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Biti covek, roden bez svoga znanja 1 bez svoje volje, bacen u okean postojanja. Morati
plivati. Postojati. Nositi identitet. [zdrzati atmosferski pritisak svega oko sebe, sve
sudare, nepredvidljive i nepredvidene postupke, svoje i tude, koji ponajcesce nisu po
meri naSih snaga. A povrh svega, treba jo$ izdrzati i svoju misao o svemu tome.
Ukratko: biti ¢ovek.

iz govora Ive Andri¢a na Nobelovom banketu u gradskoj ku¢i u Stockholmu,

10. decembra 1961.

To be a human, to have been born without knowing it or wanting it, to be thrown into
the ocean of existence, to be obliged to swim, to exist; to have an identity; to resist the
pressure and shocks from the outside and the unforeseen and unforeseeable acts — one’s
own and those of others — which so often exceed one’s capacities. And what is more, to
endure one’s own thoughts about all this: in a word, to be human.
from Ivo Andric’s speech at the Nobel Banquet at the City Hall in Stockholm,
December 10, 1961

Za sanjare...

For dreamers...
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THE LIST OF ABBREVIATIONS

All applied three-letter and one-letter codes for a-amino acids are in agreement with
the recommendations from the IUPAC-IUB Commission on Biochemical Nomenclature

Ac: acetylation

ADC: antibody-drug conjugate

ADCC: antibody-dependent cellular cytotoxicity

ALL: acute lymphocytic leukemia

AML.: acute myeloid leukemia

Aoa: aminooxyacetyl

BC: breast cancer

Bu: butyrylation

CLL: chronic lymphocytic leukemia

CML: chronic myeloid leukemia

CPP: cell penetrating peptide

CRC: colorectal cancer

Dau: Daunorubicin (Daunomycin)

DDS: drug delivery system

Dox: Doxorubicin

D-Tic: D-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid

EGFR: epidermal growth factor receptor

ER: estrogen receptor

FDA: Food and Drug Administration

FITC: fluorescein isothiocyanate

GnRH: Gonadotropin releasing hormone

GnRH-R: Gonadotropin-releasing hormone receptor

HER2: human epidermal growth factor receptor 2

Hsp: heat shock protein

ICI: immune checkpoint inhibitor

I.p.: intraperitoneal

KI: kinase inhibitor

mAbs: monoclonal antibodies

MDR: multi-drug resistance
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MED: minimum effective dose

MFI: mean fluorescence intensity

MMAE: Monomethyl auristatin E

MMAF: Monomethyl auristatin F

MRP: MDR-associated protein

MTD: maximum tolerated dose

Mtx: Methotrexate

OEt: ethyl ester

OMe: methyl ester

OS: overall survival

PARP: poly ADP ribose polymerase

PD-L1: protein programmed cell death-ligand 1
PR: progesterone receptor

RP-HPLC: reversed phase high-pressure liquid chromatography
RT-gPCR: reverse transcription quantitative real time PCR
SAR: structure-activity relationship

SD: standard deviation

siRNA: small (short) interfering RNA

SMDC: small molecule drug conjugate

TFA: trifluoroacetic acid

TI: therapeutic index

TNBC: triple-negative breast cancer

VEGF: vascular endothelial growth factor
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1 INTRODUCTION

1.1 Cancer

Cancer is a complex disease that can be caused by both environmental factors and
genetic predisposition. According to Hanahan and Weinberg, there are hallmarks and
necessary events along the carcinogenesis pathway which lead to cell transformation?.
Carcinogenesis is a multi-step process that involves successive accumulation of genetic
changes in cells as a consequence of random mutations that cause genomic instability,
and lead to genetic diversity?. Uncontrolled and constant cell proliferation, with no
entering a dormant or crisis state which should lead cell to death, is a common feature of
every cancer cell and important for tumor development, caused by the abnormality in the
cell cycled. Moreover, in order to express a malignant phenotype, a cancer cell develops
resistance to signals that inhibit the cell division and growth?. Like normal cells, tumor
cells require nutrients for survival, as well as the ability to eject metabolic waste, thus the
process of enhanced angiogenesis or neo vascularization through formation of blood
vessels in the tumor occurs®. In highly malignant tumors cancer cells invade and colonize
the local tissue, and metastasize to distant sites and organs, leading to incurability of the
cancer®. Reprograming of tumor cell metabolism occurs to meet the need for rapid energy
production imposed by constant growth and uncontrolled proliferation’. Although there
are mechanisms by which the immune system responds to the presence of transformed
cells, tumor cells developed the ability to evade the response®.

Therefore, cancer is the second cause of death in the human population, behind heart
disease, and especially malignant and metastatic tumors often lead to high mortality®.
There are many types of cancers that differ in their properties such as the embryonic origin
and molecular signature, thus cancer is a group of diseases rather than a specific disease,
making their treatment more challeging®®. Due to complexity and heterogeneity of
tumors, and their resistance on therapy, the biology of a tumor can be understood only by
studying the specific targets on tumor cells and within the tumor microenvironment which
are establishing during the course of multistep tumorigenesis*'. Hence, discovering and
development of new therapeutics and approaches that target one or more cancer traits, or

specifically deliver cytotoxic agents to the tumor (Figure 1), is of utmost importance.
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Figure 1. The hallmarks of cancer and some examples of their therapeutic targeting, adapted from
D. Hanahan, R. A. Weinberg, Cell 2011, 144: 646-674".
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1.1.1 Breast cancer

Histologically and genetically heterogeneous breast cancer (BC) is the most prevalent
in women population with over 2 million new cases in 2018 (25.4 % of cancer in women)
and over 0.6 million deaths worldwide (Figure 2)¥. Population screening by
mammography, magnetic resonance imaging, and pathology examinations aims to find
early stage, non-metastatic BC which could be effectively treated with curability of 70—
80%"3. Unfortunately, advanced BC with distant organ metastases is considered incurable
with currently available therapies’*. Approximately 10% of BC are inherited and
associated with a family history, while mutations in certain genes are associated with an
average cumulative risk of developing BC®. By clinically used classification, based on
histology and immunohistochemistry expression of key proteins such as estrogen receptor
(ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) and
the proliferation marker KI-67, tumors expressing ER and/or PR are considered hormone
receptor-positive BC, whereas tumors that do not express these markers are triple-
negative BC (TNBC). Thus, drugs blocking the effects of estrogen on the mammary

10
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gland, such as Tamoxifen, or drugs that block the production of estrogen, such as
aromatase inhibitors (Als), have major roles in the treatment of hormone-positive BC*°.
However, the highest death rates have HER2+ BC and TNBC!*. HER2 is amplified in
13-15% of BC, causing an activation of the HER2 signaling pathway which activates
proliferation and metastasis, and targeting HER2 has proven to be effective in HER2+
BCY. TNBCs are prone to early recurrences, within 23 years of first presentation, and
tend to form lung and liver metastases, where the majority (~80%) of the driver alterations
of the primary BC are conserved in the metastatic sites**. Moreover, TNBCs have high
level of proliferation and show high grade aggressivity, while additionally do not express
ER, PR or HER2, which makes treatment more difficult. Nevertheless, genetic expression
studies have identified subtypes of TNBC with new molecular targets which may have
prognostic and therapeutic implications, such as gonadotropin-releasing hormone
receptor (GnRH-R)!#-20,

A ) Both sexes )
Incidence Mortah(tjy
18.1 million new cases 9.6 million deaths

Breast
16%
' Colorectum
2%

Colorectum

10,
e Leukaemia

Liver
8.2%

Stomach
5.7%

Pancreas .
4.59 Breast
6.6%
Esophagus
5.39

3%

B High/Very High HDI Low/Medium HDI
Colorectum
Male
Leukemia
5.
Breast

Female Colorectum

Leukemia

60 40 20 0 20 40 60
Age-standardized (W) rate per 100,000 people
Incidence mmmmmm——m Mortality

Figure 2. A. Estimated cancer incidences and mortality proportions. B. BC, CRC and leukemia
age-standardized rates per 100000 people, in high/very-high human development index (HDI)
regions versus low/medium HDI Regions; worldwide for both genders, in 2018. Adapted from
World Cancer Report, F. Bray et al. CA Cancer J Clin. 2018, 68(6):394-424"2,

11
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1.1.2 Colorectal cancer

According to the report from the International Agency for Research on Cancer in
2018, colorectal cancer (CRC) is the third most commonly occurring cancer in men and
the second in women, with 1.8 million new cases diagnosed worldwide (10.6 % of all
cancers), and 0.9 million deaths in 2018, placing it as the second leading cause of cancer
deaths (Figure 2)'2. It was reported that Hungary has the highest age-standardized
incidence rate, with 51.2 cases on 100.000 persons per year'?. The risk of CRC
development and death increase rapidly with aging, as well as due to bad dietary patterns,
lack of physical activity and obesity?.

The majority of CRCs are adenocarcinomas (>90%), a malignant neoplasm that
develops from glandular epithelial cells of the colon and rectum, while other rare types
include squamous, adenosquamous and spindle cell carcinoma??. Around 25% of CRC
cases have a family history without any obvious genetic cancer syndrome, while 5% are
attributed to hereditary cancer syndromes®. Around 70% of CRC arise sporadically
through acquired somatic genetic aberrations where mutations in APC, KRAS, TP53 and
BRAF genes promote CRC development?*. As in BC, CRC is a highly heterogeneous
disease and also metastases to distal organs with different metastatic patterns making a
big challenge for the treatment? . The treatment repertoire for metastatic CRC,
including targeted agents which target epidermal growth factor receptor (EGFR) such as
monoclonal antibodies (mAbs), and anti-angiogenic agents targeting vascular endothelial
growth factor (VEGF) signalling, as well as the broad spectrum kinase inhibitors (KI),
improved the overall survival (OS) of patients to approximately 3 years, from 1 year in
the era of 5-fluorouracil therapy alone®®. The success of targeting therapeutics stimulates
the discovery of another CRC targets such as GnRH-R?" %8,

1.1.3 Leukemia

Leukemia is the general name for several malignant and progressive diseases of the
blood-forming organs characterized by distorted proliferation and development of
leukocytes and their precursors in the blood and bone marrow?®. In 2018, number of new
cases was close to a half million with double higher incidence in men, while number of
deaths was around 0.3 million worldwide (Figure 2)2.

According to the degree of cell differentiation, but not the duration of disease,

leukemia can be classified as acute where are affected precursor cells of various lineage,

12



DOI:10.14753/SE.2021.2555

or chronic where are affected mature cells. Leukemia can be also classified according to
the predominant type of cell involved on myelogenous or lymphocytic leukemia, and
based on this several subtypes of leukemia have been identified with different
characteristics such as acute lymphocytic leukemia (ALL), chronic lymphocytic leukemia
(CLL), acute myeloid leukemia (AML), chronic myeloid leukemia (CML)3®32, Despite
advances in management with mAbs and K, the backbone of therapy remains multi-agent

chemotherapy, as well as allogeneic stem cell transplantation for eligible candidates®.

1.2 Cancer therapy

The heterogeneity of cancer makes its treatment more challenging, therefore specific
treatment regimens and combined therapies are often applied according to the type of
tumor, the stage of its development and specific genetic profile of the tumor®*. Among a
wide range of treatment options have been applied to treat cancer, classical options which
include surgery, radiation therapy, hormone therapy and chemotherapy remain the

backbone of cancer treatment®.

1.2.1 Chemotherapy

Therapeutics which influence at least one of the cancer hallmark are considered as
promising candidates for cancer therapy and numerous drugs with different molecular
targets and mode of actions were developed. The traditional pharmaceutical approach
using the administration of chemical substances, chemotherapeutics, which provide a
pharmacologic effect to stop the rapid cell proliferation and prominently kill fast dividing
cancer cells inducing apoptosis, is still widely applied and still represents the most
employed strategy for cancer treatment, either alone or in combination with surgery and
radiotherapy®. These agents affect fundamental cellular processes such as DNA
replication and cell division, or interrupting the cell cycle at different stages®’, and based

on their biological targets and mechanism of action are classified as in Table 1%,

13
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Table 1. Groups of chemotherapeutics based on their biological targets and mechanism of action
approved by Food and Drug Administration (FDA) for BC, CRC and leukemias.

Category of Biological targets Appr
chemo- and Mechanism | Chemotherapeutic name oval | Therapy
therapeutic of action year
Chlorambucil (Leukeran) 1957 | CLL
; ik Bendamustine (Treanda) 2008 | CLL
orm crosslinks or
. BC, CLL, ALL,
DNA damaging metal adducts or | Cyclophosphamide (Cytoxan) | 1959 | ~\\
agents intercalate with X .
DNA Cisplatin 1978 | BC
Carboplatin (Paraplatin) 1989 | BC
Oxaliplatin (Eloxatin) 2002 | CRC
. . inhibit enzymes for | Methotrexate (Amethopterin) 1956 | ALL, AML, BC
Anti-metabolites . - -
synthesis of DNA | |eucovorin (Fusilev) 2008 | CRC
compete with 5-FluoreUracil (Adrucil) 1962 | CRC, BC
Nucleoside natural nucleosides —
analogs interfering DNA Gemcitabine (Gemzar) 1995 | BC
synthesis Capecitabine (Xeloda) 1998 | BC, CRC
intercalate in DNA | Irinotecan (Camptosar) 1996 | CRC
preventing its Doxorubicin (Adriamycin) 1974 | BC, ALL
Topoisomerase replication by . X
inhibitors interfering with the Daunorubicin (Daunomycin) 1979 | AML, ALL, CML
topoigomerages | Epirubicin (EIIence) 1999 | BC
and 11 Idarubicin (Idamycin) 2014 | ALL
binding for tubulin | Vinblastine (Velban) 1965 | ALL, CML
Anti-mitotic and interfering | vincristine (Oncovin) 1963 | ALL, CML
(anti-tubulin) microtubule -
agents polymerization Paclitaxel (Taxol) 1993 | BC
inhibit mitosis Docetaxel (Taxotere) 1995 | BC

Among all of them, in my doctoral thesis study are used Daunorubicin (Dau) and
Vinblastine (Figure 3). Dau is anthracycline antibiotic, isolated from Streptomyces
peucetius, belonging to topoisomerase Il inhibitors group. By intercalating between DNA
bases and trapping the DNA-enzyme complex, Dau inhibits replication fork progression,
prevent DNA replication and lead cell to death3® “°. Vinblastine, isolated from the
Catharanthus roseus, is the most famous microtubule destabilizing agent from so called
Vinca Alkaloids, which binds to monomeric tubulin and prevents its polymerization into

microtubules and the mitotic spindle, thus blocking the mitosis of the cell*! 42,

14
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Figure 3. A. Daunorubicin structure. B. Vinblastin structure.

Although chemotherapy still plays a key role in the treatment of cancer, it has various
drawbacks limiting its therapeutic benefits. The main limitation of traditional
chemotherapeutics is the lack of selectivity because they do not accumulate and affect
only in tumor cells, but also in the healthy tissues, displaying severe side-effects which
cause systemic cytotoxicity*®. Their low accumulation at the tumor site can be attributed
to different factors such as the increased interstitial pressure in solid tumors and the rapid
elimination from systemic circulation, which help accumulation of toxic agents in organs
such as liver, kidneys and lung**. Another limitation is caused by high heterogeneity and
mutation rates in tumor cells where particular population of cancer cells may be less
affected by the treatment and it can make selection and then overgrow, leading to a drug-
resistant tumor mass, which heavily affects the chemotherapy efficacy®.

As consequence of drawbacks, traditional anti-cancer agents are characterized by a
narrow therapeutic index (TI), which is commonly described as the difference between
the lowest administered dose resulting to clinical benefits (minimum effective dose,
MED) and the highest dose found to be free of undesired toxicities (maximum tolerated
dose, MTD)*. Chemotherapeutics MED is not significantly lower than MTD associated
to side-effects, and due to this the dosage range of a drug that can treat cancer effectively
without displaying undesired effects is very narrow*’.

So far, two main approaches were used to make wider the Tl and to improve the
clinical effect of this class of compounds (Figure 4), mostly on the way to decrease the
MED*8, The first one is the combination of two or more chemotherapeutics without
overlapping mechanism of action and different toxicity profiles** *°, and second, the

discovery and the introduction of new more potent drugs that could be administrated at

15
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lower dosage, but with improved anti-cancer efficacy®. In past decades a wide range of
new anti-cancer drugs have been discovered from natural sources such as plants and other
living organisms. Among them, the most famous are new DNA- and RNA- targeting
agents such as derivatives of Calicheamicin and a-Amanitin, then tubulin-targeting
molecules such as Cryptophycins, Maytansinoids, Dolastatins, and Monomethyl
auristatin E and F (MMAE and MMAF), and a topoisomerase | inhibitor like
Camptothecins and Exatecans, which inhibit cell proliferation at the picomolar range®*
% Despite the increased potency of these new cytotoxic agents compared to classic
chemotherapeutics, the clinical performances were not improved, and they had to be
discontinued from the clinic at early stages due to side-effects they caused even at low

administration doses, unveiling the need for new pharmacologic approaches®.

Increasing —» Increase MTD
Selectivity

f Decrease Side Effects

—1— MTD

Maximum Tolerated Dose

Dose

I Therapeutic Index

MED

Minimum Effective Dose

Increasing

— Decrease MED
Potency

Figure 4. Strategy for the optimization of the therapeutic index. Increasing the anti-tumor potency
of the chemotherapeutic through its modification, or development of more potent therapeutics
(lower part). The improvement of the selectivity of anti-cancer drugs, through combining them
with homing devices, and locally increasing their concentration without affecting the potency of
these agents, could ideally lead to the increase of the therapeutic window and the decrease of the
undesired side-effects generally observed in cancer patients (upper part). Adapted from S.
Panowski et al. MAbs. 2014 6(1): 34-45%,

Through years it was understood that the improvement of the selectivity of anti-cancer
drugs could lead to the increased MTD without affecting the potency of these agents

where MED stays same (Figure 4), by increasing the therapeutic window and avoiding

16
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the systemic toxicity®. Thus, discovery of new targeted molecules or new homing devices
which recognize and target a specific alteration or an antigen on tumor with enhanced

selectivity, and deliver the cytotoxic payload, became a new approach in past years.

1.3 Targeted cancer therapy
With the purpose to improve the Tl and to overcome the limitations of classic

chemotherapy, modern strategies are oriented towards targeted therapies®®. The aim of
targeted cancer therapy is to affect cancer cells on selectively way by interfering directly
with essential pathways involved in tumor growth such as signal-transduction pathways,
or by efficiently delivering the cytotoxic agents to the tumor without compromising the
healthy cells and reducing side-effects (Figure 5) %%, Most common targets are
molecular markers or antigens that play an important role in cell proliferation and that are
overexpressed in tumor cells compared with normal tissues®* 61, Main approaches
identified as targeting therapy are molecularly targeted therapy, monoclonal antibodies
and targeted drug delivery systems (DDS)°%2.

SMDC

- Cell specific

- Receptor-mediated
- Penetrates g solid tumors

@ ADC Chemotherapy
Tumor | - Cell specific - Not targeted
° $ 3, - Receptor-mediated  BerS Caneer
% % “and normal cell
"% » - Narrow
o .\. o s X therapeutic
/ i w’(
Patient requiring  Conventional Targeted  ,Ap .J’F, ‘:‘k\_‘ ° e
therapy chemotherapy therapy - Cell specific :“‘ g Pathway inhibitors
C® Untargeted drug @ Targeted drug - May block ligand # binding - Not cell specific
- May block signal transduction - Passive uptake
- May trigger ADCC - Intercellular targets

Figure 5. Targeted therapy vs traditional chemotherapy (left). Overview of the different classes
of targeted therapy and chemotherapy (right). Adapted from E. Vrettos et al. Beilstein J Org
Chem. 2018, 14: 930-954°, and CP Leamon et al. Pharmgenomics Pers Med. 2013 6: 113-125%,

1.3.1 Molecularly targeted therapy
This group consist of small molecule therapeutics designed to interact selectively with
a specific target which is necessary for tumor progression, and to prevent the activation

of signaling pathways deregulated in tumor cells®® % _\well known examples of
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molecularly targeted drugs are small molecule KI aiming to bind for the catalytic site of
protein kinases which are overexpressed or up-regulated in tumors, and block their
activity®” ., Among this class of therapeutics, Imatinib (Gleevec) has been first approved
by FDA in 2001 for the treatment of CML opening the development and approval of
another K1 and inhibitors of enzymatic and cell signalling pathways* . Among them,
the most famous are HER? targeting Lapatinib (Tykerb, 2007) and Neratinib (Nerlynx,
2017) for the treatment of BC, PARP targeting Olaparib (Lynparza, 2014) and
Talazoparib (Talzenna, 2018) for TNBC, Regorafenib (Stivarga, 2012) multiple KI used
in CRC, and Dasatinib (Sprycel, 2006), Nilotinib (Tasigna, 2007) and Ibrutinib
(Imbruvica, 2013) used for the treatment of leukemia.

Although KI and other small molecule inhibitors have often grouped as targeted
therapeutics, they show the same pharmacokinetic limitations as traditional
chemotherapeutics. Due to their ability to bind to multiple molecular targets including
cell surface receptors and other intracellular proteins, they do not efficiently accumulate
in the mass of solid tumors and therefore increase the risk of toxicity. Most of them have
a short life span and fast clearance from systemic circulation due to their low molecular

weight and the high lipophilicity thus requiring daily dosing treatments’?.

1.3.2 Monoclonal antibodies

The ability of mAbs to selectively detect and with high affinity bind to antigens of
interest displayed on pathogens and abnormal cells with excellent specificity, promoted
the development of mAbs targeting certain antigens which are overexpressed in tumors,
triggering cancer cell death through different cell killing mechanisms’? 7. The anti-tumor
mechanism can be direct by binding of mAbs for targeted proteins and receptors that may
be fundamental for the disease progression and displaying an antagonist activity, blocking
the dimerization, kinase activation and downstream signaling, thus inhibiting
proliferation and inducing apoptosis (Figure 6)’*. Another mechanisms are performed by
immune-mediated cell killing such as antibody-dependent cellular cytotoxicity (ADCC),
and complement dependent cytotoxicity (CDC) pathways’™.

The most famous mADbs used in the treatment of HER2+ BC are FDA approved
Trastuzumab (Herceptin, 1998) and Pertuzumab (Perjeta, 2012), which significantly
improved OS in patients”. Due to lack of classic BC targets in TNBC, immunotherapy

has shown promise with immune checkpoint inhibitors (ICI) such as Atezolizumab
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(Tecentrig, 2019) and Pembrolizumab (Keytruda, 2020), mAbs targeting protein
programmed cell death-ligand 1 (PD-L1)"® 7",
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Figure 6. Mechanism of action of mAb therapy. Adapted from S. Charmsaz et al. Exp Hematol.
2017 54:31-397,

mAbs approved for CRC which showed a big benefit to patients were blood vessel
formation targeting anti-VEGF agents Bevacizumab (Avastin, 2004) Ziv-aflibercept
(Zaltrap, 2012) and Ramucirumab (Cyramza, 2015)"*-8, as well as anti-EGFR mADbs like
Cetuximab (Erbitux, 2009) and Panitumumab (Vectibix, 2006)%2. Moreover, for the
treatment of CRC are also used ICIs such as PD-L1 inhibitors Pembrolizumab (Keytruda,
2017) and Nivolumab (Opdivo, 2017), and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) inhibitor Ipilimumab (Yervoy, 2018)%. For the treatment of ALL and CLL
different mAbs that target specific CD antigens are approved such as Blinatumomab
(Blincyto, 2014), Obinutuzumab (Gazyva, 2013), Ofatumumab (Arzerra, 2014) and
Alemtuzumab (Campath, 2001)3% 8,

Although a wide range of mAbs therapeutics are approved and hundreds of them are
in various pre-clinical or late stage clinical studies for cancer diseases, unfortunately, the
development of antibodies for the treatment of solid tumors is generally difficult, and

most of them often fail to cure patients when used as single agents, thus they are often
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combined with chemotherapeutic drugs®® ®. However, the outstanding binding
specificity of mAbs promote them to be considered as possible vehicles for selective
tumor targeted release of anti-cancer drugs, and this strategy is used in the development

of antibody-drug conjugates (ADC)%.

1.3.3 Targeted drug delivery systems

A growing approach in targeted cancer therapy represent a strategy for increasing
accumulation rate of the therapeutics into the tumor and overcoming the systemic
cytotoxicity called targeted drug delivery system (DDS)*. This approach is inspired by
the “magic-bullet” concept of Paul Ehrlich, awarded with the Nobel Prize in 1908 for his
work, who coined the term referring to a therapeutic agent that could specifically attack
the source responsible for disease without harming the rest of the host tissues®’. This
concept is applied to cancer therapy nowadays to propose the use of drug-delivery
vehicles such as mADbs, small ligands, peptides, nanoparticles, polymers and micelles
carrying powerful cytotoxic compounds after conjugation to them, and targeting a
specific antigen or receptor to selectively deliver and liberate the payload at the tumor
site without affecting the healthy tissue®: 8-,

The targeting by DDS can be mediated by two different mechanisms: passive or
active** °1, Passive targeting therapy represent group of molecules such as micelles,
liposomes, polymers, nanoparticles and macromolecules which have the ability to
passively accumulate into solid tumors, using so-called enhanced permeability and
retention effect (EPR) described as the main mechanism of action of these large molecules
which take advantage of poorly differentiated tumor vasculature that allows penetration
of molecules with larger sizes, and the absence of lymphatic drainage which decrease the
clearance of them® %, For example, different types of nanoparticles have been used to
encapsulate cytotoxic agents with the aim to force drug accumulation within the tumor,
following different mechanisms of action®. However, clinical success of nanomedicine
has been limited so far to liposome-encapsulated Dau (DaunoXome, 1995) for the
treatment of leukemia, and albumin-bound Paclitaxel (Abraxane, 2005) for the treatments
of BC, while liposomal Vincristine (Margibo, 2012) is approved for ALL®.

Active targeting by DDS, also called ligand-receptor-mediated drug delivery,
represent technologies which use ligands such as mAbs and small molecules as carriers

for anti-cancer drugs, have been investigated to improve current chemotherapy outcome,

20



DOI:10.14753/SE.2021.2555

pointing out the selective receptor-dependent delivery and release of anti-tumor drugs at
the tumor site preferentially via receptor-mediated endocytosis (Figure 7)88 9%,

Receptor-mediated
‘ Endocytosis

Binding of ligand \
to the tumor
associated
receptor

Early
Endosome
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Recycling
Endosome

Late ’
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Figure 7. Receptor-mediated internalization of drug delivery systems.

In this process after recognition and binding of the ligand to the antigen or receptor
on the cell surface, formed receptor-conjugate complex is internalized into the cancer cell,
where in compartments of endosomes and lysosomes is dissociated. A chemically stable
spacer which prevent the premature release of the payload in the blood circulation, is
cleaved through different modes of action, releasing the cytotoxic payload which reaches
its target leading to cell death, while the receptor is either degraded or recycled to the cell
surface!® 19, This goal has been pursued by improving the tumor accumulation of anti-
cancer drugs through their covalent conjugation to specific targeting ligands via a spacer
that allows good plasma stability and efficient drug release at the tumor site due to the
higher presence of certain enzymes or specific tumor physiological conditions, acidic pH
in lysosomes, or degradation by lysosomal enzymes which ensure that the drug gets to its

site of action®.
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ADCs and small molecule drug conjugates (SMDCs) represent two innovative classes
of new generation biopharmaceutical therapeutics, designed to selectively bring cytotoxic
agents to the tumor tissue as DDS®8. In particular, mAbs and small ligands which display
target specificity but limited anti-tumor activity are conjugated to cytotoxic agents, very
potent but with poor safety and pharmaceutical profiles. These types of therapeutics will
be described in the next sections.

1.3.3.1 Antibody-drug conjugates

The high specificity and affinity of mAbs for particular antigen, and the positive
results obtained from the combination of mAbs with chemotherapy led to the idea to
conjugate mAbs covalently via spacer and linker and to develop conjugated therapeutics
called ADCs>®, which should ideally deliver and liberate the drug at the tumor site after

mADb part selectively bind to its target expressed on tumor cells surface (Figure 8)10% 103,

mAb

Drug
Linker Linker

Spacer

Figure 8. General structure of an antibody-drug conjugate.

Most ADCs, containing intracellular cleavable spacers, are designed to kill cancer
cells in a target-dependent mechanism, which rely on the recognition and binding to the
cell antigen, forming ADC-antigen complex, which internalize via a receptor-mediated
endocytosis pathway explained above, and deliver the drug which reaches its target
leading to cell death® %1% Another efficient pharmacological approach could be non-
internalizing ADCs equipped with extracellular cleavable spacers which rely on
extracellular drug release mechanism where upon binding of the antibody to the desired
antigen, the drug is released in the tumor microenvironment under specific tumor acidic

pH or enzymes!®. Therefore, for the development of efficient ADCs, factors that should
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be considered are the choice of the target, the binding affinity and immunogenicity of the
antibody, the nature of the spacer and the potency of the cytotoxic drug®.

The first generation ADCs such as BR96 and K1S/4, carried traditional
chemotherapeutic drugs Doxorubicin (Dox) and Vinblastine, reached clinical trials, but
the low anti-tumor activity in metastatic BC and CRC as well as observed toxicity halted
their development%. The main reasons for their fail was the usage of a chimeric antibody
which resulted in a considerable immunogenic response, fast clearance from the body,
and not efficient release of the drug from the targeting vehicle, leading to their much less
potency than the free drug'®. These important aspects were improved in the next
generation of ADC with adopting humanized or fully human antibodies as targeting
devices?’. Also, use of more potent anti-cancer drugs, mentioned before, and optimizing
drug-to-antibody ratio (DAR) in the second and the third generation of ADCs leaded to
eight ADCs have been approved by the FDA for cancer therapy so far (Table 2)86: 108,109,

Table 2. Antibody-drug conjugates approved by FDA, the drug they carry, and their targets.

nB;?nned Name Drug Target Company Year | Therapy
gemtuzumab- . 2000
Mylotarg ozogamicin NAGC CD33 Pfizer/Wyeth 2017 AML
brentuximab Seattle Lymph
Adcetris - MMAE CD30 Genetics/Millennium/ | 2011
vedotin oma
Takeda
ado-trastuzumab
Kadcyla emtansine DM1 HER2 Roche/Genentech 2013 | BC
Besponsa | 'notuzumab NAGC CD22 Pfizer/Wyeth 2017 | ALL
0zogamicin
Enhertu fam-trastuzumab Deruxtecan HER? AstraZeneca/Daiichi 2019 | BC
deruxtecan Sankyo
Padcev Enfor_tumab MMAE Nectin-4 Astellfas/SeattIe 2019 Urotheli
vedotin Genetics al
Polivy Sgéztt‘frz]“mab MMAE CD79b | Genentech and Roche | 2019 | NHL
Trodelvy | S2cituzumab SN-38 Trop-2 | Immunomedics 2020 | TNBC
govitecan

Mylotarg was re-approved. NAGC: drug N-acetyl-gamma-calicheamicin, DNA damaging agent.
MMAE: Monomethyl auristatin E, microtubule polymerization blocking agent. DM1: emtansine,
thiol-containing maytansinoid, microtubule polymerization blocking agent. Deruxtecan: a
derivative of exatecan, topoisomerase | inhibitor. Nectin-4: cancer expressing cellular adhesion
molecule. NHL: nonHodgkin lymphoma. SN-38: an active metabolite of irinotecan, an analog of

camptothecin, topoisomerase | inhibitor. Trop-2: Tumor-associated calcium signal transducer 2.

23



DOI:10.14753/SE.2021.2555

Despite ADCs achieved a great success and represent the most promising DDSs, this
strategy present drawbacks such as high manufacturing costs, unfavorable
pharmacokinetics caused by low tissue penetration, low extravasation and low
accumulation rate, the heterogeneity of the antigen expression in the tumor, and possible
immune response which might cause some limitations for their use in the clinic!.
However, exploring and developing alternative targeting devices, which may be easier to
produce and which can reach tumor cells more efficiently, like SMDCs is gaining high

interest among the pharmaceutical industry in recent years®,

1.4 Small Molecule Drug Conjugates

With the aim to overcome the limitations associated with ADCs and to improve
accumulation of anti-cancer drugs in the tumor, it was developed the approach where
therapeutic agent is attached via covalent conjugation to specific ligand that with high
affinity and selectivity target tumor associated receptor'!!, Ligands or targeting moieties
in SMDC are represented by a low-molecular weight small molecules such as peptides,
hormones, vitamins, and peptidomimetics, used as vehicle for targeted drug delivery,
which should ideally accumulate in tumorous tissue avoiding healthy tissues and reducing
harm side-effects. This valuable characteristics of particularly peptide-drug SMDCs
emerged them as a promising alternative to antibodies as homing devices®® 112114 The
mechanism of drug release for SMDCs is same as for ADC through receptor-mediated
endocytosis®® ®. Also, by SMDCs it is possible “non-internalizing” tumor targeting as
with ADCs, using specific conditions of the tumor microenvironment for releasing of the
drug extracellularly, which then can act against tumor cells by passive diffusion® 15,

While ADCs represent well known approach, which has already reached the market,
increasing attention of researchers have been recently put into development of SMDCs
because of their advantages. Small size of SMDC allows them to display a better
pharmacokinetic properties such as high tissue permeability characterized by penetration
into solid tumors with greater efficiency, and fast extravasation characterized by rapid
excretion from circulation, in case of absence of good binding which lead to low
immunogenicity®® ®. One more important advantage of SMDCs as DDS, especially
peptide-drug conjugates is their structural simplicity and defined molecular structure that
can be easily purified and characterized allowing fast a hit-to-lead optimization. SMDCs
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can be easily developed in large scale by chemical synthesis, easily modified and
produced with reduced cost compared to ADC!7: 118,

Despite all the advantages of small molecules as targeting moieties compared to
antibodies, their clinical application has not been proven yet. Antibodies are more
selective and they can be generated against any possible antigen, while targeting with
SMDC is less selective and remains limited to a small number of targets®® 11°. The biggest
difference between ADCs and SMDC:s is their pharmacokinetics. While ADCs remain in
circulation up to one week, SMDCs peptides have short plasma half-life, shorter than one
day, and poor stability against proteases which results in their fast clearance through the
kidneys'?°. However, the fast pharmacokinetic profile of SMDCs allows more frequent
dosing and higher payload concentration in the tumor tissue and reduce the side-effects
to other organs*?*. Moreover, the progress in the field has minimized the limitations using
different methods such as cyclization, N-methylation or sequence modifications with
unnatural amino acids like introduction of D-amino acids?.

Typical structure of SMDCs (Figure 9) consist in the connection of four core
components: ligand - small targeting moiety connected with cytotoxic agent, via spacer

and linker®,

Ligand Drug

Spacer Linker

Figure 9. General structure of a small molecule drug conjugate.

Spacer is a longer chemical entity which connects the targeting ligand and the drug
while keeping them at a distance, aiming to keep the integrity of the SMDC until the
payload is delivered at its target in the tumor, achieving the selective drug release in the
extracellular tumor environment, or intracellularly by receptor-mediated endocytosis.

A linker provides the functional groups to form a chemical bond for coupling, linking
together the targeting ligand and the drug. It can also functionalize the spacer moiety
between the ligand and the drug, and thus modify conjugate’s physicochemical properties

such as improving of solubility, or pharmacokinetic properties of drug release!??.
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Often simple short linkers are also able to achieve the goal of selective drug release
in the tumor environment. Several parameters, such as type of connection bond on the
targeting ligand, polarity, hydrophobicity and drug release mechanisms, are of high
relevance for optimization of the SMDCs and may contribute to the SMDC performance
and modulate the safety and efficacy of it, because the nature of the spacer shows direct
influence on the stability, efficacy and pharmacokinetic profile of the SMDC construct.

According to the physiological features of the targeted receptors, a variety of chemical
structures with different chemical bond lability have been used as linkers or spacers to
promote drug release with different mechanism from SMDCs under different conditions
at the tumor site®l. Reductively (metal complexes and disulfide bonds)% 124,
hydrolytically (esters and hydrazones)®, and enzymatically (peptides)*?® 1?6 cleavable
linkers and spacers are completely stable at physiological conditions in circulation, but
cleaved as a result of the highly reducing or acidic environment of the cancer intracellular
compartments such as lysosomes and endosomes, or in the presence of certain enzymes
inside cancer cells and within the tumor stroma®. To another group belong uncleavable
linkers (triazoles, carbamates, and amides) which are in SMDCs generally stable both in
circulation and inside the cell, and due to this properties have no significant anti-cancer
activities, and they can be exploited for diagnostic imaging purposes by conjugation a
fluorophore to the targeting ligand?’.

The most important prerequisite for a certain peptide to become a receptor-mediated
carrier and its design are choice of the target receptor, which must be sufficiently
overexpressed on the surface of tumor cells compared to healthy cells to avoid off-target
cytotoxicity, and frequently recycled or resynthesized and ready for binding of SMDC®.
Furthermore, high binding affinity and high specificity of ligand for the target are of high
relevance, which allow better access to the targeted receptor and avoid other members of
the receptor family, increasing the tumor:blood and tumor:organ accumulation ratio of
the drug, and minimizing the fast clearance often associated to the use of small
molecules®. Another important characteristics are efficient internalization of the ligand
and its efficient synthesis and optimization through structure-activity relationship (SAR)
studies to identify the sites where modification will not interfere with receptor binding®.

Taking into account all this, the most used ligands are the natural-occurring ones, such

as vitamins or hormones, whose receptors are often overexpressed by fast-growing
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tumors. However, new technologies for hit identification such as high-throughput
screening, phage display and DNA-encoded chemical libraries are increasingly exploited
to discover new ligands for SMDC applications®?.

For SMDCs development, a variety of antigens have been investigated as targeted
receptors and their targeted ligands have been synthesized, where the most common
examples of targeted receptors-ligands are: integrin — RGD (arginine-glycine-aspartic
acid peptides), CD13 receptor (aminopeptidase N) — NGR (asparagine-glycine-arginine)
peptides, folate receptor — folate acid analogs.

In past decades specific hormone receptors are considered suitable targets for anti-
cancer therapy, due to their high expression in different cancer cells*?® 12, Therefore a
wide range of agents have been developed and used to influence the endocrine system in
hormone-dependent tumors and among them are the most famous are Somatostatin (SST)
ligands such as Octreotide (Sandostatin, octapeptide) and Seglitide, and others like
Lanreotide (Somatuline), Vapreotide, and Pasireotide which target Somatostatin
receptors (SSTRs)*3°, and GnRH ligands which will be described in further paragraphs.

1.4.1 Gonadotropin-releasing hormone-receptor targeting

GnRH-R belongs to group of G protein coupled receptors (GPCRs) with seven-
transmembrane domain and normally they are expressed on anterior part of pituitary
gland (Figure 10)*3,

Extracellular

Intracellular

Figure 10. Two-dimensional representation of the human GnRH-R. Adapted from RP Millar et
al. Endocr Rev. 2004 25(2): 235-275.
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For GnRH-R binds gonadotropin-releasing hormone (GnRH), known also as GnRH-
| or luteinizing hormone releasing hormone (LHRH), which is synthesized in
hypothalamic neurons and released in bloodstream by pulsatile fashion (Figure 11),
triggering the production and secretion of gonadotropic hormones such as luteinizing

hormone (LH) and follicle stimulating hormone (FSH)%,

Hypothalamus

GnRH l (-)
GnRHR
Pituitary (-)
FSH l LH

Gonadal
peptides Gonad

Sex Steroids

Gametogenesis l EsEak
Secondary Sex Characteristics

Figure 11. Physiological role of GnRH. The hypothalamic—pituitary—gonadal axis. E, estrogen;

P, progesterone; T, testosterone. Adapted from GS Harrison et al. Endocr Relat Cancer. 2004

11(4):725-48%,

Gonadotropins regulate gametogenesis and the production of androgen and estrogen,
the sex steroids having important role in vertebrate reproduction'®*. GnRH-1 is hormonal
decapeptide  (Glp-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,,  where  Glp s
pyroglutamic acid) discovered by Andrew V. Schally and colleagues in 197+,

Due to the fact that GnRH-R are not only present in pituitary gland, but also highly
expressed on the cell surface of many different reproductive system related tumors such
as BC, ovarian, endometrial and prostate cancer!® % 137 but also in non-reproductive
cancers like melanoma, glioblastoma and CRC?" 138139 "while their presence on healthy
tissues is limited? 140, these receptor can serve as target for targeted anti-tumor therapy.
Thus, a wide range of GnRH-1 agonists and antagonists with different modification of the
primary structure were developed and their in vitro/in vivo anti-tumor effect as well as

good tolerance were demonstrated in hormone-dependent and independent tumors!4:14,
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Anti-proliferative effect of GnRH-I derivatives can be exerted by an indirect way in
reproductive system related tumors, where upon their binding for GnRH-R expressed on
pituitary gland, cause the interrupting of signaling and suppression of gonadotropin and
sex steroids secretion, which on indirect way suppress the development of hormone-
dependent tumor!“®. GnRH analogs also affect on tumors by direct way, where their
binding for GnRH-R expressed on the reproductive system related and also unrelated
tumors, cause direct anti-tumor activity, while a reversible blockage of the pituitary
GnRH-Rs occurs'®%2 |t was clearly shown, that the GnRH-R signal transduction
mechanism activated by GnRH analogs in gonadotrophic cells of the pituitary, is different
from that found in human malignant tumors, where anti-tumor effect is mediated by
different pathway which prevents mitogenic signal transduction and reduces the
expression of growth factor receptors4® 147: 153-155 Thjs difference can be explained with
presence of GnRH-I natural isoforms which are able to bind GnRH-Rs on cancer cells,
and therefore activate distinct signaling complexes and inducing different effects>¢1%°,

One of GnRH isoforms, GnRH-II, was identified in chicken brain, but its expression
was detected ubiquitously in all vertebrates including human'. Previously it has been
shown that GnRH-I1 has an improved anti-tumor effect compared to GnRH-I, while its
ability to induce the gonadotropin secretion pathway is less effective'®’. Although GnRH
receptor type Il (GnRH-1IR) is not present in human, its MRNA expression could be
identified in human tumor cells**°. However functional full length protein could not be
determined®>* 61, These data shows that GnRH-IR mediates the biological activity of
GnRH-I, GnRH-I1 and their derivatives®’ 159 160,

In addition to human GnRH-I, its natural isoform GnRH-III (Glp-His-Trp-Ser-His-
Asp-Trp-Lys-Pro-Gly-NH2) was identified and isolated from sea lamprey (Petromyzon
marinus), and characterized by Sower and colleagues, has gained in importance and it
was intensively studied within the past years®2. It has been shown that GnRH-III
specifically binds to GnRH-Rs on cancer cells with higher affinity than GnRH-1, causing
a direct anti-proliferative activity on many tumor types enabling its application as
targeting moieties for anti-cancer drugs*®, while its endocrine activity is strongly reduced
compared to GnRH-I, both in vitro and in vivo4% 163-165,

Various SAR studies have been performed in order to increase the anti-cancer potency

of GNRH-1111%5-18 From these studies it was observed that the most significant difference
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between GnRH-1 and GnRH-III is their conformation, where GnRH-I has U-shape
conformation, while GnRH-1II has extended backbone structure!®’”: 188 Also, it was
showed that the positive impact on the tumor inhibitory effect could have amino acid
substitutions in the peptide sequence'®® %7, Therefore, GnRH-I11 and its derivatives can
be considered as selective and efficacious targeting moieties which specifically bind to
GnRH-Rs on cancer cells, but possess a much lower endocrine effects than GnRH-1 and
its analogs, and thus represent a promising approach especially for the treatment of
hormone-independent tumors like CRC®°. Because of that, different GnRH-1lI-based
peptide carriers were developed and used as targeting moiety to deliver anti-cancer agents
like Dau selectively to GnRH-R expressing cancer cells’%-172,

It has been demonstrated that GnRH targeting ligand internalize into the cell via
receptor-mediated endocytosis by mechanism explained before. Internalization and
recycling of the receptor is very fast, and already after 15 minutes, the ligand-receptor
complex is transferred to the lysosomes, while after 30 minutes recycling is completed?’,
Also, apart from pituitary cells, reproductive organs and tumors, most of other tissues and
hematopoietic stem cells do not express the GnRH-R, which makes it suitable target'’,

Thus, the development of the cytotoxic GnRH-1 compounds started 40 years ago by
Schally’s group, and various GnRH DDSs have been synthesized!’>1"". Series of
conjugates where various drugs such as Cisplatin, Melphalan, Methotrexate (Mtx) and
Dox were inserted in position 6, either directly in the peptide sequence or conjugated to
the side chain of Lysine (Lys), lead to development of zoptarelin-Dox (Zoptrex, AEZS-
108, working name AN-152) reaching clinical trials'’®. It has been shown that Dox
coupled GnRH analog, selectively accumulate in the nucleus of human GnRH-R positive
BC cancer cell lines, while no intracellular AEZS-108 could be found in tumor cell lines
which do not have membrane GnRH receptors’®. The findings that this conjugate was
more effective than Dox in inhibition growth of GnRH-R positive TNBC and CRC
tumors, in vitro and in vivo, and less toxic'®18 inspired clinical trials of it!8,
Unfortunately, although AEZS-108 reached phase clinical phase 111 studies proving to be
effective and with low toxicity in patients with TNBC, it did not improve OS and
progression free survival (PFS), or adverse events compared to Dox, and due to this it

could not achieve its primary endpoint®,
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Parallel with the development of AEZS-108, another GnRH-1 drug conjugates have
been studied with the aim to generate compounds with higher potency® 187, AEZS-108
modified analogs with more potent chemotherapeutics such as AN-207 coupled with 2-
pyrrolino-Dox (pyDox) and AEZS-125 conjugated with Disorazol Z, which demonstrated
500-1000-times higher activity than Dox in vitro in TNBC MDA-MB-231 cells, and
increased anti-cancer activity without enhancing organ toxicity, were not further
investigated in clinical trials?® 129 136177, 188, 189,

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. Taking into account that the side chain of
Lys in position 8 (8Lys) could be modified by conjugation without revealing the reduction
of the receptor binding affinity and the anti-proliferative activity of GnRH-III, this Lys
residue provides a valuable ligation site for cytotoxic payloads!®® 166190191 Thjg property
of GnRH-I11 targeting ligand was used to couple a non-degradable poly-vinylpyrrolidone-
co-maleic acid (P-VP-co-MA) moiety making the conjugate which showed a higher anti-
proliferative activity on human ER positive BC and TNBC than the unconjugated GnRH-
I11, whereby also its in vivo anti-tumor activity on TNBC MDA-MB-231 xenograft in
nude mice was improved®®t 192,

In past years, Mez6 and colleagues developed and synthesized a various of GnRH-111-
based DDSs, with a wide range of modifications on the primary GnRH-I11 sequence and
different linkage systems using the 8Lys as ligation site for the drug, in order to increase
the anti-tumor activity of the conjugates by eliciting a favorable influence on the GnRH-
R binding affinity, stability, cellular uptake rates and drug releasing properties'®-1%,

Firstly, it was shown that even linkage systems such as ester or hydrazone bonds, used
to couple Dox and Dau to the GnRH-III carrier, had a significantly higher anti-tumor
activity in vitro on human BC and murine CRC compared to amide bond*"* 1%, additional
studies revealed that the relatively short half-life of the ester bond and pH sensitivity of
hydrazone bond under physiological conditions might cause a partial release of the drug
before it can reach the tumor tissue and enter tumor cells, limiting the efficacy of the

conjugates and cause toxic side-effects!®,
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Considering that structural properties of Dau don’t allow it to be conjugated to the
targeting moiety by ester bond like Dox, but allow the formation of the oxime bond,
GnRH-I1I conjugates where Dox or Dau were linked to the targeting moiety by oxime
bond were developed and displayed a substantial in vitro cytostatic effect!’®. These
studies revealed that oxime linked Dau conjugates showed a slightly improved anti-tumor
effect over the oxime linked Dox conjugates on BC and CRC cells indicating the
advantage of Dau for this ligation system. Additionally, it was shown that the oxime bond
is more stable under physiological conditions allowing the release of an active metabolite
in lysosomes, thus representing an attractive linkage system, even if the lack of free drug
release might limit the potency of these DDS70 193,

Furthermore, different strategies have been employed in order to improve the anti-
cancer activity of the highly stabile oxime bond linked GnRH-I11-Dau conjugates where
Dau linked to the side chain of the s-NH2 group of 8Lys by incorporation of an
aminooxyacetyl (Aoa) moiety, demonstrated higher anti-tumor activity on MCF-7 human
BC and HT-29 human CRC cells, than GFLG tetrapeptide spacer insertion in the structure
of oxime bond, which should be cleved by enzyme Cathepsin B overexpressed in tumor
cellst®" 1% 1mportantly, in these studies was shown that the release of the free drug is not
required for the anti-tumor activity of the conjugate since the amino acid-Dau metabolite
is also able to intercalate with the DNA with sufficient efficiency!’. Also, it was obtained
similar anti-tumor efficacy of these conjugates in vivo on CRC-bearing mice!®. Thus the
attention was turned to modifications of the targeting sequence.

One of approach was the replacement of serine (Ser) in position 4 (*Ser) by “Lys in
GnRH-111 sequence followed by acetylation (Ac) of “Lys which provides a more suitable
structure for receptor binding, enhanced stability towards proteases, improved cellular
uptake and increased in vitro anti-tumor activity on human BC and CRC cells, and this
effect was further verified by in vivo studies on murine CRC-bearing mice®® 1, Further
studies pointed out that the Ac of “Lys with short-chain fatty acids lead to an additional
improvement of the biological activity of the GnRH-Dau conjugates, where the
butyrylated (Bu) derivative GnRH-11I-[*Lys(Bu),tLys(Dau=Aoa)], (compound 1)
(Figure 12) displayed not only increased cellular uptake and in vitro anti-tumor activity
on human CRC and BC cells, but also in vivo an increased anti-tumor activity compared

to its “Lys(Ac) counterpart on human CRC-bearing mice!®4 200,
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Glp-X-Lys(Bu)-His-Asp-Trp-Lys-Pro-Gly-NH,

o)

(1) X=His-Trp

(2) X=D-Tic

Figure 12. Structure of GnRH-I11-Dau conjugates 1 and 2.

One more benefit of “Ser to *Lys exchanging was the possibility for the development
of multifunctional dual drug GnRH-III conjugates, but although developed di-Dau
conjugates showed very encouraging anti-tumor activity, the mono-Dau conjugates
represent the most promising candidates for GnRH-I1I-based targeted tumor therapy,
since they possesses a comparable cytostatic effect and provides a better ratio between
drug-content and achieved anti-cancer activity!94 201202,

Further modifications through various amino acid substitutions selected conjugate
GnRH-I11-[2AHis,*D-Tic,*Lys(Bu),2Lys(Dau=Aoa)] (compound 2) (Figure 12), where
His was deleted and *Trp was exchanged by the unnatural amino acid D-Tic (D-1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid), as the best candidate displaying an improved
inhibitory effect on the growth of CRC and BC cell lines in vitro, as well as an improved
cellular uptake and an accelerated delivery of the drug to its site of action?®, In addition,
it could be shown that compound 2 is highly stable in human plasma, while the high
binding affinity to GnRH-Rs on cancer tissue and the release of the active drug metabolite
in lysosomes were not affected.

For my doctoral thesis work, the in vitro anti-proliferative activity of 1 and 2 was
investigated on 23 different cancer cell lines and human lung fibroblast. Based on these
results, distinct cell lines were selected for cellular uptake studies of the compounds and
for determination of the GnRH-R expression level, whereby not only the mRNA level,
but also the absolute, as well as the cell surface receptor level was analyzed. Next to the
in vitro analysis, the in vivo anti-tumor and anti-metastatic activity of 1 and 2 was
investigated in orthotopic BC and CRC bearing mice to ensure the high potency of new
GnRH-I11 based DDSs.
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1.4.2 Heptapeptide selected by phage display as homing device for targeting CRC

The concept of selective drug targeting for cancer is based on the specificity towards
cancer cells provided by the high expression of certain cell surface receptors or
components on tumors, while sparing toxicity to off-target cells and avoiding multi-drug
resistance (MDR) which are the major obstacles in cancer chemotherapy®® 2%, As
mentioned before the two main groups of targeting moieties are antibodies and small
homing molecules such as peptides!® 12°, In the last decades, many developments have
been done in the field of peptide based SMDCs, particularly for cancer therapy*4.
Peptides having high binding affinities to tumor selective overexpressed receptors in
cancer cells are useful because of their simple structure, low immunogenicity and easy,
cost-effective chemical synthesis compared to ADCs. Nevertheless, the number of
receptors in cancer cells is limited, and therefore, the elevation of the drug conjugate
concentration alone might not enhance the anti-tumor effect.

To overcome this drawback, the search of new tumor homing peptides which could
provide increased biological activity is a hot topic in targeted cancer therapy?®. One of
the approach often used to explore new peptide ligands is a technique called the phage
display which represents a powerful tool to identify tumor specific peptides which can be
used efficiently as DDS in anti-cancer drug targeting®®® 27, Wide range cancer targeting
peptides were selected by phage display panning whole cells, by ex vivo and in vivo
panning on various cancers such as BC, CRC and leukemia?®®-2'°, The most famous
example was identification of the tripeptide motif RGD which was able to recognize
specific integrins present at the surface of cancer cells?'!,

Several peptide drugs, developed using phage display, have been approved for use in
the clinic or are in clinical trials?®. The most promising in oncology field is Trebananib
(AMG386) discovered in 2004, angiopoietin antagonist peptide that selectively inhibits
the interaction of Ang-1 and Ang-2 with Tie2, which in preclinical experiments inhibited
tumor endothelial cell proliferation and tumor growth?'?. Wide range of clinical trials with
combinations of another therapeutics in BC?*® and CRC?'* did not lead to approvement
of this therapeutic for clinical use.

CRC targeting peptides have been found using in vitro phage panning on CRC cells
were CPIEDRPMC on HT29 cells?®, HEWSYLAPYPWF on WiDr cells?,
DWSSWVYRDPQT on COLO320HSR cells?)’, CQARGDLGKIRC on T84%8
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CPKSNNGVC on RKO cells?®, by ex vivo panning on human colonic tissue were
selected SPTKSNS??° and VRPMPLQ?!, while QPIHPNNM??? and CTPSPFSHC??3
peptides were identified by in vivo phage panning.

Zhang and his co-workers selected HT-29 human CRC specific heptapeptides by
phage display technology in the in vitro panning experiment??4, After three rounds of
panning using colon cancer cell lines and two rounds of subtractive screening, the
heptapeptide VHLGYAT was found as the most selective peptide to HT-29 CRC cell
line, while it is not able to recognize it in normal intestinal epithelial cells. It has been
demonstrated by the results of specific binding assays, that the targeting of this
heptapeptide may have the potential for the diagnosis and anti-cancer therapy of CRC,
although the receptor recognized by this peptide was not identified??*.

In the study of Malhotra and colleagues from 2013, this CRC targeting heptapeptide
was conjugated to the nanoparticle carrying small interfering RNA (siRNA) which target
Ser/threonine-protein kinase PLK1, a key regulator of mitosis in mammalian cells??,
Silencing of the targeted PLK1 mRNA and protein in human colon tumor xenograft
model with the heptapeptide coupled nanoparticles was approximately 50% of that in the
control siRNA group. Although silencing differences between the targeted and untargeted
nanoparticles groups were not compared, accumulation in the colon tumor was modestly
greater for about 20% with targeted nanoparticles compared to untargeted nanoparticles.

Encouraged with these results, Mez6 and co-workers developed conjugates with
heptapeptide targeting moiety that can be used for targeted therapy in CRC. For this
purpose, the VHLGYAT heptapeptide, selected for HT-29 cells??4, was chosen as homing
device which was coupled with Dau as cytotoxic agent leading to conjugate 3 (Figure
13). Ala scan and positional scan procedures were used to find more active conjugate 4
(Figure 13), with modified parent sequence in position 4, where Gly is exchanged for
Phe (G/F). Stability of the conjugates under circumstances that will be used for in vitro
and in vivo experiments, and in lysosomal homogenate revealed that the most potent and
stable strategy would be to couple Dau for heptapeptide targeting moiety via oxime bond
using LRRY spacer. In my doctoral study the anti-tumor activity of conjugate 3 with the
parent homing peptide, and conjugate 4 (G/F) was investigated on 22 cancer cell lines of

different origin and one normal in vitro, and in vivo on HT-29 human CRC bearing mice.
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0]

Hk Leu-Arg-Arg-Tyr-Val-His-Leu- X -Tyr-Arg-Thr-NH,

(3) X = Gly
cH, (4) X = Phe

H4C K

NH,

Figure 13. Structure of heptapeptide-Dau conjugates 3 and 4.

1.4.3 Cell penetrating peptides

For survival and normal physiological function, cells are requiring biological
membrane which works as natural permeable barrier??®. However, presence of biological
membrane could be a major obstacle for the efficient intracellular delivery of therapeutic
agents. Therefore, the drug have to be or highly lipophilic or very small in order to
transport through biomembranes, which is often not a case??’.

Hence, in recent decades, studies have been focused on the development of alternative
DDSs such as liposomes and nanoparticles that enhance cell internalization®?®. More
attention has been taken by using peptides as novel carriers for intracellular cargo delivery
introducing the cell penetrating peptides (CPPs), mainly positively charged short peptide
sequence with 5-30 amino acids and with low cytotoxicity that can penetrate through the
cell membrane, and deliver a wide range of cargos into cells without destroying
membrane integrity?2-2%,

Classification of CPPs can be based on the origin of peptides which could be from the
natural source protein such as transactivating transcriptional activator (TAT) and
Penetratin which were first CPPs derived from a transactivating regulatory protein in
human immunodeficiency virus (HIV)?**, and Drosophila antennapedia homeodomain?®,
respectively. Among others natural CPPs very famous are VP22 from virus Herpes
simplex, and pVEC a peptide of 18 amino acids derived from the cadherin of murine
vascular endothelium?3®. Group of chimeric CPPs are composed of two or more motifs
from dissimilar peptides such as Transportan®%. Studies of the structure modifications in

the frame of the function revealed that the amino acid arginine plays a fundamental role
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in the uptake, and due to this various synthetic CPPs have been also developed, whereby
oligopeptides R8/9 consisting in poly-arginine sequences display optimal length for
efficient internalization. Based on these observations octaarginine was used frequently to
transport different molecular cargos into cells?'-2%,

Based on the physicochemical properties CPPs are categorized into three classes?*:
Cationic CPPs such as poly-arginine with positively charged residues. Amphipathic CPPs
such as Transportan, have both hydrophilic and lipophilic sequences because of Lys
residues in their structures. CPPs like Pept 1/2 contain only hydrophobic motif with non-
polar sequences and belong to hydrophobic group?*.

There are three internalization pathways of CPPs into the cell which depend of the
peptide sequence, the type of cargo molecule, and lipid components of the cell
membrane?? 243, The first one is an energy-independent pathway via direct penetration,
which involves destabilization and disruption of the cellular membrane accompanied by
folding of the CPP and its translocation into the cell. Contrary to the first one, endocytosis
pathway, including cellular digestion and receptor-mediated endocytosis, is energy-
dependent approach of CPP transduction?*. In the third uptake pathway, the electrostatic
interaction of CPP positive residues, especially arginine, and the negative phospholipid
layers within cellular membrane could cause the disruption of the lipid bilayer, followed
with the formation of inverted transitory structure called micelle, which is responsible for
the translocation of the CPP?41,

The favorable ability of CPPs to transport across cellular membrane, making them as
a promising candidate for intracellular delivery without cellular injury?? 245, Thus, CPPs
are employed as an appropriate carriers for delivery of various cargos including nucleic
acid, proteins, plasmid, nanoparticles, siRNA and therapeutic agents, increasing their
uptake in tumor cells as well as improving the treatment efficacy?3% 246. 247,

The success of CPPs comes not only from their high transduction efficiency, but also
from their versatility. Although they are simple to synthesize, to modify, and to improve,
up to date there are still no FDA approved CPP-conjugated drugs, while several clinical
trials have been discontinued®*®. A major challenge for the clinical trials of CPPs are their
weak in vivo stability, due to proteolytic degradation, presence of immunogenicity and

lack of cell specificity®*°.
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In order to overcome these disadvantages®° and develop highly efficient CPPs for
anti-tumor treatment, wide range of methods and strategies have been employed to
optimize them??. In the fact that conventional cancer chemotherapies lack of satisfactory
specificity towards tumor cells CPPs or another targeting moieties are used to be
conjugated to chemotherapeutic agents in order to enhance their treatment efficacy?>2.

Tumor-homing CPPs is an approach combining CPPs with homing peptides targeting
certain receptors overexpressed on the surface of cancer cells®3. Zhou et al. found a novel
CPP called MT23 with B16 mouse melanoma cell specificity, which can significantly
inhibit tumor growth and induce the cell apoptosis in B16 tumor-bearing mice®.
Combination of the power of a CPP with an integrin-targeting unit provided enhanced
cellular uptake and, as well as cytotoxicity in avf3 integrin receptor expressing cells?*®.
Moreover, CPP-antibody conjugates where the antibody specifically binds to antigens
overexpressed in the cancer cells, followed by releasing of CPP which internalizes into
tumor cells were validated in CRC in vivo model®®.

Activatable CPPs are systems in which the CPP’s cell-penetrating function is masked
with cleavable spacer, which proteolysis occurs once the CPP is in the tumor tissue under
different acidity of microenvironment compared to the normal tissue. Various acid-labile
spacers were used to enhance the cell-penetrating ability of the CPP, when after reaching
tumors deliver the drug and exhibit significant tumor growth inhibition in vivo®’. Passive
targeting by so called ,,smart” DDSs with intracellular specificity to a phenomenon
common to the majority of cancer cells such as hypoxia or presence of glutathione
compared to normal cells, demonstrated an enhance anti-tumor effect of the conjugate
towards cancer cells compared to the drug alone, with a limited toxicity?>® 2,

In the past few years, a plenty of studies suggested that linking chemotherapeutic
agents to CPPs could be therapeutically valuable, increasing their efficiency by promoting
intracellular delivery, while reducing their undesired side-effects?®® 261, For instance,
oligoarginines as CPPs can transport covalently attached compounds into different kind
of cells and enhance the efficiency of those compounds as showed in Szabo et al. study
where Mtx covalently attached to the N-terminal of CPPs (R8) via peptide bond more
efficiently enter BC cells, especially Mtx-resistant cells®®2, Moreover, polyarginine CPPs

was used previously also to deliver anti-tumor drugs such as Dau, Vinblasting?%3 264,
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As mentioned before Vinca alkaloids were first isolated from the leaves of
Catharanthus roseus. The major alkaloid in this plant is Vindoline?®®. Some of the minor
alkaloids of this plant, such as Vincristine and Vinblastine, have been widely used as anti-
tumor drugs for a long time. These bisindole alkaloids, which contain a rearranged
Catharanthine and Vindoline moiety, disturb the dynamics of microtubular system
causing microtubule instability?®®. Vindoline, the most complex part of bisindole
alkaloids, is considered as their bio- and synthetic- precursor. Unfortunately, early studies
showed that Vindoline does not exhibit any anti-tumor activity, but it might be
functioning as the anchor in the binding of bisindole alkaloids to tubulin®®’. Because small
structural changes may cause drastic differences in the anti-tumor efficacies, potencies
and side-effects, there is large effort to modify the structure of Vinca-alkaloids to obtain
efficient drug candidates.

One of the first such attempts was the synthesis of 17-desacetylvinblastine derivatives
by the replacement of the methyl ester group (OMe), at position C-16 in the Vindoline
part, with an amide group (Vindesine)®® and then to modifying this group by

incorporating different alkyl groups or amino acids?®°

. Among the amino acid derivatives,
the presence of hydrophobic amino acid such as Leu, lle, Val, or Trp exhibited
pronounced activity. The Trp-OEt (ethyl ester) derivative was found to be very active on
P388 and L1210 leukemia cells implanted intravenously in DBA/2 mice?’°. For further
improvement, by modification of the Vindoline ring system a new set of compounds were
prepared?’ and attached to L- or D-Trp-OMe isomers?’2, These conjugates showed higher
in vitro cytostatic activity on HL-60 human leukemia cells, while the unmodified
Vindoline was inefficient even at 100 uM concentration. However, the L- and D-Trp
containing Vindoline derivatives showed lower activity as compared with Vinblastine.
Previously, Bandczi and colleagues developed and studied the L-Trp modified
derivatives of 17-desacetylvinblastine with essentially the same activity on human
leukemia cells (HL-60) as that of Vinblastine, a drug used in cancer treatment®®*, It was
shown that conjugation with octaarginine preserved the activity of the free isomers on
both sensitive (HL-60) and drug-resistant leukemia cells (HL-60-MRP1 and HL-60-
MDR1). Based on the biological data obtained with Trp derivatives of Vinblastine?*, and
the fact that conjugated Vindoline showed higher in vitro cytostatic activity?’?, have been

developed Br-Vindoline L- and D-Trp isomer methyl ester derivatives and conjugates
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with oligoarginine as CPP in order to induce anti-tumor effect of Vindoline (Figure 14).
The conjugates were prepared by solution phase conjugation and they had higher in vitro
cytostatic effect than that of free Vindoline derivatives. In addition, the in vivo anti-tumor
effect of conjugates was studied in two mouse tumor models of P388 mouse leukemia
and C26 murine colon. The results show that the modification of Vindoline and its

conjugation with CPP may result in an efficient conjugate.

C N X = I-Trp
LI L™ x-pm
N OH

CHj o/ nH-X - (Arg)s - NH,

Figure 14. Structure of Br-Vind-L/D-Trp-Args cell penetrating peptide conjugates 5 and 6.
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2 OBJECTIVES

2.1 GnRH-II1-Dau conjugates

Due to the promising findings that newly synthesized conjugate 2 (GnRH-III-
[°AHis,’D-Tic,*Lys(Bu),2Lys(Dau=A0a)]) is highly stable in human plasma, while the
high binding affinity to GnRH-Rs on cancer cells and the release of the active drug
metabolite in lysosomes are not compromised, accelerating delivery of the drug to its site
of action, the aim of the present study was to gain information about the anti-tumor
potential of this GnRH-III based DDS for targeted tumor therapy. Therefore, in the
research for my doctoral thesis detailed in vitro and in vivo studies of the inhibitory effect
on the cancer growth have been performed in direct comparison to the previous lead
compound 1 (GnRH-11I-[*Lys(Bu),tLys(Dau=A0a)]):

e Investigate the in vitro anti-proliferative activity of GnRH-Il1-Dau conjugates 1
and 2 on 23 different cancer cell lines and human lung fibroblast, and determine
their relative potencies compared to anti-proliferative activity of free Dau.

e Evaluate the cellular uptake of 1 and 2 on particular cancer and normal cell lines.

e Determine mRNA, protein and the cell surface GnRH-R expression level on
particular cancer and normal cell lines.

¢ Evaluate toxicity of GnRH-111-Dau conjugates 1 and 2 in acute and chronic in vivo
toxicity studies.

¢ Investigate the in vivo anti-tumor, anti-proliferative and anti-metastatic activity of
1 and 2 in orthotopic 4T1 murine BC and MDA-MB-231 human BC, as well as
in HT-29 human CRC bearing mice, and assess conjugates toxic effect.

2.2 Homing heptapeptide-Dau conjugates

Homing heptapeptide (VHLGYAT), selected that specifically binds for HT-29 CRC
cells, was chosen as targeting moiety for which was coupled Dau as cytotoxic agent, via
oxime bond using LRRY spacer, leading to conjugate 3 (Dau=Aoa-LRRY-VHLGYAT-
NH:) with parent homing peptide. Ala scan and positional scan procedures used to find
more active conjugate revealed that conjugate 4 (Dau=Aoa-LRRY-VHLFYAT-NH>),
with modified parent sequence in position 4, where Gly is exchanged for Phe (G/F) is the
most stable under circumstances that will be used for in vitro and in vivo experiments,

and in lysosomal homogenate. In my doctoral thesis study it was investigated:
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e The invitro anti-proliferative activity of conjugates 3 and 4 on 22 different origin
cancer cell lines and one normal, and determination of their relative potencies
compared to anti-proliferative activity of free Dau.

¢ Investigate the in vivo anti-tumor and anti-proliferative activity of 3 and 4 in

orthotopic HT-29 human CRC bearing mice, and evaluate conjugates toxic effect.

2.3 Vindoline CPP conjugates

Based on the previous biological findings where it was found that Trp derivatives of
Vinblastine have anti-tumor activity, and the fact that conjugated Vindoline showed
higher in vitro anti-tumor effect compared to free one, in the study for my doctoral thesis
newly developed Br-Vindoline L- and D-Trp isomer methyl ester derivatives as well as
Br-Vind-L-Trp-Args (5) and Br-Vind-D-Trp-Args (6) conjugates with oligoarginine as
CPP in order to induce anti-tumor effect of the Vindoline, were investigated:

e Determine in vitro anti-proliferative activity of Vindoline derivatives and
CPP-conjugates, as well as free Vindoline on P388 mouse leukemia and C26
mouse colon cancer cell lines.

e Investigate the in vivo anti-tumor effect of conjugates 5 and 6 on two
subcutaneous mouse tumor models of P388 mouse leukemia and C26 mouse

colon.

42



DOI:10.14753/SE.2021.2555

3 MATERIALS AND METHODS
3.1 Compounds for testing

3.1.1 GnRH-III-Dau peptide drug conjugates and Dau

The GnRH-I11-Dau conjugates 1 and 2 were prepared with a combination of solid
phase peptide synthesis of the peptide carrier and oxime bond formation in solution by
Dr Sabine Schuster (Prof Dr Gébor Mezd, Department of Organic Chemistry, MTA-
ELTE Research Group of Peptide Chemistry, E6tvos Lorand University, Faculty of
Science, Budapest, Hungary). The compounds were purified by reversed phase high-
pressure liquid chromatography (RP-HPLC) using linear gradient elution with eluent A
(0.1% trifluoroacetic acid (TFA)/water) and eluent B (0.1% TFA/acetonitrile (ACN)-
water 80:20, v/v). The freeze-dried peptide drug conjugates were used, without changing
the TFA counter ions, for the in vitro and in vivo studies in order to evaluate their tumor
growth inhibitory effect. The free Dau (as HCI salt) and synthesized GnRH-Il11-Dau
conjugates were dissolved in sterile water (Pharmamagist Kft., Budapest, Hungary) and

used for the in vitro and in vivo studies.

3.1.2 Homing Heptapeptide-Dau conjugates that target colon cancer

Heptapeptide-Dau conjugates 3 and 4 were prepared by solid phase peptide synthesis
using the standard Fmoc/tBu procedure on Rink-Amide MBHA resin by Krisztina Kiss
(Prof Dr Gabor Mez6, Department of Organic Chemistry, MTA-ELTE Research Group
of Peptide Chemistry, E6tvos Lorand University, Faculty of Science, Budapest,
Hungary). Dau was conjugated to the N-terminus of the peptide directly or through
Cathepsin B cleavable spacers. The resulting conjugates were analyzed by analytical RP-
HPLC and electrospray ionization mass spectroscopy (ESI-MS).

3.1.3 Vindoline derivatives, Vindoline and Vinblastine

The synthesis of the methyl esters derivatives Br-Vindoline-L-Trp-OMe and Br-
Vindoline-D-Trp-OMe was described earlier, and it was performed by Dr Zoltan Bandczi
(Prof Dr Ferenc Hudecz, Department of Organic Chemistry, MTA-ELTE Research Group
of Peptide Chemistry, EOtvos Lorand University, Faculty of Science, and Budapest,
Hungary). Purification was done by RP-HPLC.
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3.1.4 Vindoline-octaarginine conjugates

Vindoline-octaarginine conjugates Br-Vind-L-Trp-Args and Br-Vind-D-Trp-Args
were synthesized on Rink Amide MBHA resin using standard Fmoc/tBu strategy as
described before, by Dr Zoltan Banoczi (Prof Dr Ferenc Hudecz, Department of Organic
Chemistry, MTA-ELTE Research Group of Peptide Chemistry, EO6tvos Lorand
University, Faculty of Science, Budapest, Hungary). After cleavage from the resin, the
crude product was purified by RP-HPLC and was allowed to react with Vindoline

derivatives as reported earlier.

3.2 Cell lines and culture conditions

In experimental procedures following cell lines were used, MDA-MB-231 and MCF-
7 (human breast cancer), 4T1 (murine breast cancer), DU145 and PC-3 (human prostate
cancer), A2780, OVCAR-3 and OVCAR-8 (human ovarian cancer), HepG2 (human liver
cancer), A2058, WM983b, HT168-M1/9 and M24 (human melanoma), B16 (murine
melanoma), H1975, H1650 and A549 (human lung cancer), HT-29, HCT116 and WiDr
(human colorectal adenocarcinoma), C26 (murine colon cancer), P388 (murine leukemia)
and PANC-1 (human pancreatic cancer) were cultured in RPMI 1640 Medium with
glutamine (Roswell Park Memorial Institute Medium, Lonza, Basel, Switzerland).
Moreover, U87MG (human malignant glioma) and MRC-5 (human fibroblast) were
cultured in Dulbecco's Modified Eagle's Medium (DMEM, Lonza), while PE/CA-PJ15
and PE/CA-PJ41 (human head and neck cancer) were cultured in Iscove's Modified
Dulbecco's Medium (IMDM, Sigma Aldrich, St. Louis, MO, USA). All mediums were
supplemented with 10% heat-inactivated FBS (Fetal Bovine Serum; Euroclone, Pero,
Milan, Italy) and 1% Penicillin/Streptomycin (Sigma Aldrich), while OVCAR-3 cells
were cultured in 20% FBS containing RPMI medium. The cell lines were mainly obtained
from the American Type Culture Collection (ATCC), except for A2780, PE/CA-PJ15 and
PE/CA-PJ41 which were obtained from the European Collection of Authenticated Cell
Cultures (ECACC), A2058 kindly provided by L.A. Liotta (NCI, Bethesda, MD, USA),
HT168-M1/9 derived from A2058, M24 kind gift from B.M. Mueller (Scripps Research
Institute, La Jolla, CA, USA) and WM983b kindly provided by Meenhard Herlyn (Wistar
Institute, Philadelphia, PA, USA). Cells were cultured in sterile T25 or T75 flasks with
ventilation cap (Sarstedt, Niimbrecht, Germany) at 37 °C in a humidified atmosphere with

5% COa.
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3.3 Invitro anti-proliferative activity of the conjugates and free drug

For the evaluation of the in vitro anti-proliferative activity of the conjugates and free
drugs, the cell viability was determined by MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide) that was obtained from Sigma Aldrich. MTT assay is
based on mitochondrial enzymes dependent reduction of MTT to the colored formazan
crystals. After standard harvesting of the cells by trypsin-EDTA (Lonza), 3 x 10° — 10 x
103 cells per well depending on cell line (2 x 10* cells per well for P388), were seeded in
serum containing growth medium to 96-well plates with flat bottom (Sarstedt), in a 200
pL final volume per well, and incubated at 37 °C. After 24 h, the growth medium was
removed and cells were treated with various concentrations of conjugates 1 — 4 (32 nM —
100 uM) or free Dau (0.1 nM — 10 pM), dissolved in serum free medium and incubated
for 24 h under standard conditions. The control wells were treated with serum free
medium. After 24 h of treatment, the cells were washed twice with serum free medium
and then cultured in serum containing medium for an additional 48 h.

C26 and P388 cells were treated with various concentrations of the Vindoline
conjugates and free Vindoline ata 0.1, 1, 5, 10, 25, 50, 100 uM concentrations for 3 h in
a 200 pL final volume per well. After incubation, the cells were washed twice with serum
free medium and further cultured up to 72 h in serum containing medium. Plates with not
attaching P388 cells were centrifuged on plate rotor of the centrifuge (Labofuge 400R,
Heraeus, Hanau, Germany) at 300 g for 3 min. to spin cells on the bottom, before each
washing step.

Afterward, the MTT assay was performed, in order to determine cell viability, by
adding 20 pL of MTT solution (5 mg/mL in PBS, 0.5 mg/mL final) to each well and after
2 h of incubation at 37 °C, the supernatant was removed. Plates containing P388 cells
were centrifuged on the plate rotor of the centrifuge at 900 g for 5 min. to spin crystals
on the bottom. The precipitated purple formazan crystals were dissolved in 100 pL of a
1:1 solution of dimethylsulfoxide (DMSO; Sigma Aldrich) — 96% Ethanol (Molar
Chemicals Kft., Halasztelek, Hungary) and the absorbance was measured after 15 min. at
A = 570 nm by using Bio-Rad microplate reader model 550 (Hercules, CA, USA).
Average background absorbance (DMSO-Ethanol) was subtracted from absorbance
values of control and treated wells, and cell viability was determined relative to untreated

(control) wells where cell viability was arbitrarily set to 100%. Absorbance values of
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treated samples were normalized versus untreated control samples and interpolated by
nonlinear regression analysis with GraphPad Prism 6 software (GraphPad, La Jolla, San
Diego, CA, USA) to generate sigmoidal dose-response curves from which the 50%
inhibitory concentration (ICso) values of the conjugates and free drugs were calculated,
and presented as micromolar (LM) units. The experiments were done in triplicate and

each experiment was repeated twice.

3.4 RT-gPCR for GhnRH-R mRNA Level of Expression

The GNRH-R mRNA expression of chosen cell lines was quantified via reverse
transcription quantitative real time PCR (RT-qPCR). The total RNA was isolated while
using Trizol® reagent (Ambion, by Life Technologies, Carlshad, CA, USA), followed by
chloroform (Carlo Erba Reagents S.A.S., Vel-de-Reuil, France) extraction and
isopropanol (Carlo Erba Reagents S.A.S.) precipitation. The purity and concentration of
RNA were determined by measuring the absorbance at 260 nm and 280 nm (NanoDrop
ND-1000, Wilmington, DE, USA). For cDNA synthesis a GeneAmp PCR System 9700
thermo cycler (Applied Biosystems, Waltham, MA, USA) was used. 250 ng total RNA
from cell lines and human colon RNA sample (Ambion) were reverse transcribed while
using Moloney murine leukemia virus reverse transcriptase (MMLV), oligo (dT)18
primer (Takara, Mountain View, CA, USA), reaction mix, dNTPs mix and recombinant
RNase inhibitor (Clontech, San Francisco, CA, USA). RNA-solutions were pre-incubated
with oligo-primers for 2 min. at 70 °C. After cooling down and addition of dNTPs and
reverse transcriptase, the incubation was continued for 1 h at 42 °C. To inactivate the
reaction, the mixture was heated to 95 °C for 5 min. After reverse transcription, the cDNA
samples were stored at —20 °C until further processing. Human total cDNA obtained from
Clontech was used as control. In order to amplify the cDNA, qPCR was run on the
StepOnePlus™ real-time PCR system (Applied Biosystems) in a final volume of 10 pL,
containing 1.5 pL cDNA template equivalent to 3.75 ng of total RNA, 0.5 uL appropriate
primer assay, 3 pL of water, and 5 uL PowerUp™ SYBR® green master mix (Applied
Biosytems). SYBR green primer assays were obtained for: Human GnRH-R gene with
reference sequence (RefSeq) NM_000406(2) and exon location 1-1 (Integrated DNA
Technologies (IDT), Skokie, IL, USA); human B-actin gene with RefSeq NM_001101
(Qiagen, Hilden, Germany); and, human GAPDH gene with RefSeq NM_002046(1)

(Qiagen, Hilden, Germany). No template control (containing only water) was used as
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negative control. The cycling parameters were 40 cycles of 95 °C (10 sec) and 60 °C (30
sec). Each experiment was done in duplicates. Quantification was carried out using the
comparative threshold cycle (Ct) method. An arbitrary threshold was chosen on the basis
of the variability of the baseline. Ct values were calculated by determining the point at
which the fluorescence exceeded the threshold limit. Ct was reported as the cycle number
at this point. After cycling, the relative quantification (RQ) of GnRH-R mRNA
expression was calculated and normalized in comparison to the both internal controls,
endogenous housekeeping genes B-actin and GAPDH, conducting via the ACt method
and analyzed by the RQ = 2724 method. As reference sample (presented as RQ value =
1 on the graph), MRC-5 cells (normal human lung fibroblasts) was chosen. Data are

representative of two independent experiments.

3.5 Quantitative Western Blot Studies

The cells were lysed in lysis buffer (cOmplete™ Lysis-M; Roche, Mannheim,
Germany) in volume 3.5-fold higher than pellet of cells. The protein concentration was
determined by Pierce™ BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL,
USA) using 2 mg/ml bovine serum albumin (BSA, Sigma Aldrich) as protein standard
and an EnSight™ multimode plate reader (Perkin Elmer, Waltham, MA, USA). Samples
were denatured in Novex™ LDS sample buffer and NuPage™ sample reducing agent
(Invitrogen, Carlsbad, CA, USA) at 70 °C for 2 min. in Eppendorf® Thermo-mixer
Compact (Hamburg, Germany). 30 uL protein sample (30 ug) were loaded to a 1 mm
thick 12% Bis-Tris plus gel (Invitrogen™) and run with Novex™ NuPage™ MES SDS
buffer (Invitrogen™) while using a Bio-Rad 1000/500 Constant Voltage Power Supply,
on voltage 200 V. Blotting was performed by iBlot Gel Transfer Stacks Kit
(Invitrogen™), whereby proteins were transferred to a nitrocellulose membrane while
using a Invitrogen iBlot™ dry blotting system. The membrane was washed in 0.1 %
Tween-PBS (Sigma Aldrich), blocked for 1 h at room temperature (r.t.) with 5% nonfat
dry milk (Bio-Rad), and incubated overnight at 4 °C with GnRH-R antibody (Proteintech,
Rosemant, IL, USA, rabbit Polyclonal 19950-1-AP; 1:500 dilution). The secondary
antibody (Cell Signaling Technology, Danvers, MA, USA, goat Anti-Rabbit-horseradish
peroxidase (HRP) conjugated, 7074; 1:1000) was incubated 1 h at r.t. Amersham™
ECL™ prime western blotting detection reagent (GE Healthcare, Buckingamshire, UK)

was used to visualize bands on a Bio-Rad ChemiDoc™ MP Imaging System. The
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software Image Lab (Bio-Rad) was used to evaluate the signal level of the bands, followed
by normalization of GnRH-R expression signal to the reference housekeeping B-actin
signal (Cell Signaling Technology, rabbit mAb; HRP conjugated, D6AS8; 1:1000).
Normalized values from each sample were compared to value that was obtained from
MRC-5 cells which arbitrary set as 1, by relative quantification to enable a better
comparison of the obtained results. Data are representative of two independent

experiments.

3.6  GnRH-R cell surface expression level determination by flow cytometry

Cells were harvested and one million cells from each cell line were used in the
experiments. The cells were fixed with 4% Paraformaldehyde (PFA) for 10 min. at r.t.,
washed with phosphate buffered saline (PBS) and exposed to 3% BSA in PBS for 20 min.
at r.t. Afterwards, GnRH-R antibody (Proteintech, rabbit polyclonal, 19950-1-AP) was
used in a concentration of 0.2 pg/million cells (1:135 dilution), diluted in PBS and 3%
BSA solution and incubated for 2 h at r.t. A fluorescent secondary antibody was used for
detection (Cell Signaling Technology, Alexa 488-conjugated anti-rabbit 1gG Fab
fragment, CST 4412, 1:1000) and incubated at r.t. for 30 min. As control, samples only
exposed to secondary antibody were used. The fluorescence was detected using the FITC-
A channel of FACSVerse™ Flow Cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). The BD FACSuit™ software was applied to evaluate geo mean fluorescence
intensity (geo MFI). For each cell line, the ratio between GnRH-R geo MFI and secondary
antibody control geo MFI was calculated. The ratio values from all cell lines were
normalized to the results obtained from MRC-5 cells. The results of two experiments are
presented.

3.7 Cellular uptake of GnRH-I11-Dau conjugates by flow cytometry

The cells were seeded to 24-well plates in a cell density of 1.5 x 10° cells per well,
incubated 24 h at 37 °C and then treated with GnRH-111-Dau conjugates 1 and 2 (40 uM)
for 6 h. Control wells remained untreated. After harvesting, cells were washed in PBS
and quenched with 0.04% Trypan-Blue (Invitrogen). The fluorescence intensity of Dau
was detected while using the PE-A channel of FACSVerse™ Flow Cytometer (BD
Biosciences) and geo MFI was evaluated using BD FACSuite™ software. The geo MFI
ratio between control and samples treated with conjugates was calculated in order to
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compare the uptake on different cell lines. Data are representative of two independent

experiments.

3.8 Experimental animals

Adult female BALB/c mice from a specified pathogen free (SPF) breeding of the
Department of Experimental Pharmacology (National Institute of Oncology, Budapest,
Hungary) were used in acute and chronic toxicity studies, in orthotopic 4T1 murine BC,
and in subcutaneous C26 murine colon tumor model in vivo experiments. The mice were
kept in a sterile environment in Makrolon® cages at 22—24 °C (40-50% humidity), with
a lighting regulation of 12/12 h light/dark. The animals had free access to tap water and
were fed with a sterilized standard diet (SDS VRF1, autoclavable, Akronom Kft.,
Budapest, Hungary) ad libitum.

First generation of hybrid BDF1 (a cross between C57BL/6 female and DBA/2 male)
adult female mice, from SPF animal colonies from Department of Experimental
Pharmacology (National Institute of Oncology, Budapest, Hungary) were used in
subcutaneous P388 murine leukemia tumor model experiment, and kept as described
above.

The adult female severe combined immunodeficiency (SCID) mice on a C.B.-17
background were bred in specific opportunistic and pathogen free isolator breeding
rooms. The breeding isolator was supplied with corn-cob bedding and standard VRF1
rodent chow and with acidified (pH 3) sterilized distilled water. The mice from the
breeding rooms were used for the orthotopic model of human BC and human CRC. They
were held in filter-top boxes in the experimental barrier rooms and every box-opening
was performed under a Class 100 laminar-flow hood by an operator that was dressed in
sterilized surgical attire. The cage components, corn-cob bedding and food (VRF1 from
Special Diet Services) were steam-sterilized in an autoclave (121 °C, 20 min.). All
animals used in experiments were cared according to the “Guiding Principles for the Care
and Use of Animals” based upon the Helsinki declaration and they were approved by the
ethical committee of National Institute of Oncology. The animal housing density was
according the regulations and recommendations from directive 2010/63/EU of the
European Parliament and of the Council of the European Union on the protection of
animals used for scientific purposes. Permission license for breeding and performing
experiments with laboratory animals: PE1/001/1738-3/2015 and PE1/001/2574-6/2015.
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3.9 Acute and chronic toxicity studies of GnRH-I11-Dau conjugates

In order to determine the toxicity of the conjugates, in vivo acute and chronic toxicity
studies were performed on healthy animals. In acute toxicity study, adult BALB/c female
mice (20-23 g) were treated by a single intraperitoneal (i.p.) injection of conjugate 2,
whereby different doses (3.125, 6.25, 12.5, 25 and 50 mg/kg Dau content) were
administrated to each groups (three mice per group). In chronic toxicity studies, adult
female BALB/c mice (23-26 g) were treated with both GnRH-111-Dau conjugates by i.p.
administration with a dose of 15 mg/kg Dau content on days 1, 3, 6, 8 and 10, or with free
Dau (1 mg/kg) on days 1 and 8. In case of the control group, sterile water for injection as
solvent was administered. Each group consisted of three mice. The toxicity was evaluated
on the basis of life span, behavior and appearance of the mice, as well as the body weight.

Parameters were followed for 14 days.

3.10 Mouse model of orthotopic 4T1 murine breast carcinoma, doses of treatments
and measurements

Adult BALB/c female mice (20-25 g) were used in this experiment and kept under
the same conditions, as described above. 4T1 murine BC cells, maintained as described
above, were orthotopically injected into the lower quarter of the right mammary fat pad
line of mice, whereby 1 x 10° cells were used per animal, suspended in 50 pL M199
medium (Sigma Aldrich). The treatment started seven days after cells inoculation, when
the average tumor volume was 38 mm?3, by i.p. administration of the conjugates or free
Dau. Four groups with seven animals per group were established and treated with certain
doses and schedules. The mice in the control group were treated with sterile water for
injection, while mice in free Dau group were treated with a dose of 1 mg/kg, once per
week, on days 7, 14 and 21 after cells inoculation. The groups of GnRH-IlI-Dau
conjugates 1 and 2 were treated on days 7, 10, 14, 17, 21 and 24 with a dose of 10 mg/kg
Dau content. Animal weight and tumor volumes were measured initially when the
treatment started and at periodic intervals according to the treatment schedule. A digital
caliper was used to measure the length (a) and the width (b) of a given tumor, and the
tumor volume was calculated while using the formula V = ab? x /6. The termination of
the experiment was initiated 28 days after cell inoculation, respectively 22 days after
treatment start, since the average volume of the tumors in the control group reached 1800

mm?. The mice from all groups were sacrificed by cervical dislocation. The anti-tumor
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effects and the liver toxicity of the conjugates and free Dau were evaluated based on the
tumor volume and the liver weight/body weight ratio in each group. Moreover, the anti-
proliferative and anti-metastatic activity of the conjugates and free Dau was evaluated in

primary tumor and in metastases on the peripheral organs.

3.11 Mouse model of orthotopic MDA-MB-231 human breast carcinoma, doses of
treatments and measurements

Adult SCID female mice (22-28 g) were used in this experiment and kept under the
same conditions, as described above. MDA-MB-231 human BC cells were injected
orthotopically into the lower quarter of the right mammary fat pad line of mice, whereby
1.5 x 10° cells were used per animal, suspended in 50 pL of M199 medium. The
treatments started 21 days after cells inoculation, when average tumor volume was 40
mm?. Free Dau and conjugates were administrated by i.p. injection. Four groups with
seven animals per group were established and treated with certain doses and schedules.
The mice in the control group were treated with sterile water for injection, while the mice
in the free Dau group were treated with a dose of 1 mg/kg, once per week, on days 21,
28, 35 and 42 after cell inoculation. The groups treated with the GnRH-I11-Dau conjugates
1 and 2 were treated on days 21, 24, 28, 31, 35 and 38 with a dose of 15 mg/kg Dau
content. The last treatment was performed on day 42 after cell inoculation, whereby a
dose of 7.5 mg/kg Dau content was applied. The animal weights and tumor volumes were
measured when the treatment was initiated and at periodic intervals according to the
treatment schedule. The tumor volume was calculated in the same manner as described
for murine BC. The experiment was terminated 45 days after cell inoculation (25 days
after treatment initiation), due to bad conditions of animals in the control group. The mice
from all groups were sacrificed by cervical dislocation and primary tumors and livers
were harvested and weighed, while number of animals with metastases were counted. The
anti-tumor effects of the conjugates were evaluated measuring the tumor volume and the
tumor weights, while the toxicity effects of conjugates were evaluated measuring liver

weights and calculating the liver weight/body weight ratio.
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3.12 Mouse model of orthotopic HT-29 human colon cancer, doses of treatments
and measurements

3.12.1 Development of the primary tumor for transplantation

Immunodeficient, 6-8 weeks old SCID female mice (21-27 g) were used in this
experiment. HT-29 colon carcinoma cells were subcutaneously injected into one side of
the intrascapular region, whereby 2 x 10° cells were used per animal, suspended in 200
puL of M199 medium, in order to establish the xenografts with primary tumor. After two
weeks, the mice with palpable tumors were sacrificed by cervical dislocation, disinfected
with iodine and the subcutaneous tumor was aseptically dissected out. Tumor pieces of 2
mm? were transplanted orthotopically under aseptic conditions into anesthetized (narcotic
mixture: tiletamine (Virbac, Carros, France; 20.3 mg/kg), zolazepam (Virbac; 20.3
mg/kg), xylazine (Produlab Pharma B.V., SJ Raamsdonksveer, The Netherlands; 12.4
mg/kg) and butorphanol (Alvetra u. WERFFT GmbH, Vienna, Austria; 2.95 mg/kg) in
saline solution; given i.p. 0.1 ml/10 g of animal body weight) SCID female mice.

3.12.2 Tumor transplantation

The abdomen of mice was disinfected with iodine and alcohol, a small midline
incision (0.5 cm) was then made and the colorectal part of the intestine was exteriorized.
Serosa of the site where the tumor pieces should be implanted were removed. Tumor
tissue fragments of HT-29 human colon tumor were implanted on the top of the animal
intestine, whereby an 8/0 surgical (polypropylene) suture was used to suture it on the wall
of the intestine. The intestine was returned to the abdominal cavity and the abdominal
wall was closed with 4/0 surgical (polyglycolic acid) sutures. The wound was disinfected
with iodine and alcohol again and the animals were kept in a sterile environment. On the

next day, no sign of pain and/or stress of the mice could be observed.
3.12.3 Doses and treatments

3.12.3.1 GnRH-I111-Dau Conjugates and free Dau

The treatments started seven days after tumor transplantation by i.p. administration of
the free Dau and conjugates which were dissolved in sterile water for injection. Six mice
per group were used. One group of mice was treated with free Dau at a dose of 1 mg/kg
body weight on days 7, 13 and 20 after tumor transplantation. The groups of GnRH-I1I-
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Dau compounds 1 and 2 were treated with a dose of 10 mg/kg Dau content on days 7, 10,
13, 16, 20, 23 and 27 after tumor transplantation. The control group was treated with
sterile water for injection. The experiment was terminated on day 30 after tumor
transplantation (day 24 of treatment). The Dau group was terminated already on day 23
after tumor transplantation (day 17 of treatment), since the animals revealed a significant
loss of weight. The mice from all groups were sacrificed by cervical dislocation. Their
tumors and livers were harvested and weighed for determination of compounds anti-

tumor as well as toxic activity.

3.12.3.2 Homing Heptapeptide-Dau conjugates and free Dau

The treatments started 13 days after tumor transplantation by i.p. administration of the
compounds dissolved in sterile water for injection. For the treatment, 8 mice per group
were used. One group of mice were treated with free Dau (1 mg/kg body weight) on days
13 and 20 after tumor transplantation. Groups that received conjugates 3 and 4 were
treated with a dose of 10 mg/kg Dau content on days 13, 16, 20, 23 and 27 after tumor
transplantation. Control group was treated with solvent. The experiment was terminated
on day 30 after tumor transplantation. Dau group was terminated on day 23 after tumor
transplantation due to significant weight loss of the animals. The mice from all groups
were sacrificed by cervical dislocation. Their tumors and livers were removed and

weighed for determination of compounds anti-tumor as well as toxic activity.

3.13 Mouse model of subcutaneous P388 murine leukemia, doses of treatments and
measurements

The anti-tumor activity of Vindoline octaarginine conjugates and vinblastine was
studied on subcutaneous P388 mouse leukemia model in hybrid BDF1 (a cross between
C57BL/6 female and DBA/2 male) adult female mice, weighing 18 to 23 g. P388 tumors
were established injecting 2 x 10° cells in 200uL serum free M199 medium per mouse
subcutaneously into BDF1 female mice (5-7 animals per group). The animals were treated
at day 1 and day 6 after tumor cell inoculation with the tested compounds at doses of 10
mg/kg. Vinblastine as a clinically used drug was used as positive control (1 mg/kg).
During the treatment the animal weight was determined three times per week. The tumor
volume was calculated in the same manner as described for BC models above. The

experiment was terminated on day 25 after cell inoculation.

53



DOI:10.14753/SE.2021.2555

3.14 Mouse model of subcutaneous C26 murine colon cancer, doses of treatments
and measurements

The anti-tumor activity of Vindoline octaarginine conjugates and vinblastine was
studied also on subcutaneous C26 mouse colon carcinoma model in BALB/c female mice,
weighing 19 to 25 g. Tumor model of C26 was established injecting 2 x 10° cells in 200uL
serum free M199 medium per mouse subcutaneously into BALB/c female mice (5-7
animals per group). The animals were treated at days 13, 17, 20, 24 and 29 after tumor
cell inoculation at dose of 10 mg/kg and 20 mg/kg body weight, while Vinblastine was
used as positive control (1 mg/kg). During the treatment the animal weight was
determined three times per week. The tumor volume was calculated in the same manner

as described for BC models above. The treatments were terminated on day 31.

3.15 Immunohistochemical staining of KI-67

The routinely formalin-fixed tumors were dehydrated in a graded series of ethanol,
infiltrated with xylene and embedded into paraffin at a temperature not exceeding 60 °C.
Two micron thick sections were mounted on Superfrost slides (Thermo Shandon,
Runcorn, UK) and then manually deparaffinized. To block endogenous peroxidase
activity, slides were treated for 20 min. at r.t. with 3% H>O> in methanol. The slides were
immersed in 6% citrate buffer (pH = 6) and exposed to 98 °C water bath for 40 min.
Afterwards, the slides were primarily treated with monoclonal mouse antibody against
human KI-67 (Dako, Glostrup, Denmark, 1:40) and then incubated for 1 h at r.t. After
washing with PBS, biotinylated secondary antibody (Dako) was applied and incubated
for 10 min. at r.t. After washing periods, for visualization, supersensitive one step
polymer HRP (Biogenex, Fremont, CA, USA) was used with 3-amino-9-ethylcarbazole
(AEC) as chromogen. Staining without the primary antibody served as the negative

control.

3.16 Scoring of proliferation index, micro and macro-metastases

Liver, spleen, lung and kidneys were harvested and fixed in formalin. All of the visible
macro-metastatic lesions of the peripheral organs of seven animals from the control and
treated groups on a stereo microscope Kruss MSZ5600 (Kruss Optronic, Hamburg,
Germany) under 7-45-fold magnification were counted. The percentages of macro-

metastatic lesions in the treated groups compared to the control group was calculated.
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Proliferation marker-stained samples were evaluated on light microscope Olympus
BH-2 microscope (Olympus, Tokyo, Japan). The proliferation index in primary tumors
and in lung metastases were determined counting the KI-67-positive tumor cells manually
per field of view under light microscope (400-fold magnification), whereby five fields of
vision per sample were evaluated. The proliferation index was calculated as percentage
of KI-67 positive cells from all cells in the field of view.

The number of micro-metastases, which were KI-67 positive-stained in the lung
samples sections on microscopic slides were manually counted per field of view under
light microscope (100-fold magnification), whereby five fields of vision per sample were

evaluated.

3.17 Statistical analysis

In case of in vivo studies, statistical analyses were performed by GraphPad Prism 6
(GraphPad Software) using the non-parametric Mann-Whitney test, while the statistical
analysis for uptake studies of conjugates was performed using two-way ANOVA test.
The experimental data where p-values equal or lower than 0.05 were considered
statistically significant. *, **, *** and **** mean significant at p < 0.05, p <0.01, p <

0.001 and p < 0.0001, respectively.
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4 RESULTS
4.1 Anti-tumor and anti-metastatic activity of GnRH-I11-Dau conjugates

4.1.1 Invitro anti-proliferative activity of GnRH-111-Dau conjugates and free Dau

The anti-proliferative effect of the GnRH-I11-Dau conjugates 1 and 2, as well as free
Dau, was tested on wide range of cancer cell lines from different origin and also on MRC-
5 (human fibroblast) as non-cancerous control cell line. The cells were treated with the
compounds for 24 h in serum free medium, followed by incubation in fresh serum
containing medium for further 48 h. Afterwards, the cell viability was determined, and
the ICso values of the conjugates and free drug were calculated. The data showed that
both conjugates possess an anti-proliferative effect on all cell types (Table 3). Except for
the ovarian cancer cell lines A2780 and OVCAR-8, conjugate 2 displayed higher anti-
proliferative activity than conjugate 1, which were 1.8 — 5.6 times higher, depending on
the type of cancer cells. The lowest activity was measured on PANC-1 pancreatic cancer
cells, whereby a high 1Csg value was also obtained on MRC-5 cells, showing selectivity
of the conjugates for cancer cell lines. The obtained ICso values of the conjugates vary
mostly in the low micromolar range and were one to two order of magnitude higher when
compared to free Dau that can enter cells non-specifically by passive diffusion. Moreover,
the relative potency was calculated as a ratio of free Dau’s ICso and conjugates’ 1Cso in
order to show the potency of the conjugates independently from the cell line, due to
different activity of free Dau. A higher value of relative potency indicates that the
conjugate’s ICso value is closer to the free Dau’s ICso value, which implies that the
targeting capacity of the conjugate as well as its anti-tumor effect is stronger on a
particular cell line, as compared to a cell line with lower relative potency. The BC cell
lines showed good response to the conjugates by ICso values, as well as by relative
potency. Besides, the conjugates showed high anti-proliferative activity on murine CRC
cell line C26, while the conjugates showed a moderate anti-proliferative activity on HT-
29 human colon adenocarcinoma, but the relative potency was in the same range as for
the BC cells.
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Table 3. Anti-proliferative effect of free drug Dau and GnRH-I11-Dau conjugates 1 and 2 on

various cell lines.

Tumor _ ICs0'24h+48h Relative Potency
T Cell Line

ype Dau (nM) 1(EM) | 2(@EM) Dau/l | Dau/2
Breast MDA-MB-231 | 546+7.4 |58+08 |1.9+02 |0.0094 |0.0287
Breast MCF-7 63.9+21.0 |165+1.2 |4.0+08 |0.0039 |0.0160
Murine 4T1 560+14.7 |63+09 |1.8+01 |0.0089 |0.0311
breast
Colon HT-29 202.9+1.0 |155+1.7 |7.3+03 |0.0131 |0.0278
(';g‘ljc:'n”e C26 1175+86 |106+02 |26+0.7 | 00111 | 0.0452
Prostate DU145 163+46 |53+04 |21+02 |0.0031 |0.0078
Prostate PC-3 327+47 |63+03 |24+06 |0.0052 |0.0136
Glio-
olastoma | UB7TMG 1264+537 | 9.0+08 |23+0.1 |0.0140 |0.0550
Ovarian A2780 104+16 14+11 |21+05 |0.0074 |0.0050
Ovarian OVCAR-3 4040+94 |460+13 |82+05 |0.0088 |0.0493

Ovarian OVCAR-8 185.6+99.8 | 57+08 |95+0.8 |0.0326 | 0.0195

Liver HepG2 229+1.4 6.8+03 |22+0.7 |0.0034 | 0.0104
Melanoma | A2058 35.1+149 84+03 |26+x05 |0.0042 |0.0135
Melanoma | WM983b 49.8+229 127+15 | 26+0.6 | 0.0039 | 0.0192

Melanoma | HT168-M1/9 | 27.5+09.1 135+11 | 29+0.6 | 0.0020 | 0.0095

Melanoma | M24 11884250 |16.2+0.2 | 3.5+0.6 |0.0073 | 0.0339
m;gggma B16 260+80 |32+08 |11+02 |0.0081 |0.0236
r'jeecalf and | pe/cA-PIAl | 4564335 | 47+08 |17+05 |0.0097 | 0.0268
r'?eecaf and | pEicAPIIS | 5054387 |74+08 |29+06 |0.0068 |0.0174
Lung H1975 209427 |41+01 [23+07 |00051 |0.0091
Lung H1650 50.3+13.4 |105+11 |4.0+08 |0.0048 |0.0126
Lung A549 69.3+235 |9.7+06 |43+04 |00071 |0.0161
Pancreas PANC-1 525.9+24.7 | >100 56.4+4.5 | 0.0053 | 0.0093
:‘\llt())rr(;?)?;st MRC-5 287.6+351 |41.9+3.8 |19.7+12 | 0.0069 |0.0146

1 1Cs values (average + SD). 2 Relative potency = ICso Dau / ICso Conjugate.
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4.1.2 mRNA expression level of GhRH-R

Based on the results of the in vitro anti-proliferative activity, different cell lines
(MDA-MB-231, HT-29, A2780, PANC-1, U87MG and MRC-5) were chosen, where the
peptide drug GnRH-I11-Dau conjugates 1 and 2 had either a high activity, or the lowest
activity, to determine the GnRH-R expression level. The GhRH-R mRNA expression of
these cell lines was quantified via RT-gPCR. The amount of GnRH-R mRNA was higher
in all cancer cell lines in comparison to the normal cell line MRC-5, except for U87TMG
cells, where it was slightly lower (Figure 15A). In MDA-MB-231, HT-29 and A2780
cancer cell lines, the level of GhnRH-R mRNA expression was 7.3, 4.6 and 3.4 times
higher in comparison to normal cell line, while only 1.8-fold higher expression was
obtained for PANC-1 cell line. The human total cDNA sample showed almost same level

of GhRHR mRNA expression as normal cell line.

4.1.3 Absolute protein expression level of GhnRH-R

The GnRH-R protein level of the same cell lines was quantified by western blot. The
protein level of GnRH-R was higher in all cancer cell lines as compared to the normal
cell line MRC-5, except for PANC-1 cells, where it was 0.3-fold lower (Figure 15B).
The highest protein level was obtained for A2780, U87MG and 4T1 cells, with 3.8-, 3.6-
and 3.5-fold higher protein levels than in MRC-5 cells, while MDA-MB-231 and HT-29
cancer cell lines showed 1.2- and 1.7-fold higher level of GnRH-R protein expression.

4.1.4 Cell surface protein expression level of GhRH-R

The GnRH-R cell surface expression level of these cell lines was quantified via flow
cytometry. The GnRH-R expression on the cell surface was higher for all cancer cell lines
in comparison to MRC-5 cells (Figure 15C). The highest level of GnRH-R was obtained
for MDA-MB-231 and A2780 cells, with 5.7- and 5.6-fold higher surface expression,
followed by U87MG, 4T1, and PANC-1 cell lines with around four-fold higher
expression than MRC-5 cells, while HT-29 cancer cell line showed two-fold higher level

of GnRH-R expression.
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Figure 15. (A) GnRH-R mRNA expression level in cancer cell lines compared to MRC-5. (B)
Absolute protein level of GnRH-R in cancer cell lines compared to MRC-5. (C) GnRH-R surface
expression level in cancer cell lines compared to MRC-5. (D) Cellular uptake of GhnRH-I11-Dau
conjugates 1 and 2 (40 uM), after 6 h treatment of the cell lines. Bar graphs represent average of
data from two individual experiments and standard deviation (average + SD). The dotted line
represents relative value of normal cell line as reference sample (presented as 1 on the graph). By
geo mean fluorescence intensity (geo MFI) are represented GnRH-R level and cellular uptake of
conjugates (C, D). Statistical analysis for uptake studies of conjugates 1 and 2 was performed by

two-way ANOVA test. * and ** mean significant at p <0.05 and p < 0.01, respectively.

4.1.5 Determination of cellular uptake of GnRH-I11-Dau conjugates

The cellular uptake of GnRH-I11-Dau conjugates was measured by flow cytometry on
the tested cell lines. The obtained results displayed that the new conjugate 2 was taken up
significantly more efficiently than conjugate 1, with 1.7-2.7 times higher uptake rates,
depending on the cell line (Figure 15D). The normal cell line MRC-5, as well as PANC-
1 cancer cell line showed two-fold lower uptake capacity in comparison to the other

cancer cell lines.
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4.1.6 Acute and chronic toxicity studies of GnRH-I11-Dau conjugates

In vivo acute and chronic toxicity studies were performed on healthy animals in order
to determine the toxicity of GnRH-I11-Dau conjugates. An acute toxicity experiment with
single injection of the treatments was performed for 14 days, whereby no significant
change in body weight could be observed (Figure 16A) and also the general look and
behavior of experimental animals was adequate, even with a dose of 50 mg/kg Dau
content of conjugate 2. Chronic toxicity experiments were also performed for 14 days and
the animals were treated with both conjugates five times with a dose of 15 mg/kg Dau
content and two times with free Dau (1 mg/kg). Also, in this experiment, it could not be
observed a significant change in body weight (Figure 16B), general look and behavior of

the mice.
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Figure 16. In Vivo toxicity study of conjugates and Dau on healthy BALB/c female mice. (A)
Acute toxicity study of GnRH-I1I1-Dau conjugate 2 with doses of 3.125, 6.25, 12.5, 25 and 50
mg/kg Dau content. (B) Chronic toxicity study of GnRH-111-Dau conjugates 1 and 2 with dose of
15 mg/kg Dau content, 5 treatments, black arrows; and free Dau 1 mg/kg, 2 treatments, red arrows.
3 mice per group. Animal body weight (grams, average + SD).

4.1.7 Effect of GnRH-I11-Dau conjugates and free Dau in orthotopic 4T1 murine
breast tumor model in vivo

The effect of GnRH-I11-Dau conjugates 1 and 2, as well as free Dau was evaluated on

animal body weight in orthotopic 4T1 murine BC bearing mice. The body weight in

orthotopic 4T1 murine BC bearing mice was partly changed during the treatment time.

The animal body weights in the control and free Dau treated groups were slightly

decreased for 3.3% and 3.8% respectively, while the animals treated with conjugates
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showed an increase in body weight for 4.1% and 8% respectively, at the end of
experiment, compared to the start (Figure 17A).

The anti-tumor effect of the GnRH-I1I conjugates 1, 2 and free Dau was evaluated
measuring the tumor volume in each group during the experiment. All treated groups
showed significant inhibition of the tumor volume by approximately 19% as compared to
the control group at the end of the experiment on day 28. (Figure 17B). Moreover,
significant inhibition of tumor volume was also obtained in all treated groups at day 24
after cells inoculation. The inhibition of tumor volume was on this day 20.6, 23.1 and

29.8% for 2, free Dau and 1, in comparison to the animals in control group.
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Figure 17. Effect of GnRH-IlI-Dau conjugates 1 and 2 (10 mg/kg Dau content, 6 treatments,
black arrows) and free Dau (1 mg/kg, 3 treatments, red arrows) in orthotopic 4T1 murine BC
bearing BALB/c female mice. (A) Animal body weight (grams, average + SD). (B) Tumor volume
(mm3, average + SD). (C) Proliferation in primary tumor (average proliferation index + SD). (D)
Liver weight/body weight ratio (percentage, average + SD) after termination of experiment, 28
days subsequent to cells inoculation. 7 animals per group. Statistical analysis was performed by
Mann-Whitney test. * and ** mean significant at p < 0.05 and p < 0.01, respectively. * blue,
purple, and green mean significant difference in control, 1, and 2 groups, respectively, at certain
time point of experiment compared to the start (A), and significant difference compared to control,
1, and 2 groups respectively (B, C, D).
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The effect of free Dau and the GnRH-IlI-Dau conjugates on the proliferation of
primary tumors in 4T1 orthotopic model was evaluated counting the percentage of KI-67
(proliferation marker) positive cells in comparison to all cells per field of view
(magnification 400x) and calculating the proliferation index (Figure 17C). It was
observed that both GnRH-I1I conjugates 1 and 2 caused a significant decrease of the
proliferation index by 16.3 and 25.9%, as compared to the control, while free Dau
decreased the proliferation index also significantly by 19%.

The effect of the GnRH-I11 conjugates and free Dau on the liver toxicity was evaluated
measuring the liver weight at the end of the experiment and calculating the liver
weight/body weight ratio (Figure 17D). The average liver/body weight ratio of the mice
in the group that was treated with free Dau was significantly decreased by 9.8% compared
to the control group, as well as in comparison to the liver/body weight ratio of mice treated

with the conjugates which showed no significant changes in liver/body weights ratio.

The number of macro-metastases in peripheral organs, such as spleen, lung, liver and
kidneys, was counted, in order to determine the anti-metastatic effect of free Dau and the
GnRH-I11 conjugates on aggressive 4T1 BC orthotopic model (Figure 18A). The number
of macro-metastases in spleen was significantly decreased in all treated groups (Dau, 1
and 2) by 64.3, 72.8 and 78.1%, in comparison to the control group. In the lung, the
number of macro-metastases was also significantly reduced for all treated groups by 55.4,
55.2 and 64.4%, respectively. The numbers of macro-metastases in the liver and kidneys
were decreased under treatments, whereby a significant decrease could be only obtained
for conjugate 2.

The effect of the GnRH-111-Dau conjugates and free Dau on the amount of micro-
metastases and their proliferation in the lung (Figure 18B,C) was also evaluated, by
counting the number of micro-metastases and proliferation marker KI-67 positive cells
and the calculation of their ratio in comparison to all cells per field of view (magnification
100x). The obtained data revealed that free Dau and both conjugates (1, 2) significantly
inhibited the number of micro-metastases in the lung by 33.7, 43.8 and 49.4%, as
compared to the control group. The proliferation index of lung metastases was
significantly inhibited by 27.8, 37.0 and 39.1% in groups that were treated with free Dau,
land 2.
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Figure 18. Effect of GnRH-111-Dau conjugates 1 and 2 (10 mg/kg Dau content, 6 treatments) and
free Dau (1 mg/kg, 3 treatments) in orthotopic 4T1 murine BC bearing BALB/c female mice. (A)
Number of macro-metastases in peripheral organs (average % of control £ SD). (B) Number of
micro-metastases in lung (average number + SD). (C) Proliferation of metastases in lung (average
proliferation index + SD). Statistical analysis was performed by Mann-Whitney test. *, ** and
*** mean significant at p < 0.05, p < 0.01 and p < 0.001, respectively. * black and blue mean

significant difference compared to the control group.

4.1.8 Effect of GnRH-I11-Dau conjugates and free Dau in orthotopic MDA-MB-
231 human breast tumor model in vivo
The effect of the GnRH-11I conjugates 1 and 2, as well as Dau on the animal body
weight was evaluated in orthotopic MDA-MB-231 human BC bearing mice (Figure
19A). In all the groups, the body weight was decreased at the end of experiment in
comparison to the beginning. The body weight of the mice in control group was decreased
by 2.7%, while in the groups treated with 1 and 2, it was decreased by 10.1 and 8.2%. In
comparison, free Dau caused a significant decrease of mice body weight by 20% and
considering that two animals of the control group were in bad condition, the experiment
was terminated on day 45 after cells inoculation.
The anti-tumor effect of the GnRH-III conjugates 1, 2 and Dau was evaluated by

measuring the tumor volume in each group during the experiment. All treated groups
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showed a significant inhibition of the tumor volume in comparison to the control group
at the end of the experiment (Figure 19B). The treatment with Dau was most effectively,
whereby the tumor volume was significantly inhibited by 46.3%. Apart from that, a
significant inhibition of the tumor volume was also obtained in groups which were treated
with conjugate 1 (34.1%) and 2 (23.1%). Moreover, from day 38 after cells inoculation,
the inhibitory effect of free Dau was significant in comparison to control group.
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Figure 19. Effect of GnRH-II1-Dau conjugates 1 and 2 (15 mg/kg Dau content, 6 treatments; 7.5
mg/kg Dau content of each conjugate, 1 treatment, black arrows) and free Dau (1 mg/kg, 4
treatments, red arrows) in orthotopic MDA-MB-231 human BC bearing SCID female mice. (A)
Animal body weight (grams, average + SD). (B) Tumor volume (mm?, average + SD). (C) Tumor
weight (grams, average + SD) after termination of the experiment, 45 days subsequent to cell
inoculation. (D) Liver weight/body weight ratio (percentage, average + SD) after termination of
the experiment, 45 days after cell inoculation. 7 animals per group. Statistical analysis was
performed by Mann-Whitney test. *, ** and *** mean significant at p < 0.05, p <0.01 and p <
0.001, respectively. * blue, red, and purple mean significant difference in control, Dau, and 1
groups, respectively, at certain time point of experiment compared to the start (A), and significant

difference compared to control, Dau, and 1 groups respectively (B, C, D).

The anti-tumor effect of the GnRH-III conjugates and Dau was evaluated also by

measuring the tumor weight in each group after experiment termination (Figure 19C).
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Based on these tumor weights, it was determined that free Dau, 1 and 2 inhibited tumor
weight significantly by 40.1, 28.7 and 27.7% in the case of orthotopic human MDA-MB-
231 breast tumor model.

The effect of the GnRH-111 conjugates and Dau on the liver toxicity was evaluated by
measuring the liver weights at the end of experiment and calculating the liver weight/body
weight ratio (Figure 19D). The average liver/body weight ratio in the group treated with
free Dau was significantly decreased by 16.8% as compared to the control group.
Conjugates treated groups showed non-significant changes in liver/body weight ratio.

The anti-metastatic effect of Dau and the GnRH-IIl conjugates in MDA-MB-231
orthotopic BC model was evaluated by counting animals containing metastases close to
the primary tumor at the end of experiment (Table 4). It could be observed that all animals
in the control group had metastases close to the primary tumor. In group treated with free
Dau, four out of seven mice had metastases, while for the groups treated with conjugates
1 and 2 the best anti-metastatic effect could be obtained with three out of seven animals

with metastases.

Table 4. Anti-metastatic effect of free Dau and GnRH-I11-Dau conjugates 1 and 2 in orthotopic
MDA-MB-231 human BC bearing SCID female mice on number of animals with metastases close

to the primary tumor.

Treatment Groups of Mice Control | Dau 1 2

Number of mice with metastases 5/5 a7 3/7 | 317

4.1.9 Effect of GnRH-111-Dau conjugates and free Dau in orthotopic HT-29 human
colon tumor model in vivo

The animal body weight in orthotopic HT-29 human colon carcinoma bearing mice
decreased in all groups at the end of experiment when compared to the start (Figure 20A).
The mice in free Dau treated group exhibit significantly decreased body weight, whereby
the experiment was terminated on day 23 after tumor transplantation (day 17 of
treatment). On the same day, the decrease of the body weights in the control and
conjugates (1 and 2) treated groups were non-significantly lower. The body weight of the
mice in the control group was significantly decreased on day 30 after tumor

transplantation which was the reason for experiment termination. At the end of the
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experiment, the body weight of the groups treated with GnRH-I11 conjugates 1 and 2 was
also significantly reduced.

The anti-tumor effect of the GnRH-11l conjugates and free Dau was evaluated by
measuring the tumor weight in each group after the termination of the experiment (Figure
20B). The obtained data reveal that Dau, 1 and 2 significantly inhibited the tumor growth,
whereby the tumor weights were reduced by 84.3, 80.8 and 87.1%, as compared to the

control group.
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Figure 20. Effect of GnRH-IlI-Dau conjugates 1 and 2 (10 mg/kg Dau content, 7 treatments,
black arrows) and free Dau (1 mg/kg, 3 treatments, red arrows) in orthotopic HT-29 human colon
carcinoma bearing SCID female mice. (A) Animal body weight (grams, average £ SD). (B)
Tumor weight (grams, average + SEM) of mice from control, 1 and 2 groups after termination of
experiment, 30 days after transplantation. (C) Liver weight/body weight ratio (percentage,
average + SD) of mice from control, 1 and 2 groups after termination of the experiment, 30 days
after transplantation. Tumor and liver weight of mice from free Dau group on day 23 subsequent
to transplantation. 6 animals per group. Statistical analysis was performed by Mann—-Whitney test.
* and ** mean significant at p < 0.05 and p < 0.01 respectively. * blue, red, purple, and green
mean significant difference in control, Dau, 1, and 2 groups, respectively, at certain time point of
experiment compared to the start (A), and significant difference compared to control, Dau, 1, and

2 groups respectively (B, C).
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The average liver/body weight ratio of the mice in the group treated with free Dau
was significantly decreased by 29.4% compared to the control group, as well as in
comparison to the liver/body weights ratio of the mice in both conjugates treated groups
(Figure 20C), showing the high toxicity of free Dau. The groups which were treated with
the conjugates 1 and 2 showed non-significant changes in liver/body weight ratio.

All results and the corresponding specificity of each model is summarized in Table 5
in order to provide a comprehensive overview.
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Table 5. Summary of GnRH-R expression level, uptake level and effect of free drug Dau and
GnRH-111-Dau conjugates 1 and 2 on 4T1, MDA-MB-231 and HT-29 in in vitro, in vivo and ex

vivo models.
Model Experiment 4T1 MDA-MB-231 HT-29
Type
mRNA GnRH-R +++ ++
Protein GnRH-R +++ + + +
Cell surfa}ge GnRH- - 4 +
in vitro
Uptake ++ + 4+ + ++ e ++ t
P + +
Cytotoxicity 6.3 1.8 56 58 | 1.9 55 155 | 7.3 | 203
(24+48h) UM UM nM | uM | M nM pM | pM nM
Treatment 1 2 Dau 1 2 Dau 1 2 Dau
Acute toxicity NT up to 50 mg/kg Dau content
Chronic toxicity NT on 15 mg/kg Dau content; NT 1 mg/kg free Dau
) h . S* S* S* S* S* S** S* S** S**
Tumorinhibition | 10, | 1905 | 1996 | 34% | 23% | 46% | 81% | 87% | 84%
*kx
Animal weight NT NT NT NT NT | T*** | T*1 | T*1 T 1
nvivo Liver toxicity NT | NT | T | NT | NT | T* | NT | NT | T

Macrometastases in
peripheral organs

Number of mice with
metastases close to n.a. n.a. na. | 3/72| 3/72| 4/7? | na. | na. n.a.

the primary tumor
1 H 1 H * *k *
Proliferation index in S S S nd. | nd nd. nd. nd. nd.

S** | SF** | GF* n.a. n.a. n.a. n.a. n.a. n.a.

primary tumor 16% | 26% | 19%
~ Number of Grxx | grax | g
ex Vivo mmro;;:t&s;gses in | 06 | 299 | 3406 | N& | NA | na na. | na. n.a.
Proliferation i_ndex in grx | g g
metast;altjsr?; in the 37% | 39% | 2806 | N& | na | na na. | na. n.a.

! Animal weight in control group was significantly reduced (T**). 2 All mice in control group had
metastases close to the primary tumor. NT = non-toxic. T = toxic. S = significant inhibition. “+”
represents level of expression or uptake. * represents level of significance. A higher level (double
or triple + + +, ***)_ 04 represents percentage of inhibition compared to the control group. n.a.:
not able to determine due to lack of metastases in particular model. n.d.: not determined due to

the proliferation index inhibition by conjugates is already confirmed in aggressive 4T1 model.
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4.2 Homing Heptapeptide-Dau conjugates

4.2.1 In vitro anti-proliferative activity of Homing Heptapeptide-Dau conjugates
and free Dau

Tumor type specificity of two conjugates 3 and 4 was investigated on 22 different
types of tumor cell line and on MCR-5 (human fibroblast) as non-cancerous control cell
line. The cells were treated with the compounds for 24 h followed by incubation in fresh
medium for further 48 h. The ICso values of the conjugates were compared to each other
and to the values obtained determining the effect of the free drug (Table 6). The data
indicated that the conjugates had anti-proliferative effect on all cell types, but the lowest
activity was measured on MRC-5 cells. However, the conjugates were not selective to the
HT-29 human colon adenocarcinoma at all. Nevertheless, conjugate 4 showed higher
anti-proliferative effect in all cases that was ca. 1.5-5 times higher activity depending on
the type of cancer cells. The ICso values were mainly at low micromolar range for
conjugate 4 and they were 1-2 order of magnitude higher compared to the free Dau that

can enter the cells by diffusion.
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Table 6. Anti-proliferative effect of drug conjugates 3 and 4 compared to free Dau on various cell

lines.

ICs!24h+48h

Relative Potency 2

Tumor Type | Cell Line

Dau (nM) 3 (UM) 4 (UM) Dau/3 Dau/4
Glioblastoma | US7TMG 279+35 |142+35 |6.6+02 [00020 |0.0042
Breast MCF-7 286.0+24.7 |222+9.2 |11.1+3.8 00129 |0.0258
Breast o MBT 15294103 | 63225 |46+08 |0.0084 | 00115
t'\,"ré‘;;':e 4T1 408+68 [342+04 |11.6+3.6 00012 |0.0035
Colon HCT116 12714219 | 33644 |72+03 |0.0038 |0.0177
Colon HT-29 202.9+10 |30.1+0.3 |11.6+0.1|0.0067 |0.0175
Colon WiDr 240.1+363 |341+3.2 |151+29 00070 |0.0159
Murine colon | C26 1260+ 468 |158+25 [83+10 |0.0080 |0.0152
Liver HepG2 213+09 |224+44 |47+05 |0.0010 |0.0045
Lung A549 68.2+227 |259+23 |59+15 |0.0026 |0.0116
Lung H1650 47516 |44+12 |29+06 |00108 |0.0164
Lung H1975 13.3+47 |193%0.1 |3.7+08 |0.0007 |0.0036
Melanoma | A2058 333+04 [105+58 |35+13 |0.0032 |0.0095
Melanoma | M24 93.6+258 |154+3.7 |58209 |00061 |0.0161
Melanoma | WM983b | 44.3+19.2 |7.1%25 |51+04 |0.0062 |0.0087
M:Ig:c?ma B16 8.9+54 152+30 |3.0%05 |0.0006 |0.0030
rleadand | pE/CAPIIS | 26750 | 202446 |7.4%34 | 00013 | 00036
:'eecalf and PE/CA-PJA1 | 258+54 |9.4+35 |43+0.1 |0.0027 |0.0060
Ovarian OVCAR-3 | 472.9+63.6 |13.8+05 |[11.3+2.6|0.0343 |0.0418
Pancreas PANC-1 466.7+36.6 | 31.7x45 26.9+8.1|0.0147 |0.0173
Prostate DU145 245+54 6.1+22 3.5+£05 | 0.0040 | 0.0070
Prostate PC-3 260+71 |205+0.3 |59+16 |0.0013 |0.0044
Elt?rrtgrt])?;st MRC-5 254.7+0.6 |39.3+24.6 |52.1+1.7 |0.0065 |0.0049

1 1Cso values (average + SD). 2 Relative potency = ICso Dau / ICso Conjugate.
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4.2.2 Effect of Homing Heptapeptide-Dau conjugates and free Dau in orthotopic
HT-29 human colon tumor model in vivo

Next to the parent conjugate 3, conjugate 4 was selected for in vivo experiments and
their anti-tumor activity was tested in orthotopic HT-29 human colon cancer model in
SCID female mice. Conjugates 3 and 4 has a good water solubility and due to this they
were dissolved in water for injection. The treatments were started on day 13 and the mice
were terminated on day 30 after tumor transplantation, except for the free drug (Dau)
group, which was terminated on day 23 after tumor transplantation due to the significant
weight loss of the animals. The free drug was administered i.p. using 1 mg/kg dose once
a week that is the maximal tolerated dose in this case. Conjugates were injected at a dose
of 10 mg/kg Dau-content three times in the first and two times in the second week. During
the experiment, one animal died from both the control and Dau treated groups, while two
of them from the group treated with parent conjugate 3. In contrast, no animals died from
the group treated with modified conjugate 4. After the termination, tumor growth
inhibition was calculated by the measurement of tumor weight, while liver toxicity of the
compounds was determined according to the liver/body weight ratio.

Animal weights did not differ from control mice in case of conjugates 3 and 4, while
Dau-treated mice showed an increased significant weight loss (Figure 21A). The results
indicate that free Dau caused 83.7% tumor growth inhibition compared to the untreated
control group (Figure 21B). However, significant liver toxicity according to the loss of
liver compared to body weight for 22.7% was obtained (Figure 21D). Similarly to the in
vitro data, conjugate 4 was also more active in vivo compared to conjugate 3 (Figure
21B). In comparison with the control group, tumor growth inhibition was significant for
89.1% in case of conjugate 4, and not significant for 64.6% in case of conjugate 3.
Inhibition effect on tumor growth of conjugate 4, in comparison with conjugate 3, was on
the border of significance (p = 0.0593). The liver/body mass changes were 10% and 5%,
respectively, that was not significant compared to the control group, and significantly
different than it was observed in case of the free Dau treated group (Figure 21D).

To reveal the mechanism of the in vivo effect of conjugates and free drug (Dau),
xenograft tumors were analyzed by immunohistochemistry. The proportion of
proliferating tumor cells was determined by KI-67 labelling, which is a specific cellular

marker for proliferation. Proliferation index was determined as percentage of KI-67-

71



DOI:10.14753/SE.2021.2555

positive-stained cells from viable cells in the tumor tissue. Both conjugates significantly
inhibited the number of KI-67-positive cells in the xenograft tumor, in comparison with
control tumors, where conjugate 4 significantly inhibited the number of KI-67-positive

cells in comparison with conjugate 3 and free drug (Dau) (Figure 21C).
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Figure 21. Effect of Heptapeptide-Dau conjugates 3 and 4 (10 mg/kg Dau content, 5 treatments,
black arrows) and free Dau (1 mg/kg, 2 treatments, red arrows) in orthotopic HT-29 human colon
carcinoma bearing SCID female mice. (A) Animal body weight (grams, average £ SD). (B)
Tumor weight (grams, average + SEM), after termination of the experiment, 30 days after
transplantation. (C) Proliferation in primary tumor (average proliferation index £ SD). (D) Liver
weight/body weight ratio (percentage, average + SD), after termination of the experiment, 30 days
after transplantation. Tumor and liver weight of mice from free Dau group on day 23 subsequent
to transplantation. 8 animals per group. Statistical analysis was performed by Mann—-Whitney test.
*, Fx xEk and **** mean significantat p < 0.05, p <0.01, p<0.001 and p <0.0001, respectively.
* blue, red, green, and purple mean significant difference in control, Dau, 3, and 4 groups,
respectively, at certain time point of experiment compared to the start (A), and significant

difference compared to control, Dau, 3, and 4 groups respectively (B, C, D).
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4.3 Vindoline CPP conjugates

4.3.1 Invitro anti-proliferative activity of Vindoline CPP conjugates

The analysis of in vitro anti-proliferative effect of Vindoline derivatives and
conjugates was performed on C26 mouse colon carcinoma, and P388 mouse leukemia
cell lines (Table 7; Figure 22).

As expected Vindoline and Br-Vindoline expressed no anti-tumor activity on studied
cell lines. The presence of Trp-OMe moiety almost regardless to the configuration of the
Trp residue increased the anti-tumor effect of Br-Vindoline, while the derivatives (Br-
Vind-L-Trp-OMe, Br-Vind-D-Trp-OMe) had moderate biological activity in a range of
ICs0 = 21.6 to 5.3 uM. It is interesting to note that in case of P388 cells, Vindoline
derivatives had not only the most marked effect, but also slightly different activity
depending on the Trp configuration, ICso = 5.3 uM for L-Trp, and ICso = 15.9 uM for D-
Trp, respectively.

The corresponding ICsp values obtained from the treatment of cells with octaarginine
Vindoline conjugates indicated the same tendency against P388 murine leukemia cell
line, whereby the L-Trp containing conjugate Br-Vind-L-Trp-Args (5) was more effective
with ICso = 3.1 uM, than the isomer conjugate Br-Vind-D-Trp-Args (6) with 1Cso = 18.0
puM. The configuration of Trp notably determined the influence of the conjugates on the
activity on C26 and P388 cells.

The anti-tumor effect of Vindoline-Trp-octaarginine conjugates was much higher in
comparison with the free, unconjugated Vindoline derivatives, especially in C26 murine
colon carcinoma cell line. It is also important to mention that conjugate of Br-Vindoline
without the Trp moiety (Br-Vind-Args) was less effective on both C26 and P388 cells in

comparison to Vindoline derivatives and Vindoline octaarginine CPP conjugates.

73



DOI:10.14753/SE.2021.2555

Table 7. In vitro anti-proliferative activity of Vindoline derivatives and CPP conjugates on tumor

cell lines.
ICso 3 h +69 h (uUM)
Compound
C26 P388
Vindoline >100 >100
Br-Vindoline >100 >100
Br-Vind-L-Trp-OMe 18.41+2.06 | 5.27+1.49
Br-Vind-D-Trp-OMe 21.62+4.26 | 15.92+£2.80
Br-Vind-Args 25.87+2.70 | 26.55+5.01
Br-Vind-L-Trp-Args (5) | 4.29+0.41 | 3.09+0.45
Br-Vind-D-Trp-Args (6) | 10.80 +0.72 | 17.98 + 1.21
1 1Cso values (average + SD).
A Z 1004 B = 100 )
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Figure 22. Anti-proliferative effect of the Vindoline derivatives and CPP conjugates. (A): C26
murine colon cancer cells, (B): P388 murine leukemia cancer cells, after 72 h (3 h treatment and
an additional 69 h incubation). Dose-response curves obtained by non-linear regression. Error

bars represent the SD of three parallels, the measurements were repeated twice.

4.3.2 Effect of Vindoline-octaarginine CPP conjugates and free Vinblastine in
subcutaneous P388 murine leukemia tumor model in vivo

The anti-tumor effect of Trp containing Vindoline-octaarginine CPP conjugates and
Vinblastine on the tumor growth was studied in vivo by using tumor model of P388 mouse
leukemia cells which were injected subcutaneously into mice. The effect of treatments
was evaluated on animal body weight which slightly increased during the treatment time
for 6-7% in the control and in all treated groups (Figure 23A).

The animals were treated with the conjugates on day 1 and 6 with dose of 10 mg/kg

body weight. Vinblastine as a clinically applied drug was used as positive control in dose
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of 1 mg/kg body weight. All treated groups showed inhibition of the tumor volume
compared to the control group at the end of the experiment on day 25 after cell
inoculation, but not significant (Figure 23B). The inhibition of tumor volume was 22.5,
44.5 and 16.7% for Vinblastine, conjugate 5 and conjugate 6, respectively, in comparison
to the tumor volume in control group. The treatment with conjugate 5 containing L-Trp
could inhibit the tumor growth almost three times more than conjugate 6 with D-Trp, after
two administrations at 10 mg/kg concentration. Moreover, conjugate 5 inhibited double

more tumor volume than Vinblastine, a known cytostatic agent.

Control
Vinblastine
(5)- 10 mg/kg
(6) - 10 mg/kg

23:¢ * 1250 * *

214

- (Control
-# Vinblastine
—h—
e

Animal weight (g)

(5) - 10 mg/kg
(6) - 10 mg/kg
0 5 10 15 20 25 0 5 10 15 20 25
Days after cell inoculation Days after cell inoculation

Tumor volume (mm?)

Figure 23. Effect of Br-vind-L-Trp-Args (5) and Br-Vind-D-Trp-Args (6) conjugates (10 mg/kg,
2 treatments, black arrows) and Vinblastine (1 mg/kg, 2 treatments, black arrows) in subcutaneous
P388 murine leukemia bearing BDF1 female mice. (A) Animal body weight (grams, average +

SD). (B) Tumor volume (mm?3, average + SEM). 5-7 animals per group.

4.3.3 Effect of Vindoline-octaarginine CPP conjugates and free vinblastine in
subcutaneous C26 murine colon tumor model in vivo

The anti-tumor effect of Trp containing Vindoline-octaarginine CPP conjugates and
Vinblastine on the tumor growth was studied in vivo also by using tumor model of
subcutaneous C26 murine colon carcinoma bearing mice. The effect of treatments was
evaluated on animal body weight which was not changed during the treatment time in the
control and all treated groups (Figure 24A).

The animals were treated with the conjugates on days 13, 17, 20, 24 and 29 at dose of
10 mg/kg and 20 mg/kg body weight. Vinblastine as a clinically applied drug was used
as positive control in dose of 1 mg/kg body weight. All treated groups showed inhibition
of the tumor volume compared to the control group at the end of the experiment on day
31, but not significant (Figure 24B). The treatment of C26 colon carcinoma bearing mice
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with L-isomer conjugate 5 showed higher anti-tumor activity compared to D-isomer
conjugate 6 for same dose. Dose of 10 mg/kg of both conjugates showed 2-fold lower
inhibition activity on tumor volume in colon tumor bearing mice compared to leukemia
model, with inhibition of 19.9 and 7.3%, while the Vinblastine treatment had no marked
influence on tumor growth, and inhibited tumor volume for 11.4% compared to the
control. The inhibition of tumor volume was increased under double higher dose of
conjugates where concentration of 20 mg/kg decreased tumor volume for 29.4 and 22.8%
for L-Trp (5) and D-Trp (6) isomers, respectively, in comparison to the tumor volume in
the control group.

A g B 4000~
5 5 o * * * l J
= 24+ é 30004~ Cpmrol_
< 23 > -# Vinblastine
k] £ -+ (5)- 10 mg/kg
E 22 %‘ 2000+ (5) - 20 mg/kg
-

g 219 Control 5 -+ (6)- 10 mg/kg
.'<-= 201-= Vinblastine £ 10009-e- (6)- 20 mg/kg

194+ (5)- 10 mg/kg =~ (6) - 10 mg/Kg it

18 (5)-20 mg/kg —=— (6) - 20 mg/kg 0

10 15 20 25 30 10 15 20 25 30
Days after cell inoculation Days after cell inoculation

Figure 24. Effect of Br-vind-L-Trp-Args (5) and Br-Vind-D-Trp-Args (6) conjugates (10 mg/kg
and 20 mg/kg 5 treatments, black arrows) and Vinblastine (1 mg/kg, 5 treatments, black arrows)
in subcutaneous C26 murine colon carcinoma bearing BALB/c female mice. (A) Animal body

weight (grams, average + SD). (B) Tumor volume (mm?, average + SEM). 5-7 animals per group.
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5 DISCUSSION

5.1 GnRH-III-Dau conjugates

The discovery and development of new drugs is a time-consuming, expensive and
complex process which involves experts from a range of disciplines such as medicinal
chemistry, biochemistry, molecular biology, medicine, and pharmacology. It is requiring
a wide-ranging scan of thousands of potential candidates using reliable in vitro screening
analysis. It has been estimated that from about 10 000 new chemical entities identified or
synthesized as potential therapeutic agents, only one will reach the market in an average
time of 16 years?’3,

Moreover, high production costs and the need for several clinical trials to verify the
tolerability, toxicity, and effectiveness of the candidate molecules delay production of
marketable drugs, driving up their price and making them prohibitive to most patients. In
this context, thanks to their biocompatibility, overall reproducibility of their synthetic
processes, and lower production costs, peptides represent an attractive alternative and
have received attention from the pharmaceutical industry in recent years?’,

The use of peptides in clinical trials has recently gained ground. They are now used
widely as therapeutic drugs and diagnostics in clinical applications such as
endocrinology, oncology, urology, and obstetrics?”. Indeed, it is estimated that the global
peptide therapeutics market, which was valued at 23 billion American dollars in 2017,
will reach 43 billion American dollars by 2024, with annual growth rate of around 9%7276.

When considering that receptors for many regulatory peptides are overexpressed in
various tumor cells, compared with their expression in normal tissues, peptide based drug
tumor targeting is a promising therapeutic approach for cancer and enables the specific
delivery of anti-cancer drugs to cancerous cells!®*. Among various homing devices,
GnRH-11l peptide represents a suitable targeting moiety and different GnRH-I11I
conjugates have been developed and used as DDS*?°. Moreover, GnRH-Rs were not only
detected in cancers related to the reproductive system, but also to unrelated ones, such as
colon cancer?" 28,

Recently, a novel promising GnRH-Il1-based DDS with an improved in vitro activity
was developed in Mezé group?®. Its activity was analyzed on a wide set of cancer cell
lines and also on MRC-5 normal cell line in comparison to previous lead conjugate 1 to

further characterize the potency of the new conjugate 22°°. Furthermore, the in vivo
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activity of both compounds in tumor bearing mice was determined to gain a deeper insight
of their potency.

The in vitro anti-proliferative effect measurements, on a wide set of cancer cell lines,
revealed that both conjugates elicited a substantial growth inhibitory effects with 1Cso
values in the low micromolar range, whereby conjugate 2 displayed mostly a higher
cytostatic effect than 1. These results are in line with previously reported results and
confirm the high potential of the novel lead compound 22%, In this study, higher ICso
values were obtained in CRC and BC cell lines than in the previous one. This might be
related to the difference in the assays which have been used for cell viability
determination?’’. In the present study a MTT assay was used and in previous studies a
resazurin based assay. Furthermore, beneficial relative potencies were obtained of
compounds 1 and 2, on breast, colon, malignant glioma, melanoma and ovarian cancer
cell lines. On the contrary, relatively high ICsp and low relative potency values were
obtained in case of non-cancerous MRC-5 cells, suggested that the conjugates are highly
tumor selective, except for PANC-1 cells, where the 1Cso value of the free Dau was also
substantially higher than for the other cancer cell lines. Lower values of relative potency
indicate a loss of targeting capacity of the conjugates with respect to free Dau?"8.

It is well known that pancreatic cancers reveal very often MDR towards a variety of
classical anti-cancer drugs?’®. Miller et al. has determined that the MDR of PANC-1 cells
is mainly related to the presence of the MDR-associated protein (MRP)?°. Moreover, it
has been shown that MRP mediates the adenosine triphosphate (ATP)-dependent efflux
of anthracyclines, like Dau and other anti-cancer agents?. 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.

The endocytic uptake of Dau via conjugates might overcome the MRP-derived MDR
in PANC-1 cells, as shown by Zheng et al.?®, Therefore, it can be assumed that the Dau
resistance of PANC-1, can be reduced when the drug enters the cells by an endocytic
route, which could not be obtained with tested conjugates. Thus, the low activity of the
conjugates on PANC-1 cells might be related with a lower receptor level even if other
reports verified GnRH-R expression on PANC-1 cells?®, The GnRH-R expression was
determined on a selection of cell lines, where 1 and 2 had a high activity and also on the

two cell lines with the lowest activity, to better interpret the results. Thus, the GnRH-R
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MRNA, absolute protein level and cell surface receptor level of MDA-MB-231, 4T1, HT-
29 and A2780, as well as PANC-1 and MRC-5 cells was determined.

The GnRH-R mRNA expression level was analyzed using RT-gPCR. The amount of
GnRH-R mRNA in MRC-5 was almost the same as the level in human total cDNA
sample, which indicates that MRC-5 normal cell line provides a good reference sample,
thus the relative quantification of each sample was normalized to MRC-5. All cancer cell
lines showed a higher level of GnRH-R mRNA expression than the normal cell line which
is in accordance with previous studies?®. The detected GnRH-R mRNA level in PANC-1
cells was substantially reduced compared to MDA-MB-231, HT-29 and A2780 cancer
cells which might be an explanation for the high ICso values on PANC-1 cells.
Interestingly, human colon sample showed almost two-fold higher level of GnRH-R
MRNA in comparison to normal cell line and human total cDNA sample, which is in
accordance with reported data, illustrating that GnRH-R is present on healthy intestine
and colon?® 285 On the contrary, no correlation between the GnRH-R mRNA level and
the ICsp value could be obtained in the case of U87MG cancer cells, which exhibit just a
low mRNA level of GnRH-R expression, but low ICsg values. This observation might be
explained by post-transcriptional processes that are involved in the final synthesis of the
protein leading to different levels of its expression?3®:287_ |t is well known that mMRNA and
protein expression do not always correlate, thus the absolute GnRH-R protein level was

also determined?®28,

Whole cell lysates of the appropriate cell lines were analyzed using western blot
studies in order to determine the GnRH-R protein expression level. All cancer cell lines
showed higher protein level of GnRH-R in comparison to normal cells, except for PANC-
1. Moreover, these results are in line with the determined 1Cso with exception of MDA-
MB-231. For the biological activity not only the absolute GnRH-R level is of high
relevance, but also the location of the receptor on the cell surface?®.

Thus, the GnRH-R expression level on the cell surface was analyzed using flow
cytometry. All of the cancer cell lines showed higher GnRH-R receptor surface level in
comparison to the normal cell line. The obtained results are in accordance with previously
published data for breast3" 2%, ovarian?®! 292, colon?’, brain'®® and pancreatic cancer®®,

Moreover, these results correlate very well with the determined ICso values. However,
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both conjugates showed low cytotoxic effect on PANC-1 cells, although a high surface
expression level of GnRH-R was obtained. This effect could depend on a number of
factors next to the binding to receptors, including the rate of internalization, efficiency of
the drug release, interaction of drug with its targets and the suitability of the drug for a
certain tumor®® 2%, The reason for this effect could be very low basal protein level. Thus
it might be possible that the amount of receptors which are recycled to the cell surface,
after the initial internalization of the surface receptors together with the conjugate, is quite
low. Therefore, it could be the case that only in the beginning, a smaller amount of
conjugates enter the cell by receptor mediated endocytosis, and then the internalization is
slowed down which might cause the reduced activity of the conjugates on PANC-1 cells.
In comparison, the cell lines with a high and moderate cell surface and basal protein level
display enhanced biological activities. Thus, it can be assumed that the surface receptor
level is more constant over the treatment time of 24 hours which might explain better in
vitro activity.

Apart from that just a relative low basal and surface protein GnRH-R expression level
was determined in case of MDA-MB-231 cells, while both compounds reveal a high
biological activity on these cells. This effect might be explained by the high mRNA level
which could be detected for MDA-MB-231 cells. It could be possible that the translation
of the GnRH-R mRNA might be initiated and accelerated when GnRH-11I conjugates are
bound to the receptors, which would explain high in vitro activity of the conjugates on
MDA-MB-231. However, cellular uptake studies were performed to further evaluate this

assumption.

The cellular uptake of conjugates was analyzed using flow cytometry after six hours
of treatment, whereby non treated samples were used as controls. All of the cancer cell
lines showed higher uptake rates for the conjugates in comparison to normal cells. These
results are in line with the GnRH-R expression level and the ICso values. In accordance
with previous results, the obtained cellular uptake rates of the new lead compound 2 were
for each cancer cell line significantly higher than that of 1, but not for the normal cell line
MRC-5, where could not be obtained a significant difference between the conjugates.
This indicates that the uptake capacity on cancer cells is higher for conjugate 2 which is
in line with previous data?®. Apart from that, the cellular uptake rates on PANC-1 cells

were for both conjugates lower than for the other cancer cell lines and in the same range
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as the rates for MRC-5. These results are in line with the low anti-tumor effect of the
conjugates on these two cell lines and the GnRH-R expression level.

Taking all of the results into account, it can be proposed that the biological activity of
the conjugates strongly depend on the expression of the GnRH-Rs which ensures the
selectivity of the GnRH-IIl based DDSs, and on cellular uptake capacity of the

conjugates.

Furthermore, the in vivo anti-tumor activity of the conjugates was analyzed on tumor-
bearing mice due to the promising in vitro results of 1 and 2 and the fact that the stability
of the conjugates in murine plasma revealed that both compounds were stable for at least
24 h. Although both conjugates have been already proven to be stable in human blood
plasma?®®, this experiment provides valuable information and avoids misinterpretation of
preclinical results that might be caused by differences between the enzymatic activity of
laboratory animals and humans?%*,

The analysis of the toxicity of new compounds on healthy mice is essential for the
drug development process?®. Animal weight and behavioral changes are the critical
characteristics in toxicity testing as animals should be protected from stress and pain?®®.
Thus, an acute toxicity study experiment was performed, which revealed that neither the
body weights of the mice were significantly changed after administration of the new
conjugate 2, nor the general look and behavior of experimental animals, even at a dose of
50 mg/kg Dau content. Chronic toxicity experiment with 5 treatments of conjugates with
a dose of 15 mg/kg Dau content, revealed no significant change in the body weights,
general look and behavior of mice. Based on these results, it is concluded that both
conjugates can be used at this concentration for the treatment of tumor bearing mice, since
this dose was not toxic for the animals.

Initially, the in vivo anti-tumor activity in an orthotopic 4T1 murine BC model was
determined. Moreover, the anti-metastatic effect of the conjugates and free Dau was
analyzed, since the majority of deaths of BC patients are related to tumor cell metastasis.
Unfortunately, most BC are invasive and frequently metastasize to distant organs,
including lung and liver?®” 2%, There is currently no effective therapy for metastatic BC.
Therefore, the development of therapeutic agents to suppress metastatic BC is of great
significance. To determine the efficacy of anti-tumor drugs, the choice of a suitable in

vivo model that mimics the initiation and progression of BC is highly important?%® 3%, A
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number of murine models have become available during the last two decades and
syngeneic BC murine models, including the 4T1 murine mammary cancer models,
originally isolated as subpopulation derived from a spontaneously arising mammary
tumor in BALB/c mice3°: 32 are widely used to study the mechanisms of tumor growth
and metastasis®®3%. Orthotopic BC models mimic the tumor microenvironment in an
adequate way and they provide more tumorigenic and metastatic cancer cell
population®’. Moreover, these models represent beneficial tools to investigate the anti-
tumor and anti-metastatic effects of various drugs according to their aggressive growth
and high invasive nature®®® 3% In could be shown that 4T1 tumor metastasizes via a
hematogenous route to liver and lungs, making it a beneficial model of human metastatic
BC3° which grows progressively and causes a uniformly lethal disease®'%. Therefore, the
orthotopic implantation of 4T1 cells by injection in the mammary fat pad was performed,
which leads to the formation of primary tumors and subsequent metastatic growth,
establishing a fast and quantitative method!2 to determine the in vivo anti-tumor activity
of conjugates 1 and 2, and Dau. Moreover, the anti-metastatic effect of the conjugates and
free Dau was analyzed, since the majority of deaths of BC patients are related to tumor
cell metastasis.

The change of the animal body weight during the in vivo experiment is an important
parameter that shows the condition of drug treated and non-treated tumor bearing
animal®3. In 4T1 tumor bearing mice, decreasing body weights were obtained for the
control and Dau group, while an increase in animal body weight could be observed in
both conjugate treated groups, indicating that the conjugates did not cause toxicity and
side-effects on the animals during the treatment.

The GnRH-III conjugates 1 and 2, as well as free Dau showed a significant tumor
volume inhibition activity against a very aggressive syngeneic orthotopic 4T1 mouse
breast tumor. Apart from that, the expression of the KI-67 protein is strictly associated
with cell proliferation and tumor progression, therefore we determined the proliferation
index of KI-67 positively-stained cells®'. The results display, for both conjugates, as well
as free Dau a significantly lower proliferation index in primary tumor when compared to
the control group, which supports their significant inhibitory effect on the tumor growth.

Furthermore, not only the elicited anti-tumor activity is of high relevance for the

success of an anti-cancer drug, but also the selectivity to cancerous cells and reduction of
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side-effects. Dau is known to be rapidly and widely distributed in tissues, whereby the
highest levels were found in the liver, spleen, kidneys, lungs and heart®!®. Since the liver
is the vital organ in metabolism of Dau, production of toxic intermediates that may trigger

liver injury and impair with the liver function can increase the risk of toxicity3®

. Analysis
of organ weight in toxicology studies is an important factor for the identification of
potentially harmful effects of drugs, thus the liver weight/body weight ratio analysis
provides better understanding of drug toxicity*°® 317, The free Dau caused a significant
decrease of liver/body weight ratio in comparison to control and conjugates treated
groups, revealing that the treatment with Dau caused toxic side-effect in mice. In
comparison, non-significant liver/body weight ratio could be detected in GnRH-III
conjugates treated groups proving evidences for their selectivity and non-toxicity to
healthy tissue.

The number of metastases close to the primary tumor and on distant organs are often
clinical picture in breast tumors®®, Conjugates and the free Dau both exhibited a
decreased number of macro-metastases in peripheral organs, especially in the lung and
the spleen, while the new conjugate 2 revealed also significantly decreased metastases in
the liver. Further was evaluated the effect of GnRH-I11-Dau conjugates and Dau on the
number of micro-metastases and on the proliferation of metastases in the lung in order to
confirm the significant decrease of the number of macro-metastases. The number of
micro-metastases was significantly reduced for all treated groups in comparison to the
control group, especially in conjugates treated groups. Both conjugates and free Dau
showed a significant inhibition of the proliferation index in lung metastases, which allows
for drawing the conclusion that both conjugates possess an anti-metastatic activity.

The significant in vivo tumor growth inhibition in 4T1 BC bearing mice, together with
the significant inhibition of the proliferation in primary tumor and the significant anti-
metastatic activity, supports the assumption that both conjugates are promising
therapeutics for BC without causing significant side-effects and toxicity.

Although subcutaneous inoculations of the cells are easier to perform, orthotopic
models give rise to a more tumorigenic and more metastatic cancer cell population. Thus,
results obtained by means of the subcutaneous inoculations might be either false-negative
or false-positive, encouraging the use of orthotopic models to study the tumor growth3"’.
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The use of an orthotopic xenograft model®!® in SCID mice®*® provide a powerful tool
for therapeutic investigation of anti-cancer agents which should act on BC.

Further studies have been performed in orthotopic MDA-MB-231 human BC bearing
mice, because the use of human BC cell lines in orthotopic xenograft mouse model
provide a powerful tool for therapeutic investigation of anti-cancer agents and give
valuable information about specific drug targeting in human3®2. In addition, this TNBC
cell line is extremely aggressive, expresses a high level of GnRH-R and it has been shown
to be a suitable model to evaluate the efficiency of GnRH peptide drug conjugates®® 2*
181,322 This prompted us to determine the in vivo anti-tumor activity of both GnRH-II
compounds in orthotopic MDA-MB-231 human breast tumor bearing mice.

In this model, the animal body weight of the mice was decreased in all groups at the
end of experiment when compared to the beginning. But, only in the group treated with
free Dau, the body weight of the mice was significantly decreased. Taking into account
that two animals in the control group were in bad condition, but not the mice in the groups
treated with the conjugates, it can be concluded that the conjugates did not cause a
substantial toxicity, even if the administrated Dau content was much higher than the
maximum tolerated dose of the free drug?®.

If we consider the tumor volume inhibition, the strongest effect was obtained for the
treatment with free Dau, but also both conjugates significantly inhibited the tumor
volume. The anti-tumor effect of the GnRH-I1I conjugates and free Dau was evaluated
also measuring the tumor weight in each group after termination of the experiment. Also,
these data demonstrate that the conjugates 1 and 2, as well as free Dau possess a
significant anti-tumor activity in orthotopic human MDA-MB-231 TNBC bearing mice.

In accordance with the results that were obtained in the 4T1 mouse breast model, the
treatment with free Dau caused a significant decrease of the liver/body weight ratio
compared to the liver/body weight ratios of the control and conjugates treated groups.
When considering that was not detected a significant change in liver/body weight ratio, it
can be suggested that the treatment with the GnRH-I11 conjugates do not cause harmful
side-effects.

It has been reported that, in SCID mice, the remaining innate immune cells reduce the
metastasis formation in distal organs®?®. Due to this, the anti-metastatic effect of the

conjugates and free drug was evaluated based on the number of animals containing
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metastases close to the primary tumor. The obtained results provide evidence that both
conjugates cause a significant reduction in the number of animals with metastases.
Moreover, the anti-metastatic effect of the conjugates was higher in comparison with the
Dau treated group, suggesting that these two conjugates are potential anti-metastatic
therapeutics for BC.

Based on these results, it can be concluded that both GnRH-111 conjugates, as well as
Dau inhibit the tumor growth significantly in MDA-MB-231 BC bearing mice.
Furthermore, the anti-metastatic activity of the conjugates was significant and higher than
that of Dau. Moreover, the results of the animal body weight, as well as the liver/body
weight ratio, indicate that no toxicity side-effects are caused by the treatment with the
conjugates, even if the Dau content of the injected dose was much higher than the

maximum tolerant of free Dau.

Next to the in vivo studies on BC bearing mice, we were interested to analyze the anti-
cancer activity of the two lead compounds on tumors that are not related to the
reproductive system. Due to in vitro results and previous in vivo studies of 1, CRC might
represent an adequate model for these studies?®. Although orthotopic colon cancer
xenograft models are technically challenging and labor-intensive, orthotopic transplants
are able to more accurately mimic human tumors. This approach simulates better the
natural microenvironment for tumor development, providing an effective approach to
investigate tumor pathophysiology and to develop therapeutic strategies which allow a
better prediction of patient’s response to chemotherapy in comparison with heterotopic
transplants®24-32, Apart from that, different studies pointed out that many colon tumors
possess an increased expression level of GnRH-R?, therefore a variety of synthetic
therapeutics have been used which target this receptor and hence revealed significant
tumor growth inhibition in vitro and in vivo!®% 193.195,189.200,327 ‘Th;s HT-29 human colon
tumors were implanted to the intestine of immunodeficient SCID mice?%? 328,329,

We observed that the free Dau cause a significant decrease in mice body weights,
which compelled us to terminate the experiment for this group already on day 23 after
tumor transplantation. Apart from that, the significant loss of the body weight in the
control group also prompted us to terminate the experiment on day 30 after tumor
transplantation. A reduction of the animal weight was also obtained for mice which were

treated with the GnRH-I11 conjugates, but here the effect was not that serious, especially
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on the day when the Dau group was terminated. This indicates that both conjugates cause
less harmful side-effects than Dau. Moreover, it might be possible that a distinct decrease
of the body weight was caused by a higher susceptibility of the animals after surgery
procedures, which was necessary for establishing the orthotopic CRC model2%: 328329,

The anti-tumor effect of the conjugates and Dau was evaluated after isolation of the
tumors at the end of experiment. A significant inhibition of the tumor weight was obtained
in all treated groups, whereby the highest inhibition was obtained for the treatment with
the novel lead compound 2 even the experiment took longer in comparison with the free
drug. Furthermore, this effect could be achieved without substantial toxic effects and by
a lower dose than in the previous studies with 1 and free Dau?®.

In addition, no significant changes were detected in the liver/body weight ratios of the
groups treated with the conjugates, while a significant decrease of the liver/body weight
ratios was observed for the group that was treated with the free drug. This indicates that
the conjugates did not cause toxicity to the mice, unlike free Dau.

Based on these results, we can conclude that both GnRH-III conjugates, as well as
free Dau inhibited the tumor growth efficiently in HT-29 CRC bearing mice. However,
the new conjugate 2 showed the highest anti-tumor effect against CRC, while its impact
on the animal body weight and liver/body weight ratio was the lowest demonstrating that
compound 2 is a promising candidate for the targeted chemotherapy of CRC.
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5.2 Homing Heptapeptide-Dau conjugates

As it can be seen from previous paragraphs, targeted tumor chemotherapy might be
an efficient tool for cancer treatment, and development of peptide based SMDCs is a
current topic in this field. In spite of the higher tissue penetration of small conjugates over
ADCs, the uptake of appropriate amount of drug molecules is still problematic. Therefore,
a combination of peptide based SMDCs where conjugates could contain different homing
peptides recognizing different cell surface compartments attached to different drug
molecules with various site of action, and discovering of new homing peptides might be
necessary for effective tumor regression in vivo. One of the approaches to find tumor
selective peptides is phage display technique®3® 3, In this study, homing peptides with
selectivity to HT-29 human CRC were searched in the literature. According to the finding
by Zhang et al.??4, it was selected VHLGYAT heptapeptide as homing moiety which was
identified from phage library. This sequence was optimized for better tumor recognition.

After series of experiments such as Ala-scan and positional scanning it was identified
that the substitution of Gly with a bulky nonpolar amino acid Phe in position 4 of the
homing motif, is the best choice to increase the anti-tumor activity of the conjugates
where Dau is coupled through Cathepsin B cleavable spacer (LRRY) via oxime linkage.
As one of the key point of the biological effect of the conjugates is their efficient entry
into the cells, the cellular uptake experiments indicated that the cytostatic effect and the
uptake of the conjugates correlate®*,

The stability of conjugates under the conditions which will be used for the biological
tests, as well as their metabolism in lysosomal homogenates are very important due to
difference in the stability of the conjugates might have some influence both on the in vitro
and in vivo studies. It was shown that, replacing the Gly for Phe in conjugate 4, did not
only improved the anti-tumor effect, compared to conjugate 3 that contains parent homing
peptide, but also the stability of the conjugates®%.

In my doctoral thesis study was measured the selectivity of the conjugates for HT-29
colon cancer cells. Also, the anti-tumor activity of conjugate 3 with the parent homing
peptide and conjugate 4 (G/F) were measured on 22 different cancer cell lines and on
MRC-5 human fibroblast cells. Surprisingly, both conjugates showed one of the highest
ICso values on HT-29 cells. Therefore, we can draw a conclusion, that the targeting moiety

is not selective to HT-29 colon cancer cells. Nevertheless, conjugate 4 was more effective
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than conjugate 3 on all cancer cell lines. The lowest effect was observed on fibroblast
cells, suggesting selectivity of the conjugates to tumor cells.

The selectivity of the VHLGYAT heptapeptide was not checked earlier on a broad
spectrum of tumor types. Interestingly, the measurements on different types of cancer cell
lines did not show selectivity to HT-29 cells. Therefore, sequence homology was searched
in the literature. In the manuscript published by Fourie et al., two peptides AG6R
(ASHLGLAR) and HbS (VHLTPVEK) were found that have overlapping sequence with
the parent peptide (see in bold)3*3, Both of them bind to heat shock protein 70 (Hsp70).
According to the literature, Hsp70 is overexpressed in a large variety of different tumor
types and it is localized not only intracellularly, but also tumor selective Hsp70 expression
in the plasma membrane was determined®* A membrane Hsp70 positive tumor
phenotype is associated with aggressiveness and therapy resistance of cancer and the
membrane-bound Hsp70 plays a pivotal role in eliciting anti-tumor immune response.
Furthermore, it can be a good target for targeted tumor therapy. All of these make a strong
suggestion that VHLGYAT based homing peptides might recognize membrane-bound
Hsp70.

The in vivo tumor growth inhibition effect of two conjugates was measured on
orthotopically developed HT-29 colon cancer bearing mice. The results indicate that
modified conjugate 4 has better anti-tumor effect than conjugate 3 with the parent homing
peptide. This effect was similar to the activity of the free Dau used in maximal tolerated
dose, however, much lower liver toxicity was observed in the groups treated with the
conjugates, even content of Dau was 10 times higher. In addition to the other positive
quality of conjugate 4, much lower proliferation index was obtained in tumors in the
group treated with conjugate 4 than in groups treated with conjugate 3 which resulted in
significantly higher tumor growth inhibition.

Based on this study, it is worth to modify tumor homing peptides selected by phage
display technique for the development of small molecule drug conjugates with increased
bioactivity and stability that can be applied efficiently for targeted tumor therapy. In
addition, the selectivity of the conjugates has to be determined. In this case, it seems that
the homing peptide selected by phage display has affinity to a broad spectrum of different
tumor cells that might be related to the cell surface protein Hsp70 as possible target, which

can be evaluated in further studies.
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5.3 Vindoline CPP conjugates

Vinca alkaloids such as Vinblastine and Vincristine are effective and clinically used
anti-tumor drugs. Contrary, one of the major alkaloid, Vindoline, has no anti-tumor
activity?6 270,

Previously wide range of Vindoline derivatives were synthesized and their in vitro
cytostatic activity was characterized?’2. While Vindoline has no anti-tumor activity3®,
some of its derivatives, such as methyl esters, Br-Vindoline-L/D-Trp-OMe, showed
modest activity. Thus, these compounds might provide new avenues for tumor treatment
with a new group of Vinca alkaloid derivatives. The mechanism of action of this novel
Vindoline derivatives could be different from the clinically used compounds (Vinblastine,
Vincristine) and could result in more efficient treatment.

It was observed earlier that conjugation of Vinblastine to octaarginine retains the drug
anti-tumor activity, and the conjugates showed selectivity for inhibiting the mitotic
spindle formation®“. Thus, Br-Vindoline-L/D-Trp-OMe derivatives were selected for
studying the effect of conjugation with oligoarginine as a CPP.

Considering that Vinca alkaloids are typically used in the treatment of cancerous
diseases of the blood (leukemias, non-Hodgkin's lymphoma, Hodgkin's disease)®3, the
effect of conjugation with tetra-, hexa-, and octaarginine was previously studied on HL-
60 cells®¥’. It was obtained that cytostatic effect of oligoarginine bearing compounds was
drastically increased in comparison to the effect of methyl esters or a carboxylic acid
derivative. Although all conjugates had a cytostatic effect, the conjugate with
octaarginine showed the highest activity.

For analyzing the anti-tumor activity, 10-Br-Vindoline, 10-Br-Vindoline-L-Trp-OH
and 10-Br-Vindoline-D-Trp-OH were conjugated with octaarginine. The effect of the
chirality of Trp on the biological activity was investigated. For conjugation, Br-Vindoline
derivatives were coupled to the N-terminal amino group of octaarginine in solution. In
this research also were tested octaarginine free compounds such as Vindoline, 10-Br-
Vindoline and Br-Vindoline-L/D-Trp-OMe derivatives, in order to compare with them
the anti-tumor activity of CPP coupled compounds.

Previously, octaarginine conjugates, Br-Vindoline derivatives with/without Trp
residue, and free Vindoline was studied in vitro. These conjugates showed an anti-tumor
effect in vitro on human leukemia (HL-60) and BC (MDA-MB-231 and MCF-7) cells,
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where although the Trp-OMe residue increased the efficacy of Br-Vindoline, it had no
influence in the conjugates on HL-60 and MDA-MB-231 cells, and all conjugates had
essentially the same activity. In contrast, conjugates with Trp were more active on the
MCEF-7 cells, but the cytostatic activity was independent of the configuration of Trp
moiety3’.

In my doctoral thesis study, the anti-tumor effect of octaarginine conjugates and Br-
Vindoline derivatives with/without Trp residue, as well as free Vindoline was studied on
mouse leukemia (P388) and mouse colon carcinoma cells (C26). On these cells, free
Vindoline and 10-Br-Vindoline did not show anti-tumor activity as expected, while all
conjugates have cytostatic effect. Presence of Trp increased anti-tumor activity as
previously, but in these two cell lines the configuration has influenced the activity.
Conjugate with L-Trp was twice or six times more potent on P388 and C26 cells,
respectively, than its D-Trp counterpart, with 1Cso in low micromolar range. These
promising data showed that the conjugation with octaarginine, the well-known CPP,
increased the activity of the moderately active Vindoline derivatives. Both, the presence
of Trp and octaarginine could increase the cellular uptake and thus the activity of Br-
Vindoline derivatives®®,

Based on encouraging in vitro results, the Br-Vind-L-Trp-Args (5) and Br-Vind-D-
Trp-Args (6) conjugates were selected for in vivo studies using P388 and C26 tumor
bearing mouse models, where Vinblastine as a clinically used drug was used as positive
control.

It was observed that the configuration of Trp had the impact on the activity, where the
conjugate 5 containing L-isomer was more active than the conjugate 6 containing D-
isomer. This phenomenon could be interpreted by an interaction between the Br-
Vindoline and octaarginine part, which is influenced by the configuration of the Trp.

The treatment with conjugate containing L-Trp showed higher inhibition of the P388
leukemia tumor growth than conjugate with D-Trp, and than Vinblastine, a known
cytostatic agent, suggesting potent anti-tumor activity of L-Trp containing Vindoline-
octaarginine CPP conjugate. In comparison, the tumor volume inhibitory effect of both
conjugates was lower in C26 murine colon carcinoma bearing mice than in leukemia,
although were more treatments, where also L-Trp containing conjugate showed higher

anti-tumor activity than D-Trp containing counterpart, in a dose dependent manner.
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Considering that L-Trp containing CPP conjugate showed higher anti-tumor effect than
free Vinblastine in both models, it can be suggested that this strategy promotes Vindoline
anti-tumor activity, although native Vindoline is not anti-tumorigenic.

It is also worth to mention that the effectiveness of L-isomer conjugate 5 over the D-
iIsomer conjugate 6 in in vivo studies was correlated with obtained in vitro results. Based
on the number of administrations, doses and times of administration, we can conclude
that the isomer related effect is also dependent on the properties of the tumor investigated.

Although both conjugates were significantly potent in vitro on cells, especially
conjugate 5, even high tumor volume inhibition was not statistically significant in vivo.
This non-significance can be attributed to properties of tumors investigated, where even
free Vinblastine inhibited tumor volume with much lower potency than both conjugates.
In vivo results presented here, might also indicate the anti-tumor potency of conjugate,
especially against leukemia. It is important to emphasize that the role of CPP part of
conjugates, octaarginine, might increase the tumor accumulation of conjugates®,

In both in vivo tumor models conjugates did not show adverse effect on animal body
weight, general looking and behavior of experimental animals, even at the dose of 20
mg/kg, revealing that conjugates are not toxic and that do not cause side-effects to the
animal.

This study demonstrated that Vindoline, the main alkaloid component of
Catharanthus roseus, and precursor of Vinblastine, has a potency to be chemically
transformed to an active anti-cancer agent. To the best of our knowledge, the conjugates
studied here are the first VVindoline derivatives with significant in vitro anti-tumor activity.
This results indicate that conjugation with octaarginine as CPP could increases the in vitro
anti-tumor effect of the free Vindoline derivative. It is attractive to hypothesize that the
Vidoline-based derivatives/conjugates could be considered as a potential new member of

the Vinca alkaloid family with different tumor cell targeting mechanism.
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6 CONCLUSIONS

6.1 GnRH-III-Dau conjugates

It was demonstrated that both GnRH-111-Dau conjugates 1 and 2 possess efficient
growth inhibitory effect on various cancer cells, whereby the biological activity
is strongly connected to the expression of GnRH-Rs.

GnRH-R mRNA, protein and cell surface level studies pointed out that cells with
higher receptor expression level remain higher affected by the conjugates than
cells with lower GnRH-R expression level.

The selectivity of the compounds to GnRH-R positive cancer cells was ensured
by uptake studies, which is of high relevance for the therapeutic success of
targeted chemotherapy.

GnRH-I11-Dau conjugates 1 and 2 did not trigger toxic side-effect in acute and
chronic toxicity in vivo studies on healthy mice, promoting them as good
candidates for testing their anti-tumor activity in vivo on tumor bearing mice.

It was clearly showed that the treatment with the GnRH-I11-Dau conjugates 1 and
2 elicit a significant in vivo tumor growth inhibitory effect in orthotopic 4T1
murine and MDA-MB-231 human BC tumor bearing models.

The anti-metastatic effect of the conjugates on human and murine BC bearing
mice was significantly improved in comparison to the free drug, whereby
especially the novel conjugate (GnRH-I11-[2AHis,*D-
Tic,*Lys(Bu),Lys(Dau=Ao0a)]; 2) exhibited a reduced metastasis development in
the spleen, lung and liver in the 4T1 murine BC model.

Compound 2 revealed a significant higher anti-tumor activity on orthotopically
developed HT-29 human CRC bearing mice than the free Dau and compound 1.
Toxic side-effects were substantially reduced in comparison to the treatment with
free Dau. This indicates clearly that the administration of GnRH-111 based DDSs
provide valuable benefits over the application of the free drug.

All of these findings confirm that novel compound 2 is a promising candidate for

targeted tumor therapy in both CRC and metastatic BC.
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6.2 Homing Heptapeptide-Dau conjugates

Conjugate 4 with modified targeting sequence is more effective than conjugate 3
with the parent homing peptide on all investigated cancer cell lines.

The conjugates have lowest effect on normal cells, suggesting selectivity of the
conjugates to tumor cells.

Conjugate 4 has significantly higher anti-tumor effect than conjugate 3 on
orthotopic HT-29 colon cancer bearing mice, supported by much lower
proliferation index in the tumor.

Free Dau revealed significant liver toxicity compared to both conjugates although
they have 10 times higher Dau content.

Based on all, it is worth to modify tumor homing peptides selected by phage
display technique for the development of SMDC with increased bioactivity and

stability that can be applied efficiently for targeted tumor therapy.

6.3 Vindoline CPP conjugates

Octaarginine CPP Br-Vindoline conjugates and derivatives showed anti-tumor
effect on mouse leukemia and colon carcinoma cells compared to free Vindoline
and Br-Vindoline which did not.

Conjugation with octaarginine, the well-known CPP, increased the anti-tumor
activity of the moderately active Vindoline derivatives.

The configuration of Trp influence the anti-tumor activity, where conjugate with
L-Trp is much more potent than its D-Trp counterpart in vitro and in vivo.

L-Trp containing CPP conjugate inhibits more tumor volume in tumor bearing
mice than free Vinblastine in both murine leukemia and colon carcinoma models.
In both in vivo tumor models conjugates did not show adverse effect on animal
body weight, general looking and behavior of experimental animals, revealing that
conjugates are not toxic and that do not cause side-effects to the animals.

This study demonstrated that Vindoline has a potency to be chemically
transformed to an active anti-cancer agent, where especially the conjugation with

octaarginine as CPP could increase anti-tumor effect.
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7  SUMMARY

Among various homing devices, gonadotropin-releasing hormone-I1l (GnRH-III)
peptide represents a suitable targeting moiety for drug delivery systems in cancer therapy.
The study of the previously developed GnRH-I11-[*Lys(Bu),.Lys(Dau=Ao0a)] conjugate
and the novel synthesized GnRH-111-[2AHis,>D-Tic,*Lys(Bu),tLys(Dau=Aoa)] conjugate,
containing the anti-cancer drug Daunorubicin (Dau) demonstrated that both GnRH-I11-
Dau conjugates possess an efficient anti-tumor effect on more than 20 cancer cell lines,
whereby the biological activity is strongly connected to the expression of gonadotropin-
releasing hormone receptors (GnRH-R), where the novel conjugate showed a higher in
vitro anti-proliferative activity and a higher uptake capacity. Moreover, the treatment with
GnRH-I11-Dau conjugates cause a significant in vivo tumor growth and metastases
inhibitory effect in three different orthotopic models, including 4T1 murine and MDA-
MB-231 human breast carcinoma, as well as HT-29 human colorectal cancer bearing
BALB/c and SCID mice, while toxic side-effects were substantially reduced in
comparison to the treatment with free drug, suggesting conjugates as a highly promising
candidates for targeted tumor therapy in both colon cancer and metastatic breast cancer.

In this study also VHLGYAT heptapeptide selected by phage display technique for
HT-29 human colon cancer was investigated as homing peptide for drug delivery.
Modified conjugate in which Gly was replaced by Phe amino acid, Dau=Aoa-LRRY-
VHLFYAT-NH., provided much higher anti-tumor efficacy than conjugate with parent
sequence, in various cancer cell lines, and showed significant tumor growth inhibition of
orthotopically developed HT-29 colon cancer in mice, with much less toxic side-effects
compared to the free drug, illustrating that it is worth to modify tumor homing peptides
selected by phage display technique for development of small molecule drug conjugates
with increased bioactivity which can be applied efficiently for targeted tumor therapy.

In vitro and in vivo studies on murine leukemia P388 and murine colon C26 tumor
models indicate that the modification of inactive Vindoline and conjugation to cell
penetrating peptide (CPP) octa-arginine could result in an effective conjugate which
promotes Vindoline anti-tumor activity, which is dependent and notably influenced by
the presence and configuration of Trp in the conjugate, where conjugate with L-Trp
configuration is more active than conjugate with the D-isomer, providing a new strategy

for improving the drugs efficacy in tumor targeting treatments.
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8 OSSZEFOGLALAS

A kilonféle iranyitd molekulak kozll a gonadotropin-releasing hormon-111 (GnRH)-
11 (GnRH-111) peptid egy igéretes hodozdpeptid az iranyitott tumor terapiaban. A
Daunorubicin (Dau) gyogyszerhatdanyagot tartalmazd, korabban kifejlesztett GnRH-I11-
[“Lys(Bu), °®Lys(Dau=Aoa)] és az UGjonnan szintetizalt GnRH-III-[?AHis,*D-
Tic,*Lys(Bu),.Lys(Dau=Ao0a)] konjugatumok esetében kimutathatd, hogy mindkét
GnRH-I11-Dau konjugatum hatékony tumorellenes hatast fejt ki tobb mint 20 rakos
sejtvonalon. A biologiai aktivitas szorosan kapcsolddik a gonadotropin-felszabadito
hormon receptorok (GnRH-R) expresszidjahoz. Az Uj konjugadtum magasabb in vitro
antiproliferativ aktivitast és nagyobb sejtfelvételt mutatott. Tovabba, a GnRH-111-Dau
konjugatumokkal vegzett kezelés szignifikans in vivo tumor ndvekedés- és metasztazist
gatlo hatast valt ki harom kiilonb6z6 BALB/c és SCID egerekbe taplalt ortotrop
tumormodellben: a 4T1 egér és az MDA-MB-231 human eml6 karcindéma, valamint a
HT-29 human vastagbélrak. A toxikus mellékhatasok lényegesen csdkkentek a szabad
hatéanyaggal végzett kezeléshez képest, ami arra utal, hogy a konjugatumok igéretes
jelodltek a célzott tumor terdpidban mind a vastagbélrak, mind az attétes emlorak esetében.

A HT-29 humaén vastagbélrakra specifikus fagkonyvtarbol kivalasztott VHLGYAT
heptapeptidet is vizsgaltak, mint iranyitd peptidet. Az a konjugatum anal6g, amelyben a
Gly-t Phe aminosavra cserélték, Dau = Aoa-LRRY-VHLFYAT-NH., sokkal nagyobb
tumorellenes hatast mutatott a kiillonb6z6 rakos sejtvonalakban, mint a nativ szekvenciat
tartalmazd konjugatum. Tovabba, ez utdbbi, joval kevesebb toxikus mellékhatast okozott,
mint a hatbéanyag az ortotrop HT-29 vastagbélrak tumorban, szemléltetve, hogy érdemes
maodositani a fag technikaval kivalasztott iranyitd peptideket, mert ezek a modositasok
hatékonyabb bioaktivitast és célzottabb terdpids lehetOségeket biztosithatnak a
kismolekulas gydgyszerkonjugatumok fejlesztésében.

Az egér leukémia P388 és az egér vastagbél C26 tumor modelljein végzett in vitro és
in vivo vizsgalatok azt mutatjak, hogy az inaktiv Vindoline mddositasa és az okta-arginin
sejtpenetral6 peptidhez (CPP) val6 konjugalasa hatékony konjugatumot eredményezhet.
Ez a Trp jelenlététdl és konfiguracigjatdl fiigg, az L-Trp konfiguracioval rendelkezd
konjugatum aktivabb, mint a D-izomert tartalmazo, ezzel Uj stratégiat kindlva a

gyogyszerek hatékonysaganak javitasara kiilonb6z6 tumorellenes kezelésekben.
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