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Abstract

As the leading global cancer occurrence, breast cancer (BC) raises a major concern, especially
in the disease’s metastatic stage, with the brain being one of the top metastasization sites, which
leaves patients with an unfortunate prognosis. During the metastatic process, BC cells (BCCs)
encounter the blood-brain barrier (BBB), shielding the brain from most cytotoxic agents.
Despite BBB’s restricted permeability, BCCs can still reach the brain and lead to breast cancer
brain metastases (BCBM) formation. Previous studies aiming to disclose a pharmacological
BBB modulator able to prevent BCCs extravasation exposed minocycline hydrochloride (MH),
a clinically used antibiotic, as a promising agent in preventing BBB disruption and BCCs. In
vitro studies developed a new formulation using Ri7-217 (Ri7), an anti-transferrin receptor
antibody, as a targeting vector for MH-loaded liposomes (Ri7-MH-Lip) to act upon the BBB.
Hypothesizing that MH specifically delivered to the BBB could prevent BCCs’ transmigration
and BCBM formation, this project aimed to ascertain Ri7-MH-Lip treatment's safety in a
BCBM'’s mouse model and establish its efficacy in preventing BCBM formation in vivo. To this
end, we implemented and characterized a BCBM mouse model where the formulation’s
peripheral toxicity was evaluated through biochemical and histological analysis and shown to
be insignificant. The assessment of the treatment’s efficacy in preventing BCBM was based on
cranial hippocampus sections’ histological analysis and zonula occludens immunofluorescence
evaluation 10 days after BCC’s injection, where a BCBM’s reduction and increment in barrier’s
integrity was observed. In addition, we aimed to ascertain if the treatment could, not only
prevent BCCs transmigration, but also efficiently extend the life span of BCBM-bearing
animals and a higher survival was observed in treated mice. Altogether, these results
demonstrate the potential of Ri7-MH-Lip formulation in BBB’s preservation and BCBM

prevention.

Keywords: blood-brain barrier; breast cancer brain metastases; minocycline hydrochloride;

liposome; in vivo animal model
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Resumo alargado

O cancro da mama (CM) é um tumor maligno que geralmente se inicia nas células epiteliais
dos ductos mamarios. E atualmente a patologia maligna mais comum nas mulheres, podendo
atingir 3,2 milhdes de novos casos por ano até 2050. De todos os subtipos de CM, o triplo-
negativo € um dos mais agressivos e propenso a desenvolver metastases encefalicas, sendo a
principal causa de morte em pacientes diagnosticados com CM. Depois de estabelecidas as
metastases encefalicas de CM (MECM), as opcdes terapéuticas sdo reduzidas, levando a um
progndstico devastador com apenas 20% de taxa de sobrevida ao fim de um ano. O
desenvolvimento metastatico € um processo altamente complexo, no qual as células do cancro
da mama (CCMs) adquirem propriedades invasivas, destacando-se primeiramente do tumor
priméario e entrando em circulacdo, através da qual se irdo espalhar por todo o organismo.
Quando em circulacdo, deparam-se com a barreira hematoencefélica (BHE), uma barreira
altamente seletiva, caracterizada pela expressédo de complexos intercelulares que lhe conferem
uma elevada impermeabilidade, de modo a limitar a entrada da maioria dos agentes citotdxicos
no encéfalo. No entanto, apesar da baixa permeabilidade da BHE, as CCMs conseguem aderir
as células endoteliais da microvasculatura encefalica (CEME) e comprometer as juncGes
intercelulares e, consequentemente, a integridade da BHE, culminando na colonizagdo do
encéfalo. Deste modo, é imperativo descobrir novas estratégias preventivas que impecam a
formacdo de MECM. Neste sentido, estudos in vitro anteriores de screening de uma biblioteca
de compostos, revelaram o cloridrato de minociclina (MH), um antibi6tico utilizado ha décadas
na pratica clinica, como o melhor candidato para modular as propriedades da BHE e das CCMs,
prevenindo a sua transmigragao para o encéfalo. Para avaliar em profundidade as propriedades
da MH ao nivel da BHE e na prevencao da transmigracao endotelial de CCMs, foi desenvolvida
uma nova nano formulagdo para uma entrega especifica e direcionada ao endotélio da
microvasculatura encefalica, baseada num sistema de encapsulagdo da MH em lipossomas
funcionalizados com Ri7-217 (Ri7), um anticorpo que reconhece o recetor da transferrina
(TfRAD), altamente expresso nas CEME. Esta nano formulacido (Ri7-MH-Lip) mostrou ser
eficaz na melhoria das propriedades de BHE quando em contato com células metastaticas, bem
como na prevencao da adesdao de CCMs ao endotélio da BHE, validando a MH como molécula
promissora no que diz respeito a preven¢do da formacdo de MECM in vivo. Tendo como
hipotese que a MH ¢ capaz de impedir a transmigragdo de CCMs modulando as propriedades

da barreira, este projeto teve como objetivo avaliar a seguranca do tratamento com Ri7-MH-lip
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num modelo de MECM em murganho, validar a sua eficécia na prevengao da formagdo de ME
e determinar a sua capacidade para melhorar as propriedades da BHE in vivo. Sabendo que um
modelo animal robusto e reprodutivel com formacao preferencial de ME ¢ crucial para
desenvolver novas terapias de preven¢ao de MECM, procedemos a implementagao deste
modelo em Portugal. Este novo modelo teve por base a inoculagdo de células 4T1 (células de
CM triplo-negativo) na artéria carétida comum de murganhos Balb/c fémea com 8-10 semanas
de idade, com o objetivo de direcionar as células malignas para o encéfalo e permitir a formagao
preferencial de metastases encefalicas. Apos a implementagdo do modelo, este foi caracterizado
em termos do desenvolvimento de metastases encefalicas por coloragdo hematoxilina-eosina
(HE) dos encéfalos e 6rgaos periféricos (pulmao, rim e figado) a diferentes tempos (7, 10 e 14
dias) ap6s a inoculacao de células 4T1. A analise de sec¢des do hipocampo cranial e cerebelo
revelou a expansdo gradual de MECM no hipocampo cranial, enquanto a sua presenga foi
insignificante no cerebelo. Em relagdo aos o6rgdos periféricos, apenas foram detetadas
metastases nos pulmdes. Com o objetivo de entender se o aumento da area tumoral ao longo do
tempo resultava de uma capacidade proliferativa progressiva das CCMs, a expressdo do
marcador de prolifera¢do, Ki-67, foi avaliada juntamente com o marcador epitelial, Pan-
citoqueratina, aos 10 e 14 dias apods inoculagdo de células 4T1, a fim de visualizar lesdes
metastaticas em cortes craniais do hipocampo. Foi observado um aumento significativo na
expressao dos dois marcadores dos 10 para os 14 dias, refletindo um aumento da proliferagdo
das células tumorais durante a progressdo das metastases encefélicas e uma reaquisi¢ao de
caracteristicas epiteliais durante a colonizacdo e estabelecimento das metastases. Estes
resultados foram reforcados pelo padrao de expressdao do marcador epitelial lectina de tomate
(T-lectina) nas metastases, enfatizando a manifestacdo de caracteristicas epiteliais pelas células
tumorais ao longo do tempo. Em seguida, com o objetivo de avaliar a toxicidade da formulagado
desenvolvida, os orgdos periféricos (coragdo, pulmdes, figado e rins) de murganhos nao
inoculados com células tumorais foram recolhidos para andlise histologica e o seu plasma foi
colhido para andlise de marcadores de toxicidade cardiaca, hepatica e renal. Nao foram
observadas diferengas entre o grupo controlo e grupo tratado com a formulagao, tanto na analise
histoldgica, como na analise do plasma, sugerindo que esta ndo apresenta toxicidade periférica.
Depois de aferir a seguranca do tratamento, procedemos a avaliagdo da eficacia da formulagao
Ri7-MH-Lip com 3.5 mg/Kg de MH na prevencao da transmigracdo de CCMs em murganhos
Balb/c fémea de 8 a 10 semanas de idade sacrificados 10 dias ap6s a inoculacdo de células 4T1
na artéria cardtida comum. Através da coloracdo HE, foi possivel observar um decréscimo

significativo no nimero de metéstases nas secgcdes de hipocampo cranial e na regido do
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hipocampo em murganhos injetados com a nano formulagdo em comparacdo com o grupo
controlo, embora ndo tenham sido observadas diferengas significativas relativamente a area de
metastases entre os dois grupos. Mais ainda, analisando apenas a area do hipocampo, foi
possivel observar uma redugdo significativa no niumero e area de metéstases nos murganhos
tratados com Ri7-MH-Lip, quando comparados com o grupo controlo. Ainda com o objetivo
de caracterizar o comportamento da BHE apos o tratamento com Ri7-MH-Lip, a expressao de
zonula occludens (Z0O)-1, uma das mais importantes proteinas das juncdes de oclusdo, foi
avaliada por imunohistoquimica. Esta analise e quantificacao revelou um aumento da expressao
de ZO-1 nos vasos, sugerindo uma melhoria das propriedades da BHE apo6s o tratamento. Por
fim, este trabalho teve, ainda, como objetivo avaliar se o tratamento com Ri7-MH-Lip € capaz,
ndo so de prevenir a transmigracdo de CCMs para o encéfalo, como também de prolongar o
tempo de vida de murganhos portadores de MECM. Para este efeito, murganhos Balb/c foram
inoculados com células 4T1 na artéria cardtida comum, sendo que o grupo ndo tratado recebeu
apenas veiculo (NaCl 0,9%) e o grupo tratado recebeu o equivalente a 3.5 mg/Kg de MH por
injecdo. Foi monitorizada a sobrevivéncia ao longo do tempo e foi possivel observar que 0s
animais tratados com a formulacdo apresentaram um prolongamento do tempo de vida em
relagdo ao grupo ndo tratado. Para validar estes resultados, procedemos ainda a andlise
histologica, através da coloracdo HE, onde foram observadas metéstases totalmente
desenvolvidas em cortes do hipocampo cranial no grupo ndo tratado, em comparacdo com o
grupo tratado com a formulacdo. Em sintese, durante a realizacdo deste trabalho foi possivel
implementar e caracterizar um novo modelo animal de MECM. Foi também possivel
demonstrar a eficacia da MH em prevenir a transmigracdo CCMs para o encéfalo, consequente
formacdo de ME e preservar a integridade da BHE in vivo, bem como a seguranca da estratégia
terapéutica. Este estudo contribui, assim, para o avango cientifico no desenvolvimento de novas

terapias preventivas na neuroncologia, nomeadamente para MECM.

Palavras-chave: barreira hematoencefalica; metéstases encefalicas do cancro da mama;

cloridrato de minociclina; lipossomas; modelo animal in vivo
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Chapter I — Introduction




1. Breast Cancer

Breast cancer (BC) is a malignant tumour that commonly begins in the epithelial cells of the
mammary ducts® even though it can also emerge from the milk-producing glands (lobules) of
the breast?. In 2020, over two million new cases of BC were diagnosed worldwide, comprising
the most frequent malignancy among women and being responsible for 684,996 deaths®. About
1.7 million new cases of BC are diagnosed every year and it is predicted that, by 2050, female
BC will reach 3.2 million new cases per year. These numbers reflect the magnitude of BC
incidence, its impact on society worldwide and the urgent need for preventive and treatment

measures”.

The classification of the BC subtype is a highly important determinant of patient survival
and prognosis since the effectiveness of certain therapies depends on the receptor expression,
along with the existence of a strong association between the subtype and metastatic pattern.
Although remarkable improvements in novel therapies for primary tumour treatment increased
BC patients’ life quality and survival, the development of distant organ metastasis arises as a
major concern®. As BC cells (BCCs) constitute a heterogeneous population, one of the most
widely used BC classifications divides BC patients into three groups according to the receptors
expressed on the BCCs surface: hormone receptor (HR)-positive, when BCCs express
oestrogen and/or progesterone receptors (ER and PR, respectively); human epidermal growth
factor receptor (HER) 2 -positive, where HER2 is being overexpressed; and lastly, triple-
negative (TN) BC (TNBC), which is characterized by the absence of HR and HER2
overexpression. The last one enunciated is the group with the worst prognosis and lowest

overall survival, as described in illustrated 1.

As cancer reaches its most advanced or metastatic stage, tumour cells have the capacity to
spread and form new tumours in distant visceral organs’. Central nervous system (CNS)
metastases from BC develop in 15-25% of patients, occurring with the highest incidences in
HER2-positive and TNBC subtypes, representing the second most frequent cause of metastases
development into CNS, following lung cancer’. Brain metastasis (BM) limit both life
expectancy and quality of life, being the main cause of death in BC patients. With an annual
incidence of 8.3-14.3 per 100,000 individuals, it represents a massive and devastating problem,
with a survival rate of only 20% one year after diagnosis®. Even though metastatic cancers are
responsible for about 90% of cancer mortality, most of the attention and research funds are
focused on the treatment of primary tumours. Metastatic BC is considered incurable with the

currently available therapies, in contrast with early diagnosed BC’.



TNBC makes up approximately 15% of all classified BC tumours and patients having TNBC
experience the worse prognosis of all subtypes, owing to higher rates of recurrence and limited
therapeutic options. Moreover, TNBC is usually more aggressive and more likely to
metastasize®. Through mammography screenings, it is possible to have early detection of BC,
which improves the chances for a successful treatment and consequently a decrease in mortality.
The common treatment procedure for early-stage BC involves either mastectomy or
lumpectomy accompanied by adjuvant treatment!. The average time between primary BC
diagnosis and BCBM development is the shortest for patients with TNBC®. Despite the
therapeutic advances, the management of BM is still a significant challenge due to the absence
of targeted therapies specific to this secondary tumour formation, leading to an increase in BM
incidence®. The only available therapeutic option for TNBC is single-agent sequential
chemotherapy®. Drug resistance is commonly observed in metastatic TNBC, therefore, effective

targeted therapies are needed®.

Triple-negative
Absence of HR and HER2
overexpression

)

Figure 1 | Breast cancer (BC) subtypes. BC patients are commonly classified into three groups, according to the receptors

HR-positive HER2-positive

Oestrogen and/or progesterone -
receptors are expressed Overexpression of the HER2 receptor

HR: hormone receptor
HER2: human epidermal growth factor receptor 2

expressed in BC cells (BCCs): hormone receptor (HR)-positive if oestrogen or progesterone receptors are present; human
epidermal growth factor receptor (HER) 2 -positive, where HER2 is overexpressed; and triple-negative BC (TNBC),
characterized by the absence of hormone receptors and HER2, presenting the worst prognosis and comprising the patients with

worse predicted survival.



2. Breast cancer brain metastasis formation by metastatic cascade

Metastasis formation is a complex process comprising several steps, including: individual
BCCs' invasion of the mammary tissue through the basement membrane into the surrounding
tissue; dissemination from the primary tumour mass into the circulatory system (intravasation);
their survival in the circulatory system; the arrest, attachment and migration of circulating
tumour cells (CTCs) across brain microvascular endothelial cells (BMECSs) (extravasation) and,
finally the colonization of the brain parenchyma, leading to the formation of brain metastatic

lesions'?, as represented in figure 2.
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Figure 2 | Breast cancer (BC) metastatic cascade. BC brain metastasis (BCBM) formation comprises several steps, including
BC cells (BCCs) invasion of the mammary tissue through the basement membrane into the surrounding tissue and
dissemination from the primary tumour mass into the circulatory system (intravasation) by acquiring mesenchymal and invasive
phenotype through epithelial-mesenchymal transition (EMT). Due to the bloodstream, BCCs spread throughout the circulation
and interact with the blood-brain barrier (BBB), completing the metastatic cascade when the BCCs surpass the BBB and
successfully colonize the brain parenchyma. In the brain, the BCCs can present 3 distinct stages: most of BCCs die; enter a
state of dormancy or proliferate within this new microenvironment, forming micrometastasis. After metabolic reprogramming,
tumour cells start the colonisation of brain parenchyma leading to the formation of macrometastasis. Additionally, dormant

cells tend to be reawakened in a certain condition and proceed to participate in colonisation and cause tumour recurrence.



The metastatic chain begins with the separation of BCCs from the basement membrane to
invade local tissues. In order to detach themselves from the tumour conglomerate, cells undergo
phenotypic changes in a process called epithelial-mesenchymal transition (EMT)®. It is
postulated that EMT occurs when cells lose their epithelial properties through the
downregulation of epithelial markers, such as claudin and epithelial (E)-cadherin and gain
mesenchymal traits, as the expression of mesenchymal proteins like vimentin and neuronal (N)-
cadherin, leading to loss of cell polarity and adhesion ability and, consequently, acquiring
invasive properties®!!. The replacement of E-cadherin for N-cadherin promotes the resistance
to programmed cell death induced by loss of cell adhesion, or anoikis, through the modulation
of apoptotic-related genes. The ability to overcome anoikis is correlated with the acquisition of
the mesenchymal phenotype, allowing the survival and proliferation of BCCs without cell-cell
interactions. Even though cells change their shape and motility through EMT, not all BCCs

finish the process®.

After intravasation, the survival of malignant cells in circulation is an imperative step for
metastasis development. Importantly, only cancer cells with high metastatic potential survive,
succeed in homing and extravasation and are able to disseminate into other organs, such as the
brain®. Only a small fraction of BCCs can successfully survive the shear stress created by the
blood flow, surveillance by immune cells and anoikis!2. Tumour clusters have a higher
probability of survival in the bloodstream and present a greater capacity to form new tumours
compared to individual cellst. Tumour cells can express proteins with anti-apoptotic and pro-
survival functions, such as the cluster of differentiation (CD)47 and other inhibitory receptors
to escape natural killer (NK)cells, anti-tumour protagonists, leading to a metastasis-promoting

state in which the immune escape of CTCs is favoured!213,

The last step of the metastatic cascade is the extravasation process, which is comprised of
three sequential steps'*. As CTCs reach the brain vasculature, their extravasation requires
interaction with BMECs™. Firstly, CTCs are passively arrested in small capillaries, establishing
an initial site of weak adhesion®?. Endothelial (E)-selectin is a major adhesion receptor on
endothelial cells (ECs) for leukocytes and has been demonstrated to support the metastatic
process in vivo®. Similarly to migrating leukocytes, CTCs also express E-selectin ligands and
use selectin-dependent mechanisms to adhere to BMECs followed by transmigration. In the

same matter, chemokines have also been linked to transendothelial CTCs migration into the



brain parenchyma®®. Next, a firm adhesion between BCCs and BMECs is necessary, being
possible by their interaction with adhesion molecules and respective receptors, such as
integrins'?16.17. After attachment, the previously mostly spherical cells spread on the
endothelium and actively transmigrate through the blood-brain barrier (BBB) by a process

called transendothelial migration (TEM)4,

An intact physiological BBB prevents the entry of metastatic cells into the brain and the
specific route by which tumour cells cross the barrier remains unclear”*2. TEM into the brain
can occur through two pathways: transcellular route (through the ECs themselves) or
paracellular route (through the intercellular junctional complexes, between ECs)’. These two
migration pathways have been observed both in immune cells (leukocytes) and BCCs
extravasation”*. It is believed that, upon transcellular intravasation, the ECs’ Ca2+ —
calmodulin complex activates myosin light chain (MLC) kinase (MLCK) at BCCs’ attachment
sites, leading to local phosphorylation of MLC and actomyosin contraction. Consequently, this
results in a rapid cytoskeletal and membrane remodelling, creating a transitory pore-like
structure for BCCs to transverse the EC®1°. Although BCCs are able to transcellularly migrate
through the BBB, most cancer cells, including BCCs, appear to have a preference for the
paracellular route’?*8, This interaction between BCCs and BMECs induces a redistribution and
reorganization of intercellular junctions leading to BBB disruption*®!?, as illustrated in figure
3.

Once the cancer cells have exited the bloodstream and have invaded the brain parenchyma,
they start to proliferate, founding a metastatic colony to establish an adequate blood supply in
order to provide essential nutrients for tumour growth'>8, After extravasation, a considerable
proportion of metastatic cells are likely to die owing to the active anti-tumour response from
the organism; others become quiescent, with the risk of recurrence, and a few enter a
proliferative state'?. The colonisation of BCCs might include a sequence of events, like the
reawakening from a dormancy state, vascular co-option for micrometastases formation, and
metabolic reprogramming. To finish the metastatic cascade, BCCs reacquire their epithelial
phenotype via mesenchymal-epithelial transition (MET) and form well-established BM. The
reacquisition of epithelial phenotype by malignant cells might be the potential mechanism

contributing to the establishment of macrometastases in the brain®.
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Figure 3 | Extravasation of circulating tumour cells (CTCs) across the blood-brain barrier (BBB) can lead to the
disruption of junctional complexes. The interaction between CTCs and brain microvascular endothelial cells (BMECs)
induces a redistribution and reorganization of intercellular junctions in order to squeeze through BMECs, leading to BBB
disruption. Transmigration of CTCs into the brain parenchyma may occur through a paracellular route, passing between two
endothelial cells (ECs). This process leads to a disruption of the elaborated intercellular junctional complexes between BMECs,
including tight junctions (TJs) composed of occludin, claudin, zonula occludens-1 and junctional adhesion molecules (JAMS);
adherens junctions (AJs) including E-cadherin and catenins; and gap junctions (GJs) mainly composed by connexins like

connexin 43.



3. Blood-Brain Barrier

Located at the level of cerebral capillaries, the BBB is a complex semi-permeable, cellular-
based barrier separating the brain parenchyma from systemic blood circulation, covering the
entirety of the brain®°. This highly limiting surface is meant to protect the brain from harmful
substances and control the proper balance of nutrients, restricting the free movement of
potentially neurotoxic plasma components, blood cells and pathogens between the systemic

circulation and neuronal tissue22,

As previously mentioned, the BBB is formed by a relatively thin monolayer of interlinked
specialised ECs, named BMECs, supported by pericytes and astrocyte endfeet. BMECs share
common features with other endothelia but differ fundamentally in their capacity to regulate
the passage of molecules and cells to and from the neural parenchyma, by having a low rate of
pinocytic internalization and expression of efflux pumps?24, Cerebral microvasculature lining
is characterized by the existence of elaborated intercellular junctional complexes between
BMECs, including highly-limiting tight junctions (TJs), adherens junctions (AJs), and gap

junctions (GJs)*.

TJs play an important role in restraining paracellular transport limiting the size of the
molecules able to pass freely through the BBBZ. TJs in the CNS form approximately 4 nm
pores, strictly limiting the size of molecules able to pass freely through this space along with
providing the main difference between BMECs and ECs from other tissues?*°. These junctions
are composed of three types of molecules: occludins, claudins and junctional adhesion
molecules (JAMs) and intracellular proteins linked to actin cytoskeleton, such as zonula
occludens (Z0)?. The principal claudin in BMECs is claudin-5 and it is believed that these
proteins are responsible for permeability restriction?. As for AJs, they are mainly structural
and promote tissue structural support and provide strong cellular adhesion while contributing
to barrier properties??23, AJs are mainly composed of vascular endothelial (VE)-cadherin and

catenins?*.

Generally, only lipophilic molecules with a low molecular weight (under 400-600 Da) and
of positive charge can cross the BBB?’. Although the BBB endothelium is highly selective and
limits the penetration of both solutes and cells, BCCs are still able to reach the brain
parenchyma and lead to BCBM formation®. Accordingly, it is imperative to develop new
preventive therapeutic strategies to avoid BCCs transmigration and, consequently, BCBM

formation.



4. Minocycline hydrochloride as a neuroprotective agent

Minocycline hydrochloride (MH), a second-generation, semi-synthetic tetracycline with
acknowledged anti-inflammatory properties and antimicrobial effects, has been clinically used
for over 30 years?®?°, MH possesses a more lipophilic profile than other tetracyclines, which
increases the drug’s distribution and half-life>°. Moreover, MH shows a better pharmacokinetic
profile compared to the first-generation tetracyclines when used orally, while being rapidly and
completely absorbed by the gastrointestinal tract, with excellent tissue penetration and an
almost complete bioavailability?®®. Due to its highly lipophilic properties, MH has shown
superior BBB penetration in comparison with first-generation tetracyclines, promoting its
accumulation in CNS and enabling its use in the treatment of several CNS diseases?®3!,

MH was reportedly involved in the attenuation of BBB disruption and the inhibition of
matrix metalloproteinases (MMP), which have been implicated in BBB damage and increased
permeability32. MH reduces brain MMP-9 in response to inflammation and an effect on MMPs
can also affect the transmigration of leukocytes into the CNS, thereby reducing
neuroinflammation further®. It was demonstrated that MH can prevent the induced breakdown
of the BBB and reduce specific cytokines and MMPs participating in BBB damage®23. Yang
and Peers also demonstrated that a single dose of MH benefits neurovascular remodelling after
astroke®. The results obtained from various authors showed for the first time that MH treatment
could provide neuroprotection to the BBB by decreasing the number of disrupted microvessels
and preventing the disruption of the basal lamina, suggesting that it might be able to prevent
BCCs penetration into the brain®2%33:37_ Taking this into account, previous studies performed
in our laboratory showed MH’s neuroprotective effects while putting to evidence its inhibitory
action in BCCs migration and adhesion to the endothelium, implying its possible anti-metastatic
action. This study highly supports the selection of MH as a BBB modulator, exposing its
aptitude to decrease monolayer disruption as a result of BCCs exposure®®,



5. Drug delivery systems to the blood-brain barrier

The BBB represents an insurmountable barrier for most drugs, including anticancer agents,
antibiotics and other macromolecular drugs. Numerous drug delivery strategies have been
attempted to enhance drug properties and pharmacokinetic behaviour, such as nanotechnology,

involving the use of nanocarriers, vesicles and micelles®*,

Nanotechnology is an essential tool when developing new systems for the efficient delivery
of potential therapeutic compounds to specific sites like the BBB. Some of the known
advantages of using nano-delivery systems are the reduction of adverse side effects in non-
pathological tissues associated with the non-specific distribution of drugs, an increase of drug
concentration at the desired site of action and, consequently, improvement of the therapeutic
effectiveness by modulating drug pharmacokinetics. In addition, the suitability of nano-delivery
systems also depends on the ability to recognize and establish interactions with specific ligands
conjugated on the nanoparticle surface and the overexpressed molecules at the BBB (active
targeting)*. In general, nanoparticle-assisted drug delivery increases drug bioavailability and
stability while decreasing peripheral toxicity*®. Some examples of nanocarriers for BBB drug
delivery include inorganic nanoparticles, such as silica and gold, natural substrates and

liposomes?.
5.1 Liposomes as nanocarriers for BBB target drug delivery

Liposomes are the most used nanoscale drug delivery vehicle and have already seen clinical
use in multiple applications, including chemotherapeutics and vaccines®. These nanocarriers
are spherical vesicles consisting of an aqueous inner core enclosed by uni/multi-lamellar
phospholipid bilayers*>. Often composed of phospholipids, especially phosphatidylcholine,
liposomes may also include other types of lipids®. The liposome lipid composition determines
properties such as rigidity, phase transition temperature and stability, which consequently
affects drug encapsulation, retention and release?°. Generally, liposomes’ components make

them biologically inert and biodegradable with low inherent toxicity3%4,

Liposomes can accommodate both hydrophobic and hydrophilic drugs in their phospholipid
bilayers and aqueous core, protecting the compounds from system degradation®*#2. Among the
various carriers or drug delivery systems introduced to the present date, liposomes have several
documented advantages, including increased drug loading capacity, biocompatibility and
minimum toxicity*. There is a need for a balance between liposome stability and the eventual

drug release, since the first is responsible for extending circulation time while protecting the
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drug from excretion and the latter is essential for its function. For clinical translation, liposomes
usually improve the safety and efficacy of the encapsulated drugs by avoiding excretion and

reducing their off-target accumulation?.

Liposomes hold an additional advantage since they may be modified in order to efficiently
target a particular site of interest (e.g., BBB)*. Even though liposomes have lipophilic
characteristics, their size prevents them from diffusing across cell membranes or even between
BMEC:s. Instead, liposomes are able to cross the BBB via transport systems, such as adsorptive
mediated transport (AMT), receptor-mediated transport (RMT), and carrier-mediated transport
(CMT)*. Various surface modifications have been studied and developed to promote the
transference of liposomal carriers across the BBB, and this is thought to have great future
perspectives regarding the diagnosis and treatment of brain-located diseases*’. Essentially, the
targeting carrier systems surface needs to be decorated with adequate ligands for specific
receptors overexpressed by BMECs in order to be endocytosed and have the desired effect. For
this reason, drug molecules need to have a stable association with their carriers from the time

of administration until they have reached the site of interest (e.g., BMECs)*.

Recent advancements in liposomal formulations have been obtained regarding the boost of
targeting efficiency of the carrier through the use of active agents or ligands to facilitate site-
specific delivery. The development of “stealth” liposomes, surface functionalization of
liposomes with polyethylene glycol (PEG), enhances its circulation period in the blood and
suppresses the phagocytic uptake®. Lipids present in the outer membrane of liposomes are often
conjugated with PEG to form a shield around the liposome. A dense PEG coating protects the
liposome from the reticuloendothelial system, reducing its immunogenicity while improving
the penetration through brain tissues?®*°. After administration, PEG-liposomes demonstrated a
great resistance in the blood compartment for extended periods while having a high affinity to

accumulate predominantly within inflammation areas*.

The functionalization of the liposomal surface with biologically active ligands has been
intensely studied. These ligands include peptides, antibodies and small molecules
(preferentially at the end of the PEG molecules), which specifically bind to receptors or target
transporters overexpressed by BMECs*%4". A small fraction of the PEG molecules carries a
terminal maleimide functional group to allow the conjugation of the liposome surface with

thiolated targeting ligands. The targeting ligand acts as a molecular Trojan Horse (MTH) and
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can be directed at an endogenous BBB receptor/transporter, such as the transferrin receptor
(TfR)%.

6. BBB receptors as molecular trojan Horses

As formerly described, in order to meet the metabolic demands of the brain, numerous
receptors and transporters are present on the surface of the BBB*. Liposomes have three main
routes by which they may deliver their cargo into the brain: AMT, CMT and RMT, as briefly
mentioned above. AMT consists of the internalization of a compound through direct
electrostatic interactions between BMECs' luminal surface and the cationic groups of ligands*.
Binding to the membrane triggers the endocytosis process of the cationic compound, where it
can act on its intracellular target or diffuse into the brain parenchyma and have a
pharmacological effect; CMT systems are transmembrane proteins that form gates that allow
substrate transport through the membrane®®. CMT and RMT are similar systems, in which a
transporter/receptor expressed by BMECs interacts with a specific ligand and triggers the
internalization of the substrate-receptor complex into the intracellular compartment?3*,
However, CMT systems generally do not undergo endocytosis to mediate transport, contrary to
the RMT transport*.

These receptors and transporters, although sharing several mechanisms, differ in the
internalization of ligands. Receptors recognize a specific ligand and promote the envelopment
of the whole receptor-ligand complex and its translocation towards the abluminal side of the
cell, while the transporters induce a conformation change when a ligand is recognized,
promoting internalization?3. AMT is a non-specific system, whereas CMT and RMT occur via
reactions with specific BMECs’ proteins, such as the transferrin receptor or glutathione
transporter?’, It has been observed that, as a result of the specificity of the interaction between
receptors and ligands, RMT is the most successful and commonly used strategy for liposome
target delivery to the brain®. Liposome nanoparticles with a surface modified by transferrin,
lactoferrin, glucose and PEG have proved to be effective strategies to increase the BBB
permeability*®. Liposomes targeted to TfR are the most investigated because of their abundance
on the BBB®,

12



6.1 Transferrin receptor

The TfR is a glycoprotein composed of two subunits and a transmembrane domain. Each
subunit holds the ability to link to one transferrin (Tf) molecule, which is the protein capable
of binding and carrying iron through the human body?. Tf is one of the most abundant plasma
proteins, existing in concentrations ranging from 25 to 50 pM. Due to its high abundance in
plasma, approximately only 30% of the Tf molecules are saturated with iron. Tf works as a
neutralising molecule if the iron plasma concentration rapidly increases, thereby preventing the

risks of accumulation of toxic non-Tf bound iron°?.

Although it is expressed in plenty of other tissues throughout the human body, TfR is
overexpressed by BMECs to supply the brain with all its iron needs. Iron uptake is an extremely
regulated process since abnormal amounts of iron within the CNS are associated with
neurological diseases®. Two types of TfR isoforms have been described, namely TfR1 and
TfR22%, Even though they show homologies in the extracellular domain, they are expressed in
different patterns throughout the body. TfR2 is mainly expressed in tissues implicated in iron
metabolism regulation, such as the liver and small intestines, while TfR1 is generally found on
the surface of most body cells (e.g., immature erythroid cells, placental tissue, rapidly dividing
cells, both normal and malignant, and hepatocytes)®!. TfR1 is extensively expressed at the
luminal membrane of BMECs to endorse the brain uptake of iron by binding to Tf saturated

with iron?,

TfR isoforms create an iron-Tf-TfR complex endocytosed by the cell. This process occurs
via RMT, through a clathrin-dependant pathway. Cellular iron uptake from Tf is initiated by
the binding of holo-Tf to the TfR, followed by the formation of an endosome?°°52%3 When in
the endosome, the lower pH will induce Tf to release its iron ions to be used by the cell. The
TfR-Tf complex will then be recycled and returned to the cell surface, whereas the ligand

continues its transcellular transport?>4,

The TR is of high interest due to its overexpression by BMECs compared to other types of
ECs in the periphery, being one of the most studied and frequently exploited receptors in the
field of BBB target drug delivery?>®-%, Iron-bound Tf has a high affinity for the TfR, therefore
it has been used as a ligand for BMECs targeting*’. Numerous authors have investigated the use
of TfR-targeted liposomes as a result of TfR abundance in the BBB and were able to
demonstrate an increase in brain uptake and intratumoral drug delivery, along with the

enhancement of PEGylated liposomes transport to the BBB20:3%53,
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Nonetheless, the targeted liposome’s application has limitations when used in in vivo
studies'®. The main obstacles in using TfR-targeted liposomes include the wide expression of
the receptor in multiple organs besides the brain leading to a lack of tissue specificity and the
competition between endogenous Tf and the targeting ligand that binds to TfR1. Due to
endogenous Tf elevated levels, TfR can be saturated, reducing its targeting efficiency?®?. In
order to overcome these limitations, several monoclonal antibodies (mAbs) and targeting

peptides have been developed?.

6.1.1 Anti-TfR monoclonal antibodies

As briefly mentioned, various MTHSs can be attached to the end of the maleimide functional
group present in PEGyated liposomes®®. Trojan horse liposomes (THLS), or immunoliposomes,
exploit the use of mAbs to target endogenous BBB receptors like TfR*°. Various research
studies have reported that anti-TfR mAbs (TfRmADbs) are able to bind preferentially to a TfR
epitope, which is different from the Tf binding site, reducing competition between ligands and,
consequently, improving receptor-binding efficiency®’. TFRmADbs that act as MTH at the BBB
are almost always species-specific®®. The first study targeting the TfR in vivo was performed in
the rat and reported BMECs' direct binding after systemic injection of a mouse mAb raised
against the rat TfR®®. Rat mAbs against the mouse TfR were isolated and shown to be able to
act as a MTH in the mouse®®°®. For that reason, other murine analogous variants have been

produced, such as clones 8D3 and Ri7-217°1:5356:58,

The Ri7-217 mAb is a rat IgG2a and has been used in drug delivery systems targeting the
brain for a while due to its high affinity for the mouse TfR%"€°. To determine the nanocarrying
capacity of anti-TfR vectors, Paris-Robidas et al.>® obtained the first direct evidence of anti-
TfR Ri7-217 mADb's capacity to ferry a large number of nanoparticles into BMECs after
systemic injection. Their data strongly suggests that anti-TfR mAbs can be effective BMECs
targeting vectors for drug delivery. An additional study proved that Ri7-217 mAb is more

selective for the brain while having no measurable uptake by the liver or kidney®.

Using modern receptor-targeted technology by the use of muscone/Ri7-217 co-modified
docetaxel liposomes for enhanced drug delivery to the brain, Kang and colleagues®’ were able
to showcase that Ri7-217 has a high affinity and selectivity for the brain TfR, achieving brain
targeting through TfR-mediated transcytosis. Moreover, a previous study also performed by
Paris-Robidas and colleagues®® demonstrated that anti-TfR Ri7-217 mAb injected
intravenously accumulates preferentially inside BMECs, rather than just remaining bound on
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their luminal side or trespassing to the brain parenchyma, along with providing compelling
evidence of a wide distribution of Ri7-217 mAb throughout BMECs. This study also made clear
that anti-TfR mAbs bind immensely to TfRs located on the cerebral vasculature, opening the
door to new opportunities for BMECs drug targeting®. In addition, Bendix and colleagues®
were able to confirm the utility of Ri7-217 mAb (in short Ri7) to obtain preferential
accumulation in the BBB endothelium which is the main advantage in targeting the TfR in
comparison with other BBB receptors. Along with the evident targeting ability and affinity for
the brain TfR, the biodistribution and preferential accumulation in the brain endothelium
support the use of anti-TfR Ri7 mAb as a vector for BMECs drug delivery®-®3, In addition,
previous in vivo studies were able to showcase that the majority of the Ri7-decorated
nanoparticles recruited to the vessel walls were internalized by the BMECs®. This study deeply
supports the use of this mAb as targeting vector to act upon the BBB endothelium and

accumulate inside BMECs, which is the focus of our work.

To further validate these studies, a new formulation using Ri7 mAb as a targeting vector for
MH-loaded liposomes (Ri7-MH-Lip) was developed in our laboratory. Through in vitro studies,
MH’s safety profile and efficacy were assessed along with the Ri7 decorated-liposomes
delivery efficiency. It was demonstrated that Ri7 promotes cellular adhesion between the MH-
loaded liposomes and BMECs, confirming the efficacy of using an anti-TfR mAb as a BMECs
targeted delivery vector. The treatment showed no signs of toxicity and no impairments to the
barrier endothelium integrity and permeability, validating the use of this nanoformulation as a
preventive treatment for the transmigration of BCCs between BMECs (Rafaela Silvestre,
Master thesis, Faculdade de Farmacia, Universidade de Lisboa, 2022; Joana Godinho-Pereira,
PhD thesis, Faculdade de Farmécia, Universidade de Lisboa, ongoing). Therefore, it is thought
that, with the delivery efficiency provided by the anti-TfR mAb decorated-liposomes and
preferential accumulation at BMECs’ level, MH might be able to reach BMECs and prevent
BCCs penetration of the BBB into the brain by modulating the barrier properties and,

consequently, prevent BCBM in vivo.
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7. Hypothesis and Aims

As previously described, MH was disclosed as a BBB modulator, improving its properties
and acting as a BBB protective agent upon exposure to BCCs. Moreover, Ri7 decorated-
liposomes delivery efficiency was further confirmed through in vitro studies, validating the use
of Ri7-MH-Lip as a preventive treatment for BCBM. In this work, we hypothesized that Ri7-
MH-Lip could prevent the transendothelial migration of BCCs into the brain if specifically
delivered to BMECs in vivo. Accordingly, this project aims to deliver MH via Ri7-
functionalized liposomes to the BBB endothelium and assess Ri7-MH-Lip safety and efficacy
in preventing BCCs transmigration while preserving barrier properties a the BCBM mouse
model. To achieve this purpose, the following specific objectives were established:

i. Ascertain Ri7-MH-lip treatment's safety profile;
ii. Establish liposomes’ efficacy in preventing BCBM,;
ii. Determine the liposomes' aptitude to improve the BBB endothelium properties in

vivo.
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Chapter II — Materials and methods
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1. Mouse model of BCBM

A mouse model of BCBM*®% was implemented and characterized in Portugal. This model
relies on the inoculation of murine mammary carcinoma TN 4T1 cells, one of the most
aggressive BCCs, in the common carotid artery of Balb/c mice, in order to induce preferential
formation of metastases in the brain. The 4T1 cells were maintained in Roswell Park Memorial
Institute (RPMI) 1640 medium supplemented with glutamine (Sigma Aldrich, St. Louis, MO,
USA) and 5% heat-inactivated foetal bovine serum (FBS, Sigma Aldrich, St. Louis, MO, USA)
in a 5% CO2 atmosphere at 37 -C. BCCs [0.2x106 cells in 150 pL of phosphate buffer saline
(PBS)] were injected, under ketamine (75 mg/Kg) and medetomidine (1 mg/Kg) anaesthesia by
intraperitoneal (i.p) injection, in the common carotid artery of 8-to-10-weeks-old Balb/c mice
(Gulbenkian Institute of Science, Portugal) to direct the malignant cells to the brain and allow

preferential BM formation. Mice were housed in the animal facility of the Faculty of Pharmacy.

The implementation of the mouse model counted with the contribution of team members
experienced in Animal experimentation (Manuela Gaspar, Sandra Simdes, Manuela
Carvalheiro and Jodo Rocha) and was mainly executed by the PhD student Joana Godinho-
Pereira, all certified by the National Legal Authority (Direcdo Geral de Alimentacdo e
Veterinaria). Plasma, brain and/or peripheral organs were collected at day 7, 10, 14, or 18 after
4T1 cells, as depicted in Figure 4.
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Figure 4 | Schematic representation of in vivo experimental design. A mouse model of breast cancer brain metastases
(BCBM) was developed relying on the inoculation of murine mammary carcinoma triple negative (TN) 4T1 cells of 8-to-10-
weeks-old female Balb/c mice. The sacrifice and organ harvesting were performed 7, 10, and 14 days after breast cancer cells
(BCCs) inoculation (A). To ascertain the safety of the treatment, Balb/c mice not inoculated with 4T1 cells were injected with
the Ri7-MH-Lip formulation (treated) or vehicle (untreated) in a total of 11 intravenous (i.v.) administrations. Organs and
plasma collection occurred 18 days after the first liposomal injection (B). In order to evaluate the treatment’s effectiveness in
preventing BCCs transmigration, Balb/c mice inoculated with 4T1 cells were injected with Ri7-MH-Lip formulation (treated)
or vehicle (untreated) and divided into two groups. A group received a total of 7 i.v. administrations and was sacrificed 10
days after 4T1 cells inoculation where brains and plasma were collected, and another group received a total of 11 i.v.
administrations and was left to monitor the survival time until 18 days after BCCs injection (C). Created in Biorender.com.
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2. Liposomes Preparation

The Ri7-MH-Lip formulation was developed in previous and still unpublished studies
(Rafaela Silvestre, Master thesis, Faculdade de Farmacia, Universidade de Lisboa, 2022; Joana
Godinho-Pereira, PhD thesis, Faculdade de Farmécia, Universidade de Lisboa, ongoing), in a
collaboration with Doctor Manuela Colla Carvalheiro and Doctor Luisa Corvo, from the
Advanced Technologies for Drug Delivery Lab, at the Research Institute for Medicines
(iMed.ULisboa). The liposomes used in the present study were prepared by the PhD student
Joana Godinho-Pereira, supported by Doctor Manuela Carvalheiro. Briefly, 10 mM of MH was
encapsulated into liposomes (MH-Lip), composed of egg phosphatidylcholine (EPC),
distearoyl-glycero-phosphorylethanolamine-poly(ethyleneglycol)2o00 (DSPE-PEG) (Lipoid
GmbH, Germany) and cholesterol (Chol) (Sigma Aldrich, St. Louis, MO, USA) in a molar ratio
of EPC:Chol:DSPE-PEG:DSPE-PEG at 1.85:1:0.075, respectively. MH-Lip were
functionalized with Ri7 (Ri7-MH-Lip) through a post-insertion method based on the usage of
micelles coupled with the Ri7 and composed by DSPC-PEG and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-poly(ethyleneglycol)2000-N-maleimide in a molar ratio of 0.06:0.015,
respectively. The Ri7-MH-Lip presented a hydrodynamic diameter of 142 + 4 nm with a
polydispersity index of 0.117 £ 0.033, evidencing high homogeneity of the liposomal
population. In addition, due to the PEG coating, the liposomes possessed a neutral surface

charge of -2.7 mV (considered neutral from + 4mV).

3. Plasma Collection and analysis

Blood samples were collected directly from the eye of live mice under isoflurane (IsoVet)
anaesthesia into tubes containing 50 pL of the anticoagulant tri-sodium citrate [3.2% (w/v)].
The blood samples were then centrifuged for 10 minutes at 2000 rpm, at 4 °C, to remove red
blood cells and buffy coat. The plasma was collected into another tube and centrifuged for 3
minutes at 13000 rpm, at 4 °C, to obtain platelet-free plasma. Biochemical parameters such as
creatine kinase (CK), aspartate aminotransferase (AST), alanine aminotransferase (ALT) and
urea were determined in the Biochemical Services Unit of the Faculty of Pharmacy, University

of Lisbon.

4. Organ harvesting and processing
Brains and peripheral organs were collected for histological, fluorescence or

immunofluorescence (IF) analysis. Anaesthetized mice were intracardially perfused with 20
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mL of PBS, followed by 10 mL of 4% paraformaldehyde (PFA) in PBS to fix the tissues. The
organs were harvested and postfixed overnight in 4% PFA at 4 °C and kept in PBS also at 4 °C.

The brains, lungs, kidneys, livers and hearts were paraffin embedded and serially cut into 4-
um-thick sections. To get different regions of the brain, coronal sections were performed
following the Bregma coordinates, cerebellum, -6.12 mm; cranial hippocampus, -1.82 mm.
Samples processing and sectioning was performed at the Histology and Comparative Pathology

Laboratory, at the Institute of Molecular Medicine Jodo Lobo Antunes.
4.1 Histological analysis

To depict metastases, histological analysis of brain and peripheral organs was performed.
To this end, hematoxylin-eosin (HE) staining of the sections was performed at the Histology

and Comparative Pathology Laboratory.

4.2 Fluorescence and Immunofluorescence

Brain sections were processed for fluorescence analysis of epithelial marker tomato lectin
(T-lectin) or analysis of the target proteins. Sections were deparaffinized in xylene (20 minutes)
and rehydrated through successive immersion in 100% ethanol (20 minutes), 96% ethanol (10
minutes), 70% ethanol (10 minutes), and finally tap water (10 minutes). Heat-mediated antigen
retrieval was performed with 10 mM citrate buffer pH 6.0 for 15 minutes in the microwave. A
permeabilization step was performed with 0.5% Triton X-100 (VWR International, Radnor,
PA, USA) for 15 minutes, and tissue sections were blocked with 3% bovine serum albumin
(BSA, Sigma Aldrich, St. Louis, MO, USA) containing 0.5% Triton X-100, for 60 minutes. To
visualize BCCs with an epithelial phenotype, sections were incubated with fluorescein-labelled
T-lectin (1:500, Vector Laboratories #FL-1171). Analysis of Ki-67, pan cytokeratin (pancyt)
and ZO-1 expression was performed by IF analysis using the antibodies summarized in Table
1, diluted in blocking solution. Incubation was firstly performed with the primary antibodies
overnight at 4 °C and secondly with the respective fluorescent-labelled secondary antibodies,
which took place in the dark for 60 minutes at room temperature. Between the several steps
following the antigen retrieval treatment, the sections were washed with PBS. Nuclei were
labelled with Hoechst 33342 dye (1:1000, Thermo Scientific, #62249) for 10 minutes, followed
by mounting solution (SlowFade® Diamond Antifade Mountant, Thermo Fisher Scientific,
#S536963).

Table 1 | Summary of the antibodies used in immunofluorescence analysis.
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Marker Primary Antibody Secondary Antibody

Ki-67 (1:100) Thermo Fisher Scientific ~ Alexa Fluor® 555 (1:500) Thermo Fisher

KI-67 #PA5-19462, Rabbit Pc Scientific, #A-21428, Goat anti-Rabbit

Pan Cytokeratin (1:100) Thermo Fisher  Alexa Fluor® 488 (1:500) ThermoFisher

Pan cytokeratin Scientific #MAB5-12231, Mouse Mc Scientific, #A-11001 Goat anti-mouse

Z0O-1 (1:50) Thermo Fisher Scientific,  Alexa Fluor® 555 (1:500) Thermo Fisher

Z0-1 #40-2200, Rabbit Mc Scientific, #A-21428, Goat anti-Rabbit

Z0-1, zonula occludens-1.

5. Image Acquisition

Images of HE staining were obtained using an Olympus BX51 Microscope equipped with a
DP50 digital camera and Olympus Plan Apo 10x and 20x objectives. Fluorescence images were
acquired using a fluorescence microscope (Olympus, Tokyo, Japan, BX60) with a mercury
fluorescence illuminator and a Nomarski/DIC Prism for Transmitted Light at the Faculty of
Sciences, University of Lisbon Microscopy Facility, a node of the Portuguese Platform for
Biolmaging (reference PPBI-POCI-01-0145-FEDER-022122), under collaboration with
Professor Rui Malho.

6. Data Analysis

For the analysis of metastases area in the cranial hippocampus and cerebellum sections along
with peripheral organs, the total tumour area was determined by delimitation of each metastasis
in cranial hippocampus sections at each timepoint using ImageJ 1.29x software (National
Institutes of Health, USA) and the results were expressed in tumour area (mm?). IF analysis
relied on the examination of cranial hippocampus sections, a prone region for metastasis
development®®, In this sense, ten fields of the cranial hippocampus of each animal were acquired
under the same conditions and analysed using the ImageJ 1.29x software and Icy software
(Institute Pasteur and France Biolmaging, Paris, France).

7. Statistical Analysis

Results were analysed using GraphPad Prism® 6.0 (GraphPad Software, USA) and are
expressed as means + SEM. Data normality was tested with D’ Agostino Pearson and Shapiro-
Wilk test. When normality was verified, the significance of data difference amongst treatment
and controls was tested with the Student’s t-test and the analysis of variance with a one-way
ANOVA test amongst different timepoints and organs. When no normality between data was
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observed, the significance of differences was evaluated with Mann-Whitney and Kolmogorov-
Smirnov (nonparametric) tests amongst different timepoints and organs. Differences were

considered statistically significant when p<0.05.
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Chapter III - Results
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1. Animal model implementation and characterization

A mouse model of BCBM relying on the inoculation of murine mammary carcinoma TN
4T1 cells in the common carotid artery of Balb/c mice was previously established at the
“Neurovascular Unit Research” group, from the Institute of Biophysics of the Biological
Research Centre of the Hungarian Academy of Sciences, Szeged, Hungary, by Doctor Istvan
Krizbai and Doctor Imola Wilhelm. The mouse model consisted of the inoculation of 1x10°
4T1 cells (TN BCCs) in 200uL of Ringer-HEPES in the common carotid artery of 8-to-10-
weeks-old female mice to direct the malignant cells to the brain and allow preferential BM
formation. This model was characterized by a high number of BM in coronal sections of the
cranial hippocampus, with a lower and similar pattern of metastasization in the lungs and

cerebellum®®.

Our aim of testing the efficacy and safety of Ri7-MH-Lip prompted us to establish such a
BCBM model in our facilities in Lisbon. In our hands, the injection of the referred amount of
4T1 cells led to an extensive rate of death by embolism. In addition, the animals presented a
higher survival rate when the total cellular volume was not injected, suggesting that a change
in the experimental procedure was imperative. As a result, we proceeded to reduce cell
concentration and volume to 0.2x10° 4T1 cells in 150 L of PBS, in line with other reports for
TNBC cells®®.

1.1 Well-established metastases are detected in the brain from 7-days onwards

Metastases development and evolution were characterized by inspecting cranial
hippocampal and cerebellum sections (the most and least affected sections in the original model,
respectively) at different timepoints [7, 10 and 14 days (d)] after inoculation of TN BCCs in 8-
to-10-weeks-old female Balb/c mice (Figure 5). Observation of HE-stained sections revealed
well-established metastases observed from 7d onwards and that the injection of 4T1 cells leads
to a time-dependent formation of metastases in the cranial hippocampus section (Figure 5A),
whereas their presence was insignificant in the cerebellum (Figure 5B). The analysis of
metastases number (Figure 5C) and area (Figure 5D) revealed a significant increment
throughout time in cranial hippocampus sections. Regarding the hippocampus, it was possible
to observe a significant increase in metastases number (Figure 5E) and a substantial
enlargement in metastases area (Figure 5F) throughout time. The semi-quantitative analysis of
tumour number (Figure 5G) and area (Figure 5H) in the cerebellum sections revealed no

significant presence of BCBM.
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Figure 5 | Profile of breast cancer brain metastases (BCBM) in a mouse model. Cranial hippocampal and cerebellum
sections were analysed, and metastases number and area were quantified at different timepoints [7, 10 and 14 days (d)] after
inoculation of triple-negative (TN) breast cancer cells (BCCs) in 8-to-10-weeks-old female Balb/c mice. The pattern of BCBM
formation was assessed by hematoxylin-eosin (HE) staining and well-established metastases from 7d onwards were detected.
The analysis of the cranial hippocampus section revealed a time-dependent formation of metastases (black arrows) (A), while
no metastases were detected in the cerebellum (B). Scale bar: 100 um. Quantification of metastases number (C) and area (D)
in cranial hippocampus sections disclosed an increment throughout time. A similar BCBM pattern in number (E) and area (F)
was seen in the hippocampus region. The pattern of BCBM formation in the cerebellum and the semi-quantitative analysis of
tumour number (G) and area (H) revealed no significant presence of metastases. Schematic representation of the analysed
regions. Created in Biorender.com (1). The results are expressed as mean + SEM (n = 3 for each timepoint). A one-way ANOVA
was used to assay the significant changes in parameters between indicated timepoints. Statistical significances are denoted as
# p<0.05 and ## p<0.01 between timepoints.
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1.2 Peripheral breast cancer metastases were only detected in the lungs

Regarding the peripheral organs, mice’s lungs, kidneys and livers were harvested at different
timepoints (7, 10 and 14 d) after inoculation of 4T1 cells in 8-to-10-weeks-old female Balb/c
mice. The presence of metastases was evaluated based on HE staining (Figure 6). Metastases
were observed from 7d onwards in the mice’s lungs (Figure 6A), whereas no metastases were
detected in the other peripheral organs (liver and kidneys, Figure 6B-C). Metastases area was
quantified and normalized for the analysed organ tissue, showing an increase in tumour area

throughout time (Figure 6D).
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Figure 6 | Profile of breast cancer brain metastases (BCBM) in peripheral organs. Triple-negative (TN) breast cancer cells
(BCCs) were injected in the common carotid artery of 8-to-10-weeks-old female Balb/c mice. The presence of metastases was
assessed by hematoxylin-eosin (HE) staining in lungs (A), livers (B) and kidneys (C) at different timepoints [7, 10 and 14 days
(d)]. Scale bar: 100 pm. Fully developed metastases were observed from 7d onwards in the mice’s lungs (black arrows), whereas
no metastases were detected in the other peripheral organs. Metastases area was quantified and normalized for the organ tissue
(D). The results are expressed as mean + SEM (n=3 for each timepoint). A one-way ANOVA was used to determine significant

changes in parameters between the different timepoints and studied organs.

1.3 BCCs acquire a proliferative and epithelial phenotype during brain metastasis

formation

Aiming to understand if an increasing metastatic area over time resulted from a progressive
proliferative capacity of BCCs, the expression of the proliferation marker, Ki-67, was assessed.
In parallel, the epithelial marker expressed by malignant cells, Pan-cytokeratin (Pancyt), was
also inspected, in order to visualize metastatic lesions in cranial hippocampal sections 10 and
14 days after BCCs injection (Figure 7A). A proliferative phenotype (Ki-67-positive BCCs in
BM), along with a substantial Pancyt expression 10 days after the inoculation of 4T1 cells, was
observed. Notably, the immunoreactivity of Ki-67 significantly increased from 10 to 14 days
(Figure 7B), reflecting metastatic cells’ proliferation during BCBM progression, in accord with
the enlargement of metastases area from 10 to 14 days (Figure 5D). Furthermore, the mean
intensity of Pancyt significantly increased with the metastatic stage (Figure 7C), suggesting that
tumour cells progressively regain epithelial features during BCBM’s establishment and
colonization. This is reinforced by the expression of the epithelial marker T-lectin in BCBM
(Figure 7D), which emphasizes the manifestation of epithelial characteristics by tumour cells
throughout time. The overall results illustrate an upregulation of epithelial markers in BCCs as

metastases development progresses, suggesting the occurrence of MET.
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Figure 7 | Characterization of the breast cancer brain metastasis (BCBM) mouse model by

fluorescence/immunofluorescence analysis. Triple-negative (TN) breast cancer cells (BCCs) were injected in the common
carotid artery of 8-to-10-weeks-old female Balb/c mice and fluorescence/immunofluorescence analysis was performed in
cranial hippocampal sections 10 and 14 days (d) after. Double labelling with a proliferation and an epithelial marker, Ki-67
(red) and Pan-cytokeratin (Pancyt, green), respectively, showed Ki-67-positive and Pancyt-positive metastases (A). Scale bar:
100 pm. Semi-quantitative analysis of Ki-67 and Pancyt showcased an increase in mean intensity in a time-dependent manner
(B-C). The epithelial marker tomato lectin (T-lectin, green) fluorescence revealed T-lectin-positive brain metastases (D).
Hoechst 33342 was used as counterstaining for nuclei (blue). Scale bar: 100 um. Data is given as mean + SEM (n = 3, 10
fields/condition). A Kolmogorov-Smirnov test was used to evaluate the significant differences between different timepoints.

Statistical significances are denoted as ### p < 0.001 between timepoints.
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2. Ri7-MH-Lip treatment presents no toxic effects

To ascertain the safety of the Ri7-MH-loaded liposomes (Figure 8), mice that did not receive
any tumour cells were divided into two groups: a treated group (n = 6), where the mice were
intravenously injected with Ri7-MH-loaded liposomes equivalent to 3.5 mg/Kg of MH per
injection, in a total of 11 administrations along 18 days and an untreated group (n = 5), where
only the vehicle (NaCl 0.9%) was injected. During the study period, animals of both groups were
regularly monitored for clinical symptoms of toxicity and the body weight was measured upon
each drug or vehicle administration and at the end of the experiment. The body weight was
recorded at the beginning of the experiment (day 0) immediately before administration of the
first dose and at the end of the experiment (day 18). Weight measurement showcased no

significant weight loss between the control and treated groups since day 0 (Figure 8A).

At day 18 after the liposomal injections, blood samples were collected for biochemical
analysis of toxicity indicators in plasma, following which the animals were sacrificed and
peripheral organs (heart, lung, liver, and kidney) along with the brain were harvested and
subjected to histological analysis to detect eventual signs parenchymal alterations. No
significant differences between the two groups were observed in the plasma analysis of CK,
AST, ALT, as well as urea, indicators of heart, liver and kidney toxicity, respectively (Figure
8B-E). In addition, histological analysis of brain and peripheral organs (Figure 8F) revealed no

signs of deterioration, suggesting that the treatment did not elicit peripheral toxicity.
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Figure 8 | Ri7-MH-Lip treatment’s safety profile in mice. To ascertain the safety of the liposomes, 8-to-10-weeks-old
female Balb/c mice were injected with Ri7-MH-loaded liposomes (treated) or vehicle (untreated). The body weight of both
groups was monitored along treatment and no significant weight loss was observed (A). Plasma samples were inspected for
cardiac, hepatic and renal toxicity indicators like creatine kinase (CK) (B), aspartate aminotransferase (AST) (C) and alanine
aminotransferase (ALT) (D), as well as urea (E), respectively, with no significant differences observed. Brain and peripheral
organs (hearts, livers, kidneys and lungs) were harvested and subjected to histological analysis by hematoxylin-eosin staining,
which revealed no signs of toxicity (F). Scale bar: 100 pm. The results are expressed as mean + SEM (n = 5-6). Statistical

significances were evaluated with the Mann-Whitney test.

3. MH’s effect on BCCs extravasation into the brain

3.1 MH treatment reduces metastases number and area in the cranial hippocampus

The characterization of metastases’ progression at different timepoints after TN BCCs’
inoculation in the common carotid artery revealed that the original model’s 7d timepoint shared
a similar metastatic pattern with our 10d timepoint and that the majority of metastases were
found in the cranial hippocampus section. These results lead us to choose the 10d timepoint and

the cranial hippocampus for further evaluations.

To assess Ri7-MH-Lip treatment’s effectiveness in preventing BCCs’ transmigration in the
established BCBM mouse model, Balb/c mice were inoculated with BCCs. A control
(untreated) group (n = 8) received a saline solution (NaCl 0.9%) by intravenous injection in the
tail, while a treated group (n = 7) received liposomal injections containing equivalently 3.5
mg/Kg of MH per injection, in a total of 7 administrations along 8 days. The animals were
sacrificed 10 days after BCCs’ injection and coronal sections of the cranial hippocampus
(depicted in Figure 5I) were analysed (HE staining) for the presence and extension of
metastases. A reduction of metastases was observed in the Ri7-MH-Lip-treated group, when
compared to the untreated one (Figure 9A). Furthermore, quantification of metastases extension
revealed a significant decrease in the number of lesions in treated mice (Figure 9B), even though
no significant difference was observed regarding the area of metastases between the two groups
(Figure 9C). Focusing our analysis specially in the hippocampus area (depicted in Figure 41), a
significant reduction in metastases number (Figure 9D) and area (Figure 9E) in the MH-treated

mice, when compared to the control mice, was observed.
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Figure 9 | Effect of RI7-MH-Lip on the prevention of breast cancer brain metastasis (BCBM) development. Triple-
negative (TN) breast cancer cells (BCCs) were injected in the common carotid artery of 8-to-10-weeks-old female Balb/c mice.
The pattern of BCBM colonization assessed by hematoxylin-eosin (HE) staining revealed fully developed metastases (black
squares) in cranial hippocampus sections at 10 days post-tumour cells injection in the control group (untreated) by comparison
to the group treated with 3.5 mg/Kg of RI7-MH-Lip (treated) which revealed almost none (A). Scale bar: 100 pm. The
observations were supported by the quantification of the metastases number (B) and area (C) in the cranial hippocampus
section where it was disclosed a significant decrease in BCBM number and a similar tumour area, when comparing with the
untreated group. In the hippocampus region, a significant reduction was found in tumour number (D) and area (E). The results
are expressed as mean + SEM (n=7-8). Statistical significances were evaluated with the Kruskal-Wallis test for number and

area. Statistical significances are denoted as * p<0.05 and ** p<0.01 vs untreated.

3.2 BBB’s integrity is improved by 10 days after Ri7-MH-Lip Treatment

We next aimed to understand whether Ri7-MH-Lip were able to preserve BBB’s integrity
upon exposure to BCCs. To this end, expression of ZO-1 (Figure 10A), a TJ protein essential

2426 was assessed in

to barrier properties’ maintenance and a relevant marker of barrier integrity
mice inoculated with BBCs and treated with the liposomes. An in-depth quantitative analysis
of ZO-1 expression at the vessels’ level revealed an increase in fluorescence intensity in the
animals injected with Ri7-MH-loaded liposomes (Figure 10B), suggesting an improvement in

barrier integrity and a reduction in permeability when compared to the control group.
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Figure 10 | Effect of RI7-MH-Lip on blood-brain barrier (BBB) properties. Triple-negative (TN) breast cancer cells
(BCCs) were injected in the common carotid artery of 8-to-10-weeks-old female Balb/c mice and immunofluorescence analysis
was performed in the cranial hippocampus section 10 days after. The immunofluorescence analysis of zonula occludens 1 (ZO-
1, red) (A) revealed an increase of its immunoreactivity in the vessels (white squares) (B), suggesting an improvement of
vessels junctional complexes and BBB properties. Hoechst 33342 was used as counterstaining for nuclei (blue). Scale bar: 100
um. The results are expressed as mean + SEM (n=7-8). Statistical significances were evaluated with the Kruskal-Wallis test

for mean intensity. Statistical significances are denoted as *** p<0.001 vs untreated.

4. Effect of Ri7-MH-Lip treatment on the survival of BCBM-bearing mice

Intending to assess if Ri7-MH-Lip treatment is able to prolong survival in tumour-bearing
animals, 8-to-10-weeks-old female Balb/c mice were inoculated with 4T1 cells in the common
carotid artery to induce BM formation. An untreated group (n = 7) received a saline solution
(NaCl 0.9%) by intravenous injection in the tail, whereas a treated group (n = 7) received
liposomal injections containing equivalently 3.5 mg/Kg of MH per injection, in a total of 11
administrations in both groups. The fraction of surviving mice was monitored over time and
survival time was evaluated through the Kaplan-Meier estimate®’ (Figure 11). Through a
Kaplan-Meier curve, it was possible to observe that animals treated with Ri17-MH-Lip presented

a prolonged survival time in comparison to the untreated group (Figure 11A).

To further support the efficacy of the treatment in prolonging the survival of tumour-bearing
mice, HE staining was performed in cranial hippocampus sections (Figure 11B) and in the lungs
(Supplementary figure 1) to study the pattern of BCBM formation in both groups. The
histological analysis revealed fully developed metastases in the cranial hippocampus sections

at 14 days post-tumour cells injection in the untreated group, by comparison to the treated one.
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Figure 11 | Effect of Ri7-MH-Lip treatment on the survival of tumour-bearing mice. To assess the Ri7-MH-Lip effect on
the survival of tumour-bearing animals, triple-negative (TN) breast cancer cells (BCCs) were injected in the common carotid
artery of 8-to-10-weeks-old female Balb/c mice. A treated group received Ri7-MH-loaded liposomes (n = 7) and an untreated
one received a saline solution (NaCl 0.9%, n = 7). Mice survival representation through a Kaplan-Meier curve revealed that
animals treated with Ri7-MH-Lip presented a prolonged survival time in comparison to the untreated group (A). The pattern
of BCBM colonization assessed by hematoxylin-eosin (HE) staining revealed a higher extension of metastases in cranial

hippocampus sections at 14 days post-tumour cells injection in the untreated group than in the treated group (B). Scale bar: 100
pm.
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Chapter IV - Discussion
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As the leading global cancer occurrence®, BC raises a major concern, especially in the
disease’s metastatic stage. The CNS is a common site for BC metastasis and, with the brain
being one of the top organs in which BC most metastasizes, leaves patients with an unfortunate
prognosist. Despite the currently available treatments, the development of metastatic BC
remains an intricate and complex disease. It represents a serious oncologic problem that has
been under-investigated, despite its high incidence and shorter survival rate where only the

minority of patients survive longer than 1 year58°,

Because there is a lack of effective treatment options for established metastases, this work
brings to light an innovative strategy to affront BCBM with a preventive approach. After
identifying MH as the best candidate to modulate BBB’s properties and prevent BCCs adhesion
in a previous study done in our laboratory®, we developed Ri7-MH-Lip as a Trojan horse drug
delivery system for a targeted delivery of the drug to the BBB’s endothelial cells. The
nanoformulation was tested in vitro and proven to be effective in improving barrier properties
when in contact with metastatic cells, as well as in preventing BCCs adhesion (either to the
BBB endothelium or the culture plate) (Rafaela Silvestre, Master thesis, Faculdade de
Farmacia, Universidade de Lisboa, 2022; Godinho-Pereira, PhD thesis, Faculdade de Farmacia,
Universidade de Lisboa, ongoing).

In vitro models are less suitable to study mechanisms related to the brain environment as
they are incapable of recapitulating the bypass of metastatic cells through the BBB and escape
from the brain's intrinsic immune defensive mechanisms’. For this reason, the present work
aimed to further assess the efficacy and safety of the developed nanoformulation in a reliable
BCBM animal model, as a proof-of-concept. The progress of targeted therapies against
metastatic diseases has been hampered by a deficit of appropriate animal tumour models,
namely of BCBM recapitulating the interactions between BCCs and BBB’s endothelial cells,
rendering necessary the development of a proper and faithful in vivo model. The most used in
vivo metastatic models rely on tail vein injection to deliver tumour cells, facilitating the lodging
of cells in the lungs, as they are the first encountered organ with a considerable capillary bed.
This leads to death by large numbers of lung metastases before the BM are developed in these
models’. Alternative injection routes primarily targeting the CNS, such as direct intracerebral
and intracardiac injection, arose to induce experimental BM. However, these strategies can
compromise BBB’s integrity and lead to traumatic lesions. In contrast to other experimental
BM animal models whose growth and progression do not parallel human BC, intracarotid artery

injection of murine mammary carcinoma 4T1 cell line presents a higher reproducibility while
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avoiding injection-induced CNS inflammation. It is an aggressive, highly tumorigenic and
invasive TN tumour model that spontaneously metastasizes in a pattern that is analogous to
human mammary cancer’?” while producing a smaller variation of experimental results’®.
Being previously applied in other studies'®®>% this model requires exceptionally microsurgical
skills to successfully direct BCCs to the brain, particularly the hippocampus, rendering a
suitable strategy to study BCBM®. The use of the intracarotid injection model enables the
recapitulation of the later steps of the metastatic cascade’®, providing a unique platform to study
the BCCs’ migration through the BBB endothelium, which is the focus of this work. Therefore,
attempts to implement this model in Portugal were put in place.

In the process of establishing a BCBM model relying on the intracarotid injection of BCCs
to achieve the formation of BM in our facilities, we faced a high rate of mice’s death when
injecting 1x10° cells in 200 uL, which was surpassed by reducing it to 0.2x10° cells in 150 pL.
To characterize the BCBM development in this animal model, histological analysis was
performed in coronal sections of the cranial hippocampus and of the cerebellum, at different
timepoints. The results obtained showed the presence of metastases at 7d as well as a gradual
expansion in their number and area throughout time. On the contrary, no significant metastases
were detected in the cerebellum, which is consistent with the initial model®®. To evaluate the
metastatic progress in peripheral organs, lungs, kidneys, and livers were subjected to
histological analysis by HE staining. Metastases were only observed in the lungs, with an

increase in tumour area throughout time, in line with previous descriptions®’.

To further characterize this BCBM mouse model, we evaluated the proliferation profile of
BCCs upon colonization by assessing the expression of the proliferation marker Ki-67 by IF
analysis. A significant increase in Ki-67 expression was observed during BCBM establishment
and progression, showcasing a progressive proliferative phenotype of BCCs with the increase
of metastatic area over time. These results are aligned with the previous notion that high levels
of Ki-67 expression in BC strongly correlate with more tenacious proliferation, disease severity
and, consequently, poor prognosis!®!’* Together with Ki-67, Pancyt, an epithelial marker
expressed by malignant cells was evaluated and shown to significantly increase with the
metastatic stage of the tumour, being concomitant with previously obtained results in our
laboratory!'%®>. These results advocate for the notion that, upon BCBM development, malignant
cells go through MET and reacquire epithelial features, which appear essential for successful
colonization of the brain parenchyma', as reported in our previous observations'®. This is

reinforced by the expression pattern of the epithelial marker T-lectin in established BCBM
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throughout time, also in line with our previous studies'®. The overall results illustrate an
upregulation and regain of epithelial markers in BCCs, allowing them to adapt and proliferate
in the brain microenvironment during BCBM formation, concurrent with the occurrence of

MET".

As previously mentioned, several setbacks arose during the implementation of this mouse
model, namely the high rate of mice’s death by embolism and the complications inherent to the
intracarotid injection route. Due to several obstacles and delays, this study presents some
limitations, such as the in vivo study sample size. Even though our results show significant
tendencies, it would be of interest to increase the number of animals in order to improve our

trust in these observations and enhance the relevance of this study.

It is known that BBB endothelium acts as a restricted filter, shielding the brain from the
body’s bloodstream and limiting the penetration of most cytotoxic agents. Although the BBB’s
integrity is weakened upon BM’s development and facilitates drug entrance in the brain,
BMECs’ efflux pumps bring them out again so that only a few drugs reach the brain
parenchyma’. As conventional systemic therapy has been a challenge for BCBM treatment due
to the low permeability of the BBB™, targeted preventive therapies are needed and this work
aspired to target BMECs through a liposomal approach. Aiming to disclose a pharmacological
modulator able to prevent BCCs extravasation by improving BBB properties to hinder BCBM
formation, previous studies performed in our laboratory exposed MH as a promising BBB
modulator and its inhibitory role in BCCs migration and adhesion, hinting at its possible anti

brain-metastatic effect®.

MH, that has been proven to be clinically well tolerated, as it has been used for decades to
treat bacterial infections worldwide, is of particular therapeutic interest for CNS disorders?®,
since it is capable of passing the BBB endothelium and is known to have a higher tissue
penetration capacity than other tetracyclines?®*. Moreover, MH has been linked to tumour
growth inhibition in human prostate and ovarian cancer’”’® to possess anti-inflammatory
properties®>3>7° and ability to attenuate BBB disruption after intracerebral haemorrhage,
oedema, ischemia and stroke3235-3". Even though MH has been used safely and effectively as
an antibiotic in adult humans, some studies have suggested that it might not be completely
benign® and, for that reason, MH’s liposome encapsulation arises to overcome the potential
cytotoxicity associated with higher doses, reducing the required concentrations. For this reason,

and to specially target BBB’s endothelial cells, in vitro studies perfomed in our group aimed to
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establish the capacity of MH-loaded liposomes in a BBB-targeting drug delivery system to
prevent BCCs transmigration across BMECs (Rafaela Silvestre, Master thesis, Faculdade de
Farmécia, Universidade de Lisboa, 2022; Joana Godinho-Pereira, PhD thesis, Faculdade de
Farmacia, Universidade de Lisboa, ongoing). It was possible to confirm MH’s safety profile in
the barrier endothelium and to validate this drug’s potential as a preventive treatment for
BCBM. Taking these results into account, it was postulated that MH might be successful in
modulating barrier properties preventing of BCCs transmigration and BCBM development in

Vivo.

There are numerous advantages to using liposomes as a drug delivery system, such as the
protection against the biological microenvironment. However, in the present work, liposomes
were used to enhance the cellular delivery of MH to the BBB’s endothelium using TfRAb as
trojan horse targeting moiety, allowing BMECs’ targeting and the use of non-cytotoxic levels
of MH. The vast majority of studies employing liposomal approaches targeting the BBB aims
at surpassing it and reaching the brain, however, this work focused on reaching the BBB
endothelium and act upon BMECs. Previous in vivo studies exploited Ri7-functionalized
liposomes demonstrating a higher uptake in the brain endothelium when compared to non-
functionalized ones® and once associated to the luminal side of BMECs, they are very likely
to be taken up by the endothelium®, thus motivating the choice of this ligand to efficiently
target the BBB endothelium.

A fundamental step of preclinical studies for new drugs is safety assessment, which is
directly related to the drug’s approval. BMECSs’ viability evaluation upon Ri7-MH-loaded
liposomes treatment was formerly assessed to dismiss toxic concentrations and narrow
treatment timepoints. This study validated the safe use of MH in BBB endothelium (Rafaela
Silvestre, Master thesis, Faculdade de Farmacia, Universidade de Lisboa, 2022; Joana Godinho-
Pereira, PhD thesis, Faculdade de Farmacia, Universidade de Lisboa, ongoing). Additionally, a
summary of systemic exposure data in toxicology studies concluded that 50 mg/Kg/day was the
maximum dose of free MH at which no substantial toxicity was observed in mice®. In this
work, we chose to use a concentration of equivalently 3.5 mg of MH per Kg of animal
encapsulated into Ri7-functionalized liposomes due to the liposomes’ loading capacity, which

is within a secure range according to the FDA approved dose.

Following this previous in vitro work, in vivo studies were conducted to ascertain the safety

of Ri7-MH-loaded liposomes’ treatment on general mouse health, based on body weight as well
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as on blood parameters analysis of mice. When comparing the mice group receiving the
liposomal formulation with the untreated one, it was possible to observe a similar body weight
since the first injection, and no severe alterations in mice’s general health, evidencing the safety

of the treatment.

As suggested by WHO?®? and other animal research guidelines®>®, to ascertain if the
treatment presents any toxic effects to the mice, toxicity indicators of hepatic, renal and cardiac
toxicity were evaluated along with histological analysis of hearts, lungs, livers, kidneys and
brains. Since the liver and kidneys are usually responsible for metabolism and excretion,
potential toxic agents can easily affect them. The histological analysis revealed no signs of
deterioration in the treated mice. Regarding the serum analysis, there were no significant
differences between the biochemical parameters of control and MH-treated mice. The overall
results indicate that the Ri7-MH-Lip treatment does not present any type of peripheral toxicity,

supporting the safety of this preventive approach.

The potential of Ri7-MH-Lip treatment in preventing BCCs’ transmigration was based on
the BM’s presence analysis between the untreated vs treated groups where both metastases
number and area were evaluated. Upon this experiment, it was possible to observe substantial
prevention in BCBM formation upon Ri7-MH-loaded liposomes’ intravenous injection.
Metastases number was shown to be decreased when the mice were treated with Ri7-MH-Lip,
as opposed to the tumour’s area that suffered no significant alterations. These differences might
be a result of fewer BCCs extravasating through the BBB causing a lower number of individual
tumours in which these cells maintain their proliferative capacity and ability to colonize the

brain parenchyma.

It is believed that the development of BM depends on the unique interaction between BCCs
and BMECs and this interplay plays an important role in BCBM formation®®. Being the
foremost controllers of paracellular permeability, TJs are compromised during the interaction
between BCCs and BMECs®, serving as a major physiological determinant in BBB’s function.
The disruption of junctional complexes has been reported in the context of BM formation,
leading to an increase in brain permeation, a phenomenon that has also been associated with
BCCs’ paracellular transmigration'®®. With this in mind, this work aimed to instigate BBB’s
properties and assess MH treatment’s potential in preventing BCCs’ extravasation into the
brain. To this end, ZO-1, a protein associated with the functional integrity of TJs in cerebral

endothelium®’, was examined. IF analysis of BMECs exposed to BCCs showcased an increment
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in ZO-1 expression at the vessels upon Ri7-MH-Lip treatment, suggesting an increment in the
barrier’s integrity and function. Overall, these findings suggest that the interaction between
metastatic cells and BMECs compromises BBB’s integrity by mitigating TJs expression, thus
promoting BBB’s permeation. Moreover, due to the alterations observed at the endothelial
level, we can endorse a previous belief that a likely paracellular mechanism is responsible for
BCCs’ transposition of the BBB8,

With this work we further aimed to ascertain if the Ri7-MH-Lip treatment can, not only
prevent BCCs transmigration into the brain, but also extend the life span of mice with
established BCBM. In this sense, the survival time of treated and untreated groups was
examined through a Kaplan-Meier estimate®’ and a higher survival time was observed in the
treated one. Metastases presence was further confirmed by histological analysis in cranial
hippocampus sections where it was possible to observe a substantial reduction in established
BCBM in treated mice. These results suggest that the treatment was successful in extending the
survival time of BCBM-bearing mice and validated the intrinsic protection provided by the Ri7-

MH-Lip throughout mice’s lifespan.

It is known that the life expectancy of humans rounds 80 years, while the average lifespan
of laboratory mice is about 24 months and sexual maturity is attained within an average of 10
weeks. The biological age reflects the development rate which changes in the different periods
of life and is useful to distinguish between the several stages of growth®. Tumour susceptibility
depends more on the biological age than on the chronologic one®®. Correlation studies based on
the strength of lifespan and growth stages suggest that 1 day in adult mice can reach the
equivalent of 30 days to a year in humans, which supports our hypothesis that the treatment

might be able to increase the average life expectancy in humans bearing BCBM.

Taken together, these results highly support the potential of Ri7-MH-Lip treatment as a safe
and efficient approach to hinder BC’s metastatic consequences through the preservation of

BBB’s cohesion and prevention of BCBM formation.
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Chapter V - Conclusion and future perspectives
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Even though relevant improvements in patient’s survival have been made regarding early
diagnosis of BC, metastatic disease is still incurable with the currently available therapies. BM
arise as an urgent unmet medical need due to the restricted permeability of the BBB, averting
the passage of most therapeutic agents. With this in mind, this work emerges as an innovative
approach to confront BCBM development in vivo by focusing on the prevention, rather than
tackling the established devastating disease. With our work, it was possible to implement and
characterize a reliable animal model of BCBM, essential to ascertain the potential of therapeutic
strategies directed to such pathology. Moreover, it was demonstrated the efficacy of a recently
developed nanoformulation to specifically deliver MH to the BBB endothelium and prevent
BCCs transmigration and consequent formation of BCBM, while preserving the integrity of the
BBB in vivo. Importantly, the safety of Ri7-MH-Lip treatment was demonstrated alongside with
its ability to prolong the survival of BCBM-bearing mice.

The next step to take in the future would be to minutely characterize the treatment’s effect
on BBB’s behaviour at different stages after BCCs inoculation through the analysis of other
junctional proteins, such as B-catenin, along with the analysis of TJs ZO-1 and MMP-9 interplay
at a less advanced stage of BM development. Finally, it would be of interest to inquire about
the effect of Ri7-MH-Lip in adhesion molecules, such as E-selectin, which are exclusively

expressed in BMECs upon BCCs invasion.

To conclude, the present thesis was able to provide the proof-of-concept of MH’s
neuroprotective properties in the BBB endothelium against BCCs-induced disruption. This
approach arises as a scientific advance in the development of a new preventive therapy for
BCBM, representing an advance beyond the current state-of-the-art in Neurooncology.
Remarkably, it paves the way for MH repurposing for BCBM prevention, shortening the path

for the implementation of a preventive pharmacologic strategy for BC patients.
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Untreated Treated

Supplementary figure 1 | Lungs histological analysis of Ri7-MH-Lip-treated mice. To assess the Ri7-MH-Lip effect on
the survival of tumour-bearing animals, triple-negative (TN) breast cancer cells (BCCs) were injected in the common carotid
artery of 8-to-10-weeks-old female Balb/c mice. A treated group of mice (n = 7) received Ri7-MH-loaded liposomes, whereas
an untreated group (n = 7) received a saline solution (NaCl 0.9%). The histological analysis by hematoxylin-eosin staining
revealed metastases (black arrows) in the lungs after BCCs cells injection in the control group (untreated) by comparison to

the treated group. Scale bar: 100 pm.
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