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Abstract  

 

Of all skin cancers, melanoma is the most fatal. Of all cancer types, melanoma is also the 

cancer with the highest level of brain tropism. Approximately 50% of patients with stage IV 

melanoma are diagnosed with melanoma brain metastases. A percentage that rises when 

postmortem patients are also taken into account. Following lung cancer and breast cancer, 

melanoma is the leading cause of malignant metastasis to the central nervous system. Of all 

metastatic brain tumors, melanoma represents 6-12% of cases. The overall survival rate 

following a diagnosis of melanoma brain metastases has been historically low. However, over 

the past ten years, advances in targeted therapies as well as in immunotherapies have 

significantly improved the survival rate of patients with advanced melanoma. Melanoma 

brain metastases most frequently occur at the junction between the gray and the white 

matter and in the frontal lobe. In order to reach the brain parenchyma, metastases must 

cross the brain vasculature. The specific properties of the blood vessels that perfuse the 

central nervous system are referred to as the blood-brain barrier. They allow these vessels 

to finely regulate the flow of cells, ions and molecules between the bloodstream and the 

brain parenchyma in order to preserve brain homeostasis for the proper functioning of 

neurons and the protection of the brain against toxic and pathogenic agents. Abnormalities 

in this functional interfacing barrier that separates the brain from the bloodstream are a 

critical element in the development and progression of several neurological pathologies. A 

poor understanding of the early mechanisms of metastasis crossing the blood-brain barrier 

constitutes an obstacle to the development of effective preventive therapeutic strategies  as 

well as a particularly challenging domain of interest as it is one of the most crucial and least 

documented steps in the metastasizing process to the brain. Here, we focused on the ideation 

and consequent creation of effective in vitro and in vivo models to help identify and 

characterize as meticulously as possible, the players that are implicated in the crossing of 

melanoma metastases through the blood-brain barrier to reach the brain parenchyma. We 

used human immortalized cells (endothelial cells, pericytes and astrocytes) in triple coculture 

to recreate a blood-brain barrier in vitro and be able to investigate eventual changes in the 

gene expression of the tumor cells crossing the model. In parallel, we have set up an in vivo 

murine model to recreate the process of brain metastasis by injecting melanoma tumor cells 

into the left ventricle of the heart and thus be able to study the early stages of blood-brain 



 

 

barrier invasion. The analysis of the murine tissues was performed by  Correlative light-

electron microscopy (CLEM) and the results obtained revealed the presence of cells in the 

brain that present artifacts that have the same appearance as melanosomes. Experiments 

using focused ion beam scanning electron microscopes (FIB-SEM) as well as nanoscale 

secondary ion mass spectrometry (NanoSIMS) may be conducted to take the investigation 

further. 

Key words: blood-brain barrier, early stages of brain melanoma metastases, in vitro live cell 

imaging, electron microscopy, transendothelial electrical resistance 
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PART I. INTRODUCTION 
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1. BLOOD-BRAIN BARRIER –  BIOLOGICAL AND THEORETICAL 

BACKGROUND 

1.1. NEUROVASCULAR UNIT AND BLOOD-BRAIN BARRIER –  AN 

OVERVIEW 

It is commonly acknowledged that the German researchers Paul Ehrlich and Edwin Goldmann 

began conducting the first experiments on the brain barrier  in 1885. Nevertheless, the first 

mentions of a brain-specific protection system were brought up as early as 1695 by the 

English physician Humphrey Ridley in “The Anatomy of the Brain: Containing Its Mechanism 

and Physiology; Together With Some New Discoveries and Corrections of Ancient and Modern 

Authors, Upon That Subject”. Humphrey was most probably the first to describe an 

impermeability of the cerebral vasculature to mercury after an injection of this chemical 

element into the blood (Liddelow 2011). It was two hundred years later that Paul Ehrlich 

injected a mouse intraperitoneally with coerulein S, a vital dye, and observed that all of the 

animal’s organs were stained with the exception of the brain. He then deduced that there 

was a lack of affinity between the dye and the brain (Valent et al. 2016). In 1909, Ehrlich’s 

former student, Edwin Goldmann, further worked on this study and noted that trypan blue, 

an azo dye, when injected intravenously, failed to stain brain tissue  (Goldmann 1909). For 

years, the unsuccessful passage of dyes from the blood to the central nervous system (CNS) 

has been attributed to the lack of sufficient extracellular space to allow their penetration.  In 

1913, Goldmann’s next experiment refuted this hypothesis. Indeed, the scientist 

demonstrated that when injected directly into the cerebrospinal fluid (CSF) of the CNS, trypan 

blue stained exclusively the brain, thus proving the affinity between the dye and the brain 

tissue. Combined, these experiments demonstrated the existence of a barrier restricting the 

exchange between the blood and the brain  (Goldmann 1913).  

The term “blood-brain barrier” (Bluthirnschranke) was coined in 1909 by the German-Jewish 

neurologist Max Heinrich Lewandowsky (Lewandowsky 1909) . However, the location of the 

BBB in brain capillaries was not established until tight junctions between endothelial cells 
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were discovered (Reese and Karnovsky 1967). Nowadays, this barrier is known to be an 

adaptive interface whose primary function is to maintain CNS homeostasis, crucial for the 

functioning of neurons and glial cells. 

 

 

Figure 1 Max Lewandowsky during a brain surgical procedure  

Image with open license reproduced from Marcinowski (2020), shows Max Lewandowsky, 

second from the left, in the process of performing a brain puncture (Marcinowski 2020). 

 

In recent years, the connection between cerebral microvascular endothelial cells (BMECs), 

vascular smooth muscle cells (VSMCs), microglia, astrocytes, oligodendrocytes, pericytes and 

neurons termed the neurovascular unit (NVU) (Figure 2), has gained increasing popularity 

among the scientific community (Hawkins and Davis 2005; Bautch and James 2009; Kugler et 

al. 2021).  

As conceptualized by Harder et al. (2002), the NVU is a dynamic network that connects the 

neuronal and vascular systems of the brain, thus constituting a BBB capable of maintaining 

brain homeostasis (Harder et al. 2002). In addition to the cells of the NVU, there is the 

extracellular matrix (ECM) that provides an architectural bedding and physiological guidance 

to the BBB actors and facilitates cell adhesion and mechanosensing between the cells and 

the ECM. The NVU ECM basement membrane, which envelops endothelial cells, fulfills the 
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specific purpose of pericyte embedding and has distinct characteristics from the ECM of the 

brain parenchyma (Appelt-Menzel et al. 2017; Sweeney et al. 2016; Thurgur and Pinteaux 

2019).  

The vasculature of the brain is crucial as it provides oxygenated red blood cells and nutrients 

to the entire brain and also evacuates waste. Each component is tightly interconnected, 

creating a highly efficient and meticulously orchestrated system that regulates brain 

perfusion. The finely regulated vascular microenvironment is responsible for ensuring normal 

CNS function. Two biological barriers enable the exchanges between the circulating blood 

and the CNS: the blood-cerebrospinal fluid (CSF) barrier, which consists of the epithelial cells 

of the choroid plexus that are in direct contact with the CSF, and the BBB, which consists of 

endothelial cells. These two barriers together with the avascular arachnoid barrier, which 

envelops the brain under the dura mater, form a protective biological interface between the 

brain and the rest of the body.  

At the BMEC level, the BBB is the first intermediate barrier that separates the brain 

parenchyma from the bloodstream and is the privileged area, due to its direct proximity, 

where neurons are supplied with nutrients. Therefore, the BBB operates as a highly selective 

rampart that separates neurotransmitters from the CNS and the pool of neuroactive agents 

from the peripheral nervous system, thus preventing any cross talk. The most notable quality 

of the BBB is that of providing the brain with protection against bloodborne pathogens and 

preventing exogenous drugs and molecules from entering the CNS (Kadry et al. 2020). 
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Figure 2 Schematic drawing of the transcellular and paracellular pathways in the BBB 

crossing process  

Schematic drawing by Nathalie Marrama depicting metastases crossing the BBB via the 

transcellular and paracellular pathways. 

1.2. CELLULAR AND FUNCTIONAL CONSTITUENTS OF THE BBB  

1.2.1. ENDOTHELIAL CELLS   

Endothelial cells (ECs) are modified squamous epithelial cells  of mesodermal origin that line 

the blood vessel walls. The circulatory system, in its entirety, is paved by ECs. ECs are 

essential in vessel physiology and they coordinate the flow of nutrients  and cells in and out 

of the vascular system.  

Large arteries and veins may be lined with dozens of ECs, whereas capillaries can be lined 

with a single EC that folds in on itself forming the vessel lumen (Lammert and Axnick 2012) . 

With a gap of less than a 1/4 micron between the lumen and the brain parenchyma, 
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morphologically CNS microvascular ECs are exceptionally thin cells  (Coomber and Stewart 

1985).  

Depending on the organ, endothelial cells possess specific properties and characteristics, 

which result in structural and functional heterogeneity in the vascular beds, depending on 

the requirements of the subjacent tissue (Gifre-Renom et al. 2022). Tissues’ metabolic 

function necessitates angiogenesis. The development of new blood vessels is i nduced by 

energy requirements and is followed by morphological and phenotypic changes within ECs 

(Lidonnici et al. 2022). 

Based on their morphology, the organs’ endothelial cells are categorized into three types: 

discontinuous, fenestrated, and continuous. Discontinuous endothelial cells are 

characterized by large intercellular spacings, fenestrated endothelial cells are characterized 

by fenestras and pores, whereas continuous endothelial cells are characterized by tight 

junctions between cells (Stan 2007; Okada et al. 2017). The rate of molecular exchange 

between blood and tissue varies according to the morphology of the endothelial cell. 

Discontinuous, fenestrated, and continuous endothelial cells respectively provide different 

rates of molecular exchange between blood and tissue. 

Because of their low permeability, which is even lower than that of the continuous peripheral 

endothelium, brain endothelial cells are phenotypically unique. In addition, the ECs of the 

CNS blood vessels are one of the components of the BBB, which tightly regulates the 

molecular exchange between the bloodstream and the brain parenchyma, essential for 

maintaining brain homeostasis. CNS endothelial cells have a higher expression of tight 

junctions (TJ) compared to other ECs in the body, which binds them strongly together, and 

they also have low levels of transcytosis to limit molecular exchange (Daneman and Prat 

2015). Furthermore, CNS endothelial cells restrict the access of immune cells into the brain 

parenchyma through the expression of lower levels of E-selectin (Marchetti and Engelhardt 

2020). A consequence of their limited permeability is the expression of transporters that 

intervene to facilitate the absorption of nutrients and the clearance of metabolic waste  

(Sanchez-Covarrubias et al. 2014). In addition, they show the highest density of pericytes, 

which are cells that envelop blood vessels and are in close contact with astrocyte end-feet. 

Together, these cells form the BBB (Daneman and Prat 2015). 
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1.2.1.1. CAVEOLAE IN ENDOTHELIAL CELLS  

First visualized by electron microscopist George Palade in 1953 (Palade 1953), caveolae are 

intricate complexes of invaginated plasma membranes that superficially resemble coated 

pits. In 1955, Eichi Yamada suggested the explanatory Latin term “caveolae”, which means 

“little caves” (Yamada 1955). From a structural point of view, caveolae are composed of 

cholesterol, glycosylphosphatidylinositol-anchored proteins, integral membrane proteins 

caveolin-1 and caveolin-2, and sphingolipids. Caveolae abound in many cell types, particularly 

in adipocytes and endothelial cells. Caveolae abound in many cell types, particularly in 

adipocytes and endothelial cells. In the latter, caveolae may participate in the passage of 

albumin through the cell monolayer, thus playing a role in endocytosis (Nassoy and Lamaze 

2012). 

Morphological studies revealed the presence of thin layers of proteins embedded within the 

caveolae, called “stomatal diaphragms”, whose function is not yet known. The plasmalemma 

vesicle-associated protein (PV-1) is an essential structural element in the formation of 

stomatal diaphragms.  

A connection between caveolae, microfilaments and microtubules has been observed within 

endothelial cells. Arteriolar and capillary endothelia have an average of 5 caveolae per sq mm 

(Nassoy and Lamaze 2012; Zhou et al. 2021). In comparison with the endothelium of vessels 

in other parts of the body, the cerebrovascular endothelium has a decreased number of 

vesicles indicating a reduced transcellular transport of solutes. Conversely, areas that are 

devoid of BBB, such as the area postrema and the subfornical organ (SFO), show an increase 

in permeability and a considerably higher number of endothelial caveolae (Kadry et al. 2020).    

1.2.1.2. MITOCHONDRIA IN ENDOTHELIAL CELLS  

Mitochondria are crucial regulators of metabolism in most cell types . They are linked to a 

wide range of regulatory mechanisms that are involved in cell proliferation as well as 

apoptosis and signaling to the nucleus.  

The subcellular location of these membrane-bound cell organelles in the brain endothelium 

is in proximity to the nucleus, but they occasionally may be present in the cytoplasm (Kluge 

et al. 2013).  
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Mitochondrial concentration per cell varies considerably across endothelial beds, for 

example brain ECs have more mitochondria than liver ECs. Glucose is an absolute necessity 

for ECs, which produce adenosine triphosphate (ATP) primarily by glycolysis, hen ce the low 

concentration of mitochondria is consistent with a function in regulating signaling responses 

to environmental factors rather than in ATP production.  

The murine cerebral microvascular endothelium shows a higher mitochondrial density 

compared with that observed in the endothelia of other tissues. The higher mitochondrial 

concentration supplies the energy necessary to maintain the ionic balance on the vascular 

side of the BBB. Interestingly, there is a decrease in the concentration of endothelial 

mitochondria in the SFO, which is located outside the BBB (Kluge et al. 2013).  

1.2.2. PERICYTES  

Pericytes were first identified at the end of the 19th century by C.J. Eberth and C. Rouget. 

They have been described as cells being spatially separated and connected to the capillary 

wall (Attwell et al. 2016), localized within the basement membrane with extensions spreading 

from the cell body to cover the EC lining of the vessels.  

It was in 1923 that K.W. Zimmermann termed these cells “pericytes”, a term that included 

other cell subtypes such as vascular smooth muscle cells (VSMC), and proceeded to describe 

them as cells with a large nucleus and a reduced cytoplasmic space (Zimmermann 1923).  

Recent and ongoing studies mainly focus on the operating mechanisms of pericytes and their 

role in the homeostasis of the organism.  

Variations in pericyte density are related to their location in the tissue, the type of tissue, 

and the width of the vessels.  

Differences in their structure have been observed depending on whether they are located in 

arterioles or venules (Brown et al. 2019).  

Pericytes are especially present in CNS capillaries, with a ratio of one pericyte to one 

endothelial cell up to one pericyte to three endothelial (Brown et al. 2019; Uemura et al. 

2020; Bonkowski et al. 2011). Their location as well as their number inside the brain 

capillaries seem to indicate that pericytes have a significant role there, a role that is yet to 
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be determined. Nowadays, it is hypothesized that pericytes respond to angiogenic factors 

such as the vascular endothelial growth factor (VEGF) and the transforming growth factor 

beta (TGFβ), thereby regulating vascular permeability and remodeling (Armulik et al. 2005), 

and that they have contractile capacities that enable them to control the blood stream in 

capillaries (Peppiatt et al. 2006). 

It has been acknowledged that pericytes play a major role in ECs differentiation during 

embryonic vascular development, even before the appearance of astrocytes (Armulik et al. 

2011). Pericytes recruitment and interaction with the endothelium are essential for the 

formation, maturation and maintenance of the BBB. It has been shown that pericytes regulate 

the formation of tight junctions and vesicular trafficking in ECs by inhibiting the expression 

of molecules that increase vascular permeability and the infiltration of immune cells into the 

CNS  (Birbrair et al. 2014; Jo et al. 2013; Daneman et al. 2010).  

Pericytes are of critical importance to the BBB function due to their location at the interface 

in between glial cells and ECs. Consequently, they operate as chemical sensors to allow 

communication between the two cell types. 

1.2.3. ASTROCYTES 

Earlier researches tended to imply that BMECs role in the formation of the BBB was not an 

intrinsic characteristic of these cells and that the CNS environment with its astrocytes, 

microglia and neurons originated NVU barrier attributes. Some studies later suggested that 

mature astrocytes play a key role in the BBB formation, astrocytes’ function remains 

therefore enigmatic. Within the NVU, astrocytes are situated in a strategic position at the 

interface between the neurons and the ECs. This allows them to control CBF depending on 

the neuronal metabolic needs and synaptic exchanges.  

Astrocytes are abounding cells in mammals ’ brain and implicated in numerous homeostatic 

and metabolic mechanisms, which include: separation of the neuronal parenchyma into 

different compartments; neural environment ion homeostatic balance; regulation of the pH; 

recapture of neurotransmitters and regulation of glucose balance in the brain environment; 

signals’ transmission between the neurons and the NVU (Cabezas et al. 2014; Verkhratsky et 

al. 2016) .  
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BMECs and astrocytes must work in concert in order to meet the brain oxygen and glucose  

metabolic needs. Neurovascular coupling (NVC) is a signaling mechanism that occurs when 

astrocytes originate an interaction that regulates blood circulation by tightly wrapping brain 

capillaries with their end-feet (Verkhratsky et al. 2016). By releasing neurotransmitters, like 

for example glutamate, astrocytes are able to adapt NVC signaling cascade, which allows glial 

cells to manage NVU attributes thus modulating blood perfusion. One of astrocytes 

characteristics is their heterogeneity, which relies on the brain area where they are located 

and on their connection with the different cellular types. Depending on their location in the 

brain, astrocytes express various ion channels’ quantities and types, this has an impact on 

their electrophysiology, which also includes their resting membrane potential. Astrocytic 

heterogenous nature explains the brain’s one-of-a-kind structure, this may be the reason for 

the BBB peculiar molecular structure and function (Abbott et al. 2006). Structurally, in the 

CNS, vascular basement membrane comprises two layers of extracellular matrix  (ECM) 

proteins: the endothelial and parenchymal basement membranes. These ensure the 

separation between astrocytes and ECs.  Moreover, the vascular basement membrane is 

partly responsible for vessel formation and development, and preservation of the BBB. Via 

the endothelial and parenchymal basement membranes, the association between ECM 

molecule network and integrins establishes an interaction between the ECs and their 

microenvironment. Through their close contact with the brain vasculature, astrocytes are 

able to balance the brain homeostasis regulating the Ca2+ concentration (Szokol et al. 2015). 

Neurovascular coupling possesses a high concentration of specialized molecules, which 

includes the water channel protein aquaporin-4 (AQP4) in astrocytic membranes, the 

potassium channel Kir4.1, and the purinergic G protein-coupled P2Y receptors, implying its 

important role in the signaling at the gliovascular interface and in the balancing of water and 

ion metabolism in the CNS in pathological as well as non-pathological conditions (Petzold and 

Murthy 2011). 

Additionally, astrocytes are involved in the formation of BBB properties such as TJs and 

polarized localization of membrane transporters such as glucose transporter (GLUT1). 

Astrocytes interact with neighboring astrocytes via gap junctions (GJ), these gather building 

a syncytium capable of delivering a well-orchestrated reaction to stimuli, for example 

mediating vessel compliance (Langen et al. 2019). The existing synergy between the BMECs 

and astrocytes within the BBB is crucial to the formation and preservation of BBB properties. 
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Astrocytes secrete angiogenic factors such as vascular endothelial growth factor (VEGF), glial 

cell line derived neurotrophic factor (GDNF) (Kotliarova and Sidorova 2021), fibroblast growth 

factor (FGF) and angiopoietin-1 (Ang-1) (Michinaga and Koyama 2019), which have an 

important role during formation and maintenance of BBB and ECs properties. Additionally, 

ECs are capable to modulate astrocytic phenotype by expressing growth factors.  

1.3. OTHER CELLULAR CONSTITUENTS OF THE BBB 

1.3.1. MICROGLIA 

Microglia are non-neuronal immune cells accounting for 5 to 20% of all glial cells. Microglial 

cells originate in the yolk sac (YS), from precursor cells expressing erythro-myeloid CSF1R+, a 

colony stimulating factor 1 receptor common to resident macrophages. They colonize the 

neuroepithelium early on, where they continue their differentiation following a unique 

pathway in the CNS environment (Ginhoux et al. 2013). During their lifespan, they retain a 

regenerative capacity that allows them to maintain their cell pool and to respond to specific 

demands. After birth, a subpopulation of microglial cells seems to originate from a 

hematopoietic source via the infiltration of monocytes in the parenchyma (Ginhoux and Garel 

2018; Ginhoux et al. 2013). Constantly exploring their environment by means of the rapid 

movements of their cytoplasmic extensions and endowed with a broad activity potential, they 

metamorphose in response to the environment stimuli they experience (Kaur et al. 2001). 

Microglial cells are essential in the organization of the CNS and in the execution of higher 

nervous functions. However, they are best known for their involvement in traumatic 

situations. Microglial cells express all the pattern-recognition receptors (PRRs) identified so 

far, and are therefore particularly well equipped to detect disturbances in their environment, 

whether caused by the presence of an unusual compound or the abnormal concentration 

and/or shape of a molecule (Weinstein et al. 2010). The detection of the disturbance induces 

the transition from the resting state to the activated state, the objective being firstly, to 

eliminate the source of the disturbance and secondly, to promote remodeling and 

regeneration of the impacted tissue. 
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In the presence of a danger signal, microglial cells adopt an amoeboid shape that facilitates 

both their division and movement. Microglial pattern-recognition receptors are activated by 

“danger signals” or by chemokines expressed by under stress, damaged or dying cells. They 

form a protective shield around the damaged area, this aims to limit the extent of the 

damage. The response following activation depends on the encounter with the initiating 

stimulus, the reason for this is that microglial cells oscillate between two response modes: a 

classical activation mode and an alternative one with a healing vocation (Boche et al. 2013). 

When in a proinflammatory state, microglia have the ability to alter the tightness of the BBB, 

attract leukocytes – mainly granulocytes, lymphocytes, and monocytes, facilitate their 

movement into the extracellular matrix, present antigens, trigger the activation of specific 

immunity responses and neutralize disruptive agents. Microglia also has the potential to 

cause irreversible collateral damage to the CNS, this collateral damage capacity is tempered 

by the environment immunosuppressive properties, attributable to neurons (Matsudaira and 

Prinz 2022). Thus, promoting angiogenesis and stimulating the generation of new 

oligodendrocytes, astrocytes, and even neurons from stem cells still present in the adult 

nerve parenchyma, microglia has the potential to participate in the healing of injured tissue 

and the restoration of homeostasis (da Fonseca, Anna Carolina Carvalho et al. 2014). 

1.3.2. NEURONS 

The neuron is the brain’s primary working unit. It is a specialized cell that transmits 

information to other nerve cells, muscle cells and glandular cells. The brain ’s characteristics 

are principally based on the structural and functional features of the interconnectivity 

between neurons.  

Anatomically, in mammals, each neuron of the brain consists of a soma, dendrites and an 

axon. The nucleus and cytoplasm are located in the soma. The axon arises from the soma and 

develops several small ramifications before forming nerve endings. Axons can range in length 

from less than a centimeter to a meter or even longer. Dendrites originate from the soma 

and their role is to receive information from adjacent neurons. The brain, depending on the 

mammalian species, can contain between 100 million and 100 billion neurons  (Goaillard et 

al. 2019). 
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The role of neurons in the formation and regulation of the BBB has received increasing 

interest in recent years, along with the popularization of the concept of neuro-glial-vascular 

unit. Studies have shown that the formation of tight junctions (TJ) between endothelial cells 

occurs when blood vessels invade the brain, while gliogenesis has not yet taken place  

(Banerjee and Bhat 2007). The formation of tight junctions would therefore be initiated by 

neural progenitor cells (NPCs) rather than by differentiated glia, at least in an initial phase 

(Homem et al. 2015). However, there is a paucity of data available to corroborate this 

hypothesis. A study conducted on BMECs cultured in vitro showed that gamma-

glutamyltranspeptidase (γ-GT) activity in ECs is higher when cocultured with neurons than 

with astrocytes (Tontsch and Bauer 1991). Another study determined that ECs from brain 

capillaries cultured with neural progenitors had a decreased paracellular permeability and an 

increased transendothelial electrical resistance (TEER) (Weidenfeller et al. 2007). These 

studies hint at the involvement of neurons in the formation of BBB properties in ECs. 

Moreover, neural tissue intense metabolic activity suggests that the cerebral microcirculation 

(CMC) reacts to the metabolic needs of the tissue it supplies. Finally, BBB rupture can occur 

during pathologies that modify cerebral blood flow, such as  cancer metastases, ischemia or 

hemorrhage (Petty and Wettstein 2001; Schulz et al. 2019). 

1.3.3. ECM 

Also called basement membrane, the extracellular matrix is produced by endothelial cells and 

pericytes. At the level of the adult BBB, it forms a continuous extracellular network 30 to 40 

nm thick, composed of structural proteins: type IV collagen, laminin, fibronectin, elastin, 

thrombospondin and various proteoglycans (Baeten and Akassoglou 2011; Lu et al. 2011; 

Bonnans et al. 2014). It interacts with endothelial cells via laminin and other matrix proteins, 

interacting with integrin receptors on endothelial cells, thereby anchoring endothelial cells  

(Baeten and Akassoglou 2011). In addition to its structural role, degradation of the 

extracellular matrix and alteration of adhesion receptors are associated with increased 

paracellular permeability of the BBB during ischemic shock (Del Zoppo et al. 2006). Finally, 

the loss of basement membrane stability under the effect of metalloproteases or 

collagenases is frequently observed in the pathological manifestations at the origin of BBB 
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rupture, suggesting its importance in maintaining the properties of this barrier (Salimi and 

Klein 2019). 

1.4. BBB –  CHARACTERISTIC FEATURES OF A PHYSICAL B ARRIER  

1.4.1. BBB FUNCTION  

The BBB has various responsibilities such as controlling molecular transit and withstanding 

toxins, thus reducing neurons’ apoptosis; regulating ion concentration for a most favorable 

neuronal signaling; keeping a low protein level within the brain parenchyma, thus restraining 

proliferation and maintaining neuronal connectivity; separating the neurotransmitters from 

the CNS and neuroactive agents’ pool from the peripheral nervous system, preventing cross 

talk, and allowing non-synaptic signaling in the brain; allowing immunosurveillance and 

response with low inflammation and cellular damage (Kaplan et al. 2020; Figueira et al. 2019; 

Tenreiro et al. 2016). 

The BBB offers a well-regulated microenvironment by means of transporters and ion channels 

that maintain ideal ion balance for neuronal activity. Consequently, it regulates ion and fluid 

flow between the CNS and the vasculature. In addition to this, the BBB enables ion 

transporters and channels to generate an interstitial fluid ( ISF) which is a physiological 

medium that supports neuronal as well as synaptic activity, supplies the brain with  nutrients 

and is responsible of waste efflux (Dalvi et al. 2014).  

One of the NVU’s functions is the transit and diffusion regulation via the BMECs. Due to their 

gaseous nature, oxygen and carbon dioxide diffuse without restraint through the lipid 

membranes, these latter are also the point of entry to lipophilic compounds, such as found 

in drugs and alcohol. Hydrophilic molecules ’ transit is controlled by several precise transport 

systems situated on the luminal and abluminal membranes that allow nutrients ’ provision 

and toxic agents outflow. 

Furthermore, the BBB can be also seen as a metabolic barrier, an association of intracellular 

enzymes such as monoamine oxidase and cytochrome P450, which are able to lyse neuro-
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toxic agents, and extracellular enzymes such as peptidases and nucleos idases, which can 

enzymatically process peptides as well as ATP (Figueira et al. 2019).   

From a constitution point of view, the brain ISF is very much alike blood plasma, with the 

exception of its lower protein, K+ and Ca2+ content and increased Mg2+ concentration. In 

consequence of that, the BBB acts as a protection, preserving the brain from ion variations 

that can occur e.g. after food intake or physical activity (Sweeney et al. 2019). 

The NVU maintains the separation between CNS neurotransmitters and adjacent tissue and 

blood peripheral neuroactive agents, thus avoiding cross talk. Neurotransmitters transit from 

the CNS to the blood relies mainly upon Na+ coupled and Na+ independent amino acid (aa) 

pumps. The BBB restricts the influx of some aa like e.g. glutamate and glycine, and at the 

same time, allows the influx of indispensable aa (Pardridge 2007). 

The endothelium is in control of the CNS microenvironment by virtue of its important surface, 

which is of approximately 20 m2, and of its close diffusion distance between glial cells and 

the capillary network. The choroid plexus epithelium also participates in this regulation 

mechanism by removing brain metabolites and larger compounds from the CSF and the ISF. 

Hydrophilic nutrients and metabolites that are necessary to the maintenance of the nervous 

system machinery are allowed to pass through the BBB with the help of specific active 

transporters. The expression of the latter is responsible for BBB polarity  (Ballabh et al. 2004).  

When intact, the BBB keeps large molecules from reaching the brain via regular paracellular 

and/or transcellular pathways. In the event of a breach in the BBB, large proteins like e.g. 

albumin, reach the brain parenchyma and can be responsible for detrimental pathological 

effects. Blood contains a large number of proteins and their activators, such as factor X a, 

which is able to induce the transformation of prothrombin into thrombin, or such as reaction 

activators, which convert plasminogen into plasmin. When the resulting proteins manage to 

reach the brain parenchyma, reactions such as seizures, glial cell activation, glial cell division 

and cell apoptosis can occur. Therefore, the BBB can be regarded as a sentinel challenging 

comers and preventing surprise attacks (Kaplan et al. 2020; Hawkins and Davis 2005; Ballabh 

et al. 2004).  
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The BBB interendothelial space is characterized by the presence of junctional complexes like 

adherens and tight junctions, which follow one another in a precise order from the lumen of 

the capillary. The role of this complexes is not limited to restricting the passage of solutes, 

they are also involved in the polarization of ECs by limiting the diffusion of lipids and proteins 

between the apical and basolateral membranes. The formation of these complexes involves 

the interaction between transmembrane and cytosolic proteins linked to each other and to 

the intracellular actin network. These junctions are also involved in the transmission of 

intracellular signals and in other cellular functions such as growth, cytoskeleton 

reorganization and apoptosis (Luissint et al. 2012; Stamatovic et al. 2016)  

 

Figure 3 Schematic illustration of endothelial cell tight junctions and adherens junctions 

Simplified version of a schematic illustration with open license reproduced from Knox et al. 

(2022) (Knox et al. 2022) depicting the interactions between the main proteins forming 

adherens and tight junctions. Claudins and occludins form the backbone of tight junctions by 

homophilic dimerization with their homologues from the adjacent cell. Tight junctions also 

include cytoplasmic proteins like the Zonula Occludens proteins (ZO-1, -2 and -3), which serve 

as recognition proteins for the placement of tight junctions and are also involved in signal 

transduction. Cingulin is a double stranded myosin-like protein that binds to ZO-1 via its 

globular part. Actin has binding sites on Zos: occludins and claudins. Tight junctions rely on 
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an intercellular contact zone, made of adhesion molecules such as junctional adhesion 

molecules (JAMs), as well as on the presence of adherent junctions, made of cadherins and 

catenins. 

1.4.2. TIGHT JUNCTIONS 

Tight junctions are made of transmembrane and cytoplasmic proteins (Furuse 2010). The 

association of these proteins with each other and with the cytoskeleton actin allows the 

formation of junctional complexes that effectively seal the intercellular spaces.  

1.4.2.1. OCCLUDINS  

Among the transmembrane proteins of tight junctions, occludin was one of first to be 

described (Furuse et al. 1993). The cellular localization of this 65-kDa protein is directly linked 

to its degree of phosphorylation: the least phosphorylated forms are located on the 

cytoplasm and tight junctions basolateral membrane, whereas the most phosphorylated form 

is exclusively present on the tight junctions (Sakakibara et al. 1997). Its presence in the BBB 

tight junctions is correlated with an increase in transendothelial resistance (TER) and a 

decrease in paracellular permeability (Hirase et al. 1997), however, this does not seem to be 

essential for their establishment since occludin-deficient mice show a normal organization of 

tight junctions (Saitou et al. 2000). Occludin is therefore involved in the regulation of TJs 

rather than in the establishment of barrier properties  (Luissint et al. 2012). 

1.4.2.2. CLAUDINS 

Claudins (CLDN) are proteins specific to tight junctions. There are 24 different claudins’ types 

with molecular weights that range from 21 to 28 kDa (Furuse 2010). They have 4 

transmembrane domains that carry a highly conserved homologous domain at their carboxy-

terminus that allows them to interact with several cytoplasmic proteins such as Zonula 

occludens (ZO)-1, -2 and -3 (Greene et al. 2019; Itoh and Bissell 2003). Claudins form dimers 

with their adjacent cell homologus, allowing a stronger adhesion between the two 

membranes compared to the one obtained by occludin (Huber et al. 2001; Itoh et al. 1999). 

At the level of the mammalian BBB ECs, CLDN-3, CLDN-5, and CLDN-12 are expressed with 
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CLDN-5 showing the highest expression level (Jia et al. 2014; Lippoldt et al. 2000; Wolburg 

and Lippoldt 2002). Mice deficient in CLDN-5 are characterized by an increase in BBB 

permeability to small molecules, confirming the role of this protein in the restriction of 

paracellular passage (Nitta et al. 2003; Ohtsuki et al. 2008). 

1.4.2.3. JUNCTIONAL ADHESION MOLECULES 

Junctional adhesion molecules (JAMs) belong to the immunoglobulin superfamily  (IgSF). JAMs 

are small proteins of around 30 to 50 kDa in size, capable of binding to ZO-1, cingulin and 

occludin. (Bazzoni et al. 2000; Ebnet et al. 2004) They can establish homo- and/or 

heterodimeric interactions with each other, on either side of the membranes of two adjacent 

cells (Wolburg and Lippoldt 2002; Martìn-Padura et al. 1998). They form intercellular 

junctions that reduce the permeability of the BBB (Sharma and Westman 2004; Martìn-

Padura et al. 1998) and play an important role in the formation of tight junctions and in the 

acquisition of cell polarity (Ebnet et al. 2004; Ebnet et al. 2018). 

1.4.2.4. CYTOPLASMIC ACCESSORY PROTEINS 

In addition to the three transmembrane proteins described above, cytoplasmic proteins like 

ZO-1, -2 and -3 are membrane-associated guanylate kinases that provide structural support 

to TJs by enabling their organization and connection with the actin cytoskeleton (González-

Mariscal et al. 2003; Odenwald et al. 2017). ZO-1 (220 kDa) was the first to be identified by 

Stevenson et al. Its presence in the TJ protein complex is important because when absent, an 

increased endothelial permeability is observed (Odenwald et al. 2017; Abbruscato et al. 2002; 

Mark and Davis 2002). Since it is able to translocalize into the nucleus under stress and 

proliferation conditions, ZO-1 also plays the role of a signaling molecule (Gottardi et al. 1996). 

ZO-2 (160 kDa) and ZO-3 (130 kDa) were later identified through their co-precipitation with 

ZO-1 in cultured epithelia extracts (Gumbiner et al. 1991; Haskins et al. 1998).  

The phosphoprotein 7H6 owes its name to the monoclonal antibody that allowed its isolation 

by Zhong et al. In 1993 (Zhong et al. 1993). Its molecular weight varies between 155 kDa and 

175 kDa depending on the species. 7H6 plays a major role in the assembly and regulation of 

tight junctions in BBB epithelial and endothelial cells, via a direct interaction with ZO-1 (Satoh 
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et al. 1996). 7H6 protein only localizes at tight junctions only if it is phosphorylated (Zhong 

et al. 1993).  

Cingulin is a dipeptide (140 kDa) located on the TJ cytoplasmic side, able to interact with ZO-

1, ZO-2 and JAMs via its amino terminus, and with ZO-3 and myosin via its amino and carboxy-

terminal ends (Cordenonsi et al. 1999; Vasileva et al. 2020). Cingulin may play a role in the 

transduction of the mechanical force generated by the contraction of actin and myosin to 

which it is connected, influencing permeability at the paracellular level (Vasileva et al. 2020). 

The AHNAK protein is a so-called “giant” phosphoprotein because of its molecular weight 

(700 kDa). It migrates from the cytoplasm to the plasma membrane during the establishment 

of intercellular contacts within the epithelia and has an important role in calcium 

homeostasis (Gentil et al. 2005; Sundararaj et al. 2021). Gentil et al., 2005 has demonstrated 

its expression in ECs of cerebral capillaries, where it is associated with ZO-1.  

Actin, although not belonging to the tight junction proteins, is involved in the establishment 

and maintenance of the junctional complex. Actin globular form polymerizes into filaments 

(F-actin), whose dynamics provide the cytoskeleton with the necessary infrastructure to 

maintain cell morphology (Fanning et al. 1998). In 1991, Rubin et al. Studied the organization 

of F-actin marked with rhodaminephalloidin in cultured ECs: TEER increase is associated with 

the redistribution of F-actin (Rubin et al. 1991). In the absence of TJs, F-actin is dispersed and 

distributed in ECs cytoplasm (Yan et al. 2019). Conversely, when ECs have tight junctions, F-

actin is mainly localized at the plasma claudin and occludin (Itoh et al. 1999), and plays an 

important role in the regulation of BBB permeability in physiological and pathological 

conditions (Lai et al. 2005).  

All of the aforementioned proteins interact to restrict the intercellular space, however BBB 

TJs have other additional functions. Far from just forming static assemblies, these highly 

dynamic structures are finely regulated by the brain environment (Wolburg et al. 2009), 

creating heteromeric signaling complexes that allow the control of gene expression, 

proliferation and cell differentiation (González-Mariscal et al. 2008). Signaling at TJs is 

bidirectional: they receive signals that regulate their assembly and function, and they 

transmit information back to the cell interior to regulate gene expression and ensuing cellular 

responses (Haas et al. 2020). 
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1.4.3. ADHERENS JUNCTIONS 

Present all along the vascular tree, adherens junctions (AJ) perform various functions: 

initiation and stabilization of cell-cell adhesion, organization of the actin cytoskeleton and 

regulation of intracellular signaling. They represent the first contact between adjacent ECs, a 

precondition for the formation of TJs and the establishment of cell polarization (Bazzoni and 

Dejana 2004).  

AJs are composed of the transmembrane protein cadherin and the intracellular protein 

catenin. Cadherin is a glycoprotein with a single transmembrane domain and interacts 

homotypically in the presence of Ca2+ to enable adhesion of adjacent cells. ECs express 

cadherin-5, which is also called vascular endothelial (VE)-cadherin (Dejana et al. 1995). VE-

cadherin is expressed by all the ECs of the vascular system. It binds via its carboxyterminal 

end to catenins and plays a central role in junction stabilization (Vestweber et al. 2009). 

Catenins serve as link between TJs and AJs enabling their communication, and also between 

the junctional complex and the actin cytoskeleton. At the BBB level, β- and γ-catenins bind 

AJs to actin (Hussain et al. 2022).  

1.4.4. INTEGRINS 

Cell adhesive interactions are involved in multiple physiological processes such as formation 

and development of the embryo, cicatrization, wound repair, progression of pathologies such 

as cancer metastases. Cell adhesion, the capacity that cells have to connect and cooperate 

with each other and their environment, is conveyed by the  bindings between cell surface 

receptors and extracellular glycoproteins (Haas et al. 2020; Michael Bachmann et al. 2019).  

Integrins are heterodimeric transmembrane cell adhesion glycoproteins constituted of the 

two subunits, α and β. They belong to a family of approximatively 23 members. Integrins 

cytoplasmic domains comprise on average 60 aa (Michael Bachmann et al. 2019).  

Among the integrins that are fibronectin receptors, the α5β1 integrin is the most recurrent 

one on most cells. Integrins like fibronectin, take actively part in signal transduction. α5β1 

integrin conveys cell to substrate signals such as ECM formation and remodeling, adhesion 

and migration (Danen et al. 2002). 
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At the intracellular level, cell adhesive interactions can trigger cell migration and 

proliferation, assembly and structure of F-actin cytostkeleton, as well as formation of 

adhesion plaques, pH cytoplasmic variations and Ca2+ concentration, and finally gene 

expression (Bachir et al. 2017).  

1.5. BBB CROSSING AT THE CELLULAR AND MOLECULAR LEVELS  

1.5.1. TRANSCYTOSIS  

Most often observed in epithelial cells, transcytosis is a biological mechanism occurring in 

numerous other cell types. It refers to a type of transcellular transport during which high 

molecular weight molecules are conveyed across the cell cytoplasm from the apical plasma 

membrane to the basolateral one (Pulgar 2018).  

Successive stages in this process are endocytosis, intracellular vesicular trafficking and 

exocytosis. These stages may imply adsorptive or receptor mediated internalization. 

Molecules with a positive charge may be attracted to the cell membranes that are negatively 

charged leading to internalization by adsorptive endocytosis  (Pulgar 2018).  

Essentially all endothelial cells feature receptor-mediated transcytosis (RMT). In the BBB, 

there are multiple receptors, like for example the insulin receptor, able to generate RMT, 

while others, like the albumin receptors, are not present (Pulgar 2018).  

Vesicular transport is a crucial cellular activity, responsible for macromolecules intracellular 

transport process. Cerebral endothelium presents three sorts of endocytic vesicles: 

potocytosis vesicles, clathrin-coated pits and caveolae (Parkar et al. 2009). Following vesicle 

internalization, the intracellular mechanism starts with the early endosome, which form a 

compartment that operates as a sorting platform (Kiss and Botos 2009).   

In BMECs, endocytosis takes place in both basolateral and apical domains of the plasma 

membrane, originating two distinct early endosomal compartments (Thompson et al. 2007; 

Haqqani et al. 2018). 
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1.5.2. CARRIER-MEDIATED TRANSPORT 

At the level of the BBB endothelium, there are different categories of transporter proteins 

expressed by CNS ECs that facilitate the transport of nutrients into the CNS parenchyma such 

as glucose (Devraj et al. 2011), aa (Zaragozá 2020) (whether non-polar and neutral, polar and 

neutral,  acidic and polar or basic and polar), monocarboxylic acids (Settergren et al. 1976) 

such as lactate, pyruvate and ketone bodies. Nutrients’ concentration gradient decreases 

from the blood into the brain. This transport mechanism does not require energy and is 

therefore regulated by the brain metabolic needs and by the plasma substrates 

concentrations (Drioli and Giorno 2016; León 2016). 

1.5.2.1. GLUCOSE TRANSPORT 

Glucose is the main source of energy required for brain activity, the transport of this hexose 

is thus of paramount importance (Simpson et al. 2007). In addition, glucose transporter-1 

(GLUT-1) is the most commonly glucose transporter expressed at the level of BBB and is 

specific to its endothelium (Pardridge et al. 1990; Devraj et al. 2011). GLUT-1 transports D-

glucose but not L-glucose and is also able to transport other hexoses such as D-mannose, D-

galactose and D-xylose (Lund-Andersen 1979). The density of GLUT-1 in the abluminal 

membrane of the BBB ECs is three times higher than the one in the luminal membrane 

(Simpson et al. 2007). 

1.5.2.2. AMINO ACID TRANSPORT 

Amino acid transport is required for protein synthesis in general and for neurotransmitters ’ 

production, moreover, it is of particular importance in the CNS. In fact, the CNS does not 

autonomously produce most of the essential aa it uses, for this reason, the brain aa metabolic 

needs are fulfilled via the bloodstream. There are two groups of aa transporters that coexist 

at BBB ECs level, these are characterized by their substrate specificity and their sodium 

dependence (Hawkins et al. 2006):  

- Transporters responsible for aa facilitated diffusion, independent of Na+ ions, 

and present within the ECs luminal and abluminal membranes (Zaragozá 

2020). These transporters form the following four different systems: L1, y +, 
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n, and xG. The first two systems are present within the luminal and abluminal 

membranes, whereas the last two are present exclusively within the luminal 

side. The L1 system represents the main pathway for the transport of neutral 

amino acids (Naa), which are essential to the brain. The y + system is the main 

provider of cationic amino acids (Caa) such as lysine, arginine and ornithine. 

The xG system represents the main transport pathway for glutamate and 

aspartate. The n system mediates glutamine and asparagine transport 

(Zaragozá 2020). 

- Na+ ion-dependent amino acid transporter systems are located exclusively in 

the ECs abluminal membrane and they are responsible for the active aa 

transport from the brain parenchyma to the blood, and are therefore part of 

the efflux mechanisms (Zaragozá 2020). These are the alanine-preferring (A) 

system, alanine, serine, cysteine-preferring (ASC) system, large neutral amino 

acids (LNAA) system, excitatory amino acid transporter (EAAT) system and 

nitrogen-rich amino acids (N) systems.  

1.5.2.3. MONOCARBOXYLIC ACIDS TRANSPORT 

The transport of monocarboxylic acids is carried out by the monocarboxylate transporter 1 

(MCT1), present within the luminal and abluminal ECs membranes (Kido et al. 2000). MCT1 is 

specifically involved in the transport of lactate and ketone bodies, which represent a source 

of energy for the brain in specific situations, such as fasting and lactation. Plasma 

concentrations of MCT-1 substrates regulate its expression (Simpson et al. 2007). 

1.5.3. WATER AND ION TRANSPORT 

1.5.3.1. WATER TRANSPORT 

Ions are essential for neuronal activity and the functioning of various channels and 

transporters. The distribution of ions is linked to water homeostasis. Aquaporins (AQPs) are 

a family of channels that, depending on their subtype, facilitate the flow of water and/or 
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solutes like glycerol and urea, across the membranes of different cell types (Badaut et al. 

2002). They can form fenestras (pores) allowing bidirectional water transport following the 

principles of osmolarity. So far, 13 aquaporins have been described in humans (Sorani et al. 

2008). The water channel protein aquaporin 4 (AQP 4) is the most abundantly expressed 

aquaporin at BBB level. AQP 4 is localized in astrocytic end-feet that are in contact with 

cerebral capillaries (Nielsen et al. 1997). It is closely associated with K+ ion transport (Wolburg 

et al. 2009). At BBB level, AQP 4 appears to play an important role under pathological 

conditions (Deng et al. 2014). Studies conducted on in vivo models showing AQP4 deficiency 

or delocalization, suggest that this protein is involved in cerebral edema formation 

(Papadopoulos and Verkman 2007).  

1.5.3.2. ION TRANSPORT 

Ion transport requires the involvement of different ion channels, localized at the luminal and 

abluminal membranes of the BBB ECs. The active ion transporter Na+/K+ ATPase is mainly 

located on the abluminal side of the BBB ECs and is responsible for the active influx of sodium 

to the brain parenchyma in exchange for potassium (Betz 1986; Hladky and Barrand 2016). 

The Na+/K+ ATPase pump allows the balance of the sodium gradient at BBB level, providing 

the conditions for Na+-dependent transports. Due to K+ ions crucial role in nerve impulse 

transmission, their concentration in brain interstitial fluid must be stable. K+ ions balance is 

achieved by removing excess K+ by astrocytes and by transport of K+ from the brain to the 

blood. Astrocytes use mechanisms such as Na+/K+ ATPase uptake to carry out K+ clearance 

from the interstitial fluid. Subsequently, K+ ions reach the blood compartment through K+ 

channels (Breschi et al. 2013). 

The Cl-/HCO3
- exchangers, are expressed at both the luminal and abluminal membranes of 

ECs. Cl-/HCO3
- exchanger is involved in the entry of chloride ions into the ECs in exchange of 

hydrogen carbonate ions secretion.  

For all of the aforementioned reasons, both Na+/K+ ATPase and Cl-/HCO3
- exchangers proteins 

play a role in pH regulation (Hladky and Barrand 2016). 
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1.5.4. EFFLUX TRANSPORT 

In addition to its physical properties, the BBB presents metabolic characteristics which limit 

and/or prevent the entry of numerous specific molecules in the CNS. Efflux transporters are 

proteins that sit in cell membranes and participate in CNS protection by limiting the passage 

and/or by expelling potentially toxic molecules. For this reason, the activity of efflux 

transporters reduces the penetration of numerous pharmaceutical molecules into the CNS, 

thus limiting the effectiveness of drugs that specifically target the brain. There are several 

efflux transporters families and subfamilies present at BBB level, the most important being 

the family of adenosine triphosphate (ATP)-binding cassette (ABC) (Kusuhara and Sugiyama 

2005). 

1.5.4.1. THE ABC FAMILY OF EFFLUX TRANSPORTERS 

In humans, ABC efflux transporters are a superfamily of 49 proteins, grouped into 7 

subfamilies (ABCA to ABCG) according to their structural homology (Vasiliou et al. 2009). 

Efflux transporters use the energy released by ATP hydrolysis to transport molecules across 

membranes, into or out of the cell, against their electrochemical gradient  (Löscher and 

Potschka 2005a). Most ABC family transporters are membrane proteins consisting of four 

main domains:  

- Two cytosolic ATP-binding domains called “nucleotide binding domains” 

(NBDs), at which level ATP hydrolysis takes place to ensure substrate 

transport.  

- Two transmembrane domains called “transmembrane domains” (TMDs), 

each one of them comprises 4 to 6 transmembrane α-helices. The two TMDs 

form the channel through which the transits the molecule that is being 

transported and ensure ABC protein specificity for its substrates. This is the 

reason why TMDs vary from one ABC protein to another. 

Along to these core domains, other optional domains can be added to the basic structure, 

such as regulatory domains and/or an additional transmembrane domain (Vasiliou et al. 

2009). The mechanism of ABC efflux transporters ’ action involves the binding of a substrate 

to their TMD domains. This leads to ATP binding to the two NBDs domains. As a consequence, 
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ATP is hydrolyzed to provide the energy necessary to move the substrate across the 

membrane (Linton and Higgins 2007). 

ABC proteins are involved in the transport of an important number of biological substances 

like for example peptides, hormones, sugars and ions, but also in the transport of toxic 

substances like heavy metals and drugs. By preventing the entry and efflux of many lipophilic 

substances present in the blood, ABC efflux transporters ensure the protection of the BBB, 

and thus, the protection of the CNS from several xenobiotics (Potschka 2010).  

At the BBB level, the major efflux transporters are the following: P-glycoproteins (P-gp or 

ABCB1 or MDR multidrug resistance 1), multidrug resistance-associated proteins (MRPs or 

ABCCs) and breast cancer resistance protein (BCRP or ABCG2) (Staud and Pavek 2005; Abbott 

et al. 2010). 

The first ABC efflux transporter ever discovered was P-gp in 1976 (Juliano and Ling 1976). It 

is a 170 kDa-phosphorylated glycoprotein encoded by the MDR1 gene. It was discovered 

through the appearance of multidrug resistant tumors (Juliano and Ling 1976; Kartner et al. 

1983). P-gp is also expressed in multiple healthy human tissues such as intestine, kidney, 

placenta (Staud et al. 2010), furthermore, it can be found in astocytes (Declèves et al. 2000) 

and pericytes (Bendayan et al. 2006).  

One of P-gp characteristics is its ample range of substrates, which vary in pharmacokinetics 

as well as in molecular structure and weight. P-gp substrates consist of amphiphilic or 

hydrophobic molecules, with a molecular weight that varies from 250 to 4000 Da (Seelig 

2020).  

1.5.4.2. THE MULTIDRUG RESISTANCE PROTEINS MRPs/ABCCs 

The MRPs subfamily consists of at least 13 members, 9 of which (MRP1-9) take part in the 

active transport of molecules. These proteins are transporters of organic anions but can also 

carry organic molecules. The MRPs generally found in brain ECs are MRPs 1 to 6 (Morris et al. 

2017).  

MRP1 efflux pump has a wide spectrum of substrates, which includes hydrophobic 

compounds, glutathione conjugated lipophilic molecules, glucuronate or sulfate. It is 
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estimated that approximately 20% of drug candidates are MRP1 substrates (Johnson and 

Chen 2017).  

At the cerebral capillaries level, pericytes in culture seem to be able to express some of these 

MRPs (Santos et al. 2019).  

1.5.4.3. THE BREAST CANCER RESISTANCE PROTEIN BCRP/ABCG2 

BCRP (ABCG2) was first discovered in a highly resistant to mitoxantrone breast cancer cell 

line (Doyle et al. 1998). It is a glycoprotein membrane with a molecular weight of 72kDa and 

is considered a half ABC transporter, with a single NBD and a single TMD. In cells, BCRP can 

form homodimers or multimers. 

BCRP distribution and expression in tissues is often close to that of P-gp, suggesting that 

these two transporters act in synergy to protect cells from xenobiotics contained in the 

bloodstream. Additionally, BCRP and P-gp have overlapping wide substrates ranges (Löscher 

and Potschka 2005b). In a study on P-gp-deficient mice, the expression of BCRP in the cerebral 

microvessels appeared threefold upregulated compared to the one of wild-type (WT) mice. 

The results of this study suggest that BCRP overexpression may be a compensatory 

mechanism for the absence of P-gp (Cisternino et al. 2004).  
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Figure 4 Schematic illustration of the diffusion of molecules and of their transport through 

the BBB 

Simplified version of a schematic illustration with open license reproduced from Knox et al. 

(2022) (Knox et al. 2022) of the passive diffusion and passive paracellular transport that allow 

small molecules to cross the BBB. The active efflux transport prevents molecules to cross the 

BBB by hydrolyze of ATP. Carrier mediated transport allow important molecules like glucose 

and aa to cross the BBB. Ion transport allows the passage of ions K+, Ca2+, Na+, which are 

essential for glial cells homeostasis.  
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2. IN VITRO BBB MODELS   

2.1. REPLICATING THE BBB IN VITRO 

The first in vitro cultures of cerebral endothelial cell (CEC) were established in the 1970s to 

study the passage or transport of molecules from the blood to the brain or inversely, and 

used bovine, murine and porcine brain capillaries whose isolation was followed by the 

enzymatic digestion process to eliminate the basement membrane and the brain pericytes  

(Helms et al. 2016). The cerebral and blood compartments could then be reconstituted by 

placing the CECs on a porous plastic membrane, previously coated with ECM components. 

However, these kind of primary cells are difficult to obtain and to maintain in culture, and 

important variations between different extractions cannot be avoided (Bhalerao et al. 2020; 

Dehouck et al. 1994). For this specific reason, transformed cell models have been developed. 

These models have undeniably facilitated cell culture approaches, however, they have the 

disadvantage of using cell lineages that sometimes show important changes in their 

metabolism and physiology. For example, some lineages display a partial loss or decrease in 

the expression of TJ, resulting in high paracellular permeabilities (Bhalerao et al. 2020). 

Primary CEC cultures show another limitation, which is that their BBB properties are 

sometimes lost (Dehouck et al. 1994). To improve these models, glial cells or brain pericytes 

were then added to the bottom of the wells to create a coculture model (Bicker et al. 2014). 

In vivo, cultured CECs physical and metabolic properties are enhanced and/or maintained by 

soluble and diffusible factors that are secreted by glial cells or pericytes (Dehouck et al. 1994). 

Later, some studies have allowed the development of triculture models consisting in culturing 

CECs in the presence of both glial cells and brain pericytes (Bicker et al. 2014). However, 

when using these models, there are parameters other than the nature of the cells that should 

not be neglected, for example, the matrix composition, the membrane porosity, ECs origin 

and heterogeneity. 
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2.1.1. THE EXTRACELLULAR MATRIX 

The membrane is coated with the extracellular matrix (ECM) which must mimic that present 

in the cerebral microvessels for the CECs to be able to adhere to it and proliferate . In vivo, 

the ECM is very heterogeneous. It is synthesized by the CECs, pericytes and glial cells 

(Banerjee et al. 2016; Engelhardt and Sorokin 2009). The artificial matrices commonly used 

can be made of collagen, matrigel, poly-L-lysine, or fibronectin and thus influence the 

properties of CECs in vitro (Banerjee et al. 2016).  

2.1.2. SPECIFICITY OF THE TRANSWELL MEMBRANE  

The pores’ size of the membrane used in experiments is a crucial point. Pores of 0.4 μm in 

diameter are used to estimate the passage of small molecules through the BBB. Larger pores 

are required to be able to study the passage of larger molecules such as peptides, proteins, 

nanoparticles or even cells. However, ECs have the intrinsic property of migrating. 

Precautions need to be taken when culturing CECs on large pore membranes to prevent them 

from passing through them and colonizing the bottom membrane part (Helms et al. 2016), 

generating double layer models where CECs are  not only present on the membrane but also 

underneath (Vandenhaute et al. 2016). For obvious reasons, this would have an impact on 

the experiment’s results, especially on those centered on permeability  (Vandenhaute et al. 

2016; Helms et al. 2016).  

2.2. STATIC IN VITRO BBB MODELS  

Before presenting the main static BBB models, it is important to determine what makes a 

relevant and reliable static BBB model. The European Centre for the Validation of Alternative 

Methods (ECVAM), which is composed of experts in various fields, including the field of BBB, 

has assessed a list of criteria that a BBB model must have (Prieto et al. 2004):  

- CECs should have the same morphology and the same markers that are 

observed in vivo such as TJ and AJ proteins, efflux pumps like P-gp, BCRP, 

receptors for transferrin, LDL, etc., enzymes like cytochrome P450, etc. 
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- When grown on a membrane, CECs must display low paracellular 

permeability to small molecules. Tracers such as lucifer yellow and Texas red 

are generally used to test the paracellular permeability. Another criterion also 

considered is the measurement of the transendothelial electrical resistance 

(TEER) provided by the cells. However, this technique is not easy to reproduce 

and the results obtained heavily rely upon the device used and upon the 

manipulator, which makes it difficult to compare models with each other.  

- The models are intended to be used by other laboratories and/or 

pharmaceutical companies, therefore they must be reproducible, reliable and 

easy to culture. 

2.2.1. HUMAN MODEL 

Used extensively in the study of multiple sclerosis, the human cerebral microvascular 

endothelial cell line/D3 (hCMEC/D3) allowed the identification of the mechanisms of 

interaction and extravasation of immune cells across the BBB (Prat et al. 2000; Larochelle et 

al. 2015). hCMEC/D3 is undoubtedly the most commonly used cell line in studies of the human 

BBB (Weksler et al. 2013; Weksler et al. 2005). The line was derived from temporal lobe 

microvessels isolated from a patient with epilepsy. The cells were immortalized by 

transduction with a lentiviral vector containing the catalytic subunit of human telomerase 

(hTERT) and the SV40 virus T antigen. hCMEC/D3 has most of the properties of BBB ECs, 

namely the expression of specific receptors, transporters, enzymes and proteins involved in 

signaling pathways critical for BBB. However, under culture conditions, a low expression of 

the TJ key protein claudin-5, is reported (Weksler et al. 2013). This may explain hCMEC/D3 

high permeability for low molecular weight molecules (Helms et al. 2016). These properties 

may be improved by adding specific growth factors to the culture media. Thus, only tracers 

with a high molecular weight and taken up by membrane receptors and/or transporters can 

be studied using this cell line. Furthermore, coculture and triculture that use astrocytes and 

pericytes have little influence on hCMEC/D3 homeostasis (Mkrtchyan et al. 2009).  

More recent human BBB lines have been established such as TY10, TY08, BB19, human brain 

microvascular endothelial cells (HBMEC), NIKM-6, human brain endothelial cell line (HCEC), 
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HBEC-5i, and HBMEC-3, however, hCMEC/D3 remains the most characterized one (Banerjee 

et al. 2016). 

Static models are used to better understand BBB physiology. Their use has led to significant 

advances in the treatment of brain metastasis (Larochelle et al. 2015). However, each BBB in 

vitro model possesses its own peculiarities. The choice of the ECs model is closely related to 

the question raised by the study.  
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3. BRAIN METASTASIS  

The phase in the metastatic cascade in which metastatic cancer cells invade tissue by 

infiltrating and crossing the vascular endothelial lining is termed transendothelial migration 

(TEM), transmigration or diapedesis. Cancer cells’ TEM is to some degree an alogous to the 

adhesion mechanism of leukocytes.  

The probability of success of cancer cells in transmigrating and generating metastases is 

remarkably low(Chambers et al. 2002; Fidler 1970), which has been hypothesized to be 

caused by a deficiency of a number of integrins that are needed for adhesion and TEM 

(Madsen and Sahai 2010). After a circulating metastatic cell attaches to the endothelium, a 

sequence of events takes place that enables the adhered cells to cross the endothelial 

monolayer. Additionally, the uncoupling of several endothelial cell -cell junctional complexes 

is necessary for metastatic migrating cells to pass through the endothelium and invade 

adjacent tissue. TEM can be divided into two pathways: Paracellular TEM which guides 

migrating cells to the cell-cell junctional complexes where the uncoupling of adhesion 

molecules permits the cell to transit through the endothelial cell layer; TEM that entails the 

migration of cells through the cytoplasm of endothelial cells by a transient reconfiguration of 

the actin cytoskeleton (Mamdouh et al. 2009; Reymond et al. 2013).  

In addition to their role in adhesion, multiple integrin complexes promote the TEM of cancer 

cells. αvβ3 integrin complex is essential for the TEM of metastatic cells and has been 

demonstrated to be significantly expressed in cancer cells undergoing TEM. In a set of 

metastatic cancer cell lines, depletion and blocking of αvβ3 through siRNA knockdown and 

specific antibodies decreased TEM, but seemed to have no effect on adhesion (Bauer et al. 

2007).  It has been further demonstrated that αvβ3-expressing cancer cells bind to the 

platelet endothelial cell adhesion molecule 1 (PECAM1), which supports the adhesion and 

transmigration of cancer cells across the endothelium (Weber et al. 2016) . 

Several endothelial cell-cell adhesion receptors have been linked to the transmigration of 

metastatic cancer cells. Langer et al. (2011) used both global and endothelium-specific JAM-

C knockout mice to demonstrate that JAM-C participates in the passage of cancer cells across 

the endothelium and in metastatic spreading (Langer et al. 2011) .  



34 

 

Adhesion and TEM of metastatic melanoma cells have been linked to the CD146 

molecule(Wang et al. 2020; Melnikova and Bar-Eli 2009). Through the use of CD146 knockout 

mice, it was determined that endothelial CD146 on the host was needed for VEGF -induced 

focal adhesion kinase (FAK) activation. The latter is essential for the tra nsmigration of 

melanoma cells during hematogenous dissemination (Jouve et al. 2015) . CD146 expression 

in melanoma has also been shown to be essential for adhesion and TEM, with shRNA 

knockdown reducing both processes in vitro and in vivo (Melnikova and Bar-Eli 2009) . In 

addition, endothelial cells from CD146-deficient mice expressed significantly less VEGFR2 and 

VE-cadherin than endothelial cells from control mice, indicating that CD146 may have a role 

in regulating the EC phenotype (Jouve et al. 2015).  

It has been demonstrated that a number of factors released by cancer cel ls promote the 

transmigration of metastatic cancer cells. Work conducted by Padua et al. (2008) have shown 

that the transforming growth factor (TGF) induces the transcription of angiopoietin -like 

protein 4 (Angptl4) in metastatic cancer cells. Additionally, Padua et al. (2008) observed that 

Angptl4 released by metastatic cancer cells triggered the uncoupling of endothelial cell -cell 

junctions and caused an increase in endothelial permeability, thereby supporting the 

extravasation of cancer cells into the lungs (Padua et al. 2008). Huang et al. (2011) observed 

that the binding of Angptl4 to VE-cadherin, αvβ1 and claudin-5 is partly involved in the 

impairment of the endothelium during tumor cell extravasation. In the latter study, activation 

of the Rac1 GTPase was also detected, which supports endothelial cell uncoupling by 

promoting the actin cytoskeleton remodeling (Huang et al. 2011).  

Colon cancer cell secretion of CCL2, followed by its binding to CCR2 from endothelial cells, 

has been shown to trigger JAK-STAT and p38 MAPK signaling pathway. This has led to the 

disruption of E-selectin-dependent endothelial junctions and consequent extravasation of 

the metastatic cancer cells (Wolf et al. 2012) . Moreover, coordinated activation of E-selectin 

by monocytes and metastatic tumor cells led to VE-cadherin phosphorylation and cell-cell 

decoupling which promotes cancer cell transmigration (Tremblay et al. 2006) . Additionally, 

transmigration and metastatic spread of Lewis lung cancer cells were greatly inhibited in the 

absence of endothelial E and P selectin expression(Kim et al. 2017).  

Cancer cells also secrete metalloproteinases such as MMP1, MMP2, MMP9, ADAM12, and 

other proteases that help break down endothelial cell junction and adhesion complexes, 

allowing the cancer cell to pass ECs (Reymond et al. 2013; Albrechtsen et al. 2013). 
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In the course of TEM, metastatic cancer cells deploy a number of additional mechanisms, 

including the recruitment of multiple blood cell elements to support their transmigration. 

According to research by Evani et al. (2013), when exposed to the blood flow, monocytes 

cluster with breast cancer cells and improve the adhesion to endothelial cells activated by 

TNFα (Evani et al. 2013) . Furthermore, platelets also promote emperipolesis and TEM of 

circulating cancer cells, which is evidenced by rats’ models showing that platelet depletion 

significantly reduces the development of metastatic lesions(Gasic et al. 1968; Kim et al. 1998; 

Labelle et al. 2011). As well as promoting metastasis, platelet recruitment by circulating 

cancer cells has been shown to reduce the ability of immune cells to identify and eliminate 

metastatic tumor cells. Platelets act as a barrier in cancer cell clusters and prevent 

identification and elimination by natural killer cells, allowing cancer cells to escape and 

survive.  

Metastatic cancer cells trigger endothelial cell necroptosis, which is an inducible type of 

apoptosis, in order to successfully achieve transmigration. Cancer cells that express amyloid 

precursor protein (APP) trigger endothelial death receptor 6 (DR6), which causes the death 

of endothelial cells (Strilic et al. 2016). 
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4. MELANOMA 

“As to the remote and exciting causes of melanosis, we are quite in the dark, 

nor can more be said of the methodus medendi. We are hence forced to 

confess the incompetency of our knowledge of the disease under 

consideration, and to leave to future investigators the merit of revealing the 

laws which govern its origin and progress….and pointing out the means by 

which its ravages may be prevented or repressed” - Thomas Fawdington, The 

Manchester Royal Infirmary, 1826. 

 

Melanomas are malignant tumors that originate from melanocytes. Of all skin cancers, 

melanoma is the most fatal. Of all cancer types, melanoma is also the cancer with the highest 

level of brain tropism. Approximately 50% of patients with stage IV melanoma are diagnosed 

with melanoma brain metastases. A percentage that rises when postmortem patients are also 

counted. Following lung cancer and breast cancer, melanoma is the leading cause of 

malignant metastasis to the central nervous system. Of all metastatic brain tumors, 

melanoma represents 6-12% of cases (Janavicius et al. 2020). The overall survival rate 

following a diagnosis of melanoma brain metastases has been historically low (Bander et al. 

2021). However, over the past ten years, advances in targeted therapies as well as in 

immunotherapies have significantly improved the survival rate of patients with advanced 

melanoma (Bander et al. 2021). Melanoma brain metastases most frequently occur at the 

junction between the gray and the white matter and in the frontal lobe (Redmer 2018). 

4.1. CLASSIFICATION OF CUTANEOUS MELANOMA  

The most commonly used anatomical classification separates melanomas into the following 

five major types (Scolyer et al. 2011): 

- Acral lentiginous melanoma (ALM); 

- Hutchinson’s malignant lentigo or precancerous melanosis of Dubreuilh or 

LM (lentigo maligna); 
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- Mucosal lentiginous melanoma (MLM); 

- Nodular melanoma (NM); 

- Superficial spreading melanoma (SSM), which is the most common type of 

most frequent melanoma. 

 
Table 1 Summary table of the different types of melanoma 

The table shows the different types of melanoma, indicating for each type the frequency in 

%, the horizontal epidermal feature, the vertical invasive feature, the area of occurrence, the 

aspect. 

 

The frequency distribution of the histological type of melanoma is dependent on 

environmental factors such as sun exposure and ethnicity.  

 

4.2. MELANOMA INCIDENCE AND PREVALENCE 

Melanoma 

Lentiginous 
Superficial 
spreading 
melanoma 

(SSM) 

Nodular 
melanoma 

(NM) 
 

Lentigo maligna 
melanoma (LM) 

Acral lentiginous 
melanoma 

(ALM) 

Mucosal 
lentiginous 
melanoma 

(MLM) 

Frequency 
in % 

5 to 10 2 to 10 1 60 to 70 10 to 20 

Horizontal 
epidermic 

feature 
Lentiginous Lentiginous Lentiginous 

Pagetoid, 
visible 

lateral to 
the invasive 
contingent 

Absent 

Vertical 
invasive 
feature 

Rare Inconstant Frequent 
Very 

frequent 
Always 

Area of 
occurence 

Elderly subject, 
face, 

neckline 

Palms, soles, 
fingers, 

toes 

Mouth, gland, 
vulva 

  

Aspect 

Macula, then 
layer 

pigmented then 
very 

late tumor 

Macula, late 
tumor 

Pigmented 
macula 

then ulcerating 
tumor 

often partially 
achromic 

Pigmented 
macula 

then 
tumor 

A tumor of 
immediate 
onset and 
often of 

rapid 
growth 
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According to the American National Institute of Health (NIH), the rate of new melanoma of 

the skin cases and related deaths was 21.5 per 100,000 men and women per year. The death 

rate being 2.1 per 100,000 men and women per year. These rates are age-adjusted and based 

on 2015–2019 cases and 2016–2020 deaths. 

Moreover, the probability (incidence) is that approximately 2.1 percent of men and women 

are going to be diagnosed with melanoma skin cancer during their lifetime, based on 2017–

2019 data. 

As for the prevalence of this cancer, in 2019, there were approximately 1,361,282 individuals 

suffering from melanoma of the skin in the United States. 

In 2022, the number of skin melanoma new cases in the United States was estimated by the 

NIH to be around 99,780 and the correspondent number of deaths was estimated to be 

around 7,650. The overall 5 year relative survival rate was around 93.7% between the end of 

2012 and 2018.   

All of the above is variable depending on the regions of the world, and is correlated with 

latitude (UV exposure) and ethnic characteristics of the populations. The highest incidence is 

found in light skin phototype populations in regions with high UV exposure. It is estimated 

that the total number of patients diagnosed with melanoma will continue to increase in the 

coming decades, this is mainly due to the increase in life expectancy and the aging of the 

population as well as for example, to risky behaviors and the gradual thinning of Earth’s ozone 

layer (Saginala et al. 2021). 

4.3. RISK FACTORS FOR MELANOMA SKIN CANCER 

Melanoma skin cancer can be genetically determined as well as influenced by UVR exposure. 

Exposure to ultraviolet radiation (UVR) has been known to be a risk factor for melanoma for 

many years. UVR exposure includes solar exposure as well as artificial sources, such as 

tanning beds. Phototype is another risk factor. It classifies individuals according to the 

reaction of their skin to UVR exposure and depends on skin, eye and hair color. The 

probability to develop skin melanoma is inversely correlated with the pigmentation level 

(Carr et al. 2020).  
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As aforementioned, there is also a genetic component to melanoma. CDKN2A gene is a tumor 

suppressor gene and its mutation predisposes to the development of melanoma. Its 

prevalence is about 2%, higher in cases of multiple melanomas or of a family history of 

melanoma. The BRCA1 gene is another tumor suppressor gene, its mutation predisposes to 

melanoma. It is responsible for a wide spectrum of neoplasia such as mesothelioma, renal 

cell carcinoma, basal cell carcinoma, as well as benign melanocytic tumors. With less than 

1%, its prevalence appears to be lower than CDK2NA gene mutations. The majority of 

melanomas arise de novo (70%) and are not nevus associated (30%) (Carr et al. 2020).  

4.4. BRAIN METASTASIS IN MELANOMA 

Melanoma is the third most common cancer-causing brain metastases after lung cancer and 

breast cancer, accounting for 6 to 14% of all brain metastases. About 57% of autopsies of 

patients with melanoma of the skin showed brain metastases (Ostrom et al. 2018; Schiff and 

van den Bent 2018). The 5-years survival rates for a patient with a stage IV melanoma ranges 

from 8% to 18% (Pisani et al. 2020 Apr). 

There are significant differences in the frequency of brain metastases  occurrence depending 

on the type of primary cancer. Lung cancer (small cell and non-small cell), renal cancer, breast 

cancer (especially HER2-positive and triple negative) and melanoma are among the primary 

cancers that metastasize. Melanoma cells have been shown to have a very strong 

angiotropism (Barnhill et al. 2009).  

Pericytic mimicry, or the spread of tumor cells on the abluminal surface of capillaries, is 

promoted by angiotropism (Lugassy et al. 2013). Melanoma cells that continuously move 

outside of blood vessels to secondary sites represent an instance of extravascular migratory 

metastasis. Melanoma cells can propagate through this pathway to local or distant areas. Of 

interest, tumor cells have been shown to migrate at speeds ranging from 0.01 μm/min to 2 

μm/min, or from 0.5 cm to 105 cm/year. Due to the faster amoeboid migration of cancer 

cells, these distances may become considerably greater (Lugassy et al. 2013; Bentolila et al. 

2016). In the course of human cancer, these rates are consistent with the time gap between 

the detection of the primary tumor and the development of visible metastases foci. 
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Furthermore, it has been shown that the angiotropic interplay of melanoma cells with 

endothelial cells results in the change of expression of certain genes that are related to 

cancer cell migration, EMT, embryonic and stem cell features, and pericyte recruitment.  

4.5. RISK FACTORS FOR BRAIN METASTASIS IN MELANOMA 

Several studies in the literature investigate the risk factors for the development of brain 

metastases in melanoma. The results are highly variable and can be explained by different 

numbers and methodologies.  

In a retrospective study of 2014, Gumusay et al. found the following risk factors for brain 

metastases in melanoma: location of the primary tumor in the head and neck, a Breslow index 

higher than 4 mm, histological ulceration, and N2 or N3 (lymph nodes containing tumoral 

cells) involvement (Gumusay et al. 2014).  

The ulceration and the location of the primary tumor in the head and neck were also found 

to be significant risk factors for the development of brain metastases (Zakrzewski et al. 2011).  

For Daryanani et al., tumor location in the head and neck appeared to be a risk factor for 

brain metastasis as well as a Breslow index higher than 4 mm, male sex, young age, and a 

mitotic index higher than 5 mitoses per field. For these authors, ulceration does not appear 

to be a risk factor (Daryanani et al. 2005). 

Sampson et al. reported a 20-year retrospective study of 6,953 melanoma patients, 702 of 

whom had brain metastases. Male gender, mucosal or skin location of the primary tumor on 

the trunk, head, and neck, melanoma with high Breslow scores or ulcers, and histologic 

subtype (lentiginous or nodular acral) were associated with the development of brain 

metastases (Sampson et al. 1998).  

In a study of the clinicopathological correlation of BRAF and NRAS mutations in patients with 

metastatic melanoma, these mutations appear to be risk factors for brain metastases with a 

higher proportion of metastases compared to subjects without mutations (Ren et al. 2022). 

Thanks to advances in molecular biology, several somatic mutations have been identified in 

melanoma that represent therapeutic targets (Hodis et al. 2012).  
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Mutations in the BRAF gene are the most frequent mutations, they are found in 

approximately 50% of cases. The two most frequent mutations are V600E and V600K. These 

mutations are mostly found in melanomas of skin that has received intermittent UVR 

exposure (Gutiérrez-Castañeda et al. 2020).  

The NRAS mutation was first described in 1984 (Padua et al. 1984) and is found in 15-20% of 

melanomas (Mehnert and Kluger 2012).  

It has been shown that PTEN is correlated with metastatic melanoma (Goel et al. 2006).  

The NF1 gene is a tumor suppressor gene, and its mutations, most often responsible for loss 

of function, are found in 12 to 18% of melanomas. They are responsible for activation of the  

MAP-kinase pathway leading to loss of Ras inhibition and cell proliferation  (Larribère and 

Utikal 2016). 

4.6.  THERAPEUTIC STRATEGIES FOR BRAIN METAST ASIS 

In the case of a patient with brain metastases, three situations must be distinguished (Tawbi 

et al. 2018): In the case of a single brain metastasis (or 1 to 5 maximum), the first-line 

treatment to be favored is local treatment with surgery or stereotaxis depending on the 

location, size and number of metastases. If local treatment is incomplete, it is recommended 

to add a systemic treatment according to the mutation status of the tumor. In the cas e of 

multiple brain metastases, and especially if there are also extra-brain metastases, treatment 

is based on a systemic therapy chosen according to the mutation status of the tumor. 

Association with a local treatment is to be considered according to the location, the 

benefit/risk ratio and the clinical symptoms. For palliative and/or symptomatic situations: 

patient global management and palliative radiotherapy and care (Arora et al. 2022). 
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5. BBB DISRUPTION 

Following an injury or a disease, the brain endothelium and ECM go through substantial 

alterations such as TJs disruption, ECM remodeling, ECM proteins enzymatic degradation by  

reactive oxygen species (ROS) and matrix metalloproteinases (MMP). These changes may 

contribute to a leakage of the BBB allowing proteins, immune cells and potential neurotoxins 

derived from the circulatory system to enter the brain.  These changes may also lead to the 

synthesis of ECM molecules that are normally absent in a physiological state (Summers et al. 

2013; Arvanitis et al. 2020; Ahluwalia et al. 2020). Dysfunctions in maintaining BBB and TJ 

integrity may result from TJ protein phosphorylation as well as from RhoA GTPase pathway, 

both of which can generate changes in the permeability of the BBB leading to its impaired 

functioning (Luissint et al. 2012).  

CNS homeostasis relies, among other things, on the complex regulation of transcytosis at the 

BBB level, hence, changes in these pathways can be partly responsible for the pathogenesis 

of pathogenesis of multiple cerebrovascular diseases (Abbott et al. 2010; Ballabh et al. 2004; 

Zhao et al. 2015). BBB disruption and the subsequent mechanisms implicated in its 

dysfunction are closely related to the nature of the CNS disorder, the latter can be acute or 

chronic. In the case of CNS acute disorders like ischemia, BBB disruption consequent 

inflammatory mechanisms are resultant from the primary injury.  Acute conditions, such as 

cerebral vascular accident for example, can implicate the following responses : Vasculitis, 

degradation of the ECM, infiltration of immune cells into the brain parenchyma, structural 

alterations in TJs causing structural changes in ECs (Sandoval and Witt 2008). BBB disruption 

in multiple chronic neurodegenerative CNS disorders, such as Alzheimer ’s disease, 

Parkinson’s disease, Huntington’s disease, manifests as capillary leakage of molecules 

derived from the circulatory system into the CNS, ECs degeneration leading to disruption of 

AJs and TJs, and anarchic cellular infiltration into the CNS (Sweeney et al. 2018). Whether 

acute or chronic, CNS disorders put NVU function in jeopardy and compromise the activity of 

resident brain cells like neurons and microglia.  
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Figure 5 From melanocyte to melanoma metastasis: the pathway to the brain 

Schematic illustration created using BioRender. The route of melanoma metastasis begins 

with a phenomenon called epithelial-mesenchymal transition (EMT) and is followed by the 

mechanism of intravasation into the vascular system. Once they reach the vascular system, 

the metastases begin to circulate within it until they reach the heart and are redirected into 

the small circulation. Once they have passed this stage, they can adhere to the endothelial 

cells of the lungs or remain blocked in the capillary network of the latter, where, after the 

extravasation mechanism, they can form a tumor. They may also continue their journey and 

return to the heart to be pumped into the systemic circulation. Upon entering the systemic 

circulation, metastases may reach the cerebral vascular network where they can either 

adhere to the endothelial cells of the brain capillaries or get stuck in them. To form a tumor 

in the brain parenchyma, metastases must penetrate and cross the BBB. Two transit pathways 

are available for metastases to cross the BBB: the transcellular and paracellular pathways. A 

third hypothesized route is that of vascular occlusion. 

 

Melanoma metastases travel to the brain (Figure 5) starts with the epithelial-mesenchymal 

transition (EMT). Notch1 pathway is activated during the cell transition from an epithelial 

phenotype to a mesenchymal one, leading to the overexpression of N-cadherin (Murtas et al. 

2017). Once the newly generated metastases reach the circulatory system via intravasation, 

two routes are possible: through the general blood circulatory system or through the 

lymphatic system. Both routes lead to the heart and to the small circulation where the 

metastasizing cells can eventually stop and form a tumor. Metastasizing cells that stay in t he 

circulatory system eventually reach the brain capillaries where the blood pressure is lower 

compared to the rest of the artery circuit. At this point, the metastases may start to adhere 

to the endothelial cell layer, for example through the interaction between the vascular cell 

adhesion molecule VCAM-1 and VLA4 integrin (Klemke et al. 2007). Once they have adhered, 

three passageways have been observed and hypothesized. Recent work from Fazakas et al. 

(2019), showed that melanoma in their BBB in vitro model, is able to cross endothelial cells 

via the paracellular passage and that breast cancer cells cross via the transcellular pathway 

or emperipolesis (Fazakas et al. 2011). The vascular occlusion hypothesis needs to be yet 

confirmed, it may occur when metastases get stuck in brain capillary beds and start to divide, 

and finally manage to reach the brain parenchyma by creating an infarction.  
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6. AIM OF THE THESIS  

One feature of these disease pathogeneses that remains to be comprehensively explored, 

and as such a particularly challenging field of interest, both from a biological and 

pharmaceutical point of view, is the passage of cancer and immune cells through the vascular 

endothelium. The research aim of the present study is the ideation and consequent creation 

of effective in vitro and in vivo models to investigate the mechanism by which tumor cells 

reach the brain parenchyma during the early stage of the blood-brain barrier invasion and 

subsequent integrity loss, which adds to disease pathogenesis .  

This research comes in the wake of a preliminary recent study carried out by the LCNP group, 

which showed that breast cancer treatment with docetaxel seems to increase brain 

metastases by destabilizing the blood-brain barrier integrity (Bernatz et al. 2019). The group 

used an in vitro BBB model as well as an in vivo murine model of left heart ventricle injection.  

When examining studies of BBB invasion and integrity loss, one major matter of contention 

is that each study employs various BBB models and applies different criteria, such as for 

example cell line origin, thus making it hazardous and inaccurate to compare the dysfunction 

mechanisms. 

Melanoma homing to the brain makes this tumor type a particularly valid candidate to 

investigate the BBB invasion phenomena.  

In the present study, we replicated the cellular composition of the BBB to show how the NVU 

is affected by brain metastases. The knowledge surrounding the metastatic invasion cascade 

of the BBB would be substantially lacking without in vitro models. Along with the ease of use, 

the relatively low costs, and the high flexibility, in vitro models allow the use of human cell 

lines to mimic certain features of disease pathology. These advantages over traditional 

preclinical platforms in testing efficacy and toxicity are particularly important in future drug 

discovery. Here, we put in place an easily reproducible in vitro BBB model established 

coculturing immortalized human cell lines. We then tested this model integrity and suitability 

to brain metastasis invasion using the amelanotic melanoma A375 cell line and tried to assess 

the impact that the invasion of the BBB induces in this tumor cell line.  

Within the BBB in vitro microenvironment and as a pilot study, attempted to determine 

whether there was a difference in the gene expression of the A375 cell line before and after 
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crossing the BBB in vitro. The potential findings, may in the long run, help develop novel 

therapies to maintain BBB integrity and function.  

In addition, we put in place an in vivo murine model using A375 melanoma cells to inject the 

left heart ventricle in order to recreate the metastasizing process to the brain and be able to 

observe the early stage of melanoma invasion of the BBB to determine the time lapse 

between the injection and the tumors reaching the brain parenchyma. For this latter task we 

used correlative light imaging and electron microscopy. 
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PART II. MATERIALS AND METHODS
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1. IN VITRO MODEL 

1.1. CELL CULTURE   

Immortalized human cerebral microvascular endothelial cells (hCMEC/D3) were cultured in 

EGM-2 bullet kit from Lonza. SV40-immortalized human brain vascular pericytes were 

cultured in pericytes medium (PM) from ScienCell Research Laboratories. SVGA human 

immortalized astrocytic cell line and A375 melanoma cell line were cultured in DMEM full 

from Lonza, supplemented with 10% FBS, 1% penicillin/streptomycin, 1% ultraglutamine, 1% 

Sodium Pyruvate from Gibco. A375_mCherry was cultured in DMEM full with 100μg of  G418 

(puromycin) for selection. A375 (ER) mono resistant cells were cultured with 15 nM 

Encorafenib (BRAFi) to maintain their resistance. Double resistant A375 (DR) cells were 

cultured with 200 nM Binimetinib (MEKi) to maintain their resistance. All the inhibitors were 

diluted in fresh DMEM 1% ultraglutamine, 1% sodium pyruvate, 10% FBS.  

hCMEC/D3, SV40-HBVP, SVGA cell lines were provided by Prof. Dr. Ulrike Naumann from the 

Hertie-Institut für Klinische Hirnforschung at Tübingen Neuro Campus. A375 cell lines were 

provided by Associate Professor Dr. Stephanie Kreis from the Signal Transduction Group at 

the Department of Life, Science and Medicine (DLSM) at the University of Luxembourg. 

Further details on the media composition are provided in the Appendix.  

1.2. TESTING OF CULTURE MEDIA  

In order to find the culture medium able to maintain the cells in an environment that allows 

the formation of a sustainable coculture in vitro, we tested the different culture media that 

are used for the culture of immortalized human cells on each cell type as shown in Figure 6. 

We then tested the viability of the cells using trypan blue. 
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Figure 6 Schematic illustration of the culture media testing 

Schematic illustration created using BioRender. Culture media testing to identify the medium 

that provides optimal sustainability of the hicBBB in vitro model. 

1.3. PROLIFERATION ASSAY  

To measure the proliferation of the human immortalized blood-brain barrier (hicBBB) and 

A375, cells were seeded on 24-well plates at a density of 5x104 cells per well were maintained 

in the cell incubator at 37 °C/5% CO2. Plates were transferred to IncuCyte Live Cell Analysis 

System (Sartorius, Göttingen, Germany) where hicBBB and A375 cells were visualized for 96h 

at 2h intervals with a 10x magnification objective for image acquisition. Cell density was 

calculated for each time point from two ROIs per well by applying a phase contrast mask that 

allows cell/per field identification. A minimum of three biological replicates with two 

technical replicates were performed for statistical analysis.  

1.4. MIGRATION AND INVASION ASSAY 

The Boyden chamber migration assay was previously detailed by (Ilina et al. 2022). The 

migratory abilities of hicBBB and A375 cells were assessed using 8μm pore Boyden chambers 

without coating (ThinCert cell culture inserts, Greiner) or coated with FN and PLL from Sigma 

Aldrich. 50,000 cells were seeded in the upper part of the Boyden chambers in their original 

culture medium without creating chemoattractant gradient. After 24-48-72 hours, cells were 
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fixed in 4% PFA for 10 minutes and washed briefly twice in PBS and non-migrating cells were 

removed. Cell nuclei were stained with DAPI for 5 minutes and washed twice in PBS before 

imaging. Migrating or invasive cells were quantified by counting the number of cells on the 

underside of the membrane using a Nikon DS Ri2 microscope (Nikon, Tokyo, Japan) with a 

10x magnification objective (5 representative fields per membrane). The experiments were 

conducted in three biological replicates (each with two technical replicates). Details on the 

invasion potential of the hicBBB cell lines are provided in the Appendix (Figure 47). 

1.5. hicBBB FORMATION PROTOCOL 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Schematic illustration of the hicBBB in vitro model formation protocol  

Schematic created using BioRender. Description of the individual steps required for the 

formation of the in vitro hicBBB model. 
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The hicBBB in vitro model is made in Boyden chamber ThinCert translucent with 8 µm pores 

from Greiner. Further details of the process can be found in the schematic illustration above 

(Figure 7).  

 

Day 1 Coating and SVGA seeding 

The bottom side of the ThinCert is coated with Poly-L-Lysine (PLL) from Sigma Aldrich at 

0.001%. The upper side is coated with human plasma-derived fibronectin (FN) at a 

concentration of 5 μg/cm2 from Sigma Aldrich. 4,5x105 SVGA cells are seeded on the 

underside of the PLL-precoated ThinCert using DMEM as medium. For 45 minutes, the cells 

are allowed to adhere to the PLL-coated bottom surface. Then, they are turned upside down 

and placed in the incubator overnight.   

 

Day 2 Pericytes seeding 

Inserts already with astrocytes are transferred to a new 24-well plate with PM. 4,5x105 SV40-

HBVP cells are seeded on the upper chamber coated with human FN using PM. They are then 

placed in the incubator overnight. 

 

Day 3 hCMEC/D3 seeding 

The inserts containing SVGA and SV40-HBVP are transferred to a new 24-well plate with EGM-

2 medium. 7,5x105 hCMEC/D3 cells are seeded on the upper chamber coated with SV40-

HBVP. Then they are placed in the incubator overnight. 

 

 

 

Day 4 hicBBB formation 

On the 4th day of the hicBBB experiment, we change the medium of the upper and lower 

compartment. 
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Day 5 TEER measurement and tumor cell seeding 

TEER is measured using the nanoAnalytics CellZscope 2 by programming the frequency from 

1 Hz to 100 kHz. During this step of the protocol, we also seed 5,0x106 A375 wt cells or 

treatment resistant. 

 

Day 6 Tumor cell migration 

On day 6 after seeding tumor cells in the in vitro hicBBB model, we change the medium (200 

μl) of the upper and lower compartment while constantly measuring the TEER.  

 

Day 7 Tumor cell sorting 

We finish the TEER measurement and prepare the hicBBB for tumor cell sorting by flow 

cytometry or for immunofluorescence, we also collect the supernatant that we will apply on 

the antibody array (see FACS sorting section). 

1.6. TIME-LAPSE OBSERVATION OF TUMOR CELLS CROSSING THE 

hicBBB  MODEL 

We proceeded to a live-cell imaging observation using confocal microscopy to assess the 

average time lapse during which tumor cells pass through the hicBBB in vitro model. For this 

purpose, we followed A375 cells expressing mCherry through the hicBBB model using 

confocal microscopy. Before transferring the model to the microscope chamber for live 

imaging, we stained the bottom cell layer (SVGA cells) using Hoechst. We then transferred 

the coculture to a 24-well plate with glass bottom and incubated it at 37 °C and 5% CO2 in 

the Zeiss LSM 880 incubator. We acquired images every 15 minutes overnight.   

1.7. hicBBB IN VITRO MODEL PERMEABILITY TEST 
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To assess the permeability of the hicBBB model, we used dextran-coupled fluorophores. Once 

the hicBBB is fully formed or after seeding the A375 cells, we applied a solution that contains 

the usual Endothelial Cell Growth Medium-2 BulletKit (EGM-2) with a concentration of 10 µM 

of Antonia RED 3kD from Sigma Aldrich (AR). Then, we sampled 100µl from the lower 

chambers of the hicBBB model every 30 minutes five times. Then we read the raw 

fluorescence using a CLARIOstar® plate reader. Finally, we used the raw fluorescence unit 

(RFU) to visualize the passive permeability of the hicBBB. 

1.8. FACS SORTING OF FLUORESCENT TUMOR CELLS  

For sorting A375 cells, we washed the insert containing hicBBB and tumor cells with PBS and 

immersed the lower part of the ThinCert in trypsin to harvest cells from the SVGA side of the 

membrane. Subsequently, we sorted the cells using the mCherry signal or the CellTracker™ 

Deep Red Dye. As a control, we used all cells that comprise the hicBBB as well as the original 

A375 cells to isolate fluorescent cells and eliminate any auto-fluorescence. 

1.9. ANTIBODY ARRAY  

We used the conditioned medium of hicBBB on antibody arrays. We used human MMP 

antibody array, human cytokine antibody array, human angiogenesis array, human MAPK 

array from abcam following the protocol given by the supplier.  

TARGET REFERENCE 

MMP ANTIBODY ARRAY ab134004 

HUMAN CYTOKINE ANTIBODY ARRAY ab133998 

HUMAN ANGIOGENESIS ARRAY ab134000 

HUMAN MAPK ARRAY ab211061 
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Table 2 Antibody array reference table 

Further details on the antibody arrays’ composition are provided in the Appendix.  

1.10. IMMUNOFLUORESCENCE  

Immunofluorescence (IF) was performed on cell monolayers as well as hicBBB models that 

had been previously fixed in paraformaldehyde (PFA), permeabilized with 1.5% Triton 

solution, blocked with 5% donkey serum, and then incubated overnight with the primary 

antibody (Table 3). 

 

ANTIBODY NAME COMPANY REFERENCE CELL HOST SPECIES 

ANTI-PDGFR BETA Abcam ab32570 SV40-HBVP Rabbit 

ANTI-ZO-1 Abcam ab190085 hCMEC/D3 Goat 

ANTI-CD31/PECAM-1 Abcam ab9498 hCMEC/D3 Mouse 

ANTI-Α-SMA Abcam ab5694 SV40-HBVP Rabbit 

ANTI-CLAUDIN 5 Abcam ab15106 hCMEC/D3 Rabbit 

ANTI GFAP Synaptic Systems 173 004 SVGA Guinea Pig 

ANTI-OCCLUDIN ANTIBODY 

(TIGHT JUNCTION) 
Abcam ab235986 hCMEC/D3 Rabbit 

  

Table 3 Antibody reference table for IF and WB 

 

The next day, the sample was incubated with the secondary antibody for two hours ( Table 

4). 

 

ANTIBODY 

TARGET 
FLUOROPHORE COMPANY REFERENCE 

HOST 

SPECIES 
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ANTI-GOAT Alexa Fluor® 488 Jackson ImmunoResearch 705-545-003 Donkey 

ANTI-RABBIT Cy™3 550 Jackson ImmunoResearch 711-165-152 Donkey 

ANTI-GUINEA 

PIG 
Alexa Fluor® 647 Jackson ImmunoResearch 706-605-148 Donkey 

ANTI-MOUSE Alexa Fluor® 555 Life technologies A21422 Goat 

 
Table 4 Secondary antibody reference table 

1.11. IMMUNOCYTOCHEMISTRY   

All immunocytochemistry (ICC) analyses were performed at the National Health Laboratory 

according to the standard procedure that is followed in the pathology routine . Cell pellets 

were prepared and fixed with PFA, embedded in kerosene and then stained for the following 

marker. Each stain was accompanied by a corresponding hematoxylin and eosin stain to verify 

histologic features. SOX10, HMB45, MelanA, BRAFV600E. 

 

 

1.12. TEER MEASUREMENT WITH THE CELLZSCOPE2 
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Figure 8 Schematic representation of TEER measurement using the cellZscope2 

Schematic representation of TEER measurement using the cellZscope2 showing the 

impedance difference between the upper and lower chambers of the transwell generated by 

the presence of the in vitro hicBBB model. UpE = upper electrode; LowE = lower electrode; 

TEER = trans-endothelial electrical resistance.  

 

To measure the efficiency as well as the resistance of the hicBBB model we use the 

cellZscope2 (NanoAnalytics, Münster, Germany) during the experiment described above 

according to the manufacturer’s protocol (Figure 8). The TEER is recorded every 15 minutes 

for all wells. The measurement starts with the calibration of the machine to check that all 

electrodes are functional. 

1.13. ELECTRON MICROSCOPY 

The first step in the preparation of a sample for the electron microscope begins with a crucial 

step, which is fixation. For this we used the Karnovsky fixative which is composed of 2% 

Paraformaldehyde, 2.5% Glutaraldehyde in 0.1M Cacodylate buffer at pH 7.4, always 

prepared freshly before fixation. Then there is a post-fixation step, for this, we used a 1% 

osmium solution in 0.1M Cacodylate buffer. Successively, there is a dehydration step in an 

ethanol bath from 30% to 90% with an increase in concentration of 20% at each successive 

bath, to finish in a 100% ethanol bath. We then placed the dehydrated samples in 2 

consecutive baths of 100% acetone. Finally, we embedded the samples in an epoxy resin 

according to the recipe below.  
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• glutaraldeyde

• paraformaldehyde
Chemical 
fixation

• osmium tetroxide
Post 

fixation

• ethanol

• acetone
Deshydration

• solvant substitution by resinEmbedding

 
Table 5 Table of alternative compositions of the EM resins 

 

The following solution recipe was used to process our samples. We put the samples in 

successive baths of resin mixed with acetone as described below:  

¼ resin + ¾ solvent: 1 hour  

½ resin + ½ solvent: 1 night 

¾ resin + ¼ solvent: 3 hours 

Pure Resin: 1 hour 

Pure Resin: 1 night 

Pure Resin: 1 hour 

Finally, we placed the samples in fresh pure resin for 72 hours at 60 °C for its polymerization. 

Once the polymerization step completed, we proceeded to cut the samples with an 

ultramicrotome to obtain 80 nm ultrathin slices that can be observed with a scanning 

transmission electron microscope (STEM).   

 

 

 

 

 

 

COMPOSITION /HARDNESS SOFT MEDIUM HARD 

AGAR100 24g 24g 24g 

HARDENER DDSA 22g 16g 9g 

HARDENER MNA 6g 10g 15g 

ACCELERATOR BDMA 1,5g 1,5g 1,5g 
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Figure 9 Schematic representation of sample processing for electron microscopy   

STEM observation requires that samples be cut into extremely thin cross-sections. This 

thickness allows the electrons to either pass through the sample or not. Following fixation 

and dehydration, the samples are embedded in a rigid resin to facilitate cutting. Then, using 

a device called an ultramicrotome, the samples are cut into ultrathin 50-100 nm-thick slices. 

In order to enhance the contrast of the final image, STEM samples are additionally 

treated with uranyl acetate or coated with carbon. 

1.14. 3’-END RNA-Seq 
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Figure 10 Schematic representation of the library preparation for the 3’ mRNA-Seq from 

Lexogen 

Schematic overview of QuantSeq FWD library preparation. The first step is the generation of 

the library by reverse transcription targeting the polyA tails as binding points, this step is 

followed by PCR amplification and purification and then sequencing. Schematic from 

Lexogens QuantSeq 3’ mRNA-Seq Library Prep Kit for Illumina (FWD) manual.  

 

Following snap freezing after cell sorting, the cell pellets were transferred to the LuxGen 

sequencing platform. RNA extraction was performed using Trizol. Then, the library was 

prepared (Lexogen schematic) for the Lexogen QuantSeqTM 3 ’ mRNA-Seq kit with a capacity 

of 20M reads per sample, this following the protocol provided by the supplier. After this 

alignment, the count for each gene was generated and the data analysis was then performed 

by the LIH bioinformatics platform using the DESeq2 pipeline. 
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1.15. STATISTICAL ANALYSIS 

Differences between two groups were analyzed by unpaired Student ’s t-test or ANOVA using 

GraphPad Prism 6.0 software (Graphpad software, La Jolla, CA, USA). Unless otherwise 

specified, error bars indicate standard deviation and experiments were performed at least 

three times in biological and technical replicates. Asterisks indicate significant differences 

(*p < 0.05, **p < 0.01, and ***p < 0.001). Blinding during data analysis was not performed. 
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2. IN VIVO MODEL 

2.1. LEFT HEART VENTRICLE INJECTION ASSISTED BY ULTRASOUND 

DEVICE 

In order to recreate the process of brain metastasis, adult immunodeficient Nude (Nu/Nu) 

female mice were chosen, and they were purchased from Charles River Laboratories in 

France. The first strain of immuno-compromised mice to be employed in cancer research 

were the nude mice. They were developed by the National Institutes of Health (NIH). Nude 

mice exhibit spontaneous FOXN1 gene deletion. As a result, the animal does not possess a 

fully developed thymus and is therefore unable to produce T cells, which renders it 

immunodeficient. As they do not reject tumor cells, nude mice are the most suitable choice 

in the field of cancer studies.  

Our in vivo model consists in injecting 5x105 A375 cells expressing mCherry into the left 

ventricle of a mouse heart. The injection of cells was performed in 0.1 ml of PBS using an 

insulin syringe. Prior to tumor cell injection, the position of the heart and the possibility of 

injection were assessed by ultrasound. The animals were anesthetized intraperitoneally with 

buprenorphine (0.1 mg / kg) in 0.1 ml injectable solution and kept in a sleep state with 

isoflurane breathing during the procedure. After the procedure, the mice were closely 

monitored and evaluated using score sheets. From the procedure until sacrifice, each mouse 

was weighed and assessed for pain or behavioral change daily. The animals were maintained 

under specific pathogen-free conditions and housed in a 12-hour light/dark cycle with ad 

libitum access to water and food.  

All the procedures involving animal handling were performed in accordance with the 

Luxembourgish law (based on the European Directive 2010/63/EU) and were approved by the 

national authorities and the Animal Welfare Structure (AWS) at LIH (protocol number LCNP -

2018-01). 
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2.2. IMMUNOFLUORESCENCE BRAIN SLICES SCREENING  

 

 
Figure 11 Schematic representation of the in vivo model of the metastatic process to the 

brain 

Injection of 5x105 A375 cells into the left ventricle of the mouse heart with ultrasound 

guidance. Brain metastasis process from day 2 to day 10. Sacrifice of two mice every 24 hours 

for 10 days. Removal of the mouse brains. Cutting of the murine brains using a vibratome. 

Search for mCherry signal using a confocal microscope. Embedding of the murine brain slices 

in resin and cutting of the obtained samples using an ultramicrotome. Observation of the 

samples using a STEM.  

 

To localize mCherry-expressing A375 cells adhering or blocked in a brain capillary, we first 

extracted the brain and any other organs that may be a potential site for tumor cells flowing 

freely through the vasculature. Then we immersed the organ in Karnovsky ’s solution for 

fixation, after which we cut the brains of the mice into sections of 100 μm thickness using a 

vibratome. Subsequently, we examined the brain using confocal microscopy looking for 

mCherry signal expression. In order to validate the observation of correct mCherry 

expression, we employed several markers, such as ZO-1, GFAP (Table 2) that help to reduce 

Injection of 5x105 

A375 cells

Metastatic 
process towards 
the brain

Cutting of brain 
slices

Confocal 
observation 

Embedding of the 
samples in resin

STEM imaging
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the background and improve the contrast. We also used an antibody against the mCherry 

protein that is expressed by A375 cells (mCherry antibody Rabbit mAb, Bioké, Ref. 43590). 

Once the spots were selected, we embedded the brain slice as described in the electron 

microscopy section mentioned earlier. Once the samples were placed in the resin, we used 

the coordinates of the confocal observation and reduced the observation area by cutting the 

edge of the sample. We then cut the sample with an ultramicrotome generating 80 nm thick 

slices. The sample was analyzed using a STEM from Zeiss  (Figure 11). 
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PART III. RESULTS 
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1. hicBBB CELLS IDENTIFICATION AND DESCRIPTION  

1.1. hicBBB CELLS IDENTIFICATION BY IF  

The blood-brain barrier plays an important role when it comes to maintaining a finely 

regulated microenvironment, necessary for the homeostasis of the central nervous system. 

The BBB is composed of endothelial cells that line the brain capillaries and interact closely 

with the surrounding astrocytes and pericytes. Compared to ECs in other parts of the body,  

ECs in the CNS have special properties that give them the faculty to finely regulate the transit 

of cells, molecules and ions between the blood and the brain. One of these faculties is the 

formation of tight junctions, thanks to which the ECs are held tightly together and a diffusion 

barrier is created. 

Before a study model can be set up to recreate a BBB in vitro composed of these three cell 

types, the respective cell types have to be selected in such a way that they are able to grow 

in culture together and establish the structural organisation of a BBB, including TJs. Either 

primary cells, i.e. cells isolated from in vivo tissue, or established cultures with mitotically 

active, immortalized cells can be used for such endeavours. While primary cells most closely 

resemble the in vivo situation and such lend themselves to an accurate analysis of the BBB 

itself, immortalized cultures can be scaled and repeated in a reliable fashion. Since the 

analysis of the interaction of cells with the BBB in large numbers requires a high degree of 

reproducibility, we opted for immortalized cells. This further allows for the use of human 

cells, something not easily possible with primary cell culture. The first of the cell lines we use 

is hCMEC/D3. This cell line is derived from human temporal lobe microvessel. Its 

immortalization was done by lentiviral vector transduction (Weksler et al. 2013). We 

confirmed the endothelial differentiation of our culture by IF, using endothelium-specific 

markers such as CD31, Claudin-5, Occludin, ZO-1 and concluded hCMEC/D3 is suitable for the 

establishment of our hicBBB model (Figure 12). 
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Figure 12 Immunofluorescence identification of hCMEC/D3 cells in the in vitro hicBBB model  

Immunofluorescence micrograph performed using a confocal microscope to observe the 

expression of the following hCMEC/D3 endothelial cell markers: CD31, claudin 5, occludin, 

ZO-1. Magnification 20 x. Scale bar 20 µm. Nuclear staining using DAPI is shown in blue.   

 

For the pericytes, our choice fell on the immortalized pericytes cell line SV40-HBVP derived 

from human brain vessels, which was provided to us by the laboratory of  Ulrike Naumann in 

Tubingen. The expression of markers that can be used to identify pericytes was previously 

established by the laboratory that provided us with the SV40-HBVP cell line. However, we 

also proceeded with an IF verification of the expression of PDFRβ and αSMA, which are 

specific markers for pericytes (Figure 13).  
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Figure 13 Immunofluorescence identification of SV40-HBVP cells in the in vitro hicBBB model  

Immunofluorescence micrograph performed using a confocal microscope to observe the 

expression of the following SV40-HBVP pericytes markers: αSMA and PDGFRβ. Magnification 

20 x. Scale bar 20 µm. Nuclear staining using DAPI is shown in blue.   

 

To implement our model, the last cell type needed is astrocytes. The selected SVGA, an 

immortalized human astrocytes cell line. We proceeded with the verification of the glial 

fibrillary acidic protein GFAP expression, a marker in the identification of astrocytes ( Figure 

14). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14 Immunofluorescence identification of SVGA cells in the in vitro hicBBB model 
Observation of the astrocyte marker GFAP applied to SVGA cells by performing an 

immunofluorescence micrograph using a confocal microscope. Magnification 40 x. Scale bar 

20 µm. Nuclear staining using DAPI is shown in blue.   
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In summary, the specific positive immunofluorescent staining of endothelial cells, pericytes 

and astrocytes permits the selection of these cell lines to create the human immortalized cell 

in vitro model of the BBB. As a next phase, we sought a way to identify and track the A375 

melanoma cell line through the BBB. 
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2. TUMOR MODEL IDENTIFICATION   

2.1. IDENTIFICATION OF THE A375 CELL LINE BY ICC  

As a tumor invasion model in interaction with the in vitro model of the BBB, we used A375 

cells kindly provided to us by the lab of Stephanie Kreis. A375 cells are a line of human 

melanoma cells derived from a solid tumor of a 54-year old female patient with malignant 

melanoma (Giard et al. 1973).  

ICC examination confirmed that A375 cells were not stained with the MelanA marker ( Figure 

15 h). This result is consistent with the fact that Microphthalmia-associated transcription 

factor (MITF) protein is known to be down-regulated in amelanotic melanoma. 

To confirm the differentiation of the cell line and its identity, we further did ICC  for BRAF 

V600E, Sox10 and S100. 

Figure 15 shows multiple immunocytochemistry (ICC) stainings performed on the A375 cell 

line after formalin fixation and paraffin embedding (FFPE). The ICC was conducted to identify 

a potential marker that can be used to track tumor cells that invade the BBB and enter the 

brain parenchyma. 

Figure 15 a shows ICC staining performed on the A375 cell line with hematoxylin and eosin. 

This allowed us to acquire information about the shape and structure of the cells. The purple 

color represents the nuclei of the cells.    

Figure 15 b shows positive antibody staining by anti-BRAF V600E, which is a specific marker 

to the mutation that occurs in melanoma when a valine (V) is substituted by a glutamic acid 

(E) at position 600 of the BRAF protein. This mutation leads to continuous activation of BRAF, 

which is known to be oncogenic.   

Next, we focused on SOX10 (Figure 15 d), the nuclear transcription factor known for its role 

in regulating neural crest and peripheral nervous system development. Melanocytes are 

derived from the neural crest and are generally positive for SOX10, this marker is used within 

pathology laboratories as a marker for melanoma. ICC examination showed that the pellet of 
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A375 cells showed positive nuclear staining for anti-SOX10 antibody, which may mean that 

SOX10 may be a potential marker for our screening.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 15 Search for a specific A375 cell line marker 

a ICC staining of A375 cell pellets with hematoxylin and eosin after formalin fixation and 

paraffin embedding (FFPE); b, d, f, h ICC staining of A375 cell pellets by anti-BRAF V600E, 

anti-SOX10, anti-S100, anti-MelanA ; c, e, g, i IHC staining of melanoma skin cancer tissue as 

a positive control. Magnification 10 x. Scale bar 100 µm. Cells were stained with DAB in brown 

and with hematoxylin in blue.  
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When dimeric, S100 is similar to calmodulin, and like SOX10, it is usually expressed in neural 

crest-derived cells (Figure 15 f). ICC examination showed that the pellet of A375 cells showed 

positive cytoplasmic staining for anti-S100 antibody, which may mean that S100 may be a 

potential marker for our screening. Although the A375 cell line results positive for S100 and 

SOX10, these markers cannot be used to properly track cells in a system where other cells 

express the same ones. A375 cell line results positive for BRAF mutation, however the anti-

BRAF V600E antibody is unusable as it was produced in murine hosts, this makes a positiv e 

label to BRAF V600E indistinguishable from the background generated by the reaction of 

murine antibodies to murine epitopes. We concluded that anti-BRAF V600E is not suitable for 

detection of melanoma in murine brain tissue. Therefore, we decided to use EM to determine 

whether melanosomes were sufficiently present in the cells to allow identification of 

melanomas in the in vivo model. 

2.2. hicBBB CELLS AND A375 MELANOSOME OBSERVATION BY 

ELECTRON MICROSCOPY 

After identifying the cells using specific markers, the next step was to find a feature that 

could be identified by electron microscopy and without prior staining, which could help us 

discriminate A375 cells from the cells of the hicBBB model in vitro as well as from the cells of 

the mice brains of the in vivo model. For this purpose, we had to perform electron microscopy 

imaging of hicBBB cells (Figure 16, Figure 17 a) and of A375 cells with melanosomes. In Figure 

17 b, indicated by the number 3, we can observe the melanosomes (Walts et al. 1988).  

Taken together, the results of the IHC staining in conjunction with the EM observation 

provide two possible ways to identify and track tumor cells across both the in vitro and in 

vivo models. Namely, the specific anti-V600E staining against the BRAF mutation and the 

presence of potential melanosomes imaged by EM. In the next chapter, we will investigate 

whether the tumor model possesses the ability to migrate and invade the Boyden chambers 

and the rate at which A375 cells  and hicBBB cells grow. 
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3. MIGRATORY AND INVASIVE POTENTIAL OF THE A375 CELL LINE 

AND PROLIFERATION POTENTIAL OF THE CELLS FROM THE IN 

VITRO hicBBB MODEL AND FROM THE A375 CELL LINE  

Following the analysis of hicBBB model cells and A375 cells by IF or ICC to determine the 

presence of specific markers, we next turned our attention to the migratory and invasive 

potential of the A375 cell line.  

 

Figure 18 Migration potential of the A375 cell line  

Migration potential of the A375 melanoma cell line over 72 hours. Error bars represent SD 

(n=3). 

 

Therefore, we proceeded to examine the migration and invasion potential of A375 cells at 24 

hours, 48 hours and 72 hours (Figures 18, 19). We were able to observe that when the 

migration potential is compared to the invasion potential, it seems that both PLL and FN 

coatings tend to reduce the number of cells present on the membrane at each time point. 

This led us to believe that the coating provides additional anchorage to the tumor cells and 

does not prevent them from continuing their transit across the membrane. Taken together, 

the information gathered, leads us to believe that the coating could trigger the invasion 

phenomenon we were looking for in our model.  This could indicate that A375 cells produce 



75 

 

proteolytic enzymes such as MMPs, which help them to degrade the coating present on the 

membrane. It has been shown previously (Banerji et al. 2008) that the A375 cell line expresses 

MMP2 and MMP9 when in the presence of FN. 

 

 

Figure 19 Invasion potential of the A375 cell line  

Invasion potential of the A375 melanoma cell line on a PLL+FN coated membrane over 72 

hours. Error bars represent SD (n=3). 

 

Next, we proceeded to determine the proliferation potential of all the different cell lines that 

we used to build our in vitro hicBBB model (Figure 20). On the y-axis, we can see the 

percentage of confluence of the cells in culture while on the x-axis, we can see the time 

period during which confluence of the cells in culture was observed. We can see that after 

24 hours in culture, the confluence seems to remain unchanged for the four cell lines. 

However, after 40 hours of culture, we can see that the A375 cell line reaches a confluence 

of 50% compared to the other three cell lines which only reach 20% confluence.  We can also 

see that after 60h of culture, the A375 cell line reaches 100% confluence, while the 

endothelial cell line, the pericyte line and the astrocyte line only reach 50% confluence.  
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It is important to highlight this information because the rate of cell growth had to be taken 

into consideration when developing our in vitro hicBBB model to ensure that the cells that 

formed it did not start to die due to the lack of nutrients that are limited in a well.   
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Figure 20 Cell proliferation assessment of the in vitro hicBBB model and the A375 cell line  

Proliferation potential determined by the cellular confluence of the hicBBB in vitro model 

cells and of the A375 cell line over time. Cell confluence is given as percentage. Error bars 

represent SD (n=3). 

 

In the first part of this chapter, we confirmed that the A375 cell line that we use as a tumor 

model has invasive and migratory potential. In addition, we have shown a confluence analysis 

of the tumor cells as well as the cells that make up the hicBBB model. All of this information 

will help us to maintain our in vitro model stable once the cells are in coculture. The next 

chapter will focus on the type of medium needed to maintain the cells in coculture.  
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4. MEDIUM DETERMINATION FOR THE hicBBB MODEL 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
Figure 23 hCMEC/D3 viability in a gradiant of mixed media  

Viability of hCMEC/D3 cells exposed to the mixed medium. Error bar represents SD (n=1). 

Figure 21 SVGA viability in a gradient of 

mixed media  

Viability of SVGA cells exposed to the mixed 

medium. Error bar represents SD (n=1). 

 

Figure 22 SV40-HBVP viability in a gradient of 

mixed media 

Viability of SV40-HBVP cells exposed to the 

mixed medium. Error bar represents SD (n=1). 
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Figure 24 hicBBB cells viability in different media 

Viability of the different cell types when exposed to the respective original media. Error bar 

represents SD (n=3). 

 

Each culture medium is different, for instance the endothelial cell medium contains growth 

factors that are not present in DMEM or PM, but also molecules such as hydrocortisone and 

heparin that are known to promote the formation of tight junctions between EC. In order to 

determine the optimal culture medium to maintain the cells in triple coculture, we performed 

two experiments: in one we cultured each of the cell lines that compose the model in a mixed 

medium derived from the mixture of the different original culture media of these cell lines; 

in another we cultured each of these cell lines in the unchanged medium of the other cell 

lines of the model.   

After performing confluence analysis on each cell line of the hicBBB in vitro model, we started 

looking for the type of medium that could maintain the cells in a state where they could form 

a model. The three cell lines we used to develop our hicBBB in vitro model each require a 

different culture medium. We first tested whether the mixture of media we routinely use for 

monoculture would be suitable for each of these three cell lines.   
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Figure 22 shows the SV40-HBVP cell line in different mixed culture media and at different 

concentrations. These media were obtained by mixing PM medium, used for the culture of 

pericytes, DMEM medium, used for the culture of astrocytes, and EM medium, used for the 

culture of endothelial cells. On the y-axis we can see the cell viability in percentage and on 

the x-axis we can see the different mixtures of culture media that were tested. The mixture 

between PM and DMEM does not seem to have an impact on the viability of pericytes, but 

when we look at the mixture between PM and EM, we see a decrease in their viability. This 

decrease in viability may be explained by the presence of some constituents of the EM 

medium.  

When we examine the viability of SVGA, we can observe that the cellular viability of the 

DMEM control and of the 80% DMEM/20% EM condition is about 30%. Whereas when DMEM 

is mixed with larger amounts of other media, cell viability is about 70% (Figure 21). These 

results for SVGA are therefore not usable given the cell viability of the control.   

In a next step, we took a closer look at the effect that the composition of the media has on 

hCMEC/D3. When we look at the graph, we see that none of the media that were tested 

seems to be suitable for endothelial cell culture (Figure 23). Therefore, we decided to test 

the viability of the cell lines only using the respective culture media of each actor in the 

hicBBB in vitro model (Figure 24).  

We can observe that after 24 hours of culture spent in different cell media, the cell viability 

of all human immortalized cells does not seem to be affected by the change of culture 

medium. The results presented in Figures 21, 22 and 23 are contradicted by the results 

presented in Figure 24. We therefore decided to repeat the experiment whose results are 

shown in Figure 24, to determine the accuracy of the results. It turned out that the results 

shown in Figure 24 are reproducible. These results led us to use only the endothelial cell-

specific medium EBM-2 for the development of our hicBBB model in the presence of all three 

cell types. In addition, EBM-2 medium contains certain components such as hydrocortisone 

and ascorbic acid that help maintain endothelial cell function. Hydrocortisone tend s to 

reduce permeability to macromolecules by preserving the membrane glycocalyx and by 

reducing physical and chemical stresses such as the presence of TNFα  (Supplementary 

Figures 49 and 50). We tested the impact of TNFα on hCMEC/D3 and SVGA coculture as well 

as on our hicBBB model in vitro, and it appeared that after treatment there is a decrease in 

TEER. Ascorbic acid is an antioxidant that acts as a cell protector. Other growth factors such 
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as human fibroblast growth factor (hFGF), vascular endothelial growth factor (VEGF), insulin 

growth factor (IGF), and human epithelial growth factor (hEGF) are present to support 

endothelial cell growth, but they may also have a significant impact on the mai ntenance and 

growth of SVGA and SV40-HBVP.  

Testing of different culture media on the hicBBB model cell lines has shown that the optimal 

medium to maintain the functionality of the latter is the endothelial cell medium. In the nex t 

chapter, we will observe and monitor the formation of our in vitro model by confocal 

microscopy, transendothelial electrical resistance and permeability assay.
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5. FORMATION OF THE hicBBB MODEL  

5.1. OBSERVATION OF THE hicBBB BY CONFOCAL MICROSCOPY  

 

 
Figure 25 Microscopic observation of the hicBBB Z-stack by IF  

a shows the upper part of the transwell where a triple immunofluorescence staining was 

performed using the following antibodies: GFAP, PDGFRβ and occludin. Magnification 20 x. 
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Scale bar 20 µm. Nuclear staining using DAPI is shown in blue. b displays the lower part of 

the transwell where a triple immunofluorescence staining was performed using the following  

antibodies: GFAP, PDGFRβ and occludin. Magnification 20 x. Scale bar 20 µm. Nuclear staining 

using DAPI is shown in blue.   

 

Following their identification, we combined the three cell lines to form our hicBBB model in 

vitro. In the next section, we will explain how we confirmed the formation of the hicBBB 

model in vitro and how it reacted when confronted with the presence of melanoma tumor 

cells. To ensure that all the hicBBB cells were in place during model development, we 

performed IF to verify their location as well as the expression of specific markers that 

characterize them (Figures 25 a and b). Figure 25 a shows the upper compartment of the 

Boyden chamber 48 hours after the formation of the hicBBB model. We used IF staining of 

GFAP as a marker for astrocytes, occludin as a marker for endothelial cells, PDGFRβ as a 

marker for pericytes, and DAPI for nuclear staining. We then imaged the model using a 

confocal microscope to obtain a Z-stack on both sides of the membrane (Figure 25 b). Overall, 

the triple staining showed us that the cells are in the correct order, namely hCMEC/D3, SV40 -

HBVP, SVGA.  

5.2. TEER MEASURMENT OF THE NEWLY FORMED hicBBB  

Next, we tested and measured the TEER of our model during BBB formation (Figure 26). The 

y-axis of the graph represents the TEER value (Ω.cm2), this is the strength and tightness of 

the endothelial cell tight junction network over time, the latter i s represented in hours on 

the x-axis. TEER is proportional to the number of tight junctions that are between the 

endothelial formations, in other words, the higher the TEER, the higher the number of tight 

junctions.  

We can see that the addition of SVGA and SV40-HBVP to the model does not increase the 

TEER but HCMEC/D3 does. Immortalized human microvascular brain endothelial HCMEC/D3 

cells are known and sold as BBB endothelial cells. They are known to have an overall low TEER 

amounting to 8Ω.cm2. The murine brain endothelium bEND5, for examp le, expresses a 

somewhat higher TEER amounting to 12Ω.cm2  (Czupalla et al. 2014), and the porcine 
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cerebral microvascular endothelial cells (PBMVEC) express an even higher TEER reaching 

200Ω.cm2. However, our model was conceptualized so that all the cells we used were from a 

human donor.  

 
Figure 26 Assessment of hicBBB formation using TEER measurement 

Assessment of hicBBB model formation by means of TEER. Dash line represents SD (n=3). 

Further details on the values of the TEER measurements are provided in the Appendix (Figure 

48). 

5.3. PERMEABILITY OF THE hicBBB USING A FLUORESCENT TRACER  

We assessed the passive chemical resistance of the BBB using a dextran compound coupled 

to a fluorophore called Antonia Red, which has a molecular weight of 3kD (Figure 27). On the 

y-axis in Figure 27, we can see the raw fluorescence unit, while on the x-axis we can see its 

progression over time. We observe that the model reaches its optimal permeability after 48 

hours of triple coculture. The information collected so far, leads us to conclude that our 
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hicBBB model has all the necessary characteristics to be used in the study of the BBB invasion 

process by tumor cells.  

It is worth noting that the permeability of the model alone was tested without changing its 

medium for 72 hours after formation, in order to determine whether the model would require 

a change of medium every 24 hours. Furthermore, in a parallel experiment using TEER, once 

formed, we tested the integrity of the model when changing its medium every 24 hours, and 

it was determined that it can be maintained for more than 72 hours. 

 
Figure 27 Changes in the permeability of the hicBBB model at different time points  

Tracer-based permeability measurement at 24 hours, 48 hours and 72 hours. Error bar 

represents SD (n=3). 

 

In this chapter, we begin by showing that the cell lines that compose the hicBBB are layered 

in the intended manner. Next, we assess the integrity and resistance of the in vitro model 

using TEER and observe by means of a fluorescent tracer that the optimal  permeability of the 

hicBBB model is reached after 72 hours of coculture. Following this, we will investigate the 

effects of the presence of the A375 cell line on the in vitro model and whether tumor cells 

are able to initiate or even complete the crossing of the different cell layers. 
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6. EXPOSURE OF THE hicBBB MODEL TO TUMOR CELLS  

6.1. TEER MEASURMENT OF THE hicBBB WHEN EXPOSED TO A375 

CELLS 

Once the hicBBB model had been validated, the experimental part of our study could be 

initiated. This involved the use of A375 tumor cells to destabilize the hicBBB model. This new 

step has consisted in the appreciation of the impact that the presence of A375 melanoma 

cells can generate on the hicBBB model. First, we exposed our hicBBB in vitro to different 

concentrations of A375 melanoma cells (1x105, 5x105, 1x106) and we kept a control as a 

reference for comparison with the conditions where tumor cells are present, but also to make 

sure that the model is well formed. On the graph (Figure 28), we can see that the control 

reached 10 Ω.cm2. When we compared the first two lowest concentrations to the control, we 

observed a decrease of 3Ω.cm2. In the same time frame, the purple curve representing a 

concentration of 1 million A375 tumor cells, decreases by 5Ω.cm 2. These results led us to 

believe that A375 cells are able to disrupt and cross the hicBBB model after 48  hours of 

coculture, although there is no statistical significance. 
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Figure 28 Impact of the presence of A375 melanoma cells on the in vitro hicBBB model 

assessed by TEER 

Impact of the presence of different cell concentrations of A375 on the hicBBB measured over 

a 50-hour period using TEER. Dash line represents SD (n=3).  

6.2. MEASURMENT OF THE hicBBB PERMEABILTY WHEN EXPOSED TO 

A375 CELLS 

Thereafter, we wanted to validate whether the A375 tumor cell line was also able to disrupt 

the passive permeability of the hicBBB. For this, we used a dextran coupled to a fluorophore 

with a molecular weight of 3kD (Figure 29). It is important to note that after seeding the 

tumor cells, in order to prevent nutrient deficiency and acidification of the medium as well 

as to ensure the integrity and functioning of the model, the medium was changed every 24 

hours. 
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Figure 29 Impact of the presence of A375 melanoma cells on the in vitro hicBBB model 

assessed by permeability assay 
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Impact of the presence of the A375 cell line on the permeability of the hicBBB measured at 

24 and 48 hours with a fluorescent tracer. Error bar represents SD (n=3). 

 

In Figure 29, the red line on the graph represents the hicBBB control. We were able to observe 

that after a 48 hours incubation in the presence of A375 cells, the hicBBB model showed an 

increase in its permeability compared to the control and the condition after a 24  hours 

incubation in the presence of A375 cells. We established previously that the A375 cells have 

an impact on the permeability of the hicBBB model. At this point, we can hypothesize that 

this impact is time dependent. Overall, the data suggest that A375 cells begin to migrate 24 

hours after the start of coculture and that the longer the tumor cell remain in culture with 

the model, the greater their impact. At present, we have established a temporal starting point 

for tumor migration through the in vitro model. 

6.3. IN VITRO TRACKING OF A375 CELLS CROSSING THE hicBBB MODEL 

In order to validate the previously formulated hypothesis, as well as to study the period 

during which A375 tumor cells pass through the hicBBB model, we carried out a live in vivo 

imaging strategy. After assembling the hicBBB and waiting 48 hours for the model to form, 

we seeded its upper chamber with the A375 melanoma cell line expressing mCherry.  

Meanwhile, we stained the lower layer of SVGA using Hoechst (Figure 30).  

The reason we chose Hoechst is that it stains the nuclei of the cells without altering the 

cellular physiological process. Then, we placed the model in a 24-well plate with a glass 

bottom in order to image it using a live confocal microscope overnight. The  confocal 

micrography performed during the incubation of the model, allowed us to observe a red 

fluorescent signal from an A375 cell, implying that the cells started to invade the hicBBB 

model during the incubation period. In addition, the red and blue signals do not appear to be 

at the same depth, which likely means that A375 cells still need time to cross the model to 

be fully visible.  
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Figure 30 Live in vitro tracking by confocal microscopy of A375 mCherry cells crossing the in 

vitro hicBBB model 

Photograph taken with a confocal microscope of the lower part of the transwell containing 

SVGA cells in blue and A375 mCherry cells in red after 24 hours of coculture. Scale 100 µm.  

 

To assess the exact time at which we can observe the first cell crossing the model, we 

implemented a multiple endpoint fixation strategy (Figure 31). Figure 31 shows the 48 hours 

time point after seeding A375 mCherry into the fixed hicBBB model. There are two areas 

where a red fluorescent signal can be seen, on the upper side of the membrane and in the 

middle of the blue fluorescent layer of the astrocytes. This leads us to believe that there are 

two populations of cells: one that remains on the top layer and another that crosses the 

model. We can thus conclude that A375 mCherry melanoma cells take 48 hours to cross the 

hicBBB model in vitro. We therefore wondered what changes the presence of tumor cells 

would produce in the model. 
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Figure 31 3D fluorescent microscopic reconstruction of the hicBBB in the presence of A375 

mCherry cells 

Image of the 3D reconstruction of the hiBBB model in vitro after 48 hours of coculture with 

A375 mCherry cells. 

 

In this chapter, we first established that the presence of A375 cells tends to disrupt the 

hicBBB model and that this disruption is correlated with the concentration of tumor cells. We 

also observed that A375 cells’ seeding seems to increase the permeability of the model in 

vitro and that the more tumor cells are in contact with the hicBBB model, the more permeable 

the latter becomes. Finally, we also determined using confocal and fluorescent microscopy 

that A375 cells take approximately 48 hours to cross the in vitro model. In the next chapter, 

we will screen for growth factors, cytokines, and enzymes that may be indicators of BBB 

invasion or rupture. 
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7. OBSERVATION BY ANTIBODY ARRAY OF THE hicBBB REACTION 

TO THE PRESENCE OR ABSENCE OF TUMOR CELLS  

7.1. MMP ARRAY EXPOSED TO CONDITIONED MEDIUM  

 

Figure 32 Summary analysis of the MMP array exposed to hicBBB-conditioned medium in 

the presence or absence of A375 melanoma cells 

The diagram on the left displays the MMP array exposed to hicBBB-conditioned medium. The 

diagram on the right displays the MMP array exposed to hicBBB-conditioned medium in the 

presence of A375 melanoma cells. y = raw intensity normalized to positive control, x = target 

names (n=1). 

 

We decided to study what changes occur in the hicBBB-conditioned culture medium in the 

presence or absence of A375 tumor cells. For this purpose, we used an antibody array that 

screens for the presence of different cytokines that may have be released into the medium. 

We first looked at the MMP arrays to determine if we could identify a specific agent that 

could be observed (Figure 32). When looking at Figure 32 where the medium is solely 

conditioned by the hicBBB model, we can observe that out of the ten targets that are located 

on the MMP array, only TIMP1 and TIMP2 appear to be present in quantities above the 

threshold set by the internal positive control. We observed the same phenomenon when 
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A375 cells were added to the model. When comparing these two conditions, we see that the 

presence of tumor cells seems to have increased the level of detectable MMP inhibitors.  

Banerji observed the same results. A (Banerji et al. 2008) in a study on the A375 cell line 

where they found that the presence of fibronectin, a natural component of the ECM present 

on the BBB, induced the production of MMP-2 and MMP-9. These MMPs are known to be 

enzymes that are used by tumor cells to degrade the ECM during extravasation (Voura et al. 

2013). This led us to believe that the in vitro hicBBB model is indeed effective in faithfully 

reproducing an invasion of the BBB in the human body. Hence, this may imply that the model 

has the potential to produce TIMP to inhibit the action of MMP produced by melanoma tumor 

cells. 

7.2.  ANGIOGENESIS ARRAY EXPOSED TO CONDITIONED MEDIUM 
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Figure 33 Summary analysis of the angiogenesis array exposed to hicBBB-conditioned 

medium  

The diagram displays the angiogenesis array exposed to hicBBB-conditioned medium. y = raw 

intensity normalized to positive control, x = target names (n=1). 

 

 

Figure 34 Summary analysis of the angiogenesis array exposed to hicBBB-conditioned 

medium in the presence of A375 melanoma cells 

The diagram displays the angiogenesis array exposed to hicBBB-conditioned medium in the 

presence of A375 melanoma cells. y = raw intensity normalized to positive control, x = target 

names (n=1). 

 

In a next phase, we verified whether there were other notable targets in the angiogenesis 

array other than those previously observed. 

Growth factors displayed in Figure 33 and 34 are those that have stronger signals than the 

positive controls.  

We were thus able to observe that the EGF initially present in the culture medium seemed to 

remain stable in the two conditions displayed in Figures 33 and 34. Other targets such as IL-

6, GRO, are present in the medium. 
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Another noteworthy information that we were able to retrieve from the angiogenesis array 

is that the presence of tumor cells seems to induce FGF consumption. The latter is thought 

to play a role in cell adhesion to the endothelial cell layer and in the tumor cell EMT process 

by promoting their migration through the different tissues (Korc and Friesel 2009). 

It is important to mention the presence of IL-6 in the hicBBB-conditioned medium in the 

presence of A375 melanoma cells because as stated in a patient-based study presented at 

the 2006 American Society of Clinical Oncology annual meeting, IL -6 production in patients 

with metastatic cancer appears to be theoretically correlated with a greater risk of 

developing depression and anxiety. 

The production of IL-6 by a tumor when it metastasizes can be considered as a mechanism 

supporting the “seed and soil” cancer metastasis theory (Fidler et al. 2002). The seed and soil 

theory is a hypothesis suggesting that tumor cells metastasize where the local 

microenvironment is favorable, much like a seed that grows only if it is planted in fertile soil.  

By producing IL-6, which is known to destabilize the brain microenvironment and to be 

correlated with pathologies of the cerebral nervous system such as Alzheimer’s (Escrig et al. 

2019), the primary tumor prepares the soil for the seeding, i.e., IL -6 helps tumor cells that 

undergo EMT as well as intravasation to adhere to and invade their destination (Abaurrea et 

al. 2021; Farahani et al. 2014).  

GRO is a chemokine worth highlighting in our work as it has been shown to play a role as a 

chemoattractant for several immune cells (Moser et al. 1990), but also as an arrest 

chemokine that helps monocytes to adhere to the membrane of endothelial cells by 

interacting with the cell adhesion molecule VCAM1 (Smith et al. 2005; Arvanitis et al. 2020).  
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7.3. CYTOKINE ARRAY EXPOSED TO CONDITIONED MEDI UM  

 

Figure 35 Summary analysis of the cytokines array exposed to hicBBB-conditioned medium  

The diagram displays the cytokines array exposed to hicBBB-conditioned medium. y = raw 

intensity normalized to positive control, x = target names (n=1). 

 
 

 

Figure 36 Summary analysis of the cytokines array exposed to hicBBB-conditioned medium 

in  the presence of A375 melanoma cells  
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The diagram displays the cytokines array exposed to hicBBB-conditioned medium in the 

presence of A375 melanoma cells. y = raw intensity normalized to positive control, x = target 

names (n=1). 

 

An additional array that has been used in our research to verify the presence of other targets 

in the conditioned media is the cytokine array (Figures 35 and 36), which includes 74 different 

targets. When reviewing the results obtained for the different conditions in the cytokine 

arrays, we found that, as with the MMP and angiogenesis arrays, TIMP and IL6 were present, 

with the addition of the interleukins IL-7 and IL-8, angiogenin, IGFBP-2, IGF-1, TNFα and 

RANTES.  

Through the use of the different arrays, it was possible to detect cytokines, chemokines, 

interleukins and growth factors that are produced by the hicBBB model in the presence or 

absence of A375 tumor cells.  

Angiogenin is known to be an essential cell growth factor that promotes the development 

and maintenance of melanomas, and in particular of the A375 melanoma cell line (Song et al. 

2006). 

Insulin growth factors such as IGFBP-2 and IGF-1 are known to be pro-tumor factors due to 

their influence on the PI3k/Akt pathway (Brahmkhatri et al. 2015).  

Recent research has shown that miR-7, an IGF inhibitor in melanoma, can reduce tumor cell 

growth and even reverse to some extent, resistance to BRAFi treatment such as vemurafenib 

(Sun et al. 2016). In another study by Liu. P et al. 2015, miR-425 was tested in Boyden 

chambers on the A375 cell line to inhibit its migration and invasion (Liu et al. 2015). 

Altogether, the information and data collected led us to conclude that the IGF present in the 

hicBBB-conditioned medium in the presence or absence of tumor cells, act in favor of the 

latter’s survival and tissue invasion. 

Our results showed that there is production of TNFα in the hicBBB-conditioned medium in 

the presence or absence of A375 melanoma cells, which is a disruptor of the endothelial cell 

layer capable of facilitating the passage not only of monocytes across the BBB during 

inflammation, but also that of tumor cells (Pan et al. 2011; Qiu et al. 2021).   

RANTES, also known as CCL5, is a chemokine that may have an important role in the survival 

and migration of tumor cells across the BBB, as when coupled with its GPCR CCR5 receptor, 
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it activates the pro-tumor PI3K/Akt pathway and induces the production of MMP to remodel 

the extracellular matrix of endothelial cells in melanoma metastasis (Liu et al. 2019). 

Taken together, the information gathered along with our results, has led us to the conclusion 

that our hicBBB in vitro model composed of immortalized human cell lines, can be a valid 

model to investigate the early invasion of the BBB by tumor cells and to possibly observe any 

potential change in the tumor cell line gene expression.   

In the following chapter, we will introduce two A375 cell lines resistant to BRAFi and MEKi 

and then isolate the fluorescent tumor cells, both resistant and non-resistant, after they pass 

through the in vitro model to observe if there is a difference in gene expression.
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8. RESISTANT CELLS AND FLOW CYTOMETRY SORTING  

 
Figure 37 Migration potential of A375 mono and double treatment-resistant cell lines 
The black bars on the diagram show the number of mono treatment- resistant A375 ER cells 
that were counted on the transwell membrane post migration at different time points. 
Transwell membranes were fixed after 24, 48, and 72 hours. Error bar represents SD. The 
gray bars on the diagram show the number of double treatment-resistant A375 DR cells that 
were counted on the transwell membrane post migration at different time points. Transwell 
membranes were fixed after 24, 48, and 72 hours. Error bar represents SD (n=3). 

 

MEKi and BRAFi are among the standard treatments for patients with stage 4 melanoma. 

BRAFi is also known for having been used alone on patients and inducing a high response. 

However, after a period of time, the melanoma develops resistance to the treatment and the 

patient relapses. In order to determine if the treatment has an influence on the metastasizing 

potential across the BBB, we will include in our experiment both BRAFi and BRAFi combined 

with MEKi resistant A375 cells. 
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Figure 38 Invasion potential of A375 mono and double treatment-resistant cell lines 
The black bars on the diagram show the number of mono treatment- resistant A375 ER cells 
that were counted on the transwell membrane post invasion at different time points. 
Transwell membranes were fixed after 24, 48, and 72 hours. Error bar represents SD. The 
grey bars on the diagram show the number of double treatment-resistant A375 DR cells that 
were counted on the transwell membrane post invasion at different time points. Transwell 
membranes were fixed after 24, 48, and 72 hours. Error bar represents SD (n=3).  
 

Our next objective was to establish whether there is a difference in the migratory/invasive 

potential as well as a difference in the genetics between A375 wt cells, A375 double resistant 

cells (A375 DR) and A375 single resistant cells (A375 ER). Before adding the two resistant cell 

lines to our experiment in vitro, we must first assess whether they possess migratory and 

invasive potential. When we look at the 24 hours time point, we can observe that the A375 

resistant cells seem to have a tendency to be more invasive than simply migratory. This might 

be due to the presence of fibronectin which can be an anchor point for the cells, but also a 

trigger in the production of MMPs in melanoma.  
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Figure 39 FACS sorting of treatment-resistant and non-treatment-resistant A375 melanoma 
cells that have crossed the in vitro hicBBB model 
This diagram displays the number of cells that have crossed the hicBBB in vitro model. The 
blue bar on the diagram represents the A375 mCherry cell line, the red bar represents the 
A375 double treatment-resistant cell line, the green bar represents the A375 mono 
treatment-resistant cell line. Error bar represents SD. 0.05 ˃ p-value* obtained by t-test 
(n=3). 
 

To investigate the genetic difference between the A375 tumor cell types that migrate through 

the hicBBB model, we separated them from the model by enzymatic and mechanical 

dissociation followed by flow cytometry sorting using either the mCherry fluorescent signal 

or the deep red tracer signal for resistant cells (Figure 39). The graph represents the average 

number of cells that were sorted for each A375 type. In order to collect sufficient genetic 

material to perform RNA-Seq, it was necessary to pool several inserts per biological replicate. 

Each biological replicate is composed of 18 technical replicates for each condition, each of 

which contains a hicBBB model. We were able to observe that compared to the control and 

to the A375 DR, the single resistant cells seem to invade the in vitro model in greater 

numbers. We will in a next steps try to observe a possible difference in genetic expression  

for the differente A375 cells.
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9. 3’  RNA-Seq OF A375 CELLS THAT CROSS THE hicBBB MODEL 

9.1. PCA CLUSTERING OF SAMPLES  

 
Figure 40 PCA of FACS-sorted A375 cell samples after 3’ RNA-Seq 
The A375_ctrl group is composed of A375 ctrl cells from a wt culture; the A375_M_CTRL 
group is composed of A375 ctrl cells that migrated through a transwell; the A375_M_BBB 
group is composed of A375 ctrl cells that crossed the hicBBB model and were sorted using 
FACS; the A375_M_ER group is composed of A375 mono treatment-resistant cells that have 
crossed the hicBBB model and have been sorted using FACS; the A375_M_DR group is 
composed of A375 double treatment-resistant cells that have crossed the hicBBB model and 
have been sorted using FACS. 

 

Following the results showing that the mono-resistant A375 cell line seems to migrate more 

than the double-resistant A375 cell line in a significant way, the question that arises is 

whether the treatments modify the gene expression of the cells that cross the hicBBB in vitro. 

To try to find an answer to this question, we decided to perform a 3 ’RNA-Seq which allows 

us to perform gene expression analyses on small samples like ours and decreases the impact 

of RNA degradation on the experiment.  
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Figure 40 shows the clustering of the different conditions that compose the sequencing 

samples.  

The A375 Ctrl group consists of cells in normal culture while the A375 M Ctrl group consists 

of A375 cells capable of migrating only through the plastic membrane of the transwell and 

not through the hicBBB in vitro. The remaining samples are treatment-resistant and non-

treatment-resistant A375 cells capable of crossing the hicBBB that are harvested and then 

sorted by FACS.  

We can observe that the two control groups do not cluster with each other or with the 

samples, this may be due to the fact that they were not sorted by FACS. Furthermore, we can 

also observe that the samples do not cluster with each other either.  

From this, we deduced that further analysis of the data would show that it is not possible to 

distinguish the gene expression from the 3 types of A375. Further details on the 3’ RNA-Seq 

summary report from LuxGen are provided in the Appendix. 
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10. IN VIVO MODEL OF THE METASTASIS PROCESS TO THE 

BRAIN  

10.1. ULTRASOUND IMAGING OF AN INJECTION INTO THE LEFT 

VENTRICLE OF THE HEART   

 
Figure 41 Description of the performing of an injection into the left ventricle of a mouse 
heart and verification of the needle placement using trypan blue 
a Photographic images of the experimental setup of the anesthesia machine, the ultrasound 
machine, the heating pad to maintain the body temperature of the mouse, the positioning of 
the mouse to perform the injection. b Photographic images of the successful injection 
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identified by the presence of the injected trypan blue dye in the vasculature of the brain. Left 
tube containing a control murine brain not stained with trypan blue, right tube containing a 
murine brain that was successfully stained with trypan blue. 

 

As part of our work on the early mechanisms of brain metastasis of melanoma, in addition to 

an in vitro model, we have also recreated an in vivo model. To this end, we injected a 

suspension of A375 mCherry tumor cells into the left ventricle of the heart of nude mice thus 

recreating the process of brain metastasis.  

Figure 41 a, shows in images the set-up for the injection into the left ventricle of the heart. 

A critical point during the injection is the respect and the well -being of the animal, for this 

reason it is necessary to constantly monitor its health status during and after the 

experimental surgical procedure. First, the animal must be adequately sedated and 

anesthetized. When the mouse is asleep and under the influence of anesthesia, its body 

temperature tends to decrease, which can lead to the death of the animal or to a perturbation 

of the hemodynamic system. Since the intention is to use the vascular system to convey 

tumor cells to the brain capillaries, it is important to mitigate the effect of anesthesia by 

maintaining the body temperature of the mouse in a physiological state. Once the mouse i s 

properly anesthetized and placed in a safe position, we can now begin to locate the heart 

using an ultrasound machine (Figure 42). A subsequent step is to locate the left ventricle of 

the heart. If no physical abnormalities are detected, we proceed to prepare the syringe. 

Finally, we inject the suspension containing 5.105 A375 tumor cells. 

In order to successfully inject the tumor cells, it was necessary to train ourselves. For our 

training, we used trypan blue to ensure the precision of our injections. Indeed, when these 

are performed correctly, we obtain a brain presenting a blue vasculature (Figure 41 b). The 

photograph in Figure 41 b, shows two tubes, one containing the brain of an animal where the 

injection failed and the other containing a blue brain where the injection was successful. 

Figure 42, is a picture of an injection in the left ventricle of a mouse heart being monitored 

by ultrasound. Once the mouse has been injected, we let it recover under close monitoring 

until the date of its sacrifice, when we finally harvest the brain following cervical dislocation. 
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Figure 42 Ecographic images of the left ventricular area of a mouse heart before (left) and 
during (right) injection 
The two-dimensional image on the left depicts the left ventricular area of a mouse heart 
before injection observed by ultrasound. The area outlined by the white circle indicates the 
outer wall of the left ventricle of the heart; the area outlined by the blue circle indicates the 
inner wall of the left ventricle of the heart. The two-dimensional image on the right depicts 
the left ventricular area of a mouse heart during injection observed by ultrasound. The area 
outlined by the white circle indicates the outer wall of the left ventricle of the heart; the area 
outlined by the blue circle indicates the inner wall of the left ventricle of the heart; the area 
outlined by the red circle indicates the needle.  

10.2. BRAIN SCREENING STRATEGY USING CONFOCAL MICROSCOPY  

Our research protocol was developed so as to harvest two brains each day for 10 days from 

the second day after injection. After they are harvested, we fix the brains using Karnovsky ’s 

ME fixative solution. Following harvesting and fixation, the brains are sl iced into 100 µm thick 

slices. After these steps are completed, we examine the brain for mCherry signal using a 

confocal microscope. To ensure that the cells we are observing are indeed A375 mCherry 

cells, we verify the expression of the mCherry protein within the cell using a specific anti-

mCherry protein antibody (Figures 43 and 44). 
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Figure 43 Images captured by fluorescence confocal microscopy of a potential A375 mCherry 

cell identified in the brain parenchyma of a mouse 10 days after injection 

Images captured by fluorescence confocal microscopy (top) of an area within the brain 

parenchyma that seems to contain a potential A375 mCherry cell identified using an anti-

mCherry antibody coupled to an AF 488 secondary antibody. Red fluorescent staining 

represents brain cells that are positive to GFAP, the latter was used to increase the contrast 

between brain tissue and what seem to be potential metastases. Scale bar 200 µm. Magnified 

x10. Zoom of the same fluorescence confocal microscopy image (bottom). Scale bar 100 µm. 

Magnified x10.  
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Once an mCherry signal is detected, we image a sequence of Z images to establish the depth 

of the cell as well as its position in the tissue. The imaging of these cells is an important part 

of identifying morphological features that would contribute to a better orientation in the 

tissue during EM imaging (Figure 43-44).  

 

Figure 44 Images captured by fluorescence confocal microscopy of a potential A375 mCherry 

cell identified in the brain parenchyma of a mouse 10 days after injection  

Images captured by fluorescence confocal microscopy of an area within the brain 

parenchyma that seems to contain a potential A375 mCherry cell identified using an anti-

mCherry antibody coupled to an AF 488 secondary antibody (left). Red fluorescent staining 

represents brain cells that are positive to GFAP and mCherry positive cells (right). Scale bar 

20 µm. Magnified x20.  

10.3. SAMPLE PREPARATION FOR EM IMAGING  

Upon determining the location of an mCherry signal in the brain parenchyma, we post -fix the 

tissue with osmium and then dehydrate it with an ethanol gradient. We then proceed to 

embed the tissue samples in epon resin. Once the resin is fully polymerized, we proceed to 

cut 80 nm thick slices using an ultramicrotome. This delicate task was performed by Anaïs 

Carpentier, EM technician at LNS. With these steps completed, we image our freshly cut brain 

samples that may contain tumor cells.  
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10.4. EM OBSERVATION OF A MOUSE CONTROL SAMPLE  

After preparing the samples for electron microscopy, we imaged control tissue samples from 

murine brains to become familiar with the ultrastructure of the brain tissue and in particular 

with the capillaries in order to be able to recognize melanoma cells.  

 

Figure 45 STEM observation of a brain capillary in a control sample 

STEM micrograph of a brain capillary in a control tissue sample. The micrograph shows the 

lumen of the capillary containing a red blood cell; an endothelial cell lining the capillary and 

forming tight junctions visible in the upper right area of the capillary; pericytes surrounding 

the capillary. The image also shows the end feet of an astrocyte in the lower right area of the 

capillary. Scale bar 1 µm. 

10.5. STEM OBSERVATION OF MOUSE BRAIN TISSUE INJECTED WITH 

A375 CELLS 

Following the screening of the murine brains with a confocal microscope, we believe we have 

succeeded in visualizing potential A375 melanoma cells. For the identification of these cells, 

we relied on the ultrastructural characteristics of their melanosomes (2) . Indeed, Figure 46 

is a low magnification sequence of images obtained by STEM, upon epon resin embedding 
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and ultrathin sectioning of 80 nm thick slices, which seem to show stage IV mature 

melanosomes.  

Melanosomes within melanocytes undergo four stages of maturation, which can be 

distinguished by their ultrastructure (SEIJI et al. 1963). In the early stages (I and II), 

melanocytes are devoid of pigment but contain irregular amyloid fibrils that gather and form 

evenly spaced sheets. The gradual deposition of melanin on the sheets indicates stage III , and 

their covering is an indication of stage IV. Nevertheless, further investigations are needed to 

establish with certainty that the cells observed are indeed A375 cells.  Having already 

performed immunolabeling followed by confocal fluorescence microscopy and conventional 

EM analysis, an additional possibility could be immunolabeling followed by electron 

microscopy analysis using melanin-specific antibodies coupled to gold particles. 

  

Figure 46 STEM observation of potential melanoma cells after invasion of the capillaries in 

a mouse brain 10 days post injection 

STEM micrograph of brain capillaries from a mouse 10 days after injection. The micrographs 

show 4 potential spots of invasion of brain capillaries by melanoma metastases. 1. 
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melanosomes 2. Capillaries. Top left image scale bar 1 µm; top right, bottom left and right 

images scale bar 2 µm. 

 

Overall, confocal and EM observations allowed us to identify potential invasion points in 

murine brain samples that were left with circulating A375 cells for ten days.
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PART IV. DISCUSSION AND OUTLOOK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. IN VITRO hicBBB MODEL DISCUSSION 
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1.1. hicBBB MODEL FORMATION 

To investigate the early stages of BBB invasion by melanoma tumor cells, we first set up a 3D 

model of three immortalized human cell lines, namely hCMEC/D3, SV40-HBVP and SVGA. We 

then assessed the expression of specific markers in these cell lines to ensure that they were 

adequate for the formation of our in vitro model. For instance, we made use of occludin and 

ZO-1 to identify the endothelial cell line (Weksler et al. 2013; Czupalla et al. 2014; Zhang et 

al. 2019), PDGFRβ and αSMA  to identify the SV40-HBVP line (Sweeney et al. 2016; Brown et 

al. 2019; Dore-Duffy and Cleary 2011), and GFAP to identify the SVGA cell line (Petzold and 

Murthy 2011; Verkhratsky et al. 2016; Lin et al. 2010). We then proceeded to test the stability 

and integrity of our model by means of TEER followed by a permeability test, which uses a 

tracer that crosses the BBB by passive diffusion (Sandoval and Witt 2008; Czupalla et al. 2014; 

Bernatz et al. 2019).  

Established cell culture models such as the ones used in this approach usually rely on a 

combination of nutrients and growth factors to ensure adequate culturing conditions. While 

these conditions are well established for the individual cell lines, coculture requires 

additional optimization, which was systematically done in this study. 

All the cell lines tested positive for the respective markers listed above. Both the TEER test 

and the permeability test have allowed us to confirm the integrity and stability of the in vitro 

model (Czupalla et al. 2014; Erickson et al. 2020). Eventually, these two inferences allowed 

us to conclude that we have successfully developed an in vitro model of BBB and that this 

one reaches its full potential after 48 hours of culture.  

After 24 hours, we observe that the A375 resistant cells seem to have a tendency to be more 

invasive than simply migratory. This might be due to the presence of fibronectin which can 

be an anchor point for the cells, but also a trigger in the production of MMPs in melanoma.  

Nevertheless, the human immortalized endothelial cell line that composes our model has 

certain limitations, namely : its TEER is relatively low when compared to cell lines of porcine 

or even murine origin (Srinivasan et al. 2015); as aforementioned hCMEC/D3 presents a 

reduced expression of caudin-5 (Weksler et al. 2013), the latter being a major component of 

tight junctions, its low expression leads us to conclude that other endothelial cell lines or 

primary cells could be potential candidates to replace the immortalized cell line hCMEC/D3 

used in our project. 
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A similar observation can be drawn with regard to the SV40-HBVP and SVGA cell lines, indeed 

in order to obtain a BBB model that is as close as possible to human physiology and therefore 

exhibiting a higher TEER and a lower permeability, the use of better-characterized cell lines 

or primary cells can be favored. 

Once these changes are made to the composition of the model, a variation in the transit times 

of the A375 cells through the new model could be observed. Furthermore, these 

modifications could have a substantial impact on the formation of cell-cell contacts between 

tumor cells and BBB cells, as well as between the cells the constituent cells of the BBB. 

Additionally, in order to optimize the model, the use of a more physiological medium could 

also be considered. Indeed, the mediums used to maintain the cell lines and the model itself 

in culture contain a higher concentration of nutrients and growth factors compared to a 

physiological environment, which has the effect of boosting cell metabolism. Converse ly, it 

can be hypothesized that a physiological medium would have an impact on the invasion 

potential of the tumor cells and on the formation of the model.  

1.2. IDENTIFICATION OF POTENTIAL A375 MARKERS AND DETECTION 

OF MELANOSOMES BY ELECTRON MICROSCOPY 

In this section, we describe how we proceeded to the identification of potential markers of 

A375 and to the detection of melanosomes by electron microscopy.  

We started with the immunocytochemical labeling of A375 cells using the V600E marker, 

which is a BRAF mutation-specific marker, the SOX10 and S100 markers, which are neural 

crest derived cell specific markers, and the MelanA marker, which is specific to melanocytes. 

As a result of these markings, we were able to determine that the A375 melanoma cell line 

was positive for the V600E (Capper et al. 2011), SOX10 and S100 markers and negative for 

the MelanA marker (Redmer 2018; Shain and Bastian 2016; Herwig et al. 2016; Kashani-Sabet 

2014; Banerji et al. 2008). 

However, the three markers found in the A375 cell line could not be exploited for the 

following reasons: the anti-V600E antibody derives from a murine host, which disqualifies it 

as an eventual candidate for use in the screening of the mouse brains to detect early 
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melanoma invasion events in our in vivo model; the SOX10 and S100 markers are commonly 

used for the detection of melanomas outside the central nervous system, the reason being 

that the cell types that constitute the brain and melanoma cells, both derive from the neural 

crest, and thus both the astrocytic cells in our in vitro model as well as the cells that constitute 

the mouse brain would test positive for both markers making differentiation between the 

two impossible (Pytlak et al. 2019; Karamchandani et al. 2012). Based on these premises, we 

have undertaken to look for an alternative approach to identify melanomas. For this purpose, 

we attempted to find melanoma-specific structures. We have consequently chosen to use the 

presence of melanosomes, which we detected by electron microscopy, as a marker of 

differentiation. We were successful in detecting melanosomes in the amelanotic cell line 

A375, which eventually enabled us to recognize melanomas among other cells (Bracalente et 

al. 2016; Skoniecka et al. 2021). 

1.3. hicBBB MODEL SUITABILITY ASSESSMENT 

Once the reliability of the hicBBB model was ascertained, we exposed it to the A375 

melanoma cell line that expresses the mCherry protein.  We began by monitoring the impact 

that tumor cells have on both the TEER and the permeability of our model in vitro (Ludwig et 

al. 2002). We have found that the presence of tumor cells reduces the TEER and the 

permeability after 48 hours of coculture. The drop in TEER that occurs with the increase in 

A375 cell concentration can also be greatly influenced by the lack of nutrients in the 

environment. This lack puts all the cells present in the coculture in competition and the ones 

that are more sensitive to the variation in glucose availability eventually die. This may have 

been the case in our experiment where hCMEC/D3 and SV-40 HBVP were cocultured with 

A375 cells in a confined upper compartment of a Boyden chamber. This shortage of nutrients 

could be avoided if the model was supplied with a constant flow of nutrients, as is the case 

in the brain vasculature. From a technical point of view, the addition of a peristaltic pump to 

allow the constant flow of fresh medium would allow to obtain an in vitro model closer to 

the physiological reality. In a second phase, we tracked A375 mCherry across the model using 

live confocal imaging. This has allowed us to determine that A375 mCherry employs 48 hours 

to pass from one side to the other of the model.  
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We have also been looking for potential molecular factors that may provide information on 

the mechanism of BBB invasion by tumor cells. We noticed that molecules such as IGF, GRO  

(Moser et al. 1990), or angiogenin were present in the model environment during its invasion 

by A375 mCherry. In addition, interleukins such as IL-6, IL-7, and IL-8 were also detected by 

antibody array (Moser et al. 1990; Smith et al. 2005; Song et al. 2006; Sun et al. 2016; Liu et 

al. 2019; Liu et al. 2015). It is important to mention the presence of IL-6 in the hicBBB-

conditioned medium in the presence of A375 melanoma cells because as stated in a patient -

based study presented at the 2006 American Society of Clinical Oncology annual meeting, IL -

6 production in patients with metastatic cancer appears to be theoretically correlated with a 

greater risk of developing depression and anxiety. 

The production of IL-6 by a tumor when it metastasizes can be considered as a mechanism 

supporting the “seed and soil” cancer metastasis theory (Fidler et al. 2002). The seed and soil 

theory is a hypothesis suggesting that tumor cells metastasize where the local 

microenvironment is favorable, much like a seed that grows only if it is planted in fertile soil.  

By producing IL-6, which is known to destabilize the brain microenvironment and to be 

correlated with pathologies of the cerebral nervous system such as Alzheimer’s (Escrig et al. 

2019), the primary tumor prepares the soil for the seeding, i.e., IL -6 helps tumor cells that 

undergo EMT as well as intravasation to adhere to and invade their destination  (Abaurrea et 

al. 2021; Farahani et al. 2014).  

The IGF present in the hicBBB-conditioned medium in the presence or absence of tumor cells 

act in favor of the latter’s survival and tissue invasion.  

Our results showed that there is production of TNFα in the hicBBB-conditioned medium in 

the presence or absence of A375 melanoma cells, which is a disruptor of the endothelial cell 

layer capable of facilitating the passage not only of monocytes across the BBB during 

inflammation, but also that of tumor cells (Pan et al. 2011; Qiu et al. 2021).   

RANTES, also known as CCL5, is a chemokine that may have an important role in the survival 

and migration of tumor cells across the BBB, as when coupled with its GPCR CCR5 receptor, 

it activates the pro-tumor PI3K/Akt pathway and induces the production of MMP to remodel 

the extracellular matrix of endothelial cells in melanoma metastasis (Liu et al. 2019). 

This led us to conclude that the hicBBB seems to be an appropriate model to study the early 

stages of BBB invasion in vitro. Accurate titration of the different growth factors, enzymes 
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and cytokines would certainly help in gaining insight into the microenvironment of a 

metastatic invasion event.   

1.4. STUDY OF EARLY STAGE INVASION OF THE hicBBB BY TUMOR 

CELLS 

Following the validation of the suitability of the hicBBB in vitro model to the study of the 

early stages of the BBB invasion, the next step involved a pilot project that investigated the 

invasion at a genetic level, of the model by BRAFi and BRAFi-coupled MEKi resistant and non-

resistant A375 melanoma cells (In et al. 2020). For this purpose, we sorted the cells of the 

hicBBB model astrocyte layer to isolate melanoma cells that were positive for mCherry or 

deep red tracer. In order to keep the genetic materials of the cells that crossed, a sorting 

using a RNAlater™ has a sorting solution will maybe greatly improves the quality of the 

genetic material collected during the RNA extraction steps (Loontiens et al. 2019). 

We then analyzed the sorted cells by 3’ RNA-Seq, in an attempt to avoid degradation of the 

genetic material artefacts. When we then examined the clustering using PCA, we found that 

the hicBBB appears to induce a specific change in tumor cell expression (Luebker and Koepsell 

2019; Kakadia et al. 2018).  

 

1.5. hicBBB MODEL –  CONCLUSION AND OUTLOOK  

Altogether, the results presented in this chapter have led us to conclude that we have 

succeeded in creating an in vitro model suitable for the study of the early invasion of the BBB 

by tumor cells. We have succeeded, to a certain extent, in the endeavor to replicate the 

mechanism of invasion of the brain by melanoma metastases, which we have witnessed 

crossing the BBB.  
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We created an in vitro model using an immortalized human cell line, which we successively 

tested for stability by measuring its TEER using CellZscope 2 and by measuring its permeability 

using a tracer consisting of a fluorochrome coupled to a dextran molecule with a weight of 

3kD in total. Upon completion of these steps and validation of the stability of the hicBBB 

model, we exposed it to the A375 mCherry melanoma cell line. At this stage, our main 

objective was to establish whether or not A375 cells were able to cross the hicBBB model, for 

this purpose we imaged the model membrane using confocal microscopy and were able to 

observe that the melanoma cells took an average of 48 hours to cross the cell barrier in the 

absence of a chemoattractant gradient. This could mean that the cells were prone to invade 

the model. We may therefore conjecture that the presence of fibronectin and growth factors 

is the cause (Banerji et al. 2008) . Indeed, the latter play a role in facilitating the transport 

and anchoring of tumor cells during their transit through the BBB in vitro. In addition, during 

this phase of the experiment, we collected the conditioned medium to which we exposed 

different ELISA-based antibody arrays in order to detect potential growth factors, cytokines 

and enzymes. This experiment must be repeated several times to confirm the presence of 

specific molecules and followed by the subsequent exact titration of the latter; we have 

nevertheless observed the presence of TIMP, GRO and IL-8, all molecules known to play a 

role in the metastasis process.  

Subsequently, we implemented a pilot study using the hicBBB model to establish whether it 

can be used to observe possible differences in gene expression between the cells that cross 

the hicBBB and the control cells. Hence, we isolated three types of fluorescent A375 BRAFi 

and MEKi-coupled BRAFi resistant and non-resistant melanoma cells lines that crossed the 

hicBBB using enzymatic dissociation coupled with gentle mechanical dissociation and FACS 

sorting. During FACS sorting, we observed that the amount of A375 BRAFi cells was 

significantly higher than the amount of A375 MEKi-coupled BRAFi cells. Finally, we sent the 

collected cells to LuxGen and performed a 3’ RNA-Seq to determine if we could process the 

genetic material acquired using our dissociation protocol and distinguish between migrating 

and non-migrating A375 cells. The 3’ RNA-Seq did not allow us to discriminate between 

resistant and non-resistant A375 cells, however, we were able to discriminate between cells 

that migrated through the hicBBB model and cells that did not migrate through it.  The cluster 

of migrated cells we observe in the PCA could be induced by FACs sorting, therefore no 
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definitive conclusion can be drawn on the overall results obtained using 3' RNA -Seq. In order 

to address this concern, it may be envisaged to sort control cells by FACs.  

A next step in the exploitation of this model could be the analysis of the gene expression of 

the different BBB actors in order to elucidate whether the presence and passage of resistant 

and non-resistant A375 cell lines can induce alterations.  

To take the study further, the following additions are envisageable: analyze proteins from 

the cell-cell contact between tumor cells and hicBBB cells;  use either IPSC-derived cells or 

primary cells to form the BBB to circumvent the limitations of the endothelial cell line; 

investigate what the presence of tumor cells generates on the cells constituting the BBB; use 

of alternative tumor cell types known to metastasize to the brain, such as breast cancer and 

lung cancer, could also be envisaged to investigate early BBB invasion.  
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2. IN VIVO MODEL OF EARLY BRAIN INVASION OF BLOOD-BRAIN 

BARRIER 

2.1. TRAINING FOR MODEL EXPLOITATION 

To create an in vivo model of the hematogenous spread process of metastases into the brain, 

we had to organize our work into different steps (Chambers et al. 2001; Miarka and Valiente 

2021; Daphu et al. 2013).  

First, we had to find a way to inject the tumor cells into the cerebral vasculature of a mouse, 

preventing them from getting stuck in other organs and never reaching the brain. For this 

specific reason, it was necessary to identify the injection site that was most proximal to the 

cerebral vasculature. Two alternatives were possible: an intracarotid injection or an 

intracardiac injection of the left heart ventricle. Both of these alternatives involve advantages 

as well as disadvantages.  

With an intracarotid injection, the entire volume of the injection reaches the brain. 

Nevertheless, this is a high-risk procedure, as it requires the animal to be cut open. During 

this surgical intervention, a lesion of the carotid artery could quickly lead to the loss of the  

animal, in addition, the post-operative period is cumbersome and requires additional 

precautions in the care of the rodents (Zhang et al. 2017) .  

Unlike intracarotid injection, intracardiac injection of the left ventricle does not require open 

surgery, which makes it much less invasive and less burdensome from a postoperative point 

of view. The major disadvantage of this type of injection, which also makes it technically 

difficult, is that it is performed without a direct view of the heart. This has a considerable 

impact on the chances of success when the injections are administered by an inexperienced 

technician. During the intracardiac injection of the left ventricle, part of the injected volume 

gets lost because when the left ventricle ejects blood, the latter goes into the different 

branches of the aortic arch, namely the brachiocephalic trunk, the left common carotid artery 

and the left subclavian artery (Prendiville et al. 2014; Poggioli et al. 2014) .  
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After taking into consideration the respective limitations of the two inject ion techniques, we 

opted for the use of the intracardiac injection. We had to practice in order to acquire the 

necessary technical skills to puncture the small left ventricle of a mouse heart and thus be 

able to replicate the experiment conducted by Edwin Goldmann. 

2.2. INJECTION OF A375 CELLS AND DETECTION OF THEIR 

FLUORESCENT SIGNAL IN THE BRAIN 

Following the achievement of our training, we injected nude mice with 5x105 A375 mCherry 

cells (Zhou and Zhao 2014) . Then, we harvested the brain tissue every day for 10 days and 

subsequently fixed it. Once this step was completed, we sliced the brain into 100 µm thick 

coronal sections with a vibratome, all in order to localize the mCherry protein signal with the 

help of an antibody directed against it. A double staining, which allowed us to rely on two 

fluorescent signals to localize potential sites of early BBB invasion. The latter sites were 

difficult to locate as we encountered a number of limitations related to the mCherry protein 

signal after fixation. These may have been due to the fixative that combines formaldehyde 

and glutaraldehyde, which is used in electron microscopy to ensure optimal preservation of 

tissue structures. In the images where we suspect the presence of A375 fluorescent cells, the 

observed signal seems to be an artifact because we are not able to discern a nucleus and its 

size is too small to originate from a whole cell. Nevertheless, it may be possible that due to 

the serial cutting, we are not able to see the whole cell. Indeed, the image that we observe 

is in 2D whereas the sample is a 3D structure, it is therefore possible that the informa tion 

has been lost or not seized because fragmented. 

Furthermore, the markers used to identify A375 cells seem to be an additional parameter 

that deserves consideration. Indeed, we encountered difficulties because the only markers 

that were available to us were either nonspecific when used to label brain tissue or 

incompatible with the tissue itself. One potential solution to the screening method issue 

might be to conduct the experiment again using a melanoma cell line that expresses melanin. 

This alternative approach would allow the use of melanoma-specific markers such as HMB45 

or MelanA (Weinstein et al. 2014) . 
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Another way to circumvent the limitations of the fixation process on the screening method 

would be to slice the brain using a cutting matrix, immediately after harvesting and before 

fixation. Ideally, this modification in the protocol would make it possible to observe the 

fluorescent signal of the mCherry protein expressed by A375 cells.   

Additionally, the barcoding of A375 cells for single cell tracking across the BBB and into the 

brain parenchyma could be considered to overcome the limitations of fluorescent cell 

tracking. 

2.3. IN VIVO MODEL –  CONCLUSION AND OUTLOOK 

In fine, our objective was to establish an in vivo model in order to identify potential sites of 

early BBB invasion and thus take the first step towards understanding the mechanisms at play 

when tumor cells succeed in breaching the blood-brain barrier to reach the brain 

parenchyma.   

Ten days after the injection of A375 cells, under EM we were able to observe multiple spots 

in the brain parenchyma containing artifacts that have the same appearance as 

melanosomes. The results obtained and presented in this work are indeed primitive and 

preliminary to what is required for a sustainable and evolutionary implementation of 

protocols, but we hope that they can lead to additional advances in the future (Herman et al. 

2019; Fazakas et al. 2011).  

To take our experiment a step further, a future phase could be to study the early invasion 

mechanism of the BBB using laser microdissection coupled with mass spectrometry. Using 

laser microdissection, it would be possible to isolate the cell-cell contact between the tumor 

cells and the different actors of the BBB. The mass spectrometer would then be used to 

analyze the content of the harvested sample for anchoring proteins, such as integrins, 

selectins and cadherins (Schey et al. 2013; Ogiso et al. 2022) . 

To go even further, the combined use of focused ion beams coupled to a scanning electron 

microscope (FIB-SEM) after having isolated the cell-cell contact could be considered in order 

to remove unwanted artifacts. Nanoscale secondary ion mass spectrometry (NanoSIMS) 
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could then be used as a means of analyzing the elements that make up the cell -cell contact 

(Nuñez et al. 2017; Carpenter et al. 2013). 
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1. DETAILS OF THE MEDIA COMPOSITION  

Dulbecco’s Modified Eagle’s Medium (DMEM) 

 Concentration Molarity 

Description CAS # Chemical Formula g/L mg/L mM uM 

Calcium Chloride Anhydrous 10043-52-4 CaCl2 0.200 200.000 1.802 1.802E+03 

Dextrose 50-99-7 C6H12O6 4.500 4.500E+03 24.978 2.498E+04 

Ferric Nitrate Nonahydrate 7782-61-8 Fe(NO3)3 • 9H2O 1.000E-04 0.100 2.475E-04 0.248 

Magnesium Sulfate Anhydrous 7487-88-9 MgSO4 0.098 97.670 0.811 811.415 

Potassium Chloride 7447-40-7 KCl 0.400 400.000 5.366 5.366E+03 

Sodium Bicarbonate 144-55-8 NaHCO3 3.700 3.700E+03 44.042 4.404E+04 

Sodium Chloride 7647-14-5 NaCl 6.400 6.400E+03 109.514 1.095E+05 

L-Arginine Monohydrochloride 1119-34-2 C6H14N4O2 • HCl 0.084 84.000 0.399 398.747 

L-Glutamine 56-85-9 C5H10N2O3 0.584 584.000 3.996 3.996E+03 

Glycine 56-40-6 HO2CCH2NH2 0.030 30.000 0.400 399.627 

L-Histidine Monohydrochloride 
Monohydrate 

5934-29-2 C6H9N3O2 • HCl • H2O 0.042 42.000 0.200 200.382 

L-Isoleucine 73-32-5 HO2CCH(NH2)CH(CH3)CH2CH3 0.105 104.800 0.799 798.963 

L-Leucine 61-90-5 HO2CCH(NH2)CH2CH(CH3)2 0.105 104.800 0.799 798.963 

L-Lysine Monohydrochloride 657-27-2 C6H14N2O2 • HCl 0.146 146.200 0.800 800.438 

L-Methionine 63-68-3 HO2CCH(NH2)CH2CH2SCH3 0.030 30.000 0.201 201.072 

L-Phenylalanine 63-91-2 HO2CCH(NH2)CH2C6H5 0.066 66.000 0.400 399.540 

L-Serine 56-45-1 HO2CCH(NH2)CH2OH 0.042 42.000 0.400 399.657 

L-Threonine 72-19-5 HO2CCH(NH2)CH(OH)CH3 0.095 95.200 0.799 799.194 

L-Tryptophan 73-22-3 C11H12N2O2 0.016 16.000 0.078 78.343 

L-Valine 72-18-4 HO2CCH(NH2)CH(CH3)2 0.094 93.600 0.799 799.317 

D-Calcium Pantothenate (Vitamin B5) 137-08-6 C18H32CaN2O10 4.000E-03 4.000 8.394E-03 8.394 

Choline Chloride 67-48-1 HOCH2CH2N(CH3)3Cl 4.000E-03 4.000 0.029 28.647 

Folic Acid 59-30-3 C19H19N7O6 4.000E-03 4.000 9.062E-03 9.062 

I-Inositol 87-89-8 C6H12O6 7.000E-03 7.000 0.039 38.846 

Niacinamide (Nicotinamide) 98-92-0 C6H6N2O 4.000E-03 4.000 0.033 32.757 

Pyridoxine Monohydrochloride 58-56-0 C8H11NO3 4.000E-03 4.000 0.019 19.455 

Riboflavin (Vitamin B2) 83-88-5 C17H20N4O6 4.000E-04 0.400 1.063E-03 1.063 

Thiamine Monohydrochloride (Vitamin B1) 67-03-8 C12H18N4OSCl2 4.000E-03 4.000 0.012 11.859 

Phenol Red 34487-61-1 C19H14O5S 0.015 15.000 0.040 39.851 

Pyruvic Acid Sodium Salt 113-24-6 CH3COCO2Na 0.110 110.000 1.000 999.636 

L-Tyrosine Disodium Salt, Dihydrate 122666-78-9 C9H9NO3Na2 • 2H2O 0.104 103.790 0.397 397.374 

L-Cystine Dihydrochloride 30925-07-6 C6H12N2O4S2·2HCl 0.063 62.580 0.200 199.808 

Sodium Phosphate Monobasic, Anhydrous 7558-80-7 NaH2PO4 0.109 108.690 0.906 905.750 

 

Endothelial Cell Medium 

EGM™-2 BulletKit™ Medium (CC-3162), No BBE (Bovine Brain Extract), hEGF, Hydrocortisone, 

GA-1000 (Gentamicin, Amphotericin-B), FBS (Fetal Bovine Serum) 10 ml, VEGF, hFGF-B, R3-

IGF-1, Ascorbic Acid, Heparin 
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Pericytes Medium 

PM consists of 500 ml of basal medium, 10 ml of FBS (Cat. #0010), 5 ml of Pericyte Growth 

Supplement (PGS, Cat. #1252) and 5 ml of penicillin/streptomycin solution (P/S, Cat. #0503).  

2. ANTIBODY ARRAY DETAILS  

 A B C D E F G H 

1 Pos Pos Neg Neg MMP-1 MMP-2 MMP-3 MMP-8 

2 Pos Pos Neg Neg MMP-1 MMP-2 MMP-3 MMP-8 

3 MMP-9 MMP-10 MMP-13 TIMP-1 TIMP-2 TIMP-4 Neg Pos 

4 MMP-9 MMP-10 MMP-13 TIMP-1 TIMP-2 TIMP-4 Neg Pos 

 
Table 6 ab134004 Human MMP Antibody Array - Membrane (10 targets)   

 

 A B C D E 

1 Pos Pos Pos Pos Neg 

2 I-309 IL-1α IL-1β IL-2 IL-3 

3 
IL-12 
p40/p70 

IL-13 IL-15 IFN-γ MCP-1 

4 MIP-1δ RANTES SCF SDF-1 TARC 

5 Oncostatin M Thrombopoietin VEGF PDGF-BB Leptin 

6 FGF-4 FGF-6 FGF-7 FGF-9 Flt-3 Ligand 

7 IGFBP-3 IGFBP-4 IL-16 IP-10 LIF 

8 NT-4 Osteopontin Osteoprotegerin PARC PIGF 

 F G H I J K 

1 Neg ENA-78 GCSF GM-CSF GRO GRO-α 

2 IL-4 IL-5 IL-6 IL-7 IL-8 IL-10 

3 MCP-2 MCP-3 MCSF MDC MIG MIP-1b 

4 TGF-β1 TNF-α TNF-β EGF IGF-I Angiogenin 

5 BDNF BLC Ck β 8-1 Eotaxin Eotaxin-2 Eotaxin-3 

6 Fractalkine GCP-2 GDNF HGF IGFBP-1 IGFBP-2 

7 LIGHT MCP-4 MIF MIP-3α NAP-2 NT-3 

8 TGF-β2 TGF-β3 TIMP-1 TIMP-2 Pos Pos 

 
Table 7 ab133998 Human Cytokine Antibody Array Membrane (80 targets) 

 

 

A B C D E F G H 

POS POS NEG NEG Angiogeni n EGF ENA-78 b FGF 



126 

 

POS POS NEG NEG Angiogeni n EGF ENA-78 b FGF 

GRO IFN-γ IGF-I IL-6 IL-8 LEPTIN MCP-1 PDGF-BB 

GRO IFN-γ IGF-I IL-6 IL-8 LEPTIN MCP-1 PDGF-BB 

PIGF RANTES TGF-β1 TIMP-1 TIMP-2 Thrombopoietin VEGF VEGF-D 

PIGF RANTES TGF-β1 TIMP-1 TIMP-2 Thrombopoietin VEGF VEGF-D 

BLANK BLANK BLANK BLANK BLANK BLANK NEG POS 

BLANK BLANK BLANK BLANK BLANK BLANK NEG POS 

 
Table 8 ab134000 Human Angiogenesis Antibody Array - Membrane (20 targets) 

 

 A B C D E F G H 

1 
2 

Pos Pos Neg Neg 
Akt 
(pS473) 

CREB 
(pS133) 

ERK1 
(pT202/Y204
) 

GSK3a 
(pS21) 

3 
4 

GSK3b (pS9) 
HSP27 
(pS82) 

JNK (pT183) 
MEK 
(pS217/221
) 

MKK3 
(pS189) 

MKK6 
(pS207) 

MSK2 
(pS360) 

mTOR 
(pS2448) 

5 
6 

P38 
(pT180/Y182
)  

p53  
(pS15) 

P70S6K 
(pT421/S424)  

RSK1 
(pS380) 

RSK2 
(pS386) 

Neg Neg Pos 

 
Table 9 ab211061 Human MAPK Phosphorylation Antibody Array (Membrane 17 Targets)  

*Each antibody is spotted in duplicate vertically  

 

 

 

 

 

 

 

 

 

 

3. INVASION POTENTIAL OF THE hicBBB CELL LINES 
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Figure 47 Invasion potential of the hicBBB cell lines  

Invasion potential of the hicBBB cell lines on a PLL+FN coated membrane over 72 hours. Error 

bars represent SD. 

 

 

 

 

 

 

 

 

 

 

 

4. MEAN VALUES OF TEER MEASUREMENTS DURING 72 HOURS OF 

COCULTURE 
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Figure 48 Mean values of TEER measurements during 72 hours of coculture 

Mean values of TEER measurements of SVGA monoculture on membrane, SVGA+SV40 -HBVP 

coculture and SVGA+SV40-HBVP+hCMEC/D3 triple coculture. Error bars represent SD. 

 

 

 

 

 

 

 

5. EFFECT OF TNFα ON TEER  



129 

 

 
Figure 49 Disruption of hicBBB by TNFα  

Impact of TNFα on the TEER of the hicBBB in vitro model. 

 

 
Figure 50 Disruption of hCMEC/D3 and SVGA coculture by TNFα 

Impact of TNFα on the TEER of the hCMEC/D3 and SVGA coculture . 

6. SAMPLES QC REPORT FOR 3´END mRNA-SEQUENCING 
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Dudelange, 05.09.2022 

 

Name  LIH, Luxembourg Center of Neuropathology Department of Cancer Research  

Address  6, Rue Nicolas-Ernest Barblé City L-1210 Luxembourg 

Country  Luxembourg  

Contact Name Rédouane Slimani / M. Mittelbronn 

 

Samples QC Report for 3´end mRNA-Sequencing 

 

1) Sample Processing Information   

 

Species Human 

Number of Sample 13 

Type of Sample Total RNA extracted from Cells sorted in Versen + DMEM 

Reception Date 16.08.2022 

Library Processing Poly(A) selection 

Kit Used Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina 

Add on Kit 
UMI Second Strand Synthesis Module for QuantSeq FWD Lexogen i5 6 

nt Unique Dual Indexing Add-on Kit (5001-5096) 

Protocol QUANT™ SEQ 3´mRNA-Seq Library Prep Kit User Guide 015UG009V0260 

 

2) 3´end mRNA Library Processing 

 
QB 

hsRNA 
(ng/ul) 

FA- 
hsRNA 
(ng/ul) 

Input 
(ng) 

i7 
index 

i7 
Sequence 

i5 
index 

i5 
Sequence 

Nb 
cycles 

QB HS-
dsDNA 
(ng/ul) 

FA 
%primer 

FA 
%dimer 

FA 
%library 

FA Avg 
Size (bp) 

A375 CTRL1 259,2  1,2 7081 GCAGCC 5081 TATCAA 23 1,22 5,7 45,2 49,1 282 

A375 CTRL2 588  1,2 7082 ACTCTT 5082 CGTGCT 23 1,61 1,5 28,3 70,3 321 

A375 CTRL3 758,8  1,2 7083 TGCTAT 5083 GCGATC 23 2,1 0,6 39,5 59,9 272 

M CTRL1 61  1,2 7084 AAGTGG 5084 GCATGC 23 2,28 0,8 24,2 75 259 

M CTRL2 153  1,2 7085 CTCATA 5085 GAGGAA 23 2,53 0,4 20,5 79 276 

M CTRL3  0,84 1,2 7086 CCGACC 5086 ATATAC 23 2,2 0,4 36 63,6 248 

M2+  0,14 1,13 7089 CGCGGA 5089 CGGAGT 23 2,79 0,7 69,9 29,4 294 
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A375 wt 
mCherry 

 1,01 1,2 7090 CCTGCT 5090 TCCAGC 23 1,89 1,5 67 31,5 265 

A375 wt tracer  0,75 1,2 7091 GCGCTG 5091 GGGTAG 23 3,45 2 37,5 60,4 252 

A375 DR 
sample 2 

 0,65 1,2 7092 GAACCT 5092 AGATCG 23 2,34 0,9 47,1 52 262 

A375 DR 
sample 3 

 0,15 1,2 7093 TTCGAG 5093 GCAGTA 23 3,61 0,7 47 52,3 268 

A375 ER 
sample 2 

 2,37 1,2 7094 AGAATC 5094 GCCGGG 23 2,75 0,4 25,6 74,1 289 

A375 ER 
sample 3 

 0,03 0,225 7095 AGGCAT 5095 AGTCAC 23 2,98 1,3 69,3 29,5 245 

 

 

 

Electrophoregram obtained for 1 library. It shows a high proportion of primer dimers (165bp 

fragment) which can interfere with library sequencing. As all libraries have a high proportion 

of primer dimers, all of them were repurified to remove a maximum of linker-linker artifacts. 

 

 

3) 3´end mRNA Library Repurification 

 
qubit HS- 

dsDNA ng/ul 
FA 

%dimer 
FA 

%library 
FA Avg Size lib 

 
QB nM total 
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A375 CTRL1 0,344 11,3 88,7 296 1,76 

A375 CTRL2 0,503 5,0 95,0 342 2,23 

A375 CTRL3 0,261 10,5 89,5 286 1,38 

M CTRL1 0,114 0,0 100,0 264 0,65 

M CTRL2 0,258 0,0 100,0 286 1,37 

M CTRL3 0,526 13,5 86,5 263 3,03 

M2+ 0,435 30,4 69,6 331 1,99 

A375 wt mCherry 0,081 41,5 58,5 253 0,49 

A375 wt tracer 0,897 9,5 90,5 271 5,02 

A375 DR sample 2 0,482 24,9 75,1 279 2,62 

A375 DR sample 3 0,615 29,1 70,9 275 3,39 

A375 ER sample 2 0,699 7,4 92,6 321 3,30 

A375 ER sample 3 0,523 35,7 64,3 276 2,87 
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Electrophoregram obtained for 2 libraries after a second purification. It shows a decrease of 

the proportion of primer dimers. In 5 samples the primer dimers proportion is still high.  

 

4) Library preparation Conclusion 

For the library preparation, we adjusted the RNA input to the lowest sample quantity (1,2ng) 

except for sample A375 ER sample 3 which contained only 225pg of total RNA. 

All libraries contained a high amount of dimers and have to be re-purified. 

Despite a second round of purification the amount of primer-dimers decreased but remains 

high for 5 samples. 

Among the 13 libraries prepared with UMI and dual indexing, 4 have a weak concentration 

and it was necessary to concentrate them before pooling all libraries prepared.  

The 13 libraries were sequenced on a NovaSeq using 150bp single-end criteria. 

 

5) Sequencing general statistics 
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This project includes 13 samples (NovaSeq – FC S1 200 RunID: 

220930_A01275_0070_AHT7KTDRXY): 

 

 

 

 

 

 

 

 

 

 

 

 

 

6) Base quality along the read 

In figure 1, the lines represent the mean quality at each position. 

The y-axis shows the quality scores. The higher the score, the better the base call. The 

background of the graph divides the y-axis into very good quality scores (green), scores of 

reasonable quality (orange), and reads of poor quality (red).  

Sample Name M Seqs 

RS1-A375_CTRL1_S61_R1_001 20.1 

RS10-A375_DR_sample_2_S70_R1_001 33.1 

RS11-A375_DR_sample_3_S71_R1_001 29.2 

RS12-A375_ER_sample_2_S72_R1_001 25.5 

RS13-A375_ER_sample_3_S73_R1_001 37.3 

RS2-A375_CTRL2_S62_R1_001 25.7 

RS3-A375_CTRL3_S63_R1_001 23.5 

RS4-M_CTRL1_S64_R1_001 13.6 

RS5-M_CTRL2_S65_R1_001 23.1 

RS6-M_CTRL3_S66_R1_001 26.1 

RS7-M2_S67_R1_001 65.5 

RS8-A375_wt_mCherry_S68_R1_001 30.2 

RS9-A375_wt_tracer_S69_R1_001 25.5 
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It is normal with all Illumina sequencers for the mean quality score to start out lower over 

the first 5-7 bases and to then rise. The quality of reads on most platforms will drop at the 

end of the read. This is often due to signal decay or phasing during the sequencing run.  

Figure 1: Per base sequence quality 

The red quality profiles corresponds to the sample RS7-M2_S67_R1_001 and it should be 

used with care for further analysis. 

 

7) Contamination from other organisms 

FastQ Screen allows you to screen a library of sequences in FastQ format against a set of 

sequence databases so you can see if the composition of the library matches with what you 

expect.  
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In figure 2 the samples match Human genomes as expected. 

 

 

 

 

 

 

 

 

 

 

 

LuxGen - LIH LNS Genome Center, Luxembourg Institute of Health, Laboratoire National de Santé - 1 

rue Louis Rech, L-3555 Dudelange LUXEMBOURG 
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