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Abstract:

Breast cancer and melanoma are two of the most common
malignancies that lead to the development of brain metastases
(BrMs). Once cancer cells traverse defence mechanisms and
protective interfaces of the brain, such as the blood-brain
barrier (BBB), the disease progresses to a significantly more
aggressive and clinically challenging stage. The BBB is a highly
specialised and restrictive barrier between the blood and the
brain tissues. Its complex structure forms a fundamental basis
for a wide range of physiological functions. However, the highly
selective properties pose a significant obstacle in the
treatment of neuropathological conditions, including BrMs.
Thus, broadening knowledge of the BBB morphology and BrMs
is essential. Therefore, this project aimed to establish and
characterise an in vitro BBB model, which could subsequently
serve as an experimental platform for cancer cell migration
studies. The model was built using 1um and 8um pore
Transwell co-culture systems and primary brain microvascular
endothelial cells (BMECs) freshly isolated from mouse brains.
Complex optimisation processes were employed to enhance
the BBB stability and tight junction (TJ) formation. The model
was validated by high transendothelial electrical resistance
(TEER) values, confirming a functional barrier formation.
Simultaneously, GFP labelling was used to determine whether
cancer cells had crossed the in vitro BBB. The use of 4T1 em-
GFP (breast cancer) and B16F10 e-GFP (melanoma) cell lines
suggested a pore size-dependent passage through the
Transwell membranes. The obtained in vitro BBB model
remains exploratory, and subsequent optimisations are
required to improve reproducibility as well as translational
relevance. Altogether, the findings encourage the further
exploration of the potential of the model for studying cancer
migration and suppression of BrMs progression.
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Introduction

1. Clinical and Biological Background

1.1. Breast Cancer

Breast cancer (BC) is the most frequently diagnosed malignancy among women
and a leading cause of cancer-related mortality worldwide. It encompasses a group of
malignant disorders stemming from the mammary glands [1]. BC usually arises in the
milk ducks and/ or milk-producing lobules in the breast. Although the in-situ form of BC,
which can be detected in early stages, is generally not a life-threatening condition.
However, its progression into invasive disease —with infiltration of nearby tissues or lymph
nodes, tumour formation, and subsequent metastases - is frequently fatal [2].

As the global incidence continues to rise, the understanding of breast cancer pathology,
development and varied nature becomes crucial for prevention, early detection, and
personalised treatment. Despite the advancements in oncology and the use of novel
therapeutic strategies, the disease remains a serious threat to many patients, especially
women. Though the level of risk depends on their age, genetic predispositions, unhealthy
lifestyles, and even socioeconomic status [2,3]. Although BC occurs globally and affects
both sexes, the female sex is a strong risk factor, contributing to approximately 99% of
breast cancer occurring in women and 0.5 - 1% in men. Male breast cancer (MBC)
accounts for a significantly smaller fraction of all BC cases, its prognosis is often worse
than in females. This can frequently be attributed to the lack of awareness about the
disease and the absence of screening protocols [4,5]. Early detection is an important
factor resulting in better prognosis and is often associated with a patient’s
socioeconomic status. For instance, in countries with a very high Human Development
Index (HDI), approximately 1 in 12 women are being diagnosed with BC during their
lifetime, and 1 in 71 will die of it. In contrast, in countries with a very low HDI, although
only 1in 27 women are diagnosed with BC, 1 in 48 die from it [2]. Recent epidemiological
studies show that the number of incidents is expected to grow by over 40%, to about
3 million new cases every year. In parallel, the death rate is projected to increase more
than 50%, from 685,000 in 2020 to 1 million in 2040 [6]. In 2021, the World Health
Organisation inaugurated the new Global Breast Cancer Initiative, to address the
mounting challenge posed by global cancer statistics [7]. Yet, the complexity of diagnosis
and treatment of BC continues to be a burden, even in highly developed healthcare
systems. Available therapy includes a local and systemic approach. Nowadays, following
the oncology development, local treatments such as surgery and radiation have become
less invasive and more accurate. However, the systemic treatments, including hormonal
therapy, chemotherapy and biological therapy, gain complexity. A BC patient may now be
presented with a variety of options for post-surgical systemic treatment, which, despite



their therapeutic potential, generate a financial burden and can cause a range of
unpleasant side effects as well as emotional suffering [8].

While these treatment options are available for BC in an early stage of disease
progression, the major concern is the appearance of metastases in distant organs. Of
particular significance is brain metastatic spread, which drastically worsens prognosis,
accounting for approximately 90% of cancer-related deaths [8].

1.2. Melanoma

Millions of people around the world suffer from different types of skin diseases that range
from chronic conditions, such as psoriasis and atopic dermatitis, to neoplasms [9]. While
most of them are clinically manageable, the latter class is associated with a high mortality
rate. Melanoma is the most aggressive form of skin cancer and accounts for thousands of
deaths every year [9]. Cutaneous melanoma, the most common variant of this cancer, is
related to exposure to ultraviolet radiation (UVR), together with the use of artificial
ultraviolet tanning devices [10]. Melanocytes, cells producing the pigment melanin, are
located at the dermal-epidermal junction in the basal layer of the human epidermis [11].
They can undergo a malignant transformation and uncontrolled proliferation at various
stages of their development, thereby contributing to this aggressive disease. The
Caucasian race with fair skin type, together with immunosuppression and prior history of
melanoma, serve as risk factors associated with the development of this disease [12].

Melanoma usually starts with a lesion in aradial growth phase, which means thatirregular
horizontal plaques are formed and spread along the superficial layers of epidermis. Early
diagnosis and detection of localised abnormal tissue growth contribute to the high
curability, since most of these lesions can be surgically removed [10]. Nonetheless,
melanoma can rapidly progress to the vertical growth phase, meaning invasive abnormal
cell growth deeper into the underlying tissue. During this stage, an invasion of the dermis
occurs, which leads to enhanced metastasis to the lymphatic and distant organs [10].
Although invasive melanoma accounts for only approximately 1% of all skin cancer cases,
the mortality related to this condition constitutes 75% of skin cancer-related deaths [12].
The disease impactis substantial, with the increasing new case rate, which is associated
with worldwide mortality. Importantly, a late diagnosis can drastically decrease the
survival rates. Recent epidemiological studies show that incidents numbering from
around 325,000 and 57,000 deaths in 2020 will rise to 510,000 new cases and 96,000
deaths in 2040 [13]. Melanoma management becomes more complex once the disease
progresses and metastasises. In advanced cases, systemic treatments such as targeted
therapies and immune-checkpointinhibitors (ICIs) are one of the first-line strategies [14].

Despite the availability of various treatment options, melanoma remains a significant
medical challenge, highlighting the need for a better understanding and improvement of
therapeutic strategies. The main concerns include not only the importance of considering



individual patient factors such as tumour burden or performance status, but also the
management of brain metastases in more advanced melanoma subtypes [14].

1.3. Brain Metastases in Breast Cancer and Melanoma

Metastasis is the transmission of cancer cells from the place where they originally start
to form a tumour in another part of the body [15]. Cancer cells separate from the primary
neoplasm and travel through the bloodstream or the lymphatic system. Then, a separate
carcinoma mass consisting of the same type of cancer cells is formed in other organs or
tissues [16]. The accumulation of cancer cells represents the major cause of cancer-
related mortality, since a metastatic form of this disease shows an inadequate response
to curative therapies. Among various metastatic sites, the central nervous system (CNS)
poses the biggest clinical challenge, due to the complexity of the brain microenvironment
(BME) and the limited penetration of systemic therapy into the brain tissue. Brain
metastases (BrMs) are widespread and serious complications of advanced cancers,
affecting approximately nine times more cancer patients than primary brain tumours [15].
Lung cancer, breast cancer, and melanoma account for the highestincidence of BrMs and
represent the three primary sources of brain tumours [15]. BrMs development contributes
to a drastic worsening of the condition of the patient, which is associated with
a substantial mortality and poor prognosis, as it usually signifies a critical and terminal
stage of the disease. Due to the enhanced treatment sensitivity and more effective
diagnostic images, the frequency of brain metastases has been increasing over recent
decades. As populations show an ageing trend and patients with primary tumours live
longer, the possibility of metastatic progression to the brain correspondingly rises [17].

Itis estimated that 20-30% BC patients may develop distant organ metastases after being
diagnosed with a primary tumour and receiving an initial treatment [18]. These findings
also indicate that 90% of cancer-related deaths is associated with metastasis formation.
Thus, a patient diagnosed early with a primary tumour demonstrates an 80% of 5-year
overall survival, whereas a patient with distant metastases exhibits only 25%. To
exacerbate its clinical impact, the CNS metastases occurin 15-50% of BC cases, ranking
as the second most prevalent cause for metastatic spread in the brain parenchyma [19].
Brain metastases incidence was proven to be correlated to the presence of
overexpressed human epidermal growth factor receptor2 (HER2+) in BC patients,
together with the triple negative disease profile, characterised by the lack of expression
of oestrogen, progesterone and HER2 receptors [18].

Melanoma in advanced stages is reported to be the third most common primary tumour
leading to brain metastases, with prognoses worsening with the disease progression.
Although an early diagnosis of a primary cutaneous melanoma is usually crucial for the
prognosis of the patient improvement, metastatic spread is often proven to occur long
before the detection of a primary lesion [20,21]. It has been reported that approximately
20-40% of melanoma patients already exhibit brain metastases at the time of metastatic



melanoma diagnosis, while more than 50% develop brain lesions during the disease
progression. Some risk factors have been stated as more prevalent, including the
presence of ulceration at the primary melanoma site, progression to more advanced
stages of the disease, and a quick relapse after surgery [20].

1.3.1. Cancer Cell Metastases to the Brain via Migration across the Blood-Brain Barrier

The metastases arise from disseminating tumour cells (DTCs), which are cancer cells
breaking off the primary tumour and travelling through the lymphatic system and the
bloodstream to distant organs in the body [15]. The formation of brain metastases is
a highly complex and selective process that requires a cascade of unique adaptations
and extensive metabolic reprogramming to traverse the blood-brain barrier (BBB) BBB is
a highly specialised and tightly regulated endothelial interface, which separates the blood
stream from the brain microenvironment, restricting the passage of most circulating cells
and molecules [15]. In order to form brain metastases, cancer cells not only have to
bypass the neurovascular protective interface but also adapt to the unique CNS
microenvironment. One of the mechanisms that enables cancer cells to dynamically
reprogram their metabolism is metabolic plasticity. This process allows the cells to adjust
to the changes in nutrient availability and high oxygen levels in the brain. Metabolic
plasticity depends on the amount of stress experienced by the cells subjected to
extravasation and on their ability to exploit the available resources of the BME. This
microenvironment is a highly specialised environment characterised by restricted
permeability, selective transport across the BBB and a tightly regulated cellular interface
[15].
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Figure 1. Brain Metastases in Breast Cancer and Melanoma. The steps in the formation of brain
metastases consist of primary cancer proliferation, invasion and blood stream dissemination, followed by
extravasation and brain colonisation. Figure adapted from Xiong et al. [22]. Created in BioRender.com
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Surpassing the BBB persists as the most challenging and complex step in brain
metastases formation. During the initial metastasis stage, to become more invasive,
migratory and capable of brain colonisation, cancer cells undergo the epithelial-
mesenchymal transition (EMT). This reprogramming process removes the polarity and
adhesion ability from the endothelial cells, together with gaining the mesenchymal traits
and stem-like features [23]. EMT requires essential transcription factors, which are
activated in response to sighalling cascades, regulated by transforming growth factor
B (TGF-B), and additional pathways, including other signalling molecules [23]. Tumour
cells can cross the BBB by disrupting its integrity with the implementation of
mechanisms, such as cathepsin S-mediated degradation of adhesion molecules, PLGF-
driven trans-endothelial migration, and exosome-mediated delivery of microRNAs. All
these mechanisms together weaken the tight junctions (TJs), serving as barrier sealing
proteins [24]. Production of cathepsin S by metastatic cancer cells has been shown to
influence the proteolysis of the junctional adhesion molecules, and hence the increase
in the tumour cell passage. Higher levels of biomolecules, such as long non-coding RNAs
and microRNAs (particularly miR-181¢c and miR-105), found in tumour-derived exosomes,
significantly exacerbate the BBB tightness, and thus increase its permeability [24]. During
the early stages of BBB extravasation, most of the cancer cells perish, due to the BME’s
initial restriction to metastatic colonisation and its non-permissive characteristics. These
include high oxygen demand, specialised cellular environment, characterised by glial cell
population and tightly regulated ionic and neurotransmitter homeostasis. Though after
the successful migration of a fraction of cancer cells to the brain parenchyma, some of
them can hijack the local support system composed of neuronal and glial cells
(especially astrocytes) and thus adapt to the hostile BME. For instance, astrocytes
secrete growth factors and cytokines, promoting the proliferation of cancer cells.
Especially interleukin-6 (IL-6), transforming TGF- and insulin-like growth factor 1 (IGF-1)
play a crucial role in this process [15,24]. In addition, astrocytes can alter the genetic
profile of invading cancer cells to promote metastasis [15,24]. This phenomenon
supports the possibility of the BBB serving a promoting role in the metastasis formation
besides being a protective barrier. Cerebral endothelial cells can actively participate in
the transmigration process, as well as aid in the metastatic cell penetration to the CNS.
Moreover, they can provide an optimal environment for the transmigrating cells that can
survive in their proximity. This tumour facilitating process might occur because the BBB
produces substances favourable for the metastatic growth, together with the fact that
metastatic cells are shielded from the organism immune surveillance after surpassing
the barrier [25]. In addition, cancer cells exploit the selectin-based rolling mechanism,
just like astrocytes. Their selectin ligands allow them to attach to endothelia cells and
interact with leukocytes. Thus, this process enables cancer cells to anchor to a blood
vessel and initiate the metastatic seeding [25].
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1.3.2. Current Treatment Strategies

Once cancer cells successfully traverse the brain’s protective barriers and defence
mechanisms, the disease progresses to a significantly more aggressive and clinically
challenging stage. Depending on the number of lesions, their size, and location, brain
metastases cause a variety of symptoms. These include oedema, increased intracranial
pressure, together with neuronal disabilities and cognitive impairment, which is
associated with reduced overall survival and a significant decline in life quality.
Furthermore, a substantial cohort of patients is presented with seizures and focal
neurological deficits that stem from a localised damage to the brain tissue [17].

The first step of management in newly diagnosed metastases is the treatment of
intracranial oedema, which includes oral or intravenous steroids. Upon initiation of
steroid therapy, treatment involving surgical resection, whole-brain radiotherapy and
stereotactic radiosurgery can be implemented. Patients with limited brain metastases
and favourable performance status may undergo surgical resections when lesions are
accessible, whereas those who are unsuitable for surgery can be treated with stereotactic
radiosurgery. In contrast, a whole-brain radiotherapy remains the standard care for
patients with poor performance status or extensive intracranial disease [26]. Traditional
chemotherapy has been proven unsuccessfulin the treatment of BrMs, mainly due to the
complexity of the selective permeability of the BBB. Systemic therapies, such as targeted
immunotherapies, serve as a more effective line of treatment for patients with metastatic
melanoma and metastatic breast cancer. For HER2-positive breast cancer, the standard
of treatment has been transformed due to the use of tucatinib and Trastuzumab
Deruxtecan (T-DXd), contributing to improved survival and better limitation of brain
metastases spread. Likewise, for triple-negative breast cancer (TNBC), novel therapies
including Sacituzumab Govitecan (SG) and Datopotamab Deruxtecan (Dato-DXd) provide
new hope for the management of brain metastases. T-DXd, SG and Dato-DXd are
antibody-drug conjugates (ADCs), which are monoclonal antibodies linked to potent
cytotoxic drugs, targeting tumour-associated proteins, such as HER2[17,27]. Tucatinib is
a small-molecule HER2 tyrosine kinase inhibitor, which blocks the mitogen-activated
protein kinase pathway (MAPK) responsible for uncontrolled cancer cell growth. In
melanoma, the combination of immune checkpoint inhibitors, such as ipilimumab and
nivolumab, enhances anti-tumour immunity by blocking pathways that inhibit T-cell
functions. This treatment influences an improved survival in patients with brain
metastases, both in wild-type disease and melanomas with the mutation in the B-Raf
proto-oncogene, serine/threonine kinase (BRAF) gene, which is responsible for cell
growth control through the MAPK pathway [17,27].

Overall, the brain metastatic disease profile is not unified within the patients and presents
diverse neurological symptoms that require multidisciplinary and individualised
approaches. Regardless of therapeutic advances, the prognosis for patients with
metastatic breast cancer and metastatic melanoma remains substantially restricted.
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This emphasises the importance of defining the mechanisms of brain metastasis. The
development strategies preventing or halting their progression are critical for positive
clinical outcomes. In this context, understanding and precisely modelling the BBB is
crucial, as it is an essential factor in both metastatic progression and therapeutic
resistance.

2. Modelling the Blood - Brain — Barrier in Vitro

2.1. Structure and Functions of the BBB

The blood-brain barrier is a highly specialised and protective barrier formed by non-
fenestrated brain microvascular endothelial cells (BMECs), hence lacking pores in their
structure. This contributes to the formation of a continuous and unbroken lining of
endothelium that acts as a tight barrier between the blood and the brain tissue. BMECs
are supported by pericytes ingrained in the basement membrane that cover
approximately 30% of brain capillaries and the astrocytic endfeet, which envelop almost
99% of the capillary surface [28]. The underlying physiological role of the BBB is to
maintain a highly stable extracellular environment, crucial for metabolic regulations, and
proper brain functions [29]. BMECs are very complex cells characterised by high
transendothelial electrical resistance (TEER), low vesicle-mediated transport and limited
permeability. Contrary to the peripheral endothelial cells that line blood vessels outside
of the brain and the spinal cord, BMECs are characterised by the absence of fenestrations
and high expression of TJs, contributing to the restrictive properties of the BBB. TJs are
predominantly composed of claudin-5 (CLDN5), occludin (OCLN) and junctional
adhesion molecules (JAMs), which together with scaffolding and regulatory proteins,
zonula occludens (Z0)-1-3, stabilise the intercellular sealing. This tight junctional
structure significantly restricts the passive diffusion of ions and circulating molecules
into the brain microenvironment [28,29]. In addition, BMECs contain a greater number of
mitochondria than peripheral endothelial cells, which is associated with higher energetic
demands for active and tightly regulated transport processes. They also express very few
leukocyte-adhesion proteins, which results in the restriction of immune-cell entry.
Moreover, their high TEER limits transcellular vesicle formation across the vessel wall, and
a negative surface charge repels negatively charged molecules. Consequently, BMECs
rely on specialised transporters, that regulate the selective movement of substrates.
Pericytes and astrocytes support these endothelial properties through direct intercellular
interactions and the exchange of soluble signalling factors [30].

Astrocytes, pericytes and perivascular fibroblasts, together with neurons and microglia,
form a microenvironment in which BMECs are embedded. These components compose
a precisely coordinated functional neurovascular unit (NVU), which contributes to the
maintenance of brain function and homeostasis [31].
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Astrocytes, being the most abundant glial cells, exhibit region-specific morphologies that
differ between protoplasmic forms in grey matter and fibrous forms in white matter. The
endfeet anchor to the vascular basement membrane with the use of proteins such as
aquaporin-4 and the dystroglycan-dystrophin complex [30,31]. They almost completely
cover the cerebral microvasculature and serve as a fundamental component of the BBB
microenvironment. Astrocytes facilitate the communication between the blood vessels,
pericytes and neurons. This network allows them to regulate the blood flow and support
selective permeability of the BBB. Thus, they support key CNS functions, including waste
clearance, ion balance and neuroimmune signalling. Astrocytes secrete trophic factors,
meaning locally acting signals like TGF-B, glial cell line-derived factor (GDNF) and
angiopoietin, which support strong junctional integrity and stable endothelial phenotype
[30,31]. Pericytes, also embedded in the basement membrane, are mural cells positioned
abluminal to BMECs, hence located on the outer side of the endothelial layer (brain-
facing), and sitting along CNS capillaries. They constitute an essential component of the
NVU, and due to the released signal, influence endothelial behaviour, including tight
junction formation and astrocyte endfoot polarisation. Pericyte signal stems from their
close physical contact, which enables constant communication with endothelial cells,
seen for instance in the PDGF-B/PDGFRB pathway. In this pathway the endothelial-
derived PDGF-B growth factor signals to PDGFR receptor on pericytes and draws them
to develop new blood vessels. Pericytes not only maintain the BBB and support vascular
development but also regulate cerebral blood flow and contribute to neuroinflammatory
responses [30]. Studies have shown that GDNF released by pericytes induces CLDN5
expression in the BBB, which emphasises the role of perivascular support cells in the
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maintenance of tight junctional integrity of the BBB. Hence, a loss of pericytes, due to
ageing or chronic inflammation, leads to reduced junctional integrity [33].

Considering the structure of BMECs, that are firmly sealed by tight junctions, the only
particles able to passively diffuse across the BBB are gases, including oxygen, carbon
dioxide and small lipid-soluble, hydrophobic molecules. However, most hydrophilic
compounds highly depend on dedicated carrier-mediated systems [31]. To maintain
a sufficient delivery of essential nutrients to the brain, BMECs express several specialised
solute carriers, like the glucose transporter 1 (GLUT1) and receptors, including transferrin
receptor-1 (TfR1) [28]. Endothelial cells are abundant with polarised transporters that
facilitate a tightly regulated process of component transfer through the BBB. Solute
transporters, responsible for influx transport from blood into the CNS, forinstance, GLUT-
1, are mostly present on the luminal (blood-facing) side of BMECs membrane. They are
responsible for promoting the absorption of crucial nutrients by the CNS. Furthermore,
efflux transporters, also located on the luminal side of the BMECs, are responsible for
protection against the intrusion of potentially destructive compounds into the CNS [29].
This asymmetric transport network system is one of the most important functions of the
BBB, since it synchronously maintains nutrient delivery and neuroprotection.

In addition to nutrient transport regulation and neuroprotection, the BBB is also
responsible for the maintenance of the tightly controlled chemical environment of the
brain. Highly stable extracellular levels of ions and neurotransmitters are crucial for
proper neuronal function, and hence, even small fluctuations can impair the synaptic
precision as well as the membrane potential. The BBB maintains a balanced environment
around the cells within the CNS by protecting it from rapid changes in the electrolyte
concentrations, ions, pH and neurotransmitters in the brain. As a result of these
regulation processes, the physiological conditions necessary for the proper neuronal
excitability and synaptic functions remains preserved [29,31]. In addition to metabolic
homeostasis, the BBB plays a crucial role in the CNS immune-specialised status, by
firmly controlling leukocyte entry. BMECs exhibit a reduced level of major cell trafficking
cues, such as P-selection proteins that are required for immune cell passage from the
blood to the brain [31]. This restrictive mechanism allows the BBB to modulate how
peripheral immune compounds influence the neural tissue, alongside preventing the
integrity of the CNS. Another major physiological function is based on the neurovascular
coupling (NVC), which represents the local neural activity strictly linked to rapid
adjustments in cerebral blood flow. To ensure adequate metabolic supportin active brain
areas, regional perfusion rises due to neuronal activity. As a result, the additional
nutrients are rapidly delivered, and the metabolic waste is eliminated. The maintenance
of continuous information processing and proper brain functions depends on this
dynamic and fundamental cooperation between neurons, pericytes and BMECs [30,34].
Therefore, the BBB should be understood not only as a restrictive barrier, but also as an

15



adaptive regulatory interface, which is responsible for integration of selective
permeability, metabolic support, and importantly, a signalling coordination system.

The complex structure of the BBB forms the fundamental basis for its wide range of
physiological functions. By preventing blood-borne compounds from entering the brain,
the BBB protects its neurons from potentially harmful substances that circulate in the
blood. However, considering the semi-permeable characteristic of the BBB, only a small
fraction of medications can cross the barrier and reach the CNS [28]. The restrictive
properties of the BBB pose a significant obstacle in the treatment of neuropathological
conditions, including brain metastases. Therefore, the development of in vitro BBB
models that mimic key features of the cerebrovascular microenvironment has become
increasingly important, as these systems are fundamental for evaluating therapeutic
strategies targeting the CNS.

2.2. In Vitro BBB Models

In Vitro BBB models are experimental systems, precisely designed under controlled
laboratory conditions, to represent the cellular architecture and transport behaviours of
the NVU. The theoretical basis lies in the very specific phenotype of BMECs, represented
by the tight junction architecture, limited paracellular permeability, combined with the
significant connection with pericytes, astrocytes and the basement membrane
components [35]. Cell-based models have been developed as the answer to the emerging
need for the development of new therapeutics capable of efficient crossing over the BBB
and subsequently employed in the treatment of CNS diseases. These models operate on
different BMECs types, including primary human or animal cells, immobilised human or
animal tissues, as well as stem cells. Simple in vitro experimental platforms utilise
BMECs seeded in a monolayer to evaluate junctional integrity. While the more
sophisticated models rely on astrocytes, pericytes, microglia, neurons, stem cells and
lymphocytes in addition to BMECs, to enhance pericellular integrity of the BBB for various
and more complex analyses [35,36].

The BBB is frequently modelled using the Transwell devices, which enable the
construction of two distinct compartments, where a semi-permeable porous membrane
separates the astrocytes grown in the bottom chamber, and BMECs seeded atop of it,
simulating the brain and the bloodstream, respectively. The BBB-Transwell models serve
as complex and reproducible experimental systems, used for instance for studying
interactions between metastatic cancer cells and the BBB. This set-up enables the
assessment of cell migration patterns and invasiveness, alongside providing high
experimental flexibility [35]. Culture conditions and protein expression can be modified
to investigate the metastatic behaviour. Additionally, the microenvironments of both
chambers can also be manipulated by adhesion molecules and cytokines to evaluate the
mechanisms of BBB penetration.
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Figure 3. In Vitro BBB Model. a) monoculture: endothelial cells grown alone on a microporous membrane
within a Transwell hanging insert, separating the luminal and abluminal sides. b) co-culture: culture
expanded with the astrocytes seeded on the bottom chamber. c) Transwell insert demonstrating apical (top)
and basolateral (bottom) sides of the filter. Figure adapted from O’Halloran et al. [37]. Created in
BioRender.com

2.2.1. Murine In Vitro BBB Models

Murine in vitro models, employing both primary mouse endothelial cells and
immortalised murine cells, are widely used. They are characterised by high reproducibility
and accessibility. Murine brain microvascular endothelial cells (MBMECs) can be
leveraged in monocultures or co-culture systems, especially with the use of Transwell-
based permeability assays, in which TEER, dye permeability and fluorescent cells
migration can be measured [35,38]. Importantly, murine in vitro models can be directly
integrated with further in vivo mouse research, enabling the comparison of molecular
findings from cell cultures with animal cancer metastasis studies. This represents an
important advantage of these systems. Despite these strengths, murine BBB models lack
significant translational properties, which are crucial for assessing transporter
expression, tight junction proteins abundance, as well as direct drug delivery and
metastatic mechanisms.
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2.2.2. Human In Vitro BBB Models

Human in vitro systems serve as an effective solution to this need by providing a greater
translationalrelevance. They can be used as clinically more accurate transporter profiles,
paving the way for evaluating CNS-targeted therapeutics and patient-relevant cancer
cells migration mechanisms [39,40]. These systems include primary human BMECs,
immortalised human BMECs, human induced pluripotent stem cells (hiPSC)-derived
BMECs, together with human astrocytes and pericytes. Thus, it represents one of the
biggest advantages of the human BBB models, allowing the reconstruction of the NVU
[40,41]. The most advanced human in vitro models include microfluidic platforms, where
BMECs are exposed to continuous flow and a three-dimensional (3D) matrix environment,
which are components that cannot be fully reproduced by static Transwell systems.
Human microfluidic models provide better resolution for studying permeability kinetics
[42]. Moreover, highly developed organoid models are established, employing stem cells
in 3D low-adhesion conditions. Thus, allowing their self-organisation into miniaturised
structures, resembling tissues. Recently, multicellular BBB organoids were developed as
dependable and accurate in vitro platforms, which mimic key structural and functional
aspects of the brain microenvironment. This provides a high physiological relevance,
especially for cancer metastasis models. As discovered, when cancer cells were co-
cultured with brain organoids, they mimicked the tumour metastatic process, by adhering
to the surface, proliferating and migrating into the 3D models [36,38].

Overall, in vitro BBB models provide very informative and complex platform for studying
the BBB physiology and cancer cell migration patterns, as well as drug permeability [39].
Murine culture models maintain high experimental efficiency together with mechanistic
usage. While human multicellular and microfluidic platforms provide additional
translational accuracy. The most accurate method for studying cancer migration usually
combines both jn vitro strategies. Thuse murine models are employed for mechanistic
throughput and in vivo continuity, which is followed by human BBB systems, validating the
clinicalrelevance [36,38,42]. Nonetheless, this area still requires further optimisations in
order to improve the reliability of the system and disease modelling applications.
Ultimately, further advances in these experimental platforms are expected to enhance
the development of more effective therapies and improve outcomes in neurological
disorders
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Aim of Study

Canceris a serious medical condition that poses a significant therapeutic challenge due
to its complexity and heterogeneous nature. Both breast cancer and melanoma in
advanced stages frequently form metastases in distant organs, including the brain. When
cancer spreads across the blood-brain barrier (BBB), the prognosis worsens drastically
and treatment becomes more challenging. Understanding the characteristics and
functionality of the BBB, combined with mechanisms of cancer cell migration, may
contribute to unravelling these complex processes and support the development of
improved therapeutic strategies for patients around the world.

To address this, an in vitro murine BBB model based on a Transwell co-culture system is
employed. The reproducibility of the physiological structure and cellular
microenvironment is possible due to the implementation of primary brain microvascular
endothelial cells (BMECs), freshly isolated from mouse brains. This Transwell-based
model provides a reliable in vitro BBB set-up and is subsequently used for migration
studies with the application of two GFP-labelled cancer cell lines.

This study aims to develop and characterise an in vitro murine model of the BBB as
a platform for studying cancer cell migration across the barrier, with a particular focus on:

1. Obtaining and optimising a reliable in vitro murine BBB model using two Transwell
insert types containing 1uym and 8um pores.

2. Assessing cancer cell transport across the BBB using the 4T1 em-GFP and the
B16F10 e-GFP cellular models for aggressive metastatic breast cancer and
melanoma, respectively.
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Materials and Methods

1. Cell cultures

Cell cultures have been started before the beginning of the experimental procedures to
ensure total confluency. Astrocytes, previously isolated from C57BL/6J mice pups, were
cultured in the freshly prepared media, consisting of 180ml DMEM (Dulbecco Modified
Eagle Medium, Invitrogen Cat. No. 21885025) with 20ml Foetal Calf Serum (FCS; Gibco
Cat. No. 10106-169) and 40ul of gentamicin sulphate (Lonza Cat. No. 17-518Z). For better
cell adhesion, the flasks were coated with 3ml poly-l-lysine in advance. 500pul poly-L-
lysine (500ug/ml) was added to 50ml sterile H,O. Three ml of the coating solution was
used to cover the culture surface, and incubated for 30min at 37°C.

Cancer cells used for the migration studies were obtained from murine cell lines serving
as well-established models for aggressive and metastatic cancers: 471 em-GFP (breast
cancer) and B16F10 e-GFP (melanoma). Both cancer cell lines were cultured in RPMI
+GlutaMAX (Gibco, Thermo Fisher Scientific, Cat. No. 61870-010) with 5% FCS. 4T1 em-
GFP cells need 40pul of gentamicin sulphate (Lonza, Cat. No. 17-518Z)/ 200ml of medium,
while B16F10 e-GFP cells grow with 500pug/ml of G418 (Thermo Fisher Scientific, Cat. No.
11811023) (geneticin selection antibiotic). All cell cultures were maintained in media
supplemented with a specific antibiotic, which reassured the contamination-free
conditions. Moreover, the cultures were confirmed mycoplasma-free prior to
experimental use (AssayGenie Cat. No. MORV0013).

2. Brain extraction

Animal sacrifice followed by brain extractions was performed on 8-week-old C57BL/6)
female mice. The mice were deeply anaesthetised using isoflurane, and the heads were
rinsed in ethanol, cut with scissors and placed into a large glass dish. The skin was cut
with a pair of small scissors, and the skin edges were fixed to the dissecting pad with
needles. Another pair of scissors was used to cut the bone with a sagittal incision. The
skull was opened with curved forceps, while avoiding contact with the upper side of the
skull, the forebrain was removed, and placed into a 60mm dish containing 4ml PBS, on
ice. Sterile chromatography paper was placed into a large, sterile glass dish. By spreading
half of the brain on the paper and gently rolling it, the meninges, the white matter and the
choroid plexus were partially removed. The remaining parts consist mostly of the cortical
grey matter (neuronal and glial tissue), which is an essential location of the primary brain
microvascular endothelial cells. The tissue pieces were transformed into a dish
containing 4ml of DMEM/F-12 (1:1) medium containing L-glutamine (Gibco, Thermo
Fisher Scientific, Cat. No. 21331-020), on ice. According to the protocol, endothelial
isolation is performed using 15 mouse brains. In this project, however, isolations were
consistently conducted using 30 mouse brains per experiment, which was defined as
a double isolation.
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3. Primary Murine Brain Microvascular Endothelial Cells Isolation

The extracted tissue was cut into small pieces with scalpels and transferred to two 50ml
tubes using a 5ml pipette. The first enzymatic incubation, which lasted 75min at 37 °C in
a shaker (280 rpm), was performed with the use of 14ml DMEM/F-12, 2ml CLS2 stock
(final concentration Tmg/ml) and 300ul DNase |. Total concentration of 2x16.3ml was
added to two 50ml tubes and mixed thoroughly with a 5ml pipette, 25 up/down. During
the first incubation, four, previously prepared T75 culture flasks were coated with the
coating solution: 2400ul MilliQ water, 150l fibronectin and 450ul collagen IV, and stored
in the incubator at 37 °C, 5% CO, and ~ 95% humidity. After the incubation, 10ml of
DMEM/F-12 was added to the tubes, and the suspensions were centrifuged at 1000 x g for
8min at 4°C. The supernatant was aspirated, and 20ml of 20% BSA-DMEM medium was
added to both pellets. The suspensions were mixed thoroughly and centrifuged at 1000g
for 8min at 4°C. The myelin layer at the top (containing neurons and glia) and the BSA
solution were aspirated. The remaining pellet, appearing whitish with a red tint at the
bottom of the tube, was retained, since it contains the microvessels. The tissue was
transferred to new 50ml tubes containing 2ml DMEM/F-12. The second enzymatic
incubation, which lasted 50min at 37 °C in a shaker (250 rpm), was performed with the
use of 11.5 ml DMEM/F-12, 1.5ml C/D stock (final concentration 1mg/ml) and 100pl
DNasel. Total concentration of 2x13.1ml was added to both of the 50ml tubes and mixed
thoroughly, 25 up/down, with a Tml pipette. After the second incubation, a total of 10ml
DMEM-F12 was added to the mixtures, followed by centrifugation at 700g for 5min at 4°C.
The supernatants were aspirated, and 2ml DMEM/F-12 was added to the pellets. The
suspensions were mixed thoroughly, followed by centrifugation at 1000 x g for 10min, at
4°C. The cells in both tubes were mixed thoroughly and washed in 15ml DMEM/F-12 at
700g for 7min at 4°C. The supernatants were aspirated, leaving the pellet at the bottom of
the tubes as the digested, isolated microvessels tracts.

For capillary seeding, the cells were resuspended in the endothelial medium
supplemented with bFGF (1/1000) and 4 pg/ml of puromycin (1/1000). The microvessels
were mixed and plated onto pre-coated T75 flasks (after each double isolation, consisting
of thirty mice, the cells were seeded on four pre-coated flasks). Under the microscope,
isolated microvessels appeared as “pearls on a string”.
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4. In vitro Blood-Brain Barrier model set-up

To set up the BBB model, one day after the isolation, the endothelial cells were observed
to start attaching to the flasks’ surface. The media was changed to remove the debris and
enhance the endothelial cell growth from the isolated microvessels. Four days after the
isolation, the endothelial cells were 90% confluent and ready for the model set-up. Two
Transwell filter types were used for the experiment: 8 and 1 ym pore size (ThinCert cell
culture inserts for 12-well plates, PET membrane; Greiner Bio-One, Cat. No. 665638 &
Cat. No. 665610). Prior to the cell seeding, all the Transwell filters were prepared and
coated twice (1h incubation followed by 30min incubation) with the coating solution:
400ul MilliQ water, 100pLfibronectin, 500pul collagen IV. Twelve of the Transwell inserts (6x
Tum & 6x 8um) were coated on the basolateral-facing surface (underside of the
membrane) with the growth factor-reduced Matrigel Matrix Basement Membrane
(Corning Cat. No. 356231). A total volume of undiluted 50ul was applied to each insert,
and left for 20min incubation at room temperature, then moved for 10min to the 37°C
incubator, to ensure a proper polymerisation of the Matrigel. For three 12-well Transwell
plates, the apical (top) medium was prepared by mixing 3 x 12mL of mBMEC medium with
3 x 12ul of bFGF, corresponding to 1ml of medium per insert. The basolateral (bottom)
medium was composed of 3 x 18ml of MBMEC medium and 3 x 18ul of bFGF, resulting in
1.5ml of medium in each well. Before seeding, the endothelial cells from three T75 flasks
were washed once with 1xPBS, and trypsinised with the use of Trypsin-EDTA solution
(dilution 2:1). After the cells detached from the bottom of the flasks, they were
centrifugated for 5min at 20°C at 1100 RPM, and resuspended in the top media, which
resulted in the even distribution of the cells in every insert. Three flasks with endothelial
cells cultured for 3-4 days are enough for three 12-well plates. The rest of the cells were
frozen in FCS + 10% DMSO.

Two days after setting up the monoculture, the TEER was measured, and the TJ were
induced. For this purpose, two types of culture medium were prepared beforehand: apical
(top) medium consisting of 9.75ml mBMEC media supplemented with 9.75ul bFGF
(1/1000), 1.95ul HC (1/5000), 97.5ul CPT-cAMP (1/100), and 97.5ul of RO (1/1000).
Bottom media consists of 19.5ml total volume, composed of 9.75ml mBMEC media and
9.75ml ACM, supplemented with 9.75ul bFGF (1/1000) and 1.95ul HC (1/5000). Top and
bottom media were prepared in separate tubes for each of the plates. Two experimental
configurations were used for the lower compartment of the Transwell system: astrocytes
and astrocyte-conditioned media (ACM).

For the astrocyte co-culture condition, ACM was gradually removed from the wells of the
astrocyte plate and sequentially added to the bottom media, then mixed thoroughly.
Subsequently, 1.5mlof bottom media was added to each basolateral chamber containing
astrocytes. Endothelial cell-coated inserts were then transferred onto the astrocyte plate,
one by one. Then, the Transwell insert medium was replaced with 750pul of top media. The
co-culture was incubated for 24h, followed by the TEER measurement.
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For the astrocyte-conditioned media condition (two 12-well plates), no cells were seeded
in the bottom chamber. Instead, the wells were filled with the bottom media only, 1.5ml
in each well. ACM-supplemented media were stored frozen. Endothelial cell-coated
inserts were transferred onto the astrocyte plate, and the insert medium was replaced
with 750pul top media. The co-culture was incubated for 8h to increase the barrier
tightness. After this time, the TEER was measured again.

5. Trans-endothelial electrical resistance measurements

The integrity of the in vitro blood-brain barrier model was assessed through the
measurements of TEER. Millicell ERS-2 epithelial volt-ohm Meter and STX01 Chopstick
Electrodes (Merck Millipore) were placed in the insert and the well at the same time. The
TEER values for each insert were obtained from an average of three individual
measurements, from which the average of three individual cell-free control
measurements was subtracted. The values were multiplied by the area of the culture
inserts (1.12 cm?).

6. Cancer application

Cancer cells were trypsinised, centrifuged for 5min at 20°C at 300g, and then counted.
For each well, 100,000 cancer cells were resuspended in the freshly prepared top media
containing tight junctions’ inducer concentrations consistent with those described
previously. 750ul of top media with resuspended cancer cells was added to four wells in
each plate. The experiment was performed with the use of both cancer cell lines: 4T1 em-
GFP and B16F10 e-GFP. The TEER was measured after 24 and 48h of incubation. Two days
post-incubation, the media from the bottom and upper chambers were removed and
used for future cytometric analyses, and the wells were fixated with the use of
paraformaldehyde. Cells were gently washed twice with PBS (0.5ml in the apical insert
and 1ml in the basolateral well). Fixation was performed with the use of 4%
paraformaldehyde (4% PFA) for 10min at room temperature (0,5 mlin the insert and 1Tml
in the well). Following the fixation, the cells were again washed twice with PBS and stored
in PBS (0.5mlin the insert and Tmlin the well) at 4 °C untilimmunostaining.
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7. Flow cytometry

Flow cytometry analysis was performed together with the live/dead staining. Firstly, the
media from each bottom chamber, together with the two upper chamber media, were
added to separate, named FACS tubes, and washed with 2ml PBS. Samples were
centrifuged at 300g, at 4°C, for 5min, and the supernatants were discarded, which was
followed by briefly vortexing the tubes. This washing step was repeated once for a total of
two PBS washes. Cells were then stained with Flexible Viability Dye eFluor 780
(eBioscience Fixable Viability, Thermo Fisher Scientific, Cat. No. 65-0865-14) diluted
1:1000 in PBS. A total volume of 100ul diluted dye was added to each sample. Followed
by incubation for 30min at 4°C in the dark.

After staining, 2ml of PBS was added to each tube, and the samples were centrifugated
at 300g for 5min at 4° C. After removal of the supernatant, and vortexing, the cells were
prepared for a direct acquisition by being resuspended in 200ul of PBS, before the
measurement.

Cancer cells expressing GFP were analysed without antibody staining. Data was acquired
on a Beckman Coulter CytoFLEX S V4-B2-Y4-R3 flow cytometer. Cells were initially gated
based on forward scatter (FSC-A) and side scatter (SSC-A) parameters to exclude debris.
Doublets were excluded using FSC-A versus FSC-H gating. After the flow cytometry
analyses, the samples were discarded.

8. Immunostaining

Immunostaining was performed on previously fixated samples, and prior to this analysis,
the blocking (3 % BSA + 0.3 % Triton X-100 in PBS) and washing (the blocking buffer diluted
1:50 in PBS) buffers were prepared. The cells were blocked in a blocking buffer (0.5ml in
every filter and Tmlin every well) for 60min on a rocking shaker. After an hour, the buffer
was removed in the filters, and 150ul of primary antibody (1:250 in blocking buffer) was
added to each filter, excluding control samples without any cells. Primary antibody
incubation lasted 1h at room temperature on a rocking shaker. The primary polyclonal
antibodies used for all immunostaining analyses were rabbit-anti: ZO-1(Invitrogen, Cat.
No. 61-7300) and claudin-5 (Merck, Ref. No. SAB4502981). Corresponding secondary
antibodies were goat anti-rabbit 1gG (H+L) Cross-Absorbed Alexa Fluor 568 (Thermo
Fisher Scientific, Cat. No. A11011) and goat anti-rabbit IgG (H+L) Cross-Absorbed Alexa
Fluor 488 (Thermo Fisher Scientific, Cat. No. A11034). After the primary antibody
incubation, the cells were carefully washed 3 times for 5min on a rocking shaker, with
a washing buffer (0.5ml to each insert and 1ml to each well). After the third wash, the
washing buffer was removed from the upper chambers and replaced with 150ul of the
secondary antibody diluted 1:250 in blocking buffer. The secondary antibody is light
sensitive, so the plates were covered with a tinfoil and incubated on a rocking shaker at
room temperature for an hour. After the incubation, the samples were washed one time
with PBS for 5min on a rocking shaker at room temperature (0.5mlto each insert and 1Tml
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to each well). The nucleus stain was performed by adding 150ul of DAPI solution (1:500 in
0.1 PBS) to the upper chambers, followed by 5min incubation at room temperature on
a rocking shaker. The cells were washed 2 times in PBS (0.5ml to each insert and 1ml to
each well).

After the final wash, both the filters and the wells were emptied. The inserts were carefully
removed from the wells, with the use of tweezers and placed on a freshly prepared bench
roll barrier. Subsequently, all the filters were cut out with a scalpel and placed on
microscope slides that were previously labelled. One drop of DAKO fluorescence
mounting medium (DAKO, Cat. No. S3023) was placed on the slide, and then on the filter.
The filters were placed with the cells facing the cover slips. The prepared and secured
slides were stored in 4° C, until the confocal microscopy imaging.

9. Confocal Microscopy

The BBBs together with the cancer cells migration were imaged on an Observer Z1
microscope with Apolome 2 under a Plan-Apochromat 40x/1.3 Oil DIC objective (Carl
Zeiss) microscope. The acquisition pixel time varied from 2.06us to 4.12us, adjusted as
needed to optimise the signal. GFP and Alexa Fluor 488 were excited using a 488nm laser,
and emission was collected at 500 — 550nm. Alexa Fluor 568 was excited with a 561nm
laser, and emission was collected at 570 -620nm. To adjust the laser intensity, the master
gain was adjusted, starting from 650V, together with the 405nm percentage, which was
usually maximised. Images were acquired typically at 1024 px x 1024 px, or higher, with
an image size of 319.5um x 319.5um; the pinhole was set to approximately 23um. Z-
stacks were collected across the full tissue volume or with larger magnification, typically
comprising 8-13 slices per stack. The crop area of an image varied from 0.45x to 1x,
depending on the observed spot. The interval of a Z-stack was modified based on the
number of slices, from 0.5um to 1.0um. A 40x oil immersion magnification was used for
capturing some of the images. Z-stacks were taken by setting the first slice as the one
closest to the objective, while the last was always the furthest. Captured images were
analysed in Fiji (an open-source distribution of Imagel; NIH, Bethesda, MD, USA).

10. Data Analysis and Visualisation

All plots were generated using RStudio Version 2026.01.2+418. The Claude (Anthropic,
https://claude.ai/ Accessed: 30.05.2026) generative Al was used to initially develop the
code, which was later modified to better fit the project objectives.
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Results

1. In Vitro BBB Model Set-Up Optimisations

The optimisations in BBB modelling were implemented with the aim of improving barrier
integrity and functional performance. Modelling the BBB in vitro was systematically
optimised through four sequential experimental set-ups (Figure 4, Figure 5), each
incorporating modifications of crucial culture parameters. These included: 1) the usage
of the filters with variable pore diameters, 2) combined with differences in time points of
the tight junction induction, 3) application of growth factor-reduced Matrigel Matrix
Basement Membrane and 4) variations of co-culturing conditions. It should be noted that
the data presented within this section should be interpreted with caution, considering the
small sample size and considerable within-group variability across conditions.
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Figure 4. Visual Representation of the 15t and 2" In Vitro BBB Set-Ups. a) The 1% set-up consisted of BBB
co-cultured with astrocytes, using six 8um pore inserts (columns 3-4). b) The 2" set-up incorporated
astrocytes (A; column 1,4) and astrocyte-conditioned media (ACM; column 2,3) co-cultures, comparing
1pm (column 1,2) and 8um (column 3,4) pore inserts. Due to errors in the experimental design of the 2"
set-up, a direct comparison between the 1Tum and 8um pore conditions could not be established. Red dots
indicate applied cancer cell line (4T1 em-GFP); Ctrl = control without any cells. Created in BioRender.com

26



a) 3 set-up, b) 4" set-up,
BBB + ACM BBB + ACM

A
Cancer
No cancer{

A
Cancer
No cancer{

000
00
T|@0@:
OO0
006
000
®OQ-

| ®O6

1pm pore 8um pore 1um pore 8um pore
inserts inserts inserts inserts

. Applied cancer cell
line (4T1 em-GFP/
B16F10 e-GFP)

M - Matrigel coating

Figure 5. Visual Representation of the 3" and 4" In Vitro BBB Set-Ups. a) The 3" set-up consisted of BBB
co-cultured with ACM. The applied cancer cell line was 4T1 em-GFP, and the comparison was between 1Tym
(column 1,2) and 8um (column 3,4) pore inserts. b) The 4™ set-up also incorporated ACM co-culture
comparing 1uym (column 1,2) and 8um (column 3,4) pore inserts. However, the applied cancer cell line was
B106F10 e-GFP. Red dots indicate the applied cancer cell line; Ctrl = control without any cells. M =Matrigel.
Created in BioRender.com

1.1. Implementation of Filters with Variable Pore Diameters

TEER values were compared between 1um and 8 um pore filters in the 3 and 4™ BBB
models, under ACM co-culturing conditions (Figure 6). TEER values increased
progressively across all time points and were consistently higher in 1Tum pore filters. At
the time point 1, TEER values were comparable between conditions, with both 8um and
1um pore filters, yielding a similar baseline of around 35 Ohm*cm?, suggesting no
difference in barrier integrity at the earliest measurement. However, by the time point 2,
a divergence between the groups began to emerge. TEER values in the 1uym inserts
increased to approximately 53 Ohm*cm?, while the values for 8um filters remained lower,
around 38 Ohm*cm?. The visible discrepancy between the results at this stage shows
a more rapid development of the endothelial monolayer on the smaller inserts. After the
2" time point, the tight junctions were induced, which resulted in a steep rise in the TEER
values at time point 3. The 1um TEER values reached the peak at approximately 102
Ohm*cm?, in contrast to the 77 Ohm*cm? for the 8um pore inserts. The group means *
SEM were notably separated, with the Tum filters persistently trending higher.
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TEER Values — Filter Pore Size Comparison
Mean + SEM with individual samples (dots). Set-ups 3 & 4 pooled, ACM co-culture.
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Figure 6. TEER values - Filter Pore Size Comparison. The plot shows the comparison between 1u and 8u
from the 3 and 4™ set-ups in ACM co-culture. Time points correspond to 24 (1), 48 (2) and 55 (3) hours post-
seeding of the endothelia. The mean + SEM js shown for individual samples (dots) as ribbons. Figure created
in RStudio Version 2026.01.2+418, Posit Software, PBC.

Taken together, these findings demonstrate a time-dependentrise in TEER values for both
filter pore sizes, especially in ACM co-culture settings, applied after the 2" time point.
Greater TEER values observed in 1Tum inserts across the time points suggest a better BBB
formation and improved tight junction integrity in the smaller pore conditions, which
could be associated with the limited cellular passage and enhanced cell contact
structure. Greater TEER values were consistently observed in Tpum inserts across the time
points.

1.2. Differences in Tight Junction Induction Incubation

The tight junction induction incubation period was varied across the set-ups to evaluate
how its duration affects the integrity of the BBB. The assessment was performed prior to
cancer cell line application (Figure 7). TEER values appeared higher in the group, where
the incubation took 8h, with mean values at around 66 Ohm*cm? for the 8um condition,
and 122 Ohm*cm?for the 1Tum one. In contrast, the values for the condition involving 24h
of incubation, the values oscillated around 42 Ohm*cm? for the 8um inserts and 60
Ohm*cm? for the 1um filters. Across both groups, the 1um pore inserts consistently
exhibited higher TEER values.

28



TEER Values — Tight Junction Induction Incubation Time

Mean = SEM with individual samples (dots)
24h group: Set-ups 1 & 2 | 8h group: Set-ups 3 & 4
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Figure 7. TEER Values - Tight Junction Induction Incubation Time. The plot shows the comparison
between 1u and 8u from the 15t and 2" set-ups versus 3™ and 4 set-ups, in which the incubation with tight
junction inducers was 24h and 8h, respectively. The mean + SEM is shown for individual samples (dots) as
ribbons. Figure created in RStudio Version 2026.01.2+418, Posit Software, PBC.

The data provide a first indication that tight junction induction time may influence barrier
integrity, with the 8h condition exhibiting an upward trend in TEER values, especially for
the 1Tum pore size.

1.3. Application of Growth Factor-Reduced Matrigel

The growth factor-reduced Matrigel was introduced as a potential means of limiting the
endothelial transmigration through the 8um pore inserts. Moreover, Matrigel was used as
a factor enhancing the BBB formation and stability (Figure 8).

In the 8um pore condition, Matrigel coating showed no significant effect on the TEER at
any time point. Both groups started at consistent values at the 1% time point, at
approximately 30 Ohm*cm?, and followed a similar, slight upward trend. By the last time
point, the values from both groups diverged subtly, placing the No Matrigel group at
roughly 75 Ohm*cm?, while the Matrigel group values peaked at around 58 Ohm*cm?.
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On the other hand, the discrepancy between the groups in 1Tum pore filter condition was
more distinct. At the 15t and 2" time points of measurement, the values from both groups
were comparable, oscillating around 33 and 57 Ohm*cm?, respectively. However, by the
3 time point, they diverged considerably. The TEER values for the group coated with
Matrigel reached a mean of approximately 142 Ohm*cm?, compared to the non-coated
group, which exhibited its peak at around 103 Ohm*cm?.

TEER Values — Effect of Matrigel

Mean + SEM with individual samples (dots). Set-ups 3 & 4 pooled, ACM co-culture
8 pym pore 1 um pore
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Figure 8. TEER Values - Effect of Matrigel. The plot shows the comparison between the inserts covered
with the growth factor-reduced Matrigel and uncovered. The differences are shown for both 1y and 8u
inserts from the 3 and 4™ set-ups in ACM co-culture. Time points correspond to 24 (1), 48 (2) and 55 (3)
hours post-seeding of the endothelia. The mean + SEM is shown for individual samples (dots) as ribbons.
Figure created in RStudio Version 2026.01.2+418, Posit Software, PBC.

These data suggest that Matrigel coating may enhance the BBB growth, particularly in the
Tpum filter condition. The lack of Matrigel influence in the 8um pore inserts group implies
that the integrity of the BBB is presumably determined by the pore size itself, rather than
the coating alone.

1.4. Variations in co-culturing conditions

The effect of co-culture condition was studied based on TEER values compared between
astrocyte and ACM conditions applied after the 2" measurement in the 2" BBB model
with 1um pore filters (Figure 9). Therefore, time points 1 and 2 represent the monoculture
baseline period, while time point 3 reflects the first measurement of the TEER in co-
culture. Following the co-culture application, both conditions exhibited a distinct rise in
TEER values by the time of the 3" measurement, showing a peak of around 55 Ohm*cm?
for the astrocytes condition and approximately 62 Ohm*cm? for the ACM group. The
magnitude of increase from the 2" to the 3 time point was similar for both groups, which
could be associated with the comparable effect of astrocytes and ACM on the BBB. Due
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to incomplete data collection for the 8um pore inserts with the ACM condition, the
comparison was performed solely using the TEER values from the 1um pore filters.

TEER Values — Co-culture Condition
Mean + SEM with individual samples (dots). Set-up 2, 1 ym filter.
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Figure 9. TEER Values - Co-culture Condition. The differences are shown for 1um pore inserts from the
2" set-up. Time points correspond to 24 (1), 48 (2) and 72 (3) hours post-seeding of the endothelia. The
mean * SEM is shown for individual samples (dots) as ribbons. Figure created in RStudio Version
2026.01.2+418, Posit Software, PBC.

Together, these findings imply that ACM containing the soluble astrocyte-derived factors
may be sufficient for proper BBB maturation.

2. Cancer Cell Migration

Breast cancer and melanoma cell lines (4T1 em-GFP and B16F10 e-GFP, respectively)
were applied to the BBB models to evaluate the barrier integrity. It was assessed by TEER
measurements to determine the impact of cancer cell presence. TEER values were
monitored over five consecutive time points in BBB model inserts exposed to cancer cell
lines (samples S1 and S3) and non-exposed control inserts (samples S2 and S4), using
both 8um and 1um pore filters. Following the cancer cell lines application, the TEER was
measured after 24 and 48h (time point of measurement 4 and 5).

No systematic statistical comparison between cancer- exposed and control inserts was
performed, since there were only two biological replicates available for each condition.
These analyses would have resulted in tests with insufficient statistical significance to
detect a true effect. Individual data points were displayed as a mean + SEM of the two

replicates.
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2.1. Breast Cancer

Following the 4T1 em-GFP cell line application to the BBB model with 8um pore size, after
the 3@ TEER measurement, the cancer — exposed group (samples S1 and S3) exhibited no
further increase after the cell line application, with TEER values remaining approximately
stable during the 4" and the 5" time point of the measurement, hence 24 and 48h after
the cancer application, respectively. Opposed to that, the cancer non — exposed group
(samples S2 and S4) continued to rise, reaching the peak of around 105 Ohm*cm? on the
3" measurement, before slightly declining on the 5™ (Figure 10). This divergence of the
values between the two groups suggests a possible hindering effect of breast cancer cells
on the BBB model integrity development in the 8um condition.

In the BBB model containing 1um pore filters, a clear discrepancy was observed. 5" the
cancer-exposed group demonstrated an immediate and distinct decrease after the 3™
measurement, followed by the breast cancer cell line application, dropping to
approximately 65 Ohm*cm? after 48h of cancer incubation (measurement 5). On the
contrary, the non-exposed group continued to rise sharply, reaching a peak at
approximately 265 Ohm*cm? on the 4" measurement point, before declining on the 5%
(Figure 10). This significant decrease in TEER after cancer cell line addition, in the cancer-
exposed inserts, is consistent with the BBB disturbance. It might be associated with the
monolayer disruption or degradation of the tight junction, caused by the cancer cells.

TEER values — Breast cancer (ACM)

Mean + SEM with individual samples (dots). Grey area = post-cancer addition
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Figure 10. TEER Values in BBB Models (Co-Cultures with ACM) with Breast Cancer Cell Line (4T1 em-
GFP) Applied after the 3™ Measurement. The differences are shown for both 1y and 8u inserts from the 3™
and 4™ set-ups in ACM co-culture. Time points correspond to 24 (1), 48 (2) and 55 (3) hours post-seeding of
the endothelia. The mean = SEM is shown for individual samples (dots) as ribbons; the grey area indicates
post — cancer cell line addition (time point of measurement 4 and 5 - 24 and 48h after cancer cell line
application). Figure created in RStudio Version 2026.01.2+418, Posit Software, PBC.
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2.2. Melanoma

Following the B16F10 e-GFP cell line application to the BBB model with 8um pore size,
after the 3@ measurement, the cancer — exposed group showed a sharp decline to
approximately 35 Ohm*cm? on the 4™ measurement point, with only a minimal recovery
after the 5" measurement, 48h after cancer cell application. Conversely, the cancer non-
exposed maintained stable TEER values of approximately 75 Ohm*cm? across 4" and 5"
measurement points (Figure 117). This decrease in TEER values, followed by the
melanoma addition to the cancer-exposed group, suggests a disruption of the BBB model
in the 8um inserts.

In the BBB model containing 1um pore filters, the groups diverged considerably. The
cancer-exposed group exhibited an immediate decline after the 3™ measurement,
followed by the melanoma cell line application, dropping to approximately 40 Ohm*cm?
after 24h of cancer application, only to reach a minimal recovery to around 45 Ohm*cm?
after 48h of cancer incubation. By contrast, the non-exposed group continued to rise
steeply, reaching a peak at approximately 155 Ohm*cm? on the 5" measurement point
(Figure 11). This considerable reduction of TEER following the addition of cancer cells
likely reflects a TJ degradation or a disruption of the endothelial monolayer in cancer-
exposed samples. The contrast between the two groups in the 1pym condition is
particularly noticeable, since the non-exposed inserts demonstrated the TEER peak
during the time when the cancer-exposed inserts were declining. It implies the significant
effect of melanoma cells in the prevention or reversal of the BBB maturation.

TEER values — Melanoma (ACM)

Mean + SEM with individual samples (dots). Grey area = post-cancer addition

8 ym pore

1 pym pore

200 200 1

e
(%2
o
o
[
o

TEER (Ohm-cm?)
3

TEER (Ohm-cm?)
8

50 1 50

Time point of measurement Time point of measurement

O Cancer (S1+S3) O No cancer (S2+S4)

Figure 11. TEER Values in BBB Models (Co-Cultures with ACM) with Melanoma Cell Line (B16F10 e-
GFP) Applied after the 3™ Measurement. The differences are shown for both 1y and 8u inserts from the 3™
and 4™ set-ups in ACM co-culture. Time points correspond to 24 (1), 48 (2) and 55 (3) hours post-seeding of
the endothelia. The mean = SEM is shown for individual samples (dots) as ribbons; the grey area indicates
post — cancer cell line addition (time point of measurement 4 and 5 — 24 and 48h after cancer cell line
application). Figure created in RStudio Version 2026.01.2+418, Posit Software, PBC.
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3. Flow Cytometry

Flow cytometry analyses, which followed the BBB barrier incubations with cancer cells,
showed no detectable events after the medium from the lower chamber was collected.
The analyses of the top chamber’s media revealed a small number of events, although
these were minimal. This suggests that, under the performed experimental conditions,
this flow cytometry approach was not suitable for assessing the migration of these
adherent cancer cell lines through the BBB models.

4. Immunostaining

In order to characterise the integrity of the in vitro BBB models, together with the cancer
distribution patterns, the immunostaining assays were performed. Subsequently, the
confocal microscopy analyses were employed. Despite the initial use of both Alexa Fluor
488 (green) and 568 (red) secondary antibodies, only the images obtained with the latter
are displayed in the main results section. Due to the overlapping green signal, exhibited
by GFP-labelled cancer cell lines together with Alexa Fluor 488, a reliable differentiation
between the TJs and cancer cells was unfeasible. The use of Alexa Fluor 568, emitting
ared signal, provided a clear distinction between the two populations and was therefore
selected for subsequent visualisations of ZO-1 and CLDN5 TJ proteins.

4.1. Characterisation of BBB Tight Junction Expression

Tight Junction proteins' morphology was assessed across both 8um and 1Tum pore inserts
to characterise the endothelial monolayer under different experimental conditions.
CLDN5 immunolocalisation was examined in cancer-absent monocultures, which serve
as a baseline morphological reference. Whereas ZO-1 distribution was visualised on
filters containing GFP-labelled breast cancer and melanoma cell lines. Cancer-exposed
and cancer-absent groups were not directly compared since the cancer transmigration
experiment required an inverted insert orientation. Thus, each condition was presented
as an independent qualitative observation.
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4.1.1. Claudin-5 Expression in Endothelial Monocultures

CLDN5 immunolocalisation counterstained with DAPI was performed on the BBB in vitro
models cultured on both 1Tum and 8um pore inserts (Figure 12). CLDNS5 (red), the principal
transmembrane sealing protein of the BBB, was chosen to characterise the TJ integrity
in this study, as its uniform distribution is a key determinant of barrier stability. DAPI (blue)
staining enabled the visualisation of cellular nuclei. At 20x magnification, mBMEC on the
Tum pore filters formed a confluent and continuous monolayer with clearly outlined
CLDNS5-positive TJs (Figure 12. A). In contrast, the mBMEC monolayer formed on 8um
pore inserts displayed broader and less uniform junctional pattern, including regions
of irregular CLDNS staining, suggesting a less organised endothelial architecture (Figure
12. B).

Higher-magnification imaging supported these observations. At 40x, the 1um pore filters
again exhibited a well-defined junctional border, visualised by CLDN5 immunostaining
(Figure 12. C). Conversely, the 40x magnification of the 8um pore inserts revealed
discontinuous junctional profiles and a distinct porous pattern, visibly disrupting the
monolayer formation (Figure 12. D). Distinct 8um pores were visible under confocal
microscopy (Figure 12. B, D). The region indicated by the yellow rectangle (Figure 12. B)
illustrates an area where mBMECs appear to have migrated to the opposite side of the
filter. In the indicated region, the red signal shows reduced visibility and is blurrier, which
could be an indication of cellular migration, discussed further. This observation suggests
that the increased pore size may influence the incomplete monolayer formation and
reduced TJ integrity on 8um pore inserts.
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Figure 12. Claudin-5/DAPI Immunolocalization in mBMECs BBB In Vitro Models on 1Tum and 8um Pore
Inserts. Inmunofluorescence confocal microscopy images of mBMECs monocultures stained for Claudin-
5 (red) and DAPI (blue) on 1Tum (A, C) and 8um (B, D) pore filter inserts at 20x (A, B) and 40x (C, D)
maghnification. The yellow rectangle in panel B indicates a region where mBMECs appear to have migrated
through the 8um pores to the opposite side of the filter membrane, suggesting incomplete monolayer
formation and insufficient tightness on larger pore inserts. Upper left, images taken at the apical side facing
up are equalto the ‘blood’side. Scale bar=50um (A, B); 20 um (C, D). Brightness and contrast were adjusted
independently for each image to optimise visualisation. Images analysed in FlJl, Imagel 1.54p, National
Institutes of Health, USA.

These qualitative observations indicate that 1Tum pore inserts serve a more favourable
platform for BBB in vitro models. A tighter morphological architecture of the TJ in Tpym
inserts is associated with the reduced pore size, limiting cell deformation and migration
through the membrane.
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4.1.2. Expression in the Presence of Cancer Cell Lines

To assess the T) morphology and its relationship to GFP-labelled cancer cell distribution,
Z0-1 immunolocalisation was used in the in vitro BBB models. To enable a direct
comparison between breast cancer and melanoma celllines, 4T1 em-GFP and B16F10 e-
GFP, respectively, a matched experimental set-up was established. All parameters were
kept constant except the cancer cell line type introduced to the model (Figure 13). Under
all conditions, ZO-1 staining (red) appeared diffuse, due to the inverted insert orientation
with the mBMECs facing opposite to the imaging plane. All images were taken with the
basolateral side facing up. A direct comparison of the TJ’s morphology between cancer-
absent and cancer-exposed filters was not performed in this study, due to the opposite
orientation of the filters in these two experimental set-ups. This filter positioning was
optimised this way due to the better migration assessment, discussed further. Whereas
both cancer cell lines were directly identifiable, which was attributed to the GFP
fluorescence (green) signal. DAPI (blue) staining enabled the visualisation of cellular
nuclei.
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Figure 13. GFP-labelled Cancer Cell Lines with ZO-1/DAPI Immunolocalization in mBMECs BBB In
Vitro Models on 1Tum and 8um Pore Inserts. Inmunofluorescence confocal microscopy images of BBB
models stained for ZO-1 (red) and DAPI (blue) on 1Tum (A, C) and 8um (B, D) pore filter inserts in the presence
of GFP-labelled cancer cell lines (green). Applied cancer cell lines are 4T1 em-GFP (A, B) and B16F10 e-GFP
(C, D) (breast cancer and melanoma, respectively). Upper left, images taken at the basolateral side facing
up are equal to the ‘brain’ side. Scale bar = 50um (A, B, C, D). Brightness and contrast were adjusted
independently for each image to optimise visualisation. Images analysed in FlJI, Image) 1.54p, National
Institutes of Health, USA.

On bothfilters, breast cancer cells showed a dense and locally confluent distribution with
compact clusters (Figure 13. A, B). Contrarily, melanoma cells exhibited a more dispersed
morphology (Figure 13. C.D), with individually identifiable cells representing an
elongated, migratory shape, especially noticeable on the 8um pore inserts (Figure 13.D).
These cancer cell lines display visually distinct morphology and distribution patterns
across different pore sizes. ZO-1 immunostaining was detectable due to the red
fluorescence. However, it appeared as a diffused background signal in all conditions,
which confirms the presence of BBB’s TJs on the opposite surface of the filters (apical).
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4.2. Characterisation of Cancer Cell Transendothelial Migration and Empty-
Filter Passage

Cancer cell migration was monitored in models with an mBMECs monolayer and in cell-
free inserts, to enable the comparison between transendothelial migration and passage
through an empty filter. Confocal Z-stack images of 4T1 em-GFP and B16G20 e-GFP cell
lines were analysed on inserts containing either 8um or 1um pores. Endothelial TJs were
stained for CLDN5 (red), while cancer cells expressed GFP signal (green) and cellular
nuclei were visualised with DAPI (blue). Considering the adherent profile of the cancer
cell lines, the transmigration was visualised by the confocal images of the underside
(basolateral surface) of the Transwell membranes. Thus, the mBMECs layer, when
present, appears out of focus, located on the topside of the Transwell membranes. A
direct comparison of TJs' integrity between models exposed to different cancer cell lines
was not performed in this study, as the main aim was to detect the migration through the
mMBMECs monolayer, rather than assess the TJs deterioration associated with the cancer
presence. However, these findings prove a cellular passage through 8um pore inserts
both with and without an mBMECs monolayer (Figure 14, Figure 15). Contrarily, the
Transwell migration through 1um pore filters was not observed, due to the smaller pore
size halting the cellular passage (Figure 16, Figure 17).

4.2.1. Transendothelial Migration

In the BBB in vitro models cultured on 8um pore inserts, both 4T1 em-GFP (Figure 14. A-
C) and B16F20 e-GFP (Figure 14. D-F) cell lines were detected across the top, middle and
bottom parts of the Transwell membranes, indicating the cancer cell migration through
the porous membrane, as well as the mBMECs monolayer. ZO-1 staining was most
continuous and sharply defined in the top planes, consistent with the apical localisation
on mBMECs (Figure 14. A, D). The areas, where the TJ signal was more irregular and
discontinued, aligned well with the 8um pore openings, which were observable on the
middle planes of the confocal images (Figure 14. B, E). These discontinuities indicate
areas where the monolayer lacked tight-junctional coverage, which could be associated
with the limitations imposed by the large pore size. The area highlighted by the yellow
rectangle (Figure 14. E) depicts a visual transmigration of both GFP-labelled cancer cells
and mBMECs stained by CLDNS5, as the signal appears in the 8um pore gap, suggesting
the beginning of the migration process. These findings are further supported by the
bottom-plane images, where cancer cells are in sharp focus and form firm layers (Figure
14. C.F), confirming a successful transmigration of cancer cell lines through the BBB in
vitro models assembled on 8um pore inserts. The differences between breast cancer and
melanoma cancer cell lines are mostly visible on the bottom planes, where the migrated
cells form monolayers. B16F10 e-BFP cells appear more elongated and evenly distributed
after the passage through the Transwell membrane, while 4T1 em-GFP formed smaller
clusters (Figure 14. C, F).
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Figure 14. Cancer Cell Interactions with BBB Models on 8um Pore Inserts. Immunofluorescence
confocal microscopy images of BBB models stained for ZO-1 (red) and DAPI (blue) on 8um pore filter inserts
in the presence of GFP-labelled cancer cell lines (green). Cancer cell lines migration was presented in three
panels, corresponding to different sides of the inserts: top (endothelial layer; A, D), middle (porous
membrane; B, E) and bottom (migrated adherent cells; C, F). Applied cancer cell lines are 4T1 em-GFP (A,
B, C)and B16F10e-GFP (D, E, F) (breast cancer and melanoma, respectively). The yellow rectangle in panel
E indicates a region where mBMECs and GFP-cancer cells appear to have migrated through the 8um pores
to the opposite side of the filter membrane. Upper left, images taken at the basolateral side facing up are
equal to the ‘brain’ side. Scale bar = 50um (A, B, C, D, E, F). Brightness and contrast were adjusted
independently for each image to optimise visualisation. Images analysed in FlJl, Image) 1.54p, National
Institutes of Health, USA.

In contrast to the 8um pores condition, the BBB in vitro models established on 1Tum pores
inserts exhibited more concise and integral TJs, which was especially observed on the
inserts exposed to the melanoma cell line (Figure 15. D-F). GFP-labelled 4T1 and B16F10
cancer cell lines remained on the apical side of the Transwell membranes, which was
observed as a lack of migration on both middle and bottom planes (Figure 15. B, C, E, F).
The lack of detectable migration reflected the restrictive nature of the 1um pore inserts,
which limit the passage of both mBMECs and cancer cells.

40



Apical side of
the filter
(luminal/

blood-facing)

Basolateral
side of the filter

(abluminal/ Cancer/BBB on 1um pore inserts

brain-facing)

Middle Bottom

4T1 em-GFP, ZO-1/DAPI

B16F10 e-GFP, ZO-1/DAPI

Figure 15. Cancer Cell Interactions with BBB Models on 1um Pore Inserts. Immunofluorescence
confocal microscopy images of BBB models stained for ZO-1 (red) and DAPI (blue) on Tum pore filter inserts
in the presence of GFP-labelled cancer cell lines (green). Cancer cell lines migration was presented in three
panels, corresponding to different sides of the inserts: top (endothelial layer; A, D), middle (porous
membrane; B, E) and bottom (migrated adherent cells; C, F). Applied cancer cell lines are 4T1 em-GFP (A,
B, C) and B16F10 e-GFP (D, E, F) (breast cancer and melanoma, respectively). Upper left, images taken at
the basolateral side facing up are equal to the ‘brain’side. Scale bar =50um (A, B, C, D, E, F). Brightness and
contrast were adjusted independently for each image to optimise visualisation. Images analysed in FlJI,
Imagel 1.54p, National Institutes of Health, USA.

Across the two BBB conditions, pore size had a decisive impact on transcellular
migration. Cellular passage was observed only on the 8um pore inserts, due to the larger
pore diameter providing a sufficient space for cells to transverse the membrane. In
contrast, the 1um proved to be too restrictive for the migrating mechanisms.
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4.2.2. Empty-Filter Passage

4T1 em-GFP cell line formed a dense population at the apical side of the filter (Figure 16.
A), with a reduced but still visible presence within the porous membrane (Figure 16. B)
and a significant number of cells present on the bottom layer (Figure 16. C). The cancer
cells adhering to the basolateral-facing side of the Transwell membrane prove the
successful migration of 4T1 em-GFP cells through the empty 8um pore inserts. Similarly,
B16F10 e-GFP cells demonstrated a comparable migratory pattern through the empty
8um pore filters. Melanoma cells were present at the top of the Transwell insert (Figure
16. D), passing the membrane (Figure 16. E) and subsequently present on the downside
part of the filter, proving the migration (Figure 16. F). The cellular migratory pattern is
especially visible on the membrane middle focal plane with melanoma cells (Figure 16.
E), where individual cells appear to undergo an active transversion through the 8um

pores.
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Figure 16. Cancer Cell Interactions with Empty 8um Pore Inserts. Immunofluorescence confocal
microscopy images of GFP-labelled cancer cell lines (green) stained for DAPI (blue) on 8um pore filter
inserts. Cancer cell lines migration was presented in three panels, corresponding to different sides of the
inserts: top (endothelial layer; A, D), middle (porous membrane; B, E) and bottom (migrated adherent cells;
C, F). Applied cancer cell lines are 4T1 em-GFP (A, B, C) and B16F10 e-GFP (D, E, F) (breast cancer and
melanoma, respectively). Upper left, images taken at the basolateral side facing up are equal to the ‘brain’
side. Scale bar = 50um (A, B, C, D, E, F). Brightness and contrast were adjusted independently for each
image to optimise visualisation. Images analysed in FlJI, Imagel 1.54p, National Institutes of Health, USA.
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Markedly, both migrated cancer cell lines formed a well-spread and adherent population
on the basolateral-facing side of the inserts. These findings confirm the ability of both 4T1
em-GFP and B16F10 e-GFP cancer cell lines to migrate through empty 8um pore inserts.

On empty 1pm pores inserts, cancer cells accumulated on the apical sides of the
Transwell membranes (Figure 17. A, D) for both the cell lines. Despite the absence of an
mBMECs monolayer, the 1Tum pore filters served as a sufficient physical limitation of
adownward cell movement. No differences were observed between the middle and
bottom planes, confirming the isolating contribution of the pore size alone and
emphasising the Transwell membrane architecture as a major determinant of migratory
processes (Figure 17. B, C, D, E).

Apial st of Cancer/empty 1um pore inserts
bioocfaaing)

Middle Bottom

Basolateral
side of the filter
(abluminal/
brain-facing)

4T1 em-GFP, DAPI

B16F10 e-GFP, DAPI

Figure 17. Cancer Cell Interactions with Empty 1um Pore Inserts. Immunofluorescence confocal
microscopy images of GFP-labelled cancer cell lines (green) stained for DAPI (blue) on 1um pore filter
inserts. Cancer cell lines migration was presented in three panels, corresponding to different sides of the
inserts: top (endothelial layer; A, D), middle (porous membrane; B, E) and bottom (migrated adherent cells;
C, F). Applied cancer cell lines are 4T1 em-GFP (A, B, C) and B16F10 e-GFP (D, E, F) (breast cancer and
melanoma, respectively). Upper left, images taken at the basolateral side facing up are equal to the ‘brain’
side. Scale bar = 50um (A, B, C, D, E, F). Brightness and contrast were adjusted independently for each

image to optimise visualisation. Images analysed in FlJI, Imagel 1.54p, National Institutes of Health, USA.
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The empty-filter controls isolate the contribution of mMBMECs monolayers in cancer cell
migratory capacity. On 8um pore inserts, cancer cells migrated through the Transwell
membranes and adhered to the basolateral-facing side of the filters, confirming the ability
to pass the membrane containing a large pore diameter. Conversely, the 1pum pore filters
showed a restrictive ability. Thus, cellular passage from the apical to basolateral side of
the filter was not observed.
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Discussion

1. Overview of Findings and Model Validity

The present study aimed to develop a reliable in vitro BBB model using the mBMECs
cultured on a Transwell membrane system. To achieve this, a coherent and well-
distributed endothelial monolayer was established on the apical side of the Transwell
filters. The model was constructed with ACM, and in selected conditions, live astrocytes
applied to the basolateral chamber to simulate the brain microenvironment. Overall, the
data obtained in this study demonstrate that the establishment of the in vitro BBB model,
characterised by integral TJ formation, was successful.

The in vitro BBB modelling involved optimisations of the crucial culture parameters, which
were adjusted to improve the overall experimental performance. The optimised model
demonstrated high TEER values for BBB in vitro models assembled on 1um pore filters,
indicating the formation of a functional barrier with integral TJs. On the other hand, TEER
values measured on 8um pore filter models were comparatively lower, which was
correlated with a more fragmented and less stable TJ architecture. The results were
further validated by immunofluorescence staining. The expression of CLDN5 was
confirmed across all conditions, including cancer cell inserts. ZO-1 expression was
exclusively visualised in BBB-only conditions, in the absence of cancer. Moreover, 4T1
em-GFP and B16F10 e-GFP cancer cell lines were introduced to the model. Their
migratory activity was confirmed only in the inserts containing 8um pores, across both
BBB and empty filter controls. Although the 1um pore insert supported better barrier
integrity, its restrictive pore diameter prevented any detectable cancer cell migration.

2. BBB model Performance and Optimisation

The performance of the in vitro BBB model was assessed under several optimisation
settings, such as filter pore size, application of the growth factor-reduced Matrigel Matrix
Basement Membrane and co-culturing conditions. Across all conditions, TEER served as
the primary functional readout of the barrier integrity, supplemented by
immunofluorescence assessment of TJ protein expression. The optimisation findings are
further explored below in the context of existing literature.

2.1. Pore Size

The choice of filter pore size had a considerable influence on the barrier formation, TJ
integrity and cancer cell migration patterns. The 1um pore inserts exhibited a more
integral and functional barrier architecture, confirmed by the high TEER values compared
to the lower ones collected from the barriers established on the 8um pore inserts. The
Tum filter models displayed a more stable and continuous CLDNS5 localisation at cell-cell
junctions. A more disrupted and discontinued TJ profile formed on the 8um pore was
associated with the higher pore diameter, allowing the passive passage through the
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Transwell membrane. The higher TEER values, together with more continuous TJ
architecture observed on 1um pore inserts, suggest that the smaller pore diameter
improves the monolayer formation and provides a more stable platform for BBB in vitro
modelling. Furthermore, endothelial cells were observed to cross the 8um pore inserts
and form a secondary layer on the basolateral-facing side of the membranes. This
phenomenon was not detected on the 1um filters, due to the physically restrictive pore
diameter.

Cancer cell migration was observed in both BBB and empty-filter conditions on 8um pore
inserts. This complicates the assessment of the passage through Transwell membranes,
as the passive migration pattern cannot be excluded. Contrarily, no cancer cell passage
was observed inthe 1um pore insert, implying that the pore diameter creates a restrictive
barrier for cancer cell migration.

Collectively, these findings suggest that inserts with smaller diameter pores serve a better
platform for reliable and stable in vitro BBB modelling, while the assessment of cancer
cell migration patterns is not possible on the 1um pore inserts. Nonetheless, the
evaluation of the migration data obtained from the 8um pore filters requires a careful
consideration of the passive passage as a confounding variable. These conclusions go
consistently in line with the methodological challenges reported by Vandenhaute et al.
[43], who reported the difficulty of distinguishing active transendothelial migration from
passive cell passage, when implementing the inserts with a bigger pore diameter.
Therefore, the incorporation of empty-filter controls in the present study was essential to
confirm that the cancer cell passage on 8um pore inserts cannot be attributed exclusively
to active cellular passage through the Transwell membrane.

2.2. Tight Junction Induction Time Points

The time of TJ induction had a measurable influence on the TEER values across the
experimental groups. A progressive increase was observed between the 1%t and the 3™
measurement time points, with the highest value detected at the latter time point across
both 1Tum and 8um pore inserts. The pattern is consistent with the BBB maturation
process, in which claudin-5 expression rises progressively, reaching its maximal levels by
the 3" day of culturing. CLDNS5 strictly correlates with the TJ functionality, hence its high
levels correspond to greater BBB integrity [44]. However, the duration of TJ induction prior
to the cancer cell application (after the 3 measurement) differed between the
experimental groups. Models, in which the T) were induced for 8h expressed considerably
higher TEER values, representing a more stable and integral BBB architecture, compared
to those induced for 24h, in both pore size groups. The uniform superiority of the TEER
values observed across 1um pore inserts is consistent with the findings discussed in
section 2.1, confirming that the smaller pore diameter supports a proper barrier
maturation and firm TJ integrity. The observation of higher TEER values following the

46



shorter TJ incubation may suggest that a prolonged inducer exposure leads to the partial
destabilisation of the BBB.

These findings reflect on the sensitivity of the mBMEC monolayers to extended in vitro
conditions. The observations align with the evidence that, despite elevated cAMP abilities
to stabilise BBB formation, its prolonged signalling can paradoxically disrupt TJ integrity.
Perrot et al. demonstrated that, in contrast to the general BBB protective role of cCAMP, its
continuous elevation ultimately impairs the endothelial monolayer stability, causing its
increased permeability [44]. This is further supported by Grey et al., reporting that
extended cAMP treatment disrupts TJ integrity in BMECs [45]. Collectively, these findings
imply that the BBB integrity had already started to decline from its peak by 24h. Therefore,
the TJ induction protocol, including 8h of incubation, was considered optimal to capture
maximal barrier integrity.

2.3. Growth Factor-Reduced Matrigel Coating

The application of the growth factor-reduced Matrigel Matrix Basement Membrane was
introduced to evaluate its potential to limit endothelial transmigration through the 8um
pore inserts, together with the improved formation of a stable BBB. Matrigel is a complex
extracellular matrix (ECM), secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma
cells. It consists of approximately 60% laminin, 30% collagen IV and 8% entactin, which
closely resembles the molecular composition of the native vascular basement
membrane. It is noted that Matrigel composition makes an important contribution to
endothelial differentiation and BBB maturation [46]. The vascular basement membrane
forms an essential structural signalling scaffold for BBB maintenance. Thus, the trend
towards higher TEER values in Matrigel-coated conditions goes in line with the recognised
role of the basement membrane proteins in supporting the integrity of the BBB, both in
vivo and in vitro [47].

The Matrigel-induced trend in BBB stability was observed only in the 1um pore insert
group, with no detectable effect on 8um pore filters. The recognised pattern was
contradictory to the hypothesis, as Matrigel was expected to increase TEER values in the
8um pore insert group, and hence improve the stability of the BBB. These findings suggest
that the potential of Matrigel to enhance barrier integrity may be pore-size dependent.
Thus, the structural instability associated with larger pore inserts limits the efficacy of the
coating factor. As reported by Vandenhaute et al., the maintenance of a stable and
integral monolayer established on larger pore inserts poses a considerable difficulty,
regardless of the Transwell membrane coating techniques [43]. Matrigel-enhanced in vitro
BBB formation has been demonstrated in models employing smaller pore membranes,
for instance, Patel et al. using 0,4um pore inserts [46]. These observations, confirmed by
recent literature, suggest that an enhancement in BBB integrity and stability has not yet
been observed in bigger pore inserts, which may be associated with structural limitations
outweighing the benefits of coating solutions.
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The small number of replicates resulted in the absence of a statistically significant effect
across the conditions, which emphasises the need for further, more complex analyses,
containing larger groups of replicates. Nonetheless, the observed Matrigel-induced trend
in BBB stability on smaller pore inserts paves the way for additional research, in which its
potential to support TJ integrity and limit endothelial transmigration could be further
explored across membranes with various pore diameters.

2.4. Co-culture Conditions

The observation of the TEER values at the critical 3™ time point of measurement was
analysed due to the co-culture implementation at this measurement point. The co-
cultures were compared between the live astrocyte and ACM conditions. The decision to
employ ACM as the optimal co-culturing condition for the subsequent experiments was
supported by the TEER values showing a comparable increasing trend for these two
groups. Both live astrocytes and ACM have been shown to increase TEER values, thus
improving TJ integrity, in established in vitro BBB models. Moreover, the TEER values in the
ACM group were marginally elevated at the 3" measurement point, suggesting a slightly
superior barrier under these conditions. These observations are consistent with the
literature reporting that ACM serves as a practical and reproducible alternative to live
astrocyte co-culture. This conditioned media contains soluble factors released by
astrocytes, such as TGF-B, WNT ligands, cytokines and chemokines. It was reported that
the soluble factors contribute to the proper development of endothelial cells and
enhance barrier properties [48,49]. Together, these findings imply that ACM containing the
soluble astrocyte-derived factors may be sufficient for proper BBB maturation, hence
suggesting that the direct astrocyte interaction is not strictly necessary. Despite the
practical relevance for BBB modelling, a formal statistical comparison at the 3™time point
is required to ascertain the significance of the numeric difference. Considering that the
subsequent time points of measurement involved the application of cancer cell lines,
with the purpose of investigating their effect on TEER values, the 3™ time point represents
the only pure co-culture measurement. Thus, the 3 measurement was available for the
evaluation of the effect of ACM and astrocytes on the BBB maturation and tight junction
integrity.

Due to incomplete data collection for the 8um pore inserts with the ACM condition, the
comparison was performed solely using the TEER values from the 1pum pore filters.
Consequently, ACM was selected for the subsequent set-ups in this project, according to
the comparable TEER values observed between astrocytes and ACM conditions. Despite
the importance of astrocytes contributing to the BBB integrity, positioning and signalling,
ACM selection was also supported by the practical considerations involving the
challenges associated with primary cell culture and the exploratory nature of the
optimisation processes.
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Park et al. showed that live astrocyte co-culture on 0,4um pore Transwell membranes
enhances the integrity of the BBB, together with the TJ expression [48]. Despite the
different pore size, this report aligns well with the present study, considering the use of
the mBMECs on the apical and the mouse astrocytes on the basolateral side of the
Transwell. On the other hand, Jezierski et al. reported that ACM alone also demonstrates
a stable BBB maintenance, as supported by the high TEER values and TJ gene expression.
The use of rat ACM proved its contribution to the improvement of the integrity of the barrier
established with mBMECs [50].

Nevertheless, the ACM selection was supported by the comparability of TEER values
observed across both conditions. In addition, practical considerations involving the
challenges associated with primary cell culture and the exploratory nature of the
optimisation processes further justified this choice. However, it should be acknowledged
that ACM cannot reproduce the complete range of astrocytic contributions to the BBB
biology. Astrocytes provide crucial support for vascular morphology and function, hence
disruptions in astrocytic endfeet can lead to downregulation of junctional proteins and
increased permeability of the BBB [51]. Furthermore, astrocytic endfeet enwrap
approximately 90% of the brain’s vasculature surface, and therefore, facilitate the
through direct
communication [49]. In addition to the maintenance of the BBB, endfeet are essential for

signalling between the endothelium and brain parenchyma
the intake of nutrients and hormones, as well as the control of local blood flow [48,49].
This is a dynamic regulatory function that soluble factors found in ACM cannot replicate.
Collectively, the present study focused on the BBB integrity and functionality, while the
contact-dependent and structural contributions of astrocytes remained outside of its

scope.

Table 1. Summary of the Optimisation Process. The table summarises the optimisation steps included in
the present study together with the settings selected for the establishment of a stable and functionalin vitro
BBB model. This represents a foundation for subsequent cancer cell migration studies.

Tested Parameter Outcome

Optimisation

Selected Settings/
Optimisation Status

Pore Size Tumvs 8um Higher TEER values 1pm pore inserts
observed on 1um
pore inserts
TJ Induction Time Points 24hvs 8h Higher TEER values TJinduction incubation

observed after 8h of
TJ induction
incubation

lasting 8h

Matrigel coating —
stability of the BBB

Matrigel vs no
Matrigel

Trend towards higher
TEER only in 1pm
pore inserts; no effect
on 8um pore inserts

Inconclusive; further
validation required
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Matrigel coating —
endothelial
transmigration

Matrigel vs no
Matrigel

Insufficient to prevent
endothelial migration
through 8um pore

Inconclusive; further
validation required

inserts
Co-culture Condition ACM vs astrocytes Comparable TEER ACM co-culture sufficient
values; ACM for exploratory phases;

sufficient for the
maturation of the
BBB

astrocytes co-culture
recommended for more
advanced modelling

3. Junction Immunolocalisation

Immunofluorescence staining of TJ protein was performed for CLDN5 and ZO-1. The
obtained observations provided a structural support for TEER data, showing consistent
findings about in vitro BBB modelling. The combination of both markers is well reported
in the literature and validates the selection of TJimmunolocalisation. /n vitro BBB models
are often characterised with the use of immunolocalisation of T)J markers, including
CLDN5 and ZO-1. Continuous junctional expression routinely confirms a proper
formation of the brain endothelium [45,50]. Evidence for this comes from Park et al., who
validated the BBB model established with bEnd.3 murine cells by staining for ZO-1 and
CLDNS5. The immunolocalisation revealed enhanced junctional expression in co-culture
conditions compared to monoculture [52].

Claudin-5, as a key TJ transmembrane protein, is responsible for paracellular sealing of
the BBB and is highly expressed in BMECs. Considering its endothelial specificity and
absence in surrounding cell types, the use of this immunostaining is well-justified, as its
localisation pattern correlates directly with barrier integrity [53].

The morphological difference in CLDNS5 organisation between 1um and 8um pore inserts
is particularly informative and strongly correlated to the TEER values discussed in the
discussion section 2.1. Larger pore inserts pose a physical challenge for integral
monolayer formation, due to the promoted cellular migration through the Transwell
membranes. Thus, the TJ architecture observed on 8um pore filters exhibits a more
irregular and discontinuous pattern. These structural observations directly align with the
study conducted by Vandehaute et al., who reported that the larger pore inserts (3um pore
inserts employed in this experimental set-up) may allow BMECs to migrate through
Transwell membranes, hence compromising monolayer integrity [43]. These structural
observations were confirmed with the findings of Vigh et al., reporting that higher
membrane porosity decreases TEER values [54], which aligns with the results from the
present study.

Z0-1 was selected as the marker for TJ formation for cancer-exposed conditions,
considering its role as the primary scaffolding component of the TJ complex. This protein
is involved in linking transmembrane proteins, occludin and claudin, to the peri-
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junctional actin cytoskeleton [53]. The presence of a detectable ZO-1 signal in cancer-
exposed conditions is further discussed in the context of cancer cell migration in the
discussion section 4. Since the preliminary aim of the ZO-1 staining in cancer-exposed
conditions was to confirm the presence of a mBMEC monolayer rather than to
characterise a detailed TJ morphology, the use of this scaffolding marker was considered
appropriate for the analysis.

4. Evaluation of Cancer Cell Lines in the BBB Model

4.1. Cancer Cell Migration and Barrier Disruption

The application of the 4T1 em-GFP and B16F10 e-GFP cancer cell lines was employed to
analyse the cancer transmigration. The cellular passage of both cancer cell lines was
observed only on the 8um pore inserts in both conditions: transendothelial migration
through the mBMEC monolayer and empty-filter passage. As discussed in sections 2.1
and 3, the cancer cell lines' migration through the 8um pore inserts is associated with the
large pore diameter, which is permissive for the physical passage of tumour cells.
Considering that the migration was observed in the empty-filter condition suggests that
the passive passage cannot be excluded, and hence cancer transmigration cannot be
unquestionably attributed to the active transendothelial migration. The migration through
Tpm pore inserts remained restricted in both conditions, provoking the conclusion that
a smaller pore diameter is a critical determinant of physical Transwell migration. Herman
et al. conducted a similar study with the use of B16F10 murine melanoma cells together
with 4T1 mouse triple-negative breast cancer cells [55]. The use of 3um pore inserts
allowed the cancer cell migration, and despite the absence of direct analyses, it can be
assumed that the migration was mostly active. The structural and mechanistic
observations, involving junctional disruption, transcellular invasion and membrane
remodelling, strongly align with the active passage processes [52]. Thus, itcan be implied
that extensive analyses of the structural interaction are required to characterise the type
of Transwell membrane passage and should be employed in further studies.

Interestingly, a distinct correlation between the TEER values and cancer application has
been observed in both breast cancer and melanoma conditions. The application of the
cancer cell lines caused a barrier disruption, as evidenced by the reduction of the TEER
values. These observations go in line with the transendothelial migration literature stating
that tumour cell application results in TEER values reduction, associated with
destabilisation of TJ integrity [25,56]. In both insert groups, the TEER was decreased after
4T1 em-GFP and B16F10 e-GFP applications. However, the TEER discrepancy between
cancer-exposed and cancer-absent conditions was more noticeable in Tum pore inserts.
A well-formed, tighter endothelial monolayer exhibits a more detectable contrast upon
cancer cell line-induced disruption. Whereas the barrier discontinuity observed on 8um
Transwell membranes may mask the additional effect of cancer cell line application. In
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these conditions, a difficulty arises, making it challenging to attribute TEER changes to
active barrier deterioration.

Furthermore, the high variability in TEER values between samples within each condition,
which was already present at baseline (days 1-3), reflects instability in the BBB models.
Subsequently, this complicates the specific attribution of TEER alterations measured
post-addition to cancer cell activity. Reliable conclusions regarding the impact of the two
cancer cell lines on the BBB integrity would require a more stable and reproducible
model.

Since ZO-1 and CLDN5 were used as TJ markers in cancer-exposed and cancer-absent
conditions, respectively, a direct morphological comparison between these conditions
was not made. Thus, it resulted in a lack of conclusion regarding the BBB disruption
following the cancer cell line application. However, due to Wilhelm et al., melanoma cells
were reported to cause a barrier disruption, which was well visible in the discontinuous
staining of CLDN5 and ZO-1 [25]. The conclusion suggesting that metastatic cells disrupt
TJ encourages further studies to employ a direct comparison of these conditions by
applying the same staining methods for cancer-exposed and cancer-absent groups.

Collectively, despite these limitations, the in vitro BBB model exhibited measurable TEER
disruptions and pore size-dependent differences in cancer cell behaviour, which
suggests a level of biological reactivity and sensitivity [43,56]. Therefore, the findings from
this study should be considered preliminary and exploratory, paving the way for
a potential model platform for studying cancer cell interactions with the BBB.
Nonetheless, the need for further optimisations toward higher model stability and
reproducibility has to be acknowledged.

4.2. Flow Cytometry for Cancer Cell Assessment

Flow cytometry analysis was initially employed as a quantitative method of detecting
cancer cell transmigration through the Transwell membranes. This method was proven to
be unsuitable for this BBB model, due to the adherent profile of both 4T1 em-GFP and
B16F10 e-GFP cell lines [57,58]. This suggests that migrated cancer cells remained
adhered to the underside of the transwell membrane, hence the surface facing the
basolateral chamber, rather than being released to the collected medium.

Flow cytometry is the analysis providing measurements of multiple characteristics from
individual cells suspended in a solution [59]. However, the primary limitation of this
method was its incompatibility with the adherent nature of the 4T1 em-GFP and B16F10
e-GFP cancer cell lines [37,38]. Detachment prior to cytometric analyses may risk
mechanical damage and mixing the apical and basolateral populations. Therefore,
immunolocalisation under confocal microscopy was chosen as a more suitable method
for the analysis of the adherent cell morphology. Confocal immunofluorescence
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represents a more informative and reliable method for the assessment of the cellular
morphology together with the BBB and TJ architecture [28,59].

Notably, Jezierski et al. conducted a study on an in vitro BBB model, where they
successfully employed flow cytometry to assess endothelial differentiation stages and
confirm BBB-relevant marker expression during the differentiation process [50]. Since the
study used mouse embryonic stem cells, the flow analysis was performed prior to in vitro
BBB modelling on Transwell membranes. In this context, flow cytometry served as
a quality control method for the assessment of cell differentiation. These findings
demonstrate that flow cytometry can be used in BBB studies for monitoring protein
expression and differentiation, rather than for Transwell membrane migration patterns.

5. Limitations of the In Vitro Model

The assembled in vitro BBB models exhibited an exploratory and preliminary nature,
which paved the way for further experimental studies. The implemented optimisations
helped with the learning process and improved the overall outcome. However, the
modelling process contained some limitations that should be acknowledged before
further development.

The progressive increase in the TEER values across the established models reflects both
the model optimisation outcome and the increasing operator proficiency. These two
factors together pose a challenge for a proper assessment of this early-stage
development. This trend emphasises the sensitivity and the responsiveness of the model

Considering the reports stating that 8um pore inserts are suitable for breast cancer and
melanoma transmigration [60,61] A larger pore insert has been used as a platform for this
in vitro BBB modelling. Furthermore, Fazakas et al. stated in their report that smaller pore
inserts restrict cancer cell migrated through the endothelial layer to migrate onto the
lower surface of the filter [62]. Thus, the choice of the 8um pore Transwell membrane was
considered reasonable in the cancer migration assessment. However, the data obtained
in this study demonstrated that the larger pore size leads to a leakier and more
discontinuous endothelial barrier, posing a substantial limitation. These findings go in
line with the study conducted by Vandenhaute et al., who faced similar challenges [43].
The use of 3um pore inserts was demonstrated to be sufficient for the cancer cell
passage, yet also permissive for the mBMECs transmigration. Matrigel coating,
performed in this study, was reported to be insufficient to prevent endothelial migration
on large pore filters. However, this process was halted by the implementation of a 7-day
dry-bottom culture, which lacked the media in the bottom chamber, before co-culture
[43]. The absence of this step in the present model may partially explain the endothelial
transmigration of the 8um pore Transwell membranes.

The migratory activity of cancer cells confirmed only in the inserts with 8um pore
diameter, across both BBB and empty-filter conditions, represents a key limitation when
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interpreting the transendothelial migration through the 8um pore membranes. As
discussed in Section 4, the findings highlight a limitation of the current model
configuration. A reliable differentiation between passive and active transendothelial
migration would require direct observation of T) deterioration following cancer cell
exposure, which would further support the observed TEER reductions. For instance,
Fazakas et al. observed an induction of endothelial apoptosis caused by melanoma cells,
which was visualised by anti-cleaved caspase-3 antibody [62]. Therefore, the absence of
such mechanistic validations in the present study limits the conclusion that can be drawn
regarding the nature of cancer transendothelial passage. Furthermore, the
implementation of a non-invasive cell line would serve as another way to address this
issue. As supported by the findings of Garcia et al., the non-invasive cell lines exhibited
significantly lower transendothelial migratory potential than the brain-tropic cancer cells
[56].

Collectively, the limitations acknowledged after conducting this study lay the groundwork
for future research prospects, which are further explored in the context of existing
literature.

6. Future Prospects

The present study reported an experimental in vitro BBB model with definite potential for
subsequent development. Regardless of the limitations that paved the way for
supplementary optimisations, the BBB modelling exhibits humerous future prospects.
Considering the recent literature, the first advancement could involve the
implementation of a triple co-culture, involving BMECs, astrocytes and pericytes. As
demonstrated by Ledwig et al., the use of the extended co-culture increased the BBB
stability and decreased the permeability of the model [63]. In this study, pericytes were
placed on the basolateral side of the inserts, while astrocytes were cultured on the
bottom of the Transwell chamber. Porcine BMECs were then seeded on the apical side of
the filter the following day. This culturing arrangement resulted in a considerable increase
of the TEER values [63], reflecting a promising direction for the future in vitro BBB
modelling.

Beyond the culturing complexity, the transition to a microfluidic or spheroid-, organoid-
based systems reflects a strong candidate for follow-up investigation. Furthermore,
future in vitro BBB modelling should use different cell types to enlarge the database and
improve the reproducibility of the model, together with the translational accuracy. In this
regard, BBB models could progress from the use of BMECs, isolated as primary cells from
humans, rats, mice, bovine and porcine, to the employment of human-induced
pluripotent stem cells. Due to the unlimited self-renewal capacity of the hiPSCs, their
differentiation into brain endothelial cells provides a scalable and renewable source for
in vitro BBB modelling [64]. The three-dimensional structure of the BBB could be
modelled more precisely with the use of 3D systems, including spheroid- and organoid-
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based models. The use of these experimental methods serves a strong potential for high-
throughput drug screening in brain cancer research [64]. Li et al. recently demonstrated
that a 3D human microchannel BBB model could significantly replicate breast cancer
metastasis to the brain under physiological flow [65]. Correspondingly, the research
undertaken by Xu et al. emphasised the capability to monitor the transmigration of
melanoma, as well as lung and breast cancer cells across the BBB model in real time.
A 3D microfluidic system was employed in this study, further underlying the translational
value of such platforms, which serve as a natural progression from Transwell-based
models [66].

Interestingly, Molnar et al. concluded that melanoma and breast cancer cells exhibit
a signalling pathway facilitating the BBB transmigration, where particular inhibitors affect
the early and late phases of migration in each cancer type [67]. Whereas Herman et al.
demonstrated that the same cancer cell types undergo fundamentally different routes of
extravasation [55]. Melanoma cells were predominantly forcing their way between
endothelial cells by disrupting the TJ architecture, while breast cancer cells were shown
to pass directly through the individual endothelial cells [55]. Therefore, further
characterisation of cancer type-specific mechanisms of BBB disruption represents an
encouraging direction for subsequent analyses. This could be assessed with the use of
CLDN5 immunolocalisation, together with an apoptosis marker, before and after cancer
cell line exposure [62]. After the thorough characterisation of the cancer-induced BBB
deterioration performed on a stable in vitro model, the platform could be utilised as a tool
to investigate re-differentiation strategies targeting the epithelial-mesenchymal transition
(EMT). According to the findings of Maragido et al., breast cancer cells undergo the EMT
while invading the brain parenchyma. Epithelial cells utilise this process to transverse the
BBB by acquiring migratory and invasive properties [68]. The findings of this study
emphasise that targeting these transitioned cells improved surgical efficacy, laying the
groundwork for therapeutic innovation.

Considering the current state of the model, the 1pym pore Transwell inserts provide the
most promising platform for a stable and functional BBB model. This represents an
essential outcome of the present optimisation process. However, several criteria must be
met prior to classifying a model as reliable and ready for further experimental use. These
include high and reproducible TEER values across an increased number of replicates and
a stable BMECs monolayer without endothelial migration through the porous membrane.
The 1um pore insert model exhibits potential as an experimental platform to test whether
drug-containing nanocarriers can cross the BBB. As demonstrated by Sitia et al., the Tum
pore filters represented an optimal membrane for BBB modelling. The choice of a smaller
pore diameter resulted in enhanced barrier formation and detectable nanocarrier
transport across the inserts [69].
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Collectively, these future prospects can be meaningfully implemented only after the
limitations of the current model are addressed. Thereby, a properly optimised in vitro BBB
model would provide a solid and reproducible foundation for the outlined developments.

Table 2. Summary of the Future Prospects. Presented future prospects are placed in relation to the two
main aims of the present study, together with their purposes and applications.

Experiment

Purpose

Experimental Context

Barrier Integrity and Validation Studies (Aim 1)

Drug compound and
nanocarrier passage

Measurement of the passage of
CNS-targeted compounds and
nanocarriers (e.g. polystyrene

nanoparticles) through the BBB.

Analysed via TEER and
fluorescent tracer assay (e.g.
Lucifer yellow) [69]

Applicable to the 1Tum pore
Transwell model established in
the present study

Triple co-culture with
astrocytes and pericytes

Improvement of the stability of
the BBB model together with the
translational accuracy [63]

Further optimisations of the
present 1um pore Transwell
model

Cancer Cell Migration Studies (Aim 2)

Cancer type-specific
disruption of the BBB

Assessment of the cancer cell
influence on the integrity of the
TJ. Analysed via CLDN5
immunolocalisation and anti-
cleaved caspase-3 apoptosis
marker applied before and after
cancer cell exposure [62]

Detailed characterisation of the
disruption of the BBB caused by
melanoma and breast cancer
celllines

EMT-targeting strategies

Assessment of the
morphological changes in
cancer cells, ongoing EMT during
the invasion of the BBB.
Analysed via mRNA sequencing
for EMT-related genes [68]

Detailed characterisation of the
invasive behaviour of the cancer
cells

3D systems

Replication of the transmigration
of melanoma and breast cancer
cells under physiological flow.
Analysed via microchannel,
spheroid- and organoid-based
models [64,65]

Subsequent progression from
the current Transwell model
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Concluding Remarks

The main aim of the present study was to develop and optimise an in vitro BBB model for
cancer migration studies. The optimisation process included the usage of the filters with
variable pore diameters combined with differences in time points of the tight junction
induction, application of growth factor-reduced Matrigel Matrix Basement Membrane and
variations of co-culturing conditions. The model was built with the use of Tum and 8um
pore Transwell co-culture systems and murine primary brain microvascular endothelial
cells. The model was validated by TEER measurements, followed by immunolocalisation
of claudin-5 and ZO-1 TJ proteins. Additionally, the cancer migration was analysed with
the application of two GFP-labelled cancer cell lines — 4T1 (breast cancer) and B16F10
(melanoma). The 1um pore inserts supported superior barrier integrity, while their
restrictive pore diameter prevented any detectable cancer cell migration.

A BBB was successfully formed on both pore size inserts. Nevertheless, the 1um pore
filters yielded a more integral and stable barrier, representing the major achievement of
this project. In contrast, the 8um pore inserts permitted cancer cell passage across both
BBB and empty-filter controls, indicating that the passive migration pattern could not be
excluded. However, with a detailed analytical protocol, Transwell membranes with larger
pore diameter can still be used to study the migratory behaviour. Thus, further
optimisations and assessments are required to precisely characterise the cancer cell
migration profile and its influence on TJ architecture. Moreover, the development of more
stable and reproducible in vitro models should be incorporated into this field to
accelerate the advancement of studies involving the morphology and functionality of the
BBB.

In the context of the broader field, the characterisation of the BBB itself becomes more
reliable, and the challenges of the existing models are being addressed. Thus,
physiologically relevant and reproducible in vitro BBB models are anticipated in the
future. Highly advanced and precisely engineered models will provide a solid
bioengineering framework to further promote the development of clinical testing of novel
therapeutics in brain metastases. As these advances progress, the future of in vitro BBB
modelling will increasingly rely on integrative platforms designed to fully capture the
complex morphology of the BBB, while simultaneously providing a cancer migration
discovery.

This study represents a preliminary and exploratory step in the development of optimised
in vitro BBB models. Nevertheless, it has meaningfully contributed to the understanding
of the BBB modelling technique, as well as the laboratory proficiency essential for further
research in this complex and evolving field.
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