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Abstract

15-25 % of breast cancer (BC) patients develop brain metastases (BM), a poor prognosis condition due
to the restricted blood-brain barrier (BBB) permeability. Platelet-derived growth factor subunit B
(PDGF-B) was associated with BC cells (BCCs) proliferation. Furthermore, salinomycin (SAL) was
effective in the eradication of BCCs. Nanoformulations coupled to chlorotoxin (CTX), appear as a
strategy to overcome the BBB and achieve target-specific delivery. This prompted us to develop a new
nanomedicines platform decorated with CTX for combined drug (SAL) and genetic (sSiRNA) therapeutic
approach to abrogate BC brain metastases (BCBM).

Liposomes with siPDGF-B were developed and their biological activity towards triple negative BCCs
(4T1 cells) was determined based on cell viability and PDGF-B silencing. SAL incorporation was
optimized, and characterized, and SAL encapsulated median lethal dose (LD50) was determined. The
efficiency of co-administration was studied based on cell viability, PDGF-B silencing, and proliferation.
The safety of both formulations for brain microvascular endothelial cells (b.End5 cells) was studied.
BBB transposition efficiency, and efficacy to abrogate BCCs were evaluated in a co-culture model.
Finally, the BBB integrity was ensured by transendothelial electrical resistance (TEER) and the f-
catenin labeling.

siPDGF-B presented no effect on 4T1 cells’ viability, while PDGF-B silencing efficacy achieved 31%.
SAL showed around 33% SAL incorporation efficiency, achieving a LD50 of 24.76 uM. Moreover, co-
administration treatment modulated 4T1 cells’ proliferation. Importantly, both formulations showed no
effect on b.End5 cells’ viability. Using the co-culture model, liposomes’ ability to act on BCCs,
decreasing PDGF-B expression was demonstrated. Additionally, liposomes individually lead to cell
senescence. Lastly, TEER and B-catenin labeling revealed b.End5 monolayer disruption by SAL.
Overall, the delivery of SAL appears to impair the endothelium, while siPDGF-B delivery in a targeted
and BBB-permeant platform emerges as a new approach for BCBM treatment.

Keywords: breast cancer brain metastases, blood-brain barrier, liposome, platelet-derived growth factor
B, salinomycin



Resumo

O cancro da mama afeta mais de 2 milhdes de mulheres todos os anos e causa mais de 600 000 mortes.
Dentro dos diferentes tipos de cancro da mama, o triplo negativo € o mais agressivo e um dos que
apresenta uma maior taxa de formacdo de metastases encefalicas. Aliado a este fato, é também o que
tem menos opcOes terapéuticas, devido a falta de recetores especificos, o que impossibilita uma terapia
direcionada levando assim a uma diminuicdo na qualidade de vida e na sobrevida destes doentes.
Quando diagnosticadas as metéstases encefalicas, os pacientes ttm em média menos de 1 ano de vida,
sendo que apenas 20% sobrevivem até 1 ano. Além disso, a permeabilidade restrita da barreira
hematoencefalica torna o tratamento atual de pacientes com metastases encefalicas ineficaz. Portanto, o
desenvolvimento de novas abordagens terapéuticas e/ou genéticas para o tratamento de metastases
encefalicas associadas ao cancro da mama triplo negativo € uma necessidade nao atendida e que carece
de maiores esforcos de investigagdo. A subunidade B do fator de crescimento derivado de plaguetas
(PDGF-B) demonstrou estar envolvida na proliferacdo precoce e sustentada de células de cancro da
mama, o0 que indica que o silenciamento da sua expressdo pode ser Util para a reducdo de metastases
encefalicas. Além do mais, a salinomicina (SAL) tem-se mostrado um farmaco eficaz na erradicacédo de
células tumorais, 0 que sugere que possa ser benéfica no tratamento de metéstases encefalicas de cancro
da mama. No entanto, devido a diminuta permeabilidade da barreira hematoencefalica, sistemas de
transporte capazes de transpd-la, assim como nanoformulac@es, aparentam ser relevantes para veicular
farmacos e acidos nucleicos ao encéfalo. O acoplamento dessas particulas a peptideos, como a
clorotoxina (CTX), permite o seu direcionamento para as células de interesse e reduz a sua toxicidade
colateral. A fim de desenvolver e estudar a eficiéncia de um novo tratamento, tivemos como objetivo
desenvolver uma nova plataforma de nanomedicamentos decorada com CTX para uma abordagem
terapéutica que combina um farmaco (SAL) e genética (sSiRNA) com o propdsito de diminuir ou eliminar
as metastases encefalicas. Para chegar ao objetivo vérias tarefas foram definidas: 1) avaliar o efeito do
silenciamento de PDGF-B na viabilidade celular, bem como a sua expressao; 2) estudar a eficiente
encapsulacdo de SAL num lipossoma; 3) avaliar a capacidade de SAL incorporada em afetar a
viabilidade celular, bem como determinar a dose letal média (DL50) da SAL livre e incorporada; 4)
avaliar o efeito da terapia combinada na viabilidade celular, expressdo de PDGF-B e proliferacdo
celular: 5) garantir a seguranca de cada uma das formulagdes no que diz respeito a viabilidade das células
endoteliais; 6) e por Gltimo, avaliar a eficacia dos lipossomas para transpor a barreira hematoencefalica
e atuar sobre as células tumorais, monitorizando a integridade da barreira hematoencefalica pela
medicdo da resisténcia elétrica transendotelial (TEER) e pela analise da expresséo da proteina de adesao
B-catenina.

Anteriormente no Laboratério Neurovascular, foram desenvolvidas particulas lipidicas de é&cido
nucleico estaveis (SNALPs) acopladas a CTX que encapsulavam siPDGF-B (CTX-siPDGF-B-
SNALPs) pelo método de injecdo de etanol. Neste trabalho a sua atividade biologica em células de
cancro da mama triplo negativo (linha celular 4T1) foi determinada com base na anélise da viabilidade
celular (teste de Resazurina) e silenciamento de PDGF-B (PCR quantitativo de transcriptase reversa,
RT-gPCR). Em seguida, foram desenvolvidos lipossomas acoplados a CTX que incorporavam SAL
(CTX-SAL-Lip), e foram caracterizadas as suas propriedades fisico-quimicas. Foi determinada a DL50
da SAL pelo ensaio de viabilidade celular (teste da Resazurina). Foi estudada a eficiéncia da
coadministracdo de siPDGF-B e SAL incorporada com base na anélise na viabilidade celular e expressao
de PDGF-B (RT-gPCR). Foi também estudado o efeito de CTX-siPDGF-B-SNALPs e CTX-SAL-Lip
na proliferacdo celular através da expressdo do marcador de proliferagdo Ki-67. A seguranca para células
endoteliais microvasculares do cérebro (linha celular b.End5) foi estudada ap6s o tratamento com CTX-
SIPDGF-B-SNALPs e CTX-SAL-Lip. Foram ainda avaliadas a integridade da barreira
hematoencefalica, a eficiéncia de transposicéo e a eficacia para diminuir células de cancro da mama
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num modelo de co-cultura de células 4T1 e b.End5 que mimetizam metéastases encefélicas do cancro da
mama. A eficacia na transposicao da barreira hematoencefalica e efeito nas células malignas foi avaliada
pela expressdo de PDGF-B nas células 4T1. Foi ainda estudada a senescéncia celular com base na analise
da expressdo de pl6 (RT-gPCR). Finalmente, a integridade da barreira hematoencefélica foi
monitorizada pela medicdo da TEER e pela analise da marcagdo da B-catenina (imunofluorescéncia).
Nas concentracdes de siRNA estudadas, 0s CTX-siPDGF-B-SNALPs ndo comprometeram a viabilidade
das células 4T1, tendo a eficécia de silenciamento de PDGF-B atingido 27% com 10 nM e 31% com 50
nM de siPDGF-B. Sendo assim, a concentracdo de 50 nM foi escolhida para prosseguir com os estudos.
De seguida a eficiéncia de incorporacdo de SAL num lipossoma com siRNA foi estudada, demonstrando
que a co-encapsulacdo nao era possivel. Varias tentativas de desenvolver um lipossoma que incorporava
apenas SAL foram estudadas, chegando a formulacéo final com um tamanho médio de 163 nm, carga
neutra, e cerca de 33% de eficiéncia de incorporagdo da SAL. A DL50 da SAL incorporada atingiu o
valor de 24,76 uM, 5x superior a SAL livre. A coadministracdo de CTX-siPDGF-B e CTX-SAL-Lip
ndo demonstrou diminuir a expressdo de PDGF-B em comparacdo com o0s lipossomas apenas com
siPDGF-B ou SAL. No estudo da proliferacdo celular, foi possivel determinar que o lipossoma com
SAL provoca um efeito superior ao lipossoma com siPDGF-B na diminuicado de células Ki-67 positivas.
Demonstramos ainda que a coadministracdo de CTX-siPDGF-B-SNALPs e CTX-SAL-Lip leva a um
aumento de efeito na diminuicdo da proliferacdo de células 4T1 quando comparado com lipossomas
apenas com siPDGF-B e SAL. De forma a perceber o impacto dos tratamentos e garantir a seguranga
para as celulas endoteliais, tanto CTX-siPDGF-B-SNALPs como CTX-SAL-Lip foram testados nas
b.End5 ndo demonstrando qualquer efeito na sua viabilidade. Com o modelo de co-cultura,
demonstrdmos a capacidade de CTX-siPDGF-B-SNALPs e CTX-SAL-Lip em transpor a barreira
hematoencefalica e atuar nas células de cancro da mama, diminuindo a expressao de PDGF-B. Mais
ainda, pelo aumento de pl6, demonstramos que lipossomas com siPDGF-B ou SAL promovem a
senescéncia das células malignas, mas que a coadministracdo ndo leva ao aumento de pl6 em
comparacao com os lipossomas individuais. Por Gltimo, pela avaliacdo da TEER foi possivel inferir que
0s CTX-siPDGF-B-SNALPs ndo afetavam a integridade da barreira hematoencefalica, enquanto os
CTX-SAL-Lip provocavam uma diminuicdo em cerca de 20% na TEER, que néo atingiu a significancia
estatistica. Estes resultados levaram a andlise da expressdo da B-catenina por imunocitoquimica. Esta
analise revelou que o tratamento com CTX-siPDGF-B-SNALPs ndo induziu alteracBes, mas que a
exposicdo a lipossomas com SAL levou a uma deslocalizacdo da proteina com acumulacdo na regido
perinuclear e a criacdo de “buracos” na membrana, definidos pela auséncia de marcagao e/ou expressao
da proteina.

Coletivamente, este trabalho demonstra que a veiculacdo de PDGF-B ou de SAL em plataformas
direcionadas para as células malignas e com capacidade de atravessar a barreira hematoencefalica é
eficaz na modulagao de propriedades tumorais. Revelou também que a veiculagdo de SAL aparenta ser
prejudicial para as células endoteliais, enquanto a de siPDGF-B surge como uma abordagem nova e
segura para 0 combate as metastases encefalicas de cancro da mama. Esta terapia, uma vez confirmada
in vivo, pode levar a um avancgo extraordinario na area da neuro-oncologia, aumentar a esperanca média
de vida e ainda criar uma esperanca na qualidade de vida dos pacientes com metastases encefalicas do
cancro da mama.

Palavras-chave: metastases encefalicas do cancro da mama, barreira hematoencefélica, lipossoma,
fator de crescimento derivado de plaquetas, salinomicina
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I. Introduction

The introduction of this dissertation is divided into 4 parts. The first part is entitled "Breast cancer brain
metastases", which provides an overview of breast cancer, as well as the formation of brain metastases.
The second part describes the influence of a growth factor on the tumor microenvironment entitled
"Platelet-derived growth factor subunit B as an influencer on cancer cell tumorigenesis”. The third part
called "Central nervous system: a big challenge for small interfering RNA delivery" addresses the
characteristics of liposomes as delivery systems. Finally, the section "Salinomycin as a potential new
drug for brain metastasis treatment” details the characteristics of a cytotoxic drug and the benefits of its
incorporation in liposomes.

1.1 Breast cancer brain metastases

Breast cancer (BC) is one of the main neoplastic diseases in woman with an incidence of more than
2 million new cases and more than 680 000 deaths estimated in 2020 [1]. This type of cancer is derived
from the epithelial cells in the mammary ducts and can divide into invasive and non-invasive BC. In
invasive BC, cancer cells spread outside the basement membrane of ducts affecting the surrounding
normal tissue and forming metastases [2].

Regardless of whether it is invasive or non-invasive, BC is a heterogeneous disease that presents
different histological and biological characteristics, clinical presentations, behaviors, and responses to
therapy [3]. This heterogeneity among BC patients is what allows for the classification into different
subtypes. The most used classification to distinguish the different types of BC is based on the expression
of surface receptors: the estrogen receptor (ER), the progesterone receptor (PR), and the human
epidermal growth factor receptor (HER) 2 [4] and is divided into 3 subtypes [3, 5, 6]. The first subtype
is the hormone receptor-positive, which is characterized by the positive expression of ER and/or PR.
The second is HER2-positive BC, as the name implies, the HERZ2 is overexpressed. The last one is triple
negative BC (TNBC), which is characterized by the absence of ER, PR, and HER2 expression [5, 6] and
by the increased development of metastases [7]. This type constitutes 12—-24% of BCs and is the most
aggressive cancer among the different types [8]. Normally, TNBC is more frequent in individuals with
mutated breast cancer gene 1 (BRCAL) and tumor protein 53 gene and have a worse prognosis, high
grade, and do not respond to hormone therapy compared to hormone receptors positive tumors [4, 6].
Although the application of the recognized therapeutic options such as surgery, radiotherapy,
chemotherapy, immunotherapy, and targeted therapies have increased the survival of patients with BC
in early stages by 30%, some tumor cells manage to escape and lead to the formation of metastases in
different and distant organs [2, 9]. About 15-25% of BC patients form brain metastases (BM) [10],
accounting to a poor prognosis and decreased quality of life [11, 12]. On average, more than 70% of
women with TNBC metastases have an average life expectancy of fewer than 5 years after diagnosis,
with almost all of them dying from the disease even with the application of the traditional treatments
[13]. Underlying heterogeneity between and within BM, clonally selected molecular differences
concerning primary tumor site, as well as the lack of specific receptors that preclude a targeted therapy,
are likely contributing factors underlying the ineffectiveness of applied therapies, and the low survival
rate [6, 14-16]. In addition to that, factors such as the reduced permeability of the blood-brain barrier
(BBB), prevents the passage of most chemotherapeutic agents, which, contribute to the poor prognosis
of TNBC metastasis in the central nervous system (CNS) [5, 17].



1.1.1From primary tumor to brain metastases

In this line, studies have shown that the HER2 and TNBC subtypes have a higher incidence of BM [10].
Metastases are formed through a complex process called metastatic cascade that involves various steps,
namely (1) invasion; (2) intravasation; (3) survival; (4) extravasation; and (5) organ colonization [5,
15], as represented in the Figure 1.1. The first step is the invasion that comprises the exit of BC cells
(BCCs) from the breast ducts to invade the surrounding tissue. This step is dependent on the epithelial-
mesenchymal transition (EMT), which consists of the acquisition of mesenchymal characteristics, such
as loss of cell-cell interaction and absence of apical-basal polarity, allowing mesenchymal cells to have
greater invasiveness than epithelial cells; followed by intravasation, which consists of the entry of BCCs
into the bloodstream after separation from the primary tumor [5, 15]. After entering the bloodstream,
cancer cells must go through a crucial step which is to survive inside the vessels to the challenges such
as shear stress and the attack of immune system cells. BCCs with high brain metastatic potential survive
and are directed to the brain, a process also called as homing [5, 15]. The next step is the extravasation
into the brain through the BBB, which involves rolling (transient interaction with the microvascular
endothelial cells of the brain), firm adhesion, and transendothelial migration (via paracellular and/or
transcellular pathways). After entering the brain, cancer cells undergo a mesenchymal-epithelial tran-
sition (MET) and regain their epithelial phenotype, contributing to colonization and metastasis devel-
opment [5, 15].
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Figure 1.1. Schematic representation of the metastatic process leading to the formation of brain metastases. After the
formation of the primary tumor, due to excess proliferation of breast cancer cells (BCCs), these cells have the ability to change
their phenotype from epithelial to mesenchymal, a process known as epithelial-mesenchymal transition (EMT), through which
they become invasive and migratory, managing to escape from the ducts into the surrounding tissue (1). The next step involves
the entry of BCCs into the bloodstream (2), through which they can be transported throughout the body and need to survive
inside the blood vessels (3). The most resistant cells move on to the next step, which consists of extravasation to the brain (4).
Upon entry, cells can have 3 fates: death, dormancy, and proliferation. Those with greater proliferative capacity form mi-
crometastases, in which the cells undergo mesenchymal-epithelial transition (MET) and lead to the formation of macrometas-
tases, thus completing the last stage of the metastatic cascade, which consists of brain colonization (5).

Studies have shown that the interaction between tumor cells with the brain microenvironment is essential
for tumor cell growth and metastasis formation, where BCCs that metastasize to the brain acquire brain



cell properties as a malignant adaptation to promote their survival, proliferation and successful brain
parenchyma colonization [15]. In the brain, BCCs can have 3 fates: cell death through apoptosis;
dormancy, where they can remain inactive for years or can remain in a proliferative state leading to the
formation of BM [5]. Malignant cells that acquire the dormant state present a perivascular location,
solitary, or organized into tiny clusters, by establishing a persistent association with the vasculature.
Since its strategic location on the abluminal side of the capillaries allows an ideal supply of oxygen and
access to nutrients, this connection with brain microvascular endothelial cells (BMECs), allows the
BCCs’ survival, as well as their successful proliferation and metastases development [5]. The transition
to a proliferative state is influenced by the interactions between the tumor cells and the extracellular
matrix (ECM), as well as by the drastic reorganization of the cytoskeleton with the activation of the
myosin light chain kinase [5, 15, 18]. On the other hand, cells that acquire a proliferative state remain
in contact with BMECs and undergo a process named as vascular cooption. Vascular cooption is the
mechanism by which the tumor mass acquires oxygen and nutrients, essential for its growth and
dissemination in the brain, through pre-existing vessels, independently of angiogenesis occurrence.
Even in a micrometastatic state (small cluster of BCCs), malignant cells also establish interactions with
brain cells like astrocytes that protect them from chemotherapeutic drug-induced apoptosis, and produce
matrix metalloproteinases (MMPs), growth factors and chemokines. Other brain cells such as pericytes,
regulate the development, stabilization, and remodeling of preexisting vessels. Besides these
interactions, malignant cells also acquire the ability to exploit endogenous brain substrates secreted by
neighboring parenchymal cells, allowing them to grow in the brain [5, 15, 18]. The transition from
micrometastasis to macrometastasis is characterized by the reacquisition of the epithelial phenotype by
the BCCs. These changes in protein expression promote the adaptation, integration, and survival of
metastatic cells in the brain. When the tumor mass reaches macroscopic size, angiogenesis is stimulated.
[5, 15, 18]. Thus, the most metastatic cells that form robust macrometastases are able to terminate the
metastatic process [5].

Combining the high incidence of BM with the low efficacy of therapies applied in BM eradication, the
development of new therapeutic strategies is essential and urgent to reduce mortality and increase the
quality of life associated with TNBC metastases.

1.2 Platelet-derived growth factor subunit B as an influencer on cancer cell tumor-
igenesis

The platelet-derived growth factor B subunit (PDGF-B) is a growth factor that is part of the PDGF
family and is known for its crucial role in embryological development. PDGF-B dimerizes the cell
surface receptors a and B (PDGFRa and PDGFRS, respectively), originating the phosphorylation of
downstream targets by the intracellular receptor kinase domain. These molecular events activate a
signaling cascade that promotes the expression of growth factors and their receptors, which is essential
for embryonic proliferation and formation of a healthy organism [19-21]. PDGF-B also promotes
cytoskeleton remodeling and cell motility [19]. However, recent studies have shown that PDGF-B can
act as an oncogene when it is expressed at high levels, which can lead to a variety of neoplasms, in
particular brain tumors [19, 22]. Studies developed by our group showed that BM associated with TNBC
are associated with an increase of PDGF-B expression [23].

Some studies have demonstrated increased PDGF-B expression in highly invasive glioma cells [24] and
human breast carcinoma cells with invasive phenotype [25]. It was also demonstrated that the autocrine
PDGEF-B signaling contributes to the maintenance of EMT and metastases formation, playing a crucial
role during tumor progression [25]. Importantly, PDGF-B has also been identified as an exclusive



prognostic marker for BM in BC patients [26]. Moreover, it was observed that the overexpression of
PDGF-B induces DNA damage response, genomic instability, ploidy in glial cells, and hyperplastic
lesions of the brain, subsequently leading to replicative stress and ultimately resulting in tumorigenesis
[27]. The same study also demonstrated that the use of a PDGF-B inhibitor induces a decrease in the
incidence of oncogene-induced glioma, which prolongs survival of this patients, and reduces genomic
instability in tumors [27].

PDGF-B is a growth factor also studied for its critical role in vascular remodulation, being described to
support the maturity and functionality of blood vessels, which leads to increased angiogenesis [23, 28].
It has been demonstrated that PDGF-B has a dominant expression near to blood vessels, responsible for
ensuring an adequate supply of oxygen and nutrients for the proliferation of metastatic cells [23]. All of
this leads to tumor aggressiveness, due to increased angiogenesis, tumor invasion, and a higher rate of
metastasis formation. In line with this, PDGF-B knockdown was demonstrated to induce vessel
normalization, improving its functionality and maturation to suppress angiogenesis, thus, indicating that
downregulation of PDGF-B limits the formation of metastases and improves chemosensitization [28].
In line with the studies mentioned above and the fact that PDGF-B appears to be involved in the early
and sustained proliferation of BCCs the use of nucleic acid-based strategies that interfere with the
expression of the gene encoding this growth factor could be an excellent strategy to combat BCBM.

1.2.1Nucleic acid-based strategies for brain metastases: Potential and obstacles

The use of nucleic acid-based strategies has been shown to have great potential to generate highly
specific and biocompatible drugs [29, 30]. Typically, these strategies are based on gene silencing. Gene
silencing usually consists of an epigenetic modification causing the inactivation of the target genes. It
can occur at the post-transcriptional level, where there is messenger RNA (mMRNA) degradation or
translation repression. These effects are usually regulated by small RNAs, such as interfering RNAs
(IRNASs) [31]. Small interfering RNA (siRNA) is a class of hon-coding double-stranded RNA molecules
that act as iRNA [32], which have the ability to bind to a mRNA of a specific gene, such as the gene
that encodes PDGF-B, through the complementarity between nucleotides and cause its degradation or
block the mRNA so that translation does not occur [33]. Since there is no growth factor synthesis, all
functions performed by PDGF-B are compromised. However, the use of these molecules has intrinsic
limitations that restrict their in vivo administration, such as poor pharmacokinetics, easy degradation by
nucleases, rapid blood clearance, low biological stability, and inability to target specific tissues or cells.
Even when they are able to reach target cells, their negative charge and hydrophilic nature impair cell
internalization [29, 30].

In addition to all the limitations mentioned above, there is still a major obstacle in the application of
gene therapies for BM treatment: the existence of the BBB which is a dynamic and complex interface
between the blood and the CNS that strictly controls exchanges between the blood and brain
compartments [34]. The anatomical basis of BBB is formed by BMECs characterized by the presence
of elaborate junctional complexes, such as tight and adherens junctions that act to restrict permeability
through the endothelium, as well as gap junctions that mediate intercellular communication [35]. Given
these characteristics, the BBB prevents 98% of drugs from passing through and reaching the brain [34].
Considering the potential of using nucleic acid-based strategies, as well as all their limitations, the
development of new transport vehicles that are efficient in the delivery of siRNA and that can cross the
BBB is essential and urgent for the treatment of TNBC metastases.

1.3 Central nervous system: a big challenge for small interfering RNA delivery

Over the past 30 years, the use of liposomes as convenient delivery vehicles for biologically active
compounds has grown, mainly in the field of oncology due to their high biocompatibility, favorable



pharmacokinetic profile and easy surface tailoring [36]. These spherical lipid bilayers can have a wide
range of sizes (50-1000 nm), phospholipid composition, and surface characteristics that suit their
different applications [37]. Liposomes as nanocarriers have been explored in the health field, from drug
delivery to tumor imaging [38]. Nanocarriers have also been widely used in vaccine development, as is
the case with vaccines against covid-19 [39]. Due to its high efficiency in drug delivery, its usage in the
treatment of cancers for the delivery of chemotherapeutic drugs is a state-of-the-art technology [40].

In order to overcome the disadvantages in the application of siRNA technology for the treatment of
cancers, a new class of lipid-based nanosystems has been developed and shown to be very efficient in
delivering siRNAs, both in vitro and in vivo [30]. These particles are called stable nucleic acid lipid
particles (SNALPs). SNALPs were first developed in 2001, by Semple and colleagues, and are
considered an evolution of cationic liposomes for nucleic acid delivery [41]. Typically, SNALPs have
an average size of 100 nm and are composed of an ionizable cationic lipid, a polyethylene glycol (PEG-
lipid), and helper lipids. 1,2-Dioleoyl-3-dimethylammonium propane (DODAP) is an ionizable cationic
lipid that promotes high siRNA encapsulation [30, 41]. The PEG-derivatized lipid in the liposomal
formulation allows for a longer circulation time in the blood, since this type of nanocarriers are not
recognized by the reticuloendothelial system [30, 41, 42]. The SNALP formulation fulfills most/all of
the requirements for the intravenous administration of siRNA, such as high encapsulation efficiency,
small size, electrical neutrality, and high protection against enzymatic degradation [29, 30].

In the last 15 years, the application of these lipid particles has been shown to be effective in the delivery
of siRNAs for the treatment of several pathologies [43-47] . Morrissey and colleagues demonstrated the
specific silencing effect of sSiIRNAs formulated with SNALPs targeting the hepatitis B virus in an in vivo
mouse model [46]. Shortly after, Zimmermann and colleagues demonstrated the efficacy of siRNA
encapsulation against apolipoprotein B in non-rodent species (cynomolgus monkeys) [47]. The
effectiveness of SNALPs against Ebola virus has also been studied by Geisbert's team, who have shown
that iRNA-based therapy can hold promise for treating people infected not only with the Ebola virus,
but also with other viral infections [45]. Currently, the only commercially available drug based on
SNALP technology is patisiran (ONPATTRO™) [ as review in [44]]. This drug is a therapeutic agent
based on iRNA technology that specifically inhibits hepatic transthyretin synthesis and is used in
patients with Transthyretin Amyloidosis. The use of this drug reduces the amount of transthyretin, which
leads to a reduction in pathological manifestations of the disease, as well as an improvement in the
quality of life of patients [43].

Particularly in oncology, the use of SNALPs was demonstrated by Judge and colleagues, which devel-
oped a siRNA delivery system targeting essential cell cycle proteins: polo-like kinase 1 and spindle
protein kinesin, and found a potent antitumor effect in liver and subcutaneous tumor models, as well as
a minimization of non-specific effects [48]. Furthermore, the effectiveness of siRNA directed to a mi-
croRNA for the treatment of multiple myeloma was also studied and demonstrated that the use of
SNALPs was highly efficient in inhibiting the growth of tumor cells, translating into an increase in the
survival of the studied mice [49]. Several studies were also carried out to study the relevance of SNALPs
in the treatment of neurological pathologies, Pedroso de Lima and colleagues have demonstrated the
efficacy of using lipid particles to target mutant ataxin-3 gene for the treatment of patients with Ma-
chado-Joseph disease [50]. Another group of scientists has demonstrated the effectiveness of siRNA
encapsulation in SNALPs against glioma cells [29]. These last two examples are only possible, since
SNALPs have the ability to cross the BBB and it is important to highlight that SNALPs can be designed
to allow either (1) receptor-mediated or (2) absorption-mediated transcytosis [51], as depicted in Figure
1.2. Transcytosis is a type of transcellular transport of molecules through vesicles, in which the macro-
molecules are endocytosed or internalized in vesicles on one side of the cell and transported to the other
side where they are released or exocytosed [52]. Absorption-mediated transcytosis is characterized by
interactions between molecules and the cell membrane that facilitates the transport across the barrier



[52]. In the case of SNALPs, size and surface charge are essential features for lipid particles to cross
BBB [51]. On the other hand, receptor-mediated transcytosis occurs due to the use of ligands that bind
to receptors expressed on the BBB endothelium surface [51, 52]. Many ligands have already been shown
to be effective and safe in overcoming the BBB, such as chlorotoxin (CTX) [51].
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Figure 1.2. Schematic representation of a proposed mechanism of the passage of SNALPs through blood-brain barrier.
Lipid particles that carry siRNA are injected intravenously and transported by the blood. Upon reaching the BBB, which is
formed by a monolayer of endothelial cells, liposomes need to process characteristic to effectively enter in the brain. SNALPs
have two different mechanisms to cross the BBB: (1) receptor-mediated transcytosis, where the nanocarrier ligand binds to the
receptor present in the plasma membrane allowing the formation of a vesicle around the complex that facilitates its endocytosis
into the brain; or (2) absorption-mediated transcytosis, which consists in the formation of endocytosis vesicles through the
interaction between the membrane and the lipid particle without the involvement of receptors. In this last mechanism the charge
and size of SNALPs are essential for passage through the BBB.

1.3.1Chlorotoxin as a target ligand

As mentioned above, one of the main problems in the application of therapies is passing through the
BBB, thus some studies have shown that CTX is able to cross the BBB without causing its damage [53,
54] and can act as a targeting ligand. CTX is a peptide with 36 amino acids and 4 disulfide bonds,
originally isolated from the venom of the Leiurus quinquestriatus scorpion. Although the specific
receptors to which CTX binds to successfully bypass the BBB remains unclear [51], the use of CTX on
the surface of nanocarriers revealed an accumulation of nanocarriers in the brain tumor, as in
glioblastoma, and also allowed the delivery of siRNA to the brain after systemic injection [55]. These
indicate that CTX can facilitate the crossover of liposomes through the BBB.

The peptide CTX was shown to have a high affinity for cancer cells, selectively binding to glioma cells
and other tumors of neuroectodermal origin, without binding to resident brain cells. In this way, it can
act as a marker of brain tumors, due to its selective binding properties [53, 56-58]. Early studies have
shown that CTX blocks chloride-channels in glioma cells, which inhibits tumor cell migration [59]. It
has also been demonstrated that CTX has the property of binding to MMP-2, which is an up-regulated
receptor in tumor cells from gliomas and related cancers, although it is poorly expressed in the brain
and normal tissues [56, 60]. Moreover, other studies demonstrated that direct binding of CTX to MMP-



2 decreases gelatinase activity, reducing the cell invasion ability. This interaction has also been shown
to cause a decrease of MMP-2 expression due to its cellular internalization via caveolae mediated
endocytosis of the complex. This fact suggests that CTX, through modulation of MMP-2 expression on
the cell surface, regulates the invasive potential of tumor cells. Thus, the CTX is an important component
with relevant therapeutic implications in the treatment of invasive gliomas [60].

Taking in account the characteristics of MMP-2, the use of CTX coupled to SNALPs may be of
advantage for targeting tumor cells. Costa et al. studied SNALPs copulated with CTX and demonstrated
an increased association and internalization in glioma cells, while in normal cells there is a decrease in
its affinity. These authors also showed an increase in the delivery of siRNAs, thus reducing the toxicity
associated with their systemic administration and causing a greater effect in the treatment [29].
Moreover, the CTX-modified delivery system was described effective in BCBM, due to the
overexpression of MMP-2 in BCCs [56, 61]. Qin and colleagues have demonstrated that the
development of a CTX-coupled liposome increases its uptake and toxicity in BCCs, liposome targeting
in vivo, antitumor and antimetastatic efficacy, and still decreases systemic toxicity [56]. These studies
demonstrate that the use of CTX-coupled SNALPs has adequate physicochemical properties for SiRNA
delivery, intravenous administration, crossing the BBB, and targeting BCCs.

Despite all the evidence that the use of CTX coupled to nanocarriers may improve siRNA delivery and
help in crossing the BBB, further studies are needed to examine the influence of these lipid particles in
the treatment of BCBM.

1.4 Salinomycin as a potential new drug for brain metastasis treatment

The main obstacle in treatment of cancer is the acquisition of resistance by tumor cells to the different
existing drugs. So, the discovery of new drugs that are effective in the fight against cancer progression
is essential. The main mechanisms by which cells acquire resistance are reduced absorption of water-
soluble drugs; variety of cell changes, such as increased DNA repair, cell cycle protein changes; and
reduced level of apoptosis and hydrophobic drug efflux via (ATP-binding cassette) ABC transporter.
This last mechanism plays a vital role in making BCCs multidrug resistant. Therefore, compounds with
tumor proliferation inhibitory properties, such as salinomycin (SAL), have been studied with the aim of
helping to overcome the obstacle of drug resistance [62].

SAL is a hydrophobic monocarboxylic polyester antibiotic derived from Streptomyces albus. It has a
high affinity for positive ions, with a preference for potassium, acting as a membrane ionophore. Studies
have shown that SAL selectively kills BC stem cells much more effectively than drugs commonly used
in chemotherapy and inhibits breast tumor growth in mice [62, 63]. This drug mediates its cancer effect
through several mechanisms in different types of cancer. It has the ability to reduce the activity of ABC
transporters in leukemia stem cells, inhibit the Wnt signaling cascade in colorectal cancer cells [64], as
well as the cell growth and migration of prostate cancer [65], also leading to accumulation of reactive
oxygen species in prostate cancers [66]. Moreover, it induces apoptosis in human hepatocellular
carcinoma cells [67], and autophagic response in prostate cells and BCCs [68]. SAL has been shown to
have a cytotoxic effect due to disruption of the balance of sodium and potassium ions at the cell
membrane and mitochondria, which causes cell apoptosis [64, 69]. Lower expression of epithelial (E)-
cadherin makes cells more resistant to drugs and promotes transition EMT, however, it has also been
shown that SAL is able to eliminate cells that express reduced amounts of E-cadherin [70].

Several studies have focused on the effect of SAL on human and mouse TNBC cells (MDA-MB-231
and 4T1, respectively). It was observed that SAL causes downregulation of signal transducer and
activator of transcription 3 (STAT3) leading to an inhibition of cancer stem cells (CSCs) [71], since
STAT3 is involved in cell proliferation and survival. It reduces the expression of cyclin D1 leading to
cell death [72] and also causes an increase in histone acetylation’s which leads to an increase in cell



death and senescence [73]. Another study also showed that SAL causes anoikis in tumor cells, which is
a specific form of cell death by cell detachment from the ECM, and activation of caspases. Finally, SAL
has also been shown to be toxic to TNBC cells [71], whereas non-tumor cells were able to avoid the
toxic effect [74]. Another study showed that 4T1 cell metastasis upon SAL treatment exhibited a 4-fold
reduction in metastasis formation compared to untreated cells [75]. Moreover, 4T1 cells treated with
SAL have an epithelial-like morphology, with higher expression of E-cadherin (epithelial marker) and
lower expression of vimentin (mesenchymal marker). It also showed that treatment with this cytotoxic
agent leads to the loss of genes associated with CSC, generally correlated with poor prognosis tumors,
that is, there is a significant reduction in the expression of genes that promote invasiveness and
differentiation [75]. Finally, exposure to SAL significantly decreases the mRNA abundance of MMP-9
and MMP-2, which causes a decrease in cell migration and invasion [71]. Therefore, SAL has the
potential to be applied as a new drug for the treatment of TNBC.

Regardless of all the chemotherapeutic effects of SAL, it is known that in humans it causes secondary
symptoms such as shortness of breath, dizziness, nausea, leg weakness, photophobia, and increased
blood pressure [62]. To add to these symptoms, its hydrophobic property leads to a low activation at the
active site, consequently a low bioavailability [36]. Thus, the development and use of lipid particles for
the transport of this drug, can be essential to reduce toxicity, reduce the side effects associated with the
use of the drug, prolong drug circulation time, increase tumor targeting, and potentiate SAL’s
therapeutic effect.

1.4.1 Liposomes as a salinomycin delivery system
The use of liposomes to deliver SAL has been shown to be efficient by improving therapeutic effects,
while decreasing side effects to other tissues. Several types of SAL-containing liposomes were studied,
most of which contained PEG on the surface to prolong circulation time concentration of the drug in the
blood [36]. Kim et al. studied the efficiency of using a liposome encapsulating SAL and doxorubicin
(Dox) against BCCs, having demonstrated that the use of a dual liposome could increase the cytotoxic
potential against BC, controlling the pharmacokinetics and distribution in vivo [76]. Gong et al. studied
the same drugs against liver cancer cells, having shown an inhibition of the tumor and a decrease of
CSCs. Liposomes still exhibited prolonged half-life and decreased clearance in vivo [77]. Xie et al.
developed liposomes with SAL and chloroquine and demonstrated their cytotoxic effect on liver cancer
cells [78]. Momekova et al. encapsulated SAL derivatives and studied their effect on different cell lines,
demonstrating that incorporation into liposomes could lead to superior effects of the free form of the
drug [79].
The dehydration—rehydration method (DRV) was developed in 1984 by Gregoriadis and colleagues, is
one of the most commonly used methods for the preparation of liposomes [80]. It is characterized by
encapsulate a wide variety of materials into liposomes of variable lipid compositions, with high
efficiency and using mild conditions [80]. So, in short, the development of a coadministration strategy,
which combines pharmacological and genetic therapy both associated with liposome nanotechnology,
as shown in Figure 1.3, appears an excellent strategy. Liposomes are used as delivery systems to
increase the anticancer effects of both drugs, while reducing potential side effects. In this way,
coadministration allows for synchronized delivery.
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Figure 1.3 Schematic representation of two different lipid particles that encapsulate a sSiRNA and a drug. (A) SNALPs
(average size of 100 nm) composed of an ionizable cationic lipid, a polyethylene glycol (PEG-lipid) and lipid helpers. These
lipid particles are efficient nanocarriers for intravenous administration of siRNA. (B) Liposomes (average size of 120 nm)
composed of Egg Phosphatidylcholine and a PEG-lipid on surface. These lipid particles are efficient in delivering salinomycin.
These nanocarriers can become more specific through the insertion of small peptides, such as chlorotoxin, which target breast
cancer cells.

Il. Aim

The lack of treatment options that efficiently cross the BBB, and are effective against BCBM led to this
project. The main objective was the development of a new therapeutic approach for BCBM eradication.
Therefore, this work will test the hypothesis that the use a new platform of nanomedecines decorated
with CTX for a therapeutic approach that combines a drug (SAL), and genetics (siPDGF-B) could reduce
or eradicate BM associated with TNBC. The nanoformulations (NFs) decorated with CTX and
encapsulating siPDGF-B (CTX-siPDGF-B-SNALPs) were already developed and characterized (Joana
Godinho-Pereira, PhD thesis, Faculdade de Farmacia, Universidade de Lisboa, ongoing). The work in
this tesis consists of the efficient SAL incorporation, as well as performing cellular studies to evaluate
the effectiveness of a siPDGF-B and SAL for the eradication of TNBC in a BBB-BCCs co-culture
system. To achieve the main objective, specific tasks were outlined:

1. Evaluate the ability of the CTX-siPDGF-B-SNALPs to decrease BCCs viability and verify the

inhibitory action of the encapsulated siRNA on PDGF-B expression;

Study the incorporation efficiency of Sal in a liposome;
3. Evaluate the ability of the incorporated SAL to harm the viability of BCCs and determinate its

median lethal dose (LD50);

4. Evaluate the ability of the combined approach to decrease BCCs viability, modulate prolifera-
tive properties of BCCs and verify their inhibitory action on PDGF-B expression;

5. Ensure the NFs safety for the BBB endothelium;

6. Evaluate the effectiveness of the combined approach in BBB permeation and action on malig-
nant cells in a simplified in vitro model of BCBM by evaluation of PDGF-B expression and
senescence.

With this study, we intend to establish the efficiency of combined approach NFs to eradicate BCCs in
an in vitro model of BCBM, as well as its tolerability by host cells. This work will open new paths for
a new treatment for patients with BM associated with TNBC. Thus, the success of this investigation
work shall contribute to a great advance in the field of Neurooncology, as well as to an improvement in
the expectation and quality of life of TNBC patients.

n

I11. Material and methods

3.1 Cell Culture Conditions and Treatment



3.1.1 Breast cancer cells
The 4T1 triple negative murine mammary carcinoma cell line (ATCC, Middlesex, UK) was used. These

cells were cultured in Roswell Park Memorial Institute (RPMI) medium 1640 (Sigma Aldrich, St. Louis,
MO, USA) supplemented with 5% (v/v) fetal bovine serum (FBS, Biochrom AG, Berlin, Germany), 1%
antibiotic-antimycotic solution (Sigma Aldrich) and 2 mM L-glutamine (Biochrom AG). Cells were
maintained at 37°C in a humid atmosphere enriched with 5% CO..

3.1.2 Endothelial cells
The mouse brain microvascular endothelial cell line b.End5 (ECACC, Salisbury, UK) was used. b.End5

cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Life Technologies,
New York, NY, USA) supplemented with 10% FBS (Biochrom AG), 1% non-essential amino acids
(Biochrom AG), 2 mM L-glutamine (Biochrom AG), 1 mM sodium pyruvate (Biochrom AG) and 1%
antibiotic-antimycotic solution (Biochrom AG) at 37 °C in humid atmosphere enriched with 5% CO,.

3.1.3 Co-culture

Co-cultures of b.End5 cells and 4T1 cells were used as a simplified in vitro model of BCBM. In this
model, endothelial cells were plated onto semi-permeable membranes (Transwell inserts, VWR
International, Radnor, PA, USA) with the luminal surface facing the upper compartment (“blood” side)
and BCCs were plated on the bottom of the cell culture plate (“brain” side). 80000 b.End5 cells seeded
onto Transwell inserts (0.4 um pore) were grown for 3 days until a monolayer was formed, and then 500
nM hydrocortisone was added to improve BBB features. On day 4, 1x10° cells/mL of 4T1 cells were
seeded onto 12-well plates and let grow for 24 h. Then, the inserts were placed on the well with 4T1
cells and the co-cultures proceeded for 1 h, and liposomes were administered in the upper (“blood”)
compartment.

3.1.4 Cell treatment

Cells in single and co-cultures were treated with the developed formulations (described below). 4T1
cells viability, PDGF-B expression and proliferative properties were determined by the resazurin
assay, RT-gPCR and immunofluorescence analysis, respectively, to establish the efficacy of the NFs.
b.End5 cells were assessed for the viability (resazurin), transendotelial electrical resistance (TEER)
and B-catenin expression (immunofluorescence) to detect any potential toxicity of the NFs. Finally,
co-cultures were used to ascertain the efficacy of the BBB-permeant fraction of the NFs in
modulating the expression of PDGF-B and p16 in 4T1 cells, as well as to monitor the endothelial
integrity.

3.2 Lipid nanoformulations preparation

3.2.1  siRNA-encapsulated liposomal formulation
siRNA formulation was implemented in our laboratory by Joana Godinho-Pereira (PhD thesis,
Faculdade de Farmécia, Universidade de Lisboa, ongoing) based on previous publications [29, 30, 81].
Briefly, liposomes composed by DODAP, distearoylphosphatidylcholine (DSPC), cholesterol (Chol),
and N-palmitoyl-sphingosine-1-[succinyl(methoxypolyethylene glycol) 2000] (CerC16-PEG200)
(Avanti Polar Lipids, Alabama, USA) in a molar ratio of DODAP:DSPC:Chol:CerC16-PEG2000 at
25:22:45:8 were prepared by ethanol injection method together with 41 nmol of siRNA (siScramble or
siPDGF-B) in 500 pL of total volume. Thirteen micromoles of the lipid mixture were dissolved in 200
pL of absolute ethanol and then heated to 60°C. The lipid mixture was added dropwise, under strong
vortex, to the siRNA in 300 pL of citrate buffer (20 mM, pH 4.0), previously warmed at 60°C. The
resulting multilamellar particles were extruded 21 times through 100 nm diameter polycarbonate
membranes using a Mini-Extruder SET (Avanti Polar Lipids). The exchange of ethanol for citrate buffer
was done through a 2 h dialysis against citrate buffer, followed by overnight dialysis against HEPES
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buffer (20 mM HEPES, 145 mM NaCl, pH 7.4) in order to exchange the citrate buffer for the HEPES
buffer.

3.2.2 Salinomycin and siRNA-encapsulated liposomal formulation
In the co-encapsulation of SAL and siRNA, liposomes composed by DODAP:DSPC:Chol:CerC16-
PEG2000 were prepared by the ethanol injection method in a different molar ratios in order to identify
the best one, as show in Table 3-1.

Table 3-1 Molar ratio test at SAL incorporation in SNALP

Formulation Lipid composition Lipid concentration (umol/ml)

DODAP:DSPC:Chol: CerC16-PEG200

A 26
(25:22:45:8)

B DODAP:DSPC:Chol: CerC16-PEG200 2
(25:45:22:8)

DODAP:DSPC:Chol:CerC16-PEG200

c (25:45:22:8) (WITH siRNA)

26

Chol: cholesterol, CERC16-PEG200: N-palmitoyl-sphingosine-1-[succinyl(methoxypolyethylene glycol) 2000]; DODAP:1,2-
dioleoyl-3-dimethylammonium propane, DSPC: distearoylphosphatidylcholine

Briefly, SAL was dissolved together with thirteen micromoles of the lipid mixture and the rest of the
preparation was carried out as describe in section 3.2.1. For formulation A and B, as we wanted to just
test the efficacy of SAL incorporation into the liposome, SNALPs did not had neither SiRNA nor CTX.
In the formulation C siRNA was added in the citrate.

3.2.3 Salinomycin-encapsulated liposomal formulation
In order to study which liposomes had the highest SAL incorporation efficiency, liposomes composed

by different lipid mixture and molar ratio were prepared, as described in Table 3-2.

Table 3-2 Lipid mixture and molar ratio test at SAL incorporation in a liposome

Lipid concentration

Formulation Lipid composition (umol/ml)
D DSPC:Chol:DSPE-PEG (85:10:5) 13
E EPC:Chol: DSPE-PEG (85:10:5) 13
F EPC:Chol: DSPE-PEG (85:10:5) 26
G DSPC:Chol: DSPE-PEG (85:10:5) 26
H DOPE:CHEMS:DMPC: DSPE-PEG (37.5:20:37.5:5) 26
| DPPC:DPPG: DSPE-PEG (85:10:5) 26
J DMPC:DMPG: DSPE-PEG (85:10:5) 26
K DOPC:DOPG: DSPE-PEG (85:10:5) 26
L DSPC: DSPE-PEG (95:5) 26
M EPC: DSPE-PEG (95:5) 26
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Chol: cholesterol, CHEMS: cholesteryl hemisuccinate, DSPC: distearoylphosphatidylcholine, DSPE-PEG: distearoyl-
glycerophosphorylethanolamine—poly(ethyleneglycol)2000, DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine, DMPG:
1,2-dimyristoyl-sn-glycero-3-phosphoglycerol, DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPE: 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine, DOPG: 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)], DPPC: 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine, DPPG: 1,2-Dipalmitoyl-sn-glycero-3-phosphoglycerol, EPC: egg phosphatidylcholine,

Liposomes were prepared by the thin film method. Briefly, the lipid mixture and SAL were dissolved
in chloroform. A thin film of lipids and drug film was obtained by evaporation under vacuum in a rotary
evaporator (Buchi R-200, Flawil, Switzerland). The thin film was stored in -20°C. In the next day, the
film was hydrated with HEPES buffer, under vortex. This step was followed by extrusion in an extruder
device (LipexBiomembranes, Vancouver, Canada) to down-size the liposomes by sequential extrusion
through polycarbonate filters ranging from 0.8 to 0.1 um in pore size. To separate the non-entrapped
SAL, size exclusion chromatography using a desalting column with a 1000 Dalton cutoff was used
(Econo-Pac®, BIO-RAD, Hercules, CA, USA).

3.2.4 Salinomycin-encapsulated liposomal formulation optimization
Once the liposomal formulation with the highest encapsulated SAL efficiency was determined, the

process was optimized. Briefly, liposomes composed by egg phosphatidylcholine (EPC) and distearoyl-
glycerophosphorylethanolamine—poly(ethyleneglycol)2000 (DSPE-PEG) (Avanti Polar Lipids) were
prepared by DRV method in a molar ratio of EPC:DSPE-PEG at 95:5 together with 5 umol/mL of SAL.
26 pmol/mL of the lipid mixture and 5 pmol/mL SAL were dissolved in chloroform. A thin lipid and
drug film was obtained by evaporation under vacuum in a rotary evaporator (Buchi R-200). The thin
film was hydrated with water and freeze-dried overnight (EDWARDS, Modulyo, CO, USA). Thereafter,
the lyophilized powder was hydrated with HEPES buffer, under vortex and the solution was extruded,
as described in section 3.2.3. From this point on, the preparation took place as described in previous
section.

3.2.5 Chlorotoxin conjugation to nanoformulations

Targeted liposomes were prepared by the postinsertion method, as described in [29]. Briefly, a film lipid
of 1,2-distearoyl-sn-glycero-3-phospatidylethanolamine-N-[maleimide (polyethylene glycol)-2000]
ammonium salt (DSPE-PEG-MAL) (Avanti Polar Lipid) was formed by evaporating the solvent under
a nitrogen flux. The film was kept at -20°C until micelles formation. CTX was activated by the addition
of thiol groups through reaction with freshly prepared 2-iminothiolane hydrochloride (2-1T) in HEPES-
buffer 8.0 (20 mM HEPES, 145 mM NacCl, pH 8.0) at a molar ratio of 1:10 (CTX:2-IT), during 1 hour
in the dark at room temperature (RT) under gentle stirring. Micelles were formed by hydration with
MES buffer (20 mM HEPES, 20 mM MES, 145 mM NaCl pH 6.5) under two cycles of strong vortex
and heating at 37°C. Then, thiolated CTX was coupled to micelles (1:5, CTX:DSPE-PEG-MAL molar
ratio) via a thioesther linkage overnight at RT in the dark with gentle stirring. Next, free maleimide
groups were neutralized with B-mercaptoethanol (1:5 molar ratio), under stirring for 30 min at RT. The
insertion of CTX:DSPE-PEG-MAL conjugates into the preformed liposomes, at 4 mol % for the
SNALPs or 2 mol% for the SAL liposomes was performed upon incubation in a water bath at 39°C
overnight for the SNALPs and RT for the SAL formulation, both in the dark. The last step consists of
removing all external chemical reagents used during liposomal preparation. Sepharose CL-4B column
equilibrated with HEPES buffer was used in the CTX-siPDGF-B-SNALPs whereas ultracentrifugation
(Beckman LM-80 ultracentrifuge) was performed in the liposomes decorated with CTX incorporating
SAL (CTX-SAL-Lip). The pellet was then resuspended in HEPES buffer.
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Figure 3.1 Schematic representation of pos-insertion method. (A) After CTX activation, the peptide is incubated with the
micelles in order to bind on the surface. The targeted micelles are incubated with previously prepared (B) SAL-Lip or (C)
siPDGF-B-SNALPs. The micelles incorporate the surface of the liposomes (represented by the red lipids) forming the final
liposome (D) CTX-SAL-Lip or (E) CTX-siPDGF-B-SNALPs.

3.2.6 Liposomal characterization
To characterize the developed liposomal formulations, the physicochemical parameters were
determined, as well as the Chol/phospholipid, CTX, and SAL/siRNA contents. The hydrodynamic
diameter (z-average) and polydispersity index (PDI), which serve as a measure of homogeneity, were
measured in Zetasizer Nano S (Malvern). For these measurements, liposomes were diluted 1:1000 in
HEPES buffer.
The Chol or the phospholipid content of the liposomal formulation were determined by the Liebermann-
Buchard method [82] and the phosphate method [83], respectively. For the Chol content, the
Liebermann-Burchard reagent [acetic anhydride; acetic acid glacial; sulfuric acid 55:35:10 (v/v)] was
added to the sample and incubated at 37°C for 30 min. Afterward, the absorbance of the solutions was
measured at 625 nm in a spectrophotometer and the concentration was determined from a standard curve
for Chol content. In the colorimetric determination method, for the phospholipid content, the sample
were diluted 1:10 in HEPES buffer, and 70% perchloric acid is added to the sample to convert organic
phosphate to inorganic phosphorous by hydrolysis at 180°C. Then, water, 1.25% ammonium molybdate,
and 5% ascorbic acid were added to promote the formation of a blue colored compound at 100°C. The
sample was quantified by spectrophotometry at 797 nm and the concentration was determined from a
standard curve.
The amount of SAL that was encapsulated was determined by liquid chromatography coupled to a mass
spectrophotometer (UHPLC-MS/MS), through a collaboration with investigators of Structural Analysis
lab at the Faculty of Pharmacy, an example report is in supplementary material.
The incorporation efficiency (IE %) and the loading capacity (LC ug/umol) were determined. The IE
consists of the percentage of the coefficient between the final SAL-to-lipid ratio ([SAL/Lip]s) and the
initial SAL-to-lipid ratio ([SAL/Lip]i). The IE was calculated according to equation 1. The LC is defined
as the ratio between the amount of incorporated SAL and the amount of lipid in the final preparation.
The LC was determined according to equation 2.
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The amount of CTX inserted on the surface of SNALPs or SAL liposomes was determined using
Bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific Pierce, Waltham, MA, USA) from a
bovine serum albumin (BSA) standard curve (at 562 nm) in a microplate reader (Biotek, Winooski,
Vermont, EUA). The insertion capacity (IC) is defined as the ratio between the amount of inserted CTX
and the amount of lipid in the final preparation. The IC was determined according to equation 3.

[CTX]¢
[Lip]f

IC (nmol/umol) = 3

The amount of siRNA encapsulated was also determined in the nanodrop (Eppendorf, Hamburg,
Germany). For that, liposomes were incubated with methanol for 3-4 h at a ratio of 1:5, then RNA free
water was added at a ratio of 1:2 to the total volume, and reading was performed. For determination was
used as blank empty liposomes.

3.3 Cell viability assay

CTX-siPDGF-B-SNALPs and CTX-SAL-Lip toxicity to 4T1 as well as safety for b.End5 cells were
evaluated using the resazurin assay, which is based on the reduction of resazurin (blue) to resorufin
(pink) in viable cells. Briefly, 4T1 cells were seeded onto a 96 well plate or 24 well plate at a density of
2 x 10* cells/mL or 1 x 10° cells/mL, respectively. b.End5 cells were seeded onto a 96 well plate at a
density of 2.5 x 10* cell/mL. At confluence, cells were incubated with different liposome concentrations
in DMEM supplemented with 1% antibiotic-antimycotic solution. After 24 h of incubation, medium was
discarded and DMEM containing 0.01 mg/mL of resazurin was added to each well. The cells were
incubated for 3 h at 37°C. Absorbances values were obtained using a microplate reader (Varioskan LUX
Multimode Microplate Reader, Thermo Fisher Scientific, Waltham, MA, USA) at 570 nm and 600 nm,
and cell viability was calculated as equation 5.

[(A57O - AGOO)treated cells*loo)/ (A570 - AGOO)controI cells] (5)

3.4 Immunofluorescence

The effect of CTX-siPDGF-B-SNALPs and CTX-SAL-Lip on the proliferative properties of 4T1 cells
and on b.End5 barrier integrity were studied by immunofluorescence analysis [84] of Ki-67 and of the
adherens junction protein B-catenin, respectively. In this assay, 1x10° cells/mL of 4T1 and 5 x10*
cell/mL of b.End5 were plated on coverslips placed in 24-well plates. At the confluence, the medium
was removed, and cells were incubated with the liposomes. After 24 h incubation, the cells were fixed
with 4% (v/v) paraformaldehyde (PFA, Sigma Aldrich) for 20 min at RT. Following fixation, cells were
permeabilized for 5 min with 0.3% Triton-X (VWR International, Radnor, PA, USA) and blocked with
3% BSA (Sigma Aldrich) in phosphate-buffered saline (PBS), for 1 h. Later, cells were incubated with
the primary antibody overnight at 4°C. On the next day, the cells were incubated for 1 h with the
secondary antibody at RT. Both primary and secondary antibodies (Table 3-3) were diluted in BSA. To
stain the nuclei, the cells were further incubated with Hoechst 33342 dye (20 uM, Thermo Fisher
Scientific), for 10 min at RT. Between each step, the cells were washed three times with PBS. Finally,
the cells were dehydrated in methanol (Honeywell, Charlotte, North Carolina, USA) and mounted in
microscopy slides with dibutylphthalate polystyrene xylene (DPX, Merck Millipore, Burlington, MA,
USA). Images were acquired using a 40x objective with immersion oil in an Olympus BX60 microscope
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equipped with an Olympus U-RFL-T Mercury lamp and Hamamatsu Orca R2 cooed monochromatic
CCD camera, at the Microscopy Facility of the Faculty of Sciences of the University of Lisbon.

Table 3-3 Antibodies used for immunofluorescence analysis

Target Protein Primary antibody Secondary antibody
Ki-67 Ki-67
(Proliferation marker) (1:100) Rabbit Alexa Fluor 555
Thermo Fisher Scientific #PA519462 (1:500) Goat anti-rabbit
. . Thermo Fisher Scientific
B-catenin Beta-catenin 4A21428
(Integrity marker) (1:100) Rabbit
Invitrogen #712700
3.5RT-gPCR

The effects of CTX-siPDGF-B-SNALPs and CTX-SAL-Lip on PDGF-B silencing and cell senescence
of 4T1 cells were evaluated by RT-gqPCR analysis, as usually in our lab [35]. In this experiment, 1x10°
cells/mL were plated on a 24 well plate or 12 well plate and after 24 h were incubated with different
liposome conditions in DMEM. Following 24 h, the cells were incubated 5 min with trizol to stake cells.
The RNA purification was made by chloroform and isopropanol precipitation. Briefly, samples were
centrifuged, and chloroform was added to the supernatant. After other centrifugation, the aqueous phase
was carefully collected, and isopropanol was added. Next, the resulting pellet was washed in ethanol.
Finally, the solution was centrifugated one last time and the pellet was resuspended in diethyl
pyrocarbonate (DEPC) water.

RNA was quantified by nanodrop (Eppendorf) and then transcribed into cDNA, using the Xpert cDNA
Syntesis SuperMix (Grisp, Porto, Portugal), according to the manufacturer’s instructions. The reaction
was carried out in a thermocycler (Cleaver, Scientific, UK), under the following conditions: 15 min at
37°C; 10 min at 60°C; 3 min at 95°C; followed by cooling down and storage at 4°C to stop the reaction.
Finally, the RT-gPCR reaction was performed using the Xpert Fast SYBR Green kit (Grisp) according
to the manufacturer's instructions using cONA diluted at 1:2. The reaction was read in QuantStudio™ 7
Flex Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific). Briefly, the conditions
used were 1 cycle of 95°C for 2-3 min, 40 cycles of 95°C for 5 sec, 60-65°C for 20-30 sec, followed by
a dissociation/melting curve analysis. Primer pairs (forward and reverse) for PDGF-B, p16 and for the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were provided by StabVida
(Caparica, Portugal) (sequence in Table 3-4). RT-gPCR was performed in 394-well plates, with each
condition performed in triplicate, and a no-template control was included for each amplification. The
threshold cycle determination was performed using the QuantStudio™ Real-Time PCR software (Ap-
plied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA), and the quantifications performed
by the AACt method.

Table 3-4 Resume table of primers sequence for real time quantitative PCR

. Length
Target Primer Sequence (bp)

GAPDH Forward: 5-GTG GCA AAG TGG AGATTG TTG CC -3 23
Reverse: 5°- GAT GAT GAC CCG TTT GGC TCC -3 21
PDGE-B Forward: '5"- ATC GCC GAG TGC AAG ACG GC -3° 20
Reverse: 5°- AAG CAC CAT TGG CCG TCC GA -3 20
P16 Forward: 5"- AAC TCT TTC GGT CGT ACCCC -3 20
Reverse: 5°- GCG TGC TTG AGC TGA AGC TA -3 20

15



3.6 BBB Integrity

The integrity of the endothelial barrier formed by b.End5 in the co-culture model after passage of the
liposomes was determined by TEER measurement, which reflects the dynamic integrity of tight
junctions [85]. The TEER reading process was performed as described in [86] . Briefly, TEER was
measured using an EndOhmTM chamber coupled to an EVOMX resistance meter (World Precision
Instruments, Inc., USA). Readings were registered 0 h and 24 h after liposomes incubation. The value
of the empty insert was removed from the TEER values in each condition and multiplied by the insert
area (1.12 cm?). The values from TEER were normalized for the control and expressed as a fold-change
for the O h of co-culture.

3.7 Statistical and data analysis

Results were analyzed using GraphPad Prism® 8.0 (GraphPad Software) and are expressed as mean +
SEM of three independent assays. The LD50 of SAL was quantified by generating 7-point dose response
curves, as described above ranging from 0.1 to 160 uM. LD50 values were calculated by fitting data to
the standard four parameter sigmoidal dose response curve. In immunofluorescence, 10 images were
acquired for each assay and were treated using ImageJ and Icy software.

IV. Results

4.1 Effect of CTX-siPDGF-B-SNALPs in PDGF-B expression in tumor cells

Preliminary studies carried out in the Neurovascular Laboratory group have demonstrated the efficiency
of encapsulation a sSiRNA in SNALPs, as well as its physical-chemical characterization (Joana Godinho-
Pereira, PhD thesis, Faculdade de Farmécia, Universidade de Lisboa, ongoing). CTX-siRNA-SNALPs
were already characterized, showing an average size of 120 nm and neutral charge, and around 70%
siPDGF-B encapsulation efficiency. Once we had characterized liposomes, the first step was to study
the effect of CTX-siPDGF-B-SNALPs on 4T1 cell. To this end, different concentrations (10 and 50 nM)
of siScramble and siPDGF-B were studied to assess whether CTX-siPDGF-B-SNALPs exhibited
toxicity to 4T1 cells and silenced PDGF-B expression. For this, 4T1 cells were incubated with CTX-
siPDGF-B-SNALPs for 24 h, and the viability was determined by the resazurin assay, while PDGF-B

expression was determined by the RT-gPCR, both represented in Figure 4.1.
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Figure 4.1 4T1 cells’ viability and PDGF-B expression by CTX-siPDGF-B-SNALPs exposure 4T1 cells were treated with
different concentrations of siScramble and siPDGF-B in liposomes as well as with empty liposomes equivalent to the highest
lipid concentration in siPDGF-B liposomes or DMEM (control) for 24 h. (A) Cell viability, assessed by the resazurin assay,
demonstrated no effect of liposomes on 4T1 cells’ viability. The values are presented as percentages relative to the control. (B)
PDGF-B expression was determined by RT-gPCR. Liposomes showed a tendency to decrease PDGF-B expression, reaching
31% with 50 nM siPDGF-B. Values are shown as fold-change vs control. All values are mean + SEM of three independent
experiments. Statistical analysis was performed by one-way ANOVA.
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It was observed that all conditions and both concentrations tested do not show toxicity to tumor cells
(Figure 4.1A). Next, the effect of CTX-siPDGF-B-SNALPs on PDGF-B expression was evaluated to
determine the optimal concentration to follow for the remaining assays, as shown in Figure 4.1B. With
a concentration of 10 nM of siPDGF-B, it was obtained a silencing of approximately 27%, that increased
to around 31% when the concentration was increased to 50 nM. We also demonstrated that siScramble
concentrations do not influence PDGF-B expression compared to the control, which indicates a specific
silencing. Hence, the concentration of 50 nM was chosen to proceed with further studies.

4.2 Salinomycin-incorporated liposomal formulation

4.2.1 Salinomycin incorporated assay

An initial goal of this work was to co-encapsulate SAL with siPDGF-B. Therefore, a study of the co-
encapsulation efficiency of SAL in a SNALPs was carried out (Table 4-1).

Table 4-1 Summary of salinomycin encapsulation in SNALPs’ conditions and properties

Formulation z-average (nm) Pdl IEsaL (%)
A 104 0.210 0.04
B 177 0.242 0.12
C 111 0.185 0.60

PdI: polydispersity index, IE: incorporation efficiency, SAL: salinomycin

To co-encapsulate both SAL and siPDGF-B, an attempt to incorporate the drug into the lipid bilayer of
SNALPs composed by DODAP:DSPC:Chol:PEG (25:22:45:8, % molar ratio to total lipid; formulation
A) was made. Through analysis of the amount of SAL by UHPLC-MS/MS, and by calculating the IE of
the drug, we obtained an incorporation efficiency of approximately 0.04%. Due to the poor IE, a second
test was performed (formulation B), where the lipid ratios were changed to 25:45:22:8, % molar ratio to
total lipid, in order to understand if the amount of Chol influences the success rate of drug incorporation.
Indeed, a marginally increase was observed (0.12%). When adding siRNA to the system (formulation
C) the IE only increased to 0.60%. These results show that co-encapsulating SAL and siRNA was not
feasible within our system.

Once co-encapsulation proved not to be possible, it was necessary to move on to the contingency plan,
which consists of the co-administration of two liposomes, one with siRNA and the other with SAL. For
incorporation of SAL alone, several formulations with different lipid compositions and concentration
were prepared and their physical properties were determined (formulation D-M), as show in Table 4-2.

Firstly, the lipid composition DSPC:Chol:PEG (formulation D and G) and EPC:Chol:PEG (formulation
E and F), at a molar ratio of 85:10:5, were studied with different initial lipid concentration (13 or 26
pmol/mL, respectively). The main difference between the formulation D and E is the fluidity of the
resulting lipid bilayer (rigidity<DSPC<EPC<fluidity). Similarly, to SNALP, SAL was dissolved with
lipids to be incorporated in the lipid bilayer. The four formulations tested showed an IE between 1.78
and 8.68%. The efficiency increased when the total lipid concentration was 26 pumol/mL, so this
concentration was selected for the following tests. Next, the effect of using a chemical analogue of Chol,
CHEMS (formulation H) was studied. This formulation composed by DOPE:CHEMS:DMPC:PEG
(37.5:20:37.5:5 % molar ratio), did not lead to an IE increment (4.80%). Further, the influence of charge
on drug incorporation was tested. For that, 3 formulations (1, J, K) were developed using an anionic lipid
(I- DPPC:DPPG:PEG; J- DMPC:DMPG:PEG; K-DOPC:DOPG:PEG, all at a molar ratio of 85:10:5),
and different structural lipids that differ in their fluidity. In this set of formulations, IE increased to
7.87%, 9.51% and 14.89%, respectively. Even so, in an attempt to further enhance the incorporation of
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SAL, and since Chol content may influence the process, as it is found in the lipid bilayer [87] in the
same space as SAL, initial formulations composed only by DSPC and EPC were studied. The L
formulation (DSPC:PEG - 95:5 % molar ratio) did not reach the end of the process as it jellified,
precluding the use of this lipid composition. Finally, the formulation M (EPC:PEG - 95:5 molar % ratio)
reached the end of the process and had a SAL IE of 17.83%. Therefore, M formulation was the one
chosen to proceed to the remaining work.

Table 4-2 Summary of the conditions tested during salinomycin liposomes development and physical properties

Formulation z-fi\r/]enrsge Pdl IEsaL (%)
D 126 0.059 1.78
E 129 0.053 3.65
F 135 0.044 6.94
G 119 0.062 8.68
H 115 0.052 4.80
| 115 0.059 7.87
J 103 0.057 9.51
K 131 0.058 14.89
L - -
M 124 0.052 17.83

PdI: polydispersity index, IE: incorporation efficiency, SAL: salinomycin

4.2.2 Salinomycin liposome optimization
After selecting the formulation, the liposome development process was optimized using the DRV
method. This method was used to increase the IE of SAL, being tested several times to improve and
optimize the procedure. The resulting SAL-Lip characterization is shown in Table 4-3.

Table 4-3 Salinomycin-loaded liposome characterization

. Z-average Li Pi Lipf SAL; SAL¢ 1EsaL LCsaL
Formulation (hm)  (umol/mL)  (umol/mL)  (ug/mL)  (ng/mL) (%) (ug/pmol)
EMP-Lip 127+4  220+19  16.2+23 - - - -
SAL-Lip 117+9  231+20  162+311 3283  6975+3651 33.1+214 448+238

SAL: salinomycin, Lip: liposome, Emp: empty, IE: incorporation efficiency, LC: loading capacity

The formulation resulting from the various tests had an average size of 126.6 nm (empty) and 117.4 nm
(SAL). During the process of liposome formation, there was some lipid loss associated with the
procedure. The concentration of SAL incorporated in the liposomes was improved when the formulation
was prepared by the DRV method, achieving an IE of 33.1% and an LC of 44.8 pg/umol. Thus, having
chosen the lipid composition, and having optimized the process of liposome preparation, the next step
consisted of the insertion of the peptide into the liposome surface in order to specifically deliver the
liposome to the tumor cells.

18



4.2.3 Targeted salinomycin liposome characterization
After optimizing the development of the formulation, we proceeded to couple CTX to the liposome
surface through post-insertion method. Several different tests were carried out to optimize the
parameters. After optimizing the functionalized liposome, its physicochemical characterization was
carried out, by measuring the z-average, as well as by calculating the IE % and the LC of SAL and IC
for CTX. The characterization achieved is represented in Table 4-4.

Table 4-4 CTX-salinomycin-loaded liposome characterization

. Z-average | ESAL LCSAL CTX |Cc‘rx
F |
ormulation (nm) (%) (pg/pumol) (umol/mL) (nmol/umol)
CTX-EMP-LIP 183+ 32 - - 0.053 +0.0014 49+0.17
CTX-SAL-LIP 163 + 40 73.3+42 59.8+42 0.065 + 0.0013 5.4+0.51

SAL: salinomycin, Lip: liposome, Emp: empty, IE: incorporation efficiency, LC. loading capacity; IC: insertion capacity

The liposomal formulations before post-insertion showed an average size of 117.4 nm with SAL and
126.6 nm without. Their median size increased to an average of 163.1 nm with SAL and 182.5 nm
without, after adding CTX to their surface. The Pdl and the z-potential were determined for all liposomes
prepared, to establish the homogeneity of the populations, as well as their charge. Non-functionalized
liposomes had a PdI of less than 0.1, while functionalized liposomes approached the value of 0.2. Due
to the presence of PEG on the surface of the liposomes (non-functionalized and functionalized) the zeta
potential presented a neutral value corresponding to a neutral vesicle. To overcome the long
guantification time of SAL, this was performed in non-functionalized liposomes. In CTX-SAL-Lip,
SAL was quantified indirectly from the amount of lipid loss. After all the optimization processes, it was
obtained an IE of 73.3%, corresponding to 59.8 pg SAL/umol of lipid. Through quantification of the
surface CTX, it was concluded that the presence of SAL in the lipid bilayer did not influence the post-
insertion process. In empty liposomes, we obtained an average of 4.9 nmol of CTX per umol of lipid,
while in SAL liposomes the value was 5.4 nmol of CTX per umol of lipid. It should be noted that the
ratio of CTX/lipid was higher than the theoretical 4 nmol/umol [29], since the amount of CTX to be
added was determined based on the initial lipid concentration, which suffers losses during the process.

4.3 Effect of salinomycin in cell viability of tumour cells

To establish the effect of SAL in BCCs viability, 4T1 cells were incubated for 24 h with different
concentrations of SAL (free and incorporated) and cell viability was determined by the resazurin assay.
Moreover, the LD50 of the drug under each of the conditions was calculated based on 7-point dose
response curves. The results obtained are shown in Figure 4.2,
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Figure 4.2 Evaluation of 4T1 cell viability upon incubation with free SAL and SAL-loaded liposomes. 4T1 cell line were
treated with different concentrations of SAL (free, liposome, and targeted liposome), as well as with empty liposomes equiva-
lent to the highest lipid concentration in the SAL-loaded liposomes. Cell viability was determined by the resazurin assay for
(A) SAL free, (B) liposome with SAL, and (C) targeted liposome with SAL. (D) The median lethal dose (LD50) SAL was
quantified by generating 7-point dose response curves. LD50 values were calculated by fitting the data to the standard four
parameter sigmoidal dose response curve. The values are presented as percentage relative to the negative control (untreated
cells). SAL significantly decreased cell viability in a dose-dependent manner in all conditions. Values are mean + SEM of three
independent experiments performed in triplicate. Statistical analysis was performed by one-way ANOVA. Significance was
shown as ***p<0.001 vs. control.

As shown in Figure 4.2.A, SAL (0.1 to 75 uM) decreased cell viability in a dose-dependent manner
with almost total loss of cell viability with the concentration of 75 uM. Then, cells were incubated with
different concentrations of SAL-loaded liposomes, to understand the effect of the drug incorporation on
cell viability. Knowing that drug incorporation usually increases the concentration necessary to obtain
the same effect as the free drug, a higher concentration range (0.2 to 159 uM) was studied. Again, a
concentration-dependent effect on cell viability was observed, though less drastic than with free SAL
(Figure 4.2B). Finally, the study of the effect of functionalized liposomes on cell viability revealed a
profile similar to non-functionalized liposomes (Figure 4.2C). To study the eventual contribution of the
lipids in the observed toxic effect, an equivalent lipid concentration to the highest SAL dose used was
tested with empty liposomes. As shown in Figure 4.2B-C, liposomes without SAL did not affect the
viability, indicating that the observed viability impairment was due to the drug. The LD50 analysis under
different conditions revealed that the LD50 values were 4.87 uM, 17.94 uM and 24.76 uM, for free
SAL, SAL-Lip and CTX-SAL-Lip respectively (Figure 4.2D). This demonstrates that higher
concentrations of SAL are required to obtain more than 50% cell death upon incubation with SAL in
liposomes.

4.4 Effect of co-administration in tumor cells

Having studied CTX-SAL-Lip and CTX-siPDGF-B-SNALPs effects alone, our next step was to verify
whether the co-administration of both formulations was beneficial. For that, 4T1 cells were incubated
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with CTX-SAL-Lip (corresponding to 25 pM of SAL) and/or CTX-siPDGF-B-SNALPs (with 50 nM
of siPDGF-B), and both viability and PDGF-B expression were determined (Figure 4.3).
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Figure 4.3 Evaluation of 4T1 cell viability and PDGF-B expression upon co-incubation with CTX-siPDGF-B-SNALPs
and CTX-SAL-Lip. 4T1 cells were treated with siPDFG-B and/or SAL in liposomes, as well as with empty liposomes with a
lipid concentration equivalent to the lipid concentration in siPDGF-B and SAL liposomes, or DMEM for 24 h. (A) Resazurin
assay demonstrates that CTX-SAL-Lip presents an effect on 4T1 cells’ viability, decreasing it in 50 %. The values are presented
as percentage relative to the negative control. (B) PDGF-B expression was determined by RT-gPCR, showing a decrease in
expression when cells were treated with liposomes with siPDGF-B and/or SAL. Values are shown as fold-change vs control.
All values are mean + SEM of three independent experiments. Statistical analysis was performed by one-way ANOVA. Sig-
nificance is shown as ***p<0.001 vs. control.

As observed in sections 4.1 and 4.3, liposomes with siPDGF-B, siScramble or empty showed no effect
on 4T1 cell viability, whereas liposomes with 25 uM SAL decreased cell viability by 50%. With co-
administration no increment on cell toxicity was observed, maintaining it at 50% (Figure 4.3A), which
was expected since PDGF-B does not directly affect the metabolic capacity of the cell but instead other
cellular processes. The expression of PDGF-B (Figure 4.3B) was unaffected in control or liposomes
with siScramble-treated cells, while encapsulated siPDGF-B treatment demonstrated a decreased
PDGF-B expression by about 31%. Of interest was the observation that PDGF-B expression was also
affected by SAL, as indicated by the similar decreased expression of the growth factor in cells treated
with liposomes with SAL or a with a combination of liposomes with siScramble and liposomes with
SAL. Moreover, a decrease of PDGF-B expression by around 25% was observed with the co-
administration of encapsulated siPDGF-B and SAL not surpassing the individual effect of each
molecule.

4.5 Influence of CTX-siPDGF-B-SNALPs and CTX-SAL-Lip on tumor cells prolif-
eration

As mentioned above, PDGF-B was shown to be upregulated in BCCs and was associated with their
proliferation [23, 26]. It has also been mentioned that SAL affects various tumorogenic processes [62].
Thus, to understand whether PDGF-B silencing and SAL affected the profileferative properties of tumor
cells, 4T1 cells were incubated with CTX-siPDGF-B-SNALPs (50 nM of siPDGF-B) and/or CTX-SAL-
Lip (25 uM of SAL) for 24 h, and the proliferation marker, Ki-67, was analysed (Figure 4.4).
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Figure 4.4 Influence of the CTX-siPDGF-B-SNALPs and/or CTX-SAL-Lip on the proliferative properties of 4T1 cells.
4T1 cells were treated with siPDFG-B, or siScramble, and/or SAL in liposomes, as well as with empty liposomes with a lipid
concentration equivalent to the lipid concentration in SAL liposomes, or DMEM (control) for 24 h. (A) The proliferative
properties of 4T1 cells were evaluated by immunofluorescence analysis of Ki-67 (red), demonstrating that CTX-siPDGF-B-
SNALPs and CTX-SAL-Lip decreased the proliferative properties. Scale bar: 20 um. Counterstaining with Hoechst 33342 dye.
(B) The percentage of Ki-67 positive cells was quantified and showed a decrease with siPDGF-B, SAL, and both formulations
compared with the control, siScramble and Empty-Lip. Values are expressed as mean + SEM of three independent experiments.
Statistical analysis was performed by one-way ANOVA. Significance is shown as ***p<0.001 vs. control and # p<0.05, and
###p<0.001 between the indicated conditions.

Qualitative analysis of Ki-67 intensity, revealed a decrease in its expression when cells were treated
with SAL formulation and/or siPDGF-B formulation (Figure 4.4A). In the control (cell were not tretaed
with liposomes), or in cells treated with liposomes with siScramble or with Emp-Lip, it was noticed that
more than half of the cells present an intense red stain, indicating that they have a high amount of Ki-
67. On the other hand, after incubation with liposomes containing siPDGF-B, we observed that only
half of the cells show an intense red stain. When cells were incubated with SAL or co-incubated with
liposomes carring siPDGF-B or siScramble, it was observed that less than half of the cells show an
intense red stain. This indicates that both liposomes have the capacity to decrease the proliferation of
4T1 cells. These results were confirmed by semi-quantitative analysis of Ki-67 positive cells (Figure
4.4B). For this, a threshold was established and the cells were divided into positive or negative. Control
cells had 72% positive cells for Ki-67, while cells incubated with siScramble-loaded liposomes had 69%
positive cells, showing no significant differences between the two groups. However, 4T1 cells treated
with CTX-siPDGF-B-SNALPs showed significant differences versus control and siScramble,
decreasing the number of Ki-67 positive cells to 55%. The study of the cells incubated with CTX-Emp-
Lip demonstrated that 75% of the cells were positive to Ki-67, while incubation with CTX-SAL-Lip
alone led to only 43% of positive cells. The co-administration of both CTX-siPDGF-B-SNALPs and
CTX-SAL-Lip formulations revealed a significant decrease in Ki-67 positive cells compared to the
single use of either one of the liposome, with only 35 % of Ki-67 positive cells. This way, our results
show that PDGF-B silencing and SAL treatment decrease 4T1 cell proliferation.
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4.6 Safety of nanoformulations for endothelial cells

Up to now it was demonstrated that the co-administration of the two developed formulations not only
caused toxicity in tumor cells, but also decreased the expression of PDGF-B and proliferation.
Therefore, the use of this approach emerges as a potential new treatment for BCBM. However, for this,
the formulations must have the ability to cross the BBB and act on the BCCs in the brain parenchyma,
without causing toxicity to resident cells, like endothelial cells. For that, b.End5 cells were incubated
with different concentrations of SAL free or CTX-SAL-Lip or CTX-siPDGF-B-SNALPs for 24 h and
cell viability was studied by the resazurin assay. Results are shown in Figure 4.5.
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Figure 4.5 CTX-siPDGF-B-SNALPs and CTX-SAL-L.ip safety profile for b.End5 cells. (A, B) b.End5 cells were treated
with different concentrations of SAL (free and targeted liposomes), as well as with empty liposomes with a lipid concentra-
tion equivalent to the highest in the SAL liposomes, or DMEM (control) for 24 h. Cell viability was assessed by the resazurin
assay for (A) free SAL and (B) targeted liposomes with SAL. Free SAL decreased cell viability, whereas incorporated SAL
showed no signs of toxicity to b.End5 cells. (C) b.End5 cells were treated with 50 nM of siPDGF-B or no addition (control),
for 24 h. Liposomes showed no effect on cell viability. The cell viability is presented as percentage relative to control cell
and is expressed as mean + SEM of three independent experiments performed in triplicate. Statistical analysis was performed
by one-way ANOVA. Significance is shown as **p<0.01 vs. control.

Concentrations greater than 10 uM of SAL in its free form demonstrated a small reduction in the
viability of b.End5 cells (Figure 4.5A). However, when incorporating SAL in liposomes, concentrations
greater than 10 uM have not been shown to significantly affect endothelial cell viability (Figure 4.5B).
This way, the results indicate that the use of liposomes to deliver SAL was beneficial, as we can affect
the viability of tumor cells without affecting viability of endothelial cells, unlike the free drug. The effect
of the lipid composition of the liposome (empty liposome) was also studied, not impacting b.End5 cells’
viability. The safety of CTX-siPDGF-B-SNALPs was also studied (Figure 4.5C), demonstrating that
the formulation was safe for the endothelium.

4.7 Effect of co-administration in a co-culture model

After confirming that CTX-siPDGF-B-SNALPs and CTX-SAL-Lip presented no effect on endothelial
cells’ viability, the last step of the work was to study the co-administration in a co-culture model that
mimics BCBM (Figure 4.6). The co-cultures are necessary to evaluate liposomes™ BBB transposition
efficiency and efficacy to act upon the BCCs (in the “brain side”), and to determine the BBB integrity
during the passage of liposomes. In this co-culture model, b.End5 cells were seeded on semi-permeable
membranes and liposomes were applied to them (from the “blood side”) in order to pass through the
barrier and act on 4T1 cells, seeded in the lower compartment (“brain side”), as illustrated in Figure
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4.6A. After 24 h of incubation, the expression of PDGF-B and p16 (senescence marker) were studied.
Furthermore, liposomes safety to BBB was established by TEER measurement.
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Figure 4.6 CTX-SAL-Lip or CTX-siPDGF-B-SNALPs’s blood brain barrier transposition efficacy in a co-culture model
and its action on 4T1 cells. (A) b.End5 cells were seeded onto a semi-permeable membrane (Transwell inserts) with the
luminal surface facing the upper compartment (“blood” side) and BCCs were plated on the bottom of the cell culture plate
(“brain” side). Liposomes were administered in the upper (“blood”) compartment and after 24 h their effect in 4T1 cells was
evaluated. (B, C) The expression of PDGF-B and p16 were evaluated through RT-qPCR and the values are shown as fold
change vs control. (B) CTX-siPDGF-B-SNALPs or CTX-SAL-Lip, and their combination, decreased PDGF-B expression. (C)
Liposomes with SAL or siPDGF-B promoted the upregulation of the senescence markers p16. (D) The liposomes’ effect on
BBB properties was assessed by transendothelial electrical resistance (TEER), an indicator of BBB’s integrity, before (0 h)
and after (24 h) of liposomes addition. The values from TEER were normalized for the control and expressed as a fold-change
for the 0 h of co-culture. Data are mean + SEM of three independent experiments, and statistical analysis was performed by
one-way ANOVA and Student’s t-test. Significance was shown as *p<0.05 and ***p<0.001 vs. control.

As shown in Figure 4.6B, no changes in PDGF-B expression after incubation with liposomes with
siScramble or in control cells were observed. When incubated with CTX-siPDGF-B-SNALPs a 34%
silencing of the expression of the growth factor was observed. Interestingly, cells incubated only with
CTX-SAL-Lip also revealed a decrease in PDGF-B expression, though with a lower magnitude (22%).
The co-administration resulted in a silencing of 43%. These results indicate that both formulations can
cross the BBB and act on the BCCs, impairing the growth factor expression.

Finally, it was studied whether siPDGF-B and/or SAL induced 4T1 cells senescence. To this end, the
expression of pl16, cell cycle arrest marker [88], was assessed. By analyzing Figure 4.6C we observe
that cells treated with encapsulated siScramble have a slight increase in p16 expression. Cells treated
only with liposomes containing siPDGF-B or SAL, demonstrate a significant increase of about 8x and
7x, respectively. Furthermore, co-administration of liposomes with siScramble and SAL reveals an
increase in p16 no significative compared to the individual liposomes. Finally, incubation with siPDGF-
B and SAL reveals a tendency to increase in relation to the control, and to decrease in relation to
siScramble+SAL. Our results indicate that both liposome formulations (siPDGF-B or SAL) promote
cell senescence, with no increase in the effect of co-administration in promoting senescence.
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Next, BBB integrity was studied by the TEER. Although no significant variations in each of the tested
conditions compared to the control were observed (Figure 4.6D), TEER values decreased by around
20% after the passage of liposomes containing SAL, which raises concerns about BBB integrity.

4.8 Effect of co-administration in endothelial barrier

To in-depth depict the impact of SAL-loaded liposomes in the BBB, analysis of the expression of 3-
catenin, an important protein in the BBB junctions and indicator of barrier integrity [89], was performed.
To process this, b.End5 cells were incubated with CTX-siPDGF-B-SNALPs (50 nM of siPDGF-B)
and/or CTX-SAL-Lip (25 pM of SAL) for 24 h and p-catenin staining was assessed by
immunofluorescence (Figure 4.7).
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Figure 4.7 b.End5 barrier integrity after treatment with CTX-SAL-Lip or CTX-siPDGF-B-SNALPs b.End5 cells were
treated with siPDFG-B, siScramble and/or SAL in liposomes, as well as empty liposomes with a lipid concentration equivalent
to the lipid concentration tested in siPDGF-B and SAL liposomes, or DMEM (control), for 24 h. (A) The integrity of b.End5
monolayers was evaluated by immunofluorescence analysis of the adherens junction protein, B-catenin (red), which
demonstrated that CTX-SAL-Lip impairs its integrity, leading a delocalization of B-catenin, with appearance of "holes" in the
endothelial cell membrane (gray arrows). Scale bar: 20 um. Counterstaining with Hoechst 33342 dye. (B) The localization of
B-catenin was studied through plot profile of pixel intensity troughout an endotelial cell (edge to edge, as shown in the crop),
demonstrating that in control, empty liposomes and liposomes with either siScramble or siPDGF-B, the intensity peaks of -
catenin were found at the edges of the cells (black arrows) correspondingto the cell membrane. While under conditions
incubated with CTX-SAL-Lip it was possible to observe both an increase in fluorescence intensity as well as an increase in f-
catenin localization in the perinuclear region (black arrows). (C) The intensity of B-catenin at the membrane was also studied
through plot profile of pixel intensity, as represented in the crop. These results once again demonstrate that the intensity of -
catenin present in the membrane decreases in the conditions incubated with SAL when compared to the other conditions studied.

Qualitative analyses of B-catenin (Figure 4.7A) revealed that SNALPs encapsulating siScramble or
siPDGF-B, as well as Empty-Lip and Empty-SNALPs, do not induce changes in the protein expression
profile compared to the control. In contrast, cells incubated with CTX-SAL-Lip, CTX-siScramble-
SNALPS/CTX-SAL-Lip and CTX-siPDGF-B-SNALPs/CTX-SAL-Lip revealed differences in the
monolayer profile, with a delocalization of -catenin from the membrane to the cytosol and particularly
to the perinuclear region, with appearance of "holes™ in the endothelial cell membrane, compatible with
a barrier disruption. These results were confirmed by the plot profiles analysis of B-catenin location
which showed that in all conditions without SAL (control, liposomes with siScramble or siPDGF-B,
Empty-SNALPs and Empty-Lip) the highest intensity was at the membrane (Figure 4.7B). However,
under the conditions in which liposomes with SAL were present, it was observed that the peak intensity
of B-catenin was closer to the peak intensity of the nuclei, accompanied by a mean fluorescence intensity
increase. These results show that SAL promotes the accumulation of B-catenin in the perinuclear region.
Furthermore, the analysis of the intensity of B-catenin within the membrane was carried out (Figure
4.7C). It was found once again that the conditions with encapsulated siScramble, siPDGF-B, Empty-
SNALPs and Empty-Lip are similar to the control, where the intensity of B-catenin was homogeneous
across the membrane. In conditions with incorporated SAL, it was observed a decreased intensity of 3-
catenin in the membrane, almost reaching null values. These results indicate a deficiency in membrane
[B-catenin expression, causing "hole™ along the membrane staining. In summary, these results suggest
that CTX-SAL-Lip, despite not causing toxicity to endothelial cells or inducing a statistically significant
decrease of TEER values, leads to disruption of the endothelial barrier.

V. Discussion

BCBM patients have a poor prognosis due to the limited therapeutic options and restricted BBB
permeability. When BM are diagnosed, patients have an average of less than 1 year to live, with only
20% reaching 1 year [90]. Therefore, innovative therapeutics are needed. These prompted us to develop
a groundbreaking treatment that combines molecular and genetic therapies through nanomedicines
targeting BCCs to abrogate BCBM.

Our research group has shown that the increase of BM formation associated with TNBC was related
with an increase of PDGF-B expression [23]. Therefore, SNALPs encapsulating siPDGF-B were
developed to decrease the growth factor expression. An initial screening of the optimal siPDGF-B
concentration was performed. SNALPs (empty, siScramble, and siPDGF-B) were shown to have no
effect on 4T1 cell viability, which was expected since PDGF-B is a growth factor involved in cell
invasion, tumor progression, maintenance of EMT, and vascular modulation, among others [23-28].
Nevertheless, the lipid particles proved to be efficient in the delivery of sSiRNA and reduction of PDGF-
B expression. The best silencing rate was achieved when using 50 nM of siPDGF-B.
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Once established the SNALPs formulation, we devised efforts to co-encapsulate the cytotoxic drug SAL.
In a first attempt to incorporate SAL, we tried to integrate it into the lipid bilayer, since SAL is a
hydrophobic drug. Nonetheless, the IE% was negligible (0.04%). Others’ studies suggested that the IE%
can be affected by the properties of the compound (hydrophobic or hydrophilic) as well as by the content
of Chol in the liposomal formulation [87]. In fact, it was shown that an increase in the percentage of
Chol is associated with an IE% decrease, due to a competitive action for the incorporation of Chol and
drug in the lipid bilayer. This means that liposomes with high Chol content may limit drug incorporation
within the lipid bilayer [87]. Knowing that our SNALP formulation have high Chol (45%), the failure
in drug incorporation may be due to this fact, which hampers SAL incorporation into the lipid bilayer.
A second SAL incorporation test was performed, where Chol concentration was decreased (22%), to
test if its presence affected the incorporation of SAL. However, there was no significant increase in SAL
incorporation. These results showed that co-encapsulation of siPDGF-B and SAL in our SNALP system
is not possible. So, we decided to switch to a co-administration of two NFs, one with the siRNA for
PDGF-B and the other with the cytotoxic drug SAL, as a contingency plan.

One of the main problems in incorporating SAL is its hydrophobicity, which renders necessary its
incorporation in the lipid bilayer. Several studies have demonstrated the efficient incorporation of SAL
in liposomes [77, 78, 91, 92]. The common point in all these studies is liposome composition that
includes a main phospholipid (HSPC or EPC) that differ in their fluidity, Chol and PEG on the surface.
Based on these reports, formulations D-G were prepared and the IE of SAL was studied. In our
experiments, HSPC was replaced by DSPC, a synthetic lipid used in SNALP [93]. With these tests, we
intend to study whether the fluid associated with the main phospholipid component affected the
incorporation of the drug in the lipid bilayer. In the 4 formulations studied, it was not possible to obtain
an effective IE. Although, it determined that the initial lipid concentration of 26 umol/mL would be the
best concentration to continue the studies.

Next, a liposome composed of CHEMS, an analog of Chol, was studied. However, an improvement in
SAL incorporation was not observed. Subsequently, the influence of negative charge on SAL
incorporation was studied. Studies show that the presence of negative charge in the lipid bilayer allows
the encapsulation of a variety of charged drugs and other macromolecules [94]. In addition to the
negative charge, several lipids that differ in their fluidity were studied. In this batch of formulations, the
SAL IE increased to 7.87%, 9.51% and 14.89%. However, we remain displeased with the results. As
mentioned earlier, Chol can affect SAL incorporation [87]. Therefore, in the following studies, Chol
was completely removed from the lipid composition of the liposomes. So, liposomes were developed
with only DSPC or EPC and PEG. The liposomal formulation composed only with DSPC:PEG and SAL
resulted in a gel-like structure that was not possible to extrude. This event may be associated with the
absence of Chol since it interferes with the acyl chains of phospholipids [95] and, when absent, the
rigidity of the DSPC chains prevents the formation of liposomes with SAL in their membrane. Finally,
liposome with EPC:PEG were prepared. EPC is an egg-derived fluid lipid that we have shown to have
the greatest effect on SAL incorporation. Despite showing an increase in IE, some optimization
processes were necessary to further increase this parameter. One of the changes implemented was the
preparation of the liposome by the DRV method. DRV is a simple method of liposome preparation that
employs mild conditions and has the ability to efficiently incorporate a wide range of materials. This
process is based on controlled dehydration and rehydration to induce liposome fusion [80, 96], and with
it, it was possible to double the IE, incorporating 33% of the total drug. The final step to complete our
liposomal formulation was to decorate the surface with a moiety to specifically target BCCs cells. The
post-insertion method was chosen to insert CTX (a peptide targeting BCCs cells) conjugated to DSPE-
PEG-MAL micelles (CTX-DSPE-PEG-MAL). The association and internalization related with this
peptide has been demonstrated in other studies [29, 56]. Quin. et al demonstrated that the use of CTX
on the surface of liposomes can increase liposomal uptake by 4T1 cells, that express high amounts of
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MMP-2. They also showed an increase in the effect of liposomes in cells when using CTX on surface
[56]. It was further demonstrated by Costa and colleagues that CTX coupled to SNALP (4 mol% DSPE-
PEG-MAL micelles) increases internalization and association in glioblastoma/glioma cells that also
express high amounts of MMP-2. Once again they also shown an increase in the treatment effect [29].
Considering that our aim is to treat BCBM, these studies indicate that the choice of CTX to target BCCs
is an appropriate and promising one.

Once established the liposomes composition, their cellular effects were assayed. An initial screening
was done to determine the concentration of SAL impairing cell viability, and the LD50 of free and
incorporated SAL were determined. For 5 uM of free SAL a pronounced decrease by about 50 % in cell
viability was demonstrated, which became almost total at 75 uM. As demonstrated by several studies,
SAL has the characteristic of causing apoptosis, inhibition of proliferation and inhibition of tumor
growth [97, 98], which can be associated with a dysregulation in cell metabolism that can affect the cell
viability. When incorporate, the concentrations tested were higher, once the drug is not so freely
available to act upon the cells, being necessary its entry into the cell and subsequent release for it to
promote an effect. Our results demonstrated that higher concentrations were needed to achieve similar
decreases in viability compared to free SAL. Therefore, SAL in liposomes led to about a 5x increase in
the LD50 value compared to free SAL. Comparing the LD50 of the targeted and untargeted liposomes,
similar profiles were obtained. These results indicate that the choice of SAL to complete the treatment
that aims to eradicate BCBM, was wise.

Having determined the concentrations of encapsulated siPDGF-B (50 nM) and SAL (25 uM) to be
applied to cells, the next stage of the work consisted in the study of the effect of the co-administration
of CTX-SAL-Lip and CTX-siPDGF-B-SNALPs to 4T1 cells. Co-administration of the two lipid
formulations did not show an increased effect on cell viability compared with the toxicity caused by
each of the formulations alone. PDGF-B expression was also studied, which confirmed that CTX-
siPDGF-B-SNALPs decreases PDGF-B expression. Interestingly, a similar decrease in the growth factor
expression was also observed by incubation with CTX-SAL-Lip. The co-administration of CTX-
siPDGF-B-SNALPs and CTX-SAL-Lip did not demonstrate a greater decrease in PDGF-B silencing,
compared with separate treatments. In fact, other studies have shown a decrease in the PDGF-B receptor
when cells are treated with SAL [92, 98]. So, the decrease of PDGF-B and its receptor will affect the
phosphorylation of downstream targets by the intracellular receptor kinase domain, affecting signaling
pathway and consequently affect several biological processes. Several studies have demonstrated that
SAL can reduce cyclin D1, promoting an epithelial morphology and affecting cell migration [65, 70-72,
97, 98], while PDGF-B increase cytoskeleton remodeling and cell motility and autocrine PDGF-B
signaling contributing to the maintenance of EMT [19, 25]. Another biological process that we have
shown to be affected in BCCs treated with CTX-siPDGF-B-SNALPs or CTX-SAL-Lip is cell
proliferation. Accordingly, our study of the effects of PDGF-B silencing and SAL on BCCs proliferation
showed a decrease in Ki-67 positive cells. Our results agree with Thies et al. which demonstrates that
PDGF-B is involved in proliferation [26]. Studies by Wang et al. also demonstrated that SAL leads to
cell cycle arrest in GO/G1 and in G1/G2 [67, 99, 100], corroborating our results on SAL-dependent
decreased cell proliferation. Although a further decrease in the cell proliferation marker was observed
by the co-administration of both liposomes, the fact that a significant decrease was also observed in cells
treated with the siScramble, does not allow to conclusively establish that the double treatment has an
additive effect in the proliferation of 4T1 cells.

In this type of studies, it is important to determine the safety of liposomal formulations for resident cells
like BMECs. Our results have been shown that small concentrations of free SAL lead to a small
reduction in BMECs cell viability. This toxicity was lost when cells were incubated with higher
concentrations of incorporated SAL. We also proved that siPDGF-B was safe for BMEC. Drug
encapsulation in a liposome provides a physical barrier [101, 102] between the drug and the BMECs,
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which leads to reduced collateral toxicity associated with the study drug. These results are in line with
the aim of the project, which is to deliver SAL and siPDGF-B in a more targeted way and reduce the
collateral toxicity associated with these types of treatments.

Having demonstrated the safety of the formulations for the BMECs, co-culture assays were initiated.
We found that liposomes have the ability to cross the BBB since the application of liposomes in the
upper (“blood”) compartment of the inserts had effect on tumor cells in the lower (“brain”) compartment.
Indeed, decrease in PDGF-B expression was observed when cells were incubated with CTX-siPDGF-
B-SNALPs. Furthermore, the expression of PDGF-B upon treatment with incorporated SAL treatment
was also reduced. pl6 is a tumor suppressor that binds to cyclin-dependent kinases (CDK)4/6 and
inhibits the cell cycle in G1, causing the cell to enter a senescent state [88]. Cells treated with liposomes
containing SAL or siPDGF-B demonstrate a higher expression of p16. Actually, these results are in line
with other studies that demonstrated cellular senescence induced by SAL [92, 97]. For the PDGF-B, as
far as we know we are the first to demonstrate that the silencing of PDGF-B causes cell senescence. The
co-encapsulation (siPDGF-B+SAL) demonstrated a tendency to decreased senesce compared with
siScrambe+SAL. Dhaheri et al. shown that lower concentrations of SAL lead to an increase in p21 [73]
(cell cycle inhibitor [103]), while higher concentrations can lead to a decrease in p21 and survivin [73].
As survivin is an inhibitor of apoptosis, a decrease in its expression may demonstrate a sensitization of
cells to apoptosis. These results raise the hypothesis that the co-administration of siPDGF-B and SAL
in a liposome can lead to a decrease in p16, where cells do not acquire a senescent state but instead there
is an induction of cell death mechanism. However, more studies are needed to confirm the hypothesis.
Altogether, our results suggest that the administration of CTX-siPDGF-B-SNALPs and/or CTX-SAL-
Lip modulate tumorigenic properties, as well as cell viability, proliferation, and senescence, pointing to
the potential of a co-administration therapeutic regimen.

During the co-culture, the TEER values were measured, and the BBB's integrity was assured for the
liposomes with siScramble and siPDGF-B. Although a statistically significant change was not observed
in conditions with SAL, the moderate decrease raised concern about the integrity of the BBB in cells
treated with the drug. This was confirmed by the study of B-catenin, which demonstrated a delocalization
of the junctional protein from the membrane to the cytosol and particularly to the perinuclear region.
The accumulation of B-catenin in the cytoplasm and subsequent translocation to the nucleus is due to
the activation of the canonical Wnt pathway [104, 105]. Studies have shown that Wnt pathway signaling
activity is required for BBB maturation but is low when the BBB is fully matured [106]. It was also
demonstrated that activation of the canonical Wnt pathway in b.End3 cells leads to negative regulation
of CD31, an endothelial marker, and upregulation of smooth muscle actin, a migration marker, showing
that activation of the Wnt pathway promotes the induction of the transition for mesenchymal and
suppression of endothelial markers [106]. All this leads to the hypothesis that SAL causes a
destabilization of the BBB, activating the Wnt pathway, which causes translocation of 3-catenin to the
perinuclear region and loss of endothelial properties, destabilizing the -catenin function within the cell
membrane. Both the tumor and chemotherapy can lead to pro inflammatory niche of cytotoxic cytokines,
cytokines that can promote a transient breakdown of tight junction proteins, thereby leading to an
increased inflammatory state and affecting BBB integrity [107]. Many cancer treatments have been
designed to transiently disrupt BBB, to increase its permeability [108]. One of the chemotherapeutics
used in oncology is carboplatin, this drug demonstrates high clearance of brain tissues and suggests a
temporary interruption of the BBB during treatment [109]. Other process that leads to BBB disrupting
is the BCCs extravasation. Entry of BCCs into the brain leads to a decrease in adherent and tight junction
proteins (B-catenin and Claudin-5, respectively). However, Figueira et al. demonstrates that with time it
is possible to recover the expression of the junctional proteins [23]. All of these mentioned above suggest
the premise that although CTX-SAL-Lip disrupts the BBB junctions, this disruption may be transient.
Additionally, Quin et al, demonstrated that the use of CTX on the surface of liposomes leads to a
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decrease in the systemic toxicity associated with the free drug [56]. Thus, suggesting that the advantage
of using CTX-SAL-Lip over other chemotherapeutic agents is the reduction of side effects by brain
resident cells. However more studies are needed to prove that the benefits of using CTX-SAL-Lip are
sufficient to overcome the risks caused by the BBB breakdown.

V1. Conclusion and future perspectives

In recent years, the progress of science has contributed greatly to the development of new therapies that
manage to increase the quality of life of BC patients. However, the existence of BBB limits the treatment
of BCBM, preventing the passage of therapeutic agents. Thus, this project intends to develop a new
nanomedicines platform that crosses the BBB and acts on BCCs. In summary, the present study shows
the effective incorporation of SAL in a liposome targeted at BCCs. It also demonstrates the advantage
of the liposomes with SAL and siPDGF-B to abrogate BCCs. Once we suggest that SAL and PDGF-B
silencing may induce a decrease in BM through the downregulation of cell proliferation and upregulation
of senescence. Finally, with these results we establish the possibility of developing a groundbreaking
therapy to eradicate BCBM. This therapy, if confirmed the benefit of treatment outweighs the risk and
that BBB disruption is transient, could lead to an extraordinary advance in neurooncology field, and
may increase the average life expectancy, giving a new hope for patients with BCBM.

In the future, it would be necessary to confirm that CTX-SAL-Lip is safe for administration. For this, it
is important to study what happens to the cells after the passage of the liposomes, that is, study the
expression of junctional proteins (B-catenin and Zonula occludens (ZO) 1) over time to see if there has
been a recovery of their normal expression. Assuming a recovery, it would be interesting to evaluate the
mechanism of liposomes’ entry into BCCs. For that it would be interesting to perform an internalization
assay as well as to study the transcellular transport marker (caveolin-1) (suggested mechanism). Next
step would be to perform a preclinical study, in a reliable in vivo model of preferential formation of
metastases in the brain. The in vivo studies aim to evaluate the efficiency of the co-administration of
SiRNA and SAL in eradicating BM associated with TNBC, through the analysis of the number and area
of metastases. In in vivo studies, it would also be important to confirm the integrity of the BBB, by
studying junctional proteins (B-catenin and claudin-5), as well as a marker of BBB disruption
(thrombin). It would be interesting to study also the biodistribution of liposomes by binding the liposome
to a fluorescent dye. Also, it would be interesting to study the molecular mechanism of action of the
therapy through the evaluation of several markers such as Ras homolog gene family member A (RhoA)
and Ras-related C3 botulinum toxin substrate 1 (RAC1) (migration), Ki-67 (proliferation), cyclin D1
(cell cycle), B-galactosidase (senescence) and others, such as inflammatory markers. Lastly, it would be
important to study the safety in healthy mice treated with NFs or vehicle, by histological analysis of
peripheral organs and toxicity indicators in plasma.
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VIII. Supplementary Material
8.1 Example of Salinomycin report

SERVICO LC-MS DATA: 2022.07.04

Tipo de Analise

MS[]  MS/MST[] LC-MS [ LC-MS/MS M

Dados do Requisitante

Nome: Joana Godinho Pereira; Joana Romao; Prof. Alexandra Brito

Contacto: joanagpereira@ff.ulisboa.pt; joana.romao@live.com.pt; abrito@ff.ulisboa.pt

Informacao de Servico

Data de Entrega da(s) Amostra(s): 28 junho 2022
Data da Andlise: 30 junho — 1 julho 2022
Relatério: 04 julho 2022

Técnico: Andreia Bento da Silva

Resumo

o Procedeu-se a quantificagdo de salinomicina de sddio (SAL) na amostra, por UHPLC-MS/MS. Os
resultados (médias) encontram-se descritos na Tabela 3, pagina 3.

o As condig¢Bes de analise encontram-se descritas nos ANEXOS 1 e 2.

o A amostra foi preparada de acordo com o descrito no ANEXO 3.

o A quantificagdo de SAL foi determinada de acordo com o descrito nos ANEXOS 4 e 5.

Lisboa, 04 de julho de 2022

Elaborado por:

Pﬁm’mﬁ‘\\uo\

(Andreia Bento da Silva)
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1. Amostragem e Analise

o Foram entregues no Laboratério de Andlise Estrutural (LAE):
1. Padrdo de salinomicina de sddio (SAL), descrito na Tabela 1 (em dezembro de 2021);
2. Amostras de formulagdo de SAL [Tabela 2].

o Asolugdo de SAL a 1 mg mL* foi mantida a -20 °C e as amostras foram mantidas a 4 °C até ao dia da ana-
lise.

Tabela 1. Descrigao do padrdo entregue no LAE.

Concentragao Massa Formula

Composto Solvente ... Estrutura Molecular
{mg mL-1) monoisotopica Molecular

i Q

Salinomicina o Ty H
L 1.0 Acetonitrilo 772 CazHesMNaDa wj L)
de sdio (SAL] " 11\1’ i

e eTTs) Na*
/-Ho

Tabela 2. Descricdo das amostras a analisar.

Concentragao teorica

Descricdo da formulacéo Solvente maéxima de SAL (pg ml-1)

Hepes NaCl
pH7.4

EPC-5al (final) EPC:DSPE-PEG:CTX (9.5:0.4:0.04) 3865
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2. Resultados

o A concentragao de SAL na amostra encontra-se descrita na Tabela 3.

Tabela 3. Concentragao de SAL na amostra.

Concentragao

tedrica maxima BT L
Lt stra
(ug mL* amostra) g mL* amostra)

EPC-Sal (final) 3865 638 £49

ANEXO 1. Equipamento

Utilizou-se um equipamento de cromatografia liquida (UHPLC) modelo Waters Acquity™ Ultra
Performance LC (Waters®, Ireland) que consiste num sistema de bombas bindarias, desgaseificador,
amostrador automatico e fornopara coluna. O espectrdmetro de massa utilizado foi do tipo triplo qua-
drupolo, modelo Waters Acquity™ (Waters®, Ireland). As condi¢cdes de MS/MS (voltagem de cone,
energia de colisdo, etc.) foram otimizadas para a quantificagdo de salinomicina de sédio (SAL). As amos-
trasforam analisadasem modo MRM (multiple reaction monitoring), de modo a melhorar a seletividade
e sensibilidade. Foram usadas duas transi¢cdes para quantificar (MRM 1) e confirmar a identificacdo
(MRM 2) de SAL, com um desvio maximo de 30% entre a razdo MRM1/MRM?2 (ion ratio). Para aquisi¢do
e processamento de dados utilizou-se o software MassLynx® versdo 4.1.

ANEXO 2. CondicBes de analise (UHPLC-MS/MS)

2.1 CondicGes do método cromatografico (UHPLC)

Coluna Purospher® STAR RP-18
2um (2.1 x 50 mm)
Eluentes:
A 0.1% HCOOH em 4gua
B Acetonitrilo
Fluxo (mL mint) 0.3
Tempo Total (mins) 10
Temperatura da Coluna (°C) 35
Volume de Injecdo (uL) 10 uL

Método de UHPLC:

Tempo (min) A% B%

0 20.0 80.0
1 20.0 80.0
5 5.0 95.0
7 5.0 95.0
7.1 20.0 80.0

10 20.0 80.0



2.2 CondicGes de ionizacdo e fragmentacdo (MS/MS)

Polaridade ES+
Capilar (kV) 3.00
Extrator (V) 1.00
Lente RF (V) 0.1

Temperatura da Fonte (°C) 120
Temperatura de Dessolvatagdo (°C) 350
Fluxo do Gas do Cone (L/Hr) 50

Fluxo do Gas de Dessolvatagéo (L/Hr) 750

A quantificagdo de salinomicina de sodio (SAL) foi obtida em modo “MRM” para as transicées:

SAL (ESI+):

Reagdo em cadeia Dwell (seg) Volt. Cone (V)  Energia de Colisdo (eV)
MRM 1: 773.00 > 431.00 0.242 60.0 40.0
MRM 2: 773.00 > 531.00 0.242 60.0 40.0

ANEXO 3. Extracao de salinomicina de sodio da formulacdo

Retiraram-se 10 L de amostra e adicionaram-se 990 uL de ACN (dilui¢do 1:100);
A solucgdo foi agitada no vdrtex, 10 segundos;

Levou-se a solu¢do a um banho de ultrassons, 10 minutos;

ol A S

A solugdo fora filtrada por filtro de PTFE 0.20 um;
5. A solucgdo foi diluida em ACN (1:10 000), de modo a obter uma dilui¢ao final de 1:1 000 000, e
posteriormenteinjetada no equipamento.

6. A amostra foi preparada em quadruplicado.

ANEXO 4. Curvas de calibracao

o Uma vez que ndo se verificaram efeitos de matriz significativos (relatério do pedido de ana-
lise 585/2021), aamostra foi quantificada através de uma curva de calibra¢do em solvente (ACN) [Ta-
bela 4 e Figura 1].

o A média do ion ratio (razdo das areas dos picos MRM1/MRM?2) obtida com a inje¢do dos padrdes de SAL
foi de 1.4 £ 0.06. Este valor foi usado para calculo do desvio do jon ratio de SAL na amostra.

Tabela 4. Curvas de calibracdo de SAL.

Conc.: concentragdo de SAL (ng mL1); TR: tempo de retengdo (minutos); IR: ion ratio.

Conc. 5 Coni. Desvio Desvio

tedrica U o calculada  conc. (%) T IR(%)
0.1 3.44 64 0.11 5 13 r
0.2 3.44 141 0.20 2 13 8
0.3 3.45 221 029 5 14 1
0.4 3.44 287 0.37 8 14 1
0.5 3.43 427 0.53 6 15 9
0.6 3.43 476 0.59 2 14 1
0.7 3.43 598 073 5 14 1
0.8 3.43 652 0.80 0 14 1
0.9 3.42 746 0.91 1 13 &
1.0 3.43 804 0.98 2 14 1
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Figura 1. Curva de calibragdo de SAL em solvente (ACN).

ANEXO 5. Quantificacdo de salinomicina de sodio

o A amostra foi preparada de acordo com o ANEXO 3.

o Procedeu-se a quantificagdo de SAL na amostra [Tabela 5], considerando a equagdo da reta descrita no
ANEXO 4 (y = 849.52 x - 25.333).

o Os desvios obtidos para o ion ratio foram inferiores a 30% [Tabela 5], confirmando a presenga de SAL na
amostra.

o Os perfis cromatograficos obtidos para os quadruplicados encontram-se representados na Figura 2.

Tabela 5. Quantificagdo de SAL nos quadruplicados da amostra.
Conc.: concentragdo de SAL; TR: tempo de retengdo (minutos); FD: fator de dilui¢do; IR: ion ratio; DP: desvio padrdo;
CV: coeficiente de variagdo. Conc. média e DP expressos em ug mL2.

Conc. Conc. x FD
Sample Text (ng ML) (g ML)
Final (1) 341 | 14 14 492 061 &09
Final {2) 341 | 15 87 485 0.60 601
638 49 77
Final {3) 341 | 15 87 513 063 634
Final {4) 340 | 14 14 577 071 709

343
|
$_
SAL 0.7 ng mL*
Amaostra (4)
Amostra (3]
'\J Amostra (2]

&mostra[l.]_r_
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Figura 2. Comparago dos perfis cromatograficos adquiridos por TIC (total fon chromatogram) MRM dos

o S, N

quadruplicados da amostra e padr3o de SAL 0.7 ng mL%.

41



