[BMPORTO

[BAPORTO

DOUTORAMENTO

FARMACOLOGIA E FARMACOTERAPIA

Palladium-Based Antineoplastic Agents

Preclinical Pharmacology of Novel
for Triple-Negative Breast Cancer

Martin Vojtek

2023

Martin Vojtek. Preclinical Pharmacology of Novel Palladium-
Based Antineoplastic Agents for Triple-Negative Breast Cancer

Preclinical Pharmacology of Novel Palladium-
Based Antineoplastic Agents for Triple-Negative
Breast Cancer

Martin Vojtek

FACULDADE DE FARMACIA

D.FFUP 2023



[BAPORTO

FACULDADE DE FARMACIA
UNIVERSIDADE DO PORTO

Preclinical Pharmacology of Novel Palladium-Based

Antineoplastic Agents for Triple-Negative Breast Cancer

Martin Vojtek

Thesis of the 3™ Cycle of Studies Leading to the Doctoral Degree in Pharmaceutical

Sciences — Specialty in Pharmacology and Pharmacotherapy

Work carried out under the supervision of:
Assistant Professor Carmen Diniz Pereira (supervisor)
Associate Professor Isabel Maria Pinto Leite Viegas Oliveira Ferreira (co-supervisor)

Associate Professor Helder Dias Mota-Filipe (co-supervisor)

Porto

May, 2023






© THE COMPREHENSIVE REPRODUCTION OF THIS THESIS IS AUTHORIZED
FOR RESEARCH PURPOSES ONLY, UPON A WRITTEN DECLARATION BY THE
INTERESTED PARTY THAT IS COMMITTED TO DO SO.

© E AUTORIZADA A REPRODUCAO INTEGRAL DESTA TESE APENAS PARA
EFEITOS DE INVESTIGACAO, MEDIANTE DECLARACAO ESCRITA DO
INTERESSADO, QUE A TAL SE COMPROMETE.






FCT g GOVERNO DE
Fundagio % PORTUGAL

para a Ciéncia
e a Tecnologia

UNIAO EUROPEIA

K PORTUGAL
MINISTERIO DA EDUCACRO
== poch 12020
~

Fundo Social Europeu

This work was supported by the Portuguese Foundation for Science and Technology (FCT)
and PhD Program in Medicines and Pharmaceutical Innovation (i3DU) through PhD Grant
PD/BD/135460/2017 and COVID/BD/152492/2022 funded by the European Social Fund of
the European Union and national funds FCT/MCTES.



Vi



[@PORTO requimte

FACULDADE DE FARMACIA
UNIVERSIDADE DO PORTO  HARS K ToRcavemne™®

The experimental work presented in this thesis was mainly performed at the Laboratory of
Pharmacology of the University of Porto in Portugal. The Pd(ll) compounds herein used
were synthesized and characterized by the Molecular-Physical Chemistry R&D Group,
Department of Chemistry, University of Coimbra in Portugal.

Vii



viii



ACKNOWLEDGMENTS

| would like to take this opportunity to express my sincere gratitude to all those who

have supported me throughout my research journey and took part in this chapter of my life.

Firstly, I would like to thank my supervisor, Professor Carmen Diniz, for her invaluable
guidance, support, and encouragement. Her knowledge and insights have been
instrumental in shaping this research project and helped me to navigate the challenges
along the way. | am grateful for her patience, positivity, understanding and mentorship

throughout all these years.

I would also like to extend my profound thanks to my co-supervisors, Professor
Isabel M.P.L.V.O. Ferreira and Professor Helder Mota-Filipe, for their valuable contributions
to this research. Their support and expertise have stimulated me with a broader perspective

and enriched my scientific and professional outlook.

Many thanks also go out to Professor M.P.M. Marques who synthesised and
characterised studied compounds, and thus made this project possible.

| sincerely thank to all my lab colleagues: Rita, Ana Filipa, Margarida, Dany, Rui,
Liliana, Angela, Joana, Ana Lducia, Tatiana, Dr. Miguel, Jalio, Edgar and Olga for their
friendship, support, and collaboration. Their insights and contributions have been
invaluable, and | am grateful for the stimulating and supportive research environment they
have created. | also thank Anabela, Céu, Ménica, Margarida and Catia that helped me to
solve multiple challenges | have faced during my research and for providing me with their

never-ending support.

I would like to extend my heartfelt thanks to many caring people that are part of my
life: Pedro Pinto, Pedro Medeiros, José Agueda, Pedro Silva, Matias, Salomé, Bruno,
Francisca, Sara, Riemer, Duarte, Daniel, Luis, Sofia, Martina, Lucka, Romana, Afonso,
Marcia and Jasmine. Thank you all for your friendship, inspiration, cheers, and enduring

support that accompanied this journey.

| thank my parents, my grandparents, my sister and my brother-in-law for their
unwavering love and endless support throughout all my life. Their encouragement and

understanding were instrumental in my success.

Thank you all!






ABSTRACT

Breast cancer is a leading cancer among women and is responsible for 1 in 6 of all
cancer deaths worldwide. By 2040, the incidence of new breast cancer cases is projected
grow by 40%, reaching 3 million of new cases every year. Triple-negative breast cancer
(TNBC) constitutes 10-30% of all breast cancer cases and is considered one of the most
aggressive and fatal forms. Chemotherapy with platinum-(Pt)-based chemotherapeutics,
such as cisplatin and carboplatin, is a common backbone for TNBC treatment but their
indiscriminatory toxicity and loss of activity due to cancer drug resistance limit their
effectivity. Therefore, treatment of TNBC still constitutes an unmet medical need to be
addressed. One promising approach for the development of new TNBC treatments is
focused on novel palladium-(Pd)-based compounds that share coordination chemistry with
Pt-based compounds but present superior characteristics regarding their safety and
resistance profiles.

This thesis aimed to evaluate the therapeutic potential of two new multi-nuclear Pd-
based compounds with biogenic polyamine, Pd,Spm (Spm=spermine) and PdsSpd.
(Spd=spermidine), as promising drug candidates for TNBC. The study was conducted using
in vitro, in ovo and in vivo models to determine the anticancer effects compared to reference
Pt drug, cisplatin. The in vitro screening studies were performed in MDA-MB-231 cells, Pt-
resistant MDA-MB-231/R cells, and non-neoplastic breast MCF-12A cells to select most
promising Pd compound regarding antiproliferative activity, ability to overcome resistance
to Pt drugs and selectivity. Various putative pharmacological targets were assessed aiming
to provide mechanistic clues on action of the most promising Pd-based. In vivo studies in
mice were also conducted to evaluate the pharmacokinetics and in vivo antitumour efficacy

of selected Pd compound.

The in vitro results demonstrated that both Pd,Spm and Pds;Spd; elicit similar
antiproliferative effects in Pt-sensitive (Pd>Spm ICso: 7.3-8.3 uM and PdsSpd; ICso: 7.9-8.4
uM) and Pt-resistant (Pd.Spm ICso: 11.3-12.1 uM and PdsSpd: ICso: 10.6-13.3 uM) TNBC
cells. Pd>Spm showed superior selectivity index (>7.9) towards cancer cells with lower
impact on non-neoplastic cells than PdsSpd.. For this reason, further focus of this work was

given to Pd,Spm.

A fast, reliable, and cost-effective alternative to microwave-assisted digestion was
developed and validated for ICP-MS quantification of the Pd/Pt content in animal tissues
and biofluids (LODs of 0.001 ug/L and accuracy > 95% for all biologic matrices except

adipocyte tissue). Applying this methodology, Pd>-Spm showed excellent in vivo therapeutic
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application due to higher terminal half-life of free Pd in serum and lower accumulation in
tissues (except for the kidney) as compared to cisplatin. Additionally, Pd-Spm treatment (5
mg/kg/day, for 5 consecutive days) has reduced the tumour growth by 43.3% compared to
vehicle-treated animals and was coupled to minimal systemic toxicity. Cisplatin-treated
animals (2 mg/kg/day, for 5 consecutive days), on the other hand, reduced tumour volume

by 56.6% but has caused weight loss, diarrhoea and haematotoxicity.

While Pd>.Spm and cisplatin induced similar reduction of cancer invasiveness and in
vivo tumour growth, the two compounds do not share same mechanism of action.
Mechanistically, ERK 1/2 activation and autophagy were triggered by Pd>.Spm differently to
cisplatin and seem to contribute to cell death mechanisms in both sensitive and resistant

cells treated with this Pd agent.

Altogether, findings of this preclinical study constitute the first in vivo evidence and
proof-of-principle of therapeutic potential of Pd.Spm as a novel chemotherapeutic for TNBC
given its different mode of action, superior selectivity, ability to overcome resistance, and
minimal toxicity compared to cisplatin. Moreover, the study provided insights into
mechanism of action of Pd.Spm and established a foundation for further investigation and
development of palladium compounds with biogenic polyamines for the treatment of TNBC

and its Pt-resistant forms.

Keywords: TNBC, Pd(Il)-based complexes, cisplatin, in vivo, antitumoral
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RESUMO

O cancro da mama € um dos principais cancros entre as mulheres e é responsavel por
1 em cada 6 mortes por cancro em todo o mundo. Em 2040, prevé-se que a incidéncia de
novos casos de cancro da mama aumente em 40%, atingindo 3 milhdes de novos casos
por ano. O cancro da mama triplo-negativo (TNBC) constitui 10-30% de todos os casos de
cancro da mama e é considerado uma das formas mais agressivas e fatais. A quimioterapia
com quimioterapicos baseados em platina (Pt), como a cisplatina e a carboplatina, € uma
abordagem comum para o tratamento de TNBC, mas a sua toxicidade indiscriminatoria e
a perda de atividade devido a resisténcia a farmacos limitam a sua efetividade. Portanto, o
tratamento de TNBC ainda constitui uma necessidade médica a ser abordada. Uma
abordagem promissora para o desenvolvimento de novos tratamentos para TNBC
concentra-se em compostos novos a base de paladio (Pd) que compartilham a quimica de
coordenacgdo com compostos a base de Pt, mas apresentam caracteristicas superiores em
relacdo a sua seguranca e perfis de resisténcia.

Esta tese teve como objetivo avaliar o potencial terapéutico de dois novos compostos
multinucleares a base de Pd com poliamina biogénica, Pd.Spm (Spm = espermina) e
Pds;Spd. (Spd = espermidina), como promissores candidatos a farmacos para TNBC. O
estudo foi conduzido utilizando modelos in vitro, in ovo e in vivo para determinar os efeitos
anticancerigenos em comparacao com a droga de referéncia a base de Pt, a cisplatina. Os
estudos de screening in vitro foram realizados em células MDA-MB-231, células MDA-MB-
231/R resistentes a Pt e células mamarias nao neoplasicas MCF-12A para selecionar o
composto Pd mais promissor em relacdo a atividade antiproliferativa, capacidade de
superar a resisténcia aos farmacos a base de Pt e seletividade. Foram avaliados varios
alvos farmacolégicos putativos com o objetivo de fornecer indicagbes mecanisticas sobre
a acdo do composto a base de Pd mais promissor. Estudos in vivo em ratos também foram
realizados para avaliar a farmacocinética e a eficacia antitumoral in vivo do composto Pd

selecionado.

Os resultados in vitro demonstraram que tanto Pd,Spm quanto PdsSpd. provocam
efeitos antiproliferativos semelhantes em células TNBC sensiveis a Pt (ICso de Pd>Spm:
7,3-8,3 UM e ICso de PdsSpd.: 7,9-8,4 uM) e resistentes a Pt (ICso de Pd>Spm: 11,3-12,1
UM e ICso de PdsSpdz: 10,6-13,3 pM). Pd>Spm demonstrou um indice de seletividade
superior (> 7,9) para células cancerosas com um impacto menor em células néo
neoplasicas do que PdsSpd.. Por esta razdo, este trabalho concentrou-se mais em
Pd>Spm.
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Foi desenvolvida e validada uma alternativa rapida, fidedigna e econdémica a digestao
assistida por micro-ondas para a quantificacdo por ICP-MS do teor de Pd/Pt em tecidos
animais e biofluidos (LODs de 0,001 ug/L e precisdao> 95% para todas as matrizes
biolégicas, exceto tecido adiposo). Aplicando esta metodologia, Pd>Spm mostrou excelente
aplicacdo terapéutica in vivo devido a uma meia-vida terminal mais alta do Pd livre no soro
€ uma menor acumulacdo nos tecidos (exceto no rim) em comparacao com a cisplatina.
Além disso, o tratamento com Pd>Spm (5 mg/kg/dia, por 5 dias consecutivos) reduziu o
crescimento tumoral em 43,3% em comparacdo com animais tratados com veiculo e foi
associado a toxicidade sistémica minima. Os animais tratados com cisplatina (2 mg/kg/dia,
por 5 dias consecutivos), por outro lado, reduziram o volume tumoral em 56,6%, mas

causaram perda de peso, diarreia e hematotoxicidade nestes animais.

Embora Pd>Spm e cisplatina induzam uma reducao similar da invasividade do cancro
e do crescimento tumoral in vivo, os dois compostos ndo compartiham o mesmo
mecanismo de acdo. Mecanicamente, a ativacdo do ERK 1/2 e a autofagia foram
desencadeadas por Pd,Spm de forma diferente da cisplatina e parecem contribuir para os
mecanismos de morte celular em células sensiveis e resistentes tratadas com este agente
de Pd.

Em conjunto, os resultados deste estudo pré-clinico constituem a primeira evidéncia
in vivo e fornecem um proof-of-principle do potencial terapéutico de Pd>Spm como uma
nova possibilidade quimioterapéutica para TNBC, dada a sua acdo diferenciada,
seletividade superior, capacidade de superar resisténcia e toxicidade minima em
comparacdo com a cisplatina. Além disso, o estudo forneceu indica¢cdes sobre o
mecanismo de acdo do Pd;Spm e estabeleceu uma base para investigacdo e
desenvolvimento adicional de compostos de paladio com poliaminas biogénicas para o

tratamento de TNBC e suas formas resistentes ao Pt.

Palavras-chave: TNBC, complexos baseados em Pd(ll), cisplatina, in vivo, antitumoral
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THESIS OUTLINE

The present thesis is organized in six main chapters:

Chapter | — General Introduction

A general introduction to TNBC and key challenges with current treatment options are
presented to provide a framework for the experimental part of the work. The chapter also
includes a review article of Pd-based compounds and their activity towards TNBC.

Chapter Il — General Scope and Aims of the Work

The chapter provides study basis, hypothesis and study goals.

Chapter Il — Material and Methods

The third chapter describes materials and methodology used for the subsequent

experiments.

Chapter IV — Results and Discussion

Chapter IV presents and discusses experimental work that was organized from in vitro

assays in human cells to in vivo experiments in mice.

Chapter V — General Discussion

The chapter V presents a combined discussion of all the experimental work described in
Chapter IV.

Chapter VI — Conclusions and Future Perspectives

Chapter VI provides conclusions of the thesis and highlights the most relevant
achievements and knowledge obtained. Also, some aspects of the future work in the field

are outlined.

At the end the list of all the references cited in the thesis is included as well as

supplementary material of this thesis.
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CHAPTER I: INTRODUCTION

Parts of this chapter are available in the following publication:

Vojtek M, Marques MPM, Ferreira IMPLVO, Mota-Filipe H, Diniz C. Anticancer activity of
palladium-based complexes against triple-negative breast cancer. Drug Discovery Today.
2019; 24(4):1044-1058.
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.1 Overview of Breast Cancer

Breast cancer is the most common cancer type in the world, with 2.26 million new
cases being diagnosed in 2020 that represent 24.5% of all cancer cases in females.
Although it is the 5" leading cause of cancer deaths overall worldwide, breast cancer is the
primary cause of death in women, accounting for 15.5% of all cancer deaths worldwide [1].
However, some exceptions are observed in Australia/New Zealand, Northern Europe,
Northern America, and China (part of Eastern Asia) where breast cancer deaths are
preceded by lung cancer, and in sub-Saharan Africa where cervical cancer-related deaths
rank the first in women [1]. Breast cancer incidence rates vary significantly worldwide,
ranging from 26.2 cases per 100,000 habitants South-Central Asia to 95.5 cases per
100,000 habitants in Australia and New Zealand (Figure 1) [1]. According to the projections,
the global burden of new breast cancer cases is expected to increase by 40% by 2040,
rising from 2.26 million new cases per year in 2020 to 3.2 million new cases per year in
2040 [1].

Incidence

Mortality

Australia and New Zealand 95.5
Western Europe 90.7
Northern America 89.4
Northern Europe 86.4
Southern Europe 79.6 13.3
Polynesia 71.2 22.3
Central and Eastern Europe X 15.3
South America . 14.0
Caribbean 18.9
Melanesia 27.5
Southern Africa . 15.7
Northern Africa 18.8
World . 13.6
Western Asia X 16.0
Eastern Asia
Micronesia | 16.2
Western Africa 22.3
South-Eastern Asia I 15.0
Central America . 104
Eastern Africa 17.9
Middle Africa 18.0
South-Central Asia . 13.1

121
15.6

12.5
13.7

150 100 50 0 50 100 150
ASR (World) per 100 000

Figure 1. Breast cancer worldwide mortality and incidence rates (age standardized).

Adapted from [1]. Age standardized rate (ASR).

While breast cancer has most favourable survival rates in high-incidence developed

regions of the world, the survival rate is the least favourable in Africa (Figure 2). Mortality
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rates from breast cancer have remained relatively unchanged over the years, with only
slight decreases since 1990 in the Unites States of America, Canada and many European
countries, mainly attributed to earlier detection and advances in treatment [2]. While the 5-
year survival rate of invasive breast cancer has been shown to increase, from 74.8% (1977)
to 89.7% (2013) [3], the median survival rate of the most advanced stage IV breast cancer
that has metastasized remains low, between 2 to 3 years [4,5]. Additionally, approximately
30% of women develop advanced metastatic breast cancer as recurring disease, and 5-
10% of all patients are being diagnosed already in metastatic stage of breast cancer, de
novo metastatic breast cancer disease [6], which is still considered an incurable disease

[71.

i
- °
. /\Q/\\>
N
. >20.2
. 17.3-202 o
B 15.0-17.3 }
mm 13.2-15.0 B Not applicable /
10.8-13.2 No data
<108
Data source: GLOBOCAN 2020 £ @ World Health
Graph production: IARC (https://gco.iarc.fr/today) %2 Organization

World Health Organization © International Agency for Research on Cancer 2020

Figure 2. Mortality rates across world regions (age standardized)

Adapted from [1].

The aetiology of breast cancer is still not entirely understood, and multiple factors
contribute to their development. The most pronounced risk factors for breast cancer are
increasing age, particularly after reaching the age of 40 years. Other factors associated to
breast cancer include family history of breast cancer at a young age, early menarche, late
menopause, older age at first live childbirth, prolonged hormone replacement therapy,
previous exposure to therapeutic chest wall irradiation, benign proliferative breast disease,

and genetic mutations, such as mutation of the tumour suppressor breast cancer associated
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(BRCA) genes BRCAL/2. Additionally, breast cancer is almost exclusively reported in
women, while less than 1% of all cases are reported in male gender [8].

[.1.1 Breast Anatomy and Physiology

The female breast is a complex pair organ that consists of various tissue types,
including exocrine mammary glands (one in each breast), adipose tissue, connective tissue,
blood vessels, nerves and lymph nodes. The glandular tissue is organized into 10-20 milk-
secreting lobes, which are arranged around the nipple Figure 3. Each lobe consists of 20-
40 lobules formed by aggregation of small alveoli. The lobes are connected to the nipple by
converging lactiferous duct that transport milk to the nipple. While the male breast also
contain mammary gland, the physiological function of breastfeeding is limited to female
gender [9].

Chest wall

“e |
Lymph nodes -
\\0 . o
@ Rubs-'\\
o~ el 4 Fatty tissue
>
J Y /
) & S Musclesent _Lobe
‘0 \ % 1/\(\ Ducts
.’ ¥ &>V /
, Nipple 8 /// Areola
0 \ ) ¥ S\
S }—Nipple
‘ ‘| Amola"/‘ T ¢
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Figure 3. The anatomy of female breast.

Adapted from [10].

The mammary ducts and lobes are lined with layer of epithelial cells that consist of
two main cell types. (Figure 4). The cuboidal luminal cells (cytokeratin (CK)-8/18, CK-7 and
CK-19 positive) surround a central lumen, while the highly elongated myoepithelial/basal
cells (CK-5/6, CK-14 and CK-17 positive) are located in a basal position adjacent to the
basement membrane [11]. The mammary epithelium exists in a highly dynamic state,
undergoing profound changes during the morphogenetic cycle, which starts at puberty.

Oestrogen stimulates the accumulation of adipose tissue within the connective tissue and
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the growth of the ductal system. Once ovulation and menstruation begin, progesterone
promotes the formation of milk-secreting lobes. During the lactation, prolactin stimulates
milk production in the alveolar luminal cells, while oxytocin contracts the myoepithelial cells,

resulting in the ejection of milk from the alveolar lumen into the lactiferous ducts [12].

myoepithelial basement  luminal body cell  cap cell
cell membrane cell

fibroblast adipocyte = macrophage

Figure 4. Schematic representation of epithelial layers of mammary gland.

Adapted from [13].

I.1.2 Breast Cancer Pathophysiology and Staging

Breast cancer arises from the epithelial lining of the mammary ducts or lobes. In situ
carcinoma, also known as non-invasive breast carcinoma, does not spread from the
lactiferous ducts or lobes, whereas invasive breast carcinoma is more common and
breaches the basement membrane into surrounding normal tissue (Figure 5). Breast
cancer can occur simultaneously in the mammary ducts and lobes, creating mixed tumours,
or there may be more than one tumour arising from the same tumour or creating new ones,
known as multifocal and multicentric tumours, respectively [14]. The vast majority of breast
cancer tumours are invasive ductal carcinomas or invasive lobular carcinomas, accounting
about 75% and 15%, respectively [15]. Other specific subtypes include invasive tubular,
cribriform, metaplastic, apocrine, mucinous, papillary, and micropapillary carcinoma, as well
as carcinoma with medullary, neuroendocrine, and salivary gland/skin adnexal type

features [16].
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Ductal Carcinoma In Situ (DCIS) Lobular Carcinoma In Situ (LCIS)
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Figure 5. lllustration of ductal and lobular carcinomas.

Adapted from [10].

In the past, breast cancer classification relied solely on the histopathological
appearance, which had limited impact on treatment decisions. However, current
classification takes into clinical, molecular and genetic heterogeneity. Current gold standard
for guiding therapy decision-making involves clinicopathological parameters such as
histological grade, tumour size, lymph node metastasis and predictive biomarkers, such as
expression of oestrogen receptor (ER), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER2) status [17].

Breast cancer staging provides clinical standardization tool for the treatment selection
and prognosis. Based on a primary tumour size (T 1-4), number of metastasis in lymphatic
nodes (N 0-3) and detection of distant metastasis (M 0-1), the American Joint Committee
on Cancer created anatomic stage/prognostic groups spanning from Stage 0 to Stage 4 as

summarized in Table 1 [18].

Table 1. Breast Cancer Staging System

l-year survival 5-year survival

Stage Description after diagnosis after diagnosis

Stage 0 Non-invasive BC (in situ) 100% 100%

Stage 1 Invas[ve BC, small tumour or tumours up to 100% 86%
2mm in breast or lymph nodes

Stage 2 Tumour 2-5cm or larger than 2mm tumours 97% 69%

spread in 1-3 axillary lymph nodes
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l-year survival 5-year survival

Stage Description after diagnosis after diagnosis

Tumour larger than 5cm and 1-3 axillary lymph

Stage 3 nodes affected, or cancer in 4-9 axillary lymph 89% 51%
nodes
Metastatic cancer that invaded other organs

Stage 4 (lungs, distant lymph nodes, bones, liver, 60% 32%
brain)

Source of survival prognosis: [19]

A histologic grade should be assigned to invasive breast carcinomas. The grade for
a tumour is determined by Nottingham combined histologic grading system that assign a
value from 1 (favourable) to 3 (unfavourable) for each of the three following morphologic
features: tubule formation, nuclear pleomorphism, and calibrated mitotic count. The
combined score from all features is designated as histologic grade. The low histologic grade
(favourable) Grade 1 has score of 3-5 points, while intermediate histologic grade
(moderately favourable) Grade 2 has score of 6—7 points and high histologic grade
(unfavourable) and Grade 3 has score of 8-9 points. The use of subjective grading alone is

not recommended [20,21].

[.1.3 Breast Cancer Subtypes

The molecular classification of breast cancers comprises the evaluation of the specific
biomarkers that define the cancer subtypes with distinct clinical prognosis and susceptibility
to treatment. Using immunohistochemistry (IHC) methods on paraffin-embedded tissues,
the evaluation of expression of ER, PR, and HER2 is used for the individualization of the
therapeutic approach, prediction of both the treatment outcome and overall patient
prognosis [22,23]. Combined evaluation of the three biomarkers (ER/PR/HER?2) divides the
breast cancers based on the receptor status in ER" positive (ER*/HERZ2"), HER2" positive
(ER/HERZ2"), triple negative (ER/PR/ HERZ2") and triple positive (ER*/PR*/HER2*) [24]. The
patients with tumours ER* and/or HER2* subtypes can be treated with targeted therapies,
only effective in these subsets of patients. However, approximately 10-30% of all breast
cancer tumours lack of expressions of ER, PR or HER2, being classified as triple negative
breast carcinoma (TNBC) [25].



CHAPTER | = INTRODUCTION

Besides the IHC classification, the prediction analysis of microarray (PAM) 50 has
identified intrinsic breast cancer subtypes based on the gene expression profiling of 50
genes. The subsequent adaptation of microarray-based PAM50 to quantitative real-time
PCR allowed also analysis of RNA extracted from formalin-fixed paraffin-embedded
samples. Using hierarchical clustering, Perou and colleagues identified five intrinsic breast
cancer subtypes (Luminal A, Luminal B, HER2-enriched, Basal-like and Claudin low) and
normal breast-like subtype [26—28]. These subtypes of breast cancer presented distinct
genetic signatures (Figure 6) and revealed substantial differences in incidence, survival
and response to treatment [28].
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Figure 6. Mammary epithelial development and its putative relationship to intrinsic subtypes.

Adapted from [27].

To further classify and understand the difference in therapeutic approach, the St.
Gallen Consensus Conference on Breast Cancer in 2011 has established the

approximation of the intrinsic subtypes to IHC classification as summarized in Table 2 [29].
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Table 2. Breast cancer intrinsic subtypes

ER PR HER2 Recommended Grade Outcome Prevalence
treatment
Luminal A + + - Endocrine 1-2 Good ~27%
+ + - Endocrine + Intermediate
chemotherapy
Luminal B Endocrine + 2-3 ~20%
+ + + chemotherapy + anti- Poor
HER2
HER2 .
enriched -4 Chemotherapy +anti- , 5 pgo ~14%
. HER?2
(non-luminal)
Basal - - - Chemotherapy 3 Poor ~18%
Claudin-low - - - Chemotherapy 3 Poor ~12%
Normal-like +/- - 1-3 Intermediate  ~8%

Source of prevalence [30].

Additionally, they have also characterized a recommended systemic treatment for
each of the subtypes were provided, including the endocrine therapy alone for Luminal A;
endocrine = cytotoxic therapy for luminal B (HER2 negative); cytotoxic + anti-HER2 +
endocrine therapy for luminal B (HERZ2 positive); cytotoxic + anti-HER2 for HER2 positive
(non-luminal); and cytotoxic for triple-negative [29]. Luminal A breast cancer is hormone-
receptor positive (ER*™ and/or PR*), HER2 negative, and has low levels of the protein Ki-67,
which helps to control how fast cancer cells grow. Luminal A cancers tend to be a low-grade
with slow growth and the best clinical prognosis. The targeted endocrine therapy includes
selective oestrogen receptor modulators (tamoxifen) and aromatase inhibitors (anastrozole,
exemestane, letrozole). The addition of adjuvant chemotherapy to treatment regime did not
show any additional clinical benefit [31]. Luminal B breast cancer is hormone-receptor
positive (ER* and/or PR"), and either HER2 positive or HER2 negative with high levels of
Ki-67. Luminal B cancers generally grow slightly faster than luminal A cancers and their
prognosis is slightly worse [23]. HER2-enriched breast cancer is non-luminal hormone-
receptor negative (ER and PR") and HER2 positive. HER2-enriched cancers tend to grow
faster than luminal cancers and can have a worse prognosis, but they are often successfully
treated with HER2-targeted therapies (trastuzumab, pertuzumab, lapatinib) [23]. Basal-like
breast cancer is hormone-receptor negative (ER" and PR") as well as HER2 negative. This
type of cancer is more common in younger, African-American patients and patients with
BRCAL1/2 gene mutations [25]. Another particularity of basal-like tumours is their high

proliferation rate and mutation of pro-apoptotic nuclear transcription factor p53 [27].
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Claudin-low breast cancer subtype is the most recently identified subgroup. Exhibiting low
expression of claudin genes (claudin 3,4 and 7) involved in epithelial cell tight-tight
junctions. Furthermore, these tumours lack E-cadherin, another epithelial cell interaction
protein. Although these tumours are similar to basal-like tumours, they differ having the
stem cell features, features of epithelial-mesenchymal transition and tumour-initiating cell
signature only present in this breast cancer subtype [27]. Normal-like breast cancer is
similar to luminal A cancer, being hormone-receptor positive (ER* and/or PR*), HER2
negative, and having low levels of protein Ki-67. While normal-like breast cancer has a good
prognosis, its prognosis is slightly worse than for luminal A breast cancer [32].

Although the clinical designation obtained from IHC can be used to approximate the
intrinsic subtype, the subtypes do not always fall into the IHC designation as already
demonstrated by Parker and colleagues [33], having an overall 79% concordance rate
between PAM50 vs IHC Figure 7 [34].

B Claudin-low Basal-like
2% 2%

m ER+/HER2+
= ER+/HER2-
m ER-HER2+
= ER-/HER2-

HER2-enriched Luminal B Luminal A
1% 2%

18%  15%

- J 16%

Figure 7. Discrepancies between PAM50 vs IHC Classifications.

Adapted from [28].

One possibility is the false positivity or false negativity of the IHC-based assays that
has been challenged for hormone-receptors as well as HER2 status determination, showing
the interlaboratory and inter-method discordance rates ~20% [35]. Another possibility could
be the intratumour heterogeneity, and regional differences among samples. However, while
the IHC-based assay measures the three individual pathology-based biomarkers, the
multigene expression use tens to hundreds of genes that might likely better capture the true

biological profile of sample [34]. Thus, despite the great knowledge gathered so far, the
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discrepancies between intrinsic subtypes based of gene expression profiling and IHC-
defined subtypes limit the translatability of the subtypes into every-day clinical practice.
Moreover, these observations also demonstrate the fact that the final molecular taxonomy

of breast cancers is likely to be even more complex and will most likely evolve further [24].

.2 TNBC

TNBC represents 10 to 30% of all breast cancer cases and is termed negative due to
the absence of ER, PR and HER2 overexpression [36]. TNBC tumours are generally highly
proliferative, more biologically aggressive, larger in size with higher histologic grade, poorly
differentiated and have usually lymph node involvement at the time of diagnosis [37]. While
the majority of TNBC tumours are invasive ductal carcinomas, several other high-grade
subtypes of breast cancer have been characterized, including medullary carcinoma,

metaplastic carcinoma, adenoid cystic carcinoma and apocrine/histiocytoid carcinoma [38].

Despite the significant advances over the past 5 years that enabled some targeted
approaches for TNBC, TNBC is still considered an unmet medical need that is dependent
on chemotherapeutic agents [39,40]. Even though TNBC tumours are normally
chemotherapy-sensitive and respond well to neoadjuvant (presurgical) treatment
comparatively to hormone receptor-positive breast cancers, the TNBC patients have higher
rate of distant recurrences and consequently poorer overall prognosis. Furthermore, the
absence of biomarkers for prediction of response to the treatment as well as great
heterogeneity of TNBC tumours difficult its treatment [41]. Less than 30% of women with
metastatic TNBC survive 5 years, and almost all die due to disease despite the adjuvant

(postsurgical) chemotherapy [4].

[.2.1 TNBC Subtypes

Over the years, the basal-like breast cancer has become the synonym for TNBC as
the TNBC tends to have basal-like breast cancer pathology. However, as previously
demonstrated, not all TNBC fall into basal-like intrinsic subtype, and not all basal-like
cancers are automatically TNBC, having 20-30% discordance between the two definitions
[34]. Therefore, significant heterogeneity exists among the patients diagnosed with TNBC.
Indeed, based on PAM50, the majority of TNBC fall into basal-like (50-75%) [27] and
claudin-low (25 to 39%) subtypes, while all the other non-basal subtypes include HER2-
enriched (7 to 14%), luminal B (4 to 7%), luminal A (4 to 5%) and normal breast-like (1%),
depending on the population [42,43]. Interestingly, the non-basal-like TNBC (i.e., HER2-

enriched and luminal A/B) showed global gene expression patterns neatly similar to those

12



CHAPTER | = INTRODUCTION

from non-TNBC tumours despite lacking the expression of hormone receptors or HER2.
Accordingly, the non-triple-negative basal-like tumours have shown very similar genomic

features and age-associations as basal-like tumours from TNBC [34].

Another approach to TNBC heterogeneity has been proposed by Lehmann and
colleagues (2011), identifying 7 distinct molecular subtypes of TNBC: Basal-like (BL1) and
Basal-like (BL2), Immunomodulatory (IM), Mesenchymal (M), Mesenchymal Stem-like
(MSL), Luminal Androgen Receptor (LAR) subtype and Normal-like [41]. The BL1, heavily
enriched in cell cycle and cell division components suggested the potential response to anti-
mitotic agents such as taxanes (paclitaxel or docetaxel) of tumours belonging to this
subtype. The BL2 showed the unique gene ontologies involving growth factor signalling and
has features suggestive of basal/myoepithelial origin. The IM subtype is enriched for genes
involved in immune cell processes. The M subtype displays a variety of unique gene
ontologies that are heavily enriched in cell motility, extracellular matrix receptor interactions,
and cell differentiation pathways. The MSL subtype shares genes for similar biological
processes with the M subtype, however, also containing genes involved in growth factor
signalling and low expression of claudin 3, 4, 7 (similarity to claudin-low subtype). The LAR
subtype is ER negative but displays luminal gene expression patterns [23].

Prat and collaborators (2013) used the list of the 2 188 genes used for the
identification of six molecular subtypes (IM, BL1, BL2, M, MSL and LAR) and they have
reported a large overlap with the PAM50 and claudin-low subtypes. Within PAM50, the
HER2-enriched and luminal tumours were highly expressing the LAR cluster and true
normal and normal-like tumours highly expressing the stromal/fibroblast cluster. The basal-
like tumours have been split into three groups based on the expression of the immune-
related genes, stromal-related genes and the basal genes. Claudin-low tumours have been
scattered within the basal-like group expressing the immune and/or stromal gene clusters
[34]. Despite a close proximity to basal-like breast cancer subtype features, the claudin-low
tumours do not consistently express basal cytokeratins [25]. Furthermore, it has been also
demonstrated that the IM and IMSL subtypes are defined by the expressions of genes likely
coming from the tumour microenvironment and not from the actual tumour cells, namely

stromal/ffibroblast and immune gene signatures [34].

DNA repair mechanism maintains the integrity and stability of the genome. Defects in
BRCAL and BRCA2 genes result in impaired DNA double-strand break repair system and
subsequent genomic instability. It has been estimated that the BRCA1 and BRCA2 germ-
line mutations result in breast cancer by the age of 80 in 72% and 69% of respective carriers
[44]. Furthermore, 75% of BRCA1 carries develop TNBC. Despite the BRCA mutation is
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mostly hereditary, the sporadic somatic mutations in BRCA genes have also been

recognized, known as “BRCAness” [38].

[.2.2 Current Treatments for TNBC and Limitations

Currently, the treatment of patients (Table 3) with TNBC remains the biggest
challenge without generally accepted guidelines on therapeutic regiment for the
neoadjuvant, adjuvant and metastatic settings [6,45]. The chemotherapy remains a
backbone for a systemic therapy of TNBC and anthracyclines, taxanes and Pt-based agents
are commonly used [38,39]. Moreover, several approved drugs that target programmed cell
death protein-1 and programmed death ligand-1, poly ADP-ribose polymerase (PARP),
and/or antibody drug conjugates have emerged as promising targeted drugs to improve
clinical outcomes in subsets of TNBC patients [46].

Anthracyclines are considered the most effective anticancer drugs ever developed,
preventing the DNA replication and transcription. The cardiotoxicity is the main concern for
anthracycline-based therapy, including the firstly isolated doxorubicin and daunorubicin as
well as the second-generation analogues with improved therapeutic index (epirubicin,
idarubicin and mitoxantrone)[47]. Taxanes (docetaxel, paclitaxel) are diterpenes that inhibit
cell division by stabilization of microtubules and preventing their depolymerization, thus
blocking cells in the G2/M phase of the cell cycle and inducing apoptosis [48]. Pt agents
(cisplatin, carboplatin and oxaliplatin) are non-cell-cycle specific metal-based drugs
targeting the DNA to form intrastrand crosslinks that affect DNA replication and induce
apoptosis. The use of Pt agents is particularly favourable in the treatment of TNBC tumours
with BRCA1 mutation [38].

In the early stages, the use of neoadjuvant systemic chemotherapy is the standard
therapeutic approach in TNBCs. Despite the overall pathological complete response rates
(PCR) are higher among TNBC patients (22% pCR) relative to non-TNBC (11% pCR), the
3-year progression-free survival rates are greatly reduced especially among the patients
with the residual disease after neoadjuvant systemic chemotherapy [49]. Currently used
sequential anthracycline-taxane-based chemotherapy has pCR between 28-36% [50]. To
increase the pCR, other chemotherapy strategies with addition of Pt-based agents have
been studied. The GeparSixto study has reported the increase in pCR after addition of

carboplatin to anthracycline or taxane-based therapy from pCR 36.9% to 53.2% [51].
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Table 3. Overview of Treatment Options for TNBC

Therapeutic

Pharmacological

classification group Example (drug) via  Mode of action (main)
. cisplatin, carboplatin, Inhibition of DNA
Platinum agents A V. . .
oxaliplatin synthesis and repair
Alkylating cyclophosphamide ./ Alkylation of DNA
agents p.o.
fluorouracil, V.
Antimetabolites capeqltaplne, p.o. Inhibition of metabolic
gemcitabine, iv.  pathways
(cytotoxics)
Tubulin vinorelbine, iv Inhibition of microtubule
destabilizers vinblastine, eribulin " assembly/polymerization
Tubulin . : Inhibition of microtubule
- paclitaxel, docetaxel V. o
stabilizers depolymerization
doxorubicin, Inhibition of DNA and
Anthracyclines epirubicin, V. RNA synthesis. Inhibition
mitoxantrone of topoisomerase |l.
Inhibition of poly ADP-
N . : ribose polymerase, a
PARP inhibitors  olaparib, talazoparib p.o. protein involved in DNA
repair
Block of target the
epidermal growth factor
EGFR inhibitors  lapatinib, afatinib p.o. receptor (EGFR) and
block downstream
Targeted signalling pathways that
therapy promote cell proliferation,
Immune block PD-L1 and PD-1
. atezolizumab, . proteins that inhibit
checkpoint ! iv. L
inhibitors pembrolizumab immune cell activity
against cancer cells
Inhibition of cyclin-
CDK 4/6 albociclib. ribociclib o dependent kinases 4 and
inhibitors P ' P-O. 6, that are involved in cell

cycle progression

i.v. — intravenous administration; p.o. — per os administration. EGFR - epidermal growth factor
receptor; CDK4/6 - Cyclin-dependent kinase 4/6. Source: Self-made.

Adjuvant therapy for TNBC seeks to extend the disease-free survival and overall

survival. The data on impact of adjuvant chemotherapy in TNBC are limited and

retrospective in nature. Current evidence shows that patients with TNBC benefit from

15



CHAPTER I = INTRODUCTION

adjuvant chemotherapy, however there is no universally accepted standard chemotherapy
regimen. The use of CMF (cyclophosphamide, methotrexate and 5-fluorouracil), and
anthracycline and taxane-containing regimens have been shown to be beneficial in the

terms of the overall survival [52].

In metastatic settings for TNBC, the therapeutic approach has rather palliative intent,
focused on improving the quality of live by reduction/stabilization of tumour cancer-related
burden, prolonging the progression-free survival and overall survival [6]. The TNBC present
a distinct pattern of relapse, with higher risk of developing distant metastasis and death
compared to other breast cancer subtypes. The TNBC metastasis are more commonly
found in lung and brain comparatively to luminal breast cancers favouring the bone and skin
[38]. Currently, there is not standardization for the first-line therapy for advanced TNBC.
Several studies have evaluated the effectivity of different chemotherapy regimens
containing taxanes, anthracyclines, gemcitabine and/or Pt agents as first-line therapy for
metastatic TNBC. In general, the taxanes, Pt or capecitabine mono-chemotherapies in
patients with metastatic TNBC has been associated with an objective response rate of 25—
35%, a modest progression-free survival (median less than 6 months) and median overall
survival of up to 12 months. Even though the combination of cisplatin with gemcitabine or
paclitaxel with gemcitabine improved the objective response rate and progression-free
survival rates, the overall survival remained poor [43]. Pt-based chemotherapy regimens in
monotherapy (cisplatin or carboplatin) are also commonly used for TNBC and present
challenges regarding its tolerability and development of the resistance by TNBC cells that
hinder their clinical use. Additionally, immune checkpoint inhibitors targeting programmed
death receptor-1 (PD-1) and programmed death ligand-1 (PD-L1) have shown some
promise in treating advanced and metastatic TNBC in combination with standard

chemotherapy [46].

1.2.2.1 Pt(ll) Coordination Compounds

The accidental discovery of cisplatin by Barnett Rosenberg in the 1960s and its
cytotoxic effects towards cancer cells gained great attention for the application of metal-
based drugs in oncology [53]. Since then, Pt-based drugs have become a chemotherapy
backbone of cancer therapy. Pt-based drugs constitute 50 to 70% of all chemotherapy
schemes administered to oncology patients (Figure 8)[54]. Pt complexes such as cisplatin,
carboplatin and oxaliplatin are non-cell-cycle specific agents affecting DNA replication and
subsequently inducing apoptosis, particularly effective in TNBC with BRCA1/2 mutation.

Indeed, the addition of Pt compounds to neoadjuvant and metastatic settings have already
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been shown to be beneficial for TNBC patients [55,56]. While in neoadjuvant trials the
clinical benefit of carboplatin’s addition to treatment regime was independent of germline
BRCA status, in metastatic settings the patients with BRCA1/2 mutations presented better
clinical outcomes than non-BRCA mutation carriers. Despite the ubiquity of Pt drugs in
cancer treatment regimens, several associated disadvantages exist. For example, no single
agent is equally effective against all cancer types and some cancer types are inherently
resistant to treatment with any of the currently approved Pt agents. Moreover, cancer cells
can acquire resistance over time of treatment by a process of somatic evolution. Finally, the
dose-limiting toxicity is another concern regarding the treatment with Pt agents [57,58].
These limitations of Pt-based compounds have stimulated the research in the field of metal-
based drugs to develop new metal-based drugs with superior efficacy and selectivity
towards breast cancer cells [38].

ot wls e
HN’ \CI HoN

Cisplatin Carboplatin Oxaliplatin

Figure 8. Chemical structure of Pt-based anticancer agents cisplatin, carboplatin and oxaliplatin.

[.2.2.1.1 Cisplatin

Once cisplatin cis-Pt(NHz3).Cl; is transported through the passive diffusion or active
transport (e.g., copper transporter 1, CTR1) into cytoplasm with low chloride concentration,
the CI' ligands are displaced by water molecules, yielding a positively charged unstable and
highly reactive aqua species. The resulting monoaqua [Pt(NHs).CI(H-O)]* and diaqua
[Pt(NH3)2(H20)2]** complexes form covalent bonds on nucleophilic sites of DNA, especially
on the N-7 atom of purine bases (mainly guanine), yielding short-range intrastrand 1,2- and
1,3-crosslinks and interstrand adducts. The Pt-DNA adducts interfere with both DNA
transcription and replication and trigger cell cycle arrest and apoptosis. However, severe

nephrotoxicity and ototoxicity are the major drawbacks, limiting its clinical use [59].
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[.2.2.1.2 Carboplatin

Carboplatin is a second-generation of Pt(ll) drugs. While yielding the same type of
DNA adducts, carboplatin is clinically approximately 4-times less potent compared to
cisplatin due to slower kinetics, leading to lower toxicity but at the same time showing
sharing the cross-resistance with cisplatin that hinder its use in resistant cancers. Its
molecule comprises a bidentate dicarboxylate ligand as a leaving group, instead of the more
labile cisplatin’s chlorides. Carboplatin is activated when one arm of the carboxylate ligand
is free, a process accelerated by nucleophiles, like sulphur-containing species, chloride,
carbonates in blood serum or in the cytoplasm [57]. Carboplatin has longer retention half-
life of 30h, as compared to 1.5-3.6h for cisplatin. Moreover, it presents reduced
nephrotoxicity relative to cisplatin [59].

[.2.2.1.3 Oxaliplatin

Oxaliplatin is a third generation of Pt agent developed to yield better tolerability, less
toxic and high activity owing to the inclusion of diaminocyclohexane moiety [59]. Oxaliplatin
exerts its cytotoxic effect mostly through DNA lesions, arrest of DNA synthesis, inhibition of
RNA synthesis, and triggering of immunologic reactions. The main concern during therapy
with oxaliplatin is dose-limiting neurotoxicity, particularly the development of peripheral
sensory neuropathy [60]. Oxaliplatin can bind tightly to DNA >10 times faster than cisplatin
and exhibits considerably more potent cytotoxicity and broad-spectrum antitumor activity.
While oxaliplatin does not share complete cross-resistance with cisplatin or carboplatin, its

activity is also decreased once the resistance is acquired by TNBC cells [61].

I.2.2.2 Advances in TNBC Targeted Therapies

The profound understanding of molecular differences in biology of TNBC and non-
TNBC is the fundamental factor for successful targetable therapy. At the present, numerous
molecular-oriented studies have appointed different putative targets specific to TNBC,
providing a strong rationale for the design and development of targeted therapeutic
approaches. Emerged discoveries of molecular alterations (pathways activations, mutations
or receptor enrichments) in TNBC tumours have sparked the interest of targeting the p53
and BRCA1/2 mutations, PARP enzymes, epidermal growth factor receptor, androgen
receptor, PISBK/AKT/mTOR pathway and vascular endothelial growth factor with already-

approved drugs, rather than new molecules in clinical trials.

18



CHAPTER | = INTRODUCTION

[.2.2.2.1 PARP Inhibitors

Poly(adenosine diphosphate-ribose) polymerase (PARP) enzymes play a major role
in DNA repair mechanisms. Particularly, the most abundant PARP1 isoform play a key role
in the single-strand DNA breaks. Inhibition of PARP activity leads to the accumulation of
single-strand DNA breaks, which are normally repaired by double-strand homologous
recombination pathways that include tumour-suppressor proteins BRCA1 and BRCAZ2.
Thus, TNBC with BRCA1/2 germ-line mutation as well as BRCAness phenotype are
particularly vulnerable for targeting the PARP-mediated DNA repair mechanism [62].
Olaparib, one of the PARP inhibitors used for ovarian cancer, has been already approved
for the treatment of BRCA-mutated HER2-negative breast cancer. Furthermore, other
PARP inhibitors including veliparib, iniparib, niraparib have been developed and studied in
clinical trials [62].

[.2.2.2.2 Antibody-Drug Conjugates

A strategy based on antibody-drug conjugates (ADC) have recently provided
promising evidence of therapeutic benefits as later-line treatment options for TNBC. ADCs
are a type of targeted cancer therapy that combines the specificity of monoclonal antibodies
with the cytotoxicity of chemotherapy drugs. The antibodies are designed to recognize and
bind to specific proteins on the surface of cancer cells, delivering the attached
chemotherapy drug directly to the cancer cell, sparing healthy cells from unnecessary
toxicity. This targeted approach has shown great promise in clinical trials for the treatment
of TNBC. For example, sacituzumab govitecan is targeting trophoblast cell surface antigen-
2 (Trop-2) with payload of SN-38, a topoisomerase-1 inhibitor which is an active metabolite
of irinotecan with superior effects than single-arm chemotherapy [63]. Similarly, another
ADC trastuzumab deruxtecan showed meaningful overall survival advantage in patients
with low expression of HER2 [64], extending a therapeutic landscape of TNBC. Another
example is ladiratuzumab vedotin, which targets the LIV-1 protein on cancer cells and
delivers the chemotherapy drug monomethyl auristatin E (MMAE) [65]. While ADCs present
great promise in the treatment of TNBC, there are still some challenges to overcome

including development of drug resistance by cancer cells leading to therapy failure [66].

[.2.2.2.3 Immunotherapy

TNBC has higher portion of tumour infiltrating lymphocytes, especially T cells, that
express PD-1 while 5-20% of TNBC express PD-L1. When PD-L1 binds to PD-1, it produces
an inhibitory signal that results in T-cell suppression, making immunotherapy a promising

option against TNBC [46]. This mechanism has encouraged the development of more
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immunotherapy drugs to treat TNBC patients and the addition of immune checkpoint
inhibitors atezolizumab/pembrolizumab to chemotherapy improves survival outcomes in
TNBC patients [67].

I.2.2.2.4 Inhibition of Vascular Endothelial Growth Factor and its Receptor

Vascular Endothelial Growth Factor (VEGF) is overexpressed in more than 30% of
TNBC and has critical role in proliferation, invasion and metastasis due to its key role in
promoting angiogenesis (formation of new blood vessels). This supported the clinical trials
for incorporating the antiangiogenic treatment in TNBC patients. In metastatic settings, the
use of bevacizumab improved the progression-free survival, but overall survival remained
unchanged. Additionally, the inhibition of VEGF receptors with tyrosine kinase inhibitors
(sunitinib, sorafenib) was also studied in clinical trials with inconclusive data on progression-

free survival and appearance of adverse events [38,62].

1.2.2.2.5 Inhibition of Epidermal Growth Factor Receptor

The overexpression of epidermal growth factor receptor is reported in 50% of TNBC
patients, providing rationale for its targeting with monoclonal antibodies (cetuximab). Some
clinical trials reported encouraging increase of progression-free survival, even though these
trials enrolled small number of patients. However, it is important to determine the
subpopulation of TNBC patients that would benefit from EGFR inhibition [38].

1.2.2.2.6 Targeting p53 Mutation

The majority of TNBC tumours (80% of basal TNBC tumours) carry the mutation in
TP53 gene, encoding the tumour-suppressor protein p53 required for G1 checkpoint
regulation in the presence of genotoxic stress [68]. Thus, targeting p53 has attracted great
attention supported with encouraging pre-clinical in vitro data [68,69]. However, up to date

the clinical trials in TNBC did not establish the efficacy of targeting p53 in clinic.

1.2.2.2.7 PI3K/AKT/mTOR Pathway Inhibition

The PISK/AKT pathway is hyperactivated in approximately 10% of TNBC patients,
providing a rationale for its targeting. The serine-threonine kinase mammalian target of
rapamycin (mTOR) promotes protein translation, angiogenesis, proliferation, migration and
metabolism. The mTOR inhibitor (everolimus) has already proved its clinical benefits for the
treatment of postmenopausal women with advanced hormone receptor positive, HER2-
negative breast cancer. However, its use in TNBC patients is still being studied in clinical

trials to establish suitable combination regimes [45,62].
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[.2.2.2.8 Androgen Receptor Inhibition

Approximately 10% of TNBC has been classified as LAR subtype, overexpressing the
androgen receptor. The antiandrogen nonsteroidal inhibitor (bicalutamide), used for the
treatment of advanced prostate cancer is being tested in several TNBC clinical trials,

awaiting for the conclusive results and establishment of the treatment regimens [38].

[.2.2.2.9 Other Emerging Targets for TNBC Therapy

Bromodomain and extra-terminal inhibitors is recently developed novel class of
agents with demonstrated in vitro and in vivo effects to inhibit growth of several tumours,
including TNBC. These inhibitors displace bromodomain and extra-terminal proteins such
as BRD4 from chromatin by competing with their acetyllysine recognition modules, leading
to inhibition of oncogenic transcriptional programs [70,71].

Another emerging approach is targeting overexpressed ERK5 and its upstream
activator MEK5 pathway in TNBC. ERKS5 belongs to the MAP kinase family of signal
transducers, and its deregulation has been linked to the breast cancer. Targeting
MEKS5/ERKS with specific inhibitors has already showed in vitro and in vivo very promising
results of inducing apoptotic cell death in TNBC [72,73].

[.2.2.3 TNBC Drug Resistance

Tumour resistance is a severe limiting factor for a successful therapeutic outcome
since 90% of all cancer deaths are ascribed to resistance and therapy failure [74].
Resistance to anticancer drugs is a phenomenon that have eluded scientists already for
more than 50 years and occurs in drug-naive patients (intrinsic cancer cell resistance) as
well as in patients already undergoing several treatment courses (acquired/developed
cancer cell resistance, which is revealed after initially positive outcomes). Drug resistance
in TNBC cells is complex and still to be fully understood, but several mechanisms of drug
resistance have already been ascribed to decreased intracellular drug concentrations (due
to changes in drug efflux and influx, or to parallel reactions), modifications of drug targets,
drug inactivation and metabolization, increased DNA repair capacity, inhibition of cell death,
activation of signalling cascades and genetic factors (gene mutations, amplifications, and
epigenetic alterations) [74—76]. To overcome drug resistance/therapy failure, substantial
focus has been given to combinations of existing therapies, as well as to the development
of novel drug entities with improved antineoplastic properties and novel mechanisms of

action.
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Pt-based drugs can induce acquired resistance through mechanisms such as
increased DNA repair, activation of survival pathways, and alteration of drug targets. For
instance, resistance to Pt-based chemotherapy in TNBC has been associated with
upregulation of drug efflux transporters such as P-glycoprotein, which reduces intracellular
drug accumulation and prevents drug-induced cell death. Moreover, increased activity of
DNA repair enzymes such as poly(ADP-ribose) polymerase (PARP) and Fanconi anaemia
(FA) proteins has been implicated in the development of Pt resistance in TNBC cells. In
addition to alterations in drug transporters and DNA repair pathways, resistance to
chemotherapy in TNBC can also result from activation of survival signalling pathways
[77,78].

For instance, PIBK/Akt/mTOR, ERK 1/2 and NFkB signalling pathways have been
shown to promote cell survival and are known to be involved in acquired resistance to
cisplatin in breast cancer cells [79,80]. Similarly, increased expression and activity of
epidermal growth factor receptor (EGFR) and its downstream signalling pathways have also
been associated with resistance to chemotherapy in TNBC [81].

It is worth noting that the development of resistance to chemotherapy is not limited to
TNBC, but it is a common phenomenon in the treatment of various cancers. Therefore,
there is a need to develop strategies that can overcome drug resistance and improve the
effectiveness of chemotherapy in TNBC. One promising approach is the development of
targeted therapies that can selectively target cancer cells while sparing normal cells,
thereby reducing toxicity and improving treatment outcomes. Additionally, combination
therapy approaches that target multiple pathways involved in drug resistance may also be

effective in overcoming resistance to chemotherapy in TNBC.

.3 Pd-Based Complexes as Potential Agents Against TNBC

Coordination complexes with transition metals are particularly appealing for medicinal
chemistry due to the ion’s variable oxidation states, coordination numbers and ability to
bind to a variety of ligands (O, S, N, P, C and halides). A key feature for the design of these
transition metal-based complexes is to find the optimal combination of in vivo
thermodynamic and kinetic stabilities, strongly dependent on the nature of both the ligand(s)
and the leaving group(s) [59]. Presently, several metal-based compounds are under study,
displaying promising antiproliferative and cytotoxic effects towards a wide range of human
tumours. These include palladium(ll) [82], gallium(lll), ruthenium(ll) [83] and ruthenium(lll)
[84], gold(l) and gold(lIl), bismuth(lll), copper(ll), molybdenum(ll) [85] and tin(IV) complexes
[86-88].
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The development of Pd coordination compounds is particularly challenging due to
their high lability and ca. 10° faster ligand exchange rate than Pt analogues. Furthermore,
relatively low solubility of the Pd-based complexes is another hurdle that limits their further
course towards clinical trials. Notwithstanding these challenges, more than 800 anticancer
Pd(Il) complexes have already been discovered since 1980s [89] and, in 2017, padeliporfin
(TOOKAD®) was the first Pd(ll) compound approved for clinical use. This Pd(ll)-substituted
bacteriochlorophyll derivative, used in photodynamic therapy in patients with prostate
cancer [90], demonstrates high potential of Pd agents for clinical applications, especially
against chemotherapy-resistant cancers.

We have reviewed studies performed between 1992 and 2018 that report on a total
121 Pd complexes (Table 4) and their activity against TNBC. The complexes were divided
into eight groups according to structural similarities of their main ligands, including ethyl
diamine, biogenic polyamines, benzyl amines/imines,
pyridine/pyrazole/imidazole/pyrrol/triazole, chloroquine/clotrimazole, phosphine, thiourea,
and thiosemicarbazones. The inhibitory concentration 50% (ICso), TNBC cell line tested,
and cancer selectivity (when present) were also reviewed, along with the target/mode(s) of
action whenever known. Additionally, since 2018 when the review was conducted, 33
additional Pd-based compounds with promising anti-TNBC activities were reported. These
complexes provide a similar outlook regarding antiproliferative TNBC activity and promising
cancer selectivity (in some cases). In summary there are: 3 new compounds containing
iminophosphine ligands [91]; 3 chiral oxazolinyl palladium complexes [92]; 14 complexes
derived from halogen-substituted Schiff bases and 2-picolylamine [93]; 2 complex
containing bisdemethoxycurcumin (with TNBC selectivity) [94]; 3 binuclear benzylidene
palladacycles with varying phosphine bridging ligands having (with TNBC selectivity) [95];
2 Pd compounds with tamoxifen vectors able to trigger ROS in TNBC cells [96]; 3 chelates
with chromone-based thiosemicarbazone ligands (with TNBC selectivity) [97], 2 complexes
with thiosemicarbazone [98] and one Pd complex with 1,2-bis(diphenylphosphino)ethane

able to trigger autophagy as a mechanism of its TNBC actions [99] were reported.
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Table 4. Overview of Pd-based complexes tested against TNBC.
. . . Target / mode of  Selectivity Year
Group Complex designation Cell line ICso action towards TNBC Ref.
72 hours:
it I la4.61 uM Modification of
la cis-[Pd(Hzxdasa)C 1994
! [Pd(Hzdasa)Cl2 MDA-MB-468 10 4.72 uM secondary NA
1b cis-[Pd(Et.dasa)Cl2] Ref. drug: structure in [100]
Cisplatin 2.67 isolated DNA.
uM
2a dichlorido-(O,0'-diethyl-(S,S)-
ethylenediamine-N,N'-di-(2,2"-di(4-
hydroxy-benzyl))-acetate)-
palladium(ll)
2b dichlorido-(O,0O’'-dipropyl-(S,S)-
ethylenediamine-N,N'-di-(2,2"-di(4- 48 hours:
o hydro>.<y—benzyl))-acetate)- 2a 135 pM
Derivatives of ethyl palladium(ll) 2014
diamine . _ : MDA-MB-231 2b 72 pM NA NA
2c ichlorido-(O,0'-dibutyl-(S,S)- [101]
ethylenediamine-N,N"-di-(2,2'-di(4- 2C 36 uM
hydroxy-benzyl))-acetate)- 2d 18 pMm
palladium(ll)
2d dichlorido-(O,0'-dipentyl-(S,S)-
ethylenediamine-N,N'-di-(2,2'-di(4-
hydroxy-benzyl))-acetate)-
palladium(ll)
3a dichlorido[O,O’-diethyl-(S,S)- 72 hours: DNA
ethyrllelnediamine-N,N'-”di;jz-(4- 3a>200 uM fragmentation,
met entaneate]palladium(ll i i 2014
Vhpe Ip () MDA-MB-453 3p93.04pm  nduction of NA
3b dichlorido[O,O’-di-n-propyl-(S,S)- apoptosis and sub- [102]
ethylenediamine-N,N’-di-2-(4- 3¢ 3531uM  Gicell cycle
methyl)pentaneate]palladium(ll) 3d 48.43 uM arrest.
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Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICso action towards TNBC Ref.
3c dichlorido[O,0’-di-n-butyl-(S,S)- Ref. drug:
ethylenediamine-N,N’-di-2-(4- Cisplatin 3.75
methyl)pentaneate]palladium(ll) UM
3d dichlorido[O,O’-di-n-pentyl-(S,S)-
ethylenediamine-N,N’-di-2-(4-
methyl)pentaneate]palladium(ll)
24 hours:
4a PdsSpd2Cliz 4a 9 uM Modification of
1992
4 4b PdsSpd2Cls MDA-MB-268 4P 1:25 UM secondary NA
4c 0.9 pM structure In [103]
4c¢ Pd3Spd2Cls isolated DNA
Ref. drug:
Cisplatin 2.5 pM
5a 1.60 UM
5a PAPUtCls 5b 0.70 uM
5b Pd2PutzCls 5¢ 0.53 uM Modification of
MR 5d 11.51 uM  secondary 1993
Derivatives of 5 5¢ PdPutClz + Pd2Put2Cls MDA-MB-468 e 8.44 UM structure in NA [104]
biogenic polyamines 5d PdsSpmCle Sl isolated DNA
5e Pd2SpmCla Ref. drug:
Cisplatin 2.50
1M
Induction of
double-stranded
72h hours: 2.8 DNA breaks
UM (stronger effect Tested vs normal 511
5e Pd2SpmCls MDA-MB-231 Ref. drug: than for cisplatin).  human fibroblasts
Cisplatin 3.2 uM Interference with  (BJ) [105]

microtubules.

Synergism with
cisplatin.
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Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICs0 action towards TNBC Ref.
72 hours: 0.4 ggﬁugﬁﬁagfe GsH lestedvsnormal 5013
6 Pd2BENSpm L56Br-C1 M— ' and polvamine breast epithelial
H Poly cells (MCF-10A)  [106]
levels.
Exposure to Reduction of
100 uM for 72h 322:;21& lase Tested vs normal 2013
7 PdsNSpd2 L56Br-C1 significantly activity y breast epithelial [107]
Leudrrt:gg(ri cell Prolongation of S cells (MCF-10A)
’ phase length.
8a 6.75 UM
8a [Pd(4-
CICsH4N=C(COCsHs)CsHa)OAC: 8b 8.95 uM 1996
8 MDA-MB-468 Ref. drua: NA NA
8b [Pd(4- €1. drug: [108]
CICsHaN=C(COCsHs)CeHa)Cl]2 C"\ip'a““ 2.67
u
72 hours:
9a 2.4 uM
9a [Pd(C,N)-CsHaCH2NH(EL)CI(PY)]
9b [Pd(C,N)-CsHaCH2NH(t 9b 3.3 uM 2012
ivati 9 o oA MDA-MB-468 NA NA
Denvat_lvgs of benzyl Bu)CI(PPhs)] 9c 2.3 uM [109]
amine/imine 9¢ [Pd2(C,N-dmba)z(u-dppe)(Ch:] Ref. drug:
2 ;N 2\ 2 O oI
H-apP Cisplatin 4.8 uM
10a [Pd {CsH4CPh=NH}(-OAC)]2 72 hours:
10b [Pd{CesH4CPh=NH}(u-Cl)]2 10a 15 pM Modification of
2013
10 10c trans-N,P- MDA-MB-231 10b 13 uM secondary NA
[Pd{CsH4sCPh=NH}(OAc)(PPhs)] structure in [110]
10d trans-N.p- 10c 1.1 pM isolated DNA.
[Pd{CeHCPh=NH}(CI)(PPhs)] 10d 1.1 uM
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Group (N:g.mplex Complex designation? Cell line ICs0 thri%?]t /'mode of tSo?/IvZCrtj“:EIYNBC ;Zir
Ref. drug:
Cisplatin 6.5 pM
72 hours:
11a ~100 pM
11b ~100 pM
11c 4.6 uM
11d 13 pM
11e 40 uM
Includes twelve complexes 11a-| 11f32 uM gﬂe%%'::gztr';m of 2014
11 whose structures are given in MDA-MB-231 119 5.2 uM structure in NA [111]
supplementary data S1 11h 2.7 uM isolated DNA.
11i 25 pM
11j 17 uM
11k 1.4 uM
1111.0 pM
Ref. drug:
Cisplatin 6.5 pM
12a Pd{CesH4(Ph)C=N-phenyl}]2(u- 72 hours:
OAC)2 12a >100 puM
éZAbC)F;d{CsH4(Ph)C:N-l-naphtyl}]z(u- 12b >100 uM Inhibitio_n of
12¢ PA{CaHi(Ph)C=N-benzyl((- 1202100 UM e o Umbiicalven 2014
12 OAc)2 MDA-MB-231  12d >100 uM secondary endothelial cells [112]
12d Pd{CsHa(Ph)C=N-a- 12e 15 uM structure in (HUVEC)
methylbenzyl}]2(u-OAc)2 12f 40 uM isolated DNA.
12e Pd{CsH4(Ph)C=NH}]2(u-OAc)2 129 >100 uM
12f Pd{CesH4(Ph)C=N-phenyl}]2(u-Cl)2 12h 20 pM
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ivi Year
Group (N:gmplex Complex designation? Cell line ICs0 Zg{ig()?]t /'mode of tsoilvzcrz\éIEIYNBC Ref

12g Pd{CesH4(Ph)C=N-1-naphtyl}]2(u- 12i 16 uM
Cl)2 12) 13 pM
12h Pd{CeH4(Ph)C:N-benzyI}]z(p- 12k 12 HM
Cl)2

12| >100 uM
12i Pd{CeH4(Ph)C=N-a- H
methylbenzyl}]z(u-Cl)2 12m >100 pM
12j Pd{CeHa(Ph)C=NH}]2(p-Cl)2 12n>100 uM
12k trans-N,P-[Pd{CsH4(Ph)C=N- 120 1.1 uM
phenyl}OAc(PPhs)] 12p >100 pM
12| trans-N,P-[Pd{CsH4(Ph)C=N-1- 12q >100 uM
12m trans-N,P-[Pd{CsHa(Ph)C=N- 125 >100 UM
benzy}OAC(PPh3)] 1;1 . M”
12n trans-N,P-[Pd{CeH4(Ph)C=N-a- i
methylbenzyl}OAc(PPhs)] g_ef- Idrtl_Jg:5 y
120 trans-N,P- spiatin > |
[Pd{CsH4(Ph)C=NH}OAc(PPhs)]
12p trans-N,P-[Pd{CeH4(Ph)C=N-
phenyl}CI(PPhs)]
12q trans-N,P-[Pd{CsH4(Ph)C=N-1-
naphtyl}CI(PPhz)]
12r trans-N,P-[Pd{CeH4(Ph)C=N-
benzyl}CI(PPhs)]
12s trans-N,P-[Pd{CsHa(Ph)C=N- o-
methylbenzyl}CI(PPhs)]
12t trans-N,P-
[Pd{CeH4(Ph)C=NH}CI(PPhz)]
[{CIPd(CeH4)CH=N(2,6-di-iPr- 48h hours: DNA damage.

13 MDA-MB-231 2015

CeHs)}2(m-Ph2P(CH2)2PPh)] 0.193 pM Intrinsic induction
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Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICso action towards TNBC Ref.
of apoptosis via [113]
release of
cytochrome c,
upregulation of
PUMA, Bax and
downregulation of
Bcl-2. Extrinsic
induction of
apoptosis via
activation of
caspase 8.
Induction of
autophagy and G1
cell cycle arrest.
Putative anti-
cancer stem cell
activity.
Exposure of
2.81 uM for 48h DNA 2002
14 PdzHmtpo BT-20 reduced <50% fragmentation. NA [114]
cell number
48 hours: 46.50
Derivatives of MDA-MB-231 MM o Increase of
pyridine/pyrazole/ Ehrlich In vivo: complex
imidazole/pyrrol/ Ascites 70% reduction, Cleaved PARP_,_ NA 2014
triazole and their carcinoma (in cisplatin 47% ca(sjpaske 3 gctlwt)l/ _ [115]
P i tic nuclei
combinations 15 PdCI(terpy)](sac)-2H20 i reduction, and pykno
( (terpy)](sac)-2H20) Vivo) paclitaxel 59%
reduction
MDA-MB-231 72 hours: Induction of Tested vs primary 2013
MDA-MB-435 MDA-MB-231: g?g;llz'zggngﬁi human aortic [116]
2.8 uM smooth muscle

fragmentation.

NOILONAOHLINI — | 431dVHD



0€

Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICs0 action towards TNBC Ref.
MDA-MB-435:  Induction of cells (HASMC-1 2017
11.8 uM apoptosis via and HASMC-2) [117]
activation of
caspases 3/7.
Modification of
secondary
structure in
isolated DNA.
72 hours: 0.09
MDA-MB-231 MM
Ehrlich gng;gvo.dcomplex Disruption of 2011
Ascites o7 re uct(l’on, tubules. Apoptosis NA
carcinoma (|n Clsplat!n 33% via DR4 and DR5. [118]
vivo) redqctlon,
paclitaxel 69%
reduction
16 [Pd(sac)(terpy)](sac)-4H20 _ 5014
MDA-MB-231 Induction of ROS NA
and DNA damage. [119]
72h hours: Tested vs primary
MDA-MB-231 MDA-MB-231: Induction of human aortic 2017
20.57 uM ADODLOSIS smooth muscle
MDA-MB-435 = o ..~ poplosis. cells (HASMC-1  [120]
17a cis-[Pd{k2-N,N"-[1- 72 hours:
(CHZ)ZNMEZ]pZOl}ClZ] 17a >100 |J.M Modification of
17 17b cis-[Pd{k?-N,N[1-(CHz)2NMez]- /o \1o 5oy 17D >100 UM secondary NA 2011
3,5-Me2-pzol}Cl2] 17¢ 16.2 UM structure in [121]
17¢ [Pd{K2-C,N,N"-{[1-(CHz)2NMez}- Ref. drug: isolated DNA.

3-(CsHa4)-5-Ph-pzol])}Clz]

Cisplatin 6.5 pM

NOILONAOHLNI — 1 431LdVHO



T€

Complex

Target / mode of  Selectivity

Year

. C .
Group No. Complex designation Cell line ICso action towards TNBC Ref.
18a 5-Deoxy-1,2- O -isopropylidene-
5-(4-(2-pyridyl)- 1H-1,2,3-triazole-1-
yl)-a-D-xylofuranose palladium(ll) _
chloride 48 hours:
18b 3-O-Benzyl-5-deoxy-1,2-O- 18a 9.9 uM
isopropylidene-5-(4- (2-pyridyl)-1H- 18b 7.9 uM
1,2",Sét.riaz(clJll)-1-r)]/II)-q(j-D-xonfuranose 18¢ NA
palladium(ll) chloride
18d 12.1 uM 2012
18 18¢ Methyl-5-deoxy-2,3-O- MDA-MB-231 M Na NA 1221
isopropylidene-5-(4-(2- pyridyl)-1H-
1,2,3-triazol-1-yl)-B -D-ribofuranose Ref. drugs:
palladium(ll) chloride Doxorubicin <1
18d 6-Deoxy-1,2:3,4-di-O- uM
isopropylidene-G—(4—(2— pyridyl)-1H- Cisplatin <1 pM
1,2,3-triazol-1-yl)-a-D-
galactopyranose palladium(ll)
chloride
Induction of
db 72 hours: apoptosis via Fas
19a ([P ma)(sac)](sac)-2H20 2013
19 ([Pd(bpma)(sac)](sac)-2H20) MDA-MB-231 19 9.3 M death receptor. NA
19b ([Pd(bpma)Cl](sac)-2Hz0) Increase of [123]
19b 4.2 uM cleaved PARP and
caspase 3 activity.
120 hours:
20a 45.96 uM
20a [Pd(bpy)(hmbt)]CI 2014
20 [Pd(bpy)(hmbb} MDA-MB-231 20D 4.85uM  np NA
20b [Pd(phen)(hmbt)]CI Ref. drug: [124]
Cisplatin 32.0
uM
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ivi Year
Group (N:gmplex Complex designation? Cell line ICs0 Zg{ig()?]t /'mode of tsoilvzcrz\éIEIYNBC Ref
21a 3-O-Acetyl-5-deoxy-1,2-O- 48 hours:
isopropylidene-5-(4-(2-pyridyl)-1H-
1,2,3-triazole-1-yl)-a-D-xylofuranose 2la>100uM
palladium(ll) complex 21b >100 pM
21b 3-0-Benzoyl-5-deoxy-1,2-O- 21c >100 pM
21 isopropylidene-5-(4-(2-pyridyl)-1H- ) V1o ooy NA NA 2014
1,2,3-triazole-1-yl)-a-D-xylofuranose Ref. druas: [125]
palladium(Il) complex ' g i
21c [5-Deoxy-3-O-ferrocenoyl-1,2-O- gc;éon'{/tlncm
isopropylidene-5-(4-(2-pyridyl)-1H- ) H .
1,2,3-triazole-1-yl)-a-D-xylofuranose Cisplatin 0.25
palladium(ll) complex uM
22a trans-[Pd{[1-{MeO-(CH2)2-}-3,5- 72 hours:
th-(C3HN2)]20|2] 22a 75 HM
22b [Pd{k2,C,N)[1-{MeO-(CHz2)2}-3- 22b 9.5 M
(CsHa),5-Ph-(CsHN2)]}(u-OAC)]2
22¢ [PA{k2,C,N)[1-{MeO-(CHa)2}-3- 22c 14.4 1M 2014
22 (CsHa),5-Ph-(CaHN:)]}(u-Ch]2 MDAMB-231 22d91um  NA NA [126]
22d [Pd{k2,C,N)[1-{MeO-(CH2)2-}-3- 22e 13 pM
(CsHa),5-Ph-(C3HN2)]}(OAC)(PPh3)] Ref. drug:
22e [Pd{k?,C,N)[1-{MeO-(CHz)z-}-3- Cisplatin 6.5 uM
(CeHa),5-Ph-(C3sHN2)]}(CI)(PPhs)]
48h hours:
23a PdClIz(1,2-O-Isopropylidene-a- 23a 8.58 uM
D-Xylofuranose-3,5-(3’-amino)phenyl 23b 8.57 . Tested vs normal
57 uM
boronate) Intercalation human embryonic 2015
23 . MDA-MB-231 23c 34.76 uM  between strands of | .
23b PdClz(1,2-O-Cyclohexylidene-a- : kidney cells (HEK-  [127]
. 23d 30.37 uM isolated DNA.
D-xylofuranose-3,5-(3"-amino)phenyl =fH 293T)
boronate) 23e 15.00 pM

23f >100 uM
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Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICs0 action towards TNBC Ref.
23c PdCI2(1-O-Benzyl-2,3-0O- 239 47.62 uM
isopropylidene-a-L-sorbofuranose-
4,6-(3"-amino)phenyl boronate)
. Ref. drugs:
23d PdCl2(1,2:5,6-Di-O- . :
isopropylidene-D-mannitol-3,4-(3'- Cisplatin 7.21
amino)phenyl boronate) UM
23e PdCla(1,2:5,6-Di-O- Doxorubicin 1
cyclohexylidene-D-mannitol-3,4-(3'- uM
amino)- phenyl boronate)
23f structure given in supplementary
data S2
23g structure given in supplementary
data S2
24 hours:
24a56.7 yM
i 24b 18.1 uM
24a [Pdz(tripy)a](BF4)4 M Induction of late Tested |
24 24b [Pdz(bntrz)e|(BF)s MDAMB-231 o O UM apoptosis and broast Jﬁtﬂgﬂa 2015
24c [Pd2(hextrz)s](BFa)s 34:1 not . disrugtion ofcell s (MCF-10A) [128]
24d [Pda(pegtrz)a](BFa)s etermine membrane.
Ref. drug:
Cisplatin 41.2
uM
Induction of INOS
rotein expression
trans-bis-(cis-7a-ethyl-5-methyl-5- gnd supergxide
o5 phenylselanylmethyl-tetrahydro- MDA-MB.231 12.hours:81.7  nion radical NA 2017
pyrrolo[1,2-c]imidazole-1,3-dionato) LY production. [129]

palladium(ll) chloride

Decrease of cell’s
migratory potential.
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Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICs0 action towards TNBC Ref.
Includes two complexes 26a,b 48 hours: g‘douigz?sm 2017
26 whose structures are given in MDA-MB-231 26a 2.8 pM bop . NA
supplementary data S3 Photodynamic (130]
26b 1.5 pM therapy.
48h hours:
27a [{Pd(2,2"-bipy)Cl}2(u-pz)](ClO4)2 27a 17 pM
27b [{Pd(dach)Cl}2(u-pz)](ClO4)2 27b 26 uM
27c¢ [{Pd(en)Cl}2(u-pz)](ClO4)2 27c25uM Induction of
27 27d [{Pd(2,2"-bipy)Clia(u-4,4" 27d 70 pM apoptosis and Tested vs normal 517
7d [{Pd(2,2"-bipy)Cl}2(k-4,4'- MDA-MB-231 : human fibroblast
bipy)](ClO4)2 27 >100 UM necrosis. G1/S cell (MRC-5) [131]
27e [{Pd(dach)Clkz(-4,4- 27t>100pm  YOEATESt
bipy)J(CIO4)2 . Ref. drug:
271 [{Pd(en)Cl}2(u-4,4"-bipy)](ClO4)2 Cisplatin 55 uM
28a [PACI(PPhs)2(N,N-dimethyl-N'-
benzoylthioureato-k20,S)]
28b cis-[Pd(PPhs)2(N,N-diethyl-N'"- 48 hours:
benzoylthioureato-k?0,S)|PFs 28a 2.15 uM
28c cis-[Pd(PPhs)2(N,N-diphenyl-N'- 28b 1.12 uM
benzoylthioureato-k20,S)|PFs 28e <0.8 UM
ivati is- -di -N'- 2014
D(_anvatlves of o8 28d cis [Rd(PPhs)z(I;I,N dibencyl-N MDA-MB-231 28¢,28d,28f,289 NA NA
thiourea benzoylthioureato-k?0,S)]PFs >200 pM [132]
28e cis-[Pd(PPhs)2(N,N-diethyl-N'- Ref. drug:
furoylthioureato-k20,S)]PFs Cisplatin 2.43
28f cis-[Pd(PPhs)2(N,N-diphenyl-N'- UM

furoylthioureato-k?0,S)]PFs

28g cis-[Pd(PPhz)2(N,N-dibenzyl-N'-
furoylthioureato-k?0,S)]PFs
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Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICso action towards TNBC Ref.
Derivatives of 29a.t PACQ:CI 24 hours: 2005
; a trans- —
chioroquine/ 29 e MDA-MB-231 29a49pM,  NA NA
clotrimazole 29b trans-Pd(CTZ)2Cl2*2/3CH2Cl2 [133]
29b 159 uM
Complexes
(0.1-5 uM)
30a [Pd(caz-0-phen)Cl] inhibited 90- 2012
30 MDA-MB-435 95% of cell NA NA
30b [Pd(dmba)(dppp)CI] growth relative [134]
to cisplatin (5
Phosphine uUM).
derivatives and 524 hours:
others £4 hours:
3la 8.1 uM
3la trans-[PdCl{P(C2H4COOH 2016
31 PACEP(C2HCOOMR] 15 p MB-2g1 3130SUM NA
31b trans-[Pd2Cla{P(C2H4COOH)s}2] Ref. drug: [135]
Cisplatin 63 uM
Exposure to 3 Tested vs 21 NT
pg/ml for 72h
chloro, mono(phenanthrenequinone reduced cell (mortal mammary
'loro, monogp qu MDA-MB-231 "®CUC epithelial cells 2005
32 thiosemicarbazonato) pal- ladium(ll) viability to 15% NA (2INT) and normal
dimethyl formamide solvate BT-20 (MDA-MB- I [136]
breast epithelial
231),and 36% cells (MCE-10A)
Derivatives of (BT-20).
thiosemicarbazones 96 hours: ~0.7
uM
2-acetyl pyridine 4N-Ethyl MDA (type not Ref. drua: 2007
33 Thiosemicarbazone Palladium(ll) further o g NA NA
o Cisplatin:~2.5 [137]
complex specified) uM
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Complex . - . Target / mode of  Selectivity Year
Group No. Complex designation Cell line ICs0 action towards TNBC Ref.
. Exposure to 10
3,_Af—dlfluproacetophenone_- ug/pml for 48h 2013
34 thiosemicarbazone palladium(ll) MDA-MB-231 duced cell NA NA
complex reduced ce [138]

viability to 50%.

aComplex designation given by the original authors. 2,2"-bipy = 2,2'-bipyridyl; 4,4'-bipy = 4,4'-bipyridyl; BENSpm = N*,N-bis(ethyl)norspermine; bpma = bis(2-
pyridylmethyl)amine; bpy = 2,2-bipyridine; caz-o-phen = bis(cinnamaldehyde)-o-phenylenediimine); CQ = chloroquine; CTZ = clotrimazole; dach = trans-( £ )-
1,2-diaminocyclohexane; dmba = dimethylbenzylamine; dppe = 1,2-bis(diphenylphosphino)ethane); dppp = (diphenylphosphine)propane); en =
ethylenediamine; Et = ethyl; Etzdasa = diaminosuccinate diethyl ester dihydrochloride; Hzdasa = diaminosuccinic acid; hmbt = 2-(2'-hydroxy-5‘-methylphenyl)-
benzotriazole; Hmtpo = 5,7-dihydro-7-oxo-5- methyl[1,2,4]triazolopyrimidine; iPr = isopropyl; Me = methyl; MeO = methoxy; NSpd = norspermidine; OAc =
Acetyl-oxy; pegtrz = (1,3-bis(1-(2-(2-methoxyethoxy)ethyl)-1H-1,2,3-triazol-4-yl)benzene) ligand; Ph = Phenyl; Phen = phenanthroline; PPh3 =
Triphenylphosphine; Put = putrescine; Py = pyridine; pz = pyrazine; sac = saccharinate; Spd = spermidine; Spm = spermine; t-bu = tert-butyl; TCEP = tris(2-

carboxyethyl)phosphine; terpy = 2,2%6°,2“terpyridine; tripy = 2,6-bis(pyridin-3-ylethynyl)pyridine).’
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The wide range of distinct Pd-based compounds reported to this date as potential

anticancer agents against TNBC, as well as the great variability in the cytotoxicity evaluation

studies, hinder the establishment of accurate Structure-Activity Relationships.

Nevertheless, some conclusions can be drawn specifically regarding their biological effects

and potency (Table 4):

Vi.

The complexes comprising amine ligands (linear alkylamines including biogenic
polyamines and benzyl-amines/imines (C1-C13) were shown to be predominantly
DNA damaging agents through covalent binding of the metal ion to the nucleophilic
nitrogen atoms of the DNA bases (mainly the purines); for some complexes with
modified biogenic polyamines (C6), binding to glutathione was also evidenced.
For some of the benzyl-amine/imine complexes (C13), the induction of apoptosis
was reported.
The derivatives of pyridine/pyrazole/imidazole/pyrrol/triazole (C14-C27) were
shown to be responsible for the induction of both apoptosis and necrosis. In turn, for
a quite large number of investigated Pd-complexes displaying promising
antineoplastic properties (e.g., S-containing complexes of thiourea (C28a-g) or
thiosemicarbazones (C32-C34), the mode of action, at the molecular level, is still
unknown.
Regarding the choice of ligands for the Pd(Il)-complexes with activity against TNBC,
they are either N-containing polydentate molecules and/or sulphur-moieties (Pd(Il)
having a higher affinity for sulphur vs nitrogen), in order to compensate for the high
lability of these compounds, thus ensuring intracellular stability and avoiding drug
inactivation.
Considering the in vitro potency towards TNBC cell lines, almost one third of the
studied compounds exhibit ICso between 0.1 and 5 pM, thus having an activity
comparable or superior to the reference Pt(ll) drug cisplatin. In particular,
compounds with ligands such as biogenic polyamines (C4b,c; C5a-c; C5e; C6),
thiourea (C28a,b,e) and thiosemicarbazones (C33), as well as some complexes
with either ethyl diamine (Cla,b), benzyl amine/imine (C9a-c; C10c,d; Cl1c,g,h.k,I;
C12o0,t; C13) and pyridine/pyrazole/imidazole/pyrrol/triazole (C14; C15; C16; C19b;
C20b; C26a,b) deserve further attention to verify and study their antitumour
properties.
In addition, even though there have already been reported syntheses of Pd(IV)
complexes [139] that could be theoretically suitable for oral administration, up to this
date only Pd(Il) complexes have been screened as to their activity against TNBC
cell lines.
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vii.  The moderate hydrophilicity of Pd(ll) complexes points to an intravenous
administration for the compounds developed so far. With a view to increase water
solubility, aiming at a most desired oral administration, highly advantageous for
patient compliance, several combinations of ligands have been tried, going from just
one type of molecule within the first coordination sphere of the metal(s) to more than
one kind of binding atoms and bridging moieties between them. These structural
features are also aimed at tailoring the overall flexibility and stereochemistry of the
compound, which are expected to facilitate its transport and enhance its interaction
with the target(s). Furthermore, the nature of the leaving ligands — usually chlorides
or acetoxy groups (HsC(C=0)O-) — and their number and position in the molecule
(cis or trans) are relevant features, since they regulate the drug activation
mechanism inside the cell, that occurs through chloride hydrolysis (in the low [CI]
intracellular medium) followed by aquation, to yield an active drug prone to bind to
its target(s) (e.g. DNA).

viii.  Interestingly, a variety of Pd(Il) complexes investigated so far (C5e; C6; C7; C120;
C15; C16; C23; C24; C27; C32) have already exhibited cancer selectivity towards

TNBC, coupled to less deleterious effects towards non-cancerous cells.

1.3.1.1 Chemotherapeutic Mechanisms of Pd(ll) Complexes against TNBC

TNBC is a breast cancer subtype that resists both conventional chemotherapy and
surgical strategies, yielding unsatisfying clinical results and compelling the need for the
search/development of mechanism-based approaches. The profound knowledge of
signalling transduction pathways involved in the regulation of cell proliferation/survival are
particularly important since most of the alterations occur in effector(s) of these signalling
pathways during carcinogenesis. Such effectors are protein kinases, transcription factors
and receptors known to maintain homeostasis. Thus, any abnormal activation or silencing
of these effectors as well as their downstream signalization may contribute to uncontrolled
cell growth leading to cell malignant transformation. This section briefly summarizes
possible mechanisms of Pd complexes and their chemotherapeutic properties in TNBC
(Figure 9).
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DNA damage
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Figure 9. Mechanisms of action of Pd-based compounds.

[.3.1.1.1 DNA damage

Pd complexes may act as a novel class of metal-based agents that bind covalently
to DNA’s nitrogen bases, resulting in DNA fragmentation by hindering an adequate DNA
synthesis and RNA transcription from the affected DNA areas. DNA damage occurs through
formation of cross-links, preventing DNA strands from being separated for synthesis or
transcription, and inducing mispaired nucleotides which can lead to mutations [140].
Several Pd complexes, namely C5e, C6, C13-C16 and C19 have been identified to cause
DNA conformational changes or fragmentation. The damaged DNA induces the DNA repair

mechanisms, which in turn may lead to apoptosis when DNA repair is impeded.

[.3.1.1.2 Induction of Apoptosis

Several Pd complexes have been associated with pro-apoptotic events in TNBC,
namely C13, C15, C16, C19, C24, C26 and C27. Apoptosis occurs via activation of two
major complex/energy-dependent pathways, the extrinsic (via death receptor) and the
intrinsic (via mitochondria) pathways [141]. Some Pd complexes have been linked to the

alterations in key proteins involved in the extrinsic pathway, such as caspase 3 (C15, C19),
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caspase 8 (C13) and Fas death receptor or TNF-related apoptosis-inducing ligand (Trail)
receptors 1 (DR4) and 2 (DR5) as reported for C16. Influence of Pd complexes on the
intrinsic pathway such as cytochrome c release and upregulation of Bax and PUMA (p53

upregulated modulator of apoptosis) genes have also been demonstrated for C13.

1.3.1.1.3 Cell Cycle Arrest

It is well accepted that carcinogenesis is associated with cell cycle deregulation
and/or overexpression of growth kinases [142]. Pd complexes (C3, C13 and C27) arrest
cell cycle of TNBC cells in G1 or G1/S phase and these effects may be either direct or
indirect. The appearance of the sub-G1 peak that generally represents dead cells has been
also reported for C3 and C13. Indeed, DNA damage can lead to cell cycle arrest by
triggering the p53 pathway, which, in turn, may lead to initiation of DNA repair or apoptosis.

1.3.1.1.4 Increase in Reactive Oxygen Species Levels

Reactive oxygen/nitrogen species (ROS/RNS) are formed by metabolic reactions
and can interact with biomolecules resulting in oxidation of amino acyl residues in proteins,
mutations in DNA, and lipid peroxidation producing more free radicals that increase the risk
of mutations [143]. The ROS production was reported for C16 and C25. Notwithstanding
ROS—-induced damage, this can be restored by internal surveillance and repair systems.
However, high levels of ROS overwhelm cellular detoxifying systems, and cell division is
stalled, and after prolonged arrest, cells may die from apoptosis. The decrease in
glutathione levels, indicating an increase in the intracellular redox status, was reported for
C6.

1.3.1.1.5 Necroptosis and Autophagy

Recently, the view on the triggers and mechanisms that lead to the process of cell
death have been updated [144]. In addition to programmed cell death type such as
apoptosis, recent studies have shown that some compounds may induce necroptosis and
autophagy in cancer cells, leading to cell death [99,145-148]. Necroptosis is a form of
programmed cell death occurring in cells exposed to stress factors, such as oxidative stress
or DNA damage. Autophagy is a catabolic process that degrades cellular components and
organelles, assuring cell survival in in nutrient-deprived conditions under usual
circumstance. However, depending on the context and stimuli, excessive or prolonged
autophagy can lead to autophagic cell death [149]. During autophagic cell death,
autophagosomes engulf and degrade the cytoplasmic contents, leading to the breakdown

of cellular components and ultimately resulting in cell death. Autophagic cell death is
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characterized by the accumulation of autophagic vacuoles or autophagosomes in the
cytoplasm and is often associated with the activation of caspase-independent cell death
pathways such as necroptosis. Despite being reported as possible mechanisms to evade
cancer drug resistance, the impact of Pd-based compounds on necroptosis and autophagy

in TNBC still largely unknown and yet to be explored [150].

1.3.2 Pd(ll)-Polyamine Complexes

The biogenic polyamines putrescine (Put), spermine (Spm) and spermidine (Spd) are
low molecular weight organic polycations that are biosynthesized intracellularly (Figure 10)
from arginine and methionine, as well as obtained exogenously through the diet [151].
These biogenic polyamines are essential for eukaryotic cell proliferation and differentiation
[152]. Thus, it is not surprising that highly proliferating cancer cells have increased
polyamine concentrations, as well as enhanced uptake and biosynthetic mechanisms.
Therefore, depletion of the intracellular polyamine pool, through specific polyamine
analogues or inhibitors of the polyamine biosynthetic enzymes, is an antineoplastic strategy
that has been the object of research for the last 30-40 years. It has been demonstrated that
after inhibition of polyamine biosynthesis with difluoromethylornithine (DFMO), cells quickly
adapt to new condition by increase of extracellular polyamine uptake mediated by
polyamine transport system. Thus, simultaneous inhibition of polyamine biosynthesis as
well as inhibition of polyamine transport system with specific inhibitors such as “Trimer PTI”
or “AMXT 1501” is required for successful depletion of intracellular polyamines [153]. This
double-inhibition strategy is currently studied in clinical trials to demonstrate its efficacy.
Nevertheless, these approaches have not yet delivered effective anticancer treatment to be
implemented in a clinical practice, they have proved the importance and targetability of
polyamines and their pathway as an anticancer strategy. Additionally, the polyamine
transport system (for Put, Spd and Spm) is deemed capable of transporting polyamine-
based molecules [154], such as Pd-polyamine complexes (C4-7). Therefore, the selectivity
of Pd(ll)-polyamine complexes towards cancer cells (namely TNBC) could be partially
explained by this transport mechanism. Additionally, polynuclear complexes (comprising 2
or 3 metal centres) with linear aliphatic amines are particularly promising drugs, since they
display a very high conformational freedom and variable length ligands (different bridging
chains separating the metal ions within the chelate) [155,156]. This provides stable Pd(ll)-
agents able to interact with the DNA double helix in a very efficient way — via binding to
more than one site, leading to the formation of long-range interstrands responsible for a

more severe damage to DNA (as compared to the mononuclear clinically used drugs,
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cisplatin, carboplatin and oxaliplatin), and therefore inducing cell death to a larger extent

[157]. However, more detailed processes may be involved and need further elucidation.
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Figure 10. The Polyamine Metabolic Pathway.

ODC, ornithine decarboxylase; SAM-DC, S-adenosylmethionine decarboxylase; SSAT, spermidine-
spermine-N1-acetyl transferase; PAO, polyamine oxidase; AZ, antizyme; DFMO,
difluoromethylornithine; SMO, spermine oxidase. Adapted from [158].

1.3.2.1 Pd2Spm and PdsSpd:

Both Pd.Spm (C5e) and Pds;Spd, (C4c) are linear polyamine complexes with
spermine and spermidine ligands, respectively, yielding stable chelates (Figure 11).
Pd>Spm comprises two Pd(ll) centres coordinated to one polydentate spermine ligand
(containing four N coordinating atoms). Pds;Spd. comprises three Pd(ll) centres coordinated
to two polydentate spermidine ligands (each of them containing three N coordinating
atoms). Pd>Spm and Pds;Spd; can bind with high affinity to the nitrogen atoms of the DNA
bases, mainly to the purines (the adduct with guanine being favoured by intramolecular H-
bonds). Their chemical features are responsible for an amphiphilic character and a high
flexibility that enable an effective interaction with the DNA’s double helix at distinct sites,
both intra- and interstrand. Additionally, the hydrophobic moiety of the complexes (carbon
aliphatic chains) allows quite a strong interplay with the DNA'’s backbone (pre-association),

which favours the Pd—N- or Pt-N-binding process. Despite the advances achieved so far,

42



CHAPTER | = INTRODUCTION

little is known regarding their mechanism of action, in vivo TNBC activity, selectivity and

ability to overcome TNBC resistance to Pt drug.
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Figure 11. Chemical structure of Pd-based agents Pd.Spm and PdsSpd:2
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STUDY BASIS

TNBC is an aggressive subtype of breast cancer subtype that lacks hormone
receptors and HER2 expression, hindering the use of targeted therapies available
for other breast cancer subtypes. Thus, therapy options for TNBC are limited,
resulting in urgent medical need to be addressed.

Cisplatin is a commonly used chemotherapy drug for the treatment of TNBC but
presents significant side effects and becomes less effective or completely ineffective
over the time-course of the treatment due to development of resistance by cancer
cells.

Pd(Il)-based compounds with polyamines seem to present an appealing alternative
to cisplatin due to their similarity in coordination chemistry and potentially having
lower toxicity.

The study involves di-nuclear (Pd>.Spm) and tri-nuclear (PdsSpd,) Pd(ll)-based
compounds with biogenic polyamines previously synthesized and characterized by
our partners at the Molecular-Physical Chemistry R&D Group, Department of
Chemistry, University of Coimbra (Portugal).

STUDY HYPOTHESIS

The hypothesis of this study is that selected Pd(ll)-based compound(s) present
comparable or superior therapeutic potential than cisplatin, in regard to its (i) efficacy
to inhibit TNBC growth, both in vitro and in vivo; (ii) ability to circumvent cisplatin’s
resistance; (iii) having good pharmacokinetic properties and biodistribution; (iv) and

presenting lower toxicity than cisplatin.

STUDY GOALS

1. Develop and characterize cisplatin-resistant model of TNBC cells via continuous

exposure of MDA-MB-231 to cisplatin.

Compare the antiproliferative activity, potency, selectivity and ability to circumvent
resistance of Pd(ll)-based compounds (Pd>Spm and Pds;Spd>) with that of cisplatin
in breast cancer MDA-MB-231, MDA-MB-231/R and non-neoplastic breast cells
MCF-12A. Select the most promising compound from this screening to be used in

further experiments.
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Develop and validate an ICP-MS method for a quantitative analysis of Pd and Pt in
animal biologic samples due to inexistence of a suitable method validated for
different biological fluids and samples.

Compare the pharmacokinetics and the biodistribution of the selected Pd(ll)-based

compound and cisplatin in mice.

. Assess the in vivo efficacy of selected Pd(ll)-based compound against TNBC in

mouse xenograft models, measuring tumour growth inhibition and toxicity.
Investigate the mechanisms of action of selected Pd(Il)-based compound and its
putative targets.
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lll.1 Reagents, Materials, Equipment and Software

The reagents, materials, equipment and software used in this work are listed in
Appendix A in Table A1 (Reagents), Table A2 (Materials) and Table A3 (Equipment and
Software).

1.2 Pd>Spm and PdsSpd. Syntheses

The Pd>Spm complex was synthesized according to published procedures [159] that
were further optimized [156]: 2 mmol of K-PdCls was dissolved in a minimal amount of water
and 1 mmol of spermine aqueous solution was added dropwise under continuous stirring.
After 24 h, the resulting orange powder was filtered and washed with acetone, and the
yellow-orange needle-shaped crystals were recrystallized from water. The composition and
purity of the synthesized compound were fully obtained by elemental analysis and
vibrational spectroscopy (FTIR, Raman and inelastic neutron scattering), which were
compared with the previously calculated vibrational profiles (by ab initio methods) [156,160].
Yield: 68%. Elemental analysis (Pd2(C10N4H26)Cls): Found—C: 21.2%; H: 4.7%; N: 9.6%,
Cl: 25.9%.

The PdsSpd, complex was synthesized according to published procedures
[103,161] that were further optimized: 3 mmol of K.PdCl, was dissolved in a minimal amount
of water, and 1.98 mmol of spermidine trihydrochloride aqueous solution was added
dropwise under continuous stirring. After 15 min, the resulting orange precipitate was

isolated by filtration and washed with water, ethanol and acetone and air-dried.

[11.3 In Vitro Cell-Based Methodologies

[11.3.1 Drug Formulations

A Pd,Spm stock solution (400 uM) and PdsSpd. stock solution (400 uM) were freshly
prepared by dissolving an appropriate quantity of drug in phosphate-buffered saline (PBS)
(H2PO4 1.5 mM, Na;HPO4 4.3 mM, KCI 2.7 mM, NaCl 150 mM, pH 7.4) containing 3% of
DMSO, and sterile-filtered. A stock solution of cisplatin (500 uM) was prepared in PBS and
sterile-filtered. A stock solutions of oxaliplatin (5 mM) and carboplatin (5 mM) was prepared

in ultrapure water and sterile-filtered.
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[11.3.2 Cell Cultures

The human TNBC MDA-MB-231 cell line (ATCC HTB-26) and the non-cancerous
breast cell line MCF-12A (ATCC CRL-10782) were purchased from ATCC (Manassas, VA,
USA). DMEM-HG cell growth medium supplemented with 10% (v/v) FBS was used to
culture breast cancer cells. To establish a cisplatin-resistant cell strain, MDA-MB-231 cells
were continuously treated with increasing concentrations of cisplatin (up to 2 pM) during a
period of 6 months. When a consistent cell growth rate in the presence of cisplatin was
achieved, these cells were named MDA-MB-231/R and stocked to assure the consistency
of the phenotype for future use and experiments. All posterior experiments were performed
within 10 passages to maintain the resistance while routinely growing the MDA-MB-231/R
cell line in a cell culture medium without the addition of cisplatin. MCF-12A cells were
cultured in DMEM/F12 medium supplemented with 100 ng/mL cholera toxin, 0.01 mg/mL
bovine insulin, 20 ng/mL hEGF, 500 ng/mL hydrocortisone and 5% (v/v) horse serum. Cells
were grown in monolayers in a sterile environment at 37 °C with a 5% CO, humidified
atmosphere. Under these conditions, the population doubling time was 25.5 + 0.9 h and
30.6 £ 1.1 h for MDA-MB-231 and MDA-MB-231/R cells, respectively, and 20.6 + 3.1 h for
MCF-12A cells. The cell cultures were routinely screened for mycoplasma contamination,

yielding negative results.

[11.3.3 Cell Proliferation Assay

Cells were seeded in 96-well microplates at the cell density 1.5 x 10* cells/cm? (final
volume 200 pL/well) and left 24 h to attach. Afterwards, the growth medium was replaced
with the growth medium containing cisplatin (0.1-200 pM), carboplatin (0.3—200 pM),
oxaliplatin (0.3—200 pM), PdsSpd: (0.3—-200 pM),or Pd>Spm (1-160 puM).

Cell proliferation was monitored with the direct image acquisition of cells on
microplates at 0, 24, 48 and 72 h post-addition of the tested compounds using a
LionheartFX automated microscope (BioTek, Winooski, VT, USA). Label-free kinetic 4x
images were acquired and processed using Gen 5 Image Analysis software (BioTek,
Winooski, VT, USA). Individual cells per image were identified and counted, and normalized
cell growth (%) was calculated using the following formula:

(Number of Treated Cells(t) — Number of Treated Cells(0))

C(t) = x 100
© (Number of Untreated Cells(t) — Number of Untreated Cells(0))

where C(t) is the percent of net cell growth over time, Number of Treated Cells(t) is

the count of cells treated with drug at each time point, Number of Treated Cells(0) is the
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count cells treated with drug at time 0 h, Number of Untreated Cells(t) is the count of
untreated (control) cells at each time point and Number of Untreated Cells(0) is the count

of untreated (control) cells at time O h.

[11.3.4 Cell Migration — Wound Healing Assay

The effect of compounds on cell migration was studied using wound healing assay
(or scratch assay). Triple-negative breast cancer MDA-MB-231 cells were seeded in 24-
well microplate at the cell density 12.5 x 10* cells/cm? (1 mL final volume) and left 24 h to
attach and create a confluent monolayer. The cell monolayer was scratched with 200 pL
pipette tip, producing a vertical straight wound in the middle of the well; growth medium was
removed and wells were washed twice with growth medium to remove all detached cells.
Growth medium containing Pd>Spm (12.5-200 pM) or cisplatin (6.25-200 uM) was added
to the wells, and microplates were imaged using LionheartFX automated microscope at 0,
3, 18, 20, 24 and 48 h. Wound closure was analysed as a confluence of the initial cell-free
area covered by migrating cells at the indicated time points measured with Gen 5 Image

Analysis software. Confluence was calculated using the following formula:

(Object Sum Area(t)— Object Sum Area(0))
C(t) = - x 100
(I(A)— Object Sum Area(0))

where C(t) is the percent wound confluence over time, Object Sum Area(t) is the
area covered by cells at each time point, Object Sum Area(y) is the area covered by cells at
time 0 h and Iy is the total area of the 4X image. The area under the curve (AUC) of kinetic
time—confluence profiles obtained within 0-18 h for each concentration was calculated
(AUCo.18n), plotted against the drug concentration and analysed with nonlinear regression

to obtain the half maximal effective concentration (ECso) for Pd.Spm and cisplatin.

[11.3.5 Quantitative Analysis of Vascular Endothelial Growth Factor (VEGF)

Production

MDA-MB-231 cells were seeded in 96-well microplates at the cell density 1.5 x 10*
cells/cm? (final volume 200 pL/well) and left 24 h to attach. The growth medium was
replaced with growth medium containing Pd.Spm (5-20 uM) or cisplatin (5—-20 uM), and
cells were incubated for 12 h. VEGF concentration in cell culture medium was determined
in undiluted samples in duplicate using the Human VEGF Quantikine ELISA Kit (R&D
Systems Inc., Minneapolis, MN, USA) according to the manufacturer’s protocol. In brief,

200 pL of conditioned media was added to a 96-well microplate pre-coated with monoclonal
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antibody for human VEGF and the plate was incubated for 2 h. After washing with wash
buffer, enzyme-linked polyclonal antibody specific for human VEGF was added, followed
by incubation for 2 h. The plate was washed to remove unbound antibody-enzyme reagent,
substrate solution was added and incubated for 30 min and the reaction was terminated by
the addition of the stop solution, producing a yellow solution. The optical density at 450 nm
with wavelength correction at 540 nm was measured using a Synergy HT microplate reader
(BioTek, Winooski, VT, USA). The concentration of VEGF was interpolated from the
standard curve (15.6—1000 pg/mL) prepared in parallel.

l11.3.6 Intracellular Accumulation of Pd2Spm or Cisplatin in Breast Cancer
Cells

The intracellular Pt and Pd accumulation in MDA-MB-231 and MCF-12A cells was
analysed using ICP-MS. First, 3 x 10%cm? cells were seeded in T75 culture flasks and
allowed to attach for 24 h. Cells were subsequently treated for 24 h with 2, 4 or 8 uM of
either Pd.Spm or cisplatin in four independent experiments (n = 4). The cells were
trypsinised, washed twice with ice-cold 0.9% saline solution, and 10° cells were pelleted
and freeze-dried. The lyophilized cell pellets were digested and analysed using the same
analytical procedure described for the pharmacokinetic study (please see the section
111.4.3.4). The quantity of accumulated Pd and Pt in cells was converted in the
correspondent concentration of Pd.Spm and Cisplatin in pmoles per 1 mg of protein. The
protein concentration used for the data normalization was determined from identical
samples that were prepared in parallel and quantified with the Bradford protein assay,

following the manufacturer’s instructions.

[11.3.7 Western-blot analysis

Cells were seeded in T25 cm? flask (1.5 x 10* cells/cm?) and left for 24 h to attach.
Afterwards, cells were exposed to 10 uM of Pd,Spm or Cisplatin for 48 h, washed with PBS
and lysed with RIPA buffer supplemented with protease inhibitors cocktail (Abcam, UK).
Protein concentration in lysates was determined using the Bradford assay. Samples (20 ug
of proteins in 6X Laemmli sample loading buffer) were separated by SDS—PAGE using 12%
TGX Stain-free gels (Bio-Rad, Lisbon, Portugal) and blotted onto PVDF membrane.
Membranes were blocked with 5% BSA, during 1 h at room temperature (RT) and probed
with rabbit anti-cleaved caspase-3 (1:500), and rabbit anti-LC3B (1:2000) antibodies
overnight at 4 °C. Blots were washed with TBST, incubated with goat anti-rabbit horseradish

peroxidase (HRP) conjugated secondary antibody (1:5000) during 1 h, at RT, washed with
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TBST and the immunocomplexes were detected using the Novex ECL Chemiluminescent
kit (Invitrogen, Life Technologies, Madrid, Spain) and ChemiDoc MP Imaging System (Bio-
Rad, Lisbon, Portugal). Chemiluminescent signal was quantified using ChemiDoc™
Imaging Systems with Image Lab™ Software Instrument (Bio-Rad, Lisbon, Portugal). The
stain-free signal of total protein per lane was also captured and used for the normalization

of immunolabeled protein bands relative to the total proteins in the respective lane.

[11.3.8 Detection of autophagic vesicles — MDC staining

Autophagy was detected with monodansylcadaverine (MDC), a fluorescent
compound that is incorporated into autophagic vacuoles by both an ion trapping mechanism
and the interaction with membrane lipids in cultured cells. First, cells were treated with
Pd>Spm or cisplatin for 48 h and then growth medium was replaced with 100 uM of MDC in
HBSS for 15 min at 37 °C. Cells were washed and fresh HBSS medium was added to cells.
LionheartFX automated microscope with direct image acquisition of cells in microplates was
used to acquire images, which were further processed using Gen 5 Image Analysis

software.

[11.3.9 Apoptosis monitoring — externalization of phosphatidylserine residues

Externalization of phosphatidylserine in living cells was performed using polarity-
sensitive indicator of viability and apoptosis (pSIVA)-IANBD, a polarity-sensitive probe.
Briefly, MDA-MB-231 and MDA-MB-231/R cells were 96-well %2 area black microplates at
the cell density 1.5 x 10* cells/cm? (final volume 100 pL/well) and left 24 h to attach.
Afterwards, the growth medium was replaced with the growth medium containing Pd>Spm
or cisplatin together with pSIVA probe. LionheartFX automated microscope was used to
acquire 4X cell images in microplates at 48 h post-addition of the tested compounds.
Images were processed and analysed using Gen 5 Image Analysis software allowing

identification and counting of individual cells per image.

11.3.10 ERK1/2 Phosphorylation Assay

Changes in phosphorylated ERK1/2 (pERK) were detected using the AlphaScreen
SureFire pERK1/2 Kit. Briefly, 10 uL of total protein lysate (prepared for WesternBlot) was
transferred into 384-well ProxiPlates and mixture of acceptor beads and donor beads were
added manufacturer’s instructions. Alpha fluorescent signal was normalized to total protein

content determined in parallel, and data were expressed as fraction of control.

55



CHAPTER Ill = MATERIAL AND METHODS

[11.3.11 NF-kB Phosphorylation Assay

Changes in phosphorylated NF-kB (p-NF-kB) were detected using the AlphaScreen
SureFire p-NF-kB Kit. Briefly, 10 uL of total protein lysate (prepared for WesternBlot) was
transferred into 384-well ProxiPlates and mixture of acceptor beads and donor beads were
added manufacturer’s instructions. Alpha fluorescent signal was normalized to total protein

content determined in parallel, and data were expressed as fraction of control.

[11.4 In Vivo Animal-Based Methodologies

[11.4.1 Ethical Considerations

The European Directive 2010/63/EU on the protection of laboratory animals used
for scientific purposes (European Parliament, Council of the European Union, 2010) and
the Portuguese law on animal welfare (Decreto-Lei 113/2013) were followed for designing
and conducting all research procedures. The study protocol was approved by the Ethics
Committee of the Faculty of Pharmacy of the University of Porto, Porto, Portugal (Permit
Number: 25-10-2015), and by the Ethics Committee and the Organ Responsible for the
Welfare of Animals of ICBAS-UP, Porto, Portugal (Permit number 134/2015).

[11.4.2 ICP-MS Analytical Method Development and Validation

[11.4.2.1 Animals and Housing & Husbandry

Adult, 18-week-old, male Wistar Han rats (5 animals in total) with a mean weight of
466 + 51 g were used (Charles River Laboratories, Barcelona, Spain). Animals were housed
under the standard conditions (controlled light/dark cycles of 12 h, 20-22 °C and unlimited
access to water and standard pellet food).

l11.4.2.2 Preparation of In-House Material and Animal Procedures

Due to the inexistence of certified reference materials (animal tissues containing Pd
and Pt), an in-house material was prepared for each tissue and biofluid under study. To
obtain a sample matrix representing the true complexity of biologic tissues with intracellular
incorporation and metabolism of Pd and Pt compounds, a standard solution containing 200
pg/mL of Pd and Pt (in Phosphate-Buffered Solution, pH 5.5) was administrated via
intraperitoneal injection (1 mL/administration) twice in each animal within 16 h. Animals

were euthanized by decapitation and white adipose tissue from peritoneal cavity (visceral
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depots), abdominal muscle, liver, kidney, spleen, testis, heart, lungs and brain were
collected, weighed and stored at —80 °C. Blood was also collected at the same time into
tubes with sodium heparin to obtain whole blood samples. Tubes without anticoagulant
were used for blood serum separation after leaving the blood to coagulate for 30 min at

room temperature and centrifuging at 500 x g and 4 °C for 15 min.

[11.4.2.3 Sample Preparation

Solid tissues were freeze-dried (0.016 mBar, —80.8 °C, 48 h; Telstar®, model
Cryodos Barcelona, Spain) and pulverized with mortar and pestle or using a Precellys®
Evolution tissue homogenizer (Bertin-Instruments, Montigny-le-Bretonneux, France) in
case of hard tissues such as lungs, heart and muscle (2.8 mm stainless steel beads, ten
cycles of 60 s at 7500 rpm speed). Freeze-dried solid tissues, serum and blood (50 mg or
50 pL) were accurately weighed into 10 mL polypropylene tubes and 0.9 mL of HNOs (2
69.0% w/w) plus 0.3 mL of HCI (37% w/w) were added to the tubes. The tubes were closed
and placed in a water bath at 90 °C for 1 h. Then, sample digests were cooled to room
temperature, 1 mL of the 100 ug/L internal standard (IS) solution was added, and the final
volume was adjusted to 6 mL with ultrapure water. Prior to ICP-MS analysis, samples were
further diluted 5-fold with a diluent solution (2% HNOs + 3% HCI + 16.66 ug/L IS).

Microwave-assisted acid digestion was performed as reference digestion procedure
using an MLS 1200 Mega high-performance microwave digestion unit (Milestone, Sorisole,
Italy) equipped with an HPR-1000/10 S rotor. Samples (50 mg) were accurately weighed
into previously decontaminated microwave oven PTFE vessels and 0.9 mL of HNOs (=
69.0% wi/w) plus 0.9 mL of HCI (37% w/w) were added. Afterward, vessels were closed,
placed in the microwave oven and heated using the manufacturer’'s recommended program:
250 W for 1 min, O W for 2 min, 250 W for 5 min, 400 W for 5 min, and 600 W for 5 min.
After cooling, 1 mL of the IS solution was added and the final volume was adjusted to 6 mL

with ultrapure water.

111.4.2.4 ICP-MS Instrument and Conditions

An iCAP™ Q (Thermo Fisher Scientific, Bremen, Germany) ICP-MS was used for
the determination of Pd and Pt. Calibration standards ranging from 0.025 to 10 pg/L were
prepared from the 100 mg/L multi-element commercial TraceCERT®, ICH Q3D oral,
Standard 2 solution. The IS solution was prepared at 100 pg/L by appropriate dilution of the

ICP-MS-200.8-1S-1 solution. The IS solution was added to the samples resulting in a final
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concentration of 16.66 pg/L. The elemental isotopes (m/z ratios) monitored were °®Pd and

195pt, The elemental isotopes 8%Y, 1%In, %9Th and 2°°Bi were used as internal standards.

[11.4.2.5 Method Optimization

Several experiments were conducted to optimize the acid digestion procedure in
closed tubes with screw cap for the quantitative analysis of Pd and Pt. The liver tissue was
used during the method optimization due to its higher availability compared to the other
tissues. Two types of experimental designs were used: 1) a two-level (2¥) full factorial design
that was aimed to screen the main variables affecting the acid digestion procedure; 2) a
central composite design (CCD) that was used to optimize the significant variables selected
from the previous experimental design. The response was the sum of Pd and Pt
concentration in the in-house material. One full factorial design was created at low (-1) and
high (+1) levels four factors, accounting 21 experiments (five central points were included).
This full factorial design was created to evaluate the significance of the variables HNO3
volume (0.3-0.9 mL), HCI volume (0.3-0.9 mL), reaction time (10-60 min), reaction
temperature (60—-90 °C).

The four variables were selected for the CCD because all of them were considered
significant in the two-level factorial design. Thus, a CCD consisting of a complete 30-
factorial design with six centre points and two axial points on the axis of each design variable
at a distance of a = 1.682 from the design centre was performed. Experiments were carried
out as follows: HNO3; volume (0.3-0.9 mL), HCI volume (0.3—-0.9 mL), reaction time (30-60
min), reaction temperature (60-90 °C). The complete experimental design was performed
using the Design Expert Trial Version 10 (Stat-Ease, Inc., MN, USA) software. The
appropriate fitting model for the response was selected based on the comparison of various
statistical parameters such as R?, Q?, lack of fit and adequate precision. After the fitting of
the mathematical model, the desirability function was studied for the optimization of

independent variables for desirable responses.

[11.4.2.6 Method Validation

The limits of detection (LOD) and limits of quantitation (LOQ) of the developed
procedure were calculated from the standard deviation of digested blank samples
(“procedural blanks”) using the formulae: LOD = 3 X ¢ and LOQ = 10 X g, where o is the
standard deviation of digested blank samples. The repeatability of the developed procedure

was evaluated for the 11 matrices under study: adipose tissue, abdominal muscle, liver,
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kidney, spleen, testis, heart, lungs, brain, blood, and serum. Samples were digested in
duplicate (using optimal digestion conditions identified by CCD optimization) and the digests
were analysed also in duplicate (at the beginning and end of the ICP-MS analytical run).
The results were expressed as coefficient of variation (%CV). The overall %CV was
calculated considering the %CV obtained for each type of analysed matrix. The between-
run precision (intermediate precision) was evaluated by analysing the samples digests in
three non-consecutive days (three ICP-MS runs). The results were also expressed as %CV.
Accuracy was also studied for all the tissues and biofluids by comparing the Pd/Pt contents
obtained in the proposed method with those obtained with microwave-assisted sample
digestion, which is considered the “reference method”’[162—164]. Accuracy was calculated
from the mean Pd and Pt contents using the following formula:
metal content obtained by developed method

2 0y — x 100
ceuracy (%) metal content obtained by reference method

The matrix effect was evaluated using sample digests spiked at 1 ug/L of Pd/Pt. The
recovery was calculated using the following formula:
(spiked sample concentration — original sample concentration)

< o x 100
ecovery (%) spiked sample concentration

The agreement between the newly developed method and reference method

(microwave-assisted digestion) was analysed using the Bland—Altman plot [165].

[11.4.3 Pharmacokinetics of Pd2Spm

[11.4.3.1 Animals and Housing & Husbandry

Six-week old, Specific-Pathogen-Free (SPF), female BALB/cByJ mice (60 animals
in total) were purchased from Charles River Laboratories (L'Arbresle, France) and
acclimatized at ICBAS-UP Rodent Animal House Facility (Porto, Portugal) for one week.
Animals were randomly distributed into groups of five per individually ventilated cage and
were housed under controlled SPF environmental conditions (temperature 22.5 + 1.5 °C;
relative humidity 50 + 10%; 12 h light/dark cycle) with ad libitum access to water and
standard pellet food (4RF21, Mucedola, Italy). Environmental enrichment included corncob
bedding, paper roll tube and one large sheet of tissue paper for nesting. Animals were

monitored daily for health status, and no adverse events were observed during the study.
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[11.4.3.2 Drug Formulations

Pd>Spm 0.3 mg/mL solution for in vivo administration was freshly prepared by
dissolving an appropriate quantity of drug in Phosphate-Buffered Saline (PBS) (H2PO4 1.5
mM, Na;HPO,4 4.3 mM, KCI 2.7 mM, NaCl 150 mM, pH 7.4) containing 1% of DMSO and
sterile-filtered. The solution of cisplatin 0.35 mg/mL was prepared in PBS and sterile-filtered.

111.4.3.3 Study Design and Animal Procedures

Animals were randomly allocated into two study groups (30 animals/group): Pd.Spm
and cisplatin. No control group was used since Pt and Pd metals were inexistent in drug-
naive rodents. On the day of the experiments, animals were weighed (mean = SD: 20.4
1.7 g), and a single dose of Pd,Spm 3 mg/kg BW (corresponds to 1.15 mg/kg BW of Pd) or
cisplatin 3.5 mg/kg BW (corresponds to 2.28 mg/kg BW of Pt) was administered via
intraperitoneal bolus injection (200 pL/injection) in Pd,Spm and cisplatin groups,
respectively. After drug administration, five animals from each group were euthanized at
selected time-points (0.5, 1, 6, 12, 24 and 48 h) with pentobarbital intraperitoneal injection
(120 mg/kg) followed by cardiac puncture for blood collection. Blood serum was separated
after leaving the blood to coagulate for 30 min at room temperature and centrifugation (at
500x g, and 4 °C for 15 min). The serum was separated, and a small aliquot was filtered
using Amicon Ultra-0.5mL Centrifugal Filters (14,000% g, 20 °C, 30 min) with 30K NMWL
(Merck KGaA, Darmstadt, Germany) to obtain serum ultrafiltrate for the study of drug
binding to plasma proteins. Both blood serum and serum ultrafiltrate were aliquoted (50 pL)
and stored at —80 °C until ICP-MS analysis. Right brain hemisphere, liver, lungs, heart, right
kidney, ovaries, abdominal white adipose tissue and abdominal mammary glands were
excised at the same time, washed in cold PBS, blotted dry on filter paper and weighed.
Solid tissues were freeze-dried (0.016 mBar, —80.8 °C, 48 h; Telstar®, model Cryodos

Barcelona, Spain) and stored hermetically sealed at =80 °C until ICP-MS analysis.

111.4.3.4 Sample Preparation and ICP-MS Analysis

Quantification of Pd and Pt in the biologic samples collected from in vivo
pharmacokinetic studies was achieved using a validated method as specificized in the
section 111.4.2 ICP-MS Analytical Method Development and Validation. Briefly, 50 pL of
blood serum, 50 pL of serum ultrafiltrate and weighed entire freeze-dried organs/tissues (up
to 50 mg) were placed into 10 mL polypropylene conical tubes. In the case of liver, for which

the weight surpassed 50 mg, the tissue was first pulverized with a Precellys® Evolution
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tissue homogenizer (Bertin-Instruments, Montigny-le-Bretonneux, France) using 2.8 mm
stainless steel beads (two cycles of 10 s at 6000 rpm speed) and accurately weighed (50
mg) in tubes. Samples were digested directly in tubes with 0.9 mL of HNO3; (269.0% w/w)
plus 0.3 mL of HCI (37% w/w) in a water bath at 90 °C for 1 h. Sample digests were cooled
to room temperature, 0.5 mL of a 100 pg/L internal standards (I1S) solution was added and
the final volume was adjusted to 5 mL with ultrapure water (final concentration of IS = 10
pg/L). Prior to ICP-MS analysis, samples were further diluted 5-fold with a diluent solution
(2% HNO3 + 3% HCI + 10 pg/L 1S). An iCAP™ Q (Thermo Fisher Scientific, Bremen,
Germany) ICP-MS was used for the determination of Pd and Pt in the obtained solutions.
Calibration standards ranging from 0.025 to 100 pg/L were prepared from the 100 mg/L
multi-element commercial TraceCERT®, ICH Q3D oral, Standard 2 solution. The IS solution
was prepared at 100 pg/L by appropriate dilution of the ICP-MS-200.8-1S-1 solution. The
elemental isotopes (m/z ratios) °®Pd and °°Pt were used for analytical determination. &Y,

15|10, 159Th and 29°Bi were used as internal standards.

[11.4.3.5 Pharmacokinetic Analysis

Pharmacokinetic parameters for Pd,Spm and cisplatin were estimated using
Phoenix WinNonlin v8.3.1.5014 (Certara USA Inc., Princeton, NJ, USA). The data were
expressed as nanograms of Pd (from Pd.Spm) or Pt (from cisplatin) measured by ICP-MS
per gram of wet tissue weight or per mL of serum/serum ultrafiltrate. Considering the
molecular weights of each compound and the molar ratios of respective atoms, the molar
ratio of Pd atom in Pd>.Spm molecule is 2:1 with mass Pd (%) = 38.21%, [MW(Pd.Spm) =
557 g/mol]; and the molar ratio of Pt atom in cisplatin molecule is 1:1 with mass Pt (%) =
65.02%, [MW(cisplatin) = 300.01 g/mol]. Accordingly, the administered dose of Pd (from
Pd>Spm 3 mg/kg) was 1.15 mg/kg, and the administered dose of Pt (from cisplatin 3.5
mg/kg) was 2.28 mg/kg. The mean concentrations of Pd or Pt in serum and serum
ultrafiltrate were plotted logarithmically versus time. Non-compartmental analysis was
performed on sparse data with 1/Y2weighting, which was selected based on the highest
correlation coefficients and agreement between observed versus predicted
pharmacokinetic parameters. The highest drug concentration observed following
administration (Cmax) and the time at which it was observed (tmax) Were established from the
temporal evolution of respective Pd/Pt concentrations in serum and serum ultrafiltrate. The
area under the curve (AUC) from time zero to the last time with quantified concentration
(AUCo.48n) was calculated by a linear log trapezoidal (linear up log down) method. The AUC

from time zero to infinity (AUCo-.) was extrapolated as AUCo-4g n + Casn/Az, where Cagn is
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the last measured concentration, and Az is the elimination constant rate calculated using
linear regression of the terminal portion of the log—linear serum concentration—time curve.
The drug half-life (t12) was calculated as In2/Az. The rate of total clearance (CL/F) of the
compound was calculated as the administered metal dose divided by the AUCo-.. The

distribution volume based on the terminal phase (Vz/F) was calculated as dose/[Az.AUCo--].

l1l.4.4 Efficacy and Safety of Pd2Spm: In Vivo Tumour Xenografts

[11.4.4.1 Animals and Housing & Husbandry

Female CBA nude (N:NIH(S)II-nu/nu) mice (6-7 weeks old, 21 animals in total) with
combined immunodeficiency [166] were purchased from i3S Animal Facility (Porto,
Portugal). Animals were acclimatized at ICBAS-UP Rodent Animal House Facility (Porto,
Portugal) at least one week prior to the experiments, were randomly distributed into groups
of three per individually ventilated cage and were housed under controlled specific-
pathogen-free (SPF) environmental conditions (temperature 22.5 = 1.5 °C; relative humidity
50 £ 10%; 12 h light/dark cycle) with ad libitum access to water and standard pellet food
(4RF21, Mucedola, Italy). Environmental enrichment included corncob bedding, paper roll
tube and one large sheet of tissue paper for nesting. Animals were monitored daily for health

status and welfare.

l11.4.4.2 Drug Formulations

A Pd>Spm 0.28 mg/mL solution for in vivo administration was freshly prepared by
dissolving an appropriate quantity of drug in phosphate-buffered saline (PBS) (H.PO4 1.5
mM, Na;HPO4 4.3 mM, KCI 2.7 mM, NaCl 150 mM, pH 7.4) containing 0.5% of DMSO and
sterile-filtered. A solution of cisplatin 0.35 mg/mL was prepared in PBS and sterile-filtered.

111.4.4.3 Study Design and Animal Procedures

Mice were subcutaneously implanted in the left flank with breast cancer MDA-MB-
231 cells (25G needle, 5 x 10°cells in 150 pL of PBS). At day 25 post-implantation, when
tumours reached a mean volume of ~250 mm?, mice were randomly allocated into three
groups (7 animals per group) using computer-generated randomization sequence followed
by random group allocation to the treatment with either A) Pd.Spm, B) cisplatin or C)
vehicle. The Pd>Spm (5 mg/kg/day), cisplatin (2 mg/kg/day) or vehicle (PBS + 0.5% DMSO)

were administered via intraperitoneal injection (500 pL injection volume) during five
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consecutive days in the A) Pd.Spm, B) cisplatin and C) vehicle group, respectively. The
animals were monitored daily for physical activity, wellbeing and measurements of body
weight. Tumour measurements were performed by two independent researchers using a
digital calliper in two perpendicular diameters of the implant. Tumour volumes were
calculated using the Carlsson formula [167]: tumour volume (mm?) = 0.5 x largest diameter
(mm) x smallest diameter? (mm). Researchers were blinded to treatment allocation while
performing outcome measurements. At day 39 post-implantation (end of the study), animals
were euthanized with isoflurane followed by cardiac puncture for blood collection. Blood
was collected into K3EDTA tubes for haematological and biochemical analyses. Brain,
heart, lungs, liver, kidneys, spleen, inguinal lymphatic nodes, and tumour were excised,
washed in PBS and weighed. Two animals from the vehicle group developed ulcerated
tumours during the treatment period (day 28 post-implantation); thus, these animals were
euthanized and excluded from the study.

[11.4.4.4 Histological Analysis and Immunohistochemistry

Animal tissues were fixed in 10% buffered formalin, routinely processed and
embedded in paraffin wax. Serial sections with 2 um thickness were cut from each paraffin
block; one section was stained with haematoxylin—eosin for histological examination, and
the others were used for immunohistochemistry. Histological grading of the mammary
carcinomas was performed according to the Nottingham histological grading method [21]
based on a semi-quantitative assessment of three histological parameters: tubular
formation, nuclear pleomorphism and mitotic figures count. The score of these parameters
is used to assign the tumour grade: grade | (well-differentiated tumours), grade Il

(moderately differentiated tumours) or Il (poorly differentiated tumours).

For the immunohistochemical study, tissue sections were dewaxed and rehydrated.
Slides were submitted to proteolytic digestion by immersion in 10% retrieval solution (Dako)
and kept in a water bath at 100 °C for 20 min. After blocking of non-specific staining, slides
were incubated with primary antibody for Ki-67 (1:50 dilution, clone MIB-1, Dako) overnight
at 4 °C. Slides were then stained with Novolink Polymer Detection Systems (Leica
Biosystems Inc., Buffalo Grove, IL, USA) following manufacturer's instructions,
counterstained with hematoxylin and permanently mounted. The nuclear Ki-67 staining was
analysed using Fiji’'s high-throughput automatic quantitation with Andy’s Algorithm pipeline,
as described elsewhere [168]. The immunoreactivity was evaluated, counting at least 600

nuclei/field from 5 representative fields of the lesion at high magnification, avoiding necrotic
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areas. The ratio of Ki-67 positive nuclei per all counted nuclei was expressed as a

percentage (Ki-67 proliferation index).

[11.4.4.5 Detection of Apoptosis with Labelling of DNA Strand Breaks (TUNEL
Assay)

The paraffin-embedded tumour sections were deparaffinized, rehydrated through a
graded series of ethanol and double distilled water and then stained with In Situ Cell Death
Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany) as per manufacturer’s
instructions. Apoptosis was quantified at single-cell level by counting the number of cells
positive for terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labelling (TUNEL-
positive cells). Briefly, tumour sections were incubated with 20 pg/mL proteinase K solution
(in 20 mM Tris/HCI, pH 7.4-8) for 30 min at 37 °C. Slides were washed and stained with
TUNEL reaction mixture (mixture of terminal deoxynucleotidyl transferase with labelled
nucleotides) for 60 min at 37 °C in the dark followed by three washes. Slides were mounted
with VECTASHIELD Antifade Mounting Medium with DAPI, and coverslips were sealed. At
least twenty nonoverlapping high-power microscope fields of each tumour section were
captured while avoiding areas with central necrosis. Fluorescence images were acquired

using the LionHeartFX automated microscope at Ex: 520-560 nm and Em: 570-620 nm.

[11.4.4.6 Biochemical and Haematological Analyses

Red blood cells (RBC), haemoglobin (Hb), haematocrit (Hct), mean corpuscular
volume (MCV) and mean corpuscular haemoglobin (MCH) were analysed in a small aliquot
of whole blood using ABX Micros 60 automated analyser (Horiba ABX SAS, Montpellier,
France). The remaining blood was centrifuged at 900 x g for 15 min, and plasma was
separated into aliquots and frozen at —80 °C for biochemical assays. Plasma parameters
were analysed using commercial kits for aspartate aminotransferase—AST (AST CP,
Al11A01629), alanine transaminase—ALT (ALT CP, A11A01627), cholesterol (CHOL CP,
A11A01634), creatinine (Creatinine 120 CP, A11A01868), glucose (Glucose PAP CP,
A11A01668), total protein (Total protein CP, A11A01669), triglycerides (Triglycerides CP,
Al11A01640) and urea (Urea CP, A11A01641). All parameters were determined with an

automated analyser Pentra 400 (ABX Horiba diagnostics, Montpellier, France).
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[11.4.5 In Ovo Chorioallantoic Membrane (CAM) Assay

The chicken embryo chorioallantoic membrane (CAM) assay was used to study the
effect of tested drugs on neovascularization in ovo, as described elsewhere [169]. Briefly,
fertilized chicken eggs were incubated at 37.5 °C in a humidified atmosphere with agitation.
After 3 days of incubation, 2.5 mL of albumen was removed to detach developing CAM from
the shell. A window in the eggshell was cut off to expose the embryo, and then, the eggshell
was sealed with paraffin. Incubation of fertilized eggs continued until day 9, when the
windows were unsealed and four paper disks previously sterilized and pre-treated with
hydrocortisone (a cyclooxygenase inhibitor to avoid inflammatory responses) were placed
in direct contact with CAM in each egg (3 PBS-soaked disks and 1 VEGF-soaked (10
ng/mL) disk), and windows were re-sealed with paraffin. On day 11, two of the PBS-soaked
disks were treated with Pd>Spm (2 to 8 uM) or cisplatin (2 to 8 uM). The remaining two disks
were used as negative/vehicle (treated with PBS) and positive (treated with VEGF) controls.
The eggs were further incubated two more days, and at day 13, the disks bound to the CAM
were removed, placed in PBS and imaged using a contrast-phase microscope (Motic®
AE200 inverted microscope, Spectra Services, VWR International) (with a 4X magnification)
coupled to a Moticam 5 digital camera. Images were analysed using the Angiogenesis
Analyzer for Fiji [170].

[11.5 Statistical Data Analysis

Data are expressed as the mean + standard error of the mean (SEM) or medians with
corresponding quartiles. Statistical analysis was performed using two-tailed Student’s t-test
or one-way ANOVA followed by Dunnett's multiple comparisons for analysis of means.
Changes over the time were analysed with two-way ANOVA followed by Tukey’s multiple
comparisons test. Medians were compared with nonparametric Kruskal-Wallis test followed
by Dunn’s multiple comparisons test. The half-maximal inhibitory concentration values
(ICs0) were calculated by interpolation from the nonlinear regression curves obtained from
cell proliferation/cytotoxicity data using “log(inhibitor) versus the normalized response—
variable slope equation”. GraphPad Prism 7 Software (San Diego, CA, USA) was used. A

p-value < 0.05 was considered statistically significant.

65






CHAPTER IV: RESULTS AND DISCUSSION

Parts of this chapter are available in the following publications:

Vojtek M, Pinto E, Goncalves-Monteiro S, Almeida A, Marques MPM, Mota-Filipe H, Ferreira
IMPLVO, Diniz C. Fast and reliable ICP-MS quantification of palladium and platinum-based drugs in
animal pharmacokinetic and biodistribution studies. Analytical Methods. 2020;12(39):4806—4812.

Vojtek M, Goncgalves-Monteiro S, Pinto E, Kalivodova S, Almeida A, Marques MPM, Batista de
Carvalho ALM, Martins CB, Mota-Filipe H, Ferreira IMPLVO, Diniz C. Preclinical Pharmacokinetics
and Biodistribution of Anticancer Dinuclear Palladium(ll)-Spermine Complex (Pd2Spm) in Mice.
Pharmaceuticals. 2021;14(2):173.

Vojtek M, Gongalves-Monteiro S, Seminska P, Valova K, Bellén L, Dias-Pereira P, Marques F,
Marques MPM, Carvalho ALMB de, Mota-Filipe H, Ferreira IMPLVO, Diniz C. Pd2Spermine Complex
Shows Cancer Selectivity and Efficacy to Inhibit Growth of Triple-Negative Breast Tumors in Mice.
Biomedicines. 2022;10(2):210.

Vojtek M, Martins CB, Ramos R, Duarte SG, Ferreira IMPLVO, Batista de Carvalho ALMB, Marques
MPM, Diniz C. Pd(Il) and Pt(ll) Trinuclear Chelates with Spermidine: Selective Anticancer Activity
towards TNBC-Sensitive and -Resistant to Cisplatin. Pharmaceutics. 2023;15(4):1205.






CHAPTER IV — RESULTS AND DISCUSSION

IV.1 Screening of Antiproliferative Effects and Selectivity Elicited
by Selected Pt(ll) Agents—Cisplatin, Carboplatin and
Oxaliplatin—in MDA-MB-231, MDA-MB-231/R and MCF-12A

cells

To establish the reference in vitro potency of metal-based drug currently used in the
clinical practice, antiproliferative effects of cisplatin has been investigated in breast cancer
MDA-MB-231 cells and non-neoplastic breast MCF-12A cells. We have also used MDA-
MB-231/R cells that were developed in-house as an in vitro cell model of acquired
resistance to cisplatin by continuously exposing breast cancer MDA-MB-231 cells to
increasing concentrations of cisplatin over the course of 6 months. Effects of carboplatin
and oxaliplatin have also been investigated in MDA-MB-231, MDA-MB-231/R and MCF-
12A cells to provide a broader context on the activity of the Pt(Il)-based drugs used in the
clinical practice and to understand if MDA-MB-231/R cells present cross-resistance to

carboplatin and oxaliplatin, known as Pt(ll)-resistance.

The effects of cisplatin, carboplatin and oxaliplatin on the proliferation of MDA-MB-
231, MDA-MB-231/R and MCF-12A cells at 24, 48 and 72 h are shown in Figure 12 as
dose—response curves within a concentration range of 0.1-200 pM for cisplatin and 0.3—
200 uM for carboplatin and oxaliplatin. The full cell growth inhibition was achieved with the
concentration of 100 uM of cisplatin in MDA-MB-231 and MCF-12A cells at all incubation
times tested. In MDA-MB-231/R cells, full growth inhibition was achieved with concentration
of 200 uM at 48 and 72 h. A clear separation of dose—response curves obtained for MDA-
MB-231 and MDA-MB-231/R cells as well as between MDA-MB-231/R and MCF-12A cells
was observed for cisplatin at all incubation periods indicating a lower activity of cisplatin in
MDA-MB-231/R cells. When comparing dose-response curves obtained in MDA-MB-231
and MCF-12A cells, an apparent overlap was observed indicating similar potency of
cisplatin for both breast cancer cells and non-neoplastic breast cells. For carboplatin and
oxaliplatin, the highest concentration tested (200 pM) did yield maximum cell growth
inhibition only in cells treated with oxaliplatin while carboplatin was not able to achieve full

cell proliferation suppression, indicating different potencies.
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Figure 12. Dose-response curves of cisplatin (blue), carboplatin (green) and oxaliplatin (violet) in
MDA-MB-231 (solid line), MDA-MB-231/R (dashed line) and MCF-12A (dotted line) cells.

Values are expressed as mean + SEM, n = 4 (in triplicates), analysed with non-linear regression.
Data points with no visible error bars have errors smaller than the size of the symbol.

Nonlinear regression analysis of dose-response curves was used to compute the half
maximal inhibitory concentration (ICsp) for cisplatin, carboplatin and oxaliplatin Table 5. For
cisplatin, the ICso values ranged 0.9-3.5 uM, 20.9-109.3 pM and 1-3.1 puM for MDA-MB-
231, MDA-MB-231/R and MCF-12A cells, respectively. Carboplatin has shown ICs values
ranging 17.5-187.7 uM, 114.7-292.5 uM and 32.4-92.3 uM in MDA-MB-231, MDA-MB-
231/R and MCF-12A cells, respectively. Oxaliplatin’s ICso values ranged 1Cso 2.8—-30.3 UM,
10.4-107.7 uM and 0.4-1.7 uM in MDA-MB-231, MDA-MB-231/R and MCF-12A cells,

respectively.
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Table 5. The half maximal inhibitory concentration (ICso) of cisplatin, carboplatin and oxaliplatin and in triple-negative human breast cancer (MDA-MB-231 and

MDA-MB-231/R) and non-cancer breast (MCF-12A) cells at 24, 48 and 72 h of incubation.

Time MDA-MB-231 MDA-MB-231/R MCF-12A p-value p-value
Drug (MDA-MB-231 (MDA-MB-251
) ICso logICso + SEM ICso  loglCso = SEM ICso loglCso SEM  vs MCF-12A) vs ';"3?1%';"8'
Cisplatin 24 35 —5.457 + 0.034 109.3 —3.961 % 0.08 3.1 —5.51 + 0.062 0.4819 <0.0001
48 1.0 ~6.005 + 0.027 324 —4.489+0.038 1.0 ~5.988 + 0.029 0.6829 <0.0001
72 0.9 ~6.043 £ 0.02 20.9  —4.68+0.046 1.0 ~5.981 + 0.026 0.1076 <0.0001
Carboplatin 24 187.7 —3.727+0.073 2925 -3534+0.17 92.3  -4.035+0.078 0.0279 0.3371
48 43.2 -4.365 +0.071 168.4 —3.774%0.048 62.0  —-4.208+0.132 0.3352 0.0005
72 17.5 —4.757 +0.052 1147 -3.941+0.054  32.4 —4.49 £ 0.067 0.0199 <0.0001
Oxaliplatin 24 30.3 —4518+0.078 107.7 —3.968 % 0.106 17 —5.762 £ 0.066 <0.0001 0.0058
48 5.2 -5.281+0.075 236 —4.627+0.104 0.6 ~6.204 + 0.11 0.0004 0.0022
72 2.8 ~5.553 + 0.044 104  —4.983 +0.073 0.4 ~6.435 £ 0.07 <0.0001 0.0005

ICs0 values are expressed in pM, and as a mean loglCso + SEM, n = 4; Student’s t-test comparison of loglCso means between the two cell lines at a specified

time.

T.
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CHAPTER IV — RESULTS AND DISCUSSION

Significantly higher 1Csp values observed for MDA-MB-231/R cells compared to MDA-
MB-231 cells suggest a lower sensitivity of MDA-MB-231 cells to cisplatin that is also
evidenced by high resistance index >23.06 Table 6, which indicates that at least 23.06-fold
higher concentration of cisplatin is required to be applied to MDA-MB-231/R cells to obtain
equipotent effects observed in MDA-MB-231 cells. High resistance indexes for carboplatin
(1.56-6.55) and oxaliplatin (3.55—-4.51) evidenced that MDA-MB-231/R also developed

resistance to these agents, however to lesser extent than for cisplatin Table 6.

Table 6. Selectivity and resistance indexes of cisplatin, carboplatin and oxaliplatin.

Drug Time (h) Selectivity index for Selectivity index for Reéistance
MDA-MB-231 MDA-MB-231/R index
24 0.89 0.03 31.33
Cisplatin 48 1.04 0.03 32.79
72 1.15 0.05 23.06
24 0.49 0.32 1.56
Carboplatin 48 1.43 0.37 3.90
72 1.85 0.28 6.55
24 0.06 0.02 3.55
Oxaliplatin 48 0.12 0.03 451
72 0.13 0.04 3.72

Assessing selectivity of Pt(Il)-based agents, cisplatin has shown selectivity indexes
of 0.89-1.15 (MCF-12A vs MDA-MB-231) and 0.03-0.05 (MCF-12A vs MDA-MB-231/R);
carboplatin’s selectivity indexes ranged 0.49-1.85 (MCF-12A vs MDA-MB-231) and 0.28-
0.37 (MCF-12A vs MDA-MB-231); and oxaliplatin has shown selectivity indexes of 0.06—
0.13 (MCF-12A vs MDA-MB-231) and 0.02-0.04 (MCF-12A vs MDA-MB-231/R). The
selectivity index <1 is a strong indication of a drug having higher effects in non-neoplastic
cells compared to cancer cells, which may be understood as indiscriminatory effects
affecting both target cancer cells as well as hon-neoplastic cells and, thus, resulting into the
development of adverse drug events. All three Pt(ll)-based agents have shown low
selectivity indexes at least for some of the tested incubation time, which is evidence that

these drugs may likely cause off-target toxicities as also observed in the clinical practice.

When comparing the in vitro potency of studied Pt(Il)-based compounds, we have
ordered cisplatin, carboplatin and oxaliplatin from the most potent (i.e. the lowest ICs) to

least potent (i.e. the highest ICsg) as follows: in MDA-MB-231 cells cisplatin > oxaliplatin >>
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CHAPTER IV — RESULTS AND DISCUSSION

carboplatin, in MCF-12A cells oxaliplatin > cisplatin >> carboplatin and in MDA-MB-231/R

as oxaliplatin > cisplatin >> carboplatin.

Contrast phase images evidenced that the usual spindle-shaped phenotype of control
(untreated cells) MDA-MB-231 or MDA-MB-231/R cells differs from drug-treated cells as
presented in Figure 13. In MDA-MB-231 and MDA-MB-231/R cells, treatment with 10 or 20
UM of cisplatin or carboplatin has induced rounded cell morphology, indicating disruption of
cellular homeostasis. These effects were not observed in cells treated with carboplatin. In
MCF-12A, treatment with either cisplatin, carboplatin or oxaliplatin induced visible changed
in cell morphology compared to untreated cells. This observation allowed visual
confirmation of antiproliferative data that indicated stronger impact Pt drugs on non-

neoplastic cells compared to TNBC cells.
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Figure 13. Representative photomicrographs of MDA-MB-231, MDA-MB-231/R and MCF-12A cells exposed to increasing concentrations (0—20uM) cisplatin,

carboplatin or oxaliplatin for 24 h.

Images obtained with a phase-contrast objective lens of the LionheartFX microscope. Scale bar = 150 ym.
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CHAPTER IV — RESULTS AND DISCUSSION

IV.2 Screening of Antiproliferative Effects and Selectivity Elicited
by Selected Pd(ll) Agents—Pd.Spm and PdzSpd>—in MDA-MB-
231, MDA-MB-231/R and MCF-12A cells

The effects of Pd,Spm and Pds;Spd; on the proliferation of MDA-MB-231, MDA-MB-
231/R and MCF-12A cells at 24, 48 and 72 h are shown in Figure 14 as dose-response
curves. The full range of antiproliferative activity of Pd.Spm and Pds;Spdz on net cell growth
(0—100%) was achieved with the tested concentrations (1 to 100 uM) in MDA-MB-231 cells.
For MCF-12A cells, the highest concentration of Pd,Spm (100 uM) did not produce a
maximum growth inhibition when compared to the same dosage of Pds:Spd.. A clear
separation of dose—response curves obtained for MDA-MB-231 and MCF-12A cells as well
as MDA-MB-231/R and MCF-12A cells was observed for Pd.Spm and PdsSpd; at all
incubation periods.

Nonlinear regression analysis of dose-response curves was used to compute the half
maximal inhibitory concentration (ICsq) for Pd>Spm and PdsSpd. with results being
summarized in Table 7. For Pd>Spm, the 1Cso values ranged 7.3-8.3 pM, 11.3-12.1 pM
and 89.5-228.9 pM for MDA-MB-231, MDA-MB-231/R and MCF-12A cells, respectively.
Significantly lower ICso values observed for MDA-MB-231 or MDA-MB-231/R cells
compared to MCF-12A cells suggest a lower sensitivity of non-neoplastic breast cells MCF-
12A to Pd>,Spm and selectivity towards breast cancer cells. Higher selectivity of Pd,Spm
towards breast cancer cells was also evidenced from selectivity indexes >11.64 (MCF-12A
vs MDA-MB-231) and >7.90 (MCF-12A vs MDA-MB-231/R) which indicate that at least
11.64-fold or 7.90-fold higher concentration of Pd.Spm is required to be applied to MCF-
12A cells to obtain equipotent effects observed in MDA-MB-231 and MDA-MB-231/R cells,
respectively (Table 8). Additionally, when comparing the ICso in MDA-MB-231 and MDA-
MB-231/R cells, the resistance indexes varied between 1.45 and 1.54, indicating that only
<1.54-fold higher concentration of Pd>Spm is required in MDA-MB-231/R cells to achieve
comparable effects observed in MDA-MB-231 cells (Table 8).
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Figure 14. Dose-response curves of Pd2Spm (red) and PdsSpd: (grey) in MDA-MB-231 (solid line),
MDA-MB-231/R (dashed line) and MCF-12A (dotted line) cells.

Values are expressed as mean £+ SEM, n = 4 (in triplicates), analysed with non-linear regression.

Data points with no visible error bars have errors smaller than the size of the symbol.

For PdsSpd., the ICso ranged 7.9-8.4 uM, 10.6-13.3 uM and 49.7—-65.7 uM for MDA-
MB-231, MDA-MB-231/R and MCF-12A cells, respectively. Significantly lower 1Cso values
observed for MDA-MB-231 or MDA-MB-231/R cells compared to MCF-12A cells suggest a
lower sensitivity of non-neoplastic breast cells MCF-12A to PdsSpd. and selectivity towards
breast cancer cells. Higher selectivity of Pd;Spd, towards breast cancer cells was also
evidenced from selectivity indexes >6.28 (MCF-12A vs MDA-MB-231) and >4.60 (MCF-12A
vs MDA-MB-231/R) which indicate that at least 6.28-fold or 4.60-fold higher concentration
of PdsSpd: is required to be applied to MCF-12A cells to obtain equipotent effects observed
in MDA-MB-231 and MDA-MB-231/R cells, respectively (Table 8). Additionally, when
comparing the 1Cso in MDA-MB-231 and MDA-MB-231/R cells, the resistance indexes
varied between 1.26 and 1.6, indicating that only <1.60-fold higher concentration of PdsSpd>
is required in MDA-MB-231/R cells to achieve comparable effects observed in MDA-MB-
231 cells.

Comparing the antiproliferative effects prompted by Pd>.Spm and Pds:Spd» agents,
both agents showed similar potency in MDA-MB-231 and MDA-MB-231/R as well as similar
ability to circumvent the Pt resistance in MDA-MB-231/R cells. However, in MCF-12A,

Pd>Spm showed superior selectivity towards breast cancer cells, with almost 2-fold lower
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impact on non-neoplastic breast cells compared to Pd;Spd.. For this reason, further studies

presented in this thesis were conducted using only the Pd,Spm chelate.

Contrast phase images evidence that the normal spindle-shaped phenotype of control
(untreated cells) MDA-MB-231 or MDA-MB-231/R cells differs from drug-treated cells as
presented in Figure 15. In MDA-MB-231 cells, treatment with 10 or 20 uM of Pd,Spm or
Pds;Spd. induced several morphological changes: the cells exposed to Pd>.Spm and
Pd;Spd. showed a rounded morphology with one prominent protrusion of the cell
membrane or blebbing (white arrows), indicating disruption of cellular homeostasis. These
effects were also observed in MDA-MB-231/R cells treated with Pd>.Spm at the same
concentrations, the highest one (20 uM) having more marked effects than the lowest one.
Additionally, no impact on morphology of MCF-12A cells treated with Pd>Spm or Pds;Spdz

was observed.
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Table 7. The half maximal inhibitory concentration (ICso) of Pd2Spm and PdsSpd: in triple-negative human breast cancer cells (MDA-MB-231 and MDA-MB-
231/R) and non-neoplastic breast cells (MCF-12A).

Time MDA-MB-231 MDA-MB-231/R MCF-12A p-value p-value
- (h) ICs0 10gICso + SEM ICso  10gICso + SEM ICso  10gICso+ SEM (MDAMB-2alvs (MDA MB-Z231 vs
t + * MCF-12A) MDA-MB-231/R)

Pd2Spm 24 8.3 —5.081 + 0.024 12.1  -4.918+0.02 228.9 —3.64 +0.215 0.0006 0.002

48 7.9 —5.105 + 0.022 11.6  —4.936 +0.017 91.5 -4.039 +0.023 <0.0001 0.0009

72 7.3 -5.137 £ 0.021 11.3  —-4.948 +0.019 89.5 —4.048 + 0.068 <0.0001 0.0005

PdsSpd> 24 8.3 —5.079 + 0.041 133 —4.875+0.029 65.7 —4.182 + 0.039 <0.0001 0.0066

48 8.4 -5.074 +0.04 10.6  —-4.974 +0.019 53.0 —4.276 +0.041 <0.0001 0.0647

72 7.9 -5.101 + 0.026 10.8  —-4.966 + 0.018 49.7 -4.303 +0.041 <0.0001 0.0053

ICso0 values are expressed in pM, and as mean loglCso £ SEM, n = 4; 2 Student’s t-test comparison of loglCso means between the two cell lines at a specified

time.

Table 8. Selectivity and resistance indexes of Pd2Spm and PdsSpda.

Drug Time (h) Selectivity index for MDA-MB-231 Selectivity index for MDA-MB-231/R Resistance index
24 27.56 18.96 1.45
Pd>Spm 48 11.64 7.90 1.47
72 12.25 7.95 1.54
24 7.87 4.93 1.60
PdsSpd: 48 6.28 4.99 1.26

72 6.28 4.60 1.37
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Figure 15. Representative photomicrographs of MDA-MB-231, MDA-MB-231/R and MCF-12A cells exposed to increasing concentrations (0—20uM) Pd2Spm
or PdsSpd: for 24 h.

Images obtained with a phase-contrast objective lens of the LionheartFX microscope. Scale bar = 150 pm.
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CHAPTER IV — RESULTS AND DISCUSSION

IV.3 Putative In Vitro Targets of Pd>Spm

IV.3.1 Cell uptake

Since Pd>Spm has shown promising in vitro anticancer activity against TNBC, the in
vitro cellular uptake/accumulation of either Pd,Spm or cisplatin in MDA-MB-231 and MCF-
12A cells was evaluated by ICP-MS. The results of Pd>Spm or cisplatin accumulation in
cells treated with equimolar drug concentrations for 24 h (between 2 and 8 uM) are depicted
in Figure 16 and evidenced a lower intracellular Pd.Spm increase as compared to cisplatin
for both MDA-MB-231 and MCF-12A cells. The cellular drug uptake was shown to increase
linearly with drug concentration in the cell culture medium, suggesting passive transport as
a primary mechanism of cellular uptake for the two compounds. Interestingly, almost 2-fold
higher accumulation of Pd.Spm was observed in MCF-12A cells relative to MDA-MB-231
cells (p<0.05), while cisplatin’s accumulation between the two cell lines was almost identical
(p>0.05)

MDA-MB-231 MCF-12A
_. 200 __ 200
o Cisplatin )] Cisplatin
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E g 150 - s E g 150 "
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Figure 16. Cellular accumulation of Pd2Spm and cisplatin in MDA-MB-231 and MCF-12A cells for
24 h.

Values are expressed as mean + SEM (n = 4, in triplicates). Significant differences of Pd2Spm vs
cisplatin at respective concentration levels compared with Student’s t-test: p < 0.01 (++), p < 0.001

(+++).
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IV.3.2 Impact on Polyamine Pathway

Since Pd>Spm contains a biogenic polyamine spermine in its structure, we have
probed the putative involvement of polyamine pathway in its antiproliferative effects in MDA-
MB-231 cells. The exogenous addition of putrescine (put), spermidine (spd) and spermine
(spm) to MDA-MB-231 cells differentially impacted the cell proliferation as shown in Figure
17. While 1 mM of putrescine did not impact the cell proliferation, 1 mM of spermidine and
1 mM of spermine completely inhibited the cell growth. The addition of 1 mM of putrescine
to cells treated with 10 uM of Pd>Spm has resulted in the cell rescue, indicating the
putrescine interferes with Pd.Spm’s antiproliferative effects. The addition of spd or spm did
not rescue cells exposed to Pd>.Spm as expected, since spd and spm at 1 mM concentration
already showed notable antiproliferative effects per se. Interestingly, the addition of
putrescine to cells treated with 10 uM of cisplatin did not rescue cells from the cisplatin’s
effects. Since these results indicated manipulation of biogenic polyamine biosynthesis via
exogenous addition of putrescine hampers the effects of Pd,Spm but not cisplatin, we have
also explored the effects of blockage of intracellular polyamine biosynthesis with the
addition of DFMO that blocks the intracellular conversion of ornithine to putrescine. The
concentration of 20 uM of DFMO did not impact the proliferation of MDA-MB-231 cells,
however its addition to cells treated with 10 uM of Pd>Spm resulted in cell rescue, but to a
lower extent that was observed with the addition of putrescine. In cisplatin-treated cells, the
addition of DFMO did not impact cell proliferation. These results indicated that differential
mechanism is most likely responsible for antiproliferative effects exerted by Pd.Spm and
cisplatin. While Pt drug did not lose its activity in the presence of put or DFMO, Pd
compound lost some of its effects. Since both increase of intracellular putrescine via put
addition and blockage of intracellular putrescine synthesis decreased the activity of
Pd,Spm, via the mechanism yet to be elucidated, these results demonstrate the
involvement of different mechanisms elicited by Pd chelate compared to cisplatin that

retained its activity.
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Figure 17. The impact of 24 h co-treatment of Pd2Spm or cisplatin with exogenous addition of
biogenic polyamines or DFMO on proliferation of MDA-MB-231 cells.

Values are expressed as mean = SEM, n = 4 (in triplicates). Data points with no visible error bars
have errors smaller than the size of the symbol. Significant differences from control (untreated cells):
p<0.0001 (****). Significant differences from treatment with Pd.Spm alone: p<0.05 (#) and p<0.0001
(###4#); Significant differences from treatment with cisplatin alone: p<0.0001 ($$$3$).

IV.3.3 Impact on TNBC Invasion

IV.3.3.1In Vitro Migration of MDA-MB-231 cells

The effects of Pd>Spm and cisplatin on the migration of MDA-MB-231 cells is depicted
in Figure 18. The kinetic profiles (between 0 and 48 h) of migrating cells exposed to different
concentrations of either Pd.Spm (Figure 18a) or cisplatin (Figure 18b) showed similar
dose-dependent effects on cancer cell migration, expressed as a percentage of wound
confluency. Untreated cells displayed an almost complete wound closure, reaching a
maximum ~100% wound confluence between 18 and 24 h after creation of the scratch in
the cell monolayer (Figure 18d). Thus, the area under the curve for the wound confluence—
time plot between 0 and 18 h (AUCo.1sn) was analysed (Figure 18c) to reliably capture the

drugs’ effects on cell migration. The half maximal effective concentrations (ECso) of Pd>Spm
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and cisplatin are summarized in Table 9, showing no significant difference in the potency
of Pd>Spm versus cisplatin in inhibiting the migration of MDA-MB-231 cells.

(a) (b) (c)
< S 100
< 100 —e— Control Em’ —e— Control 8 - Pd,Spm
§ 80 - 125 pM g 80 - 6.25 M % 1000 Cisplatin
) =
g 60 | 25 uM S 601 125 uM =
c — —— 50 M s 25 uM 9
8 401 ~e- 100 uM g 401 | - sopm s 500
2 204/ —— 150 pM 2 204 —= 100 uM 9
3 s —e— 200 pM 3 0 —e— 200 uM =< o
= 0 10 20 30 40 50 = 0 10 20 30 40 50 1 10 100 1000
Time (h) Time (h) [Drug], mM
Oh 3h 24 h
oK
F—
=
c
o
O B
E 7
=3
o
o
E B
o
0 g
(-
T =
D- X
=
3
o
o
c
=§
o
o
52
OF

Figure 18. Effects of Pd2Spm and cisplatin on migration of MDA-MB-231 cells using scratch/wound
healing assay.

(a) Dose-dependent effect of Pd2Spm on migration of MDA-MB-231 cells expressed as wound
confluence for tested Pd2Spm concentrations. (b) Dose-dependent effect of cisplatin on migration of
MDA-MB-231 cells expressed as wound confluence for tested cisplatin concentrations. (c) Dose—
response curve obtained from measuring the area under confluence curve (AUC) between 0 and 18
h of exposure to Pd2Spm or cisplatin. (d) Representative images from 5 independent experiments
showing effects of O uM (control) and 50 uM of Pd2Spm or cisplatin on cell migration at 0, 3 and 24
h. Scale bar = 1000 pm. (a-c) Values are expressed as mean + SEM, n = 5. Data points with no

visible error bars have errors smaller than the size of the symbol.
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Table 9. Migration of MDA-MB-231 cells (logEC50 values of Pd2Spm and cisplatin).

Drug logEC50 p-Value
Pd>Spm -4.243 + 0.113 (57.2) 0.631
Cisplatin -4.329 + 0.130 (46.9)

Data are expressed as mean logECso + SEM (ECso in pM), n =5

IV.3.3.2 VEGF Secretion by MDA-MB-231 cells

Since VEGF plays a crucial role in angiogenesis, we have explored the hypothesis that
Pd>.Spm may impact the secretion of VEGF by MDA-MB-231 cells. As shown in Figure 19,
both Pd,Spm (5-20 uM) and cisplatin (5—20 uM) inhibited VEGF secretion in cell culture
medium in a dose-dependent manner. Compared to cisplatin, Pd>Spm incubation resulted
in a similar decrease in VEGF secretion by MDA-MB-231. These results indicated that
Pd>.Spm may possess anti-angiogenic potential to be further explored and that this effect

can be ascribed, at least in part, to its ability to reduce the secretion of VEGF.

400
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Figure 19. Quantitative results of VEGF secretion by MDA-MB-231 incubated for 12 h with Pd2Spm
(red) or cisplatin (blue).

Data are shown as means + SEM (n = 2) and analysed with one-way ANOVA followed by Dunnett’s
multiple comparison test. Significant differences from the control: **p <0.01, ***p < 0.001, ****p
<0.0001.
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IV.3.3.3Impact on Angiogenesis in CAM model

As angiogenesis plays an important role in the carcinogenesis of TNBC [171], the
antiangiogenic potential of Pd.Spm was investigated and compared to cisplatin. We
determined the effect of Pd,Spm treatment on the neovascularization steps using the CAM
assay. As also previously described [82], increasing concentrations of Pd.Spm (2 to 8 pM)
and of cisplatin (2 to 8 uM) were able to decrease, in a dose-dependent manner, the number
of nodes, junctions and segments, which are parameters associated with the early steps of
angiogenesis (Figure 20a). Similarly, Pd-Spm and cisplatin, in the concentrations tested,
reduced, in a dose-dependent manner, the total length, total branching length and total
segment length, which are linked to the expansion of newly formed vessels in later steps of
angiogenesis (Figure 20b). Thus, these data indicate that both Pd.Spm and cisplatin have
the ability to inhibit angiogenesis, in both the initial and later steps, with a similar potency (p
> 0.05).
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Figure 20. Quantitative results of CAM angiogenesis

in the presence of increasing concentrations

(2—-8 M) of either cisplatin or Pd2Spm.

(a) Parameters of early steps of angiogenesis: number of nodes, junctions and segments. (b)
Parameters of later steps of angiogenesis: total length, branching length and segment length of
vessels. The results are expressed as means of the fraction of the control + SEM from 2 independent
experiments (n = 2, 8 replicates). Significant differences from the vehicle control: *p < 0.05, **

p<0.01, *** p<0.001 (one-way ANOVA followed by Dunnett’s multiple comparison test).
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Since angiogenesis and cell migration are significant contributors to TNBC pathogenesis,
particularly regarding its metastatic potential and aggressive biology, the development of
agents able to suppress cancer cell proliferation, migration and angiogenesis are highly
desired. In this study, Pd.Spm-mediated effects against cancer cell invasion yielded
promising results since Pd.Spm: (i) inhibited the migration of MDA-MB-231 cells; (ii)
inhibited angiogenesis in CAM; and (iii) suppressed VEGF secretion by MDA-MB-231 cells

with similar potency to cisplatin.

IV.3.4 Impact on Apoptosis and Necroptosis

To understand the impact of apoptosis and necroptosis on antiproliferative effects
elicited by Pd>Spm, cell proliferation was measured in cells co-treated with Pd>Spm (20
mM) and either 50 uM Z-VAD (a cell-permeable, irreversible pan-caspase inhibitor that
prevents apoptosis,[172] or 50 pM Nec-1 (an ATP-competitive, allosteric inhibitor of
receptor-interacting protein kinase 1 (RIPK1) that prevents necroptosis,[173]). No cell
growth rescue was observed in co-treatment of Pd,Spm+Z-VAD or Pd,Spm+Nec-1 in MDA-
MB-231 and MDA-MB-231/R cells (Figure 21a). On the other hand, co-treatment of
cisplatin+Z-VAD or cisplatin+Nec-1 in MDA-MB-231 cells was able to rescue the cell growth
but such effects were not observed in MDA-MB-231/R cells. An annexin-based polarity-
sensitive probe (pSIVA) was also applied to evaluate the putative occurrence of apoptosis’
induction by detection of exposed phosphatidylserine (PS) residues at the outer plasma
membrane. Treatment of MDA-MB-231 and MDA-MB-231/R cells with 20 uM Pd.Spm, for
48 h, increased the population of cells with positive staining for PS residues in both cell
lines when compared to control (untreated) cells (Control; Figure 21b,c). When the effects
were compared between the two cell lines, Pd.Spm exposure resulted in similar effects in
both cell lines (p>0.05). Simultaneous treatment of Pd,Spm with Z-VAD or Nec-1 decreased
the percentage of MDA-MB-231 cells with positive staining for PS residues compared to
treatment with Pd>Spm alone. Moreover, no decrease in PS residue staining was observed
in MDA-MB-231/R cells simultaneously exposed to Pd>Spm and either Z-VAD or Nec-1.
Sole 20 uM cisplatin treatment (48 h) of MDA-MB-231 and MDA-MB-231/R cells resulted in
increased PS residues’ staining relative to untreated cells (Figure 21b,c). When cisplatin’s
effects towards MDA-MB-231 and MDA-MB-231/R cells were compared, the latter showed
a lower response to cisplatin that MDA-MB-231 (p<0.05). When cisplatin was combined
with Z-VAD, both MDA-MB-231 and MDA-MB-231/R cells showed a reduction of PS residue
staining. Co-treatment of Necrostatin-1 with cisplatin also reduced the number of pSIVA
staining cells in MDA-MB-231, but had no significant effect in MDA-MB-231/R.
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Figure 21. Effect of Pd2Spm or cisplatin on apoptosis or necroptosis.

(a) Effects of Pd2Spm and cisplatin on the proliferation of MDA-MB-231 (white colour) and MDA-MB-
231/R (grey colour) cells, in the presence of the specific apoptosis inhibitor Z-VAD and necroptosis
inhibitor Nec-1. Cells were treated with 10 uM of either Pd2Spm or cisplatin, for 48 h, in the presence
or absence of Z-VAD (50 uM) and Nec-1 (50 uM). Values are expressed as mean + SEM, n =4 (in
triplicates). (b) Representative images depicting fluorescent pSIVA signal in MDA-MB-231 cells
exposed to 20 uM of either Pd2Spm or cisplatin for 48 h, in the presence or absence of Z-VAD and
Nec-1. Images obtained with a fluorescence and phase-contrast objective lens of the LionheartFX
microscope. Scale bar = 1000 um. (c) Quantitative analysis of pSIVA-positive cells upon exposure
to Pd2Spm and cisplatin in the presence of the specific apoptosis inhibitor Z-VAD and the necroptosis
inhibitor necrostatin-1 (Nec-1). Cells were treated with 20 uM of either Pd.Spm or cisplatin, for 48 h,
in the presence or absence of Z-VAD (50 uM) and Nec-1 (50 uM). Values are expressed as mean *
SEM, n =4 (in triplicates). (d) Representative blot of expression of cleaved caspase-3 measured by
western blot, in MDA-MB-231 and MDA-MB-231/R cells exposed to either cisplatin or Pd2Spm, for
48 h, n = 3 (a,c) Data points with no visible error bars have errors smaller than the size of the symbol.
Significant differences from treatment with Pd2Spm alone: p<0.05 (#), p<0.01 (##), and p<0.001
(###); Significant differences from treatment with cisplatin alone: p<0.05 ($), p<0.01 ($%$), and
p<0.001 ($$%).

Furthermore, the levels of cleaved caspase-3 (an effector caspase necessary for
cell apoptosis) in MDA-MB-231 and MDA-MB-231/R cells treated with 20 uM of either
Pd.Spm or cisplatin, for 48 h, were examined (Figure 21d). Cisplatin treatment of MDA-
MB-231 cells increased the levels of cleaved caspase 3, while this effect was attenuated in
MDA-MB-231/R cells. Pd.Spm was not found to induce the expression of cleaved caspase-

3, in either of the treated cell lines (as compared to untreated cells).

Since co-treatment of Pd,Spm with an apoptosis inhibitor, Z-VAD-FMK, was unable
to rescue the proliferation on Pt-sensitive or -resistant TNBC cells from the Pd,Spm’s effect,
is seems that Pd>.Spm activates other forms of cell death different to apoptosis. This
conclusion is further supported by the absence of caspase-3 cleavage (in Pd.Spm-treated
cells). Supporting these findings, reports with some metal-based compounds such as
cyclopalladated [174] or cyclometalated iminophosphorane Gold(l1l) and Pt(ll) complexes

[175], that described to exert their effects via non-apoptotic pathways.

In addition, even though the cell proliferation was not rescued by co-treatment of
Pd>.Spm+Z-VAD, this combination of compounds decreased the externalization of

phosphatidylserine residues, contrasting with the effects observed in cisplatin-treated cells:
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co-treatment with cisplatin+Z-VAD rescued proliferation of Pt-sensitive TNBC cells,
decreased externalization of phosphatidylserine residues and resulted in increase of
cleaved caspase-3 in both Pt-sensitive and -resistant TNBC cells (to a lower extent in the
latter, as expected). Such effects are consistent with the described cisplatin’s mode of
action to trigger apoptosis in cancer cells [57]. Nonetheless all the above-mentioned data
support that other type(s) of cell death apart from apoptosis may be implicated in Pd.Spm’s
antineoplastic effects, although an apoptotic pathway may still be involved probably as an
initial trigger or as a concomitant event triggering other form(s) of cell death [176]. In this
regard, necroptosis was discarded as a mechanism of cell death triggered by Pd>Spm since
Nec-1 was unable to rescue the proliferation of either Pt-sensitive or -resistant cells from
the effects of Pd,Spm. By contrast, in cisplatin-treated cells, addition of Nec-1 rescued
proliferation of Pt-sensitive cells but not of Pt-resistant cells, demonstrating that necroptosis
could be associated with TNBC sensitivity to Pt-drugs, as previously described for cisplatin’s
[177], or to some anticancer nickel(ll)-based compounds' [178].

IV.3.5 Impact on Autophagy

Putative involvement of autophagy [53] was also examined. 3-MA rescued the
proliferation of MDA-MB-231 and MDA-MB-231/R cells treated with Pd.Spm, thus
decreasing its antineoplastic mediated-effects, restoring cell proliferation, surpassing > 90%
net cell growth for both cell lines (Figure 22c). Morphologically, cells treated with Pd,Spm
showed a rounded shape with plasma membrane blebs that disappeared when 3-MA was
added (Figure 22a, white arrow). Co-treatment with cisplatin and 3-MA rescued MDA-MB-
231/R but had no impact on MDA-MB-231 cells (there were no morphological changes:
Figure 22a).

To measure autophagic vesicles, monodansylcadaverine (MDC) staining was
performed on MDA-MB-231 cells treated with either Pd.Spm or cisplatin, and increased
staining of acidic vesicles in Pd,Spm-treated cells having been detected, while no
differences in the staining of cisplatin-treated cells were observed (Figure 22b and Figure
22d).

Finally, Western-blot analysis (Figure 22e and Figure 22f) was performed in order
to study the expression of LC3B-Il (Microtubule-Associated Protein 1 Light Chain 3B-II, a
conjugated form of LC3B-I with phosphotidylethanolamine constituting autophagosomal
membranes) and Beclin-1, in MDA-MB-231 and MDA-MB-231/R cells treated with Pd>Spm
or cisplatin for 48 h. Pd,Spm increased the conversion of LC3B-I/lIl in MDA-MB-231 and
MDA-MB-231/R cells. When cells were co-incubated with Pd.Spm and 3-MA, a notable
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decrease in the LC3B-I/Il conversion was observed in both TNBC cell lines. In cisplatin-
treated MDA-MB-231 and MDA-MB-231/R cells, increased levels LC3B-Il protein were
observed, but to a lower magnitude compared to that observed upon Pd,Spm treatment.
The Beclin-1, an essential mediator of autophagy (required for formation of
autophagosome) and a tumour suppressing protein) expression was found to decrease in
Pd.Spm- and in cisplatin-treated MDA-MB-231 cells. By opposition, in MDA-MB-231/R cells
an increase in the expression of Beclin-1 was observed for both Pd,Spm- and cisplatin-

treated cells.
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Figure 22. Effect of Pd>Spm or cisplatin on autophagy.
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(a) Representative photomicrographs of MDA-MB-231 cells treated with either Pd2Spm or cisplatin
in the absence or presence of 3-MA. Images obtained with a phase-contrast objective lens of the
LionheartFX microscope. Scale bar = 100 uM. (b) Representative photomicrographs of MDA-MB-
231 cells stained with MDC. Images obtained with a fluorescent objective lens of the LionheartFX
microscope. Scale bar = 100 uM. (c) Effect of Pd2Spm or cisplatin on the proliferation of MDA-MB-
231 (white colour) and MDA-MB-231/R (grey colour), in the presence of the specific autophagy
inhibitor 3-methyladenine (3-MA, 5 mM). (d) Accumulation of autophagic vesicles in MDA-MB-231
cells treated with 10 pM of either Pd>Spm or cisplatin, for 48 h, measured with monodansyl
cadaverine. (e) Protein expression of LC3BI/Il (e) and (f) beclin-1 in cells exposed to either Pd2Spm
or cisplatin. (c,d) Values are expressed as mean + SEM, n = 4 (in triplicates). Significant differences
from control: p<0.0001 (****); Significant differences from treatment with Pd2Spm alone: p<0.001

(###); Significant differences from treatment with cisplatin alone: p<0.05 ($).

As so, the putative occurrence of cell death through autophagy induction by Pd>.Spm
treatment was considered since: i) a remarkable rescue of cell proliferation (> 90%) in both
Pt-sensitive and -resistant cells was observed for co-incubation of Pd.Spm+3MA, which
had also induced morphological changes visualized as rounded shape cells with prominent
blebs in the plasma membrane that were attenuated in the presence of the 3MA; ii) the
intensity of vesicles labelled with MDC was increased in Pt-sensitive cells treated with
Pd>Spm compared to control cells or cisplatin-exposed cells, supporting the occurrence of
autophagic vesicles which is consistent with putative induction of autophagy [179]; iii)
overexpression of LC3B-Il was found in Pt-sensitive and -resistant cells treated with
Pd.Spm (for 48h) and were effectively inhibited by co-treatment with 3-MA, being consistent
with the induction of autophagy [180] and iv) differential expression of Beclin-1 was found
upon Pd>Spm treatment: decrease in Pt-sensitive cells and increase in Pt-resistant cells. In
line with this data, sulphamoylated estrone analogue induced death in breast cancer cells
in a process that was suggested to occur through autophagy (using similar research
strategies as employed in the present study) and, thus, autophagy was proposed as
mechanism of cell death [180]. Similarly, LC3B-II induction as a measurement of autophagy
induction was also reported for other metal-based compounds, such as titanocenes [181].
Since Beclin-1 is considered one of the key proteins for autophagy induction, a reduction in
its expression (as observed in Pt-sensitive cells) was an unexpected finding, which could,
in turn, suggest the putative occurrence of a Beclin 1-independent autophagy induction in
these cells as described previously [182]. Since Pd>-Spm induced an autophagic response
with higher magnitude than cisplatin this may indicate that autophagy may be associated to

Pd>-Spm’s mechanism of action in a greater extent than for cisplatin, in TNBC cells. This
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suggestion is supported by reports evidencing that cisplatin-induced autophagy could have
protective effects rather than triggering a death of breast cancer cells [183]. Altogether, the
data herein presented are consistent with the putative induction of autophagy triggered by
Pd>Spm in Pt- sensitive and -resistant TNBC cells. Although, autophagy has also been
implicated to enable neoplastic cells to acquire resistance to drugs, persistent and/or
excessive activation of autophagy in neoplastic cells may induce autophagic cell death
[184], having both positive or a negative role(s) in carcinogenesis depending on the stimuli
and context. Such effects were described for other Pd(ll)-based compound
[PdCl(terpy)](sac)-4 H»O that induced autophagy and caspase-independent cell death in
prostate cancer PC3 cells [145]. Even though the evidence gathered in this study supported
an increase of autophagosomes upon Pd.Spm treatment, further investigation will be
required to fully understand if this Pd(ll)-agent induces autophagy or disrupts the autophagic
flux (fusion or degradation).

IV.3.6 Impact on ERK 1/2 and NF-kB Signalling Pathways

Extracellular-signal-regulated kinase (ERK) 1/2 signalling and NF-kB pathway were
also probed since those constitute an essential link with autophagy [147,185], and are also
involved in development resistance to cisplatin by breast cancer cells [79,80]. To assess
constitutive activation of NFkB and ERK1/2 pathways in MDA-MB-231 versus MDA-MB-
231/R cells, the basal expression of phosphorylated forms of NF-xB and ERK1/2 among
these two cell strains (control, untreated cells) was assessed. Development of drug
resistance increased the basal phosphorylation of NF-xB by 17% in MDA-MB-231/R as
compared to MDA-MB-231 cells. On the other hand, acquired resistance decreased the
basal levels of phosphorylated ERK1/2 by 50% in MDA-MB-231/R relative to MDA-MB-231

cells.

Cells treated with 20 pM of Pd,Spm showed an increased expression of
phosphorylated-ERK1/2 in MDA-MB-231 and MDA-MB-231/R cells (Figure 23a) compared
to control (untreated) cells. In addition, when comparing the increased phosphorylation of
ERK 1/2 upon Pd,Spm treatment (20 pM), MDA-MB-231/R showed a higher effect than
MDA-MB-231. Upon exposure to 20 uM of cisplatin, both MDA-MB-231 and MDA-MB-
231/R cells showed increased levels of phosphorylated ERK1/2, but no significant

difference was detected between the two cell lines (Figure 23a).

Considering the phosphorylation of the NF-xB protein, 20 uM of Pd,Spm did not
induce any increase in either MDA-MB-231 or MDA-MB-231/R cells, compared to control
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(untreated) cells. In addition, no differences were detected between the two TNBC cell lines
(Figure 23b). In turn, for cisplatin-treated MDA-MB-231 and MDA-MB231/R cells, there was
an increase in the levels of phosphorylated NF-xB (Figure 23b) compared to controls,
MDA-MB-231/R showing a slight decrease in p-NF-kB levels (not statistically significant)
relative to MDA-MB-231 cells.
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Figure 23. (a) Phosphorylation of ERK1/2 and (b) phosphorylation of NF-xB in MDA-MB-231 (white
colour) and MDA-MB-231/R cells (grey colour).

(a,b) Cells were treated with 20 uM of either Pd2Spm or cisplatin, for 48 h, lysed and, then, p-ERK
1/2 or p-NF-xB were detected using AlphaScreen Sure Fire technology. Values are expressed as
mean £ SEM, n = 4 (in triplicates). Significant differences from the appropriate untreated control:

p<0.05 (*), p<0.01 (**), p<0.001 (***) and p<0.0001 (****); Significant differences from MDA-MB-231
cells: p<0.05 ($).

Both Pd>,Spm and cisplatin were found to trigger an increased phosphorylation of
ERK 1/2 protein (compared to untreated control in Pt-sensitive and -resistant cells). As
previously described, activation of ERK 1/2 can mediate cell death in cisplatin-treated cells
[64][65]. Interestingly, our data showed that acquiring the Pt-resistance by TNBC MDA-MB-
231 cells is associated with lower basal activation of ERK1/2, thus possibly allowing higher
survival of the resistant cells. When comparing effects between Pt-sensitive and -resistant
cells, Pd.Spm caused a stronger phosphorylation of ERK 1/2 in Pt-resistant cells compared
to Pt-sensitive cells, while cisplatin triggered lower ERK 1/2 phosphorylation in Pt-resistant
cells, indicating cisplatin’s lower ability to engage this signalling pathway in cells with
acquired resistance compared to Pd>Spm. These effects could be explained by: (i) the

putative engagement of different targets that lead to ERK 1/2 activation; (ii) distinctive
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intracellular targets engaged by Pd>,Spm and cisplatin or (iii) by the ability of Pd.Spm to

surpass adaptative mechanisms developed by resistant cells to cisplatin.

Pd.Spm treatment did not change NF-«B p65 protein phosphorylation in Pt-sensitive
nor Pt-resistant cells. Cisplatin, on the other hand, increased the levels phosphorylated NF-
kB p65 protein in Pt-sensitive and -resistant cells when compared to the untreated controls,
with Pt-sensitive cells having more phosphorylated NF-xB p65 than Pt-resistant cells, thus,
evidencing a lower activity of cisplatin in Pt-resistant cells. These findings corroborate
previous studies that reported cisplatin-triggered phosphorylation of NF-kB via, activating
the mitogen-activated protein kinase (MEK)/ERK signalling cascade [66]. The lower
phosphorylation of NF-kB observed in Pt-resistant cells treated with cisplatin could be
explained by stronger basal phosphorylation of NF-kB protein that may not further increase
with additional stimuli. Other studies have reported that resistant cells show increased
expression of NF-kB, compared to their sensitive parent, implicating NF-xB as a potential
mediator of acquired Pt resistance [67]. Also, NF-kB activation has been described as an
essential factor for cisplatin’s mechanisms of action [66], which could explain both lower

activation of effects NF-xB and, consequently, lower effects of cisplatin in Pt-resistant cells.

IV.3.7 Final Remarks

In vitro study revealed that Pd.Spm triggers different intracellular events than cisplatin
in TNBC cells and allowed to draw the following conclusions: (i) Pd.Spm showed similar
antineoplastic activity in both Pt-sensitive and -resistant TNBC cells that contrast with the
loss of activity of cisplatin in Pt-resistant cells; (i) Pd.Spm showed a clear selectivity towards
TNBC cells with minimal effects to healthy non-neoplastic cells, while cisplatin was equally
deleterious to healthy non-neoplastic breast cells as to breast cancer cells; (iii) Cells treated
with Pd>Spm did not shows typical features of apoptosis and caspase-3 cleavage which
were visible in cisplatin-treated cells and demonstrated a possible involvement of
autophagic machinery in its mechanisms of cell death; (iv) Differences between activation
of ERK 1/2 and NF-kB have shown that while both Pd.Spm triggers the phosphorylation of
ERK 1/2 pathways, its effects on NF-xB activation are limited. Finally, Pd.Spm showed
attractive chemotherapeutic potential for Pt resistant TNBC and to trigger differential
mechanisms of action compared to cisplatin, namely via inducing autophagic cell death
pathway and most probably involving ERK activation. Therefore, this Pd (1) chelate could
possibly be used for the treatment of cancers with mutated apoptotic signalling and/or in
combination with other compounds to hinder the development of the resistance and therapy
failure.
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IV.4 ICP-MS Method Development and Validation

Quantification of metal-based compounds in animal tissues and biofluids is typically
achieved with microwave-assisted sample digestion and ICP-MS (inductively coupled
plasma-mass spectrometry) analysis [186]. However, microwave-assisted digestion
requires the acquisition of specific equipment and is time-consuming when hundreds of
samples need to be analysed—such as during the in vivo pharmaco-toxicokinetic and
biodistribution animal studies. Additionally, it is noteworthy that the sample amounts
available from in vivo rodent studies are limited and insufficient for conventional methods
that typically require between 0.4 to 1 g of sample, which is difficult to obtain without pooling
the samples [162,187,188]; thus, fast and reliable micro methods suitable for the analysis

of reduced amounts of animal sample is a relevant topic.

Pt quantification in biologic fluids with no previous sample digestion has been
described for plasma [186,189-191], urine [189-191], and peritoneal fluid [190]. Validated
ICP-MS methods for Pt quantification that include pre-treatment by heating the samples
with nitric acid at 90-100 °C [192], or microwave-assisted acid digestion of plasma [193],
urine and liver samples [162] were also reported. However, validated ICP-MS methods for
Pd quantification in a variety of biologic matrices such as adipose tissue, muscle, liver,
kidney, spleen, testis, heart, lungs, and brain obtained from in vivo pharmaco-toxicokinetic
studies, or methods that could be readily used for the simultaneous quantification of Pd and

Pt content in those animal samples are not described.

The use of a water bath for sample digestion is a possibility that was applied for Pt
guantification in rat dorsal root ganglion (10 mg sample) using acid sample digestion
(HNO3), and a 90 °C water bath for 2 h followed by H2O- overnight treatment at 50 °C [194];
and for Pt quantification in rat blood, brain, intestine, prostate and testis (0.4 g sample),
using sample acid digestion (HNOs; + H,O;) with heating in a 80 °C water bath for 1 h
followed by sample neutralization with NH4OH [188]. Nevertheless, the applicability,
reliability, and performance of these methods for Pd quantification in biologic matrices were

not addressed.

The principal limitation for the development of new methods for a Pd/Pt quantitative
analysis in biologic matrices, particularly in animal tissues, is the absence of commercially
available certified reference material. The present study overcomes this difficulty and
provides a simple ICP-MS method for the simultaneous quantification of Pd- and Pt-based
drugs in serum, blood, adipose tissue, muscle, liver, kidney, spleen, testis, heart, lungs and

brain samples. The novel analytical procedure was developed and validated using in-house
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materials (animal tissues and biofluids) with intracellular incorporation of Pd and Pt,
prepared via intraperitoneal injection of Pd/Pt standard solutions in rodents. Since the
incorporation of Pd/Pt is tissue dependent, the Pd/Pt reference concentrations in each type
of the prepared tissue and biofluid were first obtained by microwave-assisted acid digestion.
This strategy significantly differs from the conventional method developments that use
sample spiking with known amounts of analytes (Pd and Pt), since in the latter, Pd/Pt are
not tightly bound to the tissue. Therefore, Pd and Pt may be more easily extracted during
sample digestion, which may confound the identification of significant variables in method
optimization process. Furthermore, the approach applied in present study is closely similar
to real samples from pharmaco-toxicokinetic and biodistribution animal studies. The goal of
this study was to develop and validate an ICP-MS method for Pd and Pt quantification in a
variety of animal tissues and biofluids, requiring a small amount of sample (up to 50 mg),
low reagents consumption and allowing simultaneous preparation of hundreds of samples
per hour, which are significant improvements for successful application in animal
pharmacokinetic and biodistribution studies, comparatively to microwave-assisted sample
digestion. Optimal conditions for complete sample digestion were searched by two-level

factorial and central composite designs (CCD).

IV.4.1 Variable Identification Using Two-Level Factorial Design

The effect of the four tested variables (HNO3 volume, HCI volume, reaction time and
reaction temperature) is presented in Figure 24, in the form of a Pareto chart (the bar height
is proportional to the significance of the variable). The sum of Pd and Pt content in the in-
house material was used as the response. All tested variables were considered statistically
significant (p < 0.05), with reaction time, reaction temperature and HNO3z volume having a
positive effect on the response, while the HCI volume had a negative effect. In addition, the
interaction between the variables, reaction time and HNO3 volume as well as between
reaction time and HCI volume were considered statistically significant (p < 0.05), both with
a negative effect on the response. Considering these results, the four variables were

selected for further evaluation in the CCD.
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Figure 24. Pareto chart of the effect of the four variables tested in the two-level factorial design

(HNOz volume, HCI volume, reaction time and reaction temperature).

IV.4.2 Method Optimization Using CCD

Twenty-one experiments were carried out with the significant variables selected
from the screening experiment: HNOz volume (A), reaction time (B), reaction temperature
(C) and HCI volume (D). The sum of Pd and Pt content in the in-house material was used
as the response for the CCD experiment. The generated models were validated by two
common diagnostic residuals, the R? and Q2. Typical values that indicate adequate models
are R?> 0.75 and Q2 > 0.60. In this study, the predicted R? and the adjusted R? values were
0.97 and 0.98, respectively, and the Q? value was 0.97, evidencing the goodness of the
model. The adequate precision, measured as a signal-to-noise ratio, was 33.8 (a ratio > 4
is desirable), indicating the adequacy of the present model. As shown in Table 10, the F
value was 97.3, which indicates that the regression model is statistically significant (p <
0.0001) at a 99% confidence level. The terms A, B, C, D, AC, AD, BC, CD, A?, B2, C? and
D? showed p-values < 0.05, proving the significance of the model terms. The lack-of-fit was
0.22 as desired and, thus, non-significant relative to the pure error. Therefore, the quadratic

model could be considered valid.
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Table 10. Analysis of variance (ANOVA) for the response surface model.

Sum of  Degrees of Mean F Probability
Source Remarks
squares freedom square value >F

Model 15.86 14 1.13 97.3 < 0.0001 significant

A — HNO3 volume 4.68 1 4.68 4015 <0.0001 significant

B — Reaction time 0.25 1 0.25 21.8 0.0003 significant

C - Reaction 8.55 1 855 733.6 <0.0001 significant

temperature

D — HClI volume 0.16 1 0.16 13.7 0.0021 significant
AB 0.017 1 0.017 1.44 0.2491 not significant

AC 0.31 1 0.31 26.3 0.0001 significant

AD 0.11 1 0.11 9.51 0.0076 significant

BC 0.33 1 0.33 28.6 < 0.0001 significant
BD 0.0005 1 0.0005 0.046 0.8332 not significant

CD 0.078 1 0.078 6.66 0.0209 significant

A2 0.16 1 0.16 14.0 0.0019 significant

B2 0.40 1 0.40 34.6 < 0.0001 significant

c? 0.51 1 0.51 44.1 < 0.0001 significant

D? 0.26 1 0.26 22.3 0.0003 significant

Residual 0.17 15 0.012
Lack of Fit 0.053 10 0.0053 0.22 0.9811 not significant
Pure Error 0.12 5 0.024
Total 16.1 29

Three-dimensional surface and contour plots were drawn to demonstrate the
interactive effect of two factors in the selected response (Figure 25). Figure 25a shows the
combined effect of the variables HNO3 volume and reaction temperature. Figure 25b shows
the combined effect of HNO3; volume and HCI volume, while Figure 25c shows the
combined effect of reaction time and reaction temperature. Lastly, Figure 25d shows the

combined effect of reaction temperature and HCI volume.
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Figure 25. Three-dimensional surface and contour plots for the CCD: (a) HNO3z volume vs reaction
temperature, (b) HNOs volume vs HCI volume, (c) Reaction time vs reaction temperature, (d)

Reaction temperature vs HCI volume.

To complete the CCD optimization, the desirability index (DI) was applied. In short,
Dl is a method for multicriteria optimization used to quantify how desirable certain outcomes
are on an absolute scale (i.e., [0,1]). In this particular case, all factors (variables) were left
at their default values of the experimental range and the response was maximized. The
following optimal conditions (DI = 1) were obtained: HNO3; volume — 0.9 mL, reaction time

— 60 min, reaction temperature — 90 °C and HCI volume — 0.3 mL.

IV.4.3 Method Performance

The linearity, limits of detection (LODs), limits of quantification (LOQs), precision
and accuracy of the developed method as well as matrix effects are summarized in Table
11 to Table 14. The calibration curves showed good linearity in the range 0.025 to 10 ug/L
for both Pd and Pt with coefficients of determination (r?) of 0.9999 and 0.9998, respectively.
The LODs were respectively 0.0009 ug/L and 0.0011 ug/L, whereas the LOQs were 0.0033
Mg/l and 0.0025 ug/L (Table 11).

100



CHAPTER IV — RESULTS AND DISCUSSION

Table 11. Linear dynamic range, coefficient of determination (r2), limit of detection (LOD) and limit of
guantification (LOQ).

. . LOD LOQ

Element Isotope Linear dynamic range /L r2
P y ge (uall) (Mg/)  (ug/l)
Palladium 108pd 0.025-10 0.9999 0.0009 0.0033
Platinum 195pt 0.025 -10 0.9998 0.0011 0.0025

The procedure repeatability and the between-run precision in ICP-MS analysis were
determined for all the matrices (solid tissues and biofluids) (Table 12). The results showed

good repeatability and between-run precision with CV < 1.9% and CV < 1.5%, respectively.

Table 12. Repeatability and between-run precision for Pd and Pt content in the different tissues and

biofluids under study.

Tissue/biofluid Repeatability? (n=2) Between-run precision® (n=3)
lOSPd 195Pt 108Pd 195Pt
Whole blood 0.21 0.56 0.58 0.79
Blood serum 0.19 0.51 0.87 0.57
Liver 0.81 0.30 0.72 0.63
Brain 0.19 0.22 1.53 1.06
Heart 1.32 0.02 0.99 1.07
Lungs 0.03 0.11 0.74 0.88
Kidney 0.78 1.91 0.67 1.14
Spleen 0.86 0.15 0.97 0.52
Muscle 1.18 0.85 0.81 0.79
Testis 0.16 0.68 0.62 0.89
Adipose tissue 0.85 0.91 0.61 0.87

adata expressed as percent coefficient of variation (%CV).

Concerning the accuracy of the developed method, results obtained from sample
solutions prepared by microwave-assisted acid digestion were considered as reference
values. For all the tissues and biofluids, the Pd/Pt contents obtained by the newly developed
procedure were within good agreement limits, ranging between 83.5 to 105.1%, as
summarized in Table 13. With the exception of adipose tissue, the developed method
showed excellent accuracy for all tested tissues and biofluids, higher than 95% when 50
mg of sample was used. As anticipated, the adipose tissue was the most challenging matrix
for digestion due to its high lipid content, requiring a tissue mass reduction to 25 mg, which

led to improved accuracy of 98.1-100.3%.

101



[40)3

Table 13. Accuracy results for Pd and Pt quantification in different tissues and biofluids under study.

Sample

Sample

Tissue/biofluid quantity dilution Method Within-run accuracy (n=2) Between-run accuracy (n=3)
108Pd 195Pt 108Pd 195Pt
Mean + SD Accuracy Mean + SD Accuracy Mean + SD Accuracy Mean + SD Accuracy
(ng/9) (%) (ug/9) (%) (ng/9) (%) (ug/9) (%)

Whole blood 50 pL 5 Developed 0.52 +0.001 100.0 0.51 +£0.005 96.9 0.52 +0.003 99.3 0.51 +0.005 96.6
Reference  0.52 + 0.002 0.52 £ 0.002 0.53 +0.004 0.52 £ 0.005

Blood serum 50 pL 5 Developed 0.54 +0.001 105.1 0.52 £ 0.003 97.2 0.54 £ 0.005 105.0 0.52 £ 0.003 98.3
Reference  0.52 £ 0.001 0.54 £ 0.001 0.51 £ 0.004 0.53 £ 0.009

Liver 50 mg 5 Developed 1.32 +£0.011 100.6 4.29 £0.013 100.6 1.32 +0.009 100.4 4.27 £0.027 99.8
Reference  1.32 +£0.001 4.26 +0.027 1.31£0.010 4.28 +0.019

Brain 50 mg 5 Developed 0.07 £0.001 98.4 0.14 £ 0.001 100.1 0.07 £ 0.001 96.7 0.14 +£ 0.002 96.3
Reference  0.07 £ 0.001 0.14 £ 0.001 0.07 £ 0.002 0.15 + 0.004

Heart 50 mg 5 Developed  0.57 £ 0.008 97.8 1.96 + 0.001 98.9 0.57 £ 0.006 96.6 1.94 +0.021 95.6
Reference  0.58 + 0.006 1.99 +0.010 0.59 £ 0.009 2.03£0.035

Lungs 50 mg 5 Developed  1.05 £ 0.001 102.5 3.83£0.004 100.2 1.05 + 0.008 100.1 3.80£0.033 97.8
Reference  1.03 £ 0.002 3.82+0.012 1.04 £0.014 3.88 £ 0.058

Kidney 50 mg 50 Developed 39.89 +0.312 96.2 29.34 £ 0.561 95.8 39.90 £ 0.269 99.2 29.21 £0.332 98.7
Reference  41.48 £0.080 30.64 £ 0.329 40.21 £ 0.986 29.60 £ 0.840

Spleen 50 mg 5 Developed 2.40 £0.021 99.4 3.88 £ 0.006 98.0 2.38 £0.023 97.4 3.86 £ 0.020 96.6
Reference 2.41 +0.022 3.96 + 0.041 2.44 £ 0.025 3.99 +0.043

Muscle 50 mg 5 Developed 1.73 +£0.020 100.8 4.34 £ 0.037 100.3 1.74 £ 0.014 100.7 4.31+£0.034 98.2
Reference  1.72 £ 0.003 4.33 +0.003 1.73+£0.014 4.39 +0.064

Testis 50 mg 5 Developed 0.66 + 0.001 100.6 1.08 £ 0.007 98.9 0.66 + 0.004 98.4 1.07 £0.010 97.6
Reference  0.66 + 0.002 1.09 £ 0.003 0.67 +0.010 1.10 £ 0.010

Adipose tissue 50 mg 5 Developed 1.49+0.013 84.3 1.18 £ 0.011 87.1 1.48 £ 0.009 83.5 1.17 £0.010 85.9
Reference  1.76 + 0.002 1.35+0.013 1.77 £ 0.010 1.37 +£0.021

Adipose tissue 25 mg 5 Developed 2.02+0.178 98.1 1.49 £ 0.149 100.3 ND ND
Reference 2.06 £ 0.146 1.49 £ 0.163

NOISSNOSIA ANV S11NS3d — Al 431dVHD
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In general, a high concentration of matrix elements may result in the suppression or
enhancement of the analyte signal. Therefore, these matrix effects were studied in each
type of biologic matrix, by spiking sample solutions resulting from its digestion. The mean
recoveries ranged from 92.4 to 114.7%, showing a marginal effect of the elemental matrix

composition on the analyte signal (Table 14).

Table 14. Evaluation of matrix effect in the Pd and Pt determination for each type of tissue and

biofluid digests.

Tissue/biofluid Matrix effect (n=2)
108Pd 195Pt
Whole blood 99.1 97.7
Blood serum 99.1 98.2
Liver 99.2 105.9
Brain 95.0 95.2
Heart 97.2 97.0
Lungs 96.1 99.0
Kidney 89.7 106.4
Spleen 100.5 98.6
Muscle 101.2 114.6
Testis 954 92.4
Adipose tissue 954 100.5

adata expressed as recovery (%) of spiked concentration.

Furthermore, the agreement between the results obtained from the newly developed
method and the reference method (microwave-assisted digestion) was assessed using a
Bland—Altman plot (Figure 26). The mean bias of 0.0147 pg/L and its 95% confidence
interval includes the line of the equality, suggesting the agreement between the two
methods. Furthermore, uniformly scattered differences demonstrated no proportional bias

originating from the measurements.
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Figure 26. Bland—Altman plot of differences between the methods (vertical axis) against the average

of the methods (horizontal axis) with 95% limits of agreement (dotted lines).

The mean bias 0.0147 pg/L (black continuous line) is represented with corresponding 95%
confidence interval limits (shaded area) that include the line of equality (red continuous line),
evidencing the agreement between the two methods. The plot shows uniformly scattered differences

(homoscedasticity) along the line of equality with no proportional bias.

IV.4.4 Application to Real Samples from Biodistribution Studies

Lyophilization of solid tissues and their subsequent pulverization are common
procedures for removing water to preserve animal samples and to increase digestion
efficiency for ICP-MS analysis when hundreds of samples with distinct biologic
compositions are needed to be analysed. However, the reduction of tissue weight by
lyophilization also leads to an increased concentration of the analyte (Pd and Pt content),
which is commonly expressed per tissue weight. During pharmacokinetic studies, the area
under the curve (AUC) defines the drug systemic exposure that can be determined for each
of the organs. Thus, to obtain biologically meaningful data, it is important to express the
drug content in tissues in terms of natural tissue weight (prior to lyophilization). This can be
achieved using conversion factors established from the weight of natural tissues versus dry
tissue weight (Table 15). As shown in Figure 27, the analyte concentration can be
overestimated ~4—7 times in tissues with an abundant water content—such as testis, lungs,
heart, spleen and brain—when expressed per lyophilized tissue weight. Therefore,

pharmacokinetic studies that aim to quantify drug biodistribution in a variety of organs
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should collect the weights of both the natural tissue and the lyophilized one for data

analysis. Furthermore, it is also noteworthy that in a case of small rodents (such as mice or

hamster), a successful digestion of whole lyophilized tissues/organs weighting < 50 mg can

be achieved without prior pulverization of tissues.

Table 15. Conversion of Pd and Pt content in dry tissue to natural tissue weight.

To convert Pd/Pt in

Natural Dried weight . dry tissue (ug/g) to
. . after Tissue water .
Tissue weight after L Pd/Pt in natural
. . lyophilization ~ content (%) . 7
dissection (g) tissue (ug/g), divide
(@) by
Body weight 466 + 51.07
Liver 13.12 + 1.06 4.11 + 0.33 68.69 + 0.20 3.192
Brain 191+0.21 0.44 £ 0.05 76.67 £ 0.38 4.341
Heart 1.07 £ 0.09 0.24 + 0.02 77.22+0.70 4.458
Lungs 1.98+0.24 0.35+0.05 81.85+4.09 5.657
Kidney 2.23+0.23 0.59+0.05 73.52+1.05 3.780
Spleen 0.72+0.13 0.18 + 0.03 75.03 +1.03 4.000
Muscle 245+0.84 0.75+0.31 69.99 +2.54 3.267
Testis 3.40 £ 0.63 0.51+£0.03 84.56 +2.79 6.667
Adipose tissue 3.67+0.34 3.26 + 0.33 11.10+4.12 1.126
A. B.
Pd biodistribution Pt biodistribution
1 Expressed per lyophilized tissue weight ] Expressed per lyophilized tissue weight
Il Expressed per natural tissue weight Il Expressed per natural tissue weight
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Figure 27. Comparison of Pd/Pt biodistribution profiles (mean + SD) expressed per lyophilized tissue

weights and natural tissue weights: (a) Pd biodistribution profile, (b) Pt biodistribution profile.

IV.4.5 Final Remarks

The present study offers a fast, reliable, and cost-effective alternative to microwave-
assisted digestion for ICP-MS quantification of the Pd and/or Pt content in animal tissues
and biofluids. The method was developed and validated using in-house materials with
intracellular incorporation of Pd/Pt in biologic matrices. Optimal conditions for complete
digestion of animal samples (50 mg) were 3:1 (v/v) mixture of nitric acid (900 pL) with
hydrochloric acid (300 pL) during 60 min in a 90 °C water bath, which was achieved by two-

level factorial and central composite design.

The method showed LODs of 0.001 ug/L, linear dynamic range between 0.025 and
10 pg/L with R?=0.9999 for Pd and R? = 0.9998 for Pt, and good repeatability (0.02—1.9%)
as well as intermediate precision (0.52-1.5%) for both metals. The accuracy ranged from
83.5 to 105.1% considering microwave-assisted digestion as reference method. Except for
adipose tissue, the developed method showed accuracy > 95% for all biologic matrices
when 50 mg of sample was used. As anticipated, high lipid content of white adipose tissue
was the most challenging matrix for digestion—requiring tissue mass reduction to 25 mg,
which led to improved accuracy of 98.1-100.3%. Finally, Bland—Altman plot confirmed the
validated method as a reliable alternative to microwave-assisted digestion. This method
allows to prepare hundreds of samples per hour in closed conical bottom centrifuge tubes
with a screw cap, using a standard laboratory water bath, small tissue amounts and small
volume of acids. Herein, the novel method showed to be very suitable for in vivo pharmaco-
toxicokinetic and biodistribution studies of Pd and/or Pt-based drugs in a wide variety of
animal tissues (e.g. adipose tissue, muscle, liver, kidney, spleen, testis, heart, lungs and

brain) as well as in biofluids (such as blood and serum).
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IV.5 In Vivo Effects — Pharmacokinetics

IV.5.1 Serum and Serum Ultrafiltrate Analysis

The concentrations of Pd and Pt in serum (total Pd/Pt) and serum ultrafiltrate (free
Pd/Pt) after a single intraperitoneal bolus injection of Pd.Spm 3 mg/kg or cisplatin 3.5 mg/kg,
in healthy female Balb/c mice, were measured by ICP-MS, the corresponding serum
concentration—time profiles of Pd (from Pd,Spm) and Pt (from cisplatin) are shown in Figure
28. The decrease in Pd and Pt concentrations in serum and serum ultrafiltrate showed a
biphasic kinetic behaviour with a rapid initial distribution phase followed by a prolonged first-

order elimination phase in both Pd.Spm- and cisplatin-treated animals (see Figure 28).

Even though the doses of Pd>Spm (3 mg/kg) and cisplatin (3.5 mg/kg) used in this
study were somewhat similar, the actual dose of Pd administered to the animals was only
half of the dose of Pt owing to the difference in the metal composition in each compound
(dinuclear versus mononuclear in Pd>Spm and cisplatin, respectively; please see section
[11.4.3.5. Pharmacokinetic Analysis, for further clarification). Therefore, to obtain
biologically meaningful comparisons of relative metal kinetics, the mean Pd and Pt
concentrations were normalized to the administered metal dose (Figure 28b). Regarding
the metal dose-normalized concentration—time profiles in serum ultrafiltrate, a higher
concentration of free Pd than Pt was found during the 0.5-12 h period, reaching equivalent
concentrations for both metals during the 24-48 h period. The dose normalization also
revealed that animals treated with Pd.Spm reached a 3- and a 4.2-fold higher Cnax in serum
and serum ultrafiltrate, respectively, compared to cisplatin. Additionally, considering the
dose-normalized areas under the curve (AUCs), Pd.Spm administration resulted in a 1.2-
(p > 0.05) and a 4.3-fold (p < 0.001) higher AUC for Pd in serum and serum ultrafiltrate

when compared to cisplatin, respectively.
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Figure 28. Kinetic profiles of Pd (from Pd2Spm, 3 mg/kg bw) and Pt (from cisplatin, 3.5 mg/kg bw) in
serum and serum ultrafiltrate after single intraperitoneal bolus injection in Balb/c mice.

(a) Concentration—time plot of mean Pd or Pt levels in serum and serum ultrafiltrate. (b)
Concentration—time plot of mean Pd or Pt levels in serum and serum ultrafiltrate normalized to

administered metal dose. (a,b) Data are expressed as mean + SEM (n = 5 animals per time point).

The kinetic profiles of Pd (from Pd,Spm, 3 mg/kg bw) and Pt (from cisplatin, 3.5
mg/kg bw) were also analysed with non-compartment analysis yielding pharmacokinetic

parameters summarized in Table 16.

Table 16. Pharmacokinetic parameters of total Pd and Pt in serum and serum ultrafiltrate following

intraperitoneal bolus injection of Pd2Spm (3 mg/kg bw) and cisplatin (3.5 mg/kg bw) in Balb/c mice.

o Pd>Spm Cisplatin
Pharmacokinetic
) Total Pd in Free Pd in . Free Ptin
Parameter (unit) ) Total Ptin Serum )
Serum Ultrafiltrate Ultrafiltrate
Half-life (h) 20.7 35.5 43.3 31.5
Az (1/h) 0.034 0.019 0.016 0.022
Tmax () 0.5 0.5 0.5 0.5
Cmax (ng/mL) 1499.4 +38.5 749.0+120.6 1009.6 +64.2 350.7+16.8
Cmax/Dose (ng/mL/ug) 65.9+4.2 32.7+5.3 219+1.9 7.7+0.4
AUCo-48h (h x ng/mL) 6490.2 1219.7 10867.5 567.2
AUCo-4g Dose (h x ng/mL/ug) 285.0 53.2 240.5 125
AUCo-» (h x ng/mL) 7523.9 1339.1 19,758.5 751.5
Vz/F (mL/kg) 4555.0 43,992.0 7202.8 143,864.7
CL/F (mL/h/kg) 152.8 858.8 115.4 2989.9
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Az = elimination rate constant; Tma = time to reach Cmax; Cmax = mean maximum concentration + SEM;
AUC,-11» = area under curve from time zero to 48 h; AUC,-. = area under the curve from time zero to

infinity; Vz/F = volume of distribution at terminal phase; CL/F = body clearance.

Pd>.Spm administration (3 mg/kg bw) resulted in mean serum Pd concentrations
within the range of 34.7 to 1499.4 ng/mL. The maximum concentration (Cmax), 1499.4 + 38.5
ng/mL, declined rapidly within the first hour and decreased steadily during the terminal
elimination phase. In serum, Pd was found to display an elimination half-life of 20.7 h and
a clearance (CL/F) of 152.8 mL/h/kg. Its volume of distribution (Vz/F: 4555.0 mL/kg) in mice
was greater than total body water, suggesting the widespread distribution of Pd in tissues.
Free Pd reached Cmax = 749.0 = 120.6 ng/mL, with an elimination half-life of 35.5 h and
CL/F = 858.8 mL/h/kg. At 48 h, the concentration of free Pd in serum ultrafiltrate was 2.3
ng/mL.

Administration of cisplatin (3.5 mg/kg) resulted in mean serum Pt concentrations
within the range 142.4 to 1009.6 ng/mL. The Cmnax 1009.6 + 64.2 ng/mL decreased steadily
with a terminal half-life of 43.3 h and a CL/F of 115.4 mL/h/kg. The volume of distribution
was 7202.8 mL/kg. Free Pt in serum peaked at a maximum concentration of Cnax = 350.7
+ 16.8 ng/mL, with an elimination half-life of 31.5 h, a volume of distribution equal to
143,864.7 mL/kg and CL/F = 2989.9 mL/h/kg. At 48 h, the concentration of free Pt was
found to be 4.1 ng/mL.

Since the maximum concentration (Cmax) for both Pd and Pt in plasma was reached
immediately at the first sampling time-point, 0.5 h (Tmax), the Pd/Pt concentration during the
preceding period (<30 min post-injection) may be higher.

Even though the terminal half-life of Pd (from Pd>Spm) in serum was found to be 20.7
h, in contrast with 43.3 h for Pt (from cisplatin), the free Pd in serum ultrafiltrate had a higher
terminal half-life than Pt (35.5 h versus 31.5 h, respectively), which suggests a longer
persistence of free Pd in blood circulation during the terminal elimination phase. The
analysis of serum ultrafiltrate has particular relevance since this biological matrix contains
free drug and its low molecular weight metabolite(s) (< 30 kDa in this study prepared with
cut-off 30K NMWL filter), which are both responsible for exerting pharmacological effects
[195]. Upon systemic administration, the drug occurs in plasma in different forms: (i) as a
free, intact molecule that was administered in vivo; (ii) free hydrolyzed species and/or low
molecular weight metabolites; and (iii) a plasma protein-bound drug (either via reversible or

irreversible bonds with different affinities and kinetics).
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IV.5.2 Binding to Plasma Proteins

The analysis of Pd and Pt concentrations in serum ultrafiltrate showed different
profiles of plasma protein binding. At 0.5 and 1 h following Pd,Spm administration, only ca.
50% of Pd from Pd,Spm was bound to plasma proteins and 91.0% at 6 h, reaching the
maximum protein plasma binding of 95.9% at 12 h post-administration (Figure 29). At 48
h, 92.8% of Pd>Spm was bound to plasma proteins. For cisplatin, in turn, a faster binding
was determined—65.5% at 0.5 h and 89.5% at 1 h, reaching a maximum of ca. 97% at 6 h
(i.e., virtually twice as fast relative to Pd.Spm). A comparative analysis revealed significantly
lower Pd binding (from Pd>Spm) to plasma proteins than Pt (from cisplatin) during the 0.5—
6 h period after drug administration. Additionally, while at 12 and 24 h, Pd and Pt showed
similar binding to plasma proteins (ca. 96—-97%), at 48 h, the fraction of Pd bound to plasma
proteins presented a 3.1% decrease compared to the preceding period.

= 100-

0 1 Tk *k
c

E

=}

£

Q.

®©

£ 5o~

E _*

o

£

g, Cisplatin
= | —e— Pd,Spm
=

E c ..... L s . | I S S L 1

Figure 29. Drug binding to plasma proteins versus time, for cisplatin and Pd2Spm.

Data are expressed as mean + SEM (n = 5 animals per time point) and were compared with Student’s
t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.

The drug binding to plasma proteins (namely albumin, a1-acid glycoprotein, and
lipoproteins) is an unavoidable effect that influences the pharmacokinetic and
pharmacodynamic properties of all systemically administered drugs. In general, drug’s high
binding to plasma proteins results in the drug’s lower tissue permeability, a small volume of
distribution, decreased metabolism, slower clearance, and prolonged half-life. In turn,
considering the widely accepted free the drug theory, the concentration of the free drug in
plasma correlates more accurately with drug’s pharmacological effects and toxicity than the
total plasma concentration (free drug plus protein-bound drug), as only the free drug can

reach its target in tissues and exert therapeutic effects. The free drug theory also stipulates
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that when a steady-state equilibrium is reached in the plasma, the free drug concentration
in plasma reflects the pharmacologically relevant amount of the free drug at the target site
(i.e., tissues) [196]. Regarding conventional Pt(ll)-agents (cisplatin, carboplatin, and
oxaliplatin), previous in vivo studies in rodents have shown different interactions of these
drugs with plasma proteins; at 3 h post-administration > 85% of cisplatin and oxaliplatin
were bound to albumin mostly via irreversible covalent bonds, while only 20 to 50% of
carboplatin was reversibly bound to plasma proteins [197-199]. Indeed, Pt-based
chemotherapeutics undergo both aquation reactions and biologic transformation in blood,
which allow binding of a drug’s metal centre to cysteine and methionine residues of amino
acids that constitute plasma proteins (mostly via covalent bonds that inactivate Pt agents)
[200]. This process is highly time-dependent and differs between different Pt drugs,
depending on the stability of its ligands and leaving groups [201]. In the present work, the
analysis of serum ultrafiltrate samples showed that 1 h post-administration, only ca. 50% of
Pd>Spm was bound to plasma proteins compared to ca. 90% for cisplatin, revealing different
affinities of Pd>Spm and cisplatin towards plasma proteins. Since most cisplatin is bound to
plasma proteins via irreversible bonds, only a small fraction of administered cisplatin is
available to cross cell membranes and exert pharmacological effects. Pd,Spm, on the other
hand, showed a lower affinity to coordinate to plasma proteins, which indicates that
following the administration, the majority of Pd.Spm is initially present in the plasma as a
free unbound drug, which may more easily reach its targets in the tissues and exert
pharmacological effects. These results are further supported with 4.3-fold (p < 0.001) higher
AUC and longer elimination half-life (35.5 h) of free Pd in serum ultrafiltrate, which suggests

a higher availability and persistence of free Pd than free Pt in blood circulation.

IV.5.3 Tissue Biodistribution

Accumulation of Pd (from Pd>.Spm) and Pt (from cisplatin) in mice kidney, liver,
lungs, heart, adipose tissue, mammary gland, brain and ovaries was determined by ICP-
MS, and the corresponding AUC,_4s 1 for each tissue is presented in Figure 30a. Except for
the brain, Pd was widely distributed in the tested tissues, and the primary accumulation was
found in the kidney, followed by the liver, lungs, ovaries, adipose tissue and mammary
glands. Excluding the kidney, the animals treated with a single cisplatin dose showed a
higher accumulation of Pt in all the organs than the Pd levels found in the organs of Pd.Spm-
treated animals. In the kidney, similar Pd and Pt concentrations were found (when
comparing cisplatin- and Pd,Spm-treated mice), suggesting a similar accumulation of
metals in renal tissue when doses of 3 mg/kg of Pd>Spm and 3.5 mg/kg of cisplatin are

administered.
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Figure 30. Biodistribution of total Pd (from Pd2Spm, 3 mg/kg bw) and Pt (from cisplatin, 3.5 mg/kg
bw) in tissues after single intraperitoneal bolus injection in Balb/c mice.

Values are expressed as mean = SEM (n = 5 animals per time point) and were compared with
Student’s t-test. * p < 0.05, * p < 0.01, ** p < 0.001. (&) AUCo4sn (area under the Pd/Pt
concentration—time curve); (b) metal dose-normalized AUCo4s n (area under the Pd/Pt
concentration—time curve).

The corresponding kinetic profiles of Pd and Pt concentrations in tissues are also
available in Figure 31. Since these metal concentrations at 12 h post-administration of
either drug—Pd,Spm (Figure 31a) or cisplatin (Figure 31b) did not show a substantial
decrease during the sampling period of 48 h, the pharmacokinetic parameters for each
tissue could not be estimated. The normalization of AUCs to the administered metal dose
evidenced 1.7- and 1.4-fold higher exposures to Pd versus Pt in kidney and adipose tissues,
respectively, suggesting a higher relative accumulation of Pd>Spm. In turn, the dose-
normalized AUCs for Pd in liver, lungs, heart, ovaries and mammary tissue were lower
compared to Pt exposure; Pd was decreased by 43.9% in liver, 68.4% in lungs, 73% in
heart, 44.1% in mammary tissue and 59.4% in ovaries as compared to Pt. The brain was
the least exposed studied tissue, evidencing 82.7% lower accumulation of Pd than Pt, which
indicates a reduced permeability of the blood—brain barrier to Pd,Spm than to cisplatin; thus,
this agent is highly unlikely to affect the central nervous system. Corresponding dose-
normalized kinetic profiles for Pd and Pt in tissues are shown in Figure 32a and Figure

32D, respectively.
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Figure 31. Kinetic profiles of Pd (from Pd2Spm, 3 mg/kg bw) and Pt (from cisplatin, 3.5 mg/kg bw) in

tissues after single intraperitoneal bolus injection in Balb/c mice.

(a) Concentration—time plot of mean Pd levels in tissues. (b) Concentration—time plot of mean Pt
levels in tissues. (a,b) Data are expressed as mean + SEM (n = 5 animals per time point). Units: ng/g

of tissue.
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Figure 32. Metal dose-normalized kinetic profiles of Pd (from Pd2Spm, 3 mg/kg bw) and Pt (from

cisplatin, 3.5 mg/kg bw) in tissues after single intraperitoneal bolus injection in Balb/c mice.

(a) Concentration—time plot of mean Pd levels (normalized to administered metal dose) in tissues.
(b) Concentration—time plot of mean Pt levels (normalized to administered metal dose) in
tissues.(a,b) Data are expressed as mean £ SEM (n = 5 animals per time point). Units: ng/g per pg

of metal dose.

Therefore, owing to its limited accumulation, Pd.Spm is expected to be well tolerated,
without noteworthy deleterious effects in liver, heart, lung and brain. In turn, a 74.2% higher
accumulation of Pd (from Pd.Spm) relative to Pt (from cisplatin) was determined in the
kidney. This very large disparity in the accumulation of Pd and Pt in the kidney compared
to the other organs was an expected outcome, which agrees with previous reports for
several Pt-based compounds [202-204]. The dose-dependent nephrotoxicity of Pt-based
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drugs results from the binding of the drug”s Pt centre to thiol-containing renal enzymes (e.g.,
metallothioneins) [205] but, as shown for oxaliplatin and carboplatin, which displayed a
higher and lower renal accumulation than cisplatin, respectively [206], the total content of
Pt accumulated in the kidney is an unreliable biomarker of nephrotoxicity, and attention
should be paid to specific interactions between the drug/its metabolites and renal
biomolecules likely to be responsible for functional deviation and associated toxicity
[199,206,207]. Several authors have anticipated lower nephrotoxicity elicited by Pd-based
compounds owing to their decreased reactivity towards sulfhydryl groups of proteins in the
kidney; however, it still remains to be yet fully understood under in vivo conditions [208,209].
Accordingly, since we have observed the highest exposure to Pd.Spm (and cisplatin) in the
kidney and liver, the metabolic impact of Pd.Spm and cisplatin on these organs had already
been the subject of our parallel work aiming to determine possible deleterious alterations
[210,211]. Using an identical experimental design, the metabolomics results evidenced that
Pd.Spm treatment triggered rapid and short-term changes with almost complete recovery
to control levels in liver (both polar and lipid metabolites) and kidney (polar metabolites),
while cisplatin induced distinctive and more persistent deviations [210]. In general, these
metabolic results provided encouraging evidence that Pd.Spm treatment may induce lower
negative effects compared to the treatment with cisplatin [211] despite considerable Pd

accumulation in the kidney and liver.

IV.5.4 Final Remarks

This work reported, for the first time, an in vivo pharmacokinetic study of a dinuclear
Pd(Il)-polyamine anticancer agent (Pd.Spm) after intraperitoneal bolus injection in healthy
Balb/c mice. Using ICP-MS, the tissue biodistribution and several pharmacokinetic
parameters were obtained and compared with those measured for cisplatin, taken as a

reference drug.

Pd>.Spm showed appropriate pharmacokinetics regarding its potential therapeutic
application. In addition, it displayed a slower plasma protein binding and a higher terminal
half-life of free Pd in serum as compared to cisplatin. Since the overall accumulation of Pd
in tissues was lower than Pt (in Pd,Spm- and cisplatin-treated mice, respectively), it is
expected that Pd(ll)-agent might present decreased systemic adverse effects. This study
provides valuable insights into the in vivo pharmacokinetic profile and biodistribution of
Pd.Spm, allowing further research and preclinical development of this promising compound.
In addition, the results thus gathered constitute a reliable scientific basis for future

pharmacokinetics studies of other Pd-based potential anticancer agents.
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IV.6 In Vivo Effects — Proof-of-Concept for Efficacy and Safety

IV.6.1 Tumour Growth Inhibition in Xenografted Mice

To validate the in vitro anticancer effects of Pd.Spm, we have studied the effects of
in vivo administration of Pd.Spm (5 mg/kg/day, for 5 consecutive days) on the growth of
subcutaneously implanted MDA-MB-231 cancer cells in female nude mice. The cisplatin-
treated mice (2 mg/kg/day, for 5 consecutive days) were used as a reference treatment
group. The selection of doses of Pd>Spm and cisplatin used in vivo took into consideration
the doses we used previously for pharmacokinetic and tissue biodistribution studies. The
average tumour volumes in mice treated with either Pd>.Spm or cisplatin for 5 consecutive
days were significantly lower compared to vehicle-treated control mice (p < 0.05; Figure
33). At the end of the experiment, the tumour growth reduction (versus the vehicle group)

was 43.3% and 56.6% for Pd>.Spm- and cisplatin-treated animals, respectively.
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Figure 33. Effect of Pd2Spm treatment (5 mg/kg/day), cisplatin treatment (2 mg/kg/day) or vehicle
(PBS + 0.5% DMSO) on growth of MDA-MB-231 tumours in mice.

Drugs were administered intraperitoneally for 5 consecutive days in CBA nude female mice bearing
subcutaneously implanted MDA-MB-231 triple-negative human breast cancer tumours. Data are
expressed as mean tumour volume (mm3) + SEM and analysed with two-way ANOVA followed by
Tukey’s multiple comparison test. * p < 0.05 Pd2Spm versus vehicle; *** p < 0.001 cisplatin versus
vehicle.
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The in vivo anticancer activity of Pd(ll)-based compounds against TNBC is still
largely unexplored, and to date, there are only a few in vivo studies in rodents regarding
Ehrlich ascites carcinoma (EAC), which is an undifferentiated murine mammary
adenocarcinoma sensitive to chemotherapy and not classified as TNBC [115,118]. The Pd
complex of terpyridine with saccharinate, also known as [Pd(sac)(terpy)](sac)-4H:0,
administered intraperitoneally at a dose of 2 mg/kg (two injections per week for 2 weeks,
up to a cumulative dose of 8 mg/kg) was found to reduce tumour volume by 67.5%, but one
mouse died during treatment (1 of 10), indicating the toxicity and poor tolerability of this
compound [118]. Another study focused on the similar derivative [PdCl(terpy)](sac)-2H.0
found that at a dose of 3 mg/kg (two injections per week for 2 weeks, up to a cumulative
dose of 12 mg/kg), it reduced tumour volume by 69.8%, and one mouse died during
treatment (1 of 9) [115]. Additionally, mice treated with 4 mg/kg of cisplatin (two injections
per week for 2 weeks up to a cumulative dose of 16 mg/kg) showed 36.4% tumour volume
reduction in a first study with two associated deaths [118] and a in 46.7% tumour volume
reduction in a second study with no associated deaths [115]. When compared to the present
results, it is clear that Pd>Spm shows a good ability to effectively reduce the growth of TNBC
tumours by 43.3% at a cumulative dose of 25 mg/kg (5 mg/kg/day of Pd,Spm for 5
consecutive days) with no associated deaths, while cisplatin reduced the tumour growth by
56.6% at a cumulative dose of 10 mg/kg (2 mg/kg/day of cisplatin for 5 consecutive days).
The selection of the 5 mg/kg/day dose of Pd,Spm accounted for Pd.Spm’s
pharmacokinetics and differential accumulation of Pd in cancer cells that were explored in
previous studies [212]. Moreover, the dose selection also reflected the different molar ratios
of Pd and Pt atoms in Pd>-Spm and cisplatin molecules, respectively (i.e., 5 mg/kg/day of
Pd.Spm corresponded to 1.91 mg/kg/day of the administered dose of Pd, and 2 mg/kg of
cisplatin corresponded to 1.3 mg/kg/day of the administered dose of Pt) [212].

IV.6.2 Histopathological Analysis and Immunohistochemistry

All study animals developed malignant neoplasms characterized by a dense
population of polyhedral epithelial cells arranged in a solid pattern. Neoplastic lesions
exhibited an infiltrative behaviour, infiltrating surrounding muscle and adipose tissue, with
large central necrotic areas. Neoplastic cells exhibited marked anisocytosis and
anisokaryosis, and multinucleated cells and aberrant nuclear shapes were found (Figure
34a—H&E). Tumours treated with the vehicle showed highly dense cancer cells with
atypical nuclei, evidencing intense mitosis. The mitotic count of vehicle-treated animals was
significantly increased compared to cisplatin- and Pd>Spm-treated groups (Figure 34b). In

order to evaluate whether Pd>.Spm-mediated suppression of tumour growth occurred with a
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decrease in cell proliferation and/or DNA damage induction, the Ki-67 proliferation index (a
well-accepted marker of cellular proliferation, [213]) and the TUNEL assay (marker of DNA
damage) were used. Immunoreactivity for Ki-67 in tumour sections from the groups of
animals under study (Pd>Spm, cisplatin or vehicle) are shown in Figure 4a. The Ki-67 index
of tumours was significantly decreased in animals treated with Pd.Spm when compared to
animals treated with the vehicle. Tumours from cisplatin-treated animals also showed a
significant decrease in Ki-67 relative to the vehicle-treated mice (Figure 34c). Analysis of
DNA damage showed a significant increase in TUNEL-positive cells in tumours obtained
from animals treated with Pd,Spm and cisplatin when compared to tumours from vehicle-

treated animals (Figure 34d).
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Figure 34. Representative photomicrographs of MDA-MB-231 breast cancer tumours.

(a) hematoxylin—eosin (H&E, black arrows show mitotic figures), Ki-67 nuclear staining and TUNEL
assay staining (white arrows show TUNEL positive cells). (b) Quantitative analysis of mitotic figures.
(c) Ki-67 proliferative index and (d) TUNEL-positive cells. (b-d) Data are shown as box plots with
medians analysed with Kruskal-Wallis test followed by Dunn’s multiple comparisons test. ** p <0.01,
*** 0 <0.001. Five random fields per tumour with at least 600 cells/field were analysed. Pd2Spm 5

mg/kg/day (n = 7), cisplatin 2 mg/kg/day (n = 7), vehicle (n = 5). (a) Scale bar = 100 pm.
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Overall, these results evidenced that Pd,Spm administration inhibited the growth of
MDA-MB-231 xenografts in vivo by reducing tumour cell proliferation and inducing DNA
damage and cell death. Our data also showed that 5-day treatment of tumour-bearing mice
with 5 mg/kg/day of Pd.Spm or 2 mg/kg/day of cisplatin results in comparable anticancer
effects when (i) tumour volume reduction, (ii) tumour proliferative activity decrease (Ki-67
and mitotic count) and (iii) tumour DNA damage increase are compared in Pd.Spm- versus
cisplatin-treated animals. This may be explained in part by the similarity in the
pharmacokinetics of Pd>Spm and cisplatin [212], as well as by the similarity in the amounts
of administered metals (1.91 mg/kg/day of Pd administered from 5 mg/kg/day of Pd>-Spm,
and 1.3 mg/kg/day of Pt administered from 2 mg/kg/day of cisplatin).

IV.6.3 Tolerability and Systemic Toxicity

IV.6.3.1Body Weight

As body weight can be considered a marker of general systemic toxicity, we
performed a daily monitoring of the mice’s weight in all groups. A five-day treatment
administration induced notable changes in mice’s body weight (Figure 35): during the initial
three days of the treatment, a body weight loss was observed in all study groups, and this
trend continued in cisplatin-treated animals also after the administration period. A
progressive recovery of the body weight was observed in all groups, and at the end of the
experiment, the body weight of all animals was higher compared to the starting value. The
cisplatin group demonstrated a slower body weight recovery compared to Pd.Spm- and
vehicle-treated groups. There was no significant difference in body weight between groups

at the end of the procedure.

In addition to body weight decrease, cisplatin-treated animals showed signs of
general toxicity, such as decreased movement/activity, transient dehydration and diarrhoea.
In turn, no such adverse effects were observed in animals treated with either Pd>Spm or

the vehicle.
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Figure 35. Impact of Pd2Spm, cisplatin or vehicle treatment on the body weight of MDA-MB-231
breast tumour-bearing mice.

Body weight changes of tumour-bearing mice treated intraperitoneally with either Pd2Spm (5
mg/kg/day), cisplatin (2 mg/kg/day) or vehicle (PBS + 0.5% DMSO) for 5 consecutive days. Data are
expressed as mean weight (g) £+ SEM. Two-way ANOVA followed by Tukey’s multiple comparisons

test was used to analyse weight change in groups over the time, *p < 0.05 cisplatin versus vehicle.

The treatment of animals with Pd,Spm, cisplatin or vehicle did not impact the relative
weight of the liver, heart, lungs, spleen or brain, with no significant differences being
detected among the studied groups (Table 17). On the other hand, the relative weight of
the kidneys in cisplatin-treated animals was lower compared to animals treated with the
vehicle or Pd,Spm. Histopathological evaluation showed a decreased perirenal adipose
tissue in cisplatin-treated compared to vehicle-treated animals, which may further support
a reduction in the relative weight of the kidneys in cisplatin-treated animal Figure 36. No
other histopathological changes were observed during histological analysis of the kidneys
(data not shown). Regarding the liver, histopathological analysis allowed us to conclude
that cisplatin-treated animals exhibited a swollen, pale and finely vacuolated cytoplasm due

to intracellular accumulation of glycogen Figure 36, as confirmed by periodic acid—Schiff
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(PAS). This glycogen accumulation was not observed in the livers of vehicle- and Pd,Spm-

treated animals.

Table 17. Relative organ weight after treatment with either Pd2Spm, cisplatin or vehicle.

Relative Organ Weight (%) 2

Organ Vehicle Cisplatin 2 mg/kg/day Pd,Spm 5 mg/kg/day
(n=5) (n=7) (n=7)
Liver 6.08 £ 0.55 6.50 £ 0.34 6.14 £ 0.29
Heart 0.53 £ 0.06 0.53 £ 0.06 0.53 £ 0.06
Lungs 0.73+0.11 0.77 £ 0.08 0.77 £ 0.08
Spleen 0.31+0.10 0.33+0.08 0.32+0.11
Brain 1.85+0.10 1.79+0.14 1.79+0.16
Kidneys 1.46 £ 0.05 1.29+0.10* 1.43+0.10

@ The relative organ weight (mean % + SEM) was calculated as organ weight (g)/body weight (g) x

100%. Data analysed with one-way ANOVA followed by Dunnett’s multiple comparisons t-test. * p <

0.05 cisplatin versus vehicle.
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Figure 36. Representative microphotographs of kidney and liver from animals treated with Pd2Spm,
cisplatin or vehicle, showing absence of perirenal adipose tissues (white arrows) in cisplatin-treated
animals.

Hepatocytes of cisplatin-treated animals showing marked cytoplasmic vacuolization and
hepatocellular glycogen deposits (black arrows). Scale bar (kidney) = 1000 um. Scale bar (liver) =
100 pm.

IV.6.3.2 Haematological and Biochemical Parameters

Haematological analysis of animals treated with Pd>Spm revealed no significant
deviations from the animals treated with the vehicle (Figure 37a). Cisplatin-treated animals,
in turn, showed a decrease in red blood cells (RBC), haemoglobin (Hb) and haematocrit
(Htc), accompanied by an increase in the mean corpuscular volume (MCV), as compared
to vehicle-treated animals. Plasma biochemical analysis (urea, creatinine, glucose, AST,
ALT, total proteins, triglycerides and total cholesterol) in Pd.Spm-treated animals did not
reveal changes relative to vehicle-treated animals (Figure 37b). For cisplatin treatment, a
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decrease in total proteins and an increase in triglycerides were observed as compared to

the vehicle-treated group.
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Figure 37. (a) Haematological and (b) biochemical analysis and of mice bearing MDA-MB-231 breast
cancer tumours xenografts treated with either Pd2Spm (5 mg/kg/day), cisplatin (2 mg/kg/day) or
vehicle (PBS + 0.5% DMSO).

Values are shown as individual values with medians, analysed with Kruskal-Wallis test followed by

Dunn’s multiple comparisons test. * p < 0.05, ** p < 0.01, ns = not significant. Pd2Spm (n = 7), cisplatin

(n=5),

vehicle (n = 5).

Pd>Spm administration did not

result

in significant

variations

regarding

haematological and biochemical parameters when compared to cisplatin-treated animals

that evidenced signs of macrocytic anaemia (decrease in red blood cells, haemoglobin and
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haematocrit together with an increase in mean corpuscular volume). The cisplatin-induced
changes in body weight, diarrhoea and haematotoxicity were previously described
[214,215] and are generally considered as surrogates for the drug’'s systemic toxicity.
Furthermore, these results support the reduced off-target effects and low toxicity elicited by
Pd.Spm treatment compared to cisplatin. Interestingly, besides a decrease in the total
serum proteins and an increase in serum triacylglycerides, no other parameters related to
renal or hepatic functions were altered in cisplatin-treated animals. In contrast, Pd.Spm

treatment did not trigger any of these changes.

IV.6.4 Final Remarks

This study constitutes the first proof-of-concept regarding the in vivo activity of
Pd>Spm as a potential candidate chemotherapeutic for TNBC treatment. The in vivo
administration of Pd>Spm in TNBC tumour-bearing mice resulted in tumour growth inhibition
to a similar extent to that in animals treated with cisplatin. Furthermore, the systemic toxicity
(haematotoxicity, weight loss, diarrhoea and biochemical alterations) observed in cisplatin-
treated animals was not verified in Pd.Spm-treated mice. Here we have provided
encouraging evidence of the selective activity of Pd.Spm towards TNBC with minimal
effects to non-cancerous breast cells, both in vitro and in vivo. Therefore, Pd,Spm may

become a promising potential Pd(Il) drug candidate for the treatment of TNBC.
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The development of new chemotherapeutic agents for the treatment of TNBC is
essential due to the limited effectivity and associated toxicity of current treatment options
involving Pt-based compounds. The use of Pd-based compounds has emerged as a
promising approach for the development of new treatments with improved properties

compared to Pt-based drugs.

The main objective of the present thesis was to evaluate TNBC therapeutic potential
of Pd,Spm and/or PdsSpd. compared to cisplatin in four main areas (i) selectivity and
anticancer potency (ii) ability to circumvent Pt resistance of TNBC cells, (iii) biodistribution

and pharmacokinetics and (iv) mechanism of action.

Both Pd,Spm and Pds;Spd. showed similar in vitro activity in TNBC cells sensitive and
resistant to Pt drugs. However, Pd,Spm has shown superior selectivity towards cancer cells
than PdsSp., thus Pd>Spm was a focus of further work. Low activity of Pd>Spm in non-
neoplastic MCF-12A cells suggested that this compound may present minimal off-target
toxicity responsible for adverse events and contrasted with indiscriminatory effects of
cisplatin that showed similar antiproliferative activity both in cancer and non-neoplastic
cells. A successful suppression of TNBC tumour growth in mice treated with Pd>.Spm
confirmed that this compound remains active in vivo and can yield comparable effects to
cisplatin. In addition to reduction in tumour volume, treatment with Pd,Spm also reduced
the number of mitoses in the tumour; decreased in the proliferative index measured with
immunohistochemical marker Ki67; and increased in TUNEL-positive cells (in the tumour),
which are indicative of increased DNA damage to similar extent than cisplatin. Additionally,
animals treated with Pd>Spm did not show signs of systemic toxicity observed in cisplatin-
treated animals (such as weight reduction if biochemical and haematological alterations that
were), therefore superior tolerability profile of Pd.Spm was also confirmed and corroborated
previous in vitro data (i.e. low activity towards non-neoplastic cells). Anticancer effects in
Pt-resistant MDA-MB-231/R cells have shown that Pd>Spm surpasses activity of cisplatin
and carboplatin in these cells and indicated that the mechanism of cross-resistance is not
shared for Pt- versus Pd-based drugs under the study. Altogether, Pd.Spm showed
promising in vitro and in vivo anticancer activity, selectivity, and ability to overcome Pt-

resistance.

To study pharmacokinetics and biodistribution of Pd>Spm, we have verified the need
for a validated and time-/cost-efficient method for Pd/Pt analysis in animal samples and
biofluids. Thus, we have first developed and validated a single ICP-MS method for Pd/Pt
analysis that allowed to process hundreds of multi-organ biologic samples simultaneously,

with low reagent and sample consumption.
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Pd>Spm showed superior pharmacokinetic properties compared to cisplatin, having
4.3-fold (p < 0.001) higher AUC and longer elimination half-life (35.5 h) of free (unbound)
Pd in serum ultrafiltrate suggestive of higher availability and persistence of free Pd,Spm
than cisplatin in blood circulation. This was explained by lower affinity of Pd.Spm to plasma
proteins than cisplatin, since 1 h post-administration, only ca. 50% of Pd.Spm was bound
to plasma proteins compared to ca. 90% protein-bound cisplatin at the same time. Cisplatin
forms irreversible bonds with plasma proteins, and only small fraction remains free to cross
cell membranes and exert pharmacological effects. As a majority of Pd.Spm is initially
present in the plasma as a free/unbound drug, this may allow time to reach its targets in the
tissues and exert pharmacological effects.

The highest accumulation of Pd in healthy mice was found in the kidney, followed by
the liver, lungs, heart, and brain, with the latter being the least exposed organ. This
biodistribution pattern in 5 major organs was also observed for cisplatin, however,
significantly lower exposures to Pd (from Pd.Spm) were detected in the liver, lungs, heart,
and brain compared to Pt (from cisplatin). In kidney, even though higher Pd than Pt
accumulation was found, our parallel work has shown that the metabolomic impact remains

low compared to cisplatin that induced more profound deviations [210,211].

In comparing the in vitro potency of Pd,Spm and cisplatin, the initial studies estimated
approximately 8-fold lower potency of Pd,Spm than cisplatin with antiproliferative activity in
low micromolar range (<10 uM). However, pharmacokinetics and biodistribution studies in
healthy mice have also shown lower relative accumulation of Pd.Spm compared to cisplatin.
Therefore, a 47% higher dose of Pd>Spm (than cisplatin was used for in vivo efficacy study
to avoid the necessity of more animals that would be needed for different concentration
levels. This dose correction (1.91 mg/kg/day of Pd administered from 5 mg/kg/day of
Pd.Spm, and 1.3 mg/kg/day of Pt administered from 2 mg/kg/day of cisplatin) effectively
compensated for the differences in drug potencies, and both Pd,Spm and cisplatin yielded
comparable anticancer effects in regard to tumour growth inhibition, DNA damage, and
decrease in mitotic figures and Ki-67 staining. These results also demonstrated that
differences in potencies observed in vitro are not direct surrogates for equally lower in vivo

activity.

Pd>Spm has shown ability to modulate angiogenesis and cell migration that are
significant contributors to TNBC pathogenesis, particularly regarding its metastatic potential
and aggressive biology. The development of agents able to suppress cancer cell
proliferation, migration and angiogenesis are highly desired. In this study, Pd>Spm: (i)
inhibited the migration of MDA-MB-231 cells; (ii) inhibited angiogenesis in CAM; and (iii)
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suppressed VEGF secretion by MDA-MB-231 cells with similar potency to cisplatin. These
results are in line with previous reports that revealed that cisplatin’s anti-migratory and
antiangiogenic effects, although the underlying mechanism(s) are still largely unknown
[216,217]. Regarding the effects of Pd(Il) compounds, there is limited information in the
literature describing their ability to suppress angiogenesis and cell migration. So far, studies
with the mononuclear Pd(ll) saccharinate complex of terpyridine [PdCl(terpy)](sac)-2H.O
have shown inhibition of the migration of endothelial cells (HUVEC) in the range of 12.5-50
MM and have also shown inhibition of angiogenesis in CAM assay at a concentration of 5
mg/mL [218]. In the current study, Pd>Spm significantly inhibited angiogenesis at an 8 uM
concentration (corresponding to 4.46 pg/mL of Pd>Spm), impacting both early and late steps
of angiogenesis and further supporting the previous reports [82]. Nevertheless, the
mechanism behind this activity is still unexplored and requires further study.

This study has also provided the first clues that Pd.Spm and cisplatin may not share
identical mechanism of action. First, in vitro drug uptake studies have shown higher
accumulation of cisplatin than Pd,Spm in TNBC cells when same concentration of drugs
were applied. This result was not unexpected, since Pd>.Spm has initially shown lower
potency than cisplatin in TNBC cells. However, non-neoplastic cells accumulated higher
amounts of Pd>Spm than TNBC cells, while cisplatin’s quantity in non-neoplastic cells was
close to the quantities observed in TNBC cells. These results contradict to general
expectations that higher drug accumulation translates directly into higher effects. While
cisplatin’s accumulation follows this theory both regarding to higher potency in TNBC
compared to Pd>Spm (more accumulated drug causing higher effects) as well as relatively
to the indiscriminatory cisplatin’s effects in non-neoplastic cells owing to similar quantities
being accumulated in both cell lines. These observations are also in line with obtained I1Cso
values since cisplatin has shown almost identical ICso values in TNBC and non-neoplastic
cells. On the other hand, higher accumulation of Pd.Spm was observed in non-neoplastic
cells compared to TNBC cells, and in theory this should indicate higher impact on these
cells. However, antiproliferative herein obtained show at least 11.64-fold lower sensitive of
non-neoplastic cells to Pd>Spm than TNBC cells. Thus, higher accumulation of Pd>Spm in
non-neoplastic cells seems not to impact proliferation of non-neoplastic cells and suggest
different intracellular processing of Pd>.Spm by non-neoplastic cells than cisplatin. Secondly,
putative involvement of polyamine pathway has been observed when exogenous addition
of putrescine decreased the effects of Pd.Spm in TNBC cells. Since these effects were not
observed for cisplatin, we theorize that different intracellular mechanisms are involved in
processing of Pd>Spm and cisplatin. Putative involvement of polyamine pathway in
mechanism of action of Pd-polyamine complexes was also probed by others but no definite

129



CHAPTER V - GENERAL DISCUSSION

conclusions were obtained so far [219]. Nevertheless, the results herein obtained
suggested different intracellular behaviour and that Pd.Spm may have a different spectrum
of targets compared to cisplatin, which may explain its superior selectivity and ability to
overcome Pt resistance. Since typical features of apoptosis and caspase-3 cleavage were
not detected in cells treated with Pd.Spm, further investigation has led to identification that
autophagic activation may be involved in the mechanism of cell death triggered by Pd>-Spm.
This finding contrasted with the effects elicited by cisplatin that triggered apoptosis and
induced lower activation of autophagy. Additionally, the differential activation of NF-kB and
ERK 1/2 pathways by Pd>Spm and cisplatin provided further clues on Pd.Spm’s targets and
indicated that these two metal-based compounds do not trigger the same transduction vias

and, most probably, do not share the same molecular targets. Indeed, in TNBC, contrasting
to cisplatin, Pd>-Spm does not seem to trigger NF-xB pathway but strongly interfere with

ERK pathway promoting ERK1/2 phosphorylation, a process that is even more accentuated

in Pt-resistant cells.

Given the limited information on in vivo effects of Pd-based compounds that is
currently available, this thesis provided the first proof-of-concept of Pd,Spm’s efficacy to
decrease tumour growth with minimal systemic toxicity. Overall, the study established
strong therapeutic potential of Pd,Spm as a novel chemotherapeutic for TNBC and laid
foundations for further investigation and development of Pd compounds with biogenic
polyamines for the treatment of TNBC and its Pt-resistant forms. The development of new
treatments for TNBC is crucial, and our findings may contribute to the development of new
therapies for the treatment of this aggressive form of breast cancer. Future studies may be
focused on a further increase in therapeutic outcomes using different treatment schedules

and/or higher Pd>Spm concentrations.
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The development of new effective cancer treatments with reduced toxicity and the ability
to overcome resistance is crucial for improving outcomes of TNBC patients and surpassing
the limitations of currently used Pt-based compounds. Under the scope of this thesis,
experimental work was conducted with in vitro, in ovo and in vivo models to evaluate the
therapeutic potential of two Pd-based compounds with polyamines Pd.Spm and Pds;Spdz

as promising drug candidates for TNBC.

A successful in-house development of TNBC cell line with Pt-resistance (resistant
to common Pt drugs such as cisplatin, carboplatin and oxaliplatin) allowed us to screen the
in vitro antiproliferative activity of new Pd compounds in a total of three cell lines (Pt-
sensitive TNBC, Pt-resistant TNBC, and non-neoplastic breast cells) and compare their
effects to cisplatin, a reference Pt-drug in the clinic. The in vitro screening studies
demonstrated that both Pd,Spm and PdsSpd. showed similar antiproliferative effects in
TNBC cells sensitive and resistant to Pt drugs in the low micromolar range. Cisplatin had
inferior activity in Pt-resistant cells, whereas Pd-based compounds evidenced the ability to
overcome resistance mechanisms that limit the effectiveness of Pt drugs in the clinics
(namely cisplatin and carboplatin). Moreover, the in vitro studies pointed to superior
selectivity of the dinuclear chelate Pd>Spm than the trinuclear chelate PdsSpd;, since
Pd.Spm presented lower toxicity to non-neoplastic breast cells than Pd;Spd,, which justifies
the further focus of this work on Pd>Spm.

To perform pharmacokinetic study of Pd.Spm and compare it with that of cisplatin,
an accurate, fast and cost-effective ICP-MS method was developed and validated. This
method overcame the absence of a validated micro-methodology that enables
simultaneous detection of Pd/Pt in high quantities of samples, which includes hundreds of
animal tissues and biofluids. The pharmacokinetics of Pd>Spm in mice was determined for
the first time and showed similar kinetic behaviour compared to cisplatin, indicating that
Pd>Spm could be administered using similar intravenous scheduling regimens as cisplatin.
Moreover, Pd>Spm was able to inhibit tumour growth in TNBC-bearing mice with similar
efficacy as cisplatin but without the general toxicity that was observed in mice treated with

cisplatin (i.e. weight loss and haematotoxicity).

Finally, even though Pd>Spm and cisplatin can produce similar reduction in cancer
invasiveness and in vivo tumour growth, the two compounds seem not share same
mechanism of action. Rather than apoptosis, Pd,Spm seems to involve autophagy with
ERK1/2 pathway activation in the mechanism of a cell death both in sensitive and resistant
TNBC cells.
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The findings obtained in this work are significant because they constitute the very
first evidence of in vivo anticancer activity of Pd,Spm. These results may constitute the
basis for further optimization of this compound to offer an effective and less toxic treatment
option for patients with TNBC, and may also provide foundation for further investigation of
Pd-based compounds with polyamines and development of new treatment options for

resistant TNBC forms.

Despite the promising results, there are some limitations and areas for future
research that should be considered. Firstly, more detailed studies focused on autophagic
cell death could provide further understanding of Pd.Spm in vivo and its impact on
overcoming the Pt-resistance in TNBC. Secondly, the mechanisms of resistance that
Pd>.Spm overcomes are not yet fully understood and further research will be needed to
identify potential biomarkers of treatment response using proteomics and metabolomics
studies. Moreover, current research has focused on preclinical studies and the validation of

anticancer effects of Pd-polyamine chelates in humans is currently unknown.

In conclusion, the Pd-based compound Pd,Spm has shown great promise in present
preclinical studies as an alternative to cisplatin for the treatment of TNBC. The drug has
demonstrated selectivity, efficacy, and reduced toxicity compared to cisplatin, and has the
potential to overcome resistance mechanisms that limit the effectiveness of cisplatin. The
results of this work provide evidence of therapeutic potential of Pd.Spm and highlight the

importance of continued efforts to develop novel metal-based compounds for TNBC.
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ANNEX - SUPPLEMENTARY MATERIAL






Appendix A

Table Al.Reagents.

ANNEX

Description

Supplier

1:1 mixture of Dulbecco’s Modified Eagle’s Medium
and Ham’s F12 cell growth medium (DMEM/F12
1:1)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

3-methyladenine

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Acetic acid glacial (99.7%)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

AlphaScreen SureFire pERK1/2 Kit

PerkinElmer, I.L.C., Lisboa,
Portugal

AlphaScreen SureFire pNF-kB Kit

PerkinElmer, I.L.C., Lisboa,
Portugal

Bovine insulin (10 mg/mL insulin in 25 mM HEPES,
pH 8.2)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Carboplatin (cis-Diammine(1,1-
cyclobutanedicarboxylato)platinum(ll), 299%)

Tocris — Biogen Cientifica,
Madrid, Spain

Cholera toxin from Vibrio cholerae

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Cisplatin (cis-dichlorodiammine platinum(ll),
99.9%)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Dimethyl-sulphoxide (DMSO)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Dulbecco’s Modi-fied Eagle’s Medium—high-
glucose cell growth medium (DMEM-HG)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Ethanol (99.8%)

Sigma-Aldrich S.A., Sintra,
Portugal

Ethylenediaminetetraacetic acid (EDTA) (= 98.5%)

Sigma-Aldrich S.A., Sintra,
Portugal

Euthasol® solution (400 mg/mL pentobarbital
sodium)

Le Vet, Oudewater, Netherlands

Fetal bovine serum (EU approved, South America)

Gibco, Thermo Fisher Scientific,
Inc., Waltham, MA, USA.

Hanks' Balanced solution 1X

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Horse serum (New Zealand)

Gibco, Thermo Fisher Scientific,
Inc., Waltham, MA, USA.

Human epidermal growth factor (hEGF,;
recombinant, expressed in E. coli)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Human VEGF Quantikine ELISA Kit

R&D Systems Inc., Minneapolis,
MN, USA

Hydrochloric acid (HCI, TraceSELECT™, = 30%)

Honeywell Fluka™, Dusseldorf,
Germany.

Hydrocortisone

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

In Situ Cell Death Detection Kit

Roche Diagnostics GmbH,
Mannheim, Germany

Internal standard solution ICP-MS-200.8-1S-1 (100
mg/L of Sc, Y, In, Th, Bi)

AccuStandard®, New Haven, CT,
USA
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ANNEX

Description

Supplier

IsoFlo®, 100% isoflurane

Abbott, Berkshire, UK

Monodansylcadaverine

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Multi-element standard solution TraceCERT® (100
mg/L), ICH Q3D oral, Standard 2 solution

Merck KGaA, Darmstadet,
Germany

Necrostatin-1

R&D Systems Inc., Minneapolis,
MN, USA

Nitric acid (HNO3, TraceSELECT™, =2 69.0%)

Honeywell Fluka™, Dusseldorf,
Germany.

Novex ECL Chemiluminescent kit

Invitrogen, Life Technologies,
Madrid, Spain

Novolink Polymer Detection Systems

Leica Biosystems Inc., Buffalo

Grove, IL, USA
Oxaliplatin ((Oxalato[(1R-trans)-1,2- Tocris — Biogen Cientifica,
cyclohexanediamine]platinum(ll), 299%) Madrid, Spain
Pd ICP-MS standard solution (palladium(ll) nitrate) | Merck KGaA, Darmstadt,
1000 mg/L Germany

Polarity-sensitive probe pSIVA-IANBD

Bio-Rad, Lisbon, Portugal

Potassium chloride

Sigma-Aldrich S.A., Sintra,
Portugal

Potassium tetrachloropalladate (II) (K2PdCl4, 98%)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Pt ICP-MS standard solution (hydrogen
hexachloroplatinate(1V)) 1000 mg/L

Merck KGaA, Darmstadt,
Germany

Rabbit anti-caspase-3, cleaved antibody

Abcam, London, UK

rabbit anti-LC3B antibody

Merck, Lisbon, Portugal

RIPA buffer supplemented with protease inhibitors
cocktail

Abcam, London, UK

SDS-PAGE using 12% TGX Stain-free gels

Bio-Rad, Lisbon, Portugal

Sodium bicarbonate (NaHCO3, 299.0%)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Sodium chloride (99.0%)

Sigma-Aldrich S.A., Sintra,
Portugal

Sodium hydroxide

Sigma-Aldrich S.A., Sintra,
Portugal

Sodium phosphate dibasic (= 99.0%)

Sigma-Aldrich S.A., Sintra,
Portugal

Spermidine (N1-(3-Aminopropyl)butane-1,4-
diamine, 99%)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Spermine (N,N’-bis(3-aminopropyl)-1,4-
diaminobutane, 99%)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Trypan blue (0.4% wi/v)

Sigma-Aldrich Chemical S.A.,
Sintra, Portugal

Trypsin-EDTA (1x)

Gibco-Life Technologies, Porto,
Portugal

Z-VAD-FMK

R&D Systems Inc., Minneapolis,
MN, USA
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Table A2. Materials

ANNEX

Description

Supplier

12-well cell culture plate

TPP Techno Plastic Products
AG, Trasadingen, Switzerland

23G needles

BD Falcon, Enzifarma, Portugal

5 mL syringes

BD Falcon, Enzifarma, Portugal

96-well cell culture plate

TPP Techno Plastic Products
AG, Trasadingen, Switzerland

Amicon Ultra-0.5mL Centrifugal Filters with 30K
NMWL

Merck KGaA, Darmstadt,
Germany

Cell culture flask, T-25

Sarstedt, Numbrecht, Germany

Cell culture flask, T-75

Sarstedt, NUmbrecht, Germany

Polypropylene 10 mL tubes with high-density
polyethylene screw caps (Ref# 62.9924.284)

Sarstedt, Numbrecht, Germany

Screw cap tube 15 mL

Sarstedt, Numbrecht, Germany

Screw cap tube 50 mL

Sarstedt, NUmbrecht, Germany

Table A3. Equipment and Software.

Description

Supplier

ABX Micros 60 automated analyser

ABX Horiba diagnostics,
Montpellier, France

Analytical balance (Toledo AB54)

Mettler, Rotoquimica, Portugal

Angiogenesis Analyser package

Paris, France

Arium® pro water purification system (ultrapure
water: 18.2 MQ.cm at 25 °C)

Sartorius, Goettingen, Germany

Automated analyser Pentra 400

ABX Horiba diagnostics,
Montpellier, France

ChemiDoc MP Imaging System

Bio-Rad, Lisbon, Portugal

ChemiDoc™ Imaging Systems with Image Lab™
Software Instrument

Bio-Rad, Lisbon, Portugal

Contrast-phase microscope

Motic® AE200 inverted
microscope, Spectra Services,
VWR International

Design Expert Trial Version 10 software

Stat-Ease, Inc., MN, USA

Eppendorf, Centrifuge 5810 R

Eppendorf, Madrid, Spain

Gen 5 Image Analysis software

BioTek, Winooski, VT, USA

GraphPad Prism 7 Software

San Diego, CA, USA

Heracell 150 CO2 Incubator

Thermo Fisher Scientific,
Bremen, Germany

iCAPTM Q ICP-MS

Thermo Fisher Scientific,
Bremen, Germany

Laboratory Freeze Dryer CRYODOS

Telstar®, Barcelona, Spain

LionheartFX automated microscope

BioTek, Winooski, VT, USA
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Description

Supplier

MLS 1200 Mega high-performance microwave
digestion unit equiped with HPR-1000/10 S rotor

Milestone, Sorisole, Italy

MSC-Advantage Class Il Biological Safety Cabinet

Thermo Fisher Scientific,
Bremen, Germany

Multipette E3

Eppendorf, Madrid, Spain

pH-meter (Basic 20 +)

Crison, Rotoquimica, Portugal

Phoenix WinNonlin v8.3.1.5014 (free student
license)

Certara USA Inc., Princeton, NJ,
USA

Precellys® Evolution tissue homogenizer

Bertin-Instruments, Montigny-le-
Bretonneux, France

Synergy HT Microplate reader

BioTek, Winooski, VT, USA

Vortex Mixer ZX3

Velp Scientifica, Italy
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