to replace ['2°I]-triptorelin
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from GnRH-Rs on human pituitary and human prostate cancer tissues. The results evident
that both compounds bind to the receptors with similar affinities in low nanomolar range.
In case of human pituitary tissues, ICso values of 3.59 + 2.17 nM (K2) and 3.53 + 0.96
nM (16) were obtained, while 3.43 = 2.01 nM (K2) and 2.79 £ 1.24 nM (16) were
achieved for human prostate cancer tissue (Appendix 10.2.2.6. Figure A32). Considering
that no substantial difference could be detected between the compounds, it can be
presumed that the receptor binding is not affected by the N-terminal modification of
compound 16. In comparison to GnRH, unrelated peptides, like SST-14 or bombesin, are
not able to displace triptorelin using concentrations up to 1 uM, K2 and 16 replace
triptorelin efficiently in a competitive manner by applying increasing concentrations of 1
pm to 1 uM. Due to these findings, it can be assumed that both GnRH-III compounds
bind to the GnRH-receptor in a specific manner which enables a receptor mediated uptake

by endocytosis.

3.1.2. Self-immolative and non-cleavable linker-containing GnRH-III-Dau and -
PTX conjugates

DDSs are promising tools for targeted tumor therapy providing a selective delivery of
cytotoxic drugs to malignant cells, while side-effects and systemic toxicity are reduced.
To ensure these beneficial features, the stability of the linkage between the targeting
moiety and the cytotoxic agent, but also the specific release of the anticancer agent or
bioactive drug-metabolites within the cancer cell plays a crucial role. Thus, many
different linker systems have been developed to link cytotoxic drug molecules to tumor
homing ligands B!8321, A prominent example for the use of non-selective stable linker is
the ADC Trastuzumab emtansine (T-DMI1), where the cytotoxic payload DM-1 is
covalently connected to the antibody by a heterobifunctional SMCC crosslinker forming
a stable thioether-maleimide bond between linker and drug, and an amide bond between
linker and Lys-residues of the mAb 22!, Similarly to the oxime-linked GnRH-III-Dau
conjugates (3.1.1) where the drug remains covalently linked to the lysine side chain, the
bioactive DM1-containing Lys adducts are released by lysosomal enzymes which can
efficiently bind to tubulin and thereby prevent microtubule assembly 193231 Next to
stable non-cleavable linkers, a variety of labile linkers have been designed which are
relatively stable outside, but degradable inside the cancer cell [25°318-3201 These linkages
are cleaved by specific intracellular mechanisms or pathways which result in the release
of the free drug. Commonly used linker systems for ADCs and SMDCs are mainly acid-

labile linkers (drug release caused by acidic environment of late endosomes and
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lysosomes), reducible disulfide linkers (release by high intracellular GSH concentration)
or enzymatic degradable peptide linkers (hydrolysis by carboxylesterases or lysosomal

255318,324326] Tn order to promote the accessibility of cleavage sites adjacent

cathepsins) !
to sterically bulky payloads, additional spacer and linker systems are often incorporated
which undergo rapid and irreversible disassembly directly after cleavage, leading to a
subsequent release of the free drug [252324327-33% Thuys, enzyme cleavable peptide linker
have been successfully used in combination with a self-immolative PABC spacer to
conjugate anticancer drugs, like Dox, MMAE or PTX to tumor specific homing devices
(2103203313331 "1 case of the FDA approved ADC brentuximab vedotin, the cytotoxic
payload MMAE is connected to the mAb by the cathepsin B cleavable, self-immolative
linker system EMC-Val-Cit-PABC-MMAE which contains a maleimide moiety for the
attachment of the linker to Cys side chains of the mAb by thioether bond formation [332-33+
336 The Val-Cit-PABC linker system was initially applied for the conjugation of Dox to
a chimeric mAb resulting in an ADC which revealed excellent stability in human plasma
and rapid release of free Dox by cathepsin B and in lysosomal preparation *?°l. Due to
these promising results, related Val-Cit-PABC linker systems have been used for a variety
of DDSs 33773411 Other frequently used cathepsin B cleavable dipeptides are Phe-Lys and
Val-Ala, whereby Val-Cit and Val-Ala are the most successfully used cleavable linkers
which might be related to the reduced plasma half-life of the Phe-Lys linker
[176,211,255.320,342-336] Tny comparison to non-cleavable linker systems, it could be shown that
ADCs with cleavable linker systems reveal not only toxic effects on antigen-positive
cancer cells, but also on antigen-negative cancer cells in the direct proximity to these
cells. This so called bystander effect, is probably caused by direct diffusion of the free
drug across the plasma membrane to adjacent cells and/or by extracellular matrix proteins
of the microenvironment of the tumor [B!%347348] Egpecially for tumors with a
heterogeneous population of antigen-positive and antigen-negative cells, the application
of DDSs which exhibit significant bystander killing are assumed to enhance the chances
of tumor relapse with a monotherapy B*®). Encouraged by these promising findings, novel
GnRH-III drug conjugates were developed and synthesized which contain the cathepsin
B cleavable dipeptidyl linker Val-Ala or Val-Cit, and the self-immolative PABC moiety.
Considering the favorable results of 16 and K2, the corresponding peptide sequences have
been selected as targeting moieties for the novel conjugates and the classical anticancer

drugs Dau and PTX were used as payloads. In the past, a variety of PTX prodrugs have

been designed to ligate PTX to different targeting moieties, and to improve the solubility
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of PTX [211:212.324.399-353] ‘Moreover, it could be shown that an elongated linker between
the cathepsin B cleavage site and PTX might be favorable for a rapid enzymatic cleavage
of the dipeptide linker %3, To achieve an adequate stability of the GnRH-III-PTX
conjugates, the well-known N, N’-dimethylethylene diamine spacer has been incorporated
between the PABC moiety and the PTX by carbamate formation [21¢211353] For a better
comparison and to demonstrate the proof of concept, equivalent non-cleavable GnRH-
III-Dau and PTX conjugates have also been developed. All synthesized GnRH-III-Dau
and PTX conjugates were studied for their anticancer activity in A2780 ovarian and Panc-
1 pancreatic cancer cells. In addition, the release of the drug was studied in presence of
lysosomal enzymes and the GnRH-R binding affinity was examined for some

compounds.

3.1.2.1. Synthesis of self-immolative linker-containing GnRH-III-Dau and -PTX
conjugates
In general, the synthesis of the Val-Aaa-PABC-containing GnRH-III-drug conjugates

(211,320.353.334] ' The appropriate peptide carriers 43

was carried out as described recently
and 44 were synthesized by standard Fmoc-SPPS, while the dipeptidyl-PABC-drug
linkers were synthesized in solution as shown in Scheme 3. Initially, the intermediates
Fmoc-Val-Cit-OH (22) and Fmoc-Val-Ala-OH (34) were prepared in accordance to
Dubowchik et al. and Hochdorffer et al., whereby the obtained yields were comparable

320354 In the next step, 4-aminobenzyl alcohol was coupled

to the reported ones |
affording compound 23 and 35 in adequate yield. Afterward, the hydroxyl group was
activated by formation of para-nitrophenyl carbonate intermediates (24, 36). For the
synthesis of the Dau-containing linkers, Dau-HCI was coupled to 24 and 36 yielding 47%
of Fmoc-Val-Cit-PABC-Dau (25) and 34% of Fmoc-Val-Ala-PABC-Dau after flash
chromatography. The yield of 25 is in line with the reported yield of Z-Val-Cit-PABC-
Dox [*2°1 while compound 37 was obtained in lower yield which is mainly related to the
insufficient separation during flash chromatography. The isolation of product and side
products might be improved by starting the purification with a higher percentage of the
nonpolar eluent hexane and performance of a gradient elution. However, since the
obtained amount of 37 was sufficient to complete the synthesis of the GnRH-III-Val-Ala-
PABC-Dau conjugates, this purification step was not optimized. In the following, the
Fmoc-group was removed in solution and products were isolated after DMF evaporation

by precipitation in ether and centrifugation. The crude compounds were used for the

coupling with glutaric anhydride without further purification. The obtained products were
56



3. Results and discussion

Jkr( 2 OC JLI'r b b) NH«( uko"_’ Jtm[r JLNHJ@A

Fmoc-Val-OH 21 (93%) 22R= CH2)3 -NH-CONH, (Cit) (77%) 23 R,= (CH,):-NH-CONH, (Cit) (84%)
34 R,= CH, (Ala) (64%) ) 38 Ri= CHs (Ala) (95%)
o

s
o o 0 0
O/U\N:J;]/NH\:)LNH : ©
o R,
e) O e h)
24 R,= (CH,);-NH-CONH, (Cit) (78%)
36 R1= CH, (Ala) (65%)
it |
OH o o OJLN,\/N\H/O
B SRS ¥ oag oo s
A NHJJ\NHOA o0 29 R,= H, R;= (CH,);-NH-CONH, (Cit) (53%)
Y :C‘ 40 R = Fmoc, R,= CH, (Ala) (66%)

25 R,= (CH,);-NH-CONH, (Cn)( 7%) l i)
37 R;= CH; (Ala) (34%) 1
[} o [} (o}
l ‘O HOM'E""ANMOA °
HO' 0 R,
30 Ry= (CH,);-NH-CONH, (Cit) (37%)

J\/\)L x[r"ut @A ? oo 41 R:= CHaz(Z\Ia) (47%) ’
i)

27 R,= (CH,),-NH-CONH, (Cit) (38%) JoL N L ? p
39 R,= CH; (Ala) (65% 0 9 0 0" N . P No
1 3(Ala) ( ) How;’("/w\)!\"“@A : \g/ e

o ° o :
} 9 i ™9 ©\( R

33 R= (CH,);-NH-CONH, (Cit) (57%) o O -
)il Ho ‘O‘O 42 R,= CH, (Ala) (70%) ) ~

°j/""/©/\ "oj:/P 0 OH O 0 lk)

/L HNT R,
o

0. t¢° OJI\N/\/N

45 R,= (CH,);-NH-CONH, (Cit), R,= His-Trp (70%) . NHQA I

46 R,= (CH,);-NH-CONH, (Cit), R,= D-Tic (62%) j/

° 47 R,= CH, (Ala) , R,= His-Trp (70%) TR ©\(
Glp-R,-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH, 48 Ry= CHj;(Ala) , Ry= D-Tic (65%) /k(go
o. NH

Glp-R,-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

49 R;= (CH,);-NH-CONH, (Cit), R,= His-Trp (84%)

50 R,= (CH,);-NH-CONH, (Cit), R,= D-Tic (77%)

51 R,= CH; (Ala) , Ry= His-Trp (80%)

52 R,= CH; (Ala) , R,= D-Tic (56%)
Scheme 3. Synthesis of self-immolative linker-containing GnRH-III-Dau and -PTX conjugates (a) 1 eq
HOSu, 1 eq DCC in THF, overnight, RT, (b) 22: 1.05 eq L-citrulline, 1.05 eq NaHCOj3 in HO/DME (1:1),
overnight, RT, 34: 1.1 eq L-Ala-0H, 1.1 eq NaHCOs3 in HO/DME (3:2), overnight, RT, (c) 2 eq PAB-OH,
2 eq EEDQ in DCM/MeOH (2:1), overnight, RT, (d) 2 eq (Pnp).CO, 2eq DIPEA in DMF, overnight, RT,
(e) 25: 1 eq 24, 1.1 eq Dau, 1.5 eq DIPEA in DMF, overnight, RT, 27: 1.5 eq 36, 1 eq Dau, 1.9 eq DIPEA
in DMF, overnight, RT, (f) ' 5 eq piperidine in DMF, 2) 2 eq glutaric anhydride, 2 eq DIPEA in DMF, 2
h, RT, (g) ' 1 eq 27 or 39, 0.9 eq HATU, 2 eq DIPEA in DMF 30 min, > 1 eq peptide carrier 43 or 44,
overnight, RT, (h) 2.5 eq 28, 2.5 eq DIPEA in DMF, overnight, RT, (i) 29: 3 eq glutaric anhydride, 3 eq
DIPEA in DMF, 4 h, RT, 40: ' 5 eq piperidine in DMF, 2 2 eq glutaric anhydride, 2 eq DIPEA in DMF,
overnight, RT, (j) 'Y TFA/DCM (1:2), 45 min, RT, 2 1.3 eq activated PTX (31), 4 eq DIPEA in DMF,
overnight, RT, (k) ' 1 eq 33 or 42, 0.9 eq HATU, 2 eq DIPEA in DMF 30 min, %) 1 eq peptide carrier 43
or 44, overnight, RT.

purified by RP-HPLC which afforded both linkers (27, 39) in moderate yield. For the
conjugation reaction, the appropriate linker was preincubated with HATU to form the
activated glutaryl ester and after 30 minutes, the peptide carrier was added. The final

GnRH-III-Val-Aaa-PABC-Dau conjugates (45-48) were isolated by semipreparative RP-
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HPLC and characterized by analytical RP-HPLC and ESI-MS (Table 7, Appendix
10.2.3.1.). For the synthesis of the PTX conjugates, the intermediate N-Boc-N,N -
dimethylethylene diamine (28) and the activated 2’-(para-nitrophenoxycarbonyl)-PTX
were needed (31). Intermediate 28 was prepared from commercially available

355

dimethylethylene diamine as recently reported by Meyer et al. *>%, and the regioselective

activation of PTX in the C2-OH’ position was carried out in accordance to the previously

2111 The synthesis of the PTX conjugates was continued by the

described synthetic route !
reaction of the para-nitrophenyl carbonate compounds (24, 36) with N-Boc-N,N'-
dimethylethylene diamine (28) yielding the Fmoc-protected compound 40 (Ala) and the
deprotected compound 29 (Cit). In case of the citrulline-containing linker intermediate,
the Fmoc group was removed during reaction. Nevertheless, the coupling of the diamine
spacer proceeded successfully, and by taking into account that the Fmoc removal was
intended as the next step, the synthesis strategy was not modified. After Fmoc-
deprotection of compound 40, both intermediates were treated with glutaric anhydride
yielding compounds 33 and 42. In contrast to the described synthetic route for RGD-PTX
conjugates, the linker synthesis was continued by Boc deprotection and coupling of the
2’-(para-nitrophenoxycarbonyl)-PTX to the diamine moiety. After purification by
preparative RP-HPLC, the final drug-linkers 33 and 42 were obtained in satisfactory
yields and were used for the conjugation to the peptide carriers. As described for the
ligation of the Dau-conjugates, the PTX-peptidyl linkers were preactivated with HATU
and then coupled to the corresponding peptide moiety. The resulting GnRH-III-PTX
conjugates (49-52) were purified by RP-HPLC and analyzed by analytical RP-HPLC and
ESI-MS (Table 7; Appendix 10.2.3.1.). All cleavable GnRH-III drug conjugates (45-52)

Table 7: Chemical characteristics of self-immolative GnRH-III-Dau and -PTX bioconjugates
GnRH-III-[“Lys(Bu), Purity RP-HPLC ESI-MS MW_cal

Code Linker

8Lys(linker-drug)] [%]  R¢[min]? /MWexp [g/mol]?
45 [*His-*Trp] Val-Cit >97 27.45 2399.57/2398.63
46 [2AHis-*D-Tic] Val-Cit >98 28.88 2235.40/2234.45
47 [*His-*Trp] Val-Ala >99 27.92 2313.47/2312.74
48 [2AHis-*D-Tic] Val-Ala >98 28.53 2149.31/2148.35
49 [*His-*Trp] Val-Cit >99 27.10 2840.10/2839.30
50 [>?AHis-*D-Tic] Val-Cit >98 28.53 2675.66/2675.28
51 [*His-*Trp] Val-Ala >98 27.58 2754.01/2753.38
52 [2AHis-*D-Tic] Val-Ala >97 29.13 2589.84/2589.30

%Column: Macherey-Nagel Nucleosil C18 column (250 mm x 4.6 mm) with 5 um silica (100 A pore size
gradient: 0 min 0% B, 5 min 0% B, 30 min 90% B; eluents: 0.1% TFA in water (A) and 0.1% TFA :
acetonitrile-water (80:20, v/v) (B); flow rate: 1 mL/min; detection at 220 nm. "Bruker Daltonics Esqui
3000+ ion trap mass spectrometer.
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3. Results and discussion

were obtained in high purities of at least 97% and the final conjugation to the targeting

moiety proceeded well with yields up to 84%.

3.1.2.2. Synthesis of non-cleavable linker-containing GnRH-III-Dau and -PTX
conjugates

The non-cleavable linker-containing GnRH-III-drug conjugates were prepared by the
synthetic route shown in Scheme 4. To obtain Dau-linker 53, Dau-HCI was treated with
glutaric anhydride and purified (preparative RP-HPLC). For the synthesis of PTX-linker 56,
mono-Boc protected diamine (28) was reacted with glutaric anhydride yielding compound
54 in high yield. Then, the Boc group was removed in solution and activated PTX (31) was
coupled. The PTX linker 56 was obtained in good yield (75%) over two steps and further RP-
HPLC purification. The conjugation of the drug-linker to the GnRH-III-carrier was coupled
with HATU as described for the cleavable counterparts. The non-cleavable GnRH-III-drug
conjugates (57-60) were obtained in moderate yields (50-72%). Analytical RP-HPLC and
ESI-MS analyses evidenced the high purity of the compounds (Table 8, Appendix 10.2.3.2).

0 OH 0 a) OO0 c) j\/\)"]\ |
S — — o N/\/NYOX 54 (83%)
A, TP o : |
HO N“\/O/o OH O O anhydride [ d)
53 (65%) Ho” ~° b i i ‘
| ) noJ\/\/”\T/\/NYD” NH O
o OH O ° (¢} 0o
o]
dodio Q eY
° NH ! o | ki %) 3 g” <°’4<
\O/o OH O O N/\/NYO' NH 57 ) °
4 _— °>_/—)\ | L O s675%)
Glp-R,-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH, Glp-R,-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH, i
57 R,= His-Trp (72%) 59 R;= His-Trp (53%) f won—LY°
58 R,= D-Tic (50%) 60 R,= D-Tic (65%) ©)\ < °
o0
7’ < —OH

Scheme 4. Synthesis of non-cleavable linker-containing GnRH-III-Dau and -PTX conjugates (a) 1 eq Dau,
3 eq DIPEA in DMF, 3 h, RT, (b) 'V 1 eq 53, 0.9 eq HATU, 2 eq DIPEA in DMF 30 min, ) 1 eq peptide
carrier 43 or 44, overnight, RT, (¢) 1 eq 28, 2 eq DIPEA in DMF, 6 h, RT, (d) 'Y TFA/DCM (1:2), 45 min,
RT, ?) 1 eq activated PTX (31), 30 eq DIPEA in DMF, overnight, RT, (e) ) 1 eq 56, 0.9 eq HATU, 2 eq
DIPEA in DMF 30 min, 2 1 eq peptide carrier 43 or 44, overnight, RT.

Table 8: Chemical characteristics of non-cleavableGnRH-III-Dau and -PTX bioconjugates
GnRH-III-[*Lys(Bu), Purity RP-HPLC ESI-MS MWca/MWeyp

Code

8Lys(glutaryl-linker-drug)] [%o] R¢ [min]? [g/mol]®
57 [*His-*Trp] >99 25.15 1994.12/1993.49
58 [?’AHis-*D-Tic] >98 27.10 1829.95/1829.75
59 [*His-*Trp] >08 26.83 2434.65/2434.11
60 [2AHis-*D-Tic] >99 28.57 2270.49/2270.04

%Column: Macherey-Nagel Nucleosil C18 column (250 mm x 4.6 mm) with 5 pm silica (100 A pore size);
gradient: 0 min 0% B, 5 min 0% B, 30 min 90% B; eluents: 0.1% TFA in water (A) and 0.1% TFA in
acetonitrile-water (80:20, v/v) (B); flow rate: 1 mL/min; detection at 220 nm. *Bruker Daltonics Esquire
3000+ ion trap mass spectrometer.
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3. Results and discussion

3.1.2.3. Biochemical evaluation of GnRH-III-Dau and PTX conjugates

In order to investigate the biological activity of the cleavable and non-cleavable linker-
containing GnRH-III drug conjugates, cell viability studies have been performed on
A2780 ovarian cancer and Panc-1 pancreatic cancer cells. Apart from that, the release of
the free Dau and PTX was studied in presence of rat liver lysosomal homogenate and the
receptor binding affinity of distinct compounds was investigated and compared to our

oxime bond-containing lead compound 16.

3.1.2.3.1. In vitro cytostatic effect

In collaboration with the research group of Dr. Jozsef Tévary from the National Institute
of Oncology in Budapest (OOI), our lead compounds 16 and K2 have been intensively
studied for their in vitro cytostatic effect on more than 20 cancer cell lines, and a variety
of these cell lines were further analyzed in terms of their GnRH-R expression level 3%,
The results revealed that A2780 ovarian cancer cells possess high basal protein level of
GnRH-R, as well as a high GnRH-R surface expression level, while Panc-1 pancreatic
cancer cells revealed an adequate GnRH-R surface expression level, but the basal protein
level of GnRH-R was substantially reduced. Apart from the studies of the OOI, the
GnRH-R expression of A2780, Panc-1 and seven other cell lines was additionally studied
by western blot analysis (Figure 18). In case of A2780 cells, a broad band at
approximately 38 kDa could be detected which can be considered as full-length human
GnRH-R. In contrast, the signal intensity of the 38 kDa band was much lower for Panc-1
pancreatic cancer cells. Based on these results, the high GnRH-R expressing cell line
A2780 and the low GnRH-R expressing cell line Panc-1 were selected to study the
anticancer activity of the self-immolative and non-cleavable GnRH-drug conjugates.
Taking into account that the release of the free Dau and PTX can be assumed, both drugs

were used as controls. The two cell lines were treated 24 hours in case of the Dau

Anti-GnRH-R antibody Anti-actin antibody
- n o - 2 n o
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Figure 18. Western blot performed on whole cell lysates of A549, U87, Panc-1, Ovcar-3, M24, MRC-5,
A2780, 4T1 and HT-29 cells. Anti-GnRH-R antibody (Proteintech, 19950-1AP) (left) was used to detect
GnRH-R. Actin expression was evaluated as loading control (Santa Cruz Biotechnology, sc-1616 (right).
Band at 38 kDa represents the full length human GnRH-R; the signals at higher molecular weight (55-70
kDa) are assumed to be glycosylated forms of the receptor.
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3. Results and discussion

conjugates and six hours for the PTX compounds, followed by additional incubation with
fresh growth medium until 72 hours after treatment initiation. The obtained results which
are shown in Table 9 reveal that the non-cleavable linker-containing conjugates possess
a reduced anticancer activity in comparison to the cleavable conjugates. Moreover, all
compounds displayed a lower biological activity on Panc-1 cells than on A2780. In case
of the cleavable GnRH-III-Dau conjugates, the ICso values varied between 2.85-11.18
uM on A2780 cells, whereby the best activity was obtained for compound 48 (2.85 uM)
which contains the cathepsin B cleavage site Val-Ala and the modified GnRH-III carrier.
In general, the ICso values of the Dau-conjugates on A2780 cells emphasize that the novel
targeting moiety GnRH-III-[?AHis-*D-Tic-*Lys(Bu)] (46, 48) has a beneficial impact on
the antitumor activity with ICso values 2.5-times lower than that of the GnRH-III-[*His-
3Trp-*Lys(Bu)] conjugates (45, 47). Furthermore, the outcomes indicate that the Val-Ala
linker-containing conjugates provide a slightly improved cytotoxic effect in comparison
to the Val-Cit-containing conjugates. This effect might be related to an accelerated release
of Dau within the tumor cell. Apart from that, it needs to be mentioned that the activity
of the free Dau was lower in comparison to previous studies from Ivan Randelovi¢ (OOI)
[336] which might be explained by the fact that the experiments were performed at different
times and in different laboratories using different cell viability assays (MTT- and

resazurin-based assays), but also the passage number and confluence of the A2780 cells

Table 9: In vitro cytostatic effect of self-immolative GnRH-III-Dau and -PTX bioconjugates on A2780
human ovarian cancer and Panc-1 human pancreatic cancer cells

GnRH-III-[*Lys(Bu),

Code SLys(linker-drug)] Linker ICso [nM] A2780 ICso [nM] Panc-1
Dau 0.21 £0.01 243 £0.58
45 [His->Trp] Val-Cit 11.18 £ 0.38 85.57 + 2433
46 [2AHis-*D-Tic] Val-Cit 4.24+1.09 > 100
47 [*His-*Trp] Val-Ala 7.48 + 0.66 56.19 £ 17.28
48 [2AHis-’D-Tic] Val-Ala 2.85+0.90 > 100
57 [*His-*Trp] non-cleavable  67.88 +25.36 > 100
58 [2AHis-*D-Tic] non-cleavable 48.14 £ 0.47 >100
PTX 0.02 £ 0.001 0.17+0.01
49 [His->Trp] Val-Cit 0.67 +0.07 5.03 +1.91
50 [2AHis-*D-Tic] Val-Cit 0.51£0.11 6.44+1.22
51 [*His-*Trp] Val-Ala 0.66+0.18 4.89 +1.08
52 [>?AHis-’D-Tic] Val-Ala 0.77+0.08 8.15+3.22
59 [*His-*Trp] non-cleavable 41.52+9.83 > 100
60 [2AHis-*D-Tic] non-cleavable > 100 > 100

all values represent mean + SE

61



3. Results and discussion

might have an impact on the cytostatic effects [2°>?%l. In order to facilitate a direct
comparison of the anticancer activities of the cleavable, self-immolating GnRH-III
conjugates and the best oxime bond-linked GnRH-III-Dau conjugates (K2 and 16), an
additional cell viability experiment was performed. Both oxime bond-containing
conjugates revealed a higher cell growth inhibitory effect than the best cleavable
compound 48 (Appendix 10.2.3.2. Figure A47). The ICso value of the lead compound 16
was around 50% lower and the value of K2 was more than 30% lower than that of 48.
Since it has been reported, that the free Dau binds DNA with higher affinity and thus
possesses a higher potential than the H-Lys(Dau-Aoa)-OH metabolite [>*7), further studies
are needed to interpret the results. In contrast to the Dau-conjugates, all cleavable PTX-
conjugates displayed nearly the same activity on A2780 cells (0.51-0.77 uM). This might
be related to the releasing mechanism of the PTX. It has been reported that by using the
PABC spacer in combination with the diamine linker, initially the diamine linker-
containing prodrug is released [>!'333]. The following cyclization of the diamine-linker to
1,3-dimethyl-2-imidazolidinone and the corresponding release of PTX has been reported

3331, Taking this into account,

to be the rate-limiting step of the self-immolative process
it can be assumed that the stability of the prodrug and the release of the free PTX have a
higher impact on the antitumor activity of the GnRH-III conjugates than the targeting
sequence or the cathepsin cleavable dipeptide spacer. Apart from that, the non-cleavable
linker-containing GnRH-III-drug conjugates exhibited a clearly decreased growth
inhibitory effect on both cell lines. Thus, it can be assumed that the decreased biological
activity of these conjugates is related to the fact that the free drug is not released.
Moreover, the acylation of the amino sugar moiety of Dau might have an impact on the
DNA intercalation properties, since it has been shown that a hydrogen bond is formed

35773591 This assumption is supported by recent

between this amino group and the DNA [
studies which demonstrated that the in vitro antitumor activity of GnRH-III conjugates is
remarkably decreased when the amino function of the daunosamine sugar was used for
amide bond formation to a glutaryl-spacer [*>*. In comparison to the activity on A2780
ovarian cancer cells, all applied conjugates revealed substantially decreased cytostatic
effect on Panc-1 pancreatic cancer cells. Since the reduced activity of the conjugates is in
correlation with a lower GnRH-R expression level, it can be assumed that the anticancer
activity is mediated by a receptor mediated uptake of the compounds. On the contrary,

also the free drugs Dau and PTX revealed a decreased anticancer activity on Panc-1 cells.

This reduced potency might be related to a resistance of the Panc-1 cells to these
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chemotherapeutic agents. In general, it is well known that pancreatic cancers commonly
possess several cellular mechanisms which lead to strong resistance towards a variety of
classical anticancer drugs [*°36%] This fact, together with the high invasive and metastatic
behavior of pancreatic cancer, as well as the difficult diagnosis at early stages result in a
bad prognosis and high lethality rate of the disease [***¢7). One reason for the poor
response of pancreatic ductal adenocarcinoma (PDA) to cytotoxic drugs is the expression
of membrane-bound transporter proteins which mediate the efflux of cytotoxic drugs out
of the cytosol. Miller et al. determined that the multidrug resistance (MDR) of Panc-1
cells is mainly related to the presence of the multidrug resistance-associated protein
(MRP) 683691 Moreover, it has been shown that MRP mediates the ATP-dependent
efflux of anthracyclines, like Dau and other anticancer agents B7°373] Based on these
findings, it can be assumed that the low activity of the free Dau is mainly related to the
efflux of the drug from cytosol directly after passive diffusion. In contrast to that, it has
been reported that MRP-transfected cells exhibit just a low resistance level to PTX P70
3721 Nonetheless, different studies pointed out that taxanes do not display a significant
antitumor activity towards PDA which might be caused by other cellular processes
[361.374.375]  Although the specific mechanisms for taxane resistance in pancreatic cancer
are not fully elucidated yet, it can be assumed that the membrane transporter protein P-
glycoprotein 1 (P-gp, also known as multidrug resistance protein 1 (MDR1)) is at least

361376 MDRI1 expression results in a similar ATP-mediated resistance

partially involved !
like MRP and causes an enhanced drug efflux which leads to a reduced intracellular drug
accumulation. Despite the similarities, P-gp exhibits a different substrate selectivity than
MRP and mediates the effective cytosolic efflux of paclitaxel 2778% Although studies
on patient-derived pancreatic tumor tissue pointed out that a majority of pancreatic
carcinomas express P-gp, it could be shown that PTX resistance is not only mediated by
MDR]1 [361:38L.382]  Other mechanisms which might provoke PTX resistance, include
changes in the assembly, organization and dynamics of microtubules [¢1:323831 A direct
evidence for the correlation of taxol sensitivity and class III B-tubulin (TUBB3) isotype
level has been reported by Kavallaris et al. 3¥, Initially, it has been shown in human lung
cancer cells that the increased resistance to PTX is associated with an increased
expression of TUBB3 3%, This relationship could be further confirmed in taxol-resistant
ovarian, prostate and also pancreatic carcinomas 35389 Related studies evidenced that

the PDA cell line Panc-1 expresses TUBB3 in high level P*1. Considering these findings

and the fact that Panc-1 cells exhibit no or just low expression of the drug efflux pump
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MDR1 [3683%1 it can be assumed that the reduced activity of PTX is mainly related to
changes of the microtubule composition caused by high TUBB3 expression.

In order to verify whether the reduced anticancer activity of the GnRH-III compounds is
related to the decreased receptor mediated uptake or caused by the MDR of Panc-1 cells,
the cytotoxic effect of Dau conjugated cell penetrating peptides (CPP) have been studied.
CPPs are defined as short peptides (up to 30 amino acids) which can pass the cell
membrane independently and deliver conjugated cargos to the cell without targeting a

39123931 The translocation mechanism of CPPs is not completely

cell surface protein |
defined yet. It can be assumed that the main uptake pathway for CPPs is endocytosis
mediated, but also direct penetration through the membrane or simultaneous translocation
by different routes can facilitate the internalization depending on the conditions 4,
Moreover, the uptake mechanism of CPPs can depend on a variety of factors, such as the
peptide sequence of the CPP, the attached cargo, as well as the cell line of interest and
the corresponding lipid structure %!, Next to classical CPPs, like TAT, penetratin or
oligoarginine, a novel CPP with excellent drug delivery properties has been described by
Neundorf and coworkers 91396401 This CPP is called sC18 and is derived from the 16
C-terminal amino acids of the cationic antimicrobial peptide CAP18 M It could be
shown that sC18 is able to form a helical structure by contact with the lipid membrane,
whereby the internalization is mainly caused by endocytosis [“*?!. Due to this, sC18 might
represent an excellent alternative to reflect and simulate the intracellular action of drug-
conjugates after cellular uptake in drug resistant Panc-1 cells. Therefore, two sC18-based
Dau conjugates have been developed and analyzed. These studies were designed and
performed by Lucia Feni from the Research Group of Ines Neundorf (University of
Cologne). Based on the fact that the oxime bond-containing compounds provide a slightly
improved activity on A2780 cells and a comparable low activity on Panc-1 (ICso K2 >100
and 16 >50 pM) than the self-immolating compounds, Dau was linked to the sC18 via
oxime bond. The Aoa-linker was either directly incorporated at the side chain of lysine
in position eight or by an Aoa-GFLG peptide spacer in the same position. The antitumor
activity of both compounds was investigated on Panc-1 cells and compared to free Dau
and K2 (Table 10) >, In contrast to the evaluation of the oxime bond and self-
immolative linker-containing GnRH-III-Dau conjugates, the treatment time was
drastically shortened from 24 hours down to 15 minutes. The obtained results clearly

show that both Dau-containing sC18-Dau conjugates reveal a higher anticancer activity

than the GnRH-III conjugate K2. The best activity could be obtained for sC18(Dau=Aoa-
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Table 10: Structure and in vitro cytostatic effect of sC18 and K2 on Panc-1 human pancreatic cancer
cells after 15 min treatment and 72 hours incubation

ICso Panc-1
Code Structure [uM]
Dau 13.8+8.9
K2 <EHWK (Bu)HDWK(Dau=Ao0a)PG-NH: >140
sC18(Dau=Aoa) GLRKRLRK(Dau=Ao0a)FRNKIKEK-NH; 79.9+56.4

sC18(Dau=Ao0a-GFLG) GLRKRLRK(Dau=Aoa-GFLG)FRNKIKEK-NH, 94+£09

GFLG), which has an 8-times higher growth inhibitory effect than the non linker
counterpart sC18(Dau=Aoa). Since it has been described that both smallest Dau-
containing metabolites (Dao=Aoa-Gly-OH and H-Lys(Dau=Aoa)-OH) show similar DNA-
binding properties, there should be another reason for the diversity of the results 7],
Considering the findings from the lysosomal degradation studies (3.1.1.2.2.) which prove
that the lysosomal enzymes possess high amino- and carboxypeptidase activity, it can be
assumed that the release of the smallest Dau-containing metabolite Dau=Aoa-Gly-OH is
accelerated in comparison to the release of H-Lys(Dau=Aoa)-OH). In case of GnRH-III
conjugates, the insertion of a Dau=Aoa-GFLG spacer at the side chain of ®Lys did not
lead to an improved cytostatic effect, but this might be explained by the localization of
the Lys(Dau=Aoa) close to the C-terminus. On the contrary, in sC18(Dau=Aoa) the
ligation site is in the middle of the peptide which might slow down the release %71,
Moreover, the structure of GnRH-III-derivatives is characterized by an extended
backbone conformation which might facilitate an enzymatical degradation, while the
helical backbone structure of sC18 could hamper the lysosomal formation of the H-
Lys(Dau=Aoa)-OH. In case of sC18(Dau=Aoa-GFLG), the Dau=Aoa-GFLG-linker is not
involved in the helix which probably enhances the access of the cleavage site to enzymes.
Besides, compound sC18(Dau=Ao0a-GFLG) displays an even higher cytostatic effect on
Panc-1 cells than the free Dau indicating that the MDR of Panc-1 cells can be obviated
when Dau enters the cell by endocytosis and not by passive diffusion. Comparable results
could be obtained by Zheng et al., whereby doxorubicin was bound noncovalently to a
CPP with a drug binding motive ], In that way, the free Dox could enter leukemia cells
by endocytosis and was directed into the perinuclear area and the nucleus. Therefore, it
can be suggested that the Dau/Dox resistance of Panc-1 and other PDA cells can be
reduced when the drug enters the cells by an endocytic route and not by passive diffusion.
Moreover, considering all obtained results, it can be concluded that the reduced activity
of the GnRH-III conjugates is caused by the low GnRH-receptor level and the
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accompanied decreased cellular uptake of the compounds, and not by the MDR.
However, since the novel self-immolative linker-containing Dau conjugates possess a
lower cytostatic effect than the oxime bond-containing lead compounds, additional
experiments are necessary to draw a final conclusion on biological activity of the novel

compounds.

3.1.2.3.2. Lysosomal degradation in presence of rat liver lysosomal homogenate

In order to get a deeper insight into the mode of action of the self-immolative GnRH-III
conjugates and to understand why the activity of these compounds is lower than the
activity of the two oxime bond-linked compounds K2 and 16, lysosomal degradation
studies have been carried out. According to the literature, the release of the free drug
should occur as described in Scheme 5 ?!!2%1 In case of the Val-Aaa-PABC-Dau-
conjugates, the free Dau should be released together with carbon dioxide after
enzymatical hydrolysis and 1,6-elimination of the PABC-moiety to 4-methylene-2,5-
cyclohexadien-1-imine. Considering that the His-Trp-containing self-immolative
compounds revealed a better solubility in acidic aqueous buffer than the AHis-D-Tic
compounds, the degradation studies were performed with conjugates 45 and 47, as well
as the non-cleavable linker conjugates 57 and 58. For both non-cleavable linker-
containing derivatives, no release of free Dau could be detected, only the smallest Dau-
containing metabolite H-Lys(Dau-glutaryl)-OoH (Figure 19, peaks labeled by *). This
result supports the assumption that the substantially reduced anticancer activity of the
non-cleavable GnRH-III compounds is caused by the stable acylation at the amino group
of the daunosamine sugar moiety which might prevent an efficient intercalation of the
Dau-derivative with the minor groove of the DNA [2°*404] In contrast, for both cleavable
linker-bearing compounds, the release of free Dau and the formation of various peptide
fragments could be proven (Figure 19), whereby the Val-Cit linker was cleaved slightly
faster than the Val-Ala linker and a small portion of Dau could be already detected after
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Scheme 5. Proposed mechanism of enzymatical cleavage and subsequent release of daunorubicin and
paclitaxel.
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Figure 19. Degradation of the GnRH-III conjugates in presence of lysosomal rat liver homogenate. LC

chromatograms of 45, 47, 57, 58 and free Dau (control) after 24 hours degradation and MS spectra of the
released "daunorubicin (left) and non-cleavable metabolite, “H-Lys(Dau-CO(CH,);CO)-OH (right).

5 minutes incubation. However, both cleavable linkers were successfully proteolyzed by
lysosomal enzymes and brought out free Dau within the first hour of incubation which
might be of high relevance for the biological activity of the compounds. In general, these
data confirm that the releasing strategy of the cathepsin cleavable linkers in combination
with the self-immolative PABC-moiety worked very well and could be effectively
applied to GnRH-III derivatives. Therefore, it can be assumed that the lower anticancer
activity of the conjugates is not related to an inefficient release of the free drug.

Furthermore, also proteolysis of the equivalent PTX-containing GnRH-III conjugates (49,
51, 59, 60) in presence of lysosomal enzymes was studied. The obtained degradation
profile of the PTX-compounds was quite similar to that of the Dau-conjugates, whereby
both cathepsin cleavable linker systems were cleaved with the same efficiency. The
diamine-PTX fragment could be already detected for both cleavable compounds after 5
minutes of incubation, while this fragment could not be detected in case of the non-
cleavable linker derivatives even after 24 hours of incubation. However, although the
diamine-PTX fragment is formed quickly, the release of the free PTX could not be
detected within 24 hours under the applied in vitro conditions. These findings might serve
as an explanation for the similar ICso values of the PTX conjugates and the wide disparity
of the biological activity between the free PTX and the conjugates. On the other hand, it
can be assumed that the acidic conditions of the experiment which were needed to ensure
the activity of the lysosomal enzymes, prevent the cyclisation of the diamine-linker and
the release of the free PTX. Considering that the intracellular pH of cancer cells is defined
to be > 7.4 %1 the nucleophilic attack of the secondary amine towards the carbamate
function, followed by the formation of the cyclic urea derivative and the subsequent
release of the free PTX (Scheme 5), might be much more favorable in the cytosol than in

lysosomes. Nevertheless, the obtained results are in line with literature and it could be
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shown that the cleavage mechanism by lysosomal enzymes and the release of the PTX-

prodrug occurs efficiently, while the formation of the free PTX is the rate limiting step
[211,353]

3.1.2.3.3. Radioligand binding studies

The obtained results of the cell viability measurements pointed out that the self-
immolative linker-containing GnRH-III-Dau compounds possess a lower anticancer
activity than the oxime bond-containing equivalents, while it has been proven that the
release of the free Dau occurs efficiently in presence of lysosomal enzymes. In order to
better understand this outcome, the receptor binding affinity of the GnRH-III-Dau
compound with the highest growth inhibitory activity on A2780 (48) and its PTX-
containing counterpart (52) were studied by the research group of Gabor Halmos. The
displacement of [!%I]-triptorelin from GnRH-Rs was determined on human pituitary and
human prostate cancer tissues, whereby increasing compound concentrations were used.
Both compounds bind to the receptors with high affinities in the low nanomolar range,
while GnRH unrelated peptides were not able to displace triptorelin. However, in
comparison to the best oxime bond-linked GnRH-III-Dau conjugate (16), the self-
immolative linker Dau conjugate (48) exhibits a more than 7-times reduced affinity to the
GnRH-receptors (Table 11). This might be the reason for the improved anticancer
activity of lead-compound 16. Considering that the equilibrium binding constants of free
Dau and H-Lys(Dau=Aoa)-OH differ just by a factor of 1.7 [**7), it can be supposed that
the decreased receptor affinity of the self-immolative GnRH-Dau conjugates exert a
larger influence on the biological activity than the declined DNA binding properties of
the smallest Dau-containing metabolite. Interestingly, the PTX-containing compound 52,
has a higher binding affinity than the Dau-equivalent, even if the targeting sequence and
the cathepsin cleavage site remain the same. A possible explanation for this observation
could be that the incorporation of the additional diamine spacer results in a higher

flexibility and provides a longer, more favorable distance between the drug and the

Table 11: Competitive inhibition of ['?*I][°D-Trp]-GnRH-I binding to membranes of human pituitary and
human prostate cancer specimens by GnRH-III-Dau conjugates.

Code GnRH-III-[>2AHis-*D-Tic-*Lys(Bu)- ICso [nM]
8Lys(linker-drug)] pituitary prostate cancer
16 Dau=Aoa 3.53+0.96 279+ 1.24
48 glutaryl-Val-Ala-PABC-Dau 2477 +2.1 20.54 £ 1.46
52 glutaryl-Val-Ala-PABC-diamine-PTX 10.82 +1.98 12.73 £2.23

all values represent mean + SE
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3. Results and discussion

targeting moiety. Moreover, the inherent properties of the drug in combination with the

linker system might also have an impact on the receptor affinity.

3.2. Somatostatin conjugates
Besides GnRH and its derivatives, the hormonal cyclopeptide somatostatin is a promising
targeting moiety for the delivery of cytotoxic agents or radionuclides to tumors which

248

overexpress somatostatin receptors [***1. Since the natural tetradecapeptide possesses a

very short half-life in vivo and induces a variety of biological effects, more stable and

1541554061 Next to the prominent

selective somatostatin analogs have been developed !
somatostatin analog octreotide, the tumor selective somatostatin derivatives RC-121 and
TT-232 has been used as targeting moieties [206-263.268:277.407-409] T jke octreotide, the
octapeptide RC-121 displays a high affinity to SSTR2 and SSTRS, a moderate affinity to
SSTR3, and binds only poorly to SSTR1 and SSTR4. In comparison, the heptapeptide
TT-232 which varies from RC-121 only by the lack of valine, has been shown to bind
selectively to SSTR4 and SSTR1 611 In this thesis, the somatostatin analogs RC-121 and
TT-232 have been used as homing devices to deliver the classical anticancer agent Dau
and its more potent analog pyDau to breast and colon cancer cells, whereby different
linker systems have been applied. Furthermore, a new type of somatostatin analogue was

designed and used as drug delivery system, in which the intramolecular ring is formed by

a thioether bond instead of a disulfide bridge.

3.2.1. 5(6)-Carboxyfluorescein-(FAM)-somatostatin derivatives

Initially, fluorescence labeled somatostatin derivatives have been developed and
synthesized to study the influence of structural changes in the targeting peptide on the
cellular uptake. Special attention was paid on the effect of a lysosomal cleavable
tetrapeptidyl spacer, the presence (RC-121) and absence (TT-232) of Val in the sequence
and the modification of the intramolecular disulfide bridge to a thioether bond. The
cellular uptake of the compounds was studied by flow cytometry and visualized by

CLSM.

3.2.1.1. Synthesis of 5(6)-FAM-somatostatin-derivatives

The 5(6)-carboxyfluorescein (FAM) labeled somatostatin peptides were synthesized by
standard Fmoc SPPS as depicted in Scheme 6. Two of the disulfide cycled derivatives
contain N-terminally the lysosomal cleavable tetra-peptidyl linker LRRY and either Val
in position 10 (63) or not (64). Moreover, two equivalent somatostatin compounds

without the hydrophilic linker have been synthesized (61, 62). The sequence of the
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61 n,=0, n,=1: 5(6)-FAM-[CYWKVCIT-NH,
62 n,=0, n,=0: 5(6)-FAM-[CYWKCIT-NH, 65 5(6)-FAM-f[CYwKDab(COCH,)]T-NH,
63 n,=1, n,=1: 5(6)-FAM-LRRYf[CYWKVCIT-NH,

64 n,=1, n,=0: 5(6)-FAM-LRRYf[CYWKC]T-NH,

Scheme 6. Synthesis of FAM-somatostatin derivatives. A: disulfide bond B: thioether (a) 5 eq 5(6)-FAM,
5 eq HOB, 5 eq DIC in DMF, 1.5 h, RT, (b) 93% TFA, 2.5% water, 2.5% thioanisole, 1.25% EDT and
0.75% phenol, 3 h, at RT, (¢) 0.2 mg/mL peptide in 1:19 DMSO:0.1 M Tris-buffer (pH 8.3), (d) ' 2%
hydrazine in DMF (12 x 5min) ) 5 eq Cl-CH,-CO-OPcp, 5 eq DIPEA in DMF, 2 h, RT, (e) 4 mg/mL.

targeting moiety corresponds to the well known somatostatin derivatives RC-121 (Val;
61, 63) and TT-232 (AVal; 62, 64). For the synthesis, Fmoc-Cys(Trt)-OH was
incorporated in the appropriate positions and after peptide chain elongation, FAM was
coupled to the N-terminus. After cleavage from resin and purification by RP-HPLC, the
disulfide bond was formed by air oxidation in alkaline aqueous buffer for several days.
The progress was followed by analytical RP-HPLC until the reaction was completed, then
the mixture was acidified, freeze dried und purified by preparative RP-HPLC. The
synthesis of compound 65 was carried out in a different way, valine was left out and
instead of the C-terminally localized cysteine, Fmoc-Dab(Dde)-OH was incorporated
within the sequence. After main chain assembly, FAM coupling and Dde deprotection,
pentachlorophenylchloroacetate (Cl-CH2-CO-OPcp) was coupled to the free amino
group. Afterwards, the peptide was cleaved from resin and purified. The thioether bond
formation was carried out in Tris-buffer and subsequently purified by RP-HPLC. The ring
size of the cyclic thioether peptide (65) corresponds to the ring size of the Val-containing
disulfide bridged compounds 61 and 63. The final FAM-somatostatin analogs were
characterized by analytical RP-HPLC and mass spectrometry (Table 12, Appendix
10.2.1.1. Figure A48-AS52).
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3. Results and discussion

Table 12: Chemical characteristics of FAM-somatostatin derivatives.

Purity RP-HPLC ESI-MS MW_cal

Code Sequence (%]  Re[min]* /MWesp [g/mol]?
61 FAM-f[CYwKVC]T-NH: 07 25.15/25.65 1404.56//1404.37
62 FAM-f[CYWKC]T-NH; 597 242202452 1305.43/1305.16
63 FAM-LRRY-CYWKVCIT-NH: 594  24.08/2425  1993.27/1992.76
64 FAM-LRRY-f[CYwWKC]T-NH: 505 24102427  1894.14/1893.78

65 FAM-f[CYwWK-Dab-(COCH>)|T-NH: >95  23.20/23.42  1344.45/1344.30

*Column: Macherey-Nagel Nucleosil C18 column (250 mm x 4.6 mm) with 5 um silica (100 A pore size);
gradient: 0 min 0% B, 5 min 0% B, 30 min 90% B; eluents: 0.1% TFA in water (A) and 0.1% TFA in
acetonitrile-water (80:20, v/v) (B); flow rate: 1 mL/min; detection at 220 nm. *Bruker Daltonics Esquire
3000+ ion trap mass spectrometer.

3.1.1.2. pH dependent fluorescence properties of 5(6)-FAM-somatostatin-derivatives

Considering that the fluorescence quantum yield of fluorescein and its derivatives depend
strongly on the pH value of the environment “!% the fluorescence intensity of the
compounds has been measured over a pH range between 4.0 and 7.6 (Figure 20). This
pH range was chosen due to intracellular pH values of different cellular compartments,
like cytosol (pH > 7.4), early endosomes (pH 6.0 - 6.5), late endosomes (pH 5.0 — 6.0) or
lysosomes (pH 4.5 — 5.0) 4054114121 "1n accordance with the literature, the fluorescence
intensity of the FAM-containing derivatives was higher in neutral-alkaline buffer and
reduced in acidic buffer (Figure 20C) 131, This effect is caused by different pH
dependent ionic equilibria of the fluorescein moiety. Since the 5(6)-carboxylic function
of FAM was used for the coupling to the peptide, it can be considered that the ionization
equilibrium is comparable to that of fluorescein (Figure 20D). Under alkaline conditions,
the phenol, as well as the carboxylic group of the fluorescein are ionized and the dianion

species is mainly present. It has been reported that acidification causes first the

A pH7.6 — 61 B pH S — 6 C é
§ 600 — G2 § 600 - 2 § 6004 m
§ — 63 % — 63 §
o 400 @ 400- 64 o 400
) o 65 )
3 3 3
= = =
< 200 < 2004 < 2004
2 2 2

0 : . : : ] 0 — - —

500 520 540 560 580 600 500 520 540 560

wavelength (nm) wavelength (nm)

dianion monoanion neutral lactone cation

Figure 20. Fluorescence intensity of FAM-somatostatin derivatives 61-65 depending on the pH value. A:
Fluorescence emission spectra at pH 7.6 (Aex = 488 nm), B: Fluorescence emission spectra at pH 5 (Agx =
488 nm), C: Fluorescence intensity depending on the pH (Agx = 488 nm, Agm = 530 nm) - curves obtained
by non-linear regression (sigmoidal dose response, R?>0.9995). D: Ionization equilibrium of fluorescein.
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protonation of the phenol group, yielding the monoanion (pKa.'= 6.4), followed by
formation of the neutral form (pKa.? < 5), while further acidification is required to produce

4144151 Moreover, it could be shown that the fluorescence

the cation species (pKa® = 2.1)
quantum yield of the dianion form (® = 0.93) is much higher than the quantum yield of
the monoanion (® = 0.25-0.35) and the neutral form (® = 0.20-0.25) which provides an
explanation for the reduction of the fluorescence intensity of the compounds with

4191 In order to illustrate the pH-related fluorescence properties of the

decreasing pH !
FAM-somatostatin conjugates, the fluorescence maximum (Agx = 488 nm, Agm = 530 nm)
was plotted against the pH and a sigmoidal fit was performed (Figure 20C). This
simplified model can be applied by considering different aspects. On the one hand,
previous studies pointed out that the cationic form has only a negligible impact on the
fluorescence signal at the used conditions, and on the other hand, the fluorescence spectra
of the monoanionic and neutral molecule do not differ substantially, since the carboxylic
group is not conjugated with the light-absorbing xanthene element of the molecule 4!%413],
Therefore, the obtained inflection points which vary between 6.12 and 5.76 represent the

12 of the fluorescence

mean of pK,' and pKa.? and can be considered as overall pKa
properties defining forms (dianion-neutral) of the fluorescein. Apart from that, the
fluorescence measurements exposed that the maximal fluorescence intensity of the
LRRY-linker-containing compounds is substantially reduced at pH 7.6 in comparison to
the intensity of the FAM-somatostatin derivatives without linker, while the inflection
points are in a comparable range. This effect might be caused by non-covalent interaction
of the guanidine groups of the arginines and the mono- and dianion form of the

fluorophore.

3.1.1.3. Cellular uptake of the bioconjugates by flow cytometry

To study the cellular uptake of the compounds on HT-29 colon cancer and MCF-7 breast
cancer cells, flow cytometry studies have been performed by Beata Biri-Kovacs. Initially,
the uptake rates of the disulfide bond cycled peptides (61-64) were determined at different
concentrations (6.25, 25 and 100 uM) and compared (Figure 21). The obtained uptake
rates of the compounds exhibit the same tendency on both cell lines. In general, the two
linker-containing analogs (63, 64) were taken up more efficiently than the classical
somatostatin analogs (61, 62). This becomes particularly clear at 25 uM: here at least
93% of living HT-29 cells were FAM positive after treatment with compound 63 and 64,
while only 12.5% and 7.9% reveal the fluorescence signal in case of 61 and 62. Moreover,

the results display that the Val-containing somatostatin derivatives were taken up better
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Figure 21. Cellular uptake studies of FAM-somatostatin conjugates after 6 h treatment by flow cytometry
on A: HT-29 and B: MCF-7 cells (individual experiments of compounds 61-64 (left) and compounds 62,
65 (right). Experiments were performed in duplicates. Error bars represent SD.

than the respective AVal counterparts. On both cell lines, the LRRY-linker and Val-
containing derivative 63 was taken up most efficiently. Furthermore, the cellular uptake
of the thioether cycled compound 65 was studied in an individual experiment, thereby the
uptake rates were directly compared to that of compound 62. Both cell lines revealed a
similar tendency for the uptake of the two compounds, whereby higher uptake rates could
be obtained on HT-29 cells. The results indicate that the disulfide cycled compound were

taken up more efficiently than the thioether-containing compound.

3.1.1.4. Confocal laser scanning microscopy (CLSM) studies

Next to the quantitative cellular uptake studies by flow cytometry, CLSM studies have
been performed® on MCF-7 breast cancer cells to visualize the cellular uptake and the
subcellular localization of the somatostatin compounds (61-65). Considering the results
of flow cytometry studies which revealed that more than 80% of living cells had taken up
the compounds at 100 uM concentration and six hours of incubation, these conditions
were selected for fluorescence microscopy studies. The recorded images of the
hydrophilic, cathepsin cleavable linker-containing conjugates 63 and 64 exhibit the
fluorescence signal exclusively in the cytosol, while for the compounds without the
LRRY-linker (61, 62, 65) also small cytosolic vesicles could be detected which can be
considered as endosomes and/or lysosomes (Figure 22, depicted in BestFit mode).
Especially, the thioether cycled derivative 65 exposes the fluorescent signal
predominantly in small cytosolic compartments. Moreover, the fluorescence intensity of
compounds 63 and 64 was strongly enhanced in comparison to the other compounds.

Thus, a lower laser energy was used for the image recording. Taking into account that the

¢ All CLSM samples were prepared by Beata Biri-Kovacs and images were recorded by Balint Szeder
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Figure 22. Cellular localization of FAM-somatostatin conjugates 61-65 (100 uM, green) on MCF-7
cells visualized by confocal laser scanning microscopy after 6 h incubation. Nuclei were stained by
DAPI (blue). Scale bars represent 10 pm.

intact linker-containing compounds 63 and 64 exhibit just a low fluorescence signal in
cell-free system, while both cellular experiments showed high fluorescence intensities for
these compounds, it can be assumed that the degradation of the FAM-LRRY -linker leads
to the liberation of FAM-Leu-OH, which might have more favorable fluorescence
properties than the intact FAM-LRRY-compounds. In general, it can be assumed that the
direct coupling of the FAM to D-Phe prevent a sufficient degradation of the peptide
derivative and the release of small FAM-containing peptide fragment from the lysosome.
In case of compound 65, the resistance towards lysosomal enzymes might be additionally

enhanced by the high stability of the intramolecular thioether bond.

3.2.2. Somatostatin-drug conjugates

Based on the results of the FAM-somatostatin derivatives, a variety of somatostatin-drug
conjugates have been synthesized and analyzed for their cytostatic effect on human colon
and breast cancer cells. Since the incorporation of the LRRY-linker enhanced the cellular
uptake of the compounds and provided a sufficient release of the drug or drug metabolites
in lysosomes by cathepsins, this peptide spacer was mainly used to connect the drug with
the somatostatin peptide. Initially, the same three targeting moiety have been used like in
case of the FAM-derivatives, namely RC-121, TT-232 and the novel thioether bridged
somatostatin derivative, and the anthracycline Dau was conjugated to an N-terminally
inserted Aoa-LRRY-linker by oxime bond formation. The peptide carrier of the conjugate
which possessed the highest cytostatic effect provides the basis for the development of
new somatostatin-drug conjugates, containing either the more potent anticancer agent
pyDau or further cleavable linker systems. To examine the influence of pyDau and the

linker systems, the antitumor activity of the conjugates was determined and compared.
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3.2.2.1. Synthesis of somatostatin-drug conjugates

In general, all somatostatin-drug conjugates were synthesized as described in Scheme 7.
The targeting peptides were prepared by standard SPPS. In case of the oxime bond-
containing conjugates, isopropylidene protected aminooxy acetic acid (>=Aoa-OH) was
incorporated at the N-terminus of the LRRY-peptide linker. The cyclization of the
somatostatin derivatives was carried out in solution by disulfide bond (air oxidation or
thallium trifluoroacetate oxidation) or by thioether bond formation. Dau and its more
potent relative pyDau were conjugated to the N-terminus of the targeting peptide in
solution, either by oxime bond formation after isopropylidene deprotection of the >=Aoa,

or by coupling of a self-immolative glutaryl-Val-Ala-PABC-Dau linker.

Synthesis of oxime bond-linked somatostatin-Dau and pyDau conjugates

Equivalent to the synthesized FAM-derivatives, two disulfide bridged (with and without
Val) and one thioether cycled oxime bond-linked somatostatin-Dau conjugates have been
prepared (66-68, Scheme 7A-B). The cleavable LRRY-peptide spacer was directly
assembled at the N-terminus of all three targeting peptides. In case of the disulfide cycled
compounds (66, 67), Fmoc-Cys(Trt)-OH was incorporated in the appropriate positions of
the sequence. After coupling of >=Aoa-OH, the peptide was cleaved from the resin,
purified by RP-HPLC and the disulfide bond was formed by air oxidation, followed by
purification. In case of compound 68, Fmoc-Dab(Dde)-OH was incorporated in position
10 and subsequent to >=Ao0a-OH coupling, the Dde-group was cleaved and CI-CH»-CO-
OPcp was coupled to the °Dab side chain. Afterwards, the peptide was cleaved from
resin, purified and the thioether bond was carried out in alkaline buffer. Subsequent to
RP-HPLC purification of the three cyclic peptide, the >=Aoa was deprotected and the
compound was purified once more by RP-HPLC. Immediately afterwards, Dau was
linked in solution by oxime bond formation and the resulting conjugates were purified
again by preparative RP-HPLC. In general, the allover yield of the three oxime bond-
linked somatostatin-Dau conjugates (66-68) was quite poor (<5%) which was related to
various factors. Although the hydrophilic peptide spacer LRRY was included in the
sequence, the >=Aoa-containing intermediates, as well as the final Dau-conjugates are
poorly soluble under aqueous conditions. This affects not only the disulfide bond
formation and purification steps, but also the ligation reaction. Moreover, it turned out
that the Aoa-somatostatin derivatives are much more prone to side reactions than the
GnRH-III derivatives. In accordance with former studies, mass spectrometric analysis

pointed out that the Aoa-unprotected somatostatin compounds react quickly with acetone
75



3. Results and discussion

A B

SPPS SPPS
000006000000 OOOC?)O@OOO@O.
R la) 1 a
000000000000 o 1 v
i - ¢ - 00000©000=00
2 b) b) cr °
/'NC - ¢ [ ]nc JI\"JDK (- Dab
: b , s
wOAN o—ic™ 8
A Dab
o oL
l"’ () A
NN,O\/L'L c—¢ n, d) =
o oH N,o\)(L C _E: ]"1 e;)
I ) Dab
COC 83 NP
L0 0 oio o -~ 66n,=1: Dau=Aoa-LRRYf[CYWKVC]T-NH, g ™ "(0
Q\ON 67 n,=0: Dau=Ao0a-LRRYf[CYWKC]T-NH, ] O‘O‘ on
NH,
& G N‘/o\i - : _O0 O OoH o O jo )
OH NH.

0 O OH O O

68 Dau=Ada-LRRYf CYwKDab(COCH,)IT-NH,

~,
OH
)1

(") 71 n,=1: pyDau=Aoa-LRRYfCYWKVCIT-NH,

C =20 3@ D i3 @

SPPS SPPS SPPS

OOOl(?@). O@?OOO@O. O@?OO@@O.
0 a 0 a) b)
000000 ~ 000000000 g g c ®e

A

eeshe ~e0iseeds  CTUTT S

::\J\ ld) lh) - wfé ,mio c—¢C

C

0 |0
a o ) N o ) ®
o |e) 60— o on o LIl o

o
S S O A
| OH
O‘O‘ o I ° 1“ 0 O OoH 0o Ik)

o] o OH O 0. o

/ S c L
I
OH

-~
69a Q\
OH
20868 +O0—€ NI ISt K
_O0 O OH 0, o e NH .
O/ NNJ\( To(\nn (2 c
Y ~oH
NH,
69 Dau=Aoa-LRRYC-NH, 70 (CH,);,CO-fICYWKVCIT-NH,
~CH,CO-f[CYWKVCIT-NH, -CO-Val-Ala-PABC-Dau

Scheme 7. Synthesis of somatostatin-drug derivatives. A: disulfide bridge cyclized and oxime bond-
containing Dau/pyDau-conjugates B: thioether cyclized and oxime bond-containing Dau-conjugate C:
disulfide bridge cyclized and thioether linked, oxime bond-containing Dau-conjugate D: self-immolative
linker-containing-drug conjugate. (a) 5 eq >=Aoa, 5 eq HOBt, 5 eq DIC in DMF, 2 h, RT, (b) 93% TFA,
2.5% water, 2.5% thioanisole, 1.25% EDT and 0.75% phenol, 3 h, at RT, (¢) 0.2 mg/mL peptide in 1:19
DMSO0:0.1 M Tris-buffer (pH 8.3), (d) 5 mg/mL peptide, 1 M H,N-O-CHj3 in 0.2 M NH4OAc (pH 5), (e1)
10 mg/mL peptide, 1.3 eq Dau in 0.2 M NH4OAc (pH 5), overnight, RT, (ez) 10 mg/mL peptide, 1.3 eq
pyDau in 1:1 DMF:H0, overnight, 4 °C, (f) I 2% hydrazine in DMF (12 x 5min), ) 5 eq CI-CH»-CO-
OPcp, 5 eq DIPEA in DMF, 2 h, RT, (g) 4 mg/mL peptide in 1:1 DMF:0.1 M Tris-buffer (pH 8.3), 2.5 h,
RT, (h) 1 eq peptide, 1.2 eq thalium(III) trifluoroacetate, anisole in 4 mL TFA, 5 h, 0 °C, (i) 1 eq 69a and
69b in 1:1 DMF:0.1 M Tris-buffer (pH 8.3), 2h, RT, (j) ' 1 eq 39, 0.9 eq HATU, 2 eq DIPEA in DMF 30
min, ) 1 eq peptide carrier, overnight, RT, (k) 2% hydrazine in DMF, 5 min, RT.

or other carbonyl compound from the environment during RP-HPLC purification and Dau

ligation [268],
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Next to the oxime bond-linked Dau conjugates, the pyDau-containing counterpart of
conjugate 66 was synthesized in a comparable manner yielding compound 71. PyDau
(synthesized from Dau by Kristof Hegediis) was freshly purified and in contrast to the
Dau conjugate, the ligation was performed at 4 °C to avoid the dimerization of pyDau.
The allover yield of conjugate 71 was even 2% lower than the yields of the Dau-
conjugates. Next to the above mentioned factors, in this case the retention times of the
final product and the isopropylidene reprotected side product were overlapping which
leads to an additional reduction of the yield.

With the aim to enable a higher variability of the cleavable linker system, a somatostatin-
Dau conjugate was developed, in which the Dau=Aoa-LRRY-linker was conjugated to
the RC-121 peptide moiety be thioether bond ligation (Scheme 7C). Therefore, the
LRRY-linker was synthesized separately by SPPS, whereby Fmoc-Cys(Trt)-OH was
inserted at the C-terminus of the linker and >=Ao0a-OH at the N-terminus. After cleavage
from resin, >=Aoa deprotection and Dau ligation was performed as described above
affording linker 69a. For the synthesis of the targeting peptide, Fmoc-Cys(Acm)-OH was
incorporated in position 2 and 7, and CI-CH2-CO-OPcp was coupled at the N-terminus.
After cleavage from resin and RP-HPLC purification, the deprotection of the cysteines
and the disulfide bond formation was carried out simultaneously by thallium
trifluoroacetate oxidation, followed by additional RP-HPLC separation of compound 69b
(36% yield). The ligation of 69a and 69b was performed in alkaline buffer and the final
conjugate 69 was isolated by RP-HPLC (19% yield). The relatively poor yield of the
ligation reaction was mainly related to the intermolecular disulfide bond formation of
linker 69a yielding the linker dimer. Since the targeting moiety contains also a disulfide
bridge, reducing agents such as dithiothreitol (DTT) or GSH could not be used to avoid
the dimerization of the linker. However, this conjugation strategy offers the opportunity
to ligate various thiol-containing drug-linker systems to the same targeting moiety. Apart
from that, all final oxime bond-linked somatostatin-drug conjugates were characterized
by analytical RP-HPLC and ESI-MS (Table 13, Appendix 10.2.2.2., Figure A53-56,
AS8).

Synthesis of self-immolative linker-containing daunorubicin—somatostatin conjugates

As in case of GnRH-III-based DDS, the self-immolative and cathepsin B cleavable linker-
containing somatostatin conjugate was synthesized (Scheme 7D). Considering that the
GnRH-IIT compounds with the Val-Ala cleavage site exhibit the best antitumor activity,

the glutaryl-Val-Ala-PABC-Dau (39) linker was conjugated to the RC-121 targeting
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sequence by amide bond formation. The self-immolative linker 39 was prepared as
described above (3.1.2.1.) in solution. The synthesis of the RC-121 peptide was carried
out by SPPS, using Fmoc-Cys(Trt)-OH in position 2 and 7, and Fmoc-Lys(Dde)-OH in
position 6. After peptide chain assembly, the peptide was cleaved from resin and purified,
followed by disulfide bond formation in solution by air oxidation and additional
purification by RP-HPLC. For the conjugation reaction, the appropriate linker was
preincubated with HATU and DIPEA to form the activated glutaryl ester and after 30
minutes, the peptide carrier was added. The resulting Dde-protected conjugate could be
obtained with 38% yield after RP-HPLC purification. This yield was mainly affected by
the poor solubility of the compound in RP-HPLC eluent solution which hampered the
purification. In the final step, the Dde group was cleaved in solution and after 10 minutes
the reaction mix was purified by RP-HPLC affording conjugate 70 with 50% yield. The
relatively short reaction time was necessary, since the cleavage solution affects also the
carbamate function of PABC-Dau. Like the other somatostatin-drug conjugates,
compound 70 was characterized by analytical RP-HPLC and ESI-MS (Table 13,
Appendix 10.2.2.1., Figure A57).

Table 13: Chemical characteristics of the somatostatin-drug conjugatess.

Purity RP-HPLC ESI-MS MWécal

Code Sequence [%] R:[min]® /MWexp [¢/mol]?
66 Dau=Aoa-LRRY [CYwKVC|T-NI, 97 2330 2217520221745
67 Dau=Aoa-LRRY-[CYwKC]T-NH; 08 2280  2118.39/2118.30

68 Dau=Aoa-LRRY-fJ[CYWK-Dab-(COCH,)|T-NH, >96 22.88 2157.40/2157.02
Dau=Aoa-LRRYC-NH2
69 L CH,-CO-f-[CYWKVC]T-NH; >98 22.93 2377.72./2377.14
(CH»)3-CO-f[CYWKVC]T-NH:
~CO-(Val-Ala-PABC-Dau)

71 pyDau=Ao0a-LRRY-{f[CYWKVC]T-NH: >97 24.27 2269.60/2269.59
%Column: Macherey-Nagel Nucleosil C18 column (250 mm x 4.6 mm) with 5 um silica (100 A pore size);
gradient: 0 min 0% B, 5 min 0% B, 30 min 90% B; eluents: 0.1% TFA in water (A) and 0.1% TFA in
acetonitrile-water (80:20, v/v) (B); flow rate: 1 mL/min; detection at 220 nm. *Bruker Daltonics Esquire

70 >96 28.52 1989.22/1988.36

3.2.2.2. In vitro cytostatic effect of somatostatin-drug conjugates

In order to analyze the in vitro cytostatic effect of the somatostatin-drug conjugates on
human colon and breast cancer cells, an MTT cell viability assay has been performed.
The biological activity of the free drugs was also determined and used as control for a
better comparison of the individual experiments. Next to HT-29 colon carcinoma cells,
the TNBC cell line MDA-MB-231 has been used instead of estrogen dependent MCF-7
cells, which might encourage upcoming in vivo studies, since MCF-7 breast cancer

xenograft model strongly depends on exogenous E2 274161 1t could be shown that MDA-
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MB-231 cells express, like MCF-7, all five STTR, whereby not only SSTR2 and SSTRS
are highly expressed, but also SSTR4 and SSTR1 #7491 All synthesized derivatives
caused an inhibitory effect on the growth of colon and breast cancer cells, whereby ICso
values between 5.43 — 65.44 uM could be obtained on HT-29 cancer cells, and between
9.52 —30.58 uM on MDA-MB-231 cells (Table 14, Appendix 10.2.2.2.). Initially, the
three oxime bond-linked somatostatin-Dau conjugates 66-68 have been analyzed to gain
insight into the efficiency of the targeting moieties. On both cell lines, the RC-121 derived
conjugate (66) displayed the best cytostatic effect, while the thioether cycled derivative
(68) which has a similar ring size like compound 66, revealed a three- to six-times reduced
anticancer activity. In contrast, the TT-232 related conjugate 67 exhibits a 12-times lower
cytostatic effect on HT-29 cells than compound 66, but just a 1.7-times reduced activity
on MDA-MB-231. This result indicates that MDA-MB-231 cells might express a higher
level of STTR4 and/or STTR1 than HT-29 cancer cells. However, considering that
compound 66 showed the highest anticancer activity, the RC-121 derived targeting
moiety was used to study the influence of linker modification on the cytostatic activity.
Thus, the conjugates 69 and 70 have been developed and their anticancer activities were
directly compared to compound 66. Especially, the obtained results of compound 69
indicate that the cytostatic effect is not only influenced be the targeting moiety and the
conjugated drug, but also by the ligation method. Although compound 66 and 69 possess
the same targeting moiety and the Dau=Aoa-LRRY-linker, the activity of the thioether
linked derivative 69 was more than 2.5-times decreased which supports the assumption
that the thioether linkage affects the receptor binding and/or the cellular uptake. In case
of the self-immolative linker-containing conjugate 70, the anticancer activity was also
slightly reduced in comparison to compound 66. Considering that the lysosomal cleavage
of the self-immolative Val-Ala-PABC-Dau linker facilitates the release of the free drug,
while in case of 66 only the Dau=Aoa-Leu-OH metabolite is released, it can be concluded
that this linker system has also a negative impact on the receptor binding affinity. A
comparable effect has been already observed for the self-immolative GnRH-III-Dau
conjugates (see above 3.1.2.3.). Thus, the oxime bond-linked conjugate 66 was confirmed
as best somatostatin-Dau analog. Based on these findings, the same linker-containing
peptide sequence and ligation method have been used for somatostatin-pyDau conjugate
71. The cytotoxic effects of compound 71, as well as of pyDau and the pyDau dimer
((pyDau)) were studied on HT-29 and MDA-MB-231 human cancer cells (Table 14). It

could be shown that pyDau exhibits a several orders of magnitude higher cytotoxic effect

79



3. Results and discussion

2431 Apart from

than Dau which is in line with comparable studies of pyDox and Dox |
that, during the synthesis of the conjugate, the formation of a dimeric pyDau form could
be observed. Previous tandem MS studies indicated that the dimerization occurs by
covalent bond formation of two 2-pyrollino moieties yielding a diazacyclodecadiene ring
(4201 Unfortunately, the dimerization cannot be avoided at 37 °C which is necessary for
the survival of the cells. Thus, the dimeric pyDau was also analyzed for its cytotoxic
effect. The monomeric and dimeric forms were separated by RP-HPLC purification, but
considering that the dimerization occurs faster under acidic conditions, the presence of
the dimeric form could not be fully avoided. Thus, the lyophilized fraction of the
monomeric pyDau contains approximately 30% of (pyDau),. Due to this fact, the
obtained ICso value for pyDau represents the activity of a certain mixture of
monomeric/dimeric pyDau and cannot be considered as absolute value of the monomeric
form. However, a direct comparison with the pure dimeric form supports the conclusion
that the dimeric form is less active than the monomeric pyDau, but still provides an
adequate potency with ICso values in the low nanomolar range. In comparison to the free
pyDau, the somatostatin-pyDau conjugate (71) was much more resistant to dimer
formation and no dimerization could be detected after oxime bond ligation to the targeting
moiety which is in accordance with former findings [**”). Apart from that, the growth
inhibitory effect of the pyDau-containing compound 71 was on both cell lines more than
20-times higher than that of the Dau-containing counterpart. Moreover, compound 71
exhibits like the other RC-121 derived conjugates (66, 69, 70) a similar ICso on both cell
lines, indicating that the used HT-29 and MDA-MB-231 cells might express a comparable
level of SSTR2 and/or SSTRS.

Table 14: In vitro cytostatic effect of somatostatin drug conjugates on HT-29 human colon cancer and
MDA-MB-231 human breast cancer cells

ICso [uM] ICso [uM]

Code Sequence HT-20  MDA-MB-231

Dau 007£0001 035002
66 Dau=Aoa-LRRY-f[CYwKVC|T-NH; 5434069 9524217
67 Dau=Ao0a-LRRY-f[CYWKC]T-NH2 65.44 £ 9.38 16.55+1.07

68 Dau=Aoa-LRRY-{{[CYWK-Dab-(COCH,)]T-NH. 32.33 + 1.59 30.58+1.35

Dau=Ao0a-LRRYC-NH:
69 * CH,-CO-f[CYwWKVC]T-NH; 2424 +1.14 25.74 +3.62

70 “flégif,ﬂ%%gﬂ?z 10.95£091  12.89+1.32
pyDau 117-10% 0.02:10° 1.99-10%+ 0.04-10°
(pyDau), 416107 0.09-10% 6.33-10%: 0.44-10°
71 pyDau=Ao0a-LRRY-[CYwKVC|T-NH; 026+0.07  0.28+0.05

all values represent mean + SE 30
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4. Conclusion and outlook
4.1 GnRH-III-drug conjugates

Oxime bond-linked GnRH-III-Dau conjugates
The results of the 1% set of GnRH-III-Dau conjugates provide a deeper insight into the
mechanism of action of the conjugates, and demonstrate that the anticancer activity of
drug conjugates is influenced by different factors, whereby not only the stability under
physiological conditions, but also the cellular uptake and the release of the drug or active
drug-metabolites are of high relevance. All investigated GnRH-III-Dau derivatives
display an adequate cytostatic effect on GnRH-R positive HT-29 and MCF-7 cancer cells
with ICso values in the low micro-molar range. The well-established lead compound K2
was determined as most potent candidate of this study revealing the best anticancer-
activity and cellular uptake rate on MCF-7 and HT-29 cancer cells in combination with
an efficient release of the active drug-metabolite in presence of lysosomal enzymes. In
comparison, the six novel GnRH-III-Dau-[®D-Aaa] derivatives exhibit a 3-5 times
reduced cytostatic effect depending on different factors which interfere with each other.
The main reason for the decline of the biological activity might be the enhanced durability
of the compounds within the cancer cell and the corresponding diminished release of the
smallest Dau-containing metabolite. This becomes particularly obvious in case of the °D-
Asp bioconjugates 1 and 4. Both compounds possess slightly enhanced receptor binding
affinities and better cellular uptake profiles than the D-Glu derivatives 2 and 5, while their
anticancer activities differ not substantially from each other. Therefore, it can be assumed
that the observed larger drug metabolites possess a lower DNA binding affinity than the
smallest active metabolite H-Lys(Dau=Aoa)-OH which results in an inferior DNA
intercalation, and hence, affects the cell growth inhibitory effect of the compounds.
Furthermore, the modification of GnRH-III derivatives by °D-Aaa incorporation did not
cause an improved cellular uptake or receptor binding, while in case of GnRH-I
derivatives, a substitution of °*Gly by D-amino acids results in an increased biological
activity and receptor affinity, by stabilizing the B-turn conformation of the compounds
[190] " Therefore, it can be assumed that the activity of GnRH-I and GnRH-III is not
mediated by the same conformational features. This assumption is in line with previous
structure related activity studies which indicate that the structure of GnRH-III is more
flexible and reveals a relatively ordered extended backbone conformation instead of a
GnRH-I-like U-shape [*>1%] Nonetheless, the present results provide clear evidence for

a GnRH-R-mediated endocytic pathway of lead compound K2 which is also
81



4. Conclusion and outlook

representative for other related GnRH-III-Dau conjugates. In conclusion, it could be
confirmed that the GnRH-III-Dau analogs specifically bind the GnRH-receptor on cancer
cells which leads to their internalization and a subsequent delivery to lysosomes. After
the release of the active Dau-containing metabolites by lysosomal enzymes, the cytotoxic

agent gets to its site of action and accumulates in the cell nuclei.

Considering that the sequence modifications of the 1% set of GnRH-III-Dau conjugates
did not result in an improved anticancer activity, a 2"¢ set of GnRH-III conjugates has
been designed and synthesized in which the targeting peptide sequence was modified by
various amino acid substitutions. Initially, the anticancer activity of the compounds was
studied revealing that all 14 novel GnRH-III-Dau conjugates exhibit an adequate in vitro
cytostatic effect on MCF-7 human breast cancer and HT-29 colon cancer cells. Especially
the N-terminal modification Glp-D-Tic-Lys(Bu), resulting in compound 16, leads to an
increased inhibition of the cancer cell growth, whereby the inhibitory effect on MCF-7
cancer cells could be enhanced by more than one order of magnitude in comparison to
the lead compound K2. Due to these promising results, a detailed biochemical
characterization of compound 16 was carried out in comparison to K2 indicating that the
N-terminal modification leads to improved cellular uptake and an accelerated delivery of
the drug to its site of action. Based on the fact that the binding aftinity of compound 16
to GnRH-Rs is comparable to K2 or other high affinity GnRH-R ligands, such as
cetrorelix and buserelin, it can be assumed that the receptor-mediated endocytic uptake is
not disrupted by the sequence modification. Besides that, lysosomal degradation studies
pointed out that the release of the active drug metabolite is not affected, while the
compound possesses a high durability in human and mouse plasma which is of high
relevance for preclinical studies in tumor-bearing mice. Considering all these findings,
the GnRH-III-Dau derivative 16 represents a highly promising candidate for in vivo tumor
growth inhibition studies. Due to the fact that the tumor growth of MCF-7 breast cancer
xenograft model strongly depends on exogenous E2 support 2974161 16 was also analyzed
for its growth inhibitory effect on E2-idependent MDA-MB-231. The new analog showed
here, as well an improved growth inhibitory effect which confirms the suitability of
MDA-MB-231 breast cancer cells as xenograft model for upcoming in vivo studies.
Moreover, using MDA-MB-231 for in vivo studies would provide valuable information
about the potential of our lead compounds on triple negative, but GnRH-R positive breast

cancer types. In conclusion, all findings of the present study demonstrate the high
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potential of GnRH-Dau-[?AHis,’D-Tic,*Lys(Bu),!Lys(Dau=Aoa)] (16) as efficient drug

delivery system for targeted tumor therapy.

Self-immolative and non-cleavable linker-containing GnRH-III-Dau and -PTX

conjugates
Next to the oxime bond-linked GnRH-III-Dau conjugates, novel self-immolative and
non-cleavable linker-containing GnRH-III-Dau and PTX conjugates were synthesized
and analyzed. For the Dau-conjugates, the amino group of the daunosamine sugar has
been used for attachment to the linker, while in case of PTX, the C2’-OH group was used.
The cleavable, self-immolative compounds inhibited the cell proliferation of GnRH-R
expressing cancer cells in a dose-dependent manner, while the activity of the compounds
was clearly reduced on cancer cells which possess a lower GnRH-R expression level. The
corresponding ICso values of the Dau-conjugates emphasize that the novel targeting
moiety GnRH-III-[?AHis-’D-Tic-*Lys(Bu)] has a beneficial impact on the antitumor
activity. Moreover, the antiproliferative activity of the non-cleavable control conjugates
was strongly decreased which demonstrates the high value of the cathepsin labile linker
systems. Apart from that, the present results point out that the applied linker structure was
efficiently cleaved by lysosomal enzymes, but the antitumor activity of the conjugates
was negatively influenced by other factors. In case of the PTX conjugates, the high
stability of the diamine-PTX prodrug might prevent the release of the free drug and affect
the activity of the compounds. On the contrary, the release of the free Dau occurs
efficiently applying the cathepsin labile and self-immolative linker, but the receptor
affinity was dropped down substantially. Nonetheless, the received data demonstrate the
high value of GnRH-III-based targeting moieties and the promising characteristic of

lysosomal cleavable linker systems, although further optimizations are required.

In direct comparison, the oxime bond-containing lead compound 16 offers various
benefits, like a straightforward synthesis, an enhanced cytostatic effect and an improved
solubility in aqueous solution. Due to these results, in vivo antitumor activity studies of
compound 16 and K2 on tumor bearing mice are ongoing in collaboration with the
research group of Dr. Jozsef Tovari (National Institute of Oncology, Budapest). The first
preliminary results indicate that single, as well as multiple doses of both compounds are
well tolerated by healthy mice, while especially compound 16, but also K2, exhibit
significant tumor growth inhibitory effects on orthotopically developed colorectal

carcinoma bearing mice, without detectable side effects. Furthermore, initial studies on
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breast cancer bearing mice gave clear hints that the antimetastatic activity of conjugates

is significantly higher than the activity of free Dau.

4.2. Somatostatin-drug conjugates

Initially, the cellular uptake of fluorescently labeled somatostatin derivatives has been
examined. Flow cytometry studies pointed out that all designed FAM-somatostatins were
taken up by SSTR expressing MCF-7 and HT-29 human cancer cells, whereby the LRRY -
linker-containing conjugates (63, 64) were taken up more efficiently than the compounds
without linker (61, 62, 65). Moreover, the uptake of the RC-121 derived conjugates was
enhanced in comparison to the appropriate TT-232 related compound which might be
related to a lower SSTR4 receptor level in comparison to the expression of SSTR2 and/or
SSTRS. The new somatostatin analog with the thioether bridged cyclic structure was
taken up less efficiently, but still revealed an adequate uptake rate on MCF-7 and HT-29
cells. This uptake rate might be enhanced by incorporation of the hydrophilic, cleavable
LRRY peptide spacer between the targeting peptide and the cargo. In addition, the results
of the CLSM studies indicate that the insertion of the lysosomal cleavable linker ensures
the release of the fluorophore-containing small metabolites, and facilitates the escape of
these metabolites from the lysosome. Thus, both LRRY-linker-containing somatostatin
analogs exposed a strong cytosolic fluorescence signal, while the compounds without
linker were predominantly present in cytosolic vesicles. In conclusion, the present study
of the FAM-somatostatin conjugates supports and underlines the requirement of a
cleavable linker system in case of somatostatin-drug derivatives, since the N-terminal D-
Phe, which is mainly used as ligation site, might prevent the formation of active drug-
metabolites. Apart form that, it could be shown that next to the classical disulfide cycled
derivatives, also a thioether cycled somatostatin analog was taken up by SSTR expressing
cancer cells which extends the possibilities for the development of somatostatin-based

DDSs.

Based on the results of the FAM-labeled somatostatin derivatives, various cleavable
linker-containing somatostatin derivatives have been synthesized and analyzed, whereby
three different targeting moieties have been used. All evaluated conjugates exhibit an
inhibitory effect on the growth of HT-29 colon cancer and MDA-MB-231 breast cancer
cells. In accordance with the cellular uptake studies of the FAM-somatostatin analogs,
the conjugates with the RC-121 derived peptide moiety displayed a higher anticancer

activity than the other conjugates, whereby the oxime bond-linked somatostatin conjugate
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66 possesses the highest biological activity of all Dau-conjugates. Moreover, the
cytostatic effect of the RC-121 conjugates on HT-29 was comparable to their activity on
MDA-MB-231 cells. Due to this, it can be assumed that both cell lines possess a
comparable surface expression level of SST2 and/or SSTS. In contrast, the cytostatic
effect of conjugate 67 which possesses the TT-232 targeting moiety was improved on
MDA-MB-231 cells, in comparison to the activity on HT-29 cells. Thus, it can be
assumed that the expression level of SST4 and/or SST1 is substantially higher on MDA -
MB-231 than on HT-29. However, to gain further information on the exact expression
level of the SSTRs and their coincidence on HT-29 and MDA-MB-231 cells, additional
studies are necessary. Apart from that, it could be shown that the applied drug-linker
system, as well as the linkage itself has an impact on the biological activity of the
compounds. This might be related to a decreased SSTR affinity or a reduced cellular
uptake of the compounds. Thus, receptor binding studies and further cellular uptake
studies might be favorable for a better interpretation of the results. Next to Dau, also 2-
pyrrolino-Dau has been conjugated to the best linker-targeting peptide moiety. The
obtained ICso value of pyDau conjugate 71 was for both cancer cell lines in the low
nanomolar range which evidences the high potency of this Dau derivative. Although the
synthesis of the pyDau conjugates is more challenging than the preparation of comparable
Dau conjugates, the strong anticancer activity of pyDau-containing somatostatin
conjugate (71) illustrates the high potential of pyDau-based DDS for targeted cancer
therapy.

In summary, it could be shown that GnRH-III, as well as somatostatin analogs are
promising targeting moieties for selective cancer therapy. The present results confirm that
not only the conjugated drug and the targeting peptide, but also the linker system has a
substantial impact on the anticancer activity. In order to further optimize the biological
activity of these small molecule drug conjugates, new linker strategies should be
investigated which ensure the release of the free drug without affecting the receptor
binding affinity. Additionally, the use of anticancer drugs with higher potency than Dau
and PXT (e.g. amatoxins or cryptophycins) might enlarge the potential of peptide
hormone-based DDS.
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5.1. Materials and reagents
The following commercially available reagents and solvents were used for the present
study, whereby all reagents and solvents were of analytical grade or highest available

purity.

5.1.1. Reagents for synthesis and purification

All amino acid derivatives, K-Oxyma Pure®, Rink-Amide MBHA and Ethyl indol AM
resin were obtained from Iris Biotech GmBH (Marktredwitz, Germany),
Novabiochem®/Merck-Millipore (Darmstadt, Germany) and Bachem (Bubendorf,
Switzerland). Boc-aminooxyacetic acid (Boc-Aoa-OH), aminooxyacetic acid, scavengers,
coupling agents (1-hydroxybenzotriazole hydrate (HOBt), N, N ’-diisopropylcarbodiimide
(DIC)), and cleavage reagents (triisopropylsilane (TIS), 1,2-ethanedithiole (EDT),
thioanisole,  phenol, piperidine, 1,8-diazabicyclo[5.4.0]Jundec-7-ene ~ (DBU),
trifluoroacetic acid (TFA)), diisopropylethylamine (DIPEA), methanol (MeOH), fert-
butanol, n-butyric anhydride, hydrochloric acid (HCI) and solvent for RP-HPLC
acetonitrile (MeCN) were purchased from Sigma-Aldrich Kft (Budapest, Hungary).
Daunorubicin hydrochloride was provided from IVAX (Budapest, Hungary). N,N-
dimethylformamide (DMF), dichloromethane (DCM) and diethyl ether (Et;O) were
purchased from Molar Chemicals Kft (Budapest, Hungary).

5.1.2. Reagents for cell culturing and cell biology experiments

DMEM, HPMI, RPMI-1640, Fetal Bovine Serum (FBS), L-glutamine, Penicillin-
Streptomycin (Pen-Strep), sodium pyruvate, PBS, trypsin and EDTA solutions were
purchased from Lonza (Basel, Switzerland). Non-essential amino acids (NEAA),
Mowiol® 4-88 mounting medium, diamidine-2-phenylindole dihydrochloride (DAPI),
paraformaldehyde and Tox-8 (resazurin-based in vitro toxicology assay kit) were
obtained from Sigma-Aldrich Kft. MCF-7 human breast adenocarcinoma cells (ATCC:
HTB-22), HT-29 human colon adenocarcinoma cells (ATCC: HTB-38), MDA-MB-231
(ATCC: HTB-26) breast adenocarcinoma cells were obtained from ATCC (Manassas,
USA). 6-, 24- and 96-well plates were obtained from Sarstedt, (Niirnbrecht, Germany).
Glycine, Tris, SDS, NaCl, EDTA, Tween-20, AcOH, MeOH and EtOH absolute (99.7%)
HiPerSolv CHROMANORM, ammonium-sulphate-14-18-hydrate and ortho phosphoric
acid were obtained from VWR Prolabo® chemicals (Leuven, Belgium). Tricine,

bromophenol blue, Coomassie Brilliant Blue were purchased from amresco® (Solon,
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Ohio, USA). Acrylamide (2x) and N,N’-methylene bisacrylamide (2x) were received
from SERVA Electrophoresis GmbH (Heidelberg, Germany). Glycerol anhydrous
BioChemica, Triton® X-100 Molecular Biology grade BC, TCEP hydrochloride
BioChemia BC and nonfat dried milk powder were obtained from AppliChem Panreac
(Darmstadt, Germany). APS and p-mercaptoethanol were purchased from G-
Biosciences® (St. Louis, MO, USA). Apart from that, alamarBlue reagent® (Thermo
Scientific, Waltham, MA, USA), MTT reagent (Duchefa Biochemie, Harlem,
Netherland), TEMED (TCI chemicals, Tokyo, Japan), protease inhibitor cocktail set III
(Merck Calbiochem®), PVDF membrane Immobilon®-P 0.45 um (Merck Millipore),
Extra Thick Western Blotting Filter Paper (Thermo Scientific), PageRuler™ prestained
Protein Ladder (product number 26616, Thermo Scientific), cover glasses (thickness 1,
Assistant, Karl Hecht GmbH & Co KG, Sondheim/Rhon, Germany), microscopy slides
(VWR International, Debrecen, Hungary), anti-GnRH-R antibody (Proteintech,
Rosemant, IL, USA, catalog number: 19950-1AP, produced in rabbit), secondary anti-
rabbit-horseradish peroxidase (HRP) antibody (Santa Cruz Biotechnology, Dallas, TX,
USA, sc-2004, produced in goat), anti-actin primary antibody (Santa Cruz Biotechnology,
sc-1616, produced in goat) and anti-goat-HRP secondary antibody (Santa Cruz

Biotechnology, sc-2354, produced in mouse) were used for the appropriate experiments.

5.1.3. Reagents for in vitro stability and degradation of drug-conjugates

The rat liver lysosomal homogenate was prepared as previously described 237! and protein
concentration was determined with Qubit Protein Assay Kit (Thermo Scientific). Human
and mice plasma was collected, isolated and provided from the research group of Dr.
Jozset Tovary at National Institute of Oncology in Budapest (OOI). Water for
chromatography (LC-MS Grade) LiChrosolv®, MeCN hypergrade for LC-MS
LiChrosolv®, formic and acetic acid 98% - 100% for LC-MS LiChropur®, NH4OAc and
NaOAc were obtained form Merck Millipore.

5.2. Methods

5.2.1. Synthesis and purification

5.2.1.1. General synthesis protocols

Solid-phase peptide synthesis (SPPS)

Peptides were prepared manually by SPPS according to Fmoc/tBu chemistry on a Rink-
Amide MBHA resin (0.73 mmol/g coupling capacity) or on a Fmoc-Ethyl-Indole AM

resin (0.94 mmol/g coupling capacity). The derivatives were synthesized by the following

87



5. Experimental section

protocol. The resin was washed with DMF (4 times 1 min), followed by Fmoc
deprotection with 2% piperidine, 2% DBU in DMF (4 times; 2 + 2 + 5 + 10 min). For the
coupling reaction, 3 eq of a-Fmoc-protected amino acid derivative, 3 eq DIC and 3 eq

HOBt in DMF were used (60 min).

Dde cleavage and butyrylation of “Lys (GnRH-conjugates)

After peptide chain elongation, the Dde group of Lys was cleaved with 2% hydrazine in
DMF (12 x 5 min) and the resin-bound peptide was washed with DMF (5 x 1 min). In the
next step, the butyrylation of the a-NH> amino group was performed with 3 eq butyric
anhydride and 3 eq DIPEA in DMF (2 h).

Mitt cleavage
The Mtt group of ®Lys was removed by using 2% TFA in DCM (6 x 5 min). The peptidyl
resin was neutralized with 10% DIPEA in DCM (3 x 5 min).

Coupling of isopropylidene-aminooxyacetic acid (>=Aoa-OH)
The coupling reaction was carried out with 5 eq >=Ao0a-OH, 5 eq K-Oxyma Pure® and 5

eq HOBt in DMF for 2 hours.

Deprotection of the side chain protecting groups and simultaneous cleavage of the
peptide from the resin — GnRH-III peptide carriers (DP1)

The GnRH-III peptidyl-resin was dried in desiccator for at least 3 hours or washed with
Et20 (3 x 2 min) and then treated with 95% TFA, 2.5% TIS and 2.5% water (v/v/v) in the
presence of 10 eq free aminooxyacetic acid as ‘carbonyl capture’ reagent for 2 h, at RT
[268] ' peptides were precipitated with ice-cold Et2O, centrifuged, washed 3 times with

fresh Et20, dissolved in water-MeCN (0.1% TFA) 4:1 (v/v) and lyophilized.

Deprotection of the side chain protecting groups and simultaneous cleavage of the
peptide from the resin — Somatostatin peptide carriers (DP2)

The somatostatin peptidyl-resin was dried in desiccator for at least 3 hours or washed
with Et;O (3 x 2 min) and then treated with 93% TFA, 2.5% water, 2.5% thioanisole,
1.25% EDT and 0.75% phenol (v/v/v/v/w) for 3 h, at RT. Peptides were precipitated with
ice-cold Et2O, centrifuged, washed 3 times with fresh Et,O, dissolved in water:tert-

butanol (0.1% TFA) 1:4 (v/v) and lyophilized.

Disulfide formation by air oxidation
After purification of the crude somatostatin derivatives by RP-HPLC and lyophilization,
0.2 mg/mL peptides were dissolved in 5% DMSO and 95% 0.1 M Tris-buffer (pH 8.3)

and stirred for 1-4 days at RT. Reaction process was controlled by analytical RP-HPLC
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and ESI-MS. When the reaction was completed, the pH of reaction mixture was adjusted
to pH 5 with 6 M HCI, followed by freeze-drying and purification by preparative RP-
HPLC.

Isopropylidene deprotection

To remove the isopropylidene protecting group of the >=Aoa-moiety, the compound was
dissolved in 0.2 M NH4OAc solution (pH 5), containing 1 M of methoxylamine to a
concentration of 5 mg/mL. The reaction was stirred at RT for one-two hour. Reaction
process was controlled by analytical RP-HPLC. When the reaction was completed, the
reaction mixture was purified by RP-HPLC. Product-containing fractions were

evaporated and used for Dau ligation.

Ligation of daunorubicin — oxime bond formation
The oxime bond formation was carried out in 0.2 M ammonium acetate buffer (pH 5.0),
at a peptide concentration of 10 mg/mL and 1.3 eq Dau [2°®]. The reaction mixtures were

stirred overnight at RT and then purified by RP-HPLC.

Coupling of pentachlorophenyl-chloroacetat (CI-CH>-CO-OPcp)

For the on-resin coupling, 5 eq of Cl-CH2-CO-OPcp were dissolved in DMF (3 mL) and
5 eq DIPEA were added. After 2 h, the resin was washed with DMF (4 times 1 min) and
prepared for TFA cleavage.

Fmoc-deprotection in solution
The compound of interest was dissolved in 2 mL DMF and 5 eq piperidine was added.
Solution was stirred for 2 h at RT. DMF was evaporated under high vacuum. Remains

were triturated with Et;O and the precipitate was isolated by centrifugation.

Boc-deprotection in solution
The compound of interest was dissolved in 1.5 mL DCM/TFA (2:1, v/v) and stirred for
45 min, followed by evaporation and purification by preparative RP-HPLC.

5.2.1.2. Purification
Semipreparative and preparative RP-HPLC

System [
For purification, a KNAUER 2501 HPLC system (H. Knauer, Bad Homburg, Germany)
was used either with a preparative Phenomenex (Torrance, CA, USA) Luna® C18(2)
column (100 A, 10 um, 250 mm x 21.2 mm) (a), or with a semipreparative column:

Phenomenex Jupiter® C4 column (300 A, 10 pm, 250 mm x 10 mm) (b), or Phenomenex
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Proteo® C18 column (90 A, 10 pm, 250 mm x 10 mm) (¢). Linear gradient elution with
eluent A (0.1% TFA in water) and eluent B (0.1% TFA in MeCN/H»0 (80:20, v/v)) was
used at a flow rate of 15 mL/min for preparative and 4 mL for semipreparative RP-HPLC.

Peaks were detected at 220 or 280 nm.

System 11
For purification, the Thermo Fisher Scientific HPLC system Dionex Ultimate 3000 was
used, equipped with Dionex RS variable wavelength Detector and a semipreparative RP-
HPLC Waters Atlantis column (100 A, 5 um, 100 mm x 19 mm). Linear gradient elution
with eluent A (0.1% TFA in water) and eluent B (0.1% TFA in MeCN) was used at a
flow rate of 10 mL/min. Peaks were detected at 220 and 280 nm.

Flash-chromatography
For flash-chromatography, Chromagel 60 ACC (40-63 um) silica gel and a column with

20 mm diameter was used and filled up to 200 mm column height.

5.2.1.3. Synthesis of GnRH-III-drug conjugates

5.2.1.3.1. Synthesis of oxime bond-linked daunorubicin—-GnRH-III conjugates

Synthesis of I*' set of GnRH-III-Dau-conjugates — modification in position 6

The synthesis of GnRH-III-[(*Lys(Bu)/*Ser, %Aaa, ®Lys(Dau=Aoa)] (K1, K2, 1-6)
conjugates was carried out on a Fmoc-Rink-Amid-MBHA resin (200 mg per conjugate)
using protected amino acid derivatives and orthogonal lysine protecting groups. Fmoc-
Lys(Mtt)-OH was incorporated in position 8 and either Fmoc-Ser(tBu)-OH (K1, 1-3) or
Fmoc-Lys(Dde)-OH (K2, 4-6) was incorporated in position 4. Initially after peptide chain
elongation, the Dde group was removed first and “Lys was butyrylated. In the following,
the Mtt group was cleaved and Boc-Aoa-OH was coupled. After cleavage from resin
(DP1), the crude compounds were purified by preparative RP-HPLC (system la: 0 min
5% B; 5 min 5% B; 10 min 20% B, 50 min 80% B). Product-containing fractions were
combined and eluent was evaporated. The remaining colorless oil was directly used for
Dau ligation and purified by preparative RP-HPLC (system I-a: 0 min 15% B; 5 min 15%
B; 10 min 30% B, 50 min 80% B).

Synthesis of 2™ set of GnRH-III-Dau-conjugates — advanced sequence modification
Synthesis of GnRH-I1I-Dau conjugates 7-12 and 14-18

SPPS of GnRH-III compounds were carried out on a Fmoc-Rink-Amid-MBHA resin (200

mg per conjugate) using appropriate protected amino acid derivatives and orthogonal

lysine protecting groups for position 4 and 8. The synthesis and purification of the
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compounds was performed in the same manner as described for the 1% set of GnRH-III-
Dau-conjugates (see above), whereby coupling time of Fmoc-D-Tic-OH was extended up
to two hours and compound 16 was additionally purified by semipreparative RP-HPLC
(system I-b: 0 min 20% B; 5 min 20% B, 50 min 50% B)

Synthesis of GnRH-I1I-Dau conjugates 13 and 20
The synthesis of 13 and 20 were performed on Fmoc-Ethyl-Indole AM resin (200 mg per
compound). The first amino acid was allowed to react for two hours. Further synthesis

steps were carried out as described for conjugates 7-12 and 14-18.

Synthesis of GnRH-III-Dau conjugate 19

The following modified synthetic route was used to avoid the side reaction on methyl
ester which occurred during the Dde deprotection with 2% hydrazine solution.
Bioconjugate 19 was prepared by manual SPPS according to Fmoc/tBu chemistry on a
Rink-Amide MBHA resin (300 mg). Fmoc-Lys(Mtt)-OH was incorporated in position 8
and on-resin synthesis was continued. After coupling of Fmoc-His(Trt)-OH in position 5,
the Mtt group was removed and >=Aoa-OH was coupled to the side chain of ’Lys using
two times 10 eq K-Oxima pure®, 10 eq DIC and 10 eq HOBt in DMF (RT, 2 h). The
coupling reaction was repeated twice, followed by blockage of the remaining unreacted
e-NH» with 5% acetic anhydride and 10% DIPEA in DMF (v/v/v) for 30 min. Then main
chain synthesis was carried out till the end by using Fmoc-Lys(Mtt)-OH also in position
4. Afterwards, the Mtt group was deprotected after and “Lys was butyrylated followed by
TFA-cleavage (DP1). The crude compound was purified by preparative RP-HPLC (0 min
5% B; 5 min 5% B; 10 min 20% B, 50 min 80% B) and lyophilized. In the next step, the
>=Ao0a moiety was deprotected and subsequently separated by RP-HPLC (see above).
Appropriate fractions were evaporated and directly used for Dau ligation. The reaction
mixture was purified by RP-HPLC (system I-a: 0 min 15% B; 5 min 15% B; 10 min 35%
B, 50 min 70% B).

5.2.1.3.2. Synthesis of self-immolative linker-containing GnRH-III-Dau and -PTX
conjugates
Synthesis of self-immolative linker

Fmoc-Val-OSu (21)
o o
o*wrﬁﬁ MW: 436.46 Da
e, ° 7 m=5219 g (93%)
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Fmoc-Val-OH (4 g, 12.85 mmol, 1 eq) and HOSu (1.48 g, 12.85 mmol, 1 eq) were
dissolved in dry THF (35 mL) under nitrogen atmosphere at 15 °C. DCC (2.65 g, 12.85
mmol, 1 eq) was dissolved in dry THF (7 mL), added dropwise within 30 min and stirred
at RT for further 24 hours. The reaction mixture was separated by suction filtration and
the filtrate was evaporated. To remove further impurities, the product was resolved in 50
mL DCM and extracted with 50 mL saturated NaHCO3 and 50 mL brine. The organic
layer was dried with NaxSOg4. The filtrate was evaporated affording Fmoc-Val-OSu as a
white foam.

"H NMR (400 MHz, CDCI3/CDs0D): § = 7.80 (d, J = 7.48 Hz, 2H), 7.63 (d, J=7.19 Hz,
2H), 7.45 (t, J=7.37 Hz, 2H), 7.36 (t,J = 7.53 HZ, 2H), 4.73 (m, 1H), 4.48 (d, J = 6.66
HZ, 2H), 4.29 (t,J=7.03 Hz, 1H), 2.87 (s, 4H), 2.41 (m, 1H), 1.11 (m, 6H).

Fmoc-Val-Cit-OH (22)

[o} (o]
C‘ OJ\NH NH\é/U\OH
Y ° \LNH MW: 496.56 Da

m = 2.244 g (77%)

HN" Y0

L-citrulline (1.082 g, 6.175 mmol, 1.05 eq) and NaHCO3 (0.519 g, 6.175, 1.05 eq) were
dissolved in 15 mL water. 21 (2.567 g, 5.88 mmol, 1 eq) was dissolved in 15 mL DME
and added to the aqueous solution. THF (10 mL) was added and the reaction was stirred
overnight. 50 mL of 15% citric acid was added and extracted with 10% isopropanol/
EtOAc (v/v) (3 x 50 mL). Combined organic layer was washed with water (3 x 30 mL)
and brine (2 x 50 mL) and dried with Na>xSO4, The filtrate was evaporated and the
remaining solid was triturated in 60 mL Et;O and sonicated for 45 min. Filtration yielded
Fmoc-Val-Cit-OH (22) as white solid.

"H NMR (400 MHz, CDs;OD): § = 7.82 (d, J = 7.58 Hz, 2H), 7.69 (d, J = 6.98 Hz, 2H),
7.43 (t,J = 7.48 Hz, 2H), 7.38 (t, J = 7.38 Hz, 2H), 7.19 (d, ] = 8.4, 1H), 4.48-4.31 (m,
3H), 4.25 (t, J = 6.9 Hz, 1H), 3.96 (t, J = 7.80, 1H), 3.12 (t, J = 6.72 Hz, 2H), 2.07 (m,
1H), 1.93 (m, 1H), 1.72 (m, 1H), 1.63-1.50 (m, 2H), 1.00 (m, 6H).

Fmoc-Val-Cit-PAB-OH (23)

(o] (o] OH
O‘ oJkNHj;(NH;JI\NHQ/\
Uy ° h MW: 601.69 Da
N m=1.0181 g (84%)

H,N" Y0
Compound 22 (1 g, 2.015 mmol, 1 eq) and PAB-OH (0.5 g, 4.03 mmol, 2 eq) were

dissolved in 30 mL DCM:MeOH (2:1, v/v). EEDQ was added and the reaction was stirred
92



5. Experimental section

in the dark under N atmosphere (overnight at RT). The solvent was removed by
evaporation and the remaining solid was triturated in 40 mL Et:O and sonicated for 45
min. Filtration yielded Fmoc-Val-Cit-PAB-OH (23) as yellow solid.

"H NMR (400 MHz, DMSO-de): § =9.97 (s, 1H), 8.10 (d, J=7.64 HZ, 1H), 7.90 (d, ] =
7.49 Hz, 2H), 7.75 (t, ] = 7.8 Hz, 2H), 7.56 (d, J = 8.35 Hz, 2H), 7.42 (m, 2H), 7.33 (t,J
=7.42 Hz, 2H), 7.24 (d, J= 8.4 Hz, 2H), 5.97 (t, J= 5.86 Hz, 1H), 5.40 (s, 2H), 5.09 (t,
J=15.75, 1H), 4.46-4.39 (m, 3H), 4.36-4.19 (m, 3H), 3.94 (dd, J = 7.13, 6.91 Hz, 1H),
3.07-2.87 (m, 2H), 1.99 (m 1H), 1.69 (m, 1H), 1.59 (m, 1H), 1.50-1.32 (m, 2H); 0.87 (m,
6H).

Fmoc-Val-Cit-PABC-Pnp (24)
o}
A

C‘ oirws'\/'(mjl\nn@ﬁoé
LY ° \L MW: 766.80 Da

NO,

m = 0.490 g (78%
o g (78%)

Compound 23 (490 mg, 0.814 mmol, leq) was dissolved in 5 mL DMF under N,
atmosphere and bis-Pnp carbonate (496 mg, 1.63 mmol, 2 eq) was added, followed by
addition of DIPEA (215 pL, 1.23 mmol, 1.5 eq). Reaction mixture was stirred for 3 hours
at RT. DMF was removed by high vacuum evaporation. Remaining solid was triturated
with 15 mL Et;O and sonicated for 40 min. Filtration afforded Fmoc-Val-Cit-PAB-Pnp
(24) as yellow solid.

"H NMR (400 MHz, DMSO-de): § = 10.14 (s, 1H), 8.32 (d, J= 9.2 Hz, 2H), 8.15 (d, J =
7.56 Hz, 1H), 7.90 (d, J = 7.49 Hz, 2H), 7.75 (t, J = 7.66 Hz, 2H), 7.65 (d, J = 8.43 Hz,
2H), 7.58 (d, J =9.18 Hz, 2H), 7.42 (m, 2H), 7.33 (t,J=7.56 2 H), 5.98 (t, /= 5.72 Hz,
1H), 5.42 (s, 2H), 5.25 (s, 2H),4.43 (m, 1H),4.33-4.17 (m, 3H), 3.94 (dd, 7.02, 7.10) 1H),
3.09-2.87 (m, 2H), 2.00 (m, 1H), 1.70 (m, 1H), 1.61 (m, 1H), 1.51 (m, 2H), 0.87 (m, 6H).

Fmoc-Val-Cit-PABC-Dau (25)

®, L MW: 115521 Da

I m = 35 mg (47%)
HN" 0

Dau (38 mg, 0.072 mmol, 1.1 eq) was dissolved in 1.5 mL dry DMF. Compound 24
(50 mg, 0.0652 mmol, 1 eq) was added, followed by addition of DIPEA (17.1 uL, 0.0978
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mmol, 1.5 eq). Reaction was stirred overnight at RT under N> atmosphere. Then 70 mL
EtOAc was added and organic phase was extracted with 1 M KHSO4 (2 x 10 mL), sat.
NaHCOs3 (2 x 10 mL) and 10 mL brine. The organic layer was dried with Na>xSO4 and
concentrated. The red solid was dissolved in DCM:MeOH (9:1, v/v), filtrated and purified
by flash-chromatography (eluents: initially 6:3:1, then 7:2:1 EtOAc/hexane/MeOH,
followed by 9:1 DCM/MeOH). Combined product-containing fractions were evaporated
affording Fmoc-Val-Cit-PABC-Dau (25) as a red solid.

ESI-MS: MWeai: 1155.21, found [M+H]" = 1155.63, [M+Na]'= 1177.53, [M-H] =
1153.31

Glutaryl-Val-Cit-PABC-Dau (27)

MW: 1047.07 Da

m = 10.3 mg (38%)

HN o

Fmoc-group of compound 25 (35 mg, 0.0303 mmol) was removed as described above
and H-Val-Cit-PABC-Dau (26) was resolved in dry DMF (2 mL). Glutaric anhydride
(6.91 mg, 0.0606 mmol, 2 eq) was dissolved in dry DMF (106 pL) and added, followed
by addition of DIPEA (10.6 pL, 0.0606 mmol, 2 eq). The reaction was stirred at RT for
2 hours, then DMF was evaporated under high vacuum and remaining red solid was
dissolved in MeCN/water and purified by semipreparative RP-HPLC (system II, gradient
10% B to 90% B in 12 min). Product 27-containing fractions were combined and freeze-

dried.
ESI-MS: MW_ai: 1047.07, found [M+Na] = 1069.50, [M-H] = 1045.72

N-(Boc)-N,N’-dimethylethylenediamine (28)
(o]
/N"\/\TJ\OX MW: 188.27 Da

N,N’-dimethylethylenediamine (1.5 g 2 1.86 mL (p = 0.807 g/mL), 17.02 mmol, 3 eq)
was dissolved under N> atmosphere in dry DCM (20 mL) and cooled to 0 °C. Boc,O was
dissolved in dry DCM (10 mL) and added very slowly (dropping funnel). The reaction
was stirred overnight, then solvent was evaporated and EtOAc (100 mL) were added.
Organic phase was washed with water (2 x 20 mL) and brine (2 x 20 mL), dried with

Na»SO4 and filtrate was concentrated in vacuo offering 28 as a pale yellow oil.
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'H NMR (400 MHz, CDCl3): & = 3.36 (bs, 2H), 2.90 (s, 3H), 2.77 (bs, 1H), 2.49 (s, 3H),
1.87 (bs, 2H), 1.48 (s, 9H).

N-(Boc)-N’-(H-Val-Cit-PABC)- N,N ’-dimethylethylenediamine (29)

2 |
RS Neaane s

L MW: 593.72 Da
i m = 107 mg (55.3%)

NS0
Compound 24 (250 mg, 0.326 mmol, 1 eq) was dissolved in 1.5 mL dry DMF under N>
atmosphere. The solution was cooled to 0 °C and compound 28 (solution of 159 mg in 1
mL DMF, 0.815 mmol, 2.5 eq) was added, followed by addition of DIPEA (142 pL, 0.815
mmol, 2.5 eq). Reaction warmed up slowly and stirred overnight at RT. EtOAc (100 mL)
was added and washed with 0.5 M KHSO4 (2 x 30 mL), sat. NaHCOs3 (2 x 20 mL) and
brine (1 x 30 mL). The KHSO4phase was basified with 10 M NaOH to pH 9 and extracted
with EtOAc (2 x 50 mL). The organic layer was washed with brine and dried with Na>xSO4
and concentrated (yellow oil).

ESI-MS: MW_ai: 593.72, found [M+H]" = 595.33, [M+Na] = 617.45, [M-H] = 592.26

N-(Boc)-N’-(glutaryl-Val-Cit-PABC)- N,N’-dimethylethylenediamine (30)

i |
BUSheNTeanns e,
T MW: 707.81 Da
qu/to m = 47 mg (37%)
Compound 29 (107 mg, 0.1802 mmol, 1 eq) was solved in 2 mL DMF. Glutaric anhydride
(61.7 mg, 0.541 mmol, 3 eq) was added, followed by addition of DIPEA (95 uL, 0.541
mmol, 3 eq) and the reaction was stirred at RT for 4 hours. The solution was concentrated
under high vacuum and EtOAc (100 mL) was added. The organic phase was washed with
1 M KHSO4 (2 x 20 mL) and brine (2 x 10 mL), dried with Na,SO4 and evaporated. The
remained solid was dissolved in 2 mL DCM/MeOH (9:1, v/v) and purified by flash-
chromatography (eluent was stepwise changed from 95:5 to 80:20 DCM/MeOH + 0.1%
AcOH). Combined fractions were concentrated in vacuo and an oily product-AcOH
mixture remained which could be separated by semipreparative RP-HPLC (system II;
10% B to 100% B in 12 min). Product 30-containing fractions were combined and freeze-
dried.
ESI-MS: MW_ai: 707.81, found [M+Na]'= 730.84, [M-H] = 706.77
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2’-(4-Nitrophenoxycarbonyl)paclitaxel (31)

o:<o

MW: 1019.0092 Da
m = 70.5 mg (55%)

O,N

PTX (107 mg, 0.1253 mmol, 1 eq) was dissolved in dry DCM (2.5 mL) under N>
atmosphere at RT. Pyridine was added (30 pL, 0.3759 mmol, 3 eq) and cooled down to -
50 °C. Pnp-chloroformate was dissolved in 1 mL dry DCM and added dropwise. After 20
min, the reaction mixture was warmed up to -20 °C and the reaction progress was
controlled by TLC (eluent: 4:6 hexane/EtOAc). After 4 hours, the reaction was stopped
by adding EtOAc (70 mL) and washed with 1 M KHSO4 (2 x 10 mL) and brine (2 x 10
mL). The organic layer was dried and concentrated, followed by purification via flash
chromatography (eluent was stepwise changed from 6:4 to 3:7 hexane/EtOAc).

Combined fractions were evaporated yielding 31 (white solid).

ESI-MS: MWeai: 1019.01, found [M+Na]*= 1041.64, [M-H]" = 706.77.

N-[carbonyl-(2’-PTX)-N -(glutaryl-Val-Cit-PABC)-  N,N’-dimethylethylenediamine
33)

MW: 1487.60 Da
m=12.8 mg (57%)

Boc-group of compound 30 (12 mg, 0.0169 mmol) was cleaved and the product was
purified by RP-HPLC (system I-a, 0 min 10% B; 5 min 10% B; 10 min 20% B, 50 min
80% B) and lyophilized. The obtained N-(glutaryl-Val-Cit-PABC)-N,N’-
dimethylethylenediamine (32) (9.2 mg, 0.01513 mmol, 1 eq) was dissolved in dry DMF
and activated PTX (31) (19.8 mg, 0.01943 mmol, 1.3 eq) was added, followed by addition
of DIPEA (10.5 pL, 0.06058 mmol, 4 eq). The reaction was stirred for 24 hours at RT
and purified by preparative RP-HPLC (system I-a, 0 min 15% B; 5 min 15% B; 10 min
30% B, 50 min 100% B).

ESI-MS: MW_ai: 1487.60, found [M+H]" = 1487.93
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Fmoc-Val-Ala-0oH (34)

o o
D@ API!("”;JLW MW: 410.46 Da

O m = 0.954 g (64%)

L-alanine (0.337 g, 3.78 mmol, 1.1 eq) and NaHCO;s (0.317 g, 3.78, 1.01 eq) were
dissolved in 15 mL water. Compound 21 (1.48 g, 3.44 mmol, 1 eq) was dissolved in 15
mL DME and added to the aqueous solution. THF (10 mL) was added and the reaction
mixture was stirred overnight. 50 mL of 15% citric acid was added and extracted with
10% isopropanol/EtOAc (v/v) (2 x 50 mL). Combined organic layer was washed with
water (3 x 30 mL) and brine (2 x 50 mL) and dried with Na>SO4. The filtrate was
evaporated and the remaining solid was triturated in 60 mL Et;O and sonicated for 45
min. Filtration yielded Fmoc-Val-Ala-OH (34) as white solid.

'"H NMR (400 MHz, CD3;0D): = 7.81 (d, J = 7.51 Hz, 2H), 7.69 (d, J = 7.43 Hz, 2H),
7.40 (t, J = 7.50 Hz, 2H), 7.32 (t, J = 7.50 Hz, 2H), 7.16 (d, J = 8.4, 1H), 4.45-4.34 (m,
3H), 4.25 (t, J= 6.9 Hz, 1H), 3.99 (t, J = 7.76, 1H), 2.07 (m, 1H), 1.42 (d, J = 7.2 Hz,
3H), 0.98 (m, 6H).

Fmoc-Val-Ala-PAB-0OH (35)

oj\nI,o("”jj\nnjgA ) MW: 515.60 Da
&,

m=1.142 g (95%)

Compound 34 (0.954 g, 2.325 mmol, 1 eq) and PAB-OH (0.575 g, 4.65 mmol, 2 eq) were
dissolved in 30 mL DCM:MeOH (2:1, v/v). EEDQ was added and the reaction was stirred
in the dark under N atmosphere (overnight at RT). The solvent was removed by
evaporation and the remaining solid was triturated in 40 mL Et2O and sonicated for 45
min. Filtration yielded Fmoc-Val-Ala-PAB-0OH (35) as yellow solid.

"H NMR (400 MHz, DMSO-de): § =9.93 (s, 1H), 8.17 (d, J = 7.06 HZ, 1H), 7.90 (d, J =
7.50 Hz, 2H), 7.75 (t, J = 7.20 Hz, 2H), 7.54 (d, J = 8.46 Hz, 2H), 7.43 (m, 3H), 7.33 (t,
J=7.35Hz,2H),7.24 (d, J=8.4 Hz, 2H), 5.10 (t, J=5.62, 1H), 4.48-4.39 (m, 3H), 4.35-
4.20 (m, 3H), 3.91 (dd, J=7.31, 7.27 Hz, 1H), 1.99 (m 1H), 1.31 (d, J = 7.08 Hz, 3H);
0.88 (m, 6H).

Fmoc-Val-Ala-PABC-Pnp (36)

. . e
°Jk'lg""ﬂ g © MW: 680.70 Da
O

m =527 mg (65%)
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Compound 35 (614 mg, 1.2 mmol, leq) was dissolved in 5 mL DMF under N atmosphere
and bis-Pnp carbonate (743.5 mg, 2.4 mmol, 2 eq) was added, followed by addition of
DIPEA (427 uL, 2.4 mmol, 2 eq). Reaction mixture was stirred overnight at RT. DMF
was removed by high vacuum evaporation. The remaining solid was triturated with 15
mL Et0O and sonicated for 40 min. Filtration afforded Fmoc-Val-Ala-PAB-Pnp (36) as
yellow solid.

"H NMR (400 MHz, DMSO-de): § = 10.10 (s, 1H), 8.32 (d, J = 8.56 Hz, 2H), 8.15 (d, J
=6.27 Hz, 1H), 7.90 (d, J=7.14 Hz, 2H), 7.75 (t, J = 6.27 Hz, 2H), 7.65 (d, J = 7.93 Hz,
2H), 7.58 (d, J = 8.49 Hz, 2H), 7.42 (m, 2H), 7.33 (t, /= 7.00 2 H), 5.25 (s, 2H), 4.44 (t,
J=6.61, 1H), 4.36-4.18 (m, 3H), 3.93 (m, 1H), 2.12-1.94 (m, 1H), 1.33 (d, /= 6.48 Hz,
3H), 0.88 (m, 6H).

Fmoc-Val-Ala-PABC-Dau (37)

o 0 0~ “NH
OJ\'D;rNH\)J\NHJij/\ O OH O 0O
| i o MW: 1069.11 Da

m = 22.2 mg (34%)

Dau (32.4 mg, 0.0615 mmol, 1 eq) was dissolved in 2 mL dry DMF. Then compound 36
(62.8 mg, 0.0922 mmol, 1.5 eq) was added, followed by addition of DIPEA (20 puL, 0.115
mmol, 1.9 eq). Reaction was stirred overnight at RT under N; atmosphere. Then 70 mL
EtOAc was added and organic phase was extracted with 1 M KHSO4 (2 x 10 mL), sat.
NaHCOs3 (2 x 10 mL) and 10 mL brine. The organic layer was dried with Na>xSO4 and
concentrated. The red solid was dissolved in DCM:MeOH (9:1, v/v), filtrated and purified
by flash-chromatography (eluents: 7:2:1 EtOAc/hexane/MeOH, followed by 9:1
DCM/MeOH). Combined product-containing fractions were evaporated affording Fmoc-
Val-Ala-PABC-Dau (37) as a red solid.

ESI-MS: MWai: 1069.11, found [M+Na]'= 1092.04, [M-H] = 1068.22

Glutaryl-Val-Ala-PABC-Dau (39)

PN
0" "NH 0 OH 0 O
BOS B w L SN S~ MW:960.97 Da
b S 1o~ ° m = 13.3 mg (65%)

Fmoc-group of 37 (22.2 mg, 0.0211 mmol) was removed as described above and H-Val-
Ala-PABC-Dau (38) was resolved in dry DMF (1.5 mL). Glutaric anhydride (64.8 mg,
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0.0422 mmol, 2 eq) was dissolved in dry DMF (68 uL) and added, followed by addition
of DIPEA (7.4 uL, 0.0422 mmol, 2 eq). The reaction was stirred overnight at RT, then
DMF was evaporated under high vacuum and the remaining red solid was dissolved in
MeCN/water and purified by semipreparative RP-HPLC (system II, gradient 10% B to
100% B in 16 min). Product 39-containing fractions were combined and freeze-dried.

ESI-MS: MW_ar: 960.97, found, [M-H] = 959.45

N-(Boc)-N’-(Fmoc- Val—Ala-PABC)- N,N’-dimethylethylenediamine (40)

[ j ~o N/\/N\ﬂ/ 7<
C@ "W’ A"“ MW: 729.86 Da
O =106 mg (66%)

Compound 36 (150 mg, 0.2204 mmol, 1 eq) was dissolved in 10 mL THF under N>
atmosphere. The solution was cooled to 0 °C and 28 (solution of 104 mg in 2 mL THF,
0.551 mmol, 2.5 eq) was added, followed by addition of DIPEA (96 pL, 0.551 mmol, 2.5
eq). Reaction was warmed up slowly and stirred overnight at RT. EtOAc (70 mL) was
added and washed with 1 M KHSO4 (2 x 30 mL), sat. NaHCOs3 (4 x 15 mL) and brine (1
x 30 mL). The organic layer dried with NaSO4 concentrated and purified by flash-
chromatography (eluent was stepwise changed from 100% DCM to 4% MeOH in DCM.
Product-containing fractions were combined and evaporation provided 40 as a yellow
solid.

ESI-MS: MW_ai: 729.86, found [M+Na] = 752.89

N-(Boc)-N’-(glutaryl-Val-Ala-PABC)- N,N -dimethylethylenediamine (41)

[o]
BN MW: 621.7223 D
o o o 0”7 N a
HOJI\/\/U\hD;(NH\__)J\NHO/\ l >< m =24 mg (47%)
o :

Fmoc-group of 40 (60.6 mg, 0.0830 mmol) was deprotected and resolved in 2 mL DMF.
Glutaric anhydride (18.9 mg, 0.1660 mmol, 2 eq) was added, followed by addition of
DIPEA (29 pL, 0.1661 mmol, 2 eq) and the reaction was stirred overnight at RT. The
solution was concentrated under high vacuum and EtOAc (35 mL) was added. The
organic phase was washed with 1 M KHSO4 (2 x 7 mL) and brine (1 x 10 mL), dried with
NaxSOs4 and evaporated. The remained solid was dissolved in 2 mL DCM/MeOH (9:1,
v/v) and purified by flash-chromatography (eluent was stepwise changed from 100%
DCM to 10% MeOH in DCM + 0.1% AcOH). Combined fractions were concentrated in

vacuo and product-AcOH mixture remained which could be separated by semipreparative
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RP-HPLC (system II; 10% B to 100% B in 12 min). Product 41-containing fractions were
combined and freeze-dried.

ESI-MS: MW_ai: 621.72, found [M+Na] ™= 645.29, [M-H] = 620.74

N-[carbonyl-(2’-PTX)]-N’-(glutaryl-Val-Ala-PABC)- N,N’-dimethylethylenediamine
(42)

i |
o o o O/\O/U\T/\/N
HOJ\/\/U\NH NHj)I\NH
0 g

MW: 1401.5068 Da
m = 7.6 mg (70%)

Boc-group of 41 (12 mg, 0.0183 mmol) was cleaved and the product was purified by
semipreparative RP-HPLC (system I, 0 min 10% B; 5 min 10% B; 10 min 20% B, 50 min
80% B) and lyophilized. The obtained N-(glutaryl-Val-Ala-PABC)-N,N’-
dimethylethylene diamine (4 mg product, 0.0077 mmol, 1 eq) was dissolved in dry DMF
and activated PTX (31) (12.3 mg, 0.01207 mmol, 1.6 eq) was added, followed by addition
of DIPEA (5.3 pL, 0.0307 mmol, 4 eq). The reaction was stirred for 24 hours at RT and
purified by preparative RP-HPLC (system I-a, 0 min 15% B; 5 min 15% B; 10 min 30%
B, 50 min 100% B).

ESI-MS: MW_ai: 1401.51, found [M+H] "= 1401.85, [M-H] = 1400.91

Synthesis of self-immolative GnRH-III-drug conjugates
Synthesis of peptide carriers (43 and 44)

Synthesis of <Glp-His-Trp-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH, (43) and <Glp-D-Tic-
Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH, (44) were carried out on a Fmoc-Rink-Amid-
MBHA resin (200 mg per carrier) using appropriate protected amino acid derivatives and
Fmoc-Lys(Mtt)-OH was incorporated in position 4 and Fmoc-Lys(Boc)-OH. After peptide
chain elongation, Mtt group was cleaved and “Lys was butyrylated. After cleavage from
resin (DP1), the crude compounds were purified by preparative RP-HPLC (system I-a: 0
min 5% B; 5 min 5% B; 10 min 20% B, 50 min 80% B). Product-containing fractions

were combined and eluent was evaporated.

Conjugation reaction of linker and peptide carrier -general protocol
Drug-linker (1 eq) was dissolved in 1 mL dry DMF. HATU (0.9 eq) and DIPEA (2 eq)

were added and stirred for 30 min. Then peptide carrier (1 eq) was added and stirred

100



5. Experimental section

overnight at RT. DMF was evaporated and the final conjugate was purified.

Synthesis of self-immolative daunorubicin—-GnRH-III conjugates (45-48)
The conjugation was performed as described above, using Dau-linker 27 or 39 and peptide
carrier 43 or 44. The final conjugates were purified by semipreparative RP-HPLC (system
I1, 10% B to 100% B in 12 min). In Table 15, the appropriate amount of starting material
and the obtained yield of conjugation product are summarized. The structures of the final

self-immolative linker-containing GnRH-III conjugates are depicted in Scheme 8.

Table 15: Ligation reaction. The linker (1 eq) was preactivated with HATU (0.9 eq) and DIPEA (2 eq)
for 30 min, then peptide (1 eq) was added and reaction mixture was stirred for 24 hours.

Starting material Product
glutaryl-X-PABC-Dau-Linker Peptide (1 eq) Conjugates
Code Linker [mg] [pmol] |Code Code MWca Yield [mg]

27 Val-Cit 3.28 3.1 43 [*His-*Trp] 45  2399.568 70% 3.9
27 Val-Cit 5.00 4.78 44 [*AHis-D-Tic]| 46 223540 62% 6.0
39 Val-Ala 5.00 5.20 43 [*His-*Trp] 47 231347 70% 7.5
39 Val-Ala 5.00 5.20 44 [*AHis-D-Tic]| 48 214931 65% 6.6

s o W I )
Y 9 OJ\"“ 6 oM o o
MW: 2399.57 Da ° N N >

m = 3.9 mg (70%) o

Glp-His-Trp-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

46

o
X
\‘/ o 07 "NH O OH O
MW: 2235.40 Da 2 NHY"“J\NHOA U
o £ HO'
[o}

m =6 mg (62%)

Glp-D-Tic-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

- R eene
(o]
MW: 2313.48 Da s T "t ©/\o NH\G/O LY T
Y NH P o
£ o}

m = 7.53 mg (70%) ”“’\(r)(
|
0.

Glp-His-Trp-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

. g =)
i

MW: 2149.31 Da o Yuu\i Oﬂo NH 0 OH O o

m = 6.56 mg (65%) N Hopo

O

1)

/

Glp-D-Tic-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,
Scheme 8. Structure of self-immolative GnRH-III-daunorubicin conjugates (45-48)
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Synthesis of self-immolative paclitaxel-GnRH-III conjugates (49-52)
The conjugation was performed as defined above, using PTX-linker 33 or 42 and peptide
carrier 43 or 44. The conjugates were purified by semipreparative RP-HPLC (system I-c,
0 min 20% B; 10 min 20% B; 15 min 35% B, 55 min 100% B). In Table 16, the appropriate
amount of educts and the obtained yield of conjugation products are summarized. The

structures of the self-immolative GnRH-III-PTX conjugates are shown in Scheme 9.

Table 16: Ligation reaction. The linker (1 eq) was preactivated with HATU (0.9 eq) and DIPEA (2 eq)
for 30 min, then peptide (1 eq) was added and reaction mixture was stirred for 24 hours.

Starting material Product
glutaryl-X-PABC-PTX-Linker Peptide Conjugates
Code X [mg] [pmol] |Code Code MWeca Yield [mg]

33 Val-Cit 520 3.50 | 43  [PHis>Trp] | 49  2840.10 84% 7.1
33  Val-Cit 500 478 | 44 [*AHis°D-Tic] | 50 2675.66 62% 6.0
42 Val-Ala 500 520 | 43  [PHis-*Trp] | 51 275401 70% 7.5
42 Val-Ala 500 520 | 44 [*AHis-D-Tic]| 52 2589.84 65% 6.6

o
|
49 5 D
. NH NH\)LNH l ©
MW: 2840.10 Da I 3
m = 7.1 mg (84%) o \L @(

NH
Glp-His-Trp-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

HNT Y0
50
o o

oo Lw it T
MW: 2675.94 Da “"'\L( N
m = 5.6 mg (77%) o i

NH
Glp-D-Tic-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,
HN" Y0
51 1o e p
Y o 07NN N7 e Yo

o NH \)J\ | o
MW: 2754.01 Da NH/\r( 7" TNH ¢
m = 4.7 mg (80%) . S <
Glp-His-Trp-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,
52 o

A Y

o
MW: 2589.84 Da mﬁr""_ﬂ\un e
m = 4.4 mg (56%) o =

Glp-D-Tic-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

Scheme 9. Structure of self-immolative GnRH-III-paclitaxel conjugates (49-52)
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Synthesis of non-cleavable linker

Glutaryl-Dau (53)

OH O

Ao, I MW: 641.62 Da
I;f m = 31.2 mg (65%)

Dau (25.33 mg, 0.22 umol) was dissolved in 2 mL dry DMF, glutaric anhydride (and
DIPEA were added and stirred at RT for 3 h. The mixture was acidified with TFA and
linker 53 was purified by preparative RP-HPLC (system I-a, 0 min 15% B; 5 min 15% B;
10 min 30% 20, 50 min 80% B).

ESI-MS: MW_ai: 641.62, found [M+H]" = 642.08, [M-H] = 640.25, [M-TFA] = 754.37

N-Boc-N'’-(glutaryl)- N,N’-dimethylethylenediamine linker (54)

MW: 302.37 Da
m = 176 mg (83%)

o o I
HOJ\/\/”\T/\/NWOI/OX
Intermediate 28 (198 mg, 1.05 mmol, 1.5 eq) was dissolved in 1.5 mL dry DMF. Glutaric
anhydride (80 mg, 0.70 mmol, 1 eq) and DIPEA (240 pL, 1.4 mmol, 2 eq) were added
and stirred at RT for 6 h. Then EtOAc was added (50 mL) and was washed with 1 M
KHSO4 (4 x 10 mL) and brine (2 x 10 mL). The organic layer was dried with Na;SO4 and
concentrated by evaporation. Compound 54 was used for the next step without further
purification.

ESI-MS: MW_ai: 302.37, found [M+H]" = 303.27, [M-H] = 301.19

N-[carbonyl-(2’-PTX)]-N’-(glutaryl)- N,N -dimethylethylenediamine linker (56)

°’<° MW: 1082.15 Da

m = 5.6 mg (75%)
Boc-group of compound 54 (100 mg, 1.031 mmol) was removed and N-(glutaryl)-N,N’-
dimethylethylenediamine was obtained as a dark-brown oil (5§5). Compound 55 (1.6 mg,
0.0079 mmol, 1.15 eq) was directly used and dissolved in dry DMF (0.5 mL). Activated
PTX (31) (7 mg, 0.0069 mmol 1 eq) was also dissolved in dry DMF (0.5 mL) added to
55, followed by addition of DIPEA (36 uL, 0.207 mmol, 30 eq, pH 8-9). The reaction

mixture was stirred overnight at RT. Mixture was acidified with TFA and linker 56 was
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purified by semipreparative RP-HPLC (system I-c, 0 min 20% B; 10 min 20% B; 15 min
35% 20, 55 min 100% B).

ESI-MS: MWcqi: 1082.15, found [M+H]" = 1082.68, [M-H] = 1081.92, [M-TFA] =
1194.84

Synthesis of non-cleavable GnRH-I1I-drug conjugates
Synthesis of non-cleavable GnRH-III-daunorubicin conjugates (57, 58)

The conjugation was performed as described above, using Dau-linker 53 and peptide
carrier 43 or 44. The final conjugates were purified by semipreparative RP-HPLC (system
I-c, 0 min 15% B; 10 min 15% B; 15 min 30% 20, 55 min 80% B). In Table 17, the
appropriate amount of starting material and the obtained yield of conjugation product are
summarized. The structures of the final non-cleavable linker-containing GnRH-III-Dau
conjugates are depicted in Scheme 10.

Table 17: Ligation reaction. Linker (1 eq) was preactivated with HATU (0.9 eq) and DIPEA (2 eq) for 30
min, then peptide (1 eq) was added and reaction mixture was stirred for 24 hours.

Starting material Product

Glutaryl-Dau-Linker Peptide Conjugates
Code [mg] [umol] | Code Code MWca Yield [mg]
53 5.00 7.80 43 [*His->Trp] 57 1994.120 52% 7.3
53 5.00 7.80 44  [’AHis-’D-Tic] | 58 1829.955 50% 6.5

o] [o]
57 58
200049 2008¢
NI FrTr MW: 1829.96 Da NI A
~ m=6.5mg (50%)

[¢] o (o] o
HO HO

MW: 1994.12 Da
m = 7.3 mg (52%)

o

Glp-His-Trp-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH, Glp-D-Tic-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

Scheme 10. Structure of non-cleavable GnRH-III-daunorubicin conjugates (57, 48)

Synthesis of non-cleavable paclitaxel-GnRH-III conjugates (59-60)
The conjugation was performed as described above, using PTX-linker 56 and peptide
carrier 43 or 44. The final conjugates were purified by semipreparative RP-HPLC (system
I-c, 0 min 20% B; 10 min 20% B; 15 min 30% 20, 55 min 90% B). In Table 18 the
appropriate amount of starting material and the obtained yield of conjugation product are
summarized. The structures of the final non-cleavable linker-containing GnRH-III-Dau

conjugates are shown in Scheme 11.
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Table 18: Ligation reaction. Linker (1 eq) was preactivated with HATU (0.9 eq) and DIPEA (2 eq) for 30
min, then peptide (1 eq) was added and reaction mixture was stirred for 24 hours.

Starting material Product
Glutaryl-diamine-PTX-Linker Peptide Conjugates
Code [mg] [pmol] Code Code MWca Yield [mg]
56 2.60 2.40 43 [*His-*Trp] 59 2434.652 53% 2.8
56 2.60 2.40 44 [’AHisD-Tic]| 60 2270487 65% 3.2

59 60

MW: 2270.49 Da o
m = 3.2 mg (65%)

MW: 2434.65 Da [}

m = 2.8 mg (53%) °>_/_>\N/\/
|

Glp-His-Trp-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

Scheme 11. Structure of non-cleavable GnRH-III-paclitaxel conjugates (59, 60)

5.2.1.4. Synthesis of somatostatin-drug conjugates
5.2.1.4.1. Synthesis of 5(6)-Carboxyfluorescein—somatostatin conjugates (61-65)

Synthesis of FAM-somatostatin conjugates 61-64

Peptide synthesis was performed on a Fmoc-Rink-Amid-MBHA resin (250 mg per
peptide), whereby Fmoc-Cys(Trt)-OH was incorporated at the appropriate positions and
FAM (5 eq) was coupled to the N-terminus (RT, 1.5 h). Afterwards, peptides were cleaved
from resin (DP2, see 5.2.1.1.) and purified by preparative RP-HPLC (system 1-a: 0 min
15% B; 5 min 15% B; 10 min 35% B, 50 min 80% B). After lyophilization, formation of
the intramolecular disulfide bridge was carried out by air oxidation (see 5.2.1.1.),
followed by RP-HPLC purification (system 1-a: 0 min 15% B; 5 min 15% B; 10 min 35%
B, 50 min 80% B).

Synthesis of FAM-somatostatin conjugate 65
Compound 65 was synthesized on a Fmoc-Rink-Amid-MBHA resin (200 mg) and
appropriate protected amino acids were used for SPPS. Fmoc-Dab(Dde)-OH was
incorporated in position 10 and FAM (5 eq) was coupled to the N-terminus. After peptide
chain elongation, the Dde group was cleaved (12 x 5 min with 2% hydrazine in DMF
(v/v)), followed by coupling of Cl-CH>-CO-OPcp. In the next step, the peptide was
cleaved from the resin (DP2) and purified by RP-HPLC (system I: 0 min 15% B; 5 min
15% B; 10 min 35% B, 50 min 80% B). Cyclisation was carried out by intramolecular
thioether bond formation, whereby the peptide (20 mg) was dissolved in DMF (500 uL)
and added dropwise to 4.5 mL Tris-buffer (0.1 M, pH 8.3). The reaction was stirred
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overnight at RT. The reaction mixture was purified (RP-HPLC system I-a: 0 min 15% B;
5 min 15% B; 10 min 35% B, 50 min 80% B) and freeze-dried.

5.2.1.4.2. Synthesis of oxime bond-linked daunorubicin—somatostatin conjugates
Synthesis of somatostatin conjugates 66 and 67

The syntheses of somatostatin conjugates 66 and 67 were carried out on a Fmoc-Rink-
Amid-MBHA resin (250 mg per conjugate) using appropriate protected amino acids,
whereby Fmoc-Cys(Trt)-OH was incorporated in position 6 and 11 (66) or 10 (67).
>=Ao0a-OH was coupled to the N-terminus and after peptide chain elongation, peptides
were cleaved from the resin (DP2, see 5.2.1.1.), the crude compounds were purified by
preparative RP-HPLC (system I-a: 0 min 15% B; 5 min 15% B; 10 min 35% B, 50 min
70% B) and freeze-dried. Then intramolecular disulfide bond was formed by air oxidation
(5.2.1.1.) and purified by preparative RP-HPLC (system I-a: 0 min 15% B; 5 min 15% B;
10 min 35% B, 50 min 65% B). Afterwards, the >=Aoa moiety was deprotected, followed
by further separation by RP-HLPC (system 1-a: 0 min 15% B; 5 min 15% B; 10 min 35%
B, 50 min 65% B). Appropriate fractions were immediately evaporated and directly used
for Dau ligation. The reaction mixture was purified by RP-HPLC (system 1-a: 0 min 15%
B; 5 min 15% B; 10 min 40% B, 50 min 70% B) and freeze-dried.

Synthesis of somatostatin conjugate 68
The synthesis of 68 was performed on a Fmoc-Rink-Amid-MBHA resin (200 mg) and
appropriate protected amino acids were used for SPPS. Fmoc-Dab(Dde)-OH was
incorporated in position 10 and >=Aoa-OH was coupled to the N-terminus. After peptide
chain elongation, the Dde group was cleaved (12 x 5 min with 2% hydrazine in DMF
(v/v)), followed by coupling of Cl-CH>-CO-OPcp. In the next step, the peptide was
cleaved from the resin (DP2) and purified by RP-HPLC (system I: 0 min 15% B; 5 min
15% B; 10 min 35% B, 50 min 80% B). Cyclisation was carried by intramolecular
thioether bond formation, whereby the peptide (40 mg) was dissolved stepwise in 1:1
DMF/Tris-buffer (0.1 M, pH 8.3) to a final volume of 10 mL. The reaction was stirred at
RT and monitored by analytical RP-HPLC. The reaction mixture was purified after 2.5
hours (RP-HPLC system I-c: 0 min 15% B; 5 min 15% B; 10 min 25% B, 50 min 75%
B) and freeze-dried. Afterwards, the isopropylidene group was cleaved and Dau ligation
was performed after purification and evaporation. The final conjugate 68 was obtained

after additional purification by RP-HPLC and lyophilization.
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Synthesis of somatostatin conjugates 69
For the preparation of somatostatin conjugates 69, the peptide linker Dau=Aoa-Leu-Arg-
Arg-Tyr-Cys-NH, (69a) and the targeting moiety Cl-CH>-CO-D-Phe-[Cys-Tyr-D-Trp-
Lys-Val-Cys]-Thr-NH, (69b) were synthesized. SPPS was carried out on a Fmoc-Rink-

Amid-MBHA resin (250 mg per peptide) using propriate protected amino acids. Fmoc-
Cys(Trt)-OH was used for linker 69a and Fmoc-Cys(Acm)-OH was incorporated in
position 2 and 7 of 69b. ClI-CH>-CO-OPcp was coupled to the N-terminus of 69b.

The linker 69a was cleaved from the resin by procedure DP1 and purified by preparative
RP-HPLC (system I-a: 0 min 15% B; 5 min 15% B; 10 min 30% B, 50 min 70% B). Then
the isopropyliden group was cleaved and the linker was purified (RP-HPLC system I-a:
0 min 15% B; 5 min 15% B; 10 min 30% B, 50 min 70% B), followed by Dau ligation in
solution and additional purification. After lyophilization, 69a was obtained as a red solid.
The peptide moiety 69b was cleaved from the resin by DP2 and purified (RP-HPLC
system I-a: 0 min 20% B; 5 min 20% B; 10 min 40% B, 50 min 70% B). The
intramolecular disulfide bridge formation of Acm protected 69b (20 mg, 0.0158 mmol, 1
eq) was carried out with thalium(III) trifluoroacetate (10.3 mg, 0.019 mmol, 1.2 eq) and
anisole (200 pL) in 4 mL TFA at 0 °C. After 5 hours, EtcO (20 mL) was added and
TFA/Et;0 solution was evaporated. Afterwards, the peptide was precipitated with fresh
ice-cooled Et,0 (40 mL), centrifuged, washed with fresh EtO (3 x 30 mL), dissolved in
water-MeCN (0.1% TFA) 4:1 (v/v) lyophilized and purified (RP-HPLC system I-a: 0 min
20% B; 5 min 20% B; 10 min 40% B, 50 min 70% B). 69b-containing fractions were
combined and lyophilized (white solid).

For the ligation by intermolecular thioether bond formation, peptide 69b (5 mg, 4.5 pmol,
1 eq) was dissolved in 1 mL DMF and ImL Tris-buffer (0.1 M, pH 8.3) and the linker
69a was added stepwise (5.75 mg, 4.5 umol, 1 eq). The reaction was stirred at RT and
monitored by analytical RP-HPLC. After 2 hours, the reaction mixture was purified (RP-
HPLC system I-a: 0 min 20% B; 5 min 20% B; 10 min 40% B, 50 min 70% B) and freeze-
dried.
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5.2.1.4.2. Synthesis of self-immolative linker-containing daunorubicin—somatostatin
conjugates

Synthesis of somatostatin conjugate 70

,,,,, o MW: 1989.22 Da
O‘O I m=2.0 mg (50%)

& \/
6 o oo, WNH o o " 0 0
‘ NH
o . NH T]/\NH
"OH o

I Ao necioys tyro trptysvarcysy e,

For the synthesis of conjugate 70, the targeting moiety D-Phe-Cys-Tyr-D-Trp-Lys(Dde)-
Val-Cys-Thr-NH, was prepared by SPPS and cleaved from resin by DP2. Then the
intramolecular disulfide bridge was formed by air oxidation as described above, followed
by purification.

Linker 39 (5 mg, 5.2 umol, 1 eq) was dissolved in 1 mL dry DMF. HATU (2 mg, 5.2
umol, 1 eq) and DIPEA (1.8 pL, 10.4 umol, 2 eq) were added and stirred for 30 min.
Then targeting peptide (7.6 mg, 6.2 umol, 1.2 eq) was added and stirred overnight at RT.
DMF was evaporated and the conjugate was purified by semipreparative RP-HPLC
(system I-b: 0 min 15% B; 5 min 15% B; 10 min 25% B, 80 min 80% B) and lyophilized
(70(Dde) m = 4.3 mg (38%)). To obtain conjugate 70, the Dde group of the lysine was
deprotected in solution by treatment with 2% hydrazine in DMF (v/v). After 10 min, the
reaction mixture was separated by RP-HPLC (system I-b: 0 min 15% B; 5 min 15% B;
10 min 25% B, 80 min 80% B), followed by freeze-drying.

5.2.1.4.3. Synthesis of oxime bond-linked pyrrolino-daunorubicin—somatostatin
conjugates
Synthesis of somatostatin conjugate 71

For the synthesis of somatostatin conjugate 71, the same peptide precursor was used as
for conjugate 66. After disulfide bond formation, the >=Aoa moiety was deprotected and
at the same time, pyDau was freshly purified (RP-HPLC system I-b: (0 min 15% B; 5
min 15% B; 10 min 25% B, 50 min 80% B). The pyDau-containing fractions were stored
on ice and meanwhile the deprotected somatostatin peptide was purified (system I-a: 0
min 15% B; 5 min 15% B; 10 min 35% B, 50 min 65% B). The product-containing
fractions were combined with pyDau fractions and evaporated together. Afterwards, 3
mL DMF/water (1:1, v/v) was added and the reaction was stirred overnight at 4 °C. The
mixture was purified by RP-HPLC (system-I-C: 0 min 10% B; 5 min 10% B; 10 min 20%
B, 50 min 60% B) and freeze-dried.
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5.2.2. Analytical methods

5.2.2.1. Reverse-phase high-performance liquid chromatography RP-HPLC

A Knauer 2501 HPLC system was used to prove the purity of the compounds. As a
stationary phase, either a Phenomenex Luna C18 column (100 A, 5 pm, 250 mm x 4.6
mm) (a), a Macherey-Nagel Nucleosil C18 column (100 A, 5pm, 250 mm x 4.6 mm) (b)
or a Vydac 214TP5 C4 column (300 A, 5 pm, 250 mm x 4.6 mm) (¢) was used. A linear
gradient elution (a: 0 min 0% B; 5 min 0% B; 50 min 90%, b: 0 min 0% B; 5 min 0% B;
30 min 90%, ¢: 0 min 0% B; 5 min 0% B; 40 min 90%) was used at a flow rate of 1
mL/min with eluent A (0.1% TFA in water) and eluent B (0.1% TFA in MeCN/H,O
(80:20, v/v)). Peaks were detected at 220 nm.

5.2.2.2. Mass spectrometry

Electrospray ionization (ESI) mass spectrometric analyses were performed on an Esquire
3000+ ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany). Spectra were
acquired in the 50-2500 m/z range. Samples were dissolved in a mixture of MeCN/water
(1:1, v/v) and 0.1% formic acid.

Liquid chromatography-mass spectrometry (LC-MS) was carried out on the same ESI
mass spectrometer used with an Agilent 1100 HPLC system and a diode array detector
(Agilent, Waldbronn, Germany). A Supelco C18 column (150 mm x 2.1 mm, 3 um)
(Hesperia, CA, USA) was used with a linear gradient from 2—70% B in 25 min (eluent A:
H>O0 + 0.1% HCOOH; eluent B: MeCN/H>0 (80:20) + 0.1% HCOOH at a flow rate of
0.2 mL/min) to separate the peptides. Spectra were recorded in positive ion mode in the

100-2500 m/z range

5.2.2.3. Thin layer chromatography

To monitor reaction by analytical thin-layer chromatography (TLC), silica gel 60 F254
pre-coated glass plates (0.25 mm thickness) or aluminum sheets were used. Detection of
spots was accomplished by irradiation with a UV lamp at 254 nm and/or staining with a

pancaldi or ninhydrin solution.

5.2.2.4. NMR

Proton NMR spectra were recorded on a spectrometer operating at 400.16 MHz. Proton
chemical shifts are reported in ppm (3) with the solvent reference relative to
tetramethylsilane (TMS) employed as the internal standard (CDClI3 6 =7.26 ppm; CD2Cl,
d = 5.32 ppm; [D]s DMSO, 6 = 2.50 ppm; CDsOD, 6 = 3.33 ppm). The following
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abbreviations are used to describe spin multiplicity: s = singlet, d = doublet, t = triplet, q

= quartet, m = multiplet, bs = broad signal, dd = doublet of doublet.

5.2.3. Cell culturing and cell biology experiments

5.2.3.1. Cell culturing

MCF-7 human breast adenocarcinoma cells were cultured in DMEM supplemented with
10% (v/v) Fetal Bovine Serum (FBS), L-glutamine (2 mM), non-essential amino acids
(NEAA), sodium pyruvate (1 mM) and 1% Penicillin-Streptomycin. A2780 human
ovarian cancer, HT-29 human colon cancer and Panc-1 human pancreatic cancer cells,
were maintained in RPMI-1640, supplied with 10% FBS, L-glutamine and 1% Penicillin-
Streptomycin. MDA-MB-231 breast adenocarcinoma cells were cultured in DMEM,
supplemented with 10% FBS and 1% Penicillin-Streptomycin. Cells were maintained in
plastic culture dishes at 37 °C with a humidified atmosphere, containing 5% C02/95%

air.

5.2.3.2. Cell viability assay

Oxime bond-linked daunorubicin—-GnRH-III conjugates’

5 x 10° cells per well were seeded to 96-well plates in 100 pL complete cell medium.
After 24 h, plates were centrifuged (216 x g, 5 min), 50 uL complete medium was
removed and 50 uL FBS-free medium was added. Then cells were treated with 100 pL
bioconjugate-solution dissolved in serum-free medium (concentration range 0.068—150
uM, control wells were treated with serum-free medium). On the next day, plates were
centrifuged (216 x g, 5 min) and 150 uL medium was taken out and replaced by serum-
free medium. This step was repeated, followed by adding of 150 pL. complete medium
and incubation for 48 h. The cell viability was determined by adding 20 uL alamarBlue
solution to each well and additional incubation of 2-3 hours. A Symulti-mode microplate
reader (Synergy H2, BioTek, Winooski, VT, USA) was used for fluorescence detection
(Aex = 570 and Aem = 620 nm). Experiments were performed at least twice, using four
parallels per concentration. The cell viability (and ICso values) was calculated with

GraphPadPrism using a nonlinear regression (sigmoidal dose—response).

Self-immolative linker-containing GnRH-III-Dau and -PTX conjugates
5 x 10% cells per well were seeded to 96-well plates in 100 pL complete cell medium.

After 24 h, complete medium was removed and cells were treated with 200 pL

f Performed by Beata Biri-Kovacs (MTA-ELTE Research Group of Peptide Chemistry, ELTE Budapest)
110



5. Experimental section

bioconjugate-solution in serum-free medium (concentration range 0.0032-50 pM, control
wells were treated with serum-free medium). Medium was taken out after 6 h treatment
(PTX-conjugates) or 24 h (Dau-conjugates), replaced by complete medium and
incubation was continued. To determine cell viability, the medium was removed after 72
h and 100 pL resazurin solution (10% Tox-8 in FBS-free medium) was added to each
well, followed by additional incubation of 2-3 hours. A Tecan infinite 200 pro microplate
reader (Tecan Group Ltd., Ziirich, Switzerland) was used for fluorescence detection (Aex
=560 and Aem = 590 nm). Experiments were performed at least twice, using three parallels
per concentration. The cell viability (and ICso values) was calculated with GraphPadPrism

using a nonlinear regression (sigmoidal dose-response).

Somatostatin-drug conjugates

5 x 10% cells per well were seeded to 96-well plates in 100 pL complete cell medium.
After 24 h, cells were treated with 100 uL bioconjugate-solution in serum-free medium
(concentration range 0.0032—100 uM or 0,0016-50uM, control wells were treated with
serum-free medium). On the next day, incomplete medium was removed and replaced by
200 puL complete medium and cells were incubated for further 48 h. The cell viability was
determined by adding 20 uL MTT solution (5 mg/mL) to each well and the plate was
incubated for additional 2-3 hours. A Bio-Rad 550 microplate reader (Hercules,
California, U.S.A.) was used for fluorescence detection (Aabs = 570 nm). Experiments
were performed at least twice, using three parallels per concentration. The cell viability
(and 1Cso values) was calculated with GraphPadPrism using a nonlinear regression

(sigmoidal dose—response).

5.2.3.3. Flow cytometry studies®

To study the cellular uptake of the bioconjugates, cells were seeded (10° cells/well) in
complete cell medium to 24-well plates (1 mL/well). On the next day, plates were
centrifuged (216 x g, 5 min) and 950 pLL medium was removed. Cells were treated with
the conjugates (3.125 to 50 uM) in 250 pL serum-free medium. After 6 h, plates were
centrifuged (216 x g, 5 min) and cells were washed with 500 uL HPMI medium. After
centrifugation, HPMI was completely removed and cells were detached with trypsin-
EDTA solution (10 min, 37 °C). Trypsinization was stopped by adding 850 pL
HPMI/10% FBS. The cells were suspended, transferred to FACS-tubes and centrifuged

at 216 x g for 5 min at 4 °C. Afterwards, the supernatant was removed and the cells were

¢ Studies of 1% set of oxime-linked GnRH-III-Dau conjugates were performed by Beata Biri-Kovacs

111



5. Experimental section

resuspended in 250 uL. HPMI medium. To detect the intracellular fluorescence intensity
(that is proportional to the cellular uptake), samples were analyzed by a BD LSR II flow
cytometer (BD Bioscience, Franklin Lakes, NJ, USA). At least 5000 cells per sample
were measured and the fluorescence signal was detected by using the phycoerythrin (PE)
standard filter (Aex = 488 nm, Aem = 562-588 nm). The obtained data were analyzed by
FACSDiVa (BD Bioscience) 5.0 software.

5.2.3.4. Confocal laser scanning microscopy (CLSM) studies”

To study the subcellular localization, 10° cells/per well were seeded in 1 mL complete
cell medium to 24-well plates which contained cover glasses (thickness 1). After one day,
the plates were centrifuged (216 x g, 5 min) and supernatant was removed, the treatment
was performed with 250 puL peptide solution by using either different concentrations (10,
40 and 160 pM) or various time-points of 40 uM of bioconjugate (K2: 1, 5 10, 30 minutes
and 1, 2, 3, 6 hours; 16: 5, 15, 30, 60 seconds and 5, 10, 15, 30, 60 minutes) in serum-free
medium for different time points. Afterwards, cells were washed twice with PBS and
fixed by 4% paraformaldehyde for 20 min at 37 °C. To stain the nuclei, the samples were
washed three times with PBS and incubated for 15 min with 250 uL DAPI, (0.2 pg/mL,
dissolved in PBS) in the dark. After three times washing, cover glasses were mounted to
microscopy slides by Mowiol® 4-88 mounting medium and dried overnight. In case of
lysosomal co-localization study, lysosomes were stained in living cells before 5 min
treatment with K2 (40 uM) by CytoPainter lysosomal staining Kit, according to the
manufacturer’s instructions. Confocal microscopy studies were performed on a Zeiss
LSM 710 system (Carl Zeiss Microscopy GmbH, Jena, Germany) with a 40X oil
objective and ZEN Lite (Carl Zeiss Microscopy GmbH) software was used for image

processing.

5.2.3.5. Western blot analysis

Cell lysis

To determine GnRH-receptor expression, western blot analysis was performed on whole
cell lysates. Cells (10° cells/well) were seeded in 3 mL complete medium to six-well
plates. After 24 h, the cells were washed two times with PBS and treated with 500 puL
trypsin-EDTA (10 min, 37 °C). Then 5 mL complete medium was added and cells were

suspended, followed by centrifugation (216 x g, 5 min). The supernatant was removed, 1

" Samples for CLSM were prepared by Beata Biri-Kovacs
| CLSM-images were recorded by Balint Szeder
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mL PBS was added and cells were centrifuged again. The remaining cell pellet was
treated with 100-150 pL lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 2 mM EDTA,
1% Triton-X 100 and Protease Inhibitor Cocktail). Samples were smoothly shaken at 4
°C for 30 min, followed by 30 min centrifugation at 16,000 x g. Total protein quantity of

the supernatant was measured with the Qubit Protein Assay Kit.

SDS gel electrophoresis

Cell lysates of interest were adjusted to equal protein concentration. Afterwards, SDS-
sample buffer was added to cell lysate (1:1, v/v), denaturated (95 °C, 5 min) and 25 puL
were loaded to 10% Tris-tricine gel and gel electrophoresis was performed according to

literature (130-150 mV) 21,

Western blot

After electrophoresis, the gel was incubated for 15 min in blotting buffer (25 mM Tris,
192 mM glycine, 20% MeOH, 1% SDS, pH 8.3). Meanwhile, the PVDF membrane was
soaked 1 min in 100% MeOH, 2 min in water and 10 min in blotting buffer. Afterwards,
the gel and the membrane were interposed between filter papers and a wet western blot
was performed in transfer buffer at 350 mA (Bio-Rad system). Then the membrane was
blocked for 1 h at RT with 4% milk powder in TBST (20 mM Tris, 150 mM NacCl, 0.1%
Tween-20, pH 7.5). To detect the GnRH receptor, an anti-GnRH-R antibody was diluted
in 4% milk powder in TBST (1:1000) and incubated at 4 °C overnight. On the next day,
the blot was washed with TBST (4 x 15 min) and an anti-rabbit-HRP secondary antibody
was added in 4% milk powder in TBST for 1 h (1:3000). After washing with TBS (2 x 3
min), the chemiluminescence was detected by adding 4 mL. ECL Substrate (Western
Lightning Plus-ECL, PerkinElmer, Waltham, MA, USA) onto the membrane and
incubated for 1 min. The GnRH-R bound antibodies were detected using a Bio-Rad
molecular Imager® (ChemoDoc™ XRS+, Hercules, California, USA). After detection of
the GnRH-R, the membrane was stripped with mild stripping buffer (0.2 M glycine, 0.1%
SDS, 1% Tween-20, pH 2.2) (2 x 5 min) and washed with TBS (10 min) and TBST (10
min). Then the membrane was blocked again and actin was detected as a loading control
by an anti-actin primary antibody (Santa Cruz Biotechnology, sc-1616, produced in goat,
1:2000) and anti-goat-HRP secondary antibody (Santa Cruz Biotechnology, sc-2354,

produced in mouse, 1:3000) using the same protocol as for GnRH-R detection.
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5.2.3.6. Radioligand binding studies’

Ligand competition assays with radiolabeled triptorelin® were performed to evaluate the
binding affinity of GnRH-III derivatives to GnRH-receptors on human pituitary and
human prostate cancer cells as reported earlier [264393:3044221 Tissye samples of human
prostate cancer cells were obtained from a patient at the time of initial surgical treatment
and normal human pituitary tissue (anterior lobe) was derived by autopsy. All subjects
gave their informed consent for inclusion before they participated in the study. The
collection and the use of these specimens for these studies were conducted in accordance
with the Declaration of Helsinki and approved by the local Institutional Ethics Committee
(UD REC/IEC 4831-2017). Cell membrane homogenates were prepared as previously
described [264303:3044231 ' Triptorelin was radioiodinated as described in the literature by
chloramine-T method and purified by RP-HPLC [264:303304424] 'The binding affinities of
the nonradio-labeled GnRH-III bioconjugates to GnRH-RI were determined by
displacement of ['?°I]-GnRH-I-[*D-Trp] in an in vitro ligand competition assay
(264,303,304.422] © Membrane homogenates which contained 50-160 mg protein were
incubated in duplicate or triplicate with 60-80,000 cpm ['>’I]-GnRH-I-[°D-Trp] and
increasing concentration (1 pM—1 uM) of nonradioactive bioconjugates as competitive
binders in 150 mL binding buffer. To determine the protein concentration by the method
of Bradford, a Bio-Rad protein assay kit was used. The LIGAND-PC computerized curve-
fitting software of Munson and Rodbard was used to determine the receptor binding

characteristics and ICso values [264303:304422]

5.2.4. In vitro stability and degradation of drug-conjugates

5.2.4.1. Stability in cell culture medium

The bioconjugates were dissolved in water to a concentration of 2.5 mg/mL followed by
dilution with serum free cell culture medium to a bioconjugate concentration of 0.5
mg/mL. The mixtures were incubated at 37 °C for 24 h and samples of 50 uL were directly

monitored by RP-HPLC at time points O h, 1 h, 2 h, 6 h and 24 h.

5.2.4.2. Degradation of drug-conjugates in presence of rat liver lysosomal homogenate
The bioconjugates were dissolved in water to a concentration of 5 pg/uL. The reaction
was carried out in 0.2 M NaOAc buffer (pH 5), with an identical concentration of

bioconjugate and rat liver lysosomal homogenate (0.25 pg/uL). The reaction mixtures

i Performed by Prof. Gabor Halmos and co-workers (Department of Biopharmacy, University of Debrecen)
k radioiodinated triptorelin was produced by Dr. Janos Gardi (1% Department of Internal Medicine,
University of Szeged)
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were incubated at 37 °C and aliquots of 15 pL were taken at 5 min, 1 h, 2 h, 4 h, 8 h and
24 h and quenched with 2 pL of acetic acid. The analysis of the samples was performed
by LC-MS.

3.2.4.3. Plasma stability of drug-conjugates

The conjugates were dissolved in water and diluted with human plasma (90%) to a final
concentration of 10 uM. The mixture was incubated at 37 °C and aliquots were taken
after 0.5, 1, 2, 4, 8 and 24 h. To quench the reaction, 10 uL of acetic acid was added.
Large human plasma proteins were excluded using ultra centrifugal filters with a cut-off
of 10 kDa. The lower molecular weight fractions were analyzed by LC-MS. As controls,
90% plasma plus 10% water and 10 uM of bioconjugate in 100% water were incubated

and analyzed in the same manner.
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6. Summary

Targeted tumor therapy is a valuable treatment option for cancer to overcome the
drawbacks of classical chemotherapy. Since many cancer cells overexpress receptors for
the peptide hormones GnRH and SST, their ligands can be used as homing devices to
deliver cytotoxic drugs selectively to cancer cells which reduce harmful side-effects to
healthy tissue. Hence, the present thesis is focused on the synthesis and evaluation of novel

GnRH-III and SST-drug conjugates.

Many GnRH-III-Dau conjugates have been developed and systematically refined in our
research group. To achieve an improved antitumor activity of oxime bond-linked GnRH-
IIT compounds, 20 novel conjugates with modified peptide sequence were prepared. The
in vitro cytostatic effect of these compounds was studied on GnRH-R expressing cancer
cells and compared to our lead compound. The bioconjugate GnRH-III-[?AHis-*D-Tic-
*Lys(Bu),*Lys(Dau=Aoa)]) displayed a highly improved antitumor activity. Moreover,
cellular uptake and localization studies, stability analysis in plasma and lysosomal
enzymes, as well as receptor binding studies have been carried out, revealing the high

potential of this compound for targeted tumor therapy.

Based on these results, additional GnRH-III-drug conjugates were developed using the
two best targeting moieties. The anticancer drugs PTX and Dau were attached to the
peptides using cathepsin B cleavable, self-immolative linkers. For a better comparison,
non-cleavable counterparts were also synthesized. Cell viability studies on human cancer
cells verified the growth inhibitory effect of the cleavable GnRH-III derivatives.
Moreover, the drug releasing concept of the linker systems could be validated by

lysosomal degradation studies.

Besides, somatostatin-drug conjugates were synthesized and analyzed. Initially, the
potential of different targeting moieties has been studied. Hence, carboxyfluorescein
labeled derivatives were established to determine the cellular uptake of the compounds.
Due to the results, corresponding oxime bond-linked Dau-conjugates were synthesized
and the cytostatic effect was studied on SSTR expressing cancer cells. The best targeting
moiety was used to analyze the impact of diverse linker systems on the anticancer activity.
The best candidate consists of the RC-121 carrier and the drug linker Dau=Aoa-LRRY.
To further improve the antitumor activity, the highly potent anticancer drug 2-pyrrolino-
daunorubicin was used instead of Dau affording conjugate pyDau=Aoa-LRRY-RC-121

which possesses a strong in vitro anticancer activity with an ICso value in the nanomolar
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range. This somatostatin conjugate represents a highly promising candidate for targeted

cancer therapy.

Our results confirm the high potential of compound 16 and 71 for selective cancer therapy
which underlines the great value of GnRH-III and SST-drug conjugates for targeted tumor
therapy.
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10. Appendix

10.1. GnRH-drug conjugates
10.1.1. 1t set of oxime-linked GnRH-III-Dau conjugates

10.1.1.1. RP-HPLC profile and ESI-ion trap mass spectrum
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Figure A1. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Ser, 8Lys(Dau=Aoa)] (K1)
MW.a /MW exp = 1841.89/1841.85g/mol).
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Figure A2. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Lys(Bu), *Lys(Dau=Aoa)]
(K2) MWca /MWy, = 1953.07/1952.97 g/mol).
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Figure A3. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Ser, °D-Asp *Lys(Dau=Aoa)]
(1) MWea1 MWy, = 1841.89/1841.60 g/mol).
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Figure Ad. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Ser, °D-Glu *Lys(Dau=Aoa)]
(2) MWea1 MWy, = 1855.91/1855.70 g/mol).
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Figure AS. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Ser, °D-Trp ®Lys(Dau=Aoa)]
(3) MWea MWy, = 1913.01/1912.80 g/mol).
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Figure A6. RP-HPLC profile and ESl-ion trap mass spectrum of GnRH-III-[*Lys(Bu), °D-Asp,
8Lys(Dau=Aoa)] (4) (MWca /MWex, = 1953.07/1952.90 g/mol).
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Figure A7. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Lys(Bu), °D-Glu,
8Lys(Dau=Aoa)] (5) (MW /MWex, = 1966.93/1966.70 g/mol).
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Figure A8. RP-HPLC profile and ESl-ion trap mass spectrum of GnRH-II-[*Lys(Bu), °D-Trp,
8Lys(Dau=Aoa)] (6) (MWca /MWex, = 2024.03/2023.70 g/mol).
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10.1.1.2. Lysosomal degradation in presence of rat liver lysosomal homogenate

Table Al. Fragments of 1% set of GnRH-III-Dau conjugates produced by rat liver homogenate

Code Compound Fragment MW a/MWxp
K1 [Lys(Dau=Aoa)] <EHWSHDWK (Dau=Aoa)PG-NH, 1841.89/1841.66
<EHWSHDWK(Dau=Aoa)P-OH 1785.82/1785.27
<EHWSHDWK(Dau=Aoa)-OH 1688.70/1688.69
H-WSHDWK(Dau=Aoa)-OH 1440.49/1439.78
H-HDWK(Dau=Ao0a)PG-NH, 1320.36/139.83
H-HDWK(Dau=Aoa)-OH 1167.18/1166.87
H-K(Dau=Ao0a)PG-NH, 881.94/881.39
H-K(Dau=Aoa)P-OH 825.86/825.35
H-K(Dau=A0a)-OH 728.75/728.34
<EHWSH-0H 676.68/676.23
<EHWS-0OH 539.54/539.32
<EHW-0OH 452.46/452.32
H-DW-0H 319.12/319.28
1 [°D-Asp, 3Lys(Dau=Aoa)] <EHWSHdWK (Dau=Aoa)PG-NH, 1841.89/1841.63
<EHWSHdWK (Dau=Aoa)P-OH 1785.82/1785.63
<EHWSHdWK(Dau=Aoa)-OH 1688.70/1688.44
H-WSHdWK(Dau=Ao0a)PG-NH, 1593.65/1593.61
H-WSHdWK(Dau=Aoa)-OH 1440.49/1440.45
H-SHdWK(Dau=Aoa)-OH 1254.26/1253.83
2 [°D-Glu, 3Lys(Dau=Aoa)] <EHWSHeWK(Dau=Ao0a)PG-NH, 1855.90/1855.67
<EHWSHeWK(Dau=Aoa)P-OH 1799.87/1799.79
<EHWSHeWK(Dau=Aoa)-OH 1702.76/1701.85
H-WSHeWK(Dau=Aoa)PG-NH, 1607.70/1607.63
H-WSHeWK(Dau=Aoa)-OH 1454.51/1453.91
H-SHeWK(Dau=Aoa)-OH 1268.30/1267.75
H-K(Dau=Aoa)-OH 728.75/728.33
3 [D-Trp, ‘Lys(Dau—Aoa)] <EHWSHwWK (Dau=Aoa)PG-NH, 1913.04/1912.79
<EHWSHwWK(Dau=Aoa)P-OH 1856.941856.64
<EHWSHwWWK(Dau=Aoa)-OH 1759.85/1759.61
H-WSHwWK(Dau=Aoa)-OH 1511.61/1511.58
H-SHWWK(Dau=Ao0a)PG-NH, 1478.58/1477.79
H-SHWWK(Dau=Aoa)-OH 1325.40/1324.04
H-wWK(Dau=Aoa)-OH 1101.18/1101.01
H-K(Dau=A0a)-OH 728.75/728.34
<EHWSHwWW-0H 1049.12/1049.06
K2 [*Lys(Bu), ®Lys(Dau=Aoa)] <EHWK(Bu)HDWK(Dau=Ao0a)PG-NH, 1953.07/1952.79
<EHWK (Bu)HDWK (Dau=A0a)-0H 1799.92/1799.69
H-HDWK(Dau=Ao0a)PG-NH, 1320.36/1319.95
H-HDWK (Dau=A0a)-0H 1167.18/1166.91
H-K(Dau=Ao0a)PG-NH, 881.94/881.44
H-K(Dau=Aoa)P-OH 825.86/825.40
H-K(Dau=A0a)-OH 728.75/728.37
<EHWK(Bu)HD-0H 902.96/902.84
<EHWK(Bu)-0H 650.73/650.71
<EHW-0H 452.46/452.31
H-DW-0H 319.32/319.27
4 [“Lys(Bu), °D-Asp, <EHWK(Bu)HdWK (Dau=Ao0a)PG-NH, 1953.07/1952.79
SLys(Dau=Aoa)] <EHWK (Bu)HdWK (Dau=Aoa)P-0H 1897.03/1896.90

<EHWK(Bu)HdWK(Dau=Aoa)-OH
H-WK(Bu)HdWK(Dau=Aoa)-OH
H-K(Bu)HdWK(Dau=Ao0a)PG-NH,
H-K(Bu)HdWK (Dau=Aoa)-OH
H-HdWK(Dau=Aoa)-OH
<EHWK(Bu)-0H
<EHW-0OH

1799.92/1799.81
1551.67/1551.59
1518.65/1517.88
1365.46/1364.92
1167.18/1166.90
650.73/650.43
452.46/452.3

v



10. Appendix

5 [*Lys(Bu), °D-Glu,
8Lys(Dau=Aoa)]

<EHWK(Bu)HeWK(Dau=Aoa)PG-NH,
<EHWK(Bu)HeWK(Dau=Aoa)P-OH
<EHWK(Bu)HeWK(Dau=Aoa)-OH
H-WK(Bu)HeWK(Dau=Aoa)-OH
H-HeWK(Dau=Aoa)-OH
H-K(Bu)HeWK(Dau=Aoa)-OH
<EHW-OH

1967.13/1966.82
1911.06/1910.81
1813.94/1813.70
1565.70/1565.13
1181.22/1180.67
1379.49/1378.93
452.46/452.31

6 [*Lys(Bu), °D-Trp,
SLys(Dau=Aoa)]

<EHWK(Bu)HwWWK(Dau=Ao0a)PG-NH,
<EHWK(Bu)HwWK(Dau=Aoa)P-OH
<EHWK(Bu)HwWK(Dau=Aoa)-OH
<EHWK(Bu)HwW-0OH
H-K(Bu)HwWK (Dau=Aoa)-OH
H-HwWK(Dau=Aoa)-OH
H-K(Dau=Aoa)-OH
<EHWK(Bu)-0oH
H-HwW-oH

2024.22/2024.25
1968.16/1967.84
1871.04/1870.50
1160.30/1160.21
1436.59/1436.24
1238.32/1232.04
728.75/728.33
650.73/650.43
527.58/527.37

10.1.1.3. In vitro cytostatic effect — Dose response curves
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Figure A9. Cytostatic effect of 1% set of GnRH-III conjugate on A: HT-29 and B: MFC-7 human cancer
cells after 72 h (24 h treatment and an additional 48 h incubation). Curves obtained by non-linear regression
(sigmoidal dose response, error bars represent the standard deviation of four parallels, the measurements
were repeated twice).
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10.1.1.4. Confocal laser scanning microscopy studies
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Figure A10. Cellular uptake of 1* set of bioconjugate K1, K2, 1, 2, 4 and 5 at 10 uM, 40 pM and 100 uM
visualized by confocal laser scanning microscopy (scale bars represent 10 pm).
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10.1.2. 2" set of oxime-linked GnRH-III-Dau conjugates
10.1.2.1. RP-HPLC profile and ESI-ion trap mass spectrum

2.0 Intens. | +MS, 0.3-0.6min #21-40
K1 x108 +3
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1.5+
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0 10 20 30 40 200 400 600 800 1000 mz

tin min
Figure A11. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Ser, 8Lys(Dau=Aoa)] (K1)
(MWeqa MWy, = 1841.89/1841.85g/mol).
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Figure A12. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Lys(Bu), ®Lys(Dau=Aoa)]
(K2) MWca /MWy = 1953.07/1952.97 g/mol).

2.0 Intens. +MS, 0.3-0.6min #16-35
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Figure A13. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Trp, ®Lys(Dau=Aoa)] (7)
(MWea MWy, = 1841.89/1841.91 g/mol).
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2.5 Intens. +MS, 0.2-0.4min #12-23
8 x1067
2.0 1
34
- +3
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Figure A14. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Tic, *Lys(Dau=Aoa)] (8)
(MW cat /MWy, = 1814.86/1814.40 g/mol).
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Figure Al15. RP-HPLC profile and ESl-ion trap mass spectrum of GnRH-III-[?AHis, 3D-Tic,
SLys(Dau=A0a)] (9) MWeai MW, = 1677.72/1677.56 g/mol).
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Figure A16. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*D-Tic, 7D-Trp.
8Lys(Dau=Aoa)] (10) (MW ca /MWey, = 1814.86/1814.64 g/mol).
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B
1.5 Intens. | +MS, 0.2-0.3min #10-18
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Figure A17. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[?AHis, *D-Tic, 'D-Trp,
8Lys(Dau=Ao0a)] (11) MWeai /MWy = 1677.72/1677.58 g/mol).
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Figure A18. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Asp(OMe), 8Lys(Dau=Aoa)]
(12) MWea /MWy, = 1855.91/1855.68 g/mol).
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Figure A19. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Lys(Dau=Aoa), '’AGly-NH-
Et] (13) (MWeat /MWeyp = 1812.88/1812.84 g/mol).
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Figure A20. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*D-Trp, “Lys(Bu),
8Lys(Dau=Aoa)] (14) (MW o /MWex, = 1953.07/1953.00 g/mol).
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Figure A21. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*D-Tic, “Lys(Bu),
SLys(Dau=Ao0a)] (15) MW.eai /MWy = 1926.05/1926.06 g/mol).
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Figure A22. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[?2AHis, *D-Tic, “Lys(Bu),
SLys(Dau=A0a)] (16) (MWe /MWey, = 1788.91/1788.78 g/mol).
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Figure A23. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[, *D-Tic, “Lys(Bu), "D-Trp,
SLys(Dau=A0a)] (17) (MWea /MWexp = 1926.05/1926.03 g/mol).
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Figure A24. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-1II-[?2AHis, *D-Tic, “Lys(Bu), "D-
Trp, 3Lys(Dau=Aoa)] (18) (MW.a /MWy, = 1788.91/1788.70 g/mol).
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Figure A25. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[*Lys(Bu), *Asp(OMe),
8Lys(Dau=Aoa)] (19) (MW ca /MWex, = 1967.10/1967.01 g/mol).
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Figure A26. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[®Lys(Dau=Aoa), °AGly-NH-
Et] (20) (MW et MW erp = 1924.07/1924.02 g/mol).

10.1.2.2. In vitro cytostatic effect — Dose response curves
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Figure A27. Cytostatic effect of 2" set of GnRH-III conjugate on HT-29 human cancer cells after 72 h (24
h treatment and an additional 48 h incubation). Curves obtained by non-linear regression (sigmoidal dose
response, error bars represent the standard deviation of four parallels, the measurements were repeated
twice).
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Figure A28. Cytostatic effect of 2" set of GnRH-III conjugate on MCF-7 human cancer cells after 72 h
(24 h treatment and an additional 48 h incubation). Curves obtained by non-linear regression (sigmoidal
dose response, error bars represent the standard deviation of four parallels, the measurements were repeated
twice).
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Figure A29. Cytostatic effect of 2™ set of GnRH-III conjugate on MDA-MB-231 human cancer cells after
72 h (24 h treatment and an additional 48 h incubation). Curves obtained by non-linear regression
(sigmoidal dose response, error bars represent the standard deviation of four parallels, the measurements
were repeated twice).
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10.1.2.3. Western blot studies
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Figure A30. Western blot performed on whole cell lysates of MDA-MB-231, HT-29 and MCF-7 cancer
cells. Anti-GnRH-R antibody (Proteintech, 19950-1AP) (left) was used to detect GnRH-R. Actin
expression was evaluated as loading control (Santa Cruz Biotechnology, sc-1616 (right). Band at 38 kDa
represents the full length human GnRH-R; the signals at higher molecular weight (55-70 kDa) are assumed
to be glycosylated forms of the receptor.

10.1.2.4. Plasma stability
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Figure A31. Stability of the bioconjugates K2 and 16 in human plasma. LC-MS chromatogram of human
plasma and the conjugates after 24 h incubation at 37 °C in H,O or in human plasma plus the corresponding
MS compound spectra.
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10.1.2.5. Lysosomal degradation in presence of rat liver lysosomal homogenate

Table A2. Fragments of GnRH-III-Dau conjugates K2 and 16 produced by rat liver homogenate

Code Compound Fragment MW /MWy
K2 [*Lys(Bu), <EHWK(Bu)HDWK(Dau=Ao0a)PG-NH, 1953.07/1952.79
8Lys(Dau=Aoa)] <EHWK(Bu)HDWK(Dau=Ao0a)-OH 1799.92/1799.69
H-HDWK(Dau=A0a)PG-NH, 1320.36/1319.95
H-HDWK(Dau=Aoa)-OH 1167.18/1166.91

H-K(Dau=Aoa)PG-NH, 881.94/881.44

H-K(Dau=Aoa)P-OH 825.86/825.40

H-K(Dau=Aoa)-OH 728.75/728.37

<EHWK(Bu)HD-0H 902.96/902.84

<EHWK(Bu)-0H 650.73/650.71

<EHW-OH 452.46/452.31

H-DW-0OH 319.32/319.27
16  [?AHis, °D-Tic, “Lys(Bu), <E-D-Tic-K(Bu)HDWK (Dau=Aoa)PG-NH, 1788.91/1788.33

$Lys(Dau=Aoa)] <E-D-Tic-K(Bu)HDWK(Dau=Aoa)-OH
<E-D-Tic-K(Bu)HDW-0H
<E-D-Tic-K(Bu)HD-0H
<E-D-Tic-K(Bu)H-0OH
<E-D-Tic-K(Bu)-OH
H-K(Dau=Aoa)P-OH
H-K(Dau=Aoa)-OH

1635.72/1635.22
925.00/924.32
738.78/738.26
623.70/623.29
486,56/486.90
825.86/825.40
728.75/728.37

10.1.2.6. Radioligand binding studies
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Figure A32. Representative displacement of ['>’I]-GnRH-I-[°D-Trp] binding to membrane fractions of
human prostate cancer specimens by increasing concentrations of GnRH-III conjugates 16 (®) and K2 (V).

Other unrelated peptides, like somatostatin, human growth hormone and epidermal growth factor (¢) did
not displace the radioligand. Each point represents mean of duplicate or triplicate determinations.
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10.1.3. Self-immolative and non-cleavable linker-containing GnRH-III-Dau and -

PTX conjugates
10.1.3.1. RP-HPLC profile and ESI-ion trap mass spectrum
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Figure A33. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[2His->Trp,*Lys(glutaryl-Val-
Cit-PABC-Dau)] conjugate (45) (MWea /MWexp = 2399.57/2398.63 g/mol).
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Figure A34. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[2AHis-*D-Tic,®Lys(glutaryl-
Val-Cit-PABC-Dau)] conjugate (46) (MWca /MWy, = 2235.40/2234.45 g/mol).
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Figure A35. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[?His->Trp,*Lys(glutaryl-Val-
Ala-PABC-Dau)] conjugate (47) (MWca /MWy, = 2235.40/2234.45 g/mol).
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Figure A36. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[2AHis-D-Tic, $Lys(glutaryl-
Val-Cit-PABC-Dau conjugate (48) (MW ca /MWy =2149.31/2148.35 g/mol).
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Figure A37. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[?His->Trp,*Lys(glutaryl-Val-
Cit-PABC-diamine-PTX)] conjugate (49) (MW ca /MWy, = 2840.10/2839.30 g/mol).
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Figure A38. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[2AHis-*D-Tic,®Lys(glutaryl-
Val-Cit-PABC-diamine-PTX)] conjugate (50) (MWca /MWy, = 2675.66/2675.28 g/mol).
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Figure A39. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[2His->Trp,*Lys(glutaryl-Val-
Ala-PABC-diamine-PTX)] conjugate (51) (MWca /MWy, = 2754.01/2753.38 g/mol).
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Figure A40. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[2AHis-D-Tic, $Lys(glutaryl-
Val-Cit-PABC-diamine-PTX)] conjugate (52) (MW ca /MWey, = 2589.84/2589.30 g/mol).
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Figure A41. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[>His-*Trp,?Lys(glutaryl-

Dau)] conjugate (57) (MWca /MWy, = 1994.12/1993.48 g/mol).
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Figure A42. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[>2AHis-*D-Tic,*Lys(glutaryl-
Dau)] conjugate (58) (MWca /MWy, = 1829.95/1829.75 g/mol).
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Figure A43. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[>His-*Trp,?Lys(glutaryl-
diamine-PTX)] conjugate (59) MW_ca /MWy, = 2434.65/2434.12 g/mol).
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Figure Ad4. RP-HPLC profile and ESI-ion trap mass spectrum of GnRH-III-[2AHis-D-Tic, $Lys(glutaryl-
diamine-PTX)] conjugate (60) (MWca /MWy, = 2270.49/2270.04 g/mol).
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10.1.3.2. In vitro cytostatic effect — Dose response curves
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Figure A45. Cytostatic effect of self-immolative and non-cleavable linker-containing GnRH-III conjugate
on A: A2780 and B: Panc-1 human cancer cells. 1: Dau conjugates after 72 h (24 h treatment, additional
48 h incubation). 2: PTX conjugates after 72 h (6 h treatment, additional 66 h incubation). Curves obtained
by non-linear regression (sigmoidal dose response, error bars represent the standard deviation of three
parallels, the measurements were repeated twice).
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Figure A46. Cytostatic effect of self-immolative and non-cleavable linker-containing GnRH-III-Dau
conjugates on A2780 in comparison to the oxime bond-containing GnRH-III compounds K2 and 16 after
72 h (6 h treatment, additional 66 h incubation). Curves obtained by non-linear regression (sigmoidal dose
response, error bars represent the standard deviation of three parallels, the measurements were repeated
twice).

10.1.3.3. Lysosomal degradation in presence of rat liver lysosomal homogenate
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Figure A47. Degradation of the GnRH-III-PTX conjugates in presence of lysosomal rat liver homogenate.
LC chromatograms of PTX (black), 49 (red) and 51 (blue) after 24 h degradation and MS spectra of the
released PTX prodrug and free PTX.

XXI



10. Appendix

10.2. Somatostatin conjugates

10.2.1. FAM-somatostatin derivatives

10.2.1.1. RP-HPLC profile and ESI-ion trap mass spectrum
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Figure A48. RP-HPLC profile and ESI-ion trap mass spectrum of FAM-somatostatin derivative (61)
(MW ea /MWy, = 1404.56//1404.37 g/mol).
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Figure A49. RP-HPLC profile and ESI-ion trap mass spectrum of FAM-somatostatin derivative (62)
(MW cat /MWy = 1305.43/1305.16 g/mol).
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Figure AS0. RP-HPLC profile and ESI-ion trap mass spectrum of FAM-somatostatin derivative (63)
(MWea MWy, = 1993.27/1992.76 g/mol).
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Figure AS1. RP-HPLC profile and ESI-ion trap mass spectrum of FAM-somatostatin derivative (64)
(MWea MWy, = 1894.14/1893.78 g/mol).
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Figure AS2. RP-HPLC profile and ESI-ion trap mass spectrum of FAM-somatostatin derivative (65)
(MW ea MWy, = 1344.45/1344.3 g/mol).
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10.2.2. Somatostatin-drug conjugates

10.2.2.1. RP-HPLC profile and ESI-ion trap mass spectrum
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Figure AS53. RP-HPLC profile and ESI-ion trap mass spectrum of somatostatin-Dau conjugate (66) (MW,

/MW ey = 2217.52/2217.45 g/mol).
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Figure A54. RP-HPLC profile and ESI-ion trap mass spectrum of somatostatin-Dau conjugate (67) (MWa
/MWy, =2118.39/2118.30 g/mol).
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Figure ASS. RP-HPLC profile and ESI-ion trap mass spectrum of somatostatin-Dau conjugate (68) (MW_a
/MWy, =2157.40/2157.02 g/mol).
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Figure A56. RP-HPLC profile and ESI-ion trap mass spectrum of somatostatin-Dau conjugate (69) (MW .

/MW ey = 2377.72./2377.14 g/mol).
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Figure A57. RP-HPLC profile and ESI-ion trap mass spectrum of somatostatin-Dau conjugate (70) (MWa

/MWexp = 1989.22/1988.36 g/mol).
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Figure AS58. RP-HPLC profile and ESI-ion trap mass spectrum of somatostatin-pyDau conjugate (71)

(MWea MWy =2269.60/2269.59 g/mol).
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10.2.2.2. In vitro cytostatic effect — Dose response curves
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Figure A59. Cytostatic effect of somatostatin-Dau conjugates (66-70) on A: HT-29 and B: MDA-MB-231
human cancer cells after 72 h (24 h treatment, additional 48 h incubation). Curves obtained by non-linear
regression (sigmoidal dose response, error bars represent the standard deviation of three parallels, the

measurements were repeated thrice).
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Figure A60. Cytostatic effect of somatostatin-pyDau conjugate 71 on A: HT-29 and B: MDA-MB-231
human cancer cells after 72 h (24 h treatment, additional 48 h incubation) in comparison to daunorubicin
(Dau), pyrrolino-daunorubicin (pyDau) and its dimer (pyDau,). Curves obtained by non-linear regression
(sigmoidal dose response, error bars represent the standard deviation of three parallels, the measurements

were repeated thrice).
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