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Abstract 

Introduction and Aims: Brain metastasis is the most devastating complication of metastatic 
disease, of which melanoma has the highest propensity to invade the brain of any other cancer. 
Treatments for brain metastasis are limited due to the tight structure of the blood-brain barrier, 
however melanoma cells harbour mechanisms to disrupt the integrity of the cerebral 
microvasculature and invade through the endothelial cells. The literature surrounding 
melanoma metastasis suggest the cells disrupt the cerebral endothelial cells and secrete pro-
metastatic factors to aid this process, although the extent of which are not fully understood.  
This study examines the effects of a non-adherent sub-population released by melanoma cells 
in vitro on the integrity of the blood-brain barrier, to further investigate the mechanisms 
employed by melanoma cells to extravasate into the brain.  
 
Methods: Electrical Cell-Substrate Impedance Sensing (ECIS) technology was used to assess 
the effect of the melanoma-derived subpopulation on the barrier function of human brain 
endothelial cells. Imaging techniques such as immunocytochemistry and fluorescent confocal 
microscopy were used to visualise the effects of the melanoma material on the integrity of the 
endothelium, and detect the mechanism of interaction in 3D. Flow cytometry and fluorescence 
activated cell sorting (FACS) were used to analyse the size and density of the material and 
distinguish the bioactive material within the sample.  
 
Results: The melanoma material induced disruption of the endothelial barrier at a considerably 
higher rate than their parent melanoma line. This disruption was shared between both the 
paracellular and basolateral components, suggesting a transcellular route of entry. The 
melanoma material rapidly associated with the endothelial cell body, inducing global changes 
in cell structure. 3-Dimensional visualisation confirmed endothelial cell uptake of the 
melanoma material through a transcellular mechanism.  
 
Discussion: The current literature surrounding melanoma extravasation at the cerebral 
endothelium suggests the cells use a paracellular mechanism, and release factors to enhance or 
prime metastatic ability. The preliminary results of this study suggest the material produced by 
the melanoma cells could be vesicle-like in nature, likely a result of apoptosis or membrane 
blebbing, that have independent effects on the integrity of the blood brain barrier, with a 
potential role in enhancing melanoma brain metastasis. 
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1 Introduction 

1.1 Malignant melanoma 

Melanoma is a cancer of the pigment producing melanocytes of the skin epidermis. Melanoma 

progression as defined by the Clark model corresponds to define morphologic changes 

associated with the progression of a benign nevus to a dysplastic nevus to melanoma (Clark et 

al., 1989).  Melanocytic nevi are believed to be clonal neoplasms that result from well-defined 

driver mutations in the mitogen-activated protein kinase (MAPK) pathway, most commonly 

by BRAFv600E or NRAS activating mutations (Omholt, Platz, Kanter, Ringborg, & Hansson, 

2003). The MAPK pathway is a central activator of cellular proliferation, a common oncogenic 

pathway altered in many cancers (Dhillon, Hagan, Rath, & Kolch, 2007; Fang & Richardson, 

2005). This proliferation is transiently induced in benign nevi through these mutations and is 

believed to be growth arrested through oncogene-induced senescence (OIS), preventing nevi 

from developing into melanoma (Michaloglou, Vredeveld, Mooi, & Peeper, 2008).  

BRAF and NRAS mutations are indeed detected in almost all melanoma, and although alone 

are not sufficient to drive oncogenic formation of melanocytes, with additional genetic 

alterations, a few nevus cells can develop into malignant melanoma (Omholt et al., 2003). 

Alternatively, melanoma can spontaneously arise without nevi formation, resulting in a 

complex progression dictated by distinct compounding oncogenic hits (Kato, Lippman, 

Flaherty, & Kurzrock, 2016; Schadendorf et al., 2015). Melanoma is seemingly rare, 

comprising only 4% of all skin cancer diagnoses. However, malignant transformation of 

melanocytes give rise to an extremely aggressive tumour type, resulting in 80% of all skin 

cancer related deaths, making it the most lethal form of skin cancer (Miller & Mihm, 2006; 

Sloan, Nock, & Einstein, 2009).   

1.1.1 Melanoma Epidemiology 

The annual incidence of cutaneous melanoma has been increasing at a level of around 3-7% 

per year (Lens & Dawes, 2004). However, the global rates vary up to 100-fold, where the 

greatest incidence of cutaneous melanoma is seen in the light skin Caucasian populations of 

western countries that are exposed to high levels of solar ultraviolet (UV) radiation (Cummins 

et al., 2006; Ferlay et al., 2019; Lens & Dawes, 2004). According to the recent data from the 
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global cancer observatory (GLOBOCAN), in 2020, the age-standardised incidence per 100,000 

inhabitants ranged from 0.39 cases in eastern Asia to 16.1 cases per 100,000 in Northern 

America. The highest incidence however lies in New Zealand and Australia, with 31.6 cases 

per 100,000 in New Zealand. Of the leading cancer types diagnosed in NZ in 2020, melanoma 

of the skin was the third most common malignancy in men and the fourth most common in 

woman. Additionally, New Zealand maintains the highest melanoma induced mortality rates 

with an age-standardised rate of 4.7 per 100,000 persons per year, at almost double that of the 

next closest country, with 2.4 deaths per 100,000 in Australia. New Zealand therefore harbours 

the greatest burden of melanoma worldwide, of which it is one of the country’s leading cancer 

killers (Sung et al., 2021).  

1.1.1.1 Risk factors for developing melanoma 

The Major modifiable risk factor for melanoma is exposure of the skin to Ultra violet (UV) 

radiation, the total of which is determined through ambient UV exposure and personal 

behaviour (Sneyd & Cox, 2013). Ambient exposure to UV differs globally and is dependent 

on the erythemal (or sunburning) strength of UV radiation, typically referred to under the terms 

of the UV index (UVI) (Kricker et al., 2007). The UVI levels in the summers of New Zealand 

and Australia are high on the international UV index scale. Typically on this scale, a level of 3 

and above requires sun protection, and New Zealand is noted to reach levels of 13, and 

Australia of 15 on this scale. While globally this scale can reach extreme levels of up to 20, the 

levels in Australia and NZ far exceed that of the United Kingdom which is the ancestral home 

of many fair skinned populations in these countries and are most susceptible to UV-induced 

skin damage (McKenzie, Bodeker, Scott, Slusser, & Lantz, 2006). Consequently, exposure to 

UV radiation is further exacerbated in New Zealand and Australia due to climate changes, 

cultural influences and a heavy behavioural emphasis on tanning, resulting in extended periods 

of direct skin exposure to the sun (Karimkhani et al., 2017; Sneyd & Cox, 2013). 

It is important to note Asian and Polynesian countries that are exposed to similar, if not higher 

UV levels experience a much lower prevalence of melanoma. This can be attributed to the 

darker skin complex of these individuals as a result of higher melanin levels in the skin (Sneyd 

& Cox, 2009) (Daneman & Prat, 2015). Melanin is the skins main defence against UV radiation 

induced DNA damage in melanocytes. Skin exposed to UV radiation increases skin pigment 

in part through the activation of the melanocortin receptor 1, which results in the production of 
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melanin (Miller & Mihm, 2006). This results in populations with darker skin having a 

protective advantage against the development of melanoma, explaining the low prevalence of 

melanoma in Maori, Pacific and Asian populations in New Zealand that are exposed to the 

same UV levels (Sneyd & Cox, 2009).  

1.1.2 Progression of melanoma 

Early melanoma diagnosis is associated with favourable outcomes and surgical resection 

during this stage is usually a curative treatment (Cummins et al., 2006; Sandru, Voinea, 

Panaitescu, & Blidaru, 2014). However, when left unresected, malignant melanocytic nevi 

continue to acquire mutations resulting in an invasive phenotype that can penetrate the dermis 

and enter the circulation (Miller & Mihm, 2006). Once melanoma has advanced beyond its 

primary site, it is no longer responsive to surgical intervention and the aggressive nature of the 

tumour type presents a particularly difficult and unresponsive nature to treatment (Matthews, 

Li, Qureshi, Weinstock, & Cho, 2017; Miller & Mihm, 2006).  

Melanoma can spread through both haematogenous and lymphatic vessels of the body, with 

the highest affinity for metastasis of all other cancers (Sandru et al., 2014). The most popular 

locations for metastasis include secondary skin regions, extra-regional lymph nodes, as well as 

visceral organs including the lungs, liver, central nervous system (CNS) and the gastrointestinal 

tract (Gershenwald & Scolyer, 2018; Matthews et al., 2017). It is hypothesised that the 

neuroectodermal origin of melanoma enables the cancers unique ability to invade a plethora of 

different tissue types, including the brain, which is not commonly seen in other cancers 

(Wikstrand, Bourdon, Pegram, & Bigner, 1982; Wilkerson, Glasgow, & Hiatt, 2006).  

The different sites of metastasis carry different prognosis, as defined by the Tumour, Node and 

Metastasis (TNM) staging system (Sandru et al., 2014). The first category M1a, refers to 

metastasis to subcutaneous tissue and extra-regional lymph nodes, carrying the best prognosis 

with a 23% 5 year survival rate. M1b refers to metastasis to the lung only, as the lung remains 

the best prognosis of any visceral organ involvement, although has a low 5 year survival of 

17%. The third category M1c, refers to all other visceral organ metastasis with a 5 year survival 

of around 10% (Sandru et al., 2014). However, recently the American joint committee on 

cancer (AJCC) has updated their M1 staging to include a fourth category of metastasis (M1d) 

designated for distant metastasis to the CNS. Melanoma metastasis to the brain have 

significantly lower prognosis and different clinical management to any other metastatic site 
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and therefore receives their own category reflective of the severity of this form of the disease 

(Gershenwald & Scolyer, 2018). 

1.1.3 Mechanisms of melanoma metastasis and dissemination 

Tumour cell metastasis is a multi-step, dynamic process that occurs in late stage malignancies 

resulting in primary tumour cells spreading to distant sites in the body (Kircher, Silvis, Cho, & 

Holmen, 2016). During this process complex interactions must occur between tumour cells and 

the host, resulting in what is known as the “metastatic cascade” initiated through multiple 

oncogenic mutations in the progression of melanoma. (Kircher et al., 2016; Wrobel & Toborek, 

2016). The process of the metastatic cascade, as depicted in Figure 1, begins with tumour cells 

detaching from the primary tumour, to which the dissociated cells must then infiltrate into the 

surrounding stroma where they can enter the vasculature through a process known as 

intravasation. Tumour cells that survive in the blood stream are carried to distant sites where 

they eventually arrest in the small vessels of distant organs. Tumour cells then adhere to 

endothelial cells and migrate through the vasculature in a process known as extravasation, to 

then invade the target organ (McGary, Lev, & Bar-Eli, 2002).   

1.1.3.1 Primary tumour expansion 

Following transformation from a dysplastic nevus into a malignant melanocytic neoplasm, 

melanoma cells proliferate through two distinct phases, the radial and vertical growth phases 

(Clark et al., 1989; Omholt et al., 2003). The primary mechanisms by which radial tumour 

growth is induced, is through the increase of point mutations and copy-number alterations. This 

is proven by the characteristic base changes in the DNA of melanoma, such as C>T transitions 

as a result of chronic or intermittent UV exposure  (Timar, Vizkeleti, Doma, Barbai, & Raso, 

2016). It is unsurprising that the most sensitive human oncogene to UV damage is BRAF, as it 

is the most commonly mutated gene in melanoma and melanocytic nevi (Michaloglou et al., 

2008). The second most frequently UV-mutated oncogene is NRAS (Karram et al., 2013). Both 

oncogenes are near exclusively mutated at the specific points in the genetic code that are 

exon15 codon600 in BRAF and exon3 codon61in NRAS, suggesting that these regions are 

more difficult to repair or detect damage to (Timar et al., 2016). This represents the radial 

growth phase, where the melanoma cells located in the epidermis are confined to the skin and 

surgical excision is the standard treatment (McGary et al., 2002). These founder oncogenic 
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mutations, namely BRAF, NRAS, and other spontaneous oncogenic hits including CDKN2A 

and KIT are only responsible initially for the increased proliferation of the melanoma cells and 

do not initiate or play a role in metastasis maintenance (Schadendorf et al., 2015). Further 

acquisition of oncogenic mutations are required to induce the invasive properties of metastatic 

melanoma. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic overview of the metastatic cascade involved in melanoma brain metastasis. 1: 
primary melanoma tumour growth and intravasation into the circulation. 2: the process of melanoma cell 
dissemination and circulating tumour cells in the bloodstream. 3: melanoma cells slowing down in the 
circulation arresting in small branch points of the neuro-vasculature, followed by lose attachment and 
string adhesion to the endothelial cells. 4: melanoma cell extravasation through the endothelial monolayer, 
invading the CNS parenchyma. 5: proliferation within the neurovascular unit, forming secondary 
metastasis. Created with BioRender.com, drawn by Dayna Spurling, 2022. 

1.1.3.2 Local invasion  

Following radial growth, melanoma lesions enter the vertical growth phase marked by invasion 

of local tissue into the dermis, and eventually intravasation into the surrounding vasculature 

(Clark et al., 1989). The vertical growth phase involves the acquisition of additional genetic 

mutations in multiple oncogenes including cell-cycle controlling genes, chromatin remodelling 
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genes and key tumour suppressor genes including PTEN, and TP53 to constitutively activate 

proliferation in the melanoma tumour (Kato et al., 2016; Schadendorf et al., 2015).  

Interestingly, the characteristics of the skin, tissue surrounding cutaneous melanoma, enhances 

the metastatic potential of this tumour. Normal melanocytes are typically under the tight control 

of keratinocytes within the skin epidermis through the adhesion receptor E-cadherin (McGary 

et al., 2002). The progression to invasive melanoma is historically marked by the loss of E-

cadherin and the upregulation of N-cadherin, leading to the separation of melanoma cells from 

the dermis and the interaction with surrounding stromal cells and endothelial cells (Hsu, 

Wheelock, Johnson, & Herlyn, 1996). This presents as a mesenchymal phenotype and drives 

invasion. Alterations in the PI3K signalling pathway, specifically loss of PTEN, are suggested 

to regulate this change in the cell adhesion process (Hao, Ha, Kuzel, Garcia, & Persad, 2012). 

Alternatively JAK-STAT, Rho-GTPases and canonical WNT/b-catenin pathways also 

contribute to melanoma invasion (Lopez-Bergami, Fitchman, & Ronai, 2008). Altered 

expression and activity of prototypical Rho/GTPase members Rac, Cdc42 and Rho coordinate 

actin rearrangement, allowing for the cell structure required for invasion, for example 

invadopodia (Lee et al., 2005).  

Another unique property of the skin is the high vascularity. Unlike several other organs and 

tissues, the dense network of pre-existing skin vessels provide extensive access of melanoma 

to the circulation (Kashani-Sabet, Sagebiel, Ferreira, Nosrati, & Miller, 2002). As a result of 

this, a 1mm size melanoma tumour already possesses significant metastatic potential, in 

comparison to most other solid human tumours which to possess a similar metastatic ability 

are centimetres in size. Additionally, melanoma cells upregulate the exogenous production of 

VEGF to induce vasculogenic mimicry forming tumour vessels linked to skin resident blood 

vessels (Marcoval et al., 1997).  

1.1.3.3 Intravasation and extravasation  

Hematogenous dissemination of melanoma starts with intravasation of the supplying blood 

vessels either intratumorally or peritumoral. Like many other malignancies, melanoma sheds 

high amounts of tumour cells into the periphery, resulting in increased levels of circulating 

tumour cells (CTCs) in the patients’ blood, ultimately giving rise to secondary metastatic 

tumours (Barradas & Terstappen, 2013). The process of tumour cell dissemination is often 

the ‘Achilles heel’ of metastasis, resulting in the large majority undergoing apoptosis due to 
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lack of survival signals and the exposure to immune effector cells (Beasley & Toms, 2011; 

Schadendorf et al., 2015). While malignant tumours have adopted mechanisms to evade 

immune mediated killing, the survival rate of these cells in the circulation is extremely low.  

Secondary to survival, upon movement through the circulation in the microvasculature of 

distant organs, disseminated tumour cells must attach and transmigrate through the endothelial 

cell layer to give rise to a metastatic tumour. While CTCs of metastatic cancers are exposed to 

all systemic organs through the circulation and lymphatics system, the ability for a CTC to give 

rise to a metastatic tumour is a rare event. As well established by Ian Paget’s “seed and soil” 

hypothesis, the receptive tissues must have a favourable microenvironment to initiate 

metastasis (Evans, 1990; Langley & Fidler, 2011).  The aggressive nature of melanoma prevails 

through this final step in the metastatic cascade in comparison to other tumours as (i) The high 

affinity for metastasis sees a larger volume of CTCs result in viable secondary tumours, and 

(ii) melanoma displays large multi-organ tropism, which only occurs in a few extremely 

aggressive tumours including breast and lung cancer (Clawson et al., 2012; Seymour et al., 

1994).  

It is thought that the increased metastatic ability of melanoma is a result of the prioritised 

mesenchymal phenotype of the cells. Unlike epithelial malignancies which undergo an 

epithelial to mesenchymal (EMT) switch as a hallmark of metastasis, melanoma cells retain 

this phenotype in the initial phases of transformation (Dos Anjos Pultz et al., 2017). 

Furthermore, the affinity for metastasis is in part due to the stemness potential of melanoma. 

The “stem-cell” population of malignant tumours is defined typically by a small population 

of cells that harbour tumorigenic potential, which comprise only a minor population of the 

CTCs of said malignancy (Cohen et al., 2016; Hendrix, Seftor, Hess, & Seftor, 2003). 

However, it is believed that the stem-like population of melanoma cells is much larger, 

resulting in the high levels of metastasis of this tumour type (Hendrix et al., 2003).  

1.2 Melanoma brain metastasis 

Metastasis to the brain is a different process than metastasis to other visceral organs due to the 

unique physiological properties of the brain microenvironment. In order for malignant cells to 

invade the CNS parenchyma, the cells must pass the blood-brain barrier (BBB) (Kircher et al., 

2016; Wilhelm, Molnar, Fazakas, Hasko, & Krizbai, 2013). While the BBB works as a means 

to prevent many cancers from entering into the brain, some cancers have adapted and developed 
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mechanisms in order to surpass the protective layer, to penetrate the CNS. In vivo imaging 

reveals slowing down and interactions with the brain microvasculature, where melanoma cells 

adhere to branch points allowing for extravasation through the tight cerebral endothelial cell 

junctions (Kienast et al., 2010). While lung and breast cancer lead the causes of brain 

metastasis, melanoma has the highest level of cerebral tropism, resulting in the greatest 

propensity that metastasise to the brain of all cancer types (Beasley & Toms, 2011). Metastasis 

in the brain is commonly associated with the terminal stage of the disease, truly indicating how 

aggressive and devastating metastatic melanoma can be (Davies et al., 2011; Ni, Chen, & Lu, 

2018; Wilhelm et al., 2013).   

1.2.1 Clinical relevance to research 

The need to find new treatments for brain metastasis are a large area of interest in cancer 

therapy. Those with the complications of brain metastasis, that opt-out of treatment are left 

with a median overall survival of less than two months (Beasley & Toms, 2011). Brain 

metastasis is therefore the most serious complication of metastatic melanoma. The prevalence 

of brain metastasis in melanoma patients is high, with around 50-75% of patients developing 

CNS involvement once the disease has become metastatic (Cohen et al., 2016; Sandru et al., 

2014; Sloan et al., 2009). The number of brain metastatic lesions in melanoma patients 

observed in post mortem brains however has been noted to be up to 90% (Redmer, 2018). This 

indicates that almost all patients that die as a result of melanoma develop brain metastases 

during the course of their disease. Even with the use of different therapies in attempts to treat 

brain metastasis, several studies report a median overall survival of approximately 4 months 

(Fife et al., 2004; Raizer et al., 2008).  

The extremely poor outcomes of brain metastatic melanoma and the short time from diagnosis 

to death calls for the urgent need of progress in this field. Currently all forms of brain metastasis 

therapies are targeted to treating the tumours once they have already formed (Sloan et al., 

2009). However, due to the short time frame patients have from diagnosis, a new era of brain 

metastasis treatment might aim to provide preventative measures against brain tumours 

developing all together. In order to target brain metastasis prior to formation, treatment would 

need to target the specific mechanisms the melanoma cells use to invade the blood-brain barrier 

(Fazakas et al., 2011). It is therefore of the utmost importance to understand and characterise 
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the interactions between melanoma cells and cerebral endothelial cells to prevent melanoma 

brain metastasis.  

1.2.2 The Blood-brain barrier 

Due to the lack of a lymphatic system in the CNS, the only possible entry point of metastatic 

cells into the brain is through haematogenous spread, where entry is protected by the tight 

structure of the blood-brain barrier (BBB) (Kircher et al., 2016). The BBB is the term used to 

describe the distinct properties of the central nervous system microvasculature. Composed of 

multiple cellular components including highly specialised endothelial cells, astrocytes and 

pericytes which together form the neurovascular unit (NVU) (Figure 2A) (Daneman & Prat, 

2015; Wrobel & Toborek, 2016). 

Figure 2. Schematic overview of the Blood-brain barrier and interendothelial junctions A: shows the 
neurovascular unit (NVU), comprised of the cerebral endothelial cell, pericytes and astrocytic foot 
processes. The black box highlights the intercellular junctions that form the main component of the 
endothelial barrier, enlarged in panel B. B: Shows a simplified schematic of the junctional proteins that 
make up both the tight junctions and adherens junctions of the BBB. Involved in maintaining the structure 
of the endothelial cells by interacting with the actin cytoskeleton and maintaining integrity through 
interactions with one another, and the basement membrane on the basolateral surface. ZO-1,2: Zona-

A 

B 
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occludens 1, 2; PECAM: platelet endothelial cell adhesion molecule; JAM: junctional adhesion molecule. 
Created with BioRender.com, drawn by Dayna Spurling, 2022. 

Transport across the BBB is protected at a four-fold level of defence. The CNS is comprised 

of continuous nonfenestrated vessels, where paracellular permeability is further regulated with 

a continuous line of interendothelial junctions, displayed in Figure 2, unique to the cerebral 

endothelium. (Kircher et al., 2016; Wilhelm et al., 2013). Endothelial tight junctions (TJs) form 

the portion of junctions closest to the apical face of the paracellular cleft. TJs are comprised of 

the transmembrane proteins Claudins (-5, -12), Occludins, junctional adhesion molecules 

(JAMs), and the cytoplasmic anchoring proteins Zonula occludens  (ZO-1, ZO-2) (Kniesel & 

Wolburg, 2000). The presence of tight junctions act to restrict the passing of polar molecules, 

cells and ions into the brain, regulating fluid homeostasis and maintaining integrity between 

neighbouring endothelial cells (Liu et al., 2013).  

Additionally, basolateral adherens junctions (AJs) play a role in regulating barrier function and 

maintaining cell morphology. AJs consist of cadherins, that are directly linked to the 

endothelial cytoskeleton through the catenin-cadherin junctional complex (Vorbrodt & 

Dobrogowska, 2004). The cadherin family of transmembrane molecules function through a 

calcium-dependent system involving the catenin’s alpha, beta, gamma and p120 to link to the 

actin cytoskeleton (Alcaide et al., 2008). VE-cadherin, or CD144 is a key cadherin 

characterised in the intercellular connections of cerebral vascular endothelial cells, similarly 

involved in cell structure through its link to the actin cytoskeleton (Hordijk et al., 1999). An 

early study by Carmeliet et al (1999), showed a potential role of CD144 in cell survival, as well 

as cell signalling following the disruption of the CD144 gene CDH5 producing apoptosis in 

vitro and lethality in vivo. Additionally, CD144 is highly localised to the cell borders and 

junctions, therefore any resulting disruption of TJs typically results in a corresponding loss of 

CD144, highlighting its importance in the integrity and structure of the BBB (Shaw, Bamba, 

Perkins, & Luscinskas, 2001). AJs also contain platelet endothelial cell adhesion molecules 

(PECAM), that are similarly involved in endothelial junction maintenance. PECAM also plays 

a direct role in trasendothelial migration through homotypic binding to PECAM expressed on 

migrating leukocytes, which similarly express this protein (Hordijk et al., 1999). The ability of 

the BBB to regulate CNS homeostasis is essential for proper neuronal function, while also 

protecting exposure of the CNS to pathogens, toxins, inflammation and disease. (Daneman & 

Prat, 2015)  
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1.2.2.1 BBB selectively impairing treatment 

The BBB presents as an important point of contact in the challenge of treating brain metastasis 

(Wrobel & Toborek, 2016). Due to the tight angioarchitecture of the BBB restricting 

paracellular diffusion, cerebral endothelial cells express large numbers of specific active or 

passive transporters to regulate the transport of necessary molecules and nutrients in and out 

of the brain. (Fazakas et al., 2011). Specific transporters facilitate the movement of important 

amino acids or nutrients into the CNS, for example glucose transporter 1 (GLUT-1) for the 

essential delivery of glucose from the blood to the brain as the brains energy source. While 

efflux transporters clear waste and prevent the entry of potentially neurotoxic compounds into 

the brain (Stamatovic, Keep, & Andjelkovic, 2008). The result of transporters allowing large 

molecule entry into the brain prevents the majority of systemic chemotherapeutic agents from 

entering also. (Beasley & Toms, 2011; Ni et al., 2018). The prevention of drug delivery to the 

CNS results in a therapeutic haven for metastasising cancer cells, utilising the protective 

environment provided by the BBB to continue to grow, escaping the effects of treatment. 

While there has been a large increase in the development of novel cancer therapies, brain 

metastasis still continues to remain under treated due to a lack of understanding of the 

mechanisms of brain metastatic cancer, and therefore corresponding therapeutics (Sloan et al., 

2009). In general, both primary brain neoplasms and brain metastases are resistant to systemic 

treatment, resulting in the need to develop brain metastatic preventative therapies that act to 

target the dire need to stop melanoma cell entry into the brain, rather than attempting to target 

the problem when it is essentially too late (Sloan et al., 2009). 

1.3 Extravasation at the cerebral endothelium  

Due to the function of the BBB restricting the passage of molecules and leukocytes into the 

brain, the CNS has historically been considered an immunologically privileged organ 

(Engelhardt & Ransohoff, 2005). The main support to this idea being the presence of the BBB. 

Additionally the CNS immune response is reduced due to a lack of lymphatic drainage as well 

as very low levels of resident antigen-presenting cells within the parenchyma (Daneman & 

Prat, 2015). Inflammation in the CNS is also limited due to potentially dangerous effects that 

any swelling may place on the delicate network of non-renewing neural cells, as a result of 

being encapsulated in bone, including the skull and vertebrae (Aleu, Samuels, & Ransohoff, 

1966; Engelhardt & Ransohoff, 2005). 
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However, it is now widely recognised that the CNS is more appropriately labelled immune 

specialized (Arvanitis, Ferraro, & Jain, 2020). It has been highlighted that there is a level of 

leukocyte trafficking through the BBB to perform immunosurveillance, as well as marked 

upregulation in response to brain injury (Callahan & Ransohoff, 2004). The pathways that 

allow leukocyte entry into the CNS have been well defined and studied through different 

neuropathologies that clearly demonstrate a response to inflammatory stimuli. This can be 

highlighted through the process of eventual rejection of CNS allografts, localised inflammation 

seen at sights of cortical trauma or stroke, and in the neuronal delayed-type hypersensitivity 

autoimmunity model for multiple sclerosis, through experimental autoimmune 

encephalomyelitis (Anthony, Sibson, Losey, Meier, & Leppert, 2014; Janowski et al., 2014). 

Leukocyte extravasation through the cerebral endothelium is a multi-step process occurring 

primarily at post capillary venules. During neuro-inflammatory pathologies, endothelial cell 

permeability is altered to increase the successful infiltration of leukocytes through an otherwise 

impenetrable barrier (Ransohoff & Engelhardt, 2012; Winger, Koblinski, Kanda, Ransohoff, 

& Muller, 2014). This process is facilitated in a sequential manner through a complex interplay 

of signalling and adhesion molecules between activated cerebral endothelial cells and 

leukocytes. Figure 3A summarises the key points of leukocyte transendothelial migration 

(TEM) at the cerebral endothelium in diagrammatic form. 

The first step of leukocyte diapedesis is often termed the rolling stage, in which transient 

contact is initiated following the upregulation of endothelial E- and P-selectin in an 

inflammatory environment, loosely binding the respective ligands on leukocytes, such as L-

selectin and P-selectin glycoprotein ligand-1 (PSGL-1) (Del Conde, Shrimpton, Thiagarajan, 

& Lopez, 2005). The selectin-mediated docking of leukocytes along the cerebral endothelium 

allows for the rolling leukocyte to sample local endothelial cell surface activating factors, that 

upon binding mediate subsequent firm adhesion. The activation phase is initiated by leukocyte 

G-coupled receptors such as CXCR4 binding to chemokines presented on proteoglycans of the 

cerebral endothelium (Stumm et al., 2002). Cytokine induced intracellular signalling results in 

the upregulated expression of integrins essential for this process including LFA-1, MAC-1 and 

VLA-4. These integrins bind to endothelial ICAM-1 and VCAM-1, both cytokine inducible 

cell adhesion molecules on endothelial cells, resulting in the firm adhesion and arrest of 

leukocytes (Gorina, Lyck, Vestweber, & Engelhardt, 2014). This precedes the final step of 

extravasation that is TEM through the endothelial cells. 



Literature review 

24 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic summarizing leukocyte trasendothelial migration at the cerebral endothelium. A: 
shows a simplified summary of the key points of contact between migrating leukocyte and endothelial cell. 
Rolling leukocyte forms weak interactions, such as between selectins. Following these interactions, the 
activation of endothelial cells produces chemokines to interact with chemokine receptors to further 
activate leukocytes. Leukocyte activation promotes tight binding through integrin interactions, e.g., VCAM-
1 and VLA-4. ICAM-1 binding induces clustering, activating GTPases, including RhoA for example, 
influencing the cytoskeletal structure to adapt to the migrating leukocyte. PSGL-1: P-selectin glycoprotein 
ligand-1; CXCR: chemokine receptor; CXCL: chemokine ligand; VCAM-1: vascular cell adhesion molecule; 
ICAM-1: intercellular adhesion molecules; VLA-4: very late antigen-4; LFA-1: lymphocyte function-
association antigen 1; RhoA: Ras homolog family member A. B: shows an overview of the two possible 
routes of leukocyte transmigration through the blood-brain barrier. Created with BioRender.com, drawn 
by Dayna Spurling, 2022. 
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Endothelial cells play an active role during this process (van Steen, van der Meer, Hoefer, & 

van Buul, 2020). The clustering of ICAM-1 on endothelial cells in response to integrin binding 

leads to the activation of the small GTPase RhoA, which stimulates the formation of F-actin 

stress fibres, to play an essential role in facilitating movement (Barzilai et al., 2017). 

Furthermore, the recent advances in confocal microscopy have allowed for the detailed analysis 

of these interactions in three dimensions, revealing that upon clustering, both ICAM-1 and 

VCAM-1 are recruited to cup-like membrane protrusions, rich in F-actin (Petri & Bixel, 2006). 

Initially these docking structures were proposed to be involved in leukocyte adhesion, however 

this has since been disproved by Carman and colleagues (2008), that showed that inhibition of 

the formation of these membrane protrusions via blocking actin polymerisation decreased 

TEM, but not leukocyte adhesion. Therefore indicating a more direct role in the final step of 

diapedesis.  

The two possible routes of leukocyte diapedesis through the endothelial barrier after breaching 

the endothelium as depicted in Figure 3B are: (1) the paracellular route, that occurs through the 

endothelial cell-cell junctions or (2) the transcellular route, occurring through the endothelial 

cell body (Barzilai et al., 2017; Petri & Bixel, 2006; Wittchen, 2009). 

1.3.1 Routes of transmigration through the Blood-brain barrier 

The highly restrictive cell-cell junctional complex present between cerebral endothelial cells 

typically prevent the paracellular diffusion of immune cells and other molecules. However, the 

loss of integrity of this junctional complex is associated with cerebral inflammation (Argaw, 

Gurfein, Zhang, Zameer, & John, 2009; Stamatovic et al., 2008). As a result of this 

phenomenon in neuropathologies, the paracellular route has been subject to decades of research 

displaying clear evidence in cerebral TEM, whereas the transcellular route has long been 

interpreted as either non-existent or nonimportant across the BBB and was previously ignored 

(Gorina et al., 2014). However, in recent years, many reports of increased transport across the 

BBB without obvious changes in interendothelial junctions has suggested changes in BBB 

permeability occur through tight-junction independent processes (Herman et al., 2019). 

Transcellular migration at the BBB has since been proven, and may constitute up to one third 

of all cases of leukocyte diapedesis, with upregulation in many neuroinflammatory diseases 

such as multiple sclerosis (Balasa et al., 2020; Hasko et al., 2019).  
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Both routes of leukocyte transmigration through the BBB are dependent on ICAM1 and 

VCAM1 to initiate membrane movement through RhoA signalling, however the downstream 

effects are different depending on the route of migration (Mickael et al., 2021). During 

paracellular transmigration, activation of the RhoA and Src signalling pathways initiate the 

phosphorylation of CD144, promoting the disassembly of adherens junctions, creating space 

between endothelial cells for leukocyte diapedesis (Hordijk et al., 1999). Paracellular TEM is 

similarly dependent on PECAM1 and CD99, which are expressed on both T-cells and cerebral 

endothelial cells forming homodimers and allowing for the effective movement through 

endothelial cells junctions, similarly activated by RhoA (Collins et al., 2012). One of the key 

differences between paracellular and transcellular migration is the formation of transcellular 

pores within the endothelial cell body (Carman & Springer, 2004). Transcellular migration is 

intimately associated with vesicular transcytosis, where caveolin-1 (CAV1) and vesiculo-

vacuolar organelle (VVO) enriched vesicles recruit SNARE proteins to induce transcellular 

pore formation, alike the membrane fusion process that occurs in vesicular transcytosis 

(Carman et al., 2007). RhoA similarly interacts with CAV1 to promote signal sensing and the 

induction of transcellular migration (Carman & Springer, 2008).  

1.3.2 Evidence of melanoma migration at the blood-brain barrier  

Understanding the mechanisms of leukocyte extravasation through the blood-brain barrier have 

led to understanding cancer cell extravasation, although it is one of the least known steps in 

cancer metastasis, tumour cells tend to adopt similar mechanisms to leukocytes during TEM 

(Beasley & Toms, 2011; Bersini, Jeon, Moretti, & Kamm, 2014; McGary et al., 2002). The 

mechanisms of melanoma cerebral metastasis are no exception, and many questions are still 

unanswered of exactly how these cells extravasate through the BBB, highlighting the 

importance of work in this area (Beasley & Toms, 2011; Redmer, 2018).  

It is established however, that like leukocytes, some melanoma cells upregulate cell adhesion 

molecules, including VLA-4 that allows binding to VCAM-1, shown to aid in their 

extravasation (Peinado et al., 2012). The binding of melanoma cells to endothelial cells also 

result in the dissolution of CD144 and PECAM-1 in the intercellular junctions, through the 

activation of intracellular signalling cascades typically abnormally activated by melanoma 

secreted factors such as VEGF (Winger et al., 2014). Cancer cells typically show upregulated 

expression of key molecules that aid in the metastatic phenotype, for example N-cadherin, a 
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molecule involved in transendothelial migration is commonly expressed at high levels in 

tumours of breast, prostate and skin (Qi, Chen, Wang, & Siu, 2005). N-cadherin expression in 

melanoma is accompanied by metastasis due to the promotion of separating from adjacent 

keratinocytes and promoting invasion (Hsu et al., 1996). N-cadherin has been shown to form 

heterotypic contacts between melanoma and endothelial cells, and subsequent signalling of β -

catenin through this contact plays a regulatory role in melanoma migration (Qi et al., 2005). 

While very few experimental data exist detailing the interaction of melanoma cells with human 

brain endothelial cells, in-vivo real time imaging demonstrate persistent close contacts of 

melanoma cells to cerebral microvascular cells and vessel co-option (Kienast et al., 2010). 

Additionally, in-vitro blood-brain barrier models have provided evidence of the transmigration 

pathway used by melanoma cells to enter the brain parenchyma. Multiple independent groups 

note a paracellular mechanism through the targeted disruption of interendothelial junctions 

(Anchan et al., 2019; Fazakas et al., 2011; Herman et al., 2019; Onken, Li, & Cooper, 2014).  

Some of the steps of leukocyte entry into the CNS were resolved in the 90s by Laurence 

Steinman’s group (Yednock et al., 1992), where these seminal observations were then 

translated into drugs (Natalizumab) to prevent lymphocyte entry across the BBB in the context 

of multiple sclerosis (Steinman, 2012). This is a prime example where blocking unwanted 

cellular adhesion and subsequent cellular entry across the vascular endothelium proves to 

alleviate symptoms and severity of the disease. It is logical to suggest therefore that if similar 

molecules are involved in melanoma’s molecular toolbox that equivalent antagonistic 

approaches could also succeed.  

1.4 Mechanisms of blood-brain barrier disruption in metastasis 

The function of the blood-brain barrier is dynamic, and the tight knit cellular structure must be 

disrupted as a perquisite in brain metastasis formation. Through the extensive study of BBB 

dysfunction during leukocyte TEM in neuroinflammatory disease, many factors have been 

identified in melanoma that act upon the cerebral endothelial cells promoting endothelial 

permeability and tight-junction break down. This has been proven through in vitro human 

blood-brain barrier models assessing melanoma migration, reporting a corresponding damage 

to endothelial monolayer integrity (Anchan et al., 2019; Fazakas et al., 2011; Molnar et al., 

2016).   
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Extensive research into understanding how melanoma so efficiently disrupt the barrier has 

provided some insight into the mechanisms used, however are still largely unknown. It is well 

established, that upon melanoma cell binding to cerebral endothelial cells, secreted molecules 

directly disrupt endothelial cell integrity, largely targeting the tight junctional proteins to 

induce permeability (Fazakas et al., 2011; Molnar et al., 2016). Identification of these 

promising candidates have stemmed large efforts in the attempts to inhibit or prevent melanoma 

cells from extravasating through the BBB by decreasing the apparent endothelial cell damage 

caused. Understanding these mechanisms is a truly ever evolving field of research, which in 

more recent years, shows evidence of tumour-cell derived extracellular vesicles displaying an 

increasingly prominent role in this process.   

1.4.1 Secreted factors 

Analogous to leukocytic TEM during neuroinflammation, melanoma and other brain metastatic 

cancers secrete soluble factors to facilitate movement by promoting endothelial cell 

permeability. Being a key regulator of angiogenesis, VEGF has since been highlighted for its 

important role in metastasis (Kienast et al., 2010; Weis, Cui, Barnes, & Cheresh, 2004; Xie et 

al., 2006). Initial evidence for the involvement of this growth factor in brain metastasis was 

provided through the transfection of human lung cancer cells with an antisense-VEGF165 gene, 

that subsequently decreased the frequency of brain metastasis (Yano et al., 2000) . Melanoma 

derived VEGF has been shown to activate Rho/ERK signalling pathways in vitro to target and 

disassemble tight junctions between cerebral endothelial cells (Li et al., 2013). TGF-β is 

another growth factor expressed at high levels in metastatic melanoma cells. TGF-β has been 

shown to disrupt CD144 to reduce endothelial barrier function through permeated junctions 

(Anchan et al., 2020).  

 

The upregulation of proteolytic enzymes by metastatic cells is essential for degrading 

surrounding structures and may be implicated throughout all steps of the metastatic cascade 

(Wilhelm et al., 2013). The formation of brain metastasis similarly characterise key proteolytic 

enzymes to target tight junctions and allow for transendothelial gaps that can facilitate cancer 

cell migration. Matrix Metalloproteinases (MMPs) have been found to be over expressed in a 

number of brain metastatic cancers, through intrinsic upregulation mechanisms (Redmer, 

2018). For instance, melanoma cells reprogramme astrocytes in vitro to express IL-23, an 

inflammatory cytokine that upregulates MMP2 in metastatic melanoma (Klein et al., 2015). 



Literature review 

29 

Melanoma derived MMP2 has also been implicated in tight junction degradation and 

promoting damaged vascular integrity to enhance brain metastasis (McGary et al., 2002; 

Schnaeker et al., 2004). Dysregulated expression of MMP2, FGF-β and VEGF have all been 

induced through the transcription factor STAT-3, that has been linked to increase brain 

metastasis in melanoma (Xie et al., 2006). Additionally, other proteolytic enzymes like HSPE1 

(Heparanase) and FAP (fibrin activation protein) have been shown to alter BBB integrity 

(Alvarez & Teale, 2006). Heparin is involved in supporting structural components in cell-

junctions such as ZO-1 and CD144. HSPE1 in turn was reported to induce AKT-signalling and 

produce tumour cell migration though the blood-brain barrier (Gingis-Velitski, Zetser, 

Flugelman, Vlodavsky, & Ilan, 2004).  

 

Chemokines and their corresponding receptors have an established role in brain metastasis 

formation. In a recent study, melanoma cells were shown to express a whole set of chemokine 

receptors, including CCR3, CCR4, CXCR3, CXCR5 among these receptors, CCR4 was found 

to be significantly higher in a brain metastatic melanoma model (Izraely et al., 2010). Evidence 

of the chemokine/receptor system. Although not secreted, chemokine receptor activation on 

melanoma cells has been shown to play a pivotal role in melanoma brain metastasis. For 

instance the chemokine receptor system CCR4 and its ligand CCL17 enhanced melanoma 

transendothelial migration in the brain (Al-haidari, Syk, Jirstrom, & Thorlacius, 2013). It is 

thought activation of this ligand may result in downstream signalling to promote tight junction 

degradation, as CCR4 induces colorectal cancer invasion through Rho-kinase signalling to 

induce MMP13 in an ERK/NF- κB dependent manner (Ou et al., 2017).  

1.4.2 Extracellular vesicles  

Extracellular vesicles are membrane-bound particles produced essentially by all cell types, 

involved in a complex and highly conserved intercellular communication system (Heijnen, 

Schiel, Fijnheer, Geuze, & Sixma, 1999). Over the last few decades EVs have been gaining 

attention in several scientific fields due to their ability to package and exchange genetic 

material, lipids and nucleic acids. More recently, the use of EVs as “messengers” and drivers 

in tumour progression and metastasis has emerged as a key mechanism employed by many 

cancers (Abrisqueta et al., 2013; Clancy et al., 2015; Mayer et al., 2004; Valenti et al., 2007). 

Current evidence suggests that the rate of vesicle release is enhanced through oncogenic 

processes, resulting in densely packed vesicles not seen under normal physiological 
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circumstances. Additionally, EVs have been shown to travel to distant sites in vivo, evidently 

crucial to affecting metastasis (Arasi, Pedini, Valentini, Felli, & Felicetti, 2020; Busatto et al., 

2020; Ghoroghi, Mary, Asokan, Goetz, & Hyenne, 2021; Hood, San, & Wickline, 2011). The 

term EV is an umbrella term for a plethora of secreted circulating vesicles that can be 

characterised in relation to their size, secretion pathway and tissue origin. Tumour-derived 

vesicles can be divided into the categories of smaller EVs, namely Exosomes and 

Microvesicles and larger EVs, including large oncosomes and apoptotic bodies (Figure 4). 

 

  

Figure 4. Schematic summarizing the four main types of extracellular vesicles. 1: Exosomes; the smallest 
class of extracellular vesicles, produced inside the cell through multivesicular bodies; 2: microvesicles and 
3: large oncosomes, derived directly from the budding of the plasma membrane; 4: Apoptotic vesicles, are 
membrane bound vesicles produced during programmed cell death, often containing nuclear fragments. 
Created with BioRender.com, drawn by Dayna Spurling, 2022, adapted from text in Miniacchi et al (2015) 
and Poon et al (2019).  
 
Tumour-derived EVs have since been demonstrated to promote brain metastasis through blood-

brain barrier disruption, with the literature documenting a heavy focus on breast cancer EVs 

(Busatto et al., 2020; Tominaga et al., 2015). Morad et al. (2019), have shown breast cancer 

derived EVs can breach an intact BBB in vivo through a transcytosis mechanism. Cancer cells 

utilise the release of EVs to deliver oncogenic proteins and molecules to the brain endothelium 

directly, or result in the dissolution of key structural molecules of the endothelial cells in order 

to aid penetration of the BBB (Saint-Pol, Gosselet, Duban-Deweer, Pottiez, & Karamanos, 
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2020). Of the defined types of vesicles secreted from brain metastatic tumours, exosomes and 

microvesicles have a more defined role in blood-brain barrier breakdown (Busatto, Morad, 

Guo, & Moses, 2021). 

 

Exosomes are the smallest classified EV, displaying morphologically cup-shaped vesicles 

derived from endosomal components within intraluminal vesicles, ranging for 30-100nm in 

diameter. In contrast, microvesicles, form from the direct budding of the plasma membrane 

and are slightly larger in size ranging from 100-1000nm (Akers, Gonda, Kim, Carter, & Chen, 

2013; Minciacchi, Freeman, & Di Vizio, 2015). Through the characterisation of these small, 

tumour-derived EVs, it appears that the pro-metastatic and blood-brain barrier disrupting 

effects are mostly influenced by the delivery of microRNAs (MiRNAs) (Lunavat et al., 2015; 

Zhou et al., 2014; Zhuang, Peng, Mastej, & Chen, 2016) . The transfer of miRNAs often result 

in the silencing of mRNAs to reprogram the target cell transcriptome. For instance, metastatic 

colorectal carcinoma effectively transfer miR-25-3p to vascular endothelial cells, including 

cerebral endothelial cells to induce vascular permeability through the downregulation of 

Kruppel-like factor (KLF) 4 and 2 (Zeng et al., 2018). The KLF transcription factors are 

involved in promoting tight junction related proteins such as claudin 5, occludins and ZO-1, 

and the subsequent downregulation disrupts interendothelial junctions resulting in increased 

vascular permeability (Shi et al., 2013; Zhang et al., 2020). Similarly, breast cancer derived 

exosomes rich in miR-105, a key regulator of ZO, enhance migration through the blood-barrier 

by targeting this tight-junctional protein through delivering this miRNA directly to cerebral 

endothelial cells (Zhou et al., 2014).  

 

Furthermore, breast cancer derived EVs have been shown to break down the BBB in vitro 

through the disruption of cerebral endothelial actin, a non-junctional target mechanism. 

Tominaga, et al. (2015) showed evidence of miR-181c induced actin degradation through the 

downregulation of 3-phosphoinositide-dependent protein kinase-1 (PDPK1) as a direct result 

of exosomal transfer. Similarly, the delivery of molecular protein cargos also have been 

documented in BBB dysfunction. For instance, glioblastoma multiforme (GBM) has been 

shown to release EVs containing VEGF, resulting in cerebral endothelial permeability (Treps, 

Perret, Edmond, Ricard, & Gavard, 2017). Additionally a study by Rodrigues, et al. (2020) 

provided evidence of brain metastatic breast and lung tumour derived EVs promoting brain 

metastasis through the delivery of cell migration-inducing and hyaluronan-binding protein 
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(CEMIP). Exosomal CEMIP was shown to upregulate inflammatory cytokines, such as tumour 

necrosis factor α (TNF- α) to induce vascular leakiness and blood-brain barrier dysfunction.  

 

Metastatic melanoma is well documented to secrete pro-tumorigenic EVs in large quantities, 

however their role in blood-brain barrier function is yet to be elucidated. In the transformative 

study by Peinado, et al. (2012) exosomes derived from highly metastatic melanoma were 

shown to induce vascular leakiness at pre-metastatic sites, and MET regulated transformation 

of bone marrow progenitor cells. Incidental findings of this study however showed evidence 

of melanoma exosomes in brain metastasis in vitro,  in which the treatment of melanoma-

derived exosomes increased metastasis to the brain, in comparison to those with primary 

tumours only and no exosomal influence. Classically, EVs have been described as nano-

particle sized vesicles, not typically reaching larger than 1μm, unless described in an apoptotic 

setting (Thery et al., 2018). However, the more recent identification of a much larger class of 

EV, ranging in size from 1-10μm called Large oncosomes (LO) have been implicated in an 

oncogenic setting (Minciacchi, You, et al., 2015; Morello et al., 2013). Large oncosomes are 

only present in the case of aggressive cancers, and do not exist under normal physiological 

cell-cell communication. However, in the context of brain metastasis, the mechanisms by 

which tumour-derived large EVs interact with the restrictive BBB to promote metastasis and 

potentially damage the BBB is still unknown. 

 

Apoptotic bodies (ApoBDs) are large membrane bound vesicles that are a population of EVs 

formed during the programmed cell death response. They are created by all human cell types 

in the homeostatic mechanism of apoptosis (Dini et al., 1995; Kerr, Wyllie, & Currie, 1972). 

The role of ApoBDs in cancer metastasis and potential blood-brain barrier breakdown is the 

least defined in the current literature, and in addition to this, ApoBDs often remain un-

characterised after systematic removal from studies analysing the effects of EVs (Poon et al., 

2019). Yet apoptosis is an extremely relevant process in tumorigenesis and metastasis. As 

highlighted through the seed and soil hypothesis previously,  the large majority of tumour cells 

that enter into the circulation do not survive, due to the activation of cell death machinery 

through various stressors (Dos Anjos Pultz et al., 2017; Fidler, 2003) . These stressors include 

(i) the loss of cell-cell contacts (ii) the lack of growth factors essential for survival provided by 

the tumour microenvironment and (iii) recognition and destruction by the immune system, all 

of which lead to resultant programmed cell death including anoikis, apoptosis, necroptosis or 

autophagy (Luzzi et al., 1998). Therefore, cancer cell metastasis is an example of an important 
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physiologically relevant setting in which ApoBDs are present. The limited literature in the 

space of apoptotic circulating tumour cells (aCTC) and their corresponding debris (ApoBDs) 

show evidence of a pro-metastatic role emerging, although historically have been described as 

a marker for response to chemotherapy (Allen et al., 2014; Jansson, Bendahl, Larsson, 

Aaltonen, & Ryden, 2016; Nolan, Nedosekin, Galanzha, & Zharov, 2019).  

1.4.2.1 Presence in the circulation of patients with metastatic disease 

CTCs have become and attractive target in monitoring disease progression. Many cancers, 

including breast, colon, lung and prostate cancers show evidence that the presence of CTCs in 

the blood of patients at the time of primary surgery is indicative of subsequent metastatic 

relapse, and poorer prognosis (Hou et al., 2012; Pantel & Alix-Panabieres, 2010; Riethdorf, 

Wikman, & Pantel, 2008). However, the mechanisms involved in this process are yet to be 

elucidated. It has been hypothesised that the detectable presence of CTCs directly relates to 

viable cells in the circulation that may give rise to secondary metastasis (Fehm & Sauerbrei, 

2010). The number of viable CTCs in circulation is low, however, more recent development of 

sensitive technologies to detect these cells in the circulation note large numbers of apoptotic 

CTCs in circulation (Kallergi et al., 2013; Nolan et al., 2019). The detection of which is far 

greater than viable CTCs, and while evidence of their involvement in metastasis is still not 

understood, the hypothesis that these vesicles to could be involved in metastasis and priming 

premetastatic niches such as through vascular permeability could be devastating (Jansson et 

al., 2016; Kakarla, Hur, Kim, Kim, & Chwae, 2020).  

 

Alternatively, tumour-derived extracellular vesicles appear 20 fold higher than CTCs in the 

circulation of metastatic patients (Nanou et al., 2020) . EVs however have been shown to have 

a very short half-life in the circulation. Exogenous EVs in a zebrafish model displayed a half-

life of 2-10 minutes in circulation, due to uptake by patrolling immune cells (Hyenne et al., 

2019). In contrast, EVs derived from brain metastatic melanoma and breast cancer have been 

identified to aggregate with blood-low density lipoproteins to trigger aggregation and avoid 

uptake by patrolling monocytes prolonging their presence in the circulation (Busatto et al., 

2020). While the uptake of tumour-derived EVs by circulating immune cells in tissues and 

circulation is evident, detection of these entities in the blood of metastatic cancer patients 

proves a constant release of these EVs maintain high detectable circulating levels, relative to 

CTCs, regardless of immune cell clearance (Nanou et al., 2020; Nogues, Benito-Martin, 
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Hergueta-Redondo, & Peinado, 2018). Additionally, large oncosomes have been recently 

documented to be present in the circulation of prostate cancer patients. The presence of these 

tumour-derived entities in circulation has been seen to discriminate those with metastatic 

disease from those with early stage, confined prostate cancer (Morello et al., 2013). The 

evidence of large oncosomes, apoptotic bodies and other tumour derived EVs in the circulation 

of patients with metastatic cancer is undeniable, and the correlation to increased metastatic 

potential albeit significant requires further investigation.  

1.5 Previous relevant work by our research group in this field  

The work of the neuroimmune interactions group at the Centre for Brain Research has heavily 

focused on investigating the mechanisms of metastatic melanoma brain metastasis. Throughout 

this work, with the use of the sophisticated electrical cell sensing impedance (ECIS) biosensor 

technology, Anchan, et al (2019), showed metastatic melanoma induce rapid effects on the 

cerebral endothelial microvasculature, and that this disruption appeared to occur through a 

paracellular route of transmigration through the endothelial cell monolayer. The route of 

transmigration was confirmed to be paracellular in nature through the targeting of the 

paracellular junctional space and the corresponding highly localised loss of CD144 in 

comparison imaging. These findings are in line with the current limited literature on this topic 

(Fazakas et al., 2011; Hasko et al., 2019; Molnar et al., 2016) 

 

Following the identification of the route of transmigration and disruption, further investigation 

into the mechanisms of how these melanoma cells are able to extravasate through and damage 

the cerebral microvasculature were continued. With a focus on potential secreted molecules 

from the melanoma cells that may act to weaken the endothelial cells and disrupt the barrier 

integrity, proteome and cytokine profiling studies were completed on the cells conditioned 

media. With the use of Cytometric Bead Array analysis, Luminex analysis, Proteome profiler 

arrays, and NanoString analysis, over 150 secreted factors with a documented role in cancer 

cell metastasis were screened for. These results revealed 15 highly concentrated secreted 

proteins, however the addition of these to the cerebral endothelial cells did not substantially 

affect the barrier integrity (Anchan et al., 2020).  

 

Although some insight into the mechanisms used by melanoma cells to traverse the blood-brain 

barrier have been provided, through our research group and many others around the world, the 
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exact mechanisms still remain unclear. With this in mind, it is likely that the efficiency of these 

cells in disrupting the blood-brain barrier is the result of a multitude of mechanisms working 

synergistically to do so, resulting in many different avenues of investigation being undertaken.  

1.5.1 Sub-population of metastatic melanoma  

Throughout this work on many patient derived melanoma cell lines, Dr. Akshata Anchan 

uncovered a sub-population of melanoma cell material released in abundance from the NZM7 

line. While typical of melanoma in culture to release cells into the suspension, often indicating 

dead cells, Initially, it was suspected that this suspension material may have been the result of 

the melanoma cells undergoing EMT rather than cell death. Melanoma cells are known to have 

a metastatic phenotype, and therefore the initiation of migration is typically indicated with the 

loss of cell-cell contracts, resulting in a potential “less adherent” phenotype in culture. 

Subsequent microscopic analysis of this cell material revealed a heterogeneous population of 

cells with intact membranes and large vesicle-like debris. The sub-population was therefore 

suspected to maintain barrier disrupting effects and was subjected to flow cytometry analysis 

using the live-cell stain 7AAD, and CMFDA. The results of this work showed a population of 

cell material that although were not explicitly clearly alive cells, as there was the presence of 

some 7AAD positive cells, CMFDA uptake was clear and indicated cells and cell materials 

with intact membranes. (Dr. Akshata Anchan, unpublished data) 

 
These results proposed the potential idea of melanoma-derived large vesicle like entities that 

appeared to be produced in abundance by the adherent cells, indicating an inherent function in 

disease progression rather than the incidental release of dead cells. Currently, the involvement 

of large EVs or ApoBDs in melanoma metastasis is yet to be elucidated. While it is estimated 

that up to one million melanoma cells per gram of tissue are shed from the primary tumour 

every day, the number of viable melanoma cells in the circulation is estimated to be as low as 

1 melanoma cell per 5 billion blood cells (Fidler, 1970; Luzzi et al., 1998; McGary et al., 2002; 

Timar et al., 2016). Yet melanoma cells are deemed to have one of the highest affinity for 

metastasis of any other cancer, with the ability to colonize a range of secondary tissues. This 

suggests that melanoma cells are able to employ a variety of mechanisms in addition to the 

upregulation of adhesion molecules and secretory metastatic factors. The recent identification 

of melanoma exosomes in patients’ blood samples with pro-metastatic effects has described 

the important role of EVs in its metastatic process. Based on the abundance of cells released 

into the bloodstream of patients with metastatic melanoma, aCTCs and ApoBDs are extremely 
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likely to be found in patients with metastatic melanoma, with an unknown but potentially 

crucial role in metastasis.  

1.6 Research hypothesis, aims and longer term goals 

The primary goal of this research was to ascertain whether the melanoma-derived sub 

population observed in the cultures had any effect on the barrier integrity of human brain 

endothelial cells. We hypothesised that this was likely and therefore the secondary goal was to 

investigate the mechanism of barrier injury, and determine differences and similarity to the 

effects of melanoma cells proper. It was logical therefore to pursue the functional relevance of 

the suspension material first, prior to conducting a comprehensive analysis of its identity. 

Comprehensive molecular profiling was an attractive avenue, however the time, resources 

available and cost prohibitive without the justification of functional relevance. 

 

The research hypothesis was that the subpopulation produced by the cultured melanoma cells 

would have a detrimental effect on the barrier integrity of human brain endothelial cells. 
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2 Methodology and Materials 

2.1 Cell culture 

2.1.1 Human Cerebral microvascular endothelial cells (HCMVECs) 

The human brain endothelial cells (hCMVECs) are an immortalised cell line, purchased 

from  Applied Biological Materials Inc. (ABM, catalogue number T0259). The cells were 

cultured in 75cm2 Nunc cell culture flasks (T75 flasks) and supplied with M199 growth media 

containing 10% FBS, 1 μg/mL Hydrocortisone, 3ng/ml hFGF, 1ng/ml hEGF, 10 μg/ml 

Heparin, 2nM GlutaMAX and 80μM dibutyryl-cAMP. Prior to cell plating, all flasks used for 

cell maintenance and experiments were coated with 1μg/cm2 collagen I in 0.02mM glacial 

acetic acid for an hour and then washed 3 times with sterile MilliQ water. Collagen coated 

plates were stored at 4°C and used within 1 month of preparation. 

2.1.2 New Zealand Melanoma (NZM) cells 

Each of the different melanoma cell cultures were originally developed by Professor Bruce 

Baguley and his team in Auckland Cancer Society Research Centre and obtained in 

collaboration with Dr Graeme Finlay. Three melanoma cell lines, which were all originally 

from melanoma patients, were NZM748, NZM74, NZM7 (Research Resource ID: 

CCVL_S423, CVCL_0D38 and CVCL_D843 respectively). The Melanoma cell lines were 

cultured in both Falcon T75 and T25 flasks (catalogue number FAL353136 and FAL353108 

respectively) with Minimum Essential Media α (αMEM) containing 5% FBS, 5 μg/ml insulin, 

5 μg/ml transferrin and 5ng/ml sodium selenite (ITS), in normoxic conditions.  

2.1.3 Cell harvest and passaging 

Both cell lines (hCMVEC, NZM) were harvested after reaching 90-100% confluency in 

their   respective culture flasks. Cells were treated with 1x TrypLE Express (Gibco, catalogue 

number 12605010) for 3-5 minutes and cells were centrifuged at 300 x g for 5 minutes to 

collect the cell pellet. The dissociation reagent TrypLE has been shown to be a more effective 

and less harsh dissociation reagent compared to Trypsin with hCMVEC cell lines. It is 

important to preserve the cell surface phenotype including cell-surface adhesion molecules on 
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melanoma cells that may aid melanoma cell adhesion. Therefore, TrypLE was used 

throughout all cell culture to maintain consistency. The NZM cultures were not used past 

passage 30 in order to minimise the potential for increasing mutational load of the cancerous 

cell line.  

2.1.4 Collection of NZM7 suspension material 

NZM Suspension material (NZM7S) was collected from the NZM7 cell line. NZM7 cells 

were seeded at a density of 1,000,000 cells in a T75 flask. Suspension material was collected 

from the cells on day 9-10 (~100% confluency), whilst minimising collection of the adherent 

cells. The collected media suspension was centrifuged for 10 minutes at 500 x g  and the 

supernatant was removed. The resultant pellet was then harvested and is referred to as the 

NZM7-S material.  

2.1.5 Labelling of the NZM7 cultures 

After harvest, in experiments that the NZM7A and NZM7-S were to be imaged in combination 

with the hCMVECs, the samples were stained with the corresponding cell trackers as stated 

below. 

i) NZM7A 

NZM7A cells were stained with 1 μM CellTracker™ Green 5-chloromethylfluorescein 

diacetate (CMFDA) (Invitrogen, catalogue number C7025) for 30 minutes in serum-free media. 

After this time the cells were centrifuged for 5 minutes at 300 x g and the supernatant was 

decanted to collect the pellet of stained cells.   

ii) NZM7-S 

NZM7-S were stained with 1 μM CytoTrack™ Red (CTR) (Bio-Rad, catalogue number 135-

1205)  for 30 minutes in serum-free media. After this time the cells were centrifuged for 10 

minutes at 500 x g  and the supernatant was decanted to collect the pellet of stained cells and 

other cellular debris.   

 

The choice of which cell tracker was used for the respective NZM7 populations was decided 

following trials of CMFDA and CTR on both the adherent and non-adherent populations. 
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CMFDA and CTR were chosen to distinguish the two cell types through the distinctly different 

colours, green and red, respectively. Both NZM7A and NZM7-S retained the CMFDA for 

imaging purposes. However, the NZM7A population did not retain the CTR stain well for 

imaging purposes, while the NZM7-S were highly fluorescent using this stain. Following the 

initial staining of the NZM7A cell material with CTR, imaging revealed the lack of 

fluorescence of the adherent population. Comparatively, the NZM7-S material fluoresced 

brightly. Therefore, to easily identify each sub-population of the NZM7 cell lines it was 

decided that the NZM7A were stained and visualised in green (CMFDA) and NZM7-S were 

stained and visualised in magenta/red (CTR), for imaging and flow cytometry (Sections 2.3 

and 2.4, respectively). 

2.2 Electric Cell-substrate Impedance Sensing (ECIS) 

Electrical Cell-substrate Impedance Sensing (ECIS) technology allows for real-time and label 

free assessment of a number of barrier related parameters in response to changes in cellular 

behaviour. The impedance based technology is able to apply a low alternating current (AC) 

through a confluent monolayer of cells, the potential is then detected by the ECIS technology 

and is used to calculate the impedance. The flow of electrons through the endothelial cell 

monolayer varies at different frequencies of AC, and allows for the measurement of different 

properties of the barrier, including resistance and capacitance (Robilliard et al., 2018). At low 

frequencies, varying between 2000-4000 Hz the membrane resistance is high. High resistance 

results in most of the current being unable to flow through the cells and opting to take the 

path of least resistance, which is between the cells. At a frequency of 4000 Hz the flow of 

current acts upon the intercellular space between the endothelial cells, which represents the 

cell-cell junctions. Therefore, at this frequency, any changes in resistance can provide 

information on the integrity of the endothelial barrier through the junctional spaces of the 

monolayer (Hucklesby et al., 2021).  

To assess the strength of the cerebral endothelial barrier, hCMVECs were grown on gold-

plated 96-well ECIS plates (Applied Biophysics). As the barrier-forming endothelial cells 

attach and begin to form a monolayer, the resistance to current flow increases. The current 

flow becomes restricted following the formation of a confluent layer of cells and results in a 

plateau of the measured resistance. The plateau is what is then referred to as the barrier 

resistance, and represents the integrity and strength of the formed brain endothelial barrier.  
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Figure 5. Schematic explaining ECIS theory. A: shows endothelial cells grown on the gold-plated electrodes 
of the ECIS plate that are coated with collagen forming a confluent monolayer. The monolayer is formed 
via intercellular junctions and junctions with the collagen substrate, creating the paracellular and 
basolateral junctions, respectively. The formation of these junctions prevents high current flow from the 
electrode through the cells, where the red and green arrows represent the paracellular (Rb) and basolateral 
(alpha) current flow, respectively. This maintained electrical resistance is shown in graph C (black). B: shows 
the endothelial monolayer following treatment with factors that disrupt the endothelial barrier, such as 
melanoma cells or melanoma cell debris, the junctions weaken allowing for a greater current flow through 
the cells. This results in a decreased electrical resistance, shown in graph C (Blue). C: Shows a model ECIS 
graph depicting the plateau in resistance formed prior to treatment, indicating a fully formed endothelial 
barrier, and the corresponding results from 1. No treatment added (black) and 2. Melanoma cell addition 
(blue). Created with BioRender.com, drawn by Dayna Spurling, 2022. Adapted from Anchan, 2019.  
 

A 

B 
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2.2.1 ECIS Modelling 

The ECIS technology is able to mathematically model the overall resistance into two separate 

parameters of barrier integrity, as a result of the system’s ability to apply AC at multiple 

frequencies. When determining overall resistance between a monolayer of endothelial cells, 

both the interendothelial (paracellular) and basolateral components comprise the total 

resistance value. The two components are then defined by the ECIS software as resistance 

beta (Rb) and resistance alpha (Ra / Alpha). Rb is the para-cellular component of the 

endothelial barrier that is created by the junctional molecules including tight junctions of the 

neighbouring cells, while Alpha is the basolateral component created by the basolateral 

membrane of the cells attached to the electrode below. 

2.2.2 ECIS Set up 

The ECIS Zq system uses 96 well plates lined with interdigitating gold-plated electrodes (cat# 

96W20idf), that were purchased from Applied Biophysics. Prior to the experiment, the 96-well 

plate was coated with 10nM cysteine to stabilize and maintain electrode capacitance as per 

manufacturing guidelines. After 15 minutes, the cysteine was removed and washed three times 

with sterile MQ water. Following the cysteine coat, the wells were then coated with 1μg/cm^2 

of rat-tail collagen I in 0.02M acetic acid as per hCMVECs cell culture protocol (section 2.1.1).  

 

The hCMVECs were harvested as per section 2.1.3 and cells were subjected to a live-dead test 

with Trypan-blue stain (0.4% Gibco, catalogue number 15250-061). A haemocytometer cell 

count was completed on the live cells and the hCMVECs were seeded at a density of 20,000 

cells per well, in 100μL of complete M199 growth media. The seeded 96-well plate was then 

attached to the ECIS machine and incubated at 37°C as the cells proliferated to form their 

typical monolayer of high resistance, taking approximately 48 hours. The ECIS machine was 

set to run continuously at multi-frequency, allowing for the ECIS system to record resistance 

across low and high frequencies and model the recorded resistance into separate components.  
The initial results of the change in endothelial barrier resistance is provided from the low 

frequency data (4000 Hz) where the current flows through the intercellular space of the cell-

cell junctions. This is the unmodelled resistance and is measured in ohms over time and is given 

for each well of the 96-well plate. 
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2.2.3 Addition of Melanoma to hCMVECs 

The NZM7A cell line was harvested as per section 2.1.3. After harvest, the NZM7A cells were 

subjected to a live-dead test with Trypan-blue stain and a haemocytometer cell count was 

completed. The NZM7 cells were then added to the hCMVECs on the biosensors at five 

different Effector: Target (ET) ratios:  

 

1 melanoma cell: 1 hCMVEC (1:1) 

1 melanoma cell: 5 hCMVECs (1:5)  

1 melanoma cell: 10 hCMVECs (1:10) 

1 melanoma cell: 50 hCMVECs (1:50) 

1 melanoma cell: 100 hCMVECs (1:100) 

All ET ratios were added in 100uL of complete αMEM media per well. The media control 

was comprised of 100uL of only complete αMEM, also added to the hCMVECs. The use of 

different E:T ratios allowed for (i) the understanding of the sensitivity of the system and to 

assess the lowest cell number added as a treatment that still provides a measurable effect on 

the ECIS biosensor. And (ii) accounting for the inability to detect the response from the 

number of melanoma cells  equivalent to that are circulating in the blood stream and 

interacting with the brain endothelium at any given time in situ.  

2.2.4 Addition of Suspension material to hCMVECs 

The NZM7-S were harvested and collected as per section 2.1.4 and stained as per section 

2.4.1.2. Although the cell culture procedure to collect the NZM7-S population remained 

consistent, the abundance of NZM7-S population that was produced naturally varied between 

each harvest. Additionally, a significantly lower proportion of the sub-population of melanoma 

cells were produced relative to the amount of NZM7A of the same harvest, therefore 100% of 

the material was used in each experiment to maximise the potential from each harvest, as all 

samples were prepared to be ready for the date of the experiment, meaning no frozen samples 

were used. The “100%” sample was subjected to the live-dead test with Trypan-blue stain and 

due to the extreme variation in size of the NZM7-S population ranging from intact cells, dead 

cells and large vesicle type structures and debris the NZM7-S were added to the hCMVECs on 

the biosensors at six concentrations of: 100%, 50%, 10%, 5%, 1% and 0.5%. Figure 6 provides 

an overview of this process.  



 

43 

 

 
Figure 6. Schematic explaining sample preparation of NZM7-S. The stepwise series of events involved in 
the collection and preparation of the NZM7-S material. Following the last resuspension in 1000uL of αMEM 
to produce the “100%” sample, the final samples were produced through a serial dilution, and the 100% 
sample was also subjected to a cell count to calculate the final E:T ratios of each. Created with 
BioRender.com, drawn by Dayna Spurling, 2022.  
 

All were added in 100μL of complete αMEM media per well. The cell count was coupled to 

the corresponding concentration of NZM7-S added and an E:T ratio was calculated from this. 

Therefore, the E:T ratios of the NZM7-S vary from the NZM7A in some cases based on the 

count extracted in the “100%” sample for each individual experiment. Resulting in E:T ratios 

of the NZM7-S ranging from: 

5 NZM7-S: 1 hCMVEC (5:1) 

2 NZM7-S: 1 hCMVEC (2:1) 

1 NZM7-S: 1 hCMVEC (1:1) 

1 NZM7-S: 5 hCMVEC (1:5) 

1 NZM7-S: 10 hCMVEC (1:10) 

1 NZM7-S:  50 hCMVEC (1:50) 

1 NZM7-S: 100 hCMVEC (1:100) 
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The respective cell counts for the corresponding E:T ratio per experiment in the results section 

is noted in the supplemental figures. All ECIS data was analysed using GraphPad Prism 

software and plotted as the mean (± SEM) from multiple replicates (typically 3 wells).  

2.3 Imaging  

2.3.1 Bright field imaging of cells 

Images of the NZM7A and NZM7-S cell lines were taken using the EVOS FL Auto imaging 

system (Invitrogen, catalogue number AMAFD1000). Cells were imaged with phase 

microscopy in their culture flask and imaged at 10x and 20x magnification.  

2.3.2 Immunocytochemistry  

hCMVECs were seeded in µ-Plate 96 Well, Black plates, (Cat:89626, Ibidi, Bayern, Germany) 

coated with 1ug/cm2 of rat-tail collagen and 0.02M acetic acid. Cells were seeded at a density 

of 20,000 cells per well and grown for 48 hours to confluency and previously determined 

barrier formation as detected with ECIS. NZMA and NZM7-S were stained with their 

respective CellTrackers as per sections 2.4.1.1 and 2.4.1.2 respectively, and then added to the 

hCMVECs The cells were fixed with 4% paraformaldehyde. Blocking was performed using 

1% bovine serum albumin (BSA) for 45 minutes, followed by three washes with 0.1% Triton 

X-100 in phosphate buffered saline (PBST). 

Cells were fixed post-culture for visualising two proteins of interest: 

 

i) Mouse anti-human VE-Cadherin (dilution 1:200, SantaCruz, catalogue number sc-

9989) - primary 

ii) F-actin probe rhodamine-phalloidin (dilution 1:50, ThermoFisher, catalogue 

number R37112) - secondary 

 

The antibodies were reconstituted in 1% BSA and incubated with the fixed co-culture for 4 

hours on a rocker. Post incubation the primary antibody was washed 3 times for 10 minutes on 

a rocker with PBST. The goat anti-mouse secondary antibody conjugated to Alexa Flour 488 

(Invitrogen, catalogue number A-11001) was added with F-actin and Hoechst (Invitrogen, 

catalogue number 62249) for 2 hours. Following the final incubation, the samples were washed 
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3 times for 10 minutes on a rocker with PBST and were imaged with both the Operetta CLS 

imaging system and the Zeiss LSM 800 Airyscan confocal microscope.  

 

2.3.3 Operetta CLS imaging system 

Plates were imaged using an Operetta High‐Content Imaging System (PerkinElmer, Waltham, 

MA) equipped with a 20x/0.75 NA lens. The fluorophores used were specified during the 

imaging setup, allowing the instrument to select the most appropriate filter sets automatically. 

Twenty planes with a z-step of 0.8um were captured using the Spinning Disk Confocal mode. 

After acquisition, maximum intensity projections were calculated using the EBImage package 

in R (Version 4.32.0). Images were then exported, and the various channels were combined in 

Image J (Version 1.46, National Institutes of Health, Bethesda, MD). 

2.3.4 Confocal imaging and image analysis 

Plates were imaged using a  Zeiss LSM 800 Laser scanning microscope and 40x/1.3 NA Plan 

Apochromat oil immersion lens. Emission and excitation wavelengths for each dye were 

selected according to the manufacturer's defaults within the Zeiss Zen software. Images were 

captured at a resolution of 1437 x 1437 px with two times averaging. Stacks were captured 

with a z-step of 0.21um, with the total number of images selected to capture the full sample 

thickness. After capture, images were imported to Imaris (Version 9.9.0, Bitplane, Zurich). 

Images were saved in the “lsm”” format and 3D reconstruction and z-stack analysis was 

performed using the Imaris software, the process of which is detailed in figure 7. 
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Figure 7. Schematic of Z-stack image analysis for 3D endothelial-melanoma visualisation. A: Represents 
the Z stack of 2D images from fluorescent-stained cells in 96-well optical bottom plates acquired using the 
LSM 800 Airyscan confocal microscope. The image-stack is rendered into 3D with the use of the IMARIS 
software displaying a confocal z-projection in the xy plane, shown in schematic form B, and C: shows the 
representative image (untreated confluent monolayer of hCMVECs). B1 and B2 show how the zx- and zy-
slice of representative image C1 and C2 are displayed, respectively. Created with BioRender.com, drawn 
by Dayna Spurling, 2022.  

2.4 Flow Cytometry 

Flow cytometry was used to characterise the NZM cells (NZM7A) and cell material (NZM7-

S). The Accuri C6 flow cytometer (BD Bioscience) was used to collect and analyse this data.  

NZM7A were harvested as per section 2.1.3. Following collection of the cell pellet, NZM7A 

were stained with 500 nM CellTracker™ Green 5-chloromethylfluorescein diacetate 

(CMFDA) (Invitrogen, catalogue number C7025) for 30 minutes in serum-free media. The 

concentration of which was decided following optimisation (Figure 8). After this time the cells 

were washed twice with 1ml FACS buffer (1% FBS + PBS at 4 C), centrifuged after each wash 

at 300 x g for 5 minutes to secure the stained cell pellet, leaving 100μl of FACS buffer for re-

suspension and running through the Accuri C6 flow cytometer. 

A 

C 

B 
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NZM7S were harvested as per section 2.1.4.  Following collection of the pellet, NZM7-S were 

stained with  250 nM CytoTrack™ Red (CTR) (Bio-Rad, catalogue number 135-1205)  for 30 

minutes in serum-free media. The concentration of which was decided following optimisation 

(Figure X). After this time 1000μL of FACS buffer was added to the sample to quench any free 

dye, and the samples were centrifuged at 500 x g for 10 minutes to secure the stained cell pellet, 

leaving 100μL of FACS buffer for resuspension and running through the Accuri C6 flow 

cytometer.  

 

 

 

 

 

 
 
 

Figure 8. Optimisation of Cell tracker stain concentration for detection with flow-cytometry. Histograms 
showing cell trackers fluorescence; top panel: Celltracker green (CMFDA) and bottom panel: Cytotrack red 
(CTR) in channels FL1 and FL4 respectively. The boxes from left to right display the autofluorescence of the 
NZM7 cells, followed by detection at a concentration of 1uM, deemed too high as the fluorescence was off 
the scale. The green and red boxes show the optimised concentration for the CMFDA and CTR stains, 
respectively.   

2.4.1 Conventional analysis and gating 

Sample analysis was done on the BD Accuri C6 software. Due to the nature of this 

investigation, information of the size and density of the NZM7-S melanoma sub-population 

was gathered to assess the nature of the material, in comparison to melanoma cells proper. This 

is displayed as forward scatter (FSC – cell size) and side scatter (SSC – cell density), as 

analysed by the Accuri C6 software and displayed digitally as a ‘FSC vs SSC’ scatterplot.  The 

BD Accuri has four detection channels that represent fluorophore excitation at a different 

wavelength. The auto-fluorescence of each sample was assessed by running the samples 

lacking any cell-tracker stain. A positive expression is determined by a rightward shift in 

fluorescence signal in comparison to the auto-fluorescence of the cells. The greater the 

rightward shift determines a greater expression of the cell-tracker expression, however very 
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high expression may cause the fluorescent signal to “spill” into neighbouring detectors. In flow 

cytometry this can be common and is mathematically determined by how much signal can be 

detected in adjacent wavelength restricted detectors. To minimise this, compensation is 

conducted to remove fluorescent spill and ensure detection is from the primary fluorophore 

being detected. Here the optimisation of cell-tracker stains used was reduced from 1μm as used 

in imaging experiments to 500nm for CMFDA and 250 for CTR. The fluorescence measured 

for each melanoma population was determined as a median fluorescent intensity (MFI) and 

plotted against the cell count on a logarithmic scale. CMFDA and CTR were used respectively 

as viability stains for the NZM7A and NZM7-S populations. The cell-tracker fluoresces after 

being enzymatically cleaved by esterase’s within the cell, indicating enzymatic activity and a 

biologically active function. Therefore, a rightward shift in either CMFDA or CTR was used 

to measure and determine live-cells or enzymatically active vesicles. 

2.4.2 FACS Aria sort of NZM7S  

Sorting of the NZM7-S material was conducted by Mr Stephen Edgar, manager of the flow-

cytometry facility in the Faculty of Medical and Health Sciences. NZM7-S material were sorted 

into 15ml falcon tubes using a BD FACSAria II SORP cell sorter (BD Biosciences) with a 

100um nozzle and sheath pressure of 20 psi. The standard settings for the ‘purity’ level of 

precision were used. Gates in plots of SSC-A vs SSC-H and FSC-A vs FSC-H, were used to 

select single particles/cells. Fluorescence of CytoTrack Red was excited with a 640nm laser, 

and emission was detected with a 670/30 band pass filter preceded by a 685 long pass dichroic 

mirror. There were two main populations of particles/cells, judging from the scatter parameters 

and CytoTrack Red fluorescence. The less fluorescent particles had lower forward and side-

scatter and were designated ‘CTR+’. The brighter population has higher forward – and side-

scatter and were named ‘CTR++’. 

 

The gating strategy was used to exclude the living melanoma cells, which were present at low 

frequency. This was a deliberate step as it was evident that the NZM7-S barrier disrupting 

activity was not due to the small number of live melanoma cells present in the NZM7-S 

material. Immediately after the sort, which took approximately 40-60 minutes, the CTR+ and 

CTR+++ material was prepared for addition to the ECIS plates.    
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3 Results 

3.1 Defining NZM7-S; a non-adherent melanoma subpopulation 

Three New Zealand melanoma (NZM) lines (all originally patient-derived by the ACSRC) 

were cultured with complete Minimum Essential Medium (aMEM), NZM7, NZM48 and 

NZM74. While observing these cells in culture, the cell lines released a number of less adherent 

cells into the media suspension as the cells reached confluence, however, one melanoma line, 

termed NZM7, produced a large number of these cells. The NZM7 cell line was therefore 

separated into two populations: NZM7-adherent (NZM7A) and NZM7-subpopulation 

(NZM7-S). The detachment of cells into the culture suspension, is typically indicative of cell 

death in the context of healthy cells. However, the subpopulation released from the NZM7 line 

looked visually intact. This raised the idea that these cells may have their own biological effect 

on melanoma brain metastasis. As these were from melanoma cultures there was also the 

consideration that this was related to the cells becoming less adherent and more metastatic. 

Therefore, it was decided to investigate the nature of this material and determine whether it 

affected the barrier integrity of the brain endothelial cells. This thesis investigates this 

subpopulation of melanoma cells.  

3.1.1 NZM7-S imaging, analysis, and gating 

Imaging the NZM7A cell line in culture revealed long, spindle-shaped homogeneous cells that 

grew on the flask, representing the adherent population of cells (Figure 9A, yellow circle). As 

the cells grew closer to confluence (~80%), the evidence of a subpopulation in the culture 

medium emerged, increasing in abundance as the adherent cells reached 100% confluency. The 

NZM7-S population was challenging to image, as the cells are small spheroids released into 

the culture suspension. However, as the cells undergo the process of detaching from the plastic, 

spherical cells can be observed, and imaged as depicted in Figure 9A (red circles). 

 

The NZM7A and NZM7-S were harvested as detailed in section 2.1.3 and 2.1.4 respectively, 

and analysed by flow cytometry (Figure 9). The cells were run as separate single-cell 

suspensions through the Accuri C6 flow cytometer, which showed two separate populations 

for NZM7A and NZM7-S (Figure 9B and D, respectively) based on their forward and side 

scatter. These were gated appropriately, of which the gating suggested the NZM7-S population 

had a smaller size and density than the adherent cell counterpart. An enzyme activity test was 
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then done with the live-cell tracker stain Cytotrack Red (CTR) for both NZM7 populations. 

Enzymatic activity is required to activate the CTR fluorophore, therefore any rightward shift 

detected in channel FL4 would indicate bioactivity within the NZM7-S population. NZM7A 

showed a positive rightward shift in CTR fluorescence, as was to be expected of the known 

viable cell population (Figure 9C). The NZM7-S population was also positive for CTR 

fluorescence, demonstrated by the prominent rightward shift in FL4 (Figure 9E). The histoplot 

displayed a bimodal distribution of fluorescence, indicating heterogeneity within the NZM7-S 

population itself, suggesting that some material may have higher enzymatic activity within the 

same population.  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 9. NZM7 imaging and gating strategies. A: shows NZM7 cell line in culture. Yellow circle shows 
NZM7A, red circles show NZM7-S. B and E shows scatter profile of gated NZM7A and NZM7-S according to 
density in y-axis (SSC-A) and size in x-axis (FSC-A). C and F show CTR fluorescence (red) of the cell population 
compared to the cells autofluorescence (black) as measured in channel FL4- 672/25 filter. Data shows 1 
replicate of 3 independent experiments. 
 

Figure 10 highlights that within the NZM7-S population, there is a proportion of cells that lie 

within the gate ascribed for the viable melanoma cells as displayed in Figure 9. It is suspected 

that these cells are adherent live cells that have been harvested during the collection of the 

suspension material due to the similar level of CTR fluorescence detected in FL4 and the same 
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FSC and SSC position as seen in the NZM7A population (Figure 10A,B). However, the large 

majority of the events detected in the NZM7-S population are of a smaller size and higher 

density than the adherent cell counterpart (Figure 10C,D). This leaves a subpopulation of 

material with markedly different characteristics to that of the majority of adherent melanoma 

cells. This type of forward and side scatter would typically be indicative of compromised cells, 

dead cells and cellular debris. It would also be consistent with the size and nature of large 

oncosomes (Thery et al., 2018). At this juncture, the decision was made to assess the influence 

that NZM7-S material had on the brain endothelial barrier integrity. With there being a future 

plan to then characterise the identity of the NZM7-S material if it resulted in disruption of the 

endothelial barrier.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. NZM7-S population contains a proportion of adherent NZM7 cells. A and C shows the scatter 
profile of NZM7-S  gated for adherent or suspension cells, respectively. B and D show the corresponding 
CTR fluorescence (red) of the gated cell population compared to the gated cells autofluorescence (black) 
as measured in channel FL4- 672/25 filter. Data shows 1 replicate of 3 independent experiments. 
 

NZM7-S only 
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3.2 Investigating NZM7-S mediated disruption of the cerebral endothelium 

The propensity of melanoma to metastasise to the brain is greater than all other cancers (Fife 

et al., 2004; Wilhelm et al., 2013). The mechanisms involved in this extremely invasive 

phenotype seen in melanoma is the rate-limiting step to understanding melanoma brain 

metastasis and developing preventative treatments. Research in this area is beginning to 

uncover just how melanoma cells are able to enter the tight structure of the BBB. The popular 

hypothesis of cancer cell metastasis into the brain is that the cells are able to overcome the 

junctional complexes at the BBB. This process mimics paracellular migration of leukocytes 

through the barrier during wound healing, or during inflammation mediated CNS disorders 

such as multiple sclerosis (Alvarez et al., 2015). Recent research has shown adherent melanoma 

cell populations affect human cerebral endothelial barrier integrity by the direct targeting of 

the paracellular junctions, indicating a paracellular route of transport in the initial phases of 

migration into the brain (Anchan et al., 2019). This project focuses on investigating the 

observed subpopulation of melanoma (NZM7-S), looking at the effects of this material on the 

endothelial barrier, and its potential implications in melanoma brain metastasis.  

3.2.1 Measuring changes in barrier integrity upon addition of NZM7-S to brain 
endothelial cells 

As detailed in section 2.2, the ECIS system can record real-time changes in resistance across 

the endothelial monolayer upon melanoma cell addition. The initial data is the unmodelled 

resistance, measured over multiple frequencies. Through mathematical modelling the ECIS 

system can then separate the observed barrier disruption into its two key components, the Rb 

(paracellular resistance) and the Alpha (basolateral resistance). These data together form the 

overall endothelial barrier resistance, allowing any barrier integrity disruptions to be translated 

as the specific components affected in the endothelial model. All analysis going forward are 

made regarding melanoma cell addition after the endothelial barrier integrity was achieved 

(approx. 48 hours). Therefore, any decrease in barrier strength as compared to the media-only 

control indicates a disruption of the endothelial barrier.  

 

The two NZM7 populations were added separately to the brain endothelial cells, where the 

adherent melanoma cell line NZM7A was used to assess the differences of the non-adherent 

NZM7-S counterpart. The two populations were added at multiple different effector-target 

(E:T) ratios. Typically, the melanoma cells would be added at a maximal E:T ratio of 1:1 based 
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on the cell count performed during cell harvest. However, due to the large variation in size of 

the NZM7-S material and the uncertainty of cell numbers extracted from the harvest, 100% of 

the subpopulation material from each harvest was used in the initial experiments to ascertain if 

there was any effect. This preparation was then counted with the same method as the NZM7A 

cells, and treatment preparations were comprised from this sample. Due to the method of 

sample preparation of NZM7-S treatments, the cell counts for the E:T ratios were not always 

exact; however, the cell counts were rounded to the equivalent E:T ratios, where the exact cell 

count values can be found in supplemental Table 1, displaying 3 separate repeat experiments. 

It is also important to note the differences in size of the NZM7-S material. Because of the 

heterogeneous nature of this material, the cell count and therefore E:T ratios are likely to be 

reflective of both live and dead cells, as well as non-nucleated cellular material (This process 

is detailed in section 2.2.4). For continuity and comparison of results, the E:T ratios displayed 

throughout are colour matched between each sample. Therefore, the effects of the same E:T 

ratio across samples are displayed in the same colour, for example green displays an E:T ratio 

of 1:1.  

 

Both NZM7 populations disrupted the endothelial barrier, resulting in a maximal reduction of 

approximately 400 Ohms over a 50-hour time period (Figure 11A, B) However, the NZM7-S 

were seen to disrupt the endothelial barrier at a drastically faster rate and magnitude than the 

adherent counterpart. Analysis of the E:T ratio of 1:1 revealed the first few hours post NZM7 

addition to be a critical time point in which the NZM7-S population causes abrupt disruption 

of the barrier, displaying a concentration dependent effect of the NZM7-S on barrier strength. 

While the adherent counterpart at the same E:T ratio of 1:1 had only just begun to initiate any 

effect on barrier resistance in this same time period (Figure 11C, D). 
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Figure 11. Melanoma mediated decrease in cerebral endothelial barrier resistance. Graphs show 
unmodelled resistance (at 4000 Hz) of hCMVECs over time after the addition of the NZM7-S and NZM7A 
cell lines, A and B, respectively. hCMVECs were seeded at 20,000 cells per well, NZM7 cell lines were added 
at different Effector: Target (E:T) ratios, where 1:1 shows 1 NZM7 cell added to 1 endothelial cell. Graphs 
C and D are representative of the 4 hour time period within the box of respective graphs A and B. Data 
show the mean ±SD (n= 3 wells) from 1 experiment which is representative of 3 independent experiments.  
 
 
To discern the route and potential mechanism of melanoma cell induced barrier disruption, the 

overall observed barrier disruption was then modelled to give the two key parameters of 

paracellular (Rb) and basolateral (Alpha) barrier resistance. The modelled ECIS data clearly 

demonstrated the astounding effects of the NZM7-S population on the endothelial cell barrier, 

completely diminishing the paracellular barrier resistance within the first 2 hours (Figure 12A). 

For direct comparison, the green treatment line indicates an ET ratio of 1:1 for both NZM7-S 

and NZM7A. With this in mind, the first 2 hours post melanoma cell addition shows a decrease 

in paracellular barrier resistance by 75% after NZM7-S addition, while the same magnitude of 

paracellular barrier disruption by the adherent cell counterpart took 10 hours (Figure 12B). 
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Furthermore, at a comparable ET ratio of 1:1, NZM7-S decreased the basolateral resistance 

(Alpha) by 25% within one hour of addition (Figure 12C). This is unlike the adherent cell 

counterpart that took up to 5 hours to affect the basolateral resistance (alpha), and taking over 

10 hours to reach half of the magnitude of disruption caused by the NZM7-S within the first 

hour (Figure 12D). This result suggests a considerably different profile of endothelial barrier 

disruption between the two NZM7 populations. The slower basolateral disruption seen with 

the NZM7A is reflective of these cells using a paracellular route of migration through the 

endothelial barrier (Anchan et al., 2019). Comparatively, the immediate disruption of the 

basolateral barrier seen from the NZM7-S suggests a different mechanism of invasion, 

therefore this was further investigated throughout this thesis. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Melanoma mediated disruption of the brain endothelium. Graphs A and B show modelled 
paracellular resistance (Rb) of hCMVECs after the addition of NZM7-S and NZM7A cell types respectively. 
Graphs C and D show modelled basolateral resistance (Alpha) of hCMVECs after the addition of NZM7-S 
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and NZM7A cell types respectively. NZM7 cells were added at 48 hours. The data shows the mean ±SD (n=3 
wells) from 1 experiment which is representative of 4 independent experiments.   
 

3.2.2 NZM7-S interact with human cerebral microvascular endothelial cells 
differently than NZM7A 

Both NZM7 populations were shown to induce changes in barrier resistance as highlighted in 

section 3.2.1, of which emerged distinct profiles of barrier disruption for the NZM7-S and 

NZM7A counterparts. To determine the profile of NZM7-S adhesion to human cerebral 

endothelial cells, a time-series of adhesion experiments were performed. Both NZM7-S and 

NZM7A populations were stained with their individually optimized live cell stains, CTR and 

CMFDA, respectively. These different stains were used as the adherent liable melanoma cells 

did not retain the CTR stain for long after the initial loading. That is, they load well, however 

they secrete or degrade the stain quickly rendering it unreliable for tracking the cells. Whereas 

the suspension material labelled and retained the CTR dye well (section 2.1.5). Staining was 

done prior to the melanoma addition to the unstained endothelial monolayer to allow for the 

discrimination of the melanoma cells from endothelial cells. The two NZM7 populations were 

added to three identical plates and were incubated with hCMVECs at 37°C for 1, 2 and 4 hours. 

At each time point, any melanoma material still in suspension was removed and the co-culture 

was fixed, therefore allowing only strongly adhered melanoma cells to be visualized. 

 

As shown in figure 13, the NZM7-S and NZM7A cells show differing profiles of adhesion to 

the endothelial cells. For simplicity, the endothelial cells are not revealed in the fluorescent 

images, however, there is a healthy monolayer of brain endothelial cells present prior to NZM7 

addition. The NZM7-S shown in magenta, display rapid attachment to the endothelial cells 

with a large abundance of NZM7-S adhesion within in the first hour of co-culture, followed by 

little change over the following 3 hours. The extremely fast adhesion of the NZM7-S with the 

brain endothelial cells is consistent with the ECIS data obtained in section 3.2.1, showing that 

the initial NZM7-S interaction is rapid and maximal within the first hour. This is consistent 

with the NZM7-S having a dramatic effect on the barrier disrupting integrity in the first 2-hour 

period following treatment. The relevancy of this observation is further highlighted with 

comparison to the adherent cell counterpart, shown in green, that shows the time-dependent 

interaction that is much slower, but does increase considerable over the 4-hour period. The 

different profile of adhesion to the brain endothelial cells by the NZM7-S population in 
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conjunction with the ECIS data indicates the use of a considerably different mechanism of 

interaction and disruption.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. NZM7-S adhere to the human brain endothelium at a faster rate than NZM7A cells. hCMVECs 
were seeded at 20,000 cells per well in three identical plates. NZM7-S and NZM7A cells were stained with 
live cell stains CTR and CMFDA respectively. After the formation of a confluent monolayer at approximately 
48 hours the melanoma cells were added to the apical face of hCMVECs at E:T ratios of 5:1 NZM7-S; 1:1 
NZM7A. Cells were co-cultured for 1, 2 and 4 hours at which time points αMEM was removed and cells 
fixed in PFA. Images were acquired on the EVOS microscope. Images are representative of 1 experiment 
performed in replicates (n=3 wells). 
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3.3 Visualising the effects NZM7-S has on the integrity of human brain 
endothelial cells 

The immediate destruction of the endothelial barrier integrity, indicated by the substantial 

effect on the paracellular and basolateral resistance and the associated pattern of adherence to 

the hCMVECs, not only suggests a different route of migration at the endothelium, but also 

changes to the endothelial cells themselves as a direct result of the NZM7-S addition.  

A series of immunocytochemistry-based assays were then performed to visualise any change 

to the hCMVECs as a direct result of the melanoma suspension population. To elucidate what 

method of barrier disruption the NZM7-S may use, the junction molecule CD144 (VE-

cadherin), and cytoskeletal protein F-actin were selected for further investigation. CD144 is a 

key adherens junctional molecule present in human brain endothelial cells that provides tight 

paracellular junctions, while F-actin is a key cytoskeletal protein that interacts with junctional 

molecules of endothelial cells to provide cellular structural integrity. Based on the massive 

influence of the NZM7-S material on the barrier integrity, these two integral molecules would 

most likely be affected following NZM7-S addition. 

3.3.1 Changes in CD144 expression following addition of NZM7-S on hCMVECs 

To assess any potential changes in CD144, CTR stained NZM7-S were added to unstained 

endothelial cells and co-cultured for 4 hours, the cultures were then fixed and stained 

appropriately for the detection of CD144 (green). hCMVECs were treated with aMEM as 

control treatment in place of NZM7-S treatment. Images were taken on the Operetta CLS 

imaging system and were obtained at a 20x magnification. The Operetta was selected as it 

allowed for higher resolution imaging compared to the EVOS FL auto system when 

maintaining a larger field of view, as this was necessary to observe any global changes in 

CD144 expression. Nuclei were stained with Hoechst (blue), however were excluded from the 

representative images shown below (Figure 14) to show the full extent of changes in CD144 

expression.  

 

Figure 14B shows a companion ECIS experiment that was run in concordance with the ICC 

analysis. The box indicates the corresponding barrier disruption at the 4-hour time point, when 

the plates were fixed. Initial observations of NZM7-S localization showed that a large number 

of the melanoma suspension (red) resided on or within the endothelial cell body, rather than at 
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the junctional borders of the endothelial cells (Figure 14B,C,D), this highly relevant finding 

will be assessed in depth in results section 3.4. Of particular interest from these images is the 

first indication, that the localization of CD144 and overall expression is markedly altered 

following NZM7-S addition. This is more obvious in the 5:1 ratio images where there are 

notable locations where the CD144 junction is difficult to identify and there appears to be 

considerable amounts of intracellular localization of CD144 too, post NZM7-S addition in 

comparison to the media only control. The CD144 only panel highlights apparent differences 

at the higher E:T ratios of 5:1 and 1:1 (Figure 14E and F respectively). While the CD144 

staining at the lower E:T ratios of 1:10 appears more similar in shape and expression to the 

control image (Figure 14G). 

 

The observed change in CD144 localization in the endothelial cells after NZM7-S treatment 

compared to untreated endothelial cells was of particular interest. To analyse these areas 

further, the green channel displaying CD144 staining only was used to directly compare control 

endothelial cells to NZM7-S treated endothelial cells. Endothelial cells treated with aMEM 

media-only show uniform CD144 staining (Figure 15 and Figure 16) in a classical honeycomb 

pattern indicative of an intact and strong endothelial barrier. Panels I, II and III of untreated 

endothelial cells show 3 respective examples of complete cell borders and defined cell shape.  

 

Comparatively, endothelial cells treated with a 5:1 E:T ratio of NZM7-S display widespread 

changes in the shape of the cells (Figure 15). Panel I and III highlight inconsistent and altered 

CD144 staining along junctional borders, and the apparent loss of cell borders between cells 

entirely in some areas (white arrows). An important finding to note is the punctate intracellular 

CD144 expression within the endothelial cell body, underneath the position of the NZM7-S 

material (Figure 15 and Figure 16, yellow arrows). This altered localization is likely a direct 

result of the NZM7-S cell interaction with the endothelial cells, as CD144 is a junctional 

protein typically confined to the paracellular borders of endothelial cells. This suggests the 

NZM7-S material is causing a change in structure and integrity of the endothelial cells.  
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Figure 14.  Human cerebral endothelial cell CD144 staining after NZM7S treatment at varied 
concentrations. hCMVECs were seeded at 20,000 cells per well, NZM7S were live stained with CytoTrack 
Red (CTR) and applied to the apical face of a confluent endothelial monolayer. Cells were co-cultured for 4 
hours, washed and then fixed, junctions were stained with anti-CD144 (green). Images were acquired on 
the Operetta CLS imaging system. Full view images scalebar = 100µm. Images are representative of 2 
independent experiments.  
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Figure 15. Expression of CD144 following the addition of 100,000 NZM7-S events to human cerebral 
microvascular endothelial cells. hCMVECs were seeded at 20,000 cells per well, after 48 hours NZM7-S in 
αMEM media and co-cultured for 4 hours. Panels i-iii show expanded sections of the white boxes. White 
arrows indicate lack of CD144 on cell borders. Yellow arrows indicate cytoplasmic expression of CD144 
underneath NZM7-S cells. Images were acquired on the Operetta CLS imaging system. Full view images 
scalebar = 100µm, cropped images scalebar = 50µm. Images are representative of 2 independent 
experiments.  
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Figure 16. Expression of CD144 following the addition of 5,000 NZM7S events to human cerebral 
microvascular endothelial cells. hCMVECs were seeded at 20,000 cells per well, after 48 hours NZM7S in 
αMEM media and co-cultured for 4 hours. i-iii show expanded sections of the white boxes. Yellow arrows 
indicate cytoplasmic expression of CD144 underneath NZM7-S cells. Full view images scalebar = 100µm, 
cropped images scalebar = 50µm. Images were acquired on the Operetta CLS imaging system. Images are 
representative of 2 independent experiments. 
 
The altered CD144 expression as a result of NZM7-S treatment is consistent with the modelled 
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would imply that the NZM7-S material is capable of affecting sizable regions of CD144 

expression rapidly after interaction with the brain endothelial cells. Figure 16 further supports 

this observation, as the endothelial cell expression of CD144 at a lower E:T ratio of 1:10 

appears similar in shape and overall expression to the control endothelial cells, as reflected in 

the corresponding barrier disruption at this E:T ratio being exponentially lower.  

3.3.2 Changes in F-actin expression following addition of NZM7-S on hCMVECs 

Endothelial cell structural integrity is a key component in maintaining barrier strength. F-actin 

is a cytoskeletal component heavily involved in the processes of endothelial cell structure and 

remodeling. Visualizing changes in F-actin as a direct result of NZM7-S treatment was used to 

further discern the potential mechanisms of barrier disruption, and effects of the NZM7-S 

population on human brain endothelial cells. 

 

Changes in F-actin were assessed using phalloidin staining (orange) post fixation. The control 

hCMVECs show localization of actin along the paracellular clefts of the cells, with areas of 

higher expression at multicellular junctions (Figure 17A), playing a direct role in the structure 

and integrity of the cells and their barrier formation. The addition of higher E:T ratios of 

NZM7-S showed dramatic remodeling of F-actin (Figure 17C, D). What appears to be 

endothelial cell actin, is enveloped around the NZM7-S material, creating a ring-like structure 

around the NZM7-S material. Again, this remodeling of F-actin is greater at higher E:T ratios 

and varies greatly to that of untreated endothelial actin. Loss of actin integrity would be fully 

consistent with the loss of the endothelial cells’ ability to regulate junctional integrity and many 

other cellular events.  

 

Further analysis of F-actin staining between NZM7-S treated endothelial cells and control, 

revealed that at an E:T ratio of 5:1 there appears to be an overall increase in actin expression 

with a corresponding loss in the structure as seen in untreated endothelial cell actin expression 

(Figure 18). White arrows highlight the ring-like F-actin structures that developed surrounding 

some of the NZM7-S (Figure 18, panel I and III), while some NZM7-S are left lacking the 

presence of this structure. The F-actin expression at a lower ET ratio of 1:10 however shows 

more uniform expression, with similar cytoskeletal structure to the untreated control 

endothelial cells. (Figure 19)  
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Figure 17. Human cerebral endothelial cell F-actin staining after NZM7-S treatment at varied 
concentrations. hCMVECs were seeded at 20,000 cells per well, NZM7-S were live stained with CytoTrack 
Red (CTR) and applied to the apical face of a confluent endothelial monolayer. Cells were co-cultured for 4 
hours, washed and then fixed. F-actin was stained with Phalloidin. Images scalebar = 100µm, cropped 
images are representative of 1 experiment performed in replicates (n=3 wells). 
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Figure 18. Expression of F-Actin following the addition of 100,000 NZM7-S events to human cerebral 
microvascular endothelial cells. hCMVECs were seeded at 20,000 cells per well, after 48 hours NZM7-S in 
αMEM media and co-cultured for 4 hours. Panels i-iii: show expanded sections of the white boxes. White 
arrows show ring-like F-actin structures. Full view images scalebar = 100 µm, cropped images scalebar = 50 
µm. Images are representative of 1 experiment performed in replicates (n=3 wells). 
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Figure 19. Expression of F-Actin following the addition of 5,000 NZM7-S events to human cerebral 
microvascular endothelial cells. hCMVECs were seeded at 20,000 cells per well, after 48 hours NZM7-S in 
αMEM media and co-cultured for 4 hours. Panels i-iii: show expanded sections of the white boxes. Full view 
images scalebar = 100 µm, cropped images scalebar = 50 µm. Images are representative of 1 experiment 
performed in replicates (n=3 wells). 
 
The apparent alterations in the F-actin structure to accommodate and surround the NZM7-S 

material suggests that NZM7-S population are in fact being incorporated into the endothelial 
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cell body, as opposed to adhering to the top of the endothelial cell, or moving through the 

junctional space. Due to the lack of resolution and three-dimensional visualization of the cells 

this does not provide conclusive evidence of this process; however, these data do further 

support and suggest the hypothesis of melanoma suspension uptake intracellularly by the brain 

endothelial cells. It is also important to note, that NZM7-S express their own F-actin, and the 

resolution provided by the Operetta CLS imaging system does not allow for this differentiation. 

The previous work in our laboratory supports the transcellular route theory with live-cell 

imaging of the NZM7-S material interacting with the hCMVECs in co-culture (Dr. Akshata 

Anchan, unpublished data). To confirm this, the next step was to visualize these interactions in 

3D.  

3.4 Visualising NZM7-S interactions with the cerebral microvasculature with 
confocal microscopy 

The above findings have shown that the NZM7-S cause noticeable changes in both CD144 and 

F-actin expression, which are consistent with the barrier disruption. Numerous questions 

remain, including whether the NZM7-S is actually entering the endothelial cells and if so how 

does this occur so quickly? As the images acquired with the Operetta imaging system were 

able to provide important information on the global changes to the expression of these key 

structural molecules, they lack the resolution for finer detailed analysis. Secondly, section 3.3.1 

showed that most of the NZM7-S surprisingly did not localise to the endothelial cell borders, 

but resided on or within the endothelial cell body. This along with the rapid loss of both 

paracellular and basolateral barrier resistance supports the idea that the NZ7M-S population 

are disrupting the endothelial barrier with a different mechanism involving entry into the 

endothelial cells, which is contrary to the paracellular route of disruption employed by the 

melanoma cells proper.  

 

Therefore, to investigate these questions, further imaging was completed with confocal 

fluorescent microscopy. The confocal scanning laser microscope allows for high resolution 

imaging, providing the resolution necessary to visualize cells in 3-Dimensional space. This 

would identify the position of NZM7-S in relation to the endothelial cells. To assess this, the 

CTR labelled NZM7-S cells were added to unstained endothelial cells and co-cultured together 

for 4 hours. The cultures were then fixed and stained appropriately for CD144, F-actin 
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(Phalloidin) and the nuclei were visualized using DAPI. Images were acquired with the Zeiss 

LSM 800 Airyscan confocal microscope. 

 

3.4.1 High resolution imaging reveals considerable disruption of both CD144 and F-
actin expression following NZM7-S addition 

Figure 20 shows CD144 expression following NZM7-S addition. The untreated endothelial 

cells show defined junctions as depicted by the expression of CD144, with the appearance of 

the junctional expression remaining consistent throughout. In contrast, following NZM7-S 

addition at the high E:T ratio of 5:1, the junctional localisation of CD144 was particularly 

challenging to discern. This is revealed by the stretched out appearance of junctional borders, 

or the apparent loss of CD144 entirely, highlighted with white arrows. Furthermore, there is 

evidence of the internalisation of CD144 with punctate staining throughout the endothelial cell 

body in areas after a 5:1 addition of NZM7-S (Supplemental figure S-1). A closer analysis of 

the junctions at a lower E:T ratio of 1:5 shows some abnormality in CD144 expression, 

however appear closer in their expression and staining pattern to the untreated endothelial cells. 

Yellow arrows highlight punctate staining of CD144 within the cell body, which is not 

frequently seen in normal endothelial cells (Figure 20).  

 

High resolution images of F-actin expression in untreated endothelial cells show uniform 

arrangement across the cell body, with dense fibre arrangements along the paracellular 

junctions and highly concentrated at multicellular junctions (Figure 21). The actin expression 

of the endothelial cells is drastically altered after an addition of NZM7-S cells at a 5:1 ratio. 

White arrows show the ring like structures in great detail as highlighted in section 3.4.2, as 

well as the increase in expression of actin and density of the fibres. The yellow arrow highlights 

the lack of a “ring-like” structure around the NZM7-S cell, indicating the detected changes are 

endothelial actin, and not melanoma cell actin. Supplemental figure S-2 shows another example 

of the increased actin expression in response to a 5:1 ratio of NZM7-S. While F-actin 

expression in endothelial cells treated with a 1:10 ratio of NZM7-S maintained a degree of cell 

structure not observable in the 5:1 ratio, there appears to be an observable increase in the 

amount and density of the actin fibres, presenting a more stressed phenotype across the cell 

body, as compared to the actin expression of the control endothelial cells. 
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Figure 20. Representative images displaying changes in CD144 expression in human cerebral endothelial 
microvascular cells after NZM7-S addition detected by confocal microscopy. hCMVECs were seeded at 
20,000 cells per well, NZM7-S were live stained with CytoTrack Red (CTR) and applied to the apical face of 
a confluent endothelial monolayer. Cells were co-cultured for 4 hours, washed and then fixed. Junctions 
were visualised with anti-CD144 (green) and nuclei were visualised using DAPI. White arrows highlight 
stretched junctional borders. Yellow arrows highlight punctate CD144 staining within the endothelial cell 
body. Images were acquired with the Zeiss LSM 800 Airyscan confocal microscope. Scale bars = 20 µm. 
Images are representative of 1 experiment performed in replicates (n=3 wells). 
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Figure 21. Representative images displaying changes in F-actin expression in human cerebral endothelial 
microvascular cells after NZM7-S addition detected by confocal microscopy. hCMVECs were seeded at 
20,000 cells per well, NZM7-S were live stained with CytoTrack Red (CTR) and applied to the apical face of 
a confluent endothelial monolayer. Cells were co-cultured for 4 hours, washed and then fixed. F-actin was 
stained with Phalloidin and nuclei were visualised using DAPI. White arrows show ring-like F-actin 
structures surrounding NZM7-S. yellow arrows show NZM7-S lacking F-actin ring structures. Images were 
acquired with the Zeiss LSM 800 Airyscan confocal microscope, scale bar = 20 µm. Images are 
representative of 1 experiment performed in replicates (n=3 wells). 
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3.4.2 NZM7-S intercalation into human cerebral microvascular endothelial cells 

The resolution provided by the Operetta CLS imaging system was unable to distinguish 

between NZM7-S cells that have been incorporated into the endothelial cell layer and cells 

adhered to the surface. To confidently confirm the mechanism of endothelial barrier disruption 

caused by the NZM7-S, confocal images were analysed with the Imaris microscopy image 

analysis software, allowing for visualization and processing of the 3D images with Z-stack 

projections (section 2.3.4). 

 

Z-Stack analysis showed that NZM7-S are positioned inside the endothelial cells, rather than 

adhered to the surface of the cells (Figure 22). Figure 22A, B displays untreated endothelial 

cells as a direct comparison to endothelial cells treated with a 5:1 E:T ratio of NZM7-S cells. 

The white box highlights the section of the corresponding treated endothelial cell image 

displaying the 3D Z-stack visualization (Figure 22,B, C and D). NZM7-S material was 

internalized within the endothelial cell body, confirmed by the position of the NZM7-S 

underneath the endothelial cell actin (Figure 22D and E). Note also in Figure 22C the distinct 

DAPI staining revealing the presence of DNA in the larger CTR stained NZM7-S material. 

Whereas most of the NZM7-S are not living melanoma cells. Some DNA staining is evident in 

earlier imaging, however the resolution of the confocal images confirm its association to the 

NZM7-S material. The fact that some of these entities still have nucleic material is an 

interesting observation which will be covered later in the discussion. Figure 22C highlights 

NZM7-S material of different sizes located inside a single endothelial cell. 3D visualization of 

these cells show endothelial F-actin (orange) located apically above both cells (red - Figure 

22D, E) confirming the internalizations of NZM7-S.  

 

Further analysis of the NZM7-S locations on or within the endothelial cells revealed one large 

NZM7-S cell adhered to the surface of the hCMVECs (Figure 23C). The cell sits apically on 

top of endothelial F-actin (red arrow), while all other cells and cell material in the focal plane 

are situated underneath F-actin, or can be seen located next to endothelial cell nuclei (yellow 

arrow). This finding further confirms the internal location of the large majority of the NZM7-

S material.  
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Figure 22. Confocal microscopy Z-stack imaging to localise the position of NZM7S within Cerebral 
endothelial cells. hCMVECs were seeded at 20,00 cells per well. NZM7S were live stained with CytoTrack 
Red (CTR) and applied to the apical face of a confluent endothelial monolayer. Cells were co-cultured for 4 
hours, washed and then fixed. Junctions were stained with anti-CD144 (green), Actin stained with 
phalloidin (orange) and nuclei stained with Hoechst (blue). Samples were analysed by confocal laser 
scanning microscopy. A: show untreated hCMVECs. B: show NZM7-S added at a 5:1 ET ratio, the white box 
is expanded in C. C: show xy-stack at the level of the white lines on D and E. D,E: show z-stacks along the 
vertical and horizontal line, respectively on C. Yellow arrows show NZM7-S located within the cerebral 
endothelial cell body underneath endothelial actin. Images are representative of 1 experiment performed 
in replicates (n=3 wells).  
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Figure 23. Confocal microscopy Z-stack image of different sized NZM7-S and their localisation. hCMVECs 
were seeded at 20,00 cells per well. NZM7-S were live stained with CytoTrack Red (CTR) and applied to the 
apical face of a confluent endothelial monolayer. Samples were analysed by confocal laser scanning 
microscopy. A: show xy-stack of NZM7-S added at an ET ratio of 5:1. B: show xy-slice at the level of the 
basal white lines on C and D. C,D: show z-stacks along the vertical and horizontal line, respectively on B. E-
G reflect the same xyz stack configuration. Yellow arrows show large NZM7-S inside the endothelial cell 
body. White arrows show small NZM7-S encapsulated by actin filaments of the hCMVEC. Red arrow shows 
NZM7-S cell positioned on the apical surface of the endothelial cell body. Images are representative of 1 
experiment performed in replicates. (n=3 wells).  
 
The confocal images in Figures 22 and 23 also highlighted the considerable heterogeneity in 

size of the NZM7-S material that the endothelial cells can assimilate. Figure 23E, F, G shows 

NZM7-S material ranging from 5-10 µm (yellow arrows) to very small material of around 1 

µm in size (white arrows). This small material can be seen encapsulated in endothelial F-actin 

sitting at the apical surface of the cell (Figure 23F). Although small, the maintained 

A 
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fluorescence of the live-cell CTR stain within these particles shows biological and enzymatic 

activity of the cellular material.  

 

An important observation is the localization of NZM7-S material within the endothelial cell 

body. Figure 24B, C and D highlight a single NZM7-S cell positioned juxtaposed against the 

nucleus of the endothelial cell. Examination of all confocal images assessed display this similar 

trend in position of the NZM7-S material within close proximity of the endothelial cell nucleus. 

A second observation to note is the large majority of NZM7-S cells do not contain DNA. While 

some of the larger NZM7-S material contains nuclear material (Figure 22A), it is not indicative 

of an intact or functional nucleus (Figure 23). The point here is its function and whether the 

proximity to the endothelial nucleus is suggestive of delivery or influence of nuclear material. 

 

 

 
 
 
 
Figure 24. Confocal microscopy Z-stack image of NZM7-S position localised to the hCMVEC nucleus. 
hCMVECs were seeded at 20,00 cells per well. NZM7-S were live stained with CytoTrack Red (CTR) and 
applied to the apical face of a confluent endothelial monolayer. Samples were analysed by confocal laser 
scanning microscopy. A: show xy-stack of NZM7-S added at an ET ratio of 1:5. B: show xy-stack at the level 
of the white lines on C and D. C,D: show z-stacks along the vertical and horizontal line, respectively on B. A 
shows NZM7-S positioned within the endothelial cell body next to the hCMVEC nucleus. Red arrow 
indicates interesting finding of NZM7-S close to the nucleus. Images are representative of 1 experiment 
performed in replicates. (n=3 wells). 
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3.4.2.1 NZM7-S is a heterogeneous population of cell materials seen disrupting the 
endothelial barrier 

The brain endothelial internalization of NZM7-S led to a drastic loss of endothelial monolayer 

structure as evident through ICC imaging and confocal analysis. Large quantities of NZM7-S 

material added to the endothelial monolayer did not display morphological evidence of 

endothelial cell death, however, did induce changes to both the junctional borders of the cells 

as well as the cytoskeletal arrangement (Figure 20 and 21). The white arrows in Figure 25 show 

evidence of CD144 internalization, with examples of punctate CD144 staining surround 

NZM7-S material, and the global delocalization of CD144 unspecific to the position of the 

NZM7-S. Confocal imaging also allowed for the visualization of the large size variation in the 

NZM7-S material (Figure 25), as highlighted through flow cytometry analysis (section 3.1). 

These images have confirmed that the NZM7-S population directly enters the endothelial cells 

and can be clearly seen to influence a range of structures key to the integrity of the endothelial 

cells. The major questions remaining unanswered is the identity of the NZM7-S material and 

molecular processes involved in these events.  

Figure 25. Confocal microscopy image composite image comparison highlighting loss of endothelial cell 
integrity and large size variation of NZM7-S. hCMVECs were seeded at 20,000 cells per well. NZM7-S were 
live stained with CytoTrack Red (CTR) and applied to the apical face of a confluent endothelial monolayer. 
Junctions stained with anti-CD144 (green), Actin stained with phalloidin (orange) and nuclei stained with 
Hoechst (blue). Samples were analysed by confocal laser scanning microscopy, scale bar = 20 µm. Images 
are representative of  experiment performed in replicated (n=3 wells).  
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3.5 Fluorescence-activated cell sorting (FACS) of two distinct populations 
within the NZM7-S subpopulation 

After confirming the rapid barrier disruption caused by the NZM7-S population to be a result 

of transcellular invasion at the endothelium, the next question asked was, what exactly in this 

heterogeneous suspension material was causing this effect. The detection of the large size 

variations with flow cytometry and confocal imaging (section 3.1 and 3.4.2) presented the idea 

of a broad fractionation of NZM7-S into two separate populations, one of small and one of 

larger sized material to investigate if one of these populations contains the majority of barrier 

disrupting activity of NZM7-S, or if the bioactivity is equally shared within the entire 

population.  

 

It was decided to isolate two populations within the NZM7-S population using fluorescence 

activated cell sorting (FACS). FACS facilitates the sorting of material based on physical 

properties, including cell size and density as well as additional characteristics including 

fluorescence. At this junction there were various options available to enrich the NZM7-S 

material (e.g. size, surface marker, or CTR intensity). However, because of time constraints 

implemented by the Covid-19 pandemic, we chose to assess whether the enzymatic activity of 

the material was associated with the barrier disrupting activity as the first enrichment process. 

Earlier it was noted that the NZM7-S had a bimodal distribution for CTR labelling, which was 

more intense than that of the living melanoma cells. This meant we should be able to isolate 

NZM7-S material that is intensely labelled with CTR and material that is labelled but an order 

of magnitude or two lower.  

 

This observation provided a way to fractionate the material based on CTR florescence intensity. 

To investigate if the fluorescence intensity of the NZM7-S is correlated with the barrier 

disruption activity, the two populations were isolated into separate populations using the BD 

FACS Aria cell sorter. NZM7-S were harvested according to protocols described in section 

2.2.4, and stained appropriately with the live cell stain CTR. The NZM7-S were then gated 

based on forward and side scatter (Figure 26A). This gating deliberately excluded the presence 

of the live melanoma. The fluorescence as detected in channel FL4 was then gated for material 

fluorescing with low-moderate levels of CTR, and material fluorescing high levels of CTR, 

labelled as CTR+ (pink) and CTR++ (orange), respectively (Figure 26B). The gates in FL4 

Figure 26B.1 and 26B.2 were placed with a buffer region between the two in the attempt to 



 

77 

isolate the hypo and hyper fluorescent material. Figures 26.1 and 26.2 display the scatter 

profiles of the final two isolated populations.  

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. Gating strategy and isolation of two separate populations of NZM7-S cells by FACS. A. shows 
gated population of CTR labelled NZM7-S population to be sorted with the BD FACSAria flow cytometer. B 
shows FACSAria histogram depicting the fluorescent intensity of CTR in NZM7-S cells, gated for two 
different populations. The two populations are 1. Low CTR fluorescence sorted into the CTR+ gate and 2. 
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High CTR fluorescence sorted into the CTR++ gate. 1 and 2 show the two final populations as a result of the 
FACS gate. Data is representative of 2 independent experiments. 

3.6 NZM7-S bioactivity is largely attributed to the highly fluorescent 
material within the subpopulation 

To determine what material within the non-adherent melanoma population is producing the 

rapid disruption of the endothelial cell barrier, the two isolated CTR fluorescent populations 

were added to the endothelial cell barrier as separate treatments. It was hypothesized that the 

highly fluorescent material would harbor most of the barrier disrupting activity, as the label 

intensity relates to enzymatic activity within the cells and is clearly seen in the confocal 

imaging.  

 

To prepare the samples, the isolated populations were first counted on the Accuri C6 flow 

cytometer to accurately count the number of events in each sample, allowing for a matched 

count of the materials in each separate population to create accurate E:T ratios. Importantly, 

the FACS isolation of the CTR+ and CTR++ populations removed the large majority of 

adherent cells that were typically seen within the whole NZM7-S population (Supplemental 

figure S-3). This allowed for the purification of the two populations to only include NZM7-S 

material in these experiments, therefore any barrier disruption seen is a direct effect of NZM7-

S material only on the endothelial barrier. 

 

The barrier disrupting effects of the NZM7-S population can be attributed to the melanoma 

cellular material that has more enzymatic activity (highly CTR fluorescent material; Figure 27 

and 28). The same profile of barrier disruption was maintained mainly by the CTR++ 

population, where at an E:T ratio of 1:1 produced the signature rate and magnitude of the effects 

observed by the intact NZM7-S material. This effect was not seen from the addition of the 

CTR+ population to the endothelial barrier at the same ET ratio (Figure 27B). 
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Figure 27. Effect of FACS isolated CTR++ and CTR+ NZM7-S material on brain endothelial barrier 
resistance. A: shows unmodelled resistance (at 4000 Hz) of isolated CTR++ population of NZM7-S material, 
B: shows unmodelled resistance (at 4000 Hz) of isolated CTR+ population of NZM7S material. Cells were 
added at different E:T ratios, where 1:1 shows 1 NZM7-S event as counted with the Accuri flow cytometer 
to 1 endothelial cell. NZM7-S material was added at 49 hours. Data shown as mean ± SD (n=3 wells) from 
1 experiment, representative of 2 independent experiments.  
 
 
The immediate effects on both paracellular and basolateral resistance shown with the NZM7-

S population in section 3.2.1 was shown to be the result of the highly fluorescent material 

within that population (Figure 28A, C). The CTR+ population of NZM7-S cells showed small 

effects on paracellular and basolateral resistance, where a small drop in both Rb and alpha is 

seen (Figure 28B and C, respectively). However, this disruption in barrier resistance recovers 

over a period of around 10 hours. This recovery in paracellular and basolateral barrier 

resistance is likely attributable to the lack of enzymatic activity of the NZM7-S material and 

ability to migrate through the brain endothelial barrier as the bioactive counterpart within that 

same population is able to do.   
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Figure 28. FACS isolated CTR++ and CTR+ NZM7-S material disruption of the brain endothelium.  
Graphs A and B show modelled paracellular resistance (Rb) of hCMVECs after the addition of CTR++ and 
CTR+ isolated NZM7-S populations, respectively. Graphs C and D show modelled basolateral resistance 
(Alpha) of hCMVECs after the addition of isolated NZM7-S populations, respectively. Cells were added after 
48 hours at different E:T ratios, where 1:1 shows 1 NZM7-S as counted with the Accuri flow cytometer to 
1 endothelial cell. The data shows the mean ±SD (n=3 wells) from 1 experiment which is representative of 
2 independent experiments.   
 
In summation, we have shown that melanoma cells can produce cellular suspension material 

that can drastically affect the integrity of brain endothelial cells. Although the identity of this 

material has yet to be confirmed we reveal that the NZM7-S material is rapidly internalised 

into the cytoplasm of the brain endothelial cells, where the function of actin and CD144 are 

disrupted. These molecular changes most likely underpin the aforementioned changes in barrier 

integrity. We reveal that the suspension material retains a considerable amount of enzymatic 

activity, which implied that it has intact cell membranes and an energy source for enzymatic 

activity. We can also reveal considerable heterogeneity in the size distribution of the NZM7-S 

material and ability of the brain endothelial cells to assimilate the material. The major future 
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step being to better understand what the suspension material is (e.g. apoptotic bodies, dead 

cells, oncosomes, large extra cellular vesicles or other entities) and then how we identify it in 

the circulation of melanoma patients.  
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4 Discussion 

4.1 Overview  

Brain metastasis are the most severe and life threatening complication of metastatic melanoma, 

that currently lack any effective treatments to prolong life further then approximately 10 

months (Davies et al., 2011). The full extent of the mechanisms employed by this deadly cancer 

to extravasate through the protective blood-brain barrier are still unknown. The motivation for 

this work was to further understand the mechanisms used by melanoma cells to work towards 

uncovering new molecular targets for the development of future therapies, paramount to 

preventing melanoma brain metastasis.  

 

This work has identified a melanoma derived non-adherent sub-population released by 

melanoma cells in vitro that caused an independent and devastating effect on the cerebral 

endothelium in a distinct manner when compared with the melanoma cells proper. The sub-

population, deemed NZM7-S, showed global alterations to key cerebral endothelial integrity 

molecules, namely the adherens junctional molecule CD144 and the cytoskeletal protein F-

actin which are paramount to the tight endothelial barrier usually formed at the blood-brain 

barrier. In addition to altered endothelial cell integrity, the NZM7-S material was shown to 

interact with the endothelial cells in a transcellular manner, that has not been documented 

before of melanoma. Resulting in the internalisation of the melanoma material by the cerebral 

endothelial cells, likely promoting the corresponding damage to the barrier.  

 

The preliminary results of this thesis suggest the material is likely apoptotic melanoma cells, 

Apoptotic-cell derived vesicles (ApoBDs) and other large extracellular vesicles such as large 

oncosomes released by the melanoma cells that are enzymatically active and harbour 

detrimental effects on the cerebral endothelium. Cancer cell derived extracellular vesicles, 

apoptotic CTCs and CTC debris have been documented in the circulation and blood samples 

of patients with a variety of late-stage malignancies, including but not limited to breast, colon, 

prostate and pancreatic cancer (Allen et al., 2014; Deutsch et al., 2016; Ren et al., 2011; 

Riethdorf et al., 2008). The possibility that cancers deliberately release vesicles or utilise 

apoptotic cells in the circulation to prime sites of invasion is beginning to be identified as a 

reality in aggressive tumour cell progression. While melanoma exosomes and CTCs have been 

identified in late stage malignancy (Arasi et al., 2020; Gener Lahav et al., 2019; Hood, 2019; 
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Khoja, Lorigan, Dive, Keilholz, & Fusi, 2015), the potential role of CTC-debris in brain 

metastasis is yet to be elucidated.  

4.2 A sub-population of metastatic melanoma cells mediate acute endothelial 
barrier disruption 

This research stems from preliminary observations made by Dr Akshata Anchan during her 

PhD studies. Wherein various cultures of patient-derived New Zealand melanoma cells 

produced a subpopulation of “cells” that were no longer adherent and were retained in 

suspension. The presence of this heterogeneous suspension material was considerably greater 

in the NZM7 cultures and hence the NZM7 line was used for this Masters research. At the 

beginning of this project, the executive decision was taken to ascertain whether the suspension 

material has any impact or influence on the integrity of brain endothelial cells. This direction 

was prioritised first by the supervisory team, rather than extensive molecular characterisation, 

which would have been futile if the suspension material had no detrimental impact on the brain 

endothelial barrier integrity or function. 

 

This order of events although logical at the time has raised an issue around the terminology of 

what to call the non-adherent melanoma population. As is now evident from the Results, the 

non-adherent suspension material referred to as NZM7-S is largely comprised of cellular 

material and a small proportion of living melanoma cells. At this point we do not know the 

derivation or molecular identity of the suspension material but potentially may comprise a 

combination of dying melanoma cells, apoptotic debris, large oncosomes and other 

extracellular vesicles. A future goal is to characterise the NZM7-S material now we know it is 

functionally active, however that was outside the technical and time-restricted goals of this 

Masters project. This is explained further in the Future Directions section at the end of the 

discussion.  

 

Of the commercially available instruments that measure impedance across a monolayer of 

endothelial cells, ECIS provides the most sensitive and comprehensive analysis (Robilliard et 

al., 2018). Other real-time impedance based methods commonly used in cancer invasion assays 

include xCELLigence and cellZscope. Importantly, ECIS technology provides a mix of an 

optimal electrode configuration and the ability to model multi-frequency impedance data 

allowing for an enhanced analysis of cancer cell migration (Hucklesby et al., 2021). The 
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advantageous attribute of ECIS to distinguish small changes in modelled endothelial 

monolayer properties, allows for the determination of the route of migration through an 

endothelial cell monolayer (Hucklesby et al., 2021; Robilliard et al., 2018).  

 

The mechanisms of cancer cell migration through the BBB are still largely unknown. However, 

the current literature reports paracellular migration as the favoured route of cancer cell 

metastasis through the cerebral endothelium, with evidence for melanoma (Fazakas et al., 

2011) as well as lung cancer (Li et al., 2013). Indeed this is true of the adherent melanoma cells 

that showed targeting of the paracellular junctions evident through the modelled ECIS data 

(Figure 11).  The predominant effect of adherent melanoma cell mediated disruption occurred 

at the paracellular barrier (Rb) as opposed to the basolateral barrier (alpha), which was only 

gradually, and slightly affected (Figure 12). This replicated the results reported by Anchan et 

al. (2019), where adherent melanoma cell lines, including NZM7A traverse the endothelial 

barrier through a paracellular route of entry. 

 

The non-adherent sub-population (NZM7-S) however, showed an entirely different profile of 

endothelial barrier disruption measured by ECIS, eluding to a different mechanism of 

disruption altogether. The NZM7-S material caused an acute decrease in barrier strength, at a 

much faster rate than the NZM7A counterpart (Figure 12). While the effects were largely 

dependent on NZM7-S titration numbers, interestingly, the effect on barrier resistance at the 

higher effector-target ratios of 5:1 and 1:1 were much greater than the NZM7A at the same 

titrations. While at lower E:T ratios, for example 1:10, the NZM7A produced a greater 

disruption over the 50 hour time frame than the NZM7-S. However, the most notable 

observation was the rate of loss of integrity following NZM7-S addition, where loss of integrity 

occurred rapidly within the first two hours. The modelled ECIS data provided the first evidence 

that the NZM7-S mediates this disruption through a different mechanism. This is evident as 

the disruption of the basolateral barrier (alpha) occurred in the same timeframe as the 

paracellular barrier (Rb) integrity loss. This profile of disruption has not been observed for any 

of the adherent melanoma cells (Anchan et al., 2019), and does not occur with the NZM7A 

cells tested here (Figure 12). This result is suggestive of two potential mechanisms, the first 

being a transcellular route of migration through the endothelial cell body, and the second being 

NZM7-S induced endothelial cell disruption, possibly involving sustained cellular impairment, 

cellular rupture or apoptosis. These major events would be consistent with the endothelial cells 
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losing both paracellular integrity and loss of basolateral integrity, simultaneously (Anchan et 

al., 2019; Hucklesby et al., 2021).  

 

Previously it was thought that paracellular transport of metastatic cells was the only viable 

explanation for CNS metastasis (Beasley & Toms, 2011). However, a recent study by Herman 

et al. (2019) strikingly identified that metastatic breast cancer cells favour a transcellular 

mechanism of migration, as shown through a combination of barrier disruption, measured with 

xCelligence technology and corresponding imaging analysis. Contrastingly, in this same study, 

it was shown that melanoma cells employed a paracellular mechanism of invasion, which 

occurred via the melanoma cells migrating through the cell junctions. It is important to note 

that breast cancer, melanoma and lung cancer are the cancers most frequently responsible for 

brain metastasis, with melanoma having the highest propensity of any other cancer to infiltrate 

the brain (Davies et al., 2011; Fife et al., 2004). Due to this high level of affinity, it is likely 

that melanoma cells are able to breach the endothelial barrier through the use of several, 

independent mechanisms. Here we propose a new mechanism of cerebral endothelial barrier 

disruption, where melanoma cells may generate sub-populations of cellular material (e.g. large 

vesicles) that directly aids invasion of metastatic melanoma cells.  

4.3 The melanoma subpopulation alter endothelial cell integrity and 
structure 

Cancer cell invasion into secondary tissues is a defining factor in the metastatic progression of 

the disease. The multi-step process is initiated with the adhesion and transmigration of the 

cancer cell through the endothelium (Heyder et al., 2002; Kienast et al., 2010). The drastic 

effects of the melanoma sub-population on both paracellular and basolateral barrier resistance 

indicates changes in endothelial cell integrity. The integrity of cerebral endothelial cells is 

essential for the maintenance of barrier function and the control of entry into the brain 

parenchyma (Wilhelm et al., 2013). It is widely accepted that the endothelium plays an active 

role in the process of facilitating transendothelial migration (Callahan & Ransohoff, 2004), 

while a damaged endothelial barrier plays a well-established role in aiding metastasis (Hasko 

et al., 2019; Wrobel & Toborek, 2016). Herein we investigated the interaction of the non-

adherent subpopulation with the cerebral microvasculature and the corresponding effects on 

the cerebral endothelial cells, using hCMVECs.  
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Upon addition of the fluorescently labelled NZM7-S material to the endothelial cells, what was 

initially highlighted, was the localisation of the material to the endothelial cell body (Figure 

14). This further supports our hypothesis that the NZM7-S material disrupt the barrier through 

a transcellular route, as the NZM7-S material is not localised to the endothelial cell junctions, 

which is what occurs during melanoma cell traversal of the blood brain barrier in a paracellular 

manner (Anchan et al., 2019; Qi et al., 2005).  

4.3.1 Changes in CD144 expression 

Paracellular transport requires a destabilisation of endothelial junctions. In vitro analysis shows 

evidence of melanoma cells disrupting interendothelial cerebral tight junctions with a 

corresponding decrease in transendothelial electrical resistance (TEER) (Fazakas et al., 2011). 

VE-Cadherin or CD144 is the main component of adherens junctions, responsible for 

mediating cell-cell contacts, by recruiting catenin’s, mainly beta and p120 catenin to stabilise 

junctions (Schulte et al., 2011; Zhuang et al., 2016). CD144 bridges a direct link to many 

classes of molecules to modulate its adhesive function and is therefore an essential determinant 

of vascular integrity, stabilising endothelial junctions in vivo (Hendrix et al., 2001).   

 

The complete obliteration of the endothelial paracellular barrier as detected with ECIS suggests 

a loss of structure of the paracellular junctions between endothelial cells. Therefore, changes 

in CD144 expression were visualised with immunocytochemistry, to detect any potential 

change in junctions between the endothelial cells. The NZM7-S material at high E:T ratios 

caused global changes to CD144 expression, where confocal microscopy revealed gross 

deformation and loss of endothelial cell barriers as opposed to untreated endothelial cells. In 

comparison, the involvement of CD144 in endothelial leukocyte transmigration has been 

shown with real-time imaging to be a localised, transient dissolution to allow the cell to move 

through the space in the junction, followed by CD144 closing of the gap (Alcaide et al., 2008; 

Shaw et al., 2001; Winger et al., 2014).  

 

Melanoma cells target the endothelial junctions for transmigration into the brain, resulting in a 

localised degradation of CD144 (Anchan et al., 2019). Cancer cell migration assays show 

conflicting results on whether the extravasation of the cancer cell leaves the endothelial 

junction open or the CD144 closes leaving uninterrupted endothelial cells. A 1998 study by B. 

Voura and colleagues showed the reappearance of CD144 in endothelial contacts following 
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melanoma cell transmigration through an endothelial monolayer. However more recent 

literature show extensive evidence supporting the latter, resulting in a permanent opening of 

CD144 junctions, disrupting endothelial cell integrity, with examples in breast, melanoma and 

bladder carcinoma (Anchan et al., 2019; Heyder et al., 2002; Molnar et al., 2016). Both of these 

mechanisms are in line with localised CD144 destruction, typical of TEM. In contrast, the 

initial results from this study show a global effect on CD144, which is not due to the direct 

contact of a melanoma cell above a junction, as has previously been shown in our laboratory 

(Anchan et al., 2019). Instead the observed junctional loss appears unrelated to the position of 

the NZM7-S on the endothelial cells, and in some cases clusters of the NZM7-S material are 

associated with intact endothelial junctions (Figure 14 and Figure 15). These indirect effects 

on CD144 by the NZM7-S population support the hypothesis of a novel mechanism of invasion 

used by this sub-population of melanoma. Due to the time constraints inflicted by the impact 

of the COVID-19 pandemic, the observed loss of CD144 was not able to be quantified. This 

quantification is planned to be undertaken immediately, as to conclusively support these 

findings for the publication of this work.  

 

The immunofluorescence CD144 analysis revealed that in addition to what appears to be a loss 

at the cell junctions, there was also a shift in CD144 expression from the borders of the cells to 

cytoplasmic puncta (Figure 15 and Figure 25). Therefore, it is possible that the NZM7-S are 

affecting the endothelial cell integrity by the delocalisation of this protein, which has been 

reported to modulate endothelial cell barrier dysfunction, via the internalisation of CD144 

(Gavard, 2014). For example, the activation and expression of Rab5 in endothelial cells in 

response to lipopolysaccharide (LPS), promotes CD144 translocation into intracellular 

compartments (J. Yang et al., 2015). CD144 internalisation has also been shown under hypoxic 

conditions in human brain endothelial cells in vitro, resulting in increased permeability and 

damage to the barrier through a RhoA/ROCK2 mediated pathway (J. Chen et al., 2019). 

Therefore, it is possible that the NZM7-S are acting on the cerebral endothelial cells resulting 

in both a loss of junctional CD144 but also on the delocalisation and internalisation of this 

protein, through as yet unknown mechanisms.  

 

Detected changes in CD144 expression are important in understanding melanoma cell 

migration. Evidence of endothelial barrier dysfunction as a result of CD144 loss has been 

shown in vivo to hasten ovarian tumour cell extravasation and metastasis (Weis et al., 2004). 

Gavard and Gutkind (2006), have shown VEGF dependent endocytosis of junctional CD144, 
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produced hyperpermeability of endothelial cells, activated through the Src signalling pathway. 

While the endothelial lines used in many leukocyte TEM studies are largely of non-cerebral 

origin, the disruption of CD144 in cerebral endothelial cells is documented to occur during 

breast cancer cell migration, with tumour cell secreted VEGF altering CD144 expression in 

vivo (Pranda et al., 2019). Melanoma cells have been similarly shown to produce high levels 

of exogenous VEGF, and while VEGF inhibition has shown promising results in breast cancer 

metastasis (Pranda et al., 2019), previous work in our laboratory has shown VEGF inhibition 

alone has no effect in inhibiting melanoma metastasis (Anchan et al., 2020). This however, 

does not preclude the potential effects of VEGF in conjunction with other molecules to work 

in a co-functional manner in disrupting endothelial cell junctions after exposure to the NZM7-

S material.  

4.3.2 Changes in F-actin expression mediated by NZM7-S 

Maintaining endothelial barrier function extends beyond the cell-cell contacts alone. The 

CD144-catenin junctional complex formed with alpha-, beta- and p120-catenin connects 

CD144 directly to F-actin, the main component of the cell cytoskeleton (Figure 2) (Hordijk et 

al., 1999; Qi et al., 2005; Wittchen, 2009). The role of the actin cytoskeleton in TEM has been 

heavily detailed in the context of leukocyte diapedesis, however in the context of cancer cell 

migration many of the mechanisms are yet to be characterised (Qi et al., 2005; Roncato, Regev, 

Yadav, & Alon, 2021). Dynamic actin rearrangement occurs in response to leukocyte binding 

to endothelial cell adhesion molecules ICAM-1 and V-CAM-1 in both paracellular and 

transcellular routes of leukocyte diapedesis (Barzilai et al., 2017; L. Yang et al., 2006).  

 

Indeed, immunofluorescent imaging of the cerebral endothelium showed substantial alteration 

in the location of F-actin following addition of NZM7-S material. At high E:T ratios, the total 

loss of cytoskeletal structure is evident, with an observed upregulation of disorganised F-actin, 

in comparison to the normal endothelial cells that have an intact barrier (Figure 17). Alterations 

to actin localisation were expected, however, not to the degree of malformation observed. An 

interesting observation was the appearance of cup-like actin structures present around many of 

the NZM7-S material within the endothelial cell body. F-actin rings have a well-documented 

role in leukocyte TEM, rather than leukocyte adhesion (Carman & Springer, 2004; Mooren, 

Li, Nawas, & Cooper, 2014). The assembly of these structures is followed by the continued 

formation of either a gap (paracellularly) or a pore (transcellularly) to allow for leukocyte 
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diapedesis through the tight cytoskeletal structure of endothelial cell monolayers (Barzilai et 

al., 2017). A study by Heemskerk, et al. (2016) used in vivo imaging to reveal the assembly of 

F-actin-rich structures around endothelial cell pores to facilitate leukocyte transmigration. 

Interestingly these events happened significantly less during migration through a paracellular 

route, but were essential for leukocyte movement through the transcellular route.  

 

F-actin dense, ring-like structures are mechanistically involved in maintaining endothelial cell 

integrity during leukocyte TEM (Heemskerk et al., 2016). However, here the results show a 

lack of maintained cellular integrity as evident through the highly destructive effects of the 

NZM7-S material on the endothelial barrier strength. A recent study by Godinho-Pereira, et al. 

(2021) identified breast cancer cells enhance transmigration through the formation of actin 

stress fibres, inducing endothelial cell permeability via cytoskeletal rearrangement. Thus 

highlighting endothelial actin structure is paramount to endothelial barrier integrity, and 

alterations to the cytoskeletal structure can actively enhance cancer cell migration into the 

CNS. Additionally, the extravasation of breast cancer cells across the cerebral endothelium has 

recently linked an increased transcellular permeability to the upregulated expression of CAV1 

in the brain microvasculature in vivo (Godinho-Pereira, Garcia, Figueira, Malho, & Brito, 

2021). CAV1 is directly involved in transcellular pore formation during extravasation, 

demonstrating an increase in pore formation directly relating to endothelial cell integrity (Wu 

et al., 2016).  

 

In an organised endothelial cell monolayer, F-actin fibres are localised to the circumference of 

the cell body, and are densely positioned at multicellular junctions to maintain monolayer 

integrity (Mooren et al., 2014). The induction of actin stress fibres is essential to facilitate 

movement (van Steen et al., 2020). Here, the high-resolution imaging of F-actin shows similar 

results with the complete disassembly of circumferential F-actin at high E:T ratios of NZM7-

S treatment, the loss of multicellular junctional F-actin, and the increase of disorganised actin 

stress fibres across cells (Figure 21). At lower E:T additions of NZM7-S addition to the 

endothelial cell barrier, the high resolution imaging showed some maintenance of 

circumferential F-actin, but also show stress fibre arrangement and a thickening of the existing 

actin fibres. The thickening of actin filaments have been shown in an IL-6 induced 

inflammatory endothelial cell model to comprise a more susceptible barrier to neutrophil 

transmigration through a transcellular mechanism (Barzilai et al., 2017). Similarly, in an 

inflamed cerebral environment, mechanotransduction results in the activity of the small Rho 
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GTPase RhoA inducing stress fibre arrangement. The resulting increase in vascular 

permeability and leakage following actin rearrangement increases leukocyte transmigration 

through the subsequent loss of endothelial barrier resistance. (Wojciak-Stothard, Entwistle, 

Garg, & Ridley, 1998). It is therefore possible that the NZM7-S material is having a similar 

effect, resulting in a damaged endothelial barrier that may be more responsive to melanoma 

cell metastasis. Further investigation into the signalling pathways involved in the regulation of 

the endothelial cytoskeleton during the migration of the NZM7-S material are now needed. 

 

Many of the studies addressing inflammatory alterations to endothelial cell integrity report 

corresponding changes in CD144 and F-actin simultaneously, this is unsurprising due to the 

cadherin-catenin junctional complex linking the two key endothelial structure molecules. In 

this study we describe extensive changes in both CD144 and F-actin localisation after exposure 

to the NZM7-S material. While we may only speculate the mechanisms of NZM7-S mediated 

barrier dysfunction at this point in the analysis, it is likely that there are multiple determinants 

in this disruption including but not limited to mechanotransduction and the activation of 

multiple signalling pathways (Collins et al., 2012). Computational analysis of signalling 

cascades typically implicated in melanoma TEM saw the activation of actin remodelling and 

cell junction disassembly to be distinct processes, likely activated individually and unlikely to 

work through additive mechanisms when extravasating in a paracellular manner (Weidert, 

Pohler, Gomez, & Dong, 2014). With the sheer rate of disruption seen in response to the 

NZM7-S, even at low E:T ratios, this may indicate an additive or synergistic effect of signalling 

on the associated actin remodelling and junction dissolution seen here, potentially explaining 

the rapid barrier disruption seen with this material.  

 

At this juncture, it is relevant to suggest that by subverting actins integral cytoplasmic function, 

to then control the transcytosis of the melanoma material, the barrier is inadvertently weakened. 

If this is a deliberate mechanism of distraction, then we propose this as a new mechanism in 

the arsenal employed by melanoma to metastasise to the brain, if correct, this requires 

immediate and extensive investigation.  

4.4 NZM7-S mode of migration through the blood-brain barrier 

Tumour cell extravasation from the circulation into secondary tissues is paramount to the 

metastatic progression of the disease and the very reason late stage cancers are so difficult to 
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treat (Hanahan & Weinberg, 2000). Although research in this area is extensive, the exact 

mechanisms of cancer cell extravasation are still not fully understood. Evidence does however 

highlight many similarities between cancer cells and leukocytes undergoing TEM in settings 

of inflammation (Heyder et al., 2002; Qi et al., 2005). Regarding the routes of transmigration, 

the two theoretical possibilities as previously discussed are the paracellular pathway and the 

transcellular pathway, which in the case of leukocytes have been intensively characterised 

(Herman et al., 2019).  

 

Evidence of metastatic melanoma migration through the blood-brain barrier shows a 

paracellular mechanism is used to breach tight-junctions and intercalate between neighbouring 

endothelial cells during extravasation (Fazakas et al., 2011). The results thus far in this 

investigation of the NZM7-S material strongly indicated a route of transcellular uptake that is 

not paracellular in nature, as has previously been detected of metastatic melanoma in the 

previous work of our laboratory (Anchan et al., 2019). Through confocal image analysis we 

show confirmation that the NZM7-S material is being taken up by the cerebral endothelial cells 

in a transcellular manner, localised underneath endothelial cell actin, and therefore 

incorporated into the endothelial cell body (Figures 22 – 24). This supports the proposed 

formation of transcellular pores through F-actin fibres of the endothelial cytoskeleton to 

facilitate movement through the endothelial cell body, as was detected through the changes in 

F-actin expression. Further studies should work to determine the nature of the F-actin 

cytoskeletal reaction detected here, to understand whether it is “friend or foe”, that is, whether 

the changes in the cytoskeleton engulfing the melanoma material are protecting the brain, or 

facilitating the migration of this material through the endothelial cells. 

 

To our knowledge we provide the first evidence of melanoma material impacting the cerebral 

endothelial cells in a manner employing a transcellular route of entry. It is, however, unlikely 

that the melanoma material we see traversing in this manner is alive. This was elucidated 

through the confocal imaging analysis of the melanoma material itself, that before this point 

was speculated to be a mixture of melanoma produced cellular debris and dead or compromised 

cells as determined through flow cytometry analysis (Figure 10). The high resolution 

visualisation of the NZM7-S revealed many vesicle-like entities, ranging in size of small <1μm 

to large ~10μm, that were deemed to be vesicle-like in nature due to the lack of intact nuclear 

structures, typical of extra-cellular vesicles (Latifkar, Cerione, & Antonyak, 2018). Some of 

the NZM7-S material did however contain nuclear material, although these melanoma cells 
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display a more apoptotic nuclear morphology, with evidence of internucleosomal 

fragmentation, typical of cells in the process of dying (Saraste & Pulkki, 2000). Therefore, as 

previously suggested it is very likely that the NZM7-S material is a heterogeneous mix of 

apoptotic bodies and vesicles from the melanoma cells proper, that harbour enough enzymatic 

activity to affect the endothelial cell integrity and maintain these effects over extended periods 

of time, as detected with ECIS and discussed further in section 4.5. 

4.4.1 The intracellular position of NZM7-S relative to the endothelial cell body 

While defining this mechanism of interaction, an interesting observation was made of the 

position of the NZM7-S relative to the endothelial cells. It was noted that after the 4-hour co-

culture, at which point all confocal images were obtained, that the NZM7-S material can almost 

always be seen in very close proximity to the endothelial cell nucleus, Figures 22 and 23 

highlight this phenomenon. Figure 24 however, highlights an individual NZM7-S positioned 

between two endothelial cell nuclei, where it appears to be interacting with the nucleus. While 

this finding raises speculations on how the NZM7-S material may be interacting with the 

endothelial cell, the current literature on cancer cell transcellular transmigration lacks any 

supporting evidence of this.  

 

In the case of leukocytes however, an early study by Ushiki (1986) on the migration of 

leukocytes into the thymus using a rat model, provided evidence of transcellular 

transmigration, noting the route of diapedesis occurred centrally through endothelial cells in 

peri-nuclear locations. This could suggest that the co-localisation of the NZM7-S to the nuclei 

may not be sinister in nature. More recent evidence similarly supports this idea showing 

leukocytes adapt a stochastic mechanism to extravasate transcellularly, allowing them to travel 

through locations of relatively low endothelial resistance, through a podosome-mediated 

mechanism (Carman et al., 2007). Transcellular pore formation in this study also indicated 

peri-nuclear locations to be favourable for the route of transmigration. However, Carman and 

colleagues note the appearance of podoprints over nuclei, which suggested leukocytes decipher 

the route of transmigration through trial and error, as certain areas, such as the nuclear envelope 

may provide greater resistance. This could suggest a potential mechanism of transmigration by 

the melanoma subpopulation as tumour cells are known to use invadopodia to degrade local 

microenvironments and overcome cellular barriers that prevent cells from spreading (Augoff, 

Hryniewicz-Jankowska, & Tabola, 2020). Invadopodia are however very complex structures, 
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and therefore their potential involvement in NZM7-S transmigration is unlikely due to the 

phenotype of the cellular material that comprises the melanoma subpopulation being assessed. 

Therefore, the apparent nuclear localization seen at this juncture may indeed provide insight as 

to how the melanoma material is able to traverse the endothelial body so rapidly, but may also 

be directly affecting endothelial cell integrity through nuclear interactions.   

4.4.2 Endothelial cell wounding  

An initial hypothesis of the mechanism used by the NZM7-S to disrupt the cerebral endothelial 

barrier so efficiently was through complete rupture of the surrounding endothelial cells. Many 

metastatic cells have an increased expression of transmembrane death receptor proteins to 

induce cell death, namely Fas-Ligand (Zhu & Deng, 2002). The Fas receptor is expressed on 

human cerebral endothelial cells, and when activated by the binding of Fas-L induces 

apoptosis. Fas-L expression has been noted in many metastatic melanoma cell lines, providing 

a viable mechanism of endothelial disruption (Y. L. Chen, Wang, Chen, & Yang, 2002; 

Kellman-Pressman, Fishman, Tsory, & Segal, 2005; C. Wang, Li, & Wang, 2010). Induced 

endothelial cell death would theoretically allow large openings in the endothelial barrier 

reflecting the magnitude of disruption that is seen with the NZM7-S material, even at lower 

E:T ratios.  

 

However, the appearance of the endothelial monolayer under high-resolution imaging show 

largely intact cells. While highly disrupted and stressed, the endothelial cells do not display 

many of the signs of apoptosis. If melanoma-induced apoptosis of the cerebral endothelial cells 

were a main mechanism of disruption, there would be a marked reduction in the number of 

endothelial cells present (Saraste & Pulkki, 2000). Similarly, visual apoptotic morphology 

would also be evident, such as pyknosis, the characteristic condensation of chromatin in the 

nucleus of cells undergoing apoptosis (Halicka, Bedner, & Darzynkiewicz, 2000; Kerr et al., 

1972). Arguably, some of the endothelial cell nuclei after a 5:1 E:T ratio treatment seen in the 

confocal imaging may show some changes in morphology, however it is hard to tell from these 

limited images (Figure 22 and Figure 25). The images displayed in this thesis however, are 

representative of a 4 hour co-culture period and were not explicitly acquired for the assessment 

of cerebral endothelial cell death. Additionally, at the lower and more physiologically 

representative E:T ratios, there is evidently no changes in nuclear morphology nor the loss of 

endothelial cells. Indicating the rapid endothelial barrier disruption is unlikely due to 
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endothelial cell death. Therefore, to make a comprehensive decision on melanoma-induced cell 

death as a potential mechanism of barrier disruption further assessments should be completed.  

 

We may however suggest that the effects of the NZM7-S material moving through the 

transcellular mechanism described above is still occurring through a wounding mechanism. 

This conclusion can be drawn from the maintained barrier loss occurring for over 24 hours post 

NZM7-S exposure as indicated with the ECIS data (Figure 11). Additionally, the alterations to 

the F-actin cytoskeleton, likely allowing for transmigration and the disassembly of cell 

junctions are not repaired as is seen in leukocyte TEM (Onken et al., 2014; van Steen et al., 

2020). Wounded cerebral endothelial cells are commonly seen in inflammatory diseases such 

as multiple sclerosis, resulting in a weak and permeable barrier allowing for the increased 

infiltration of leukocytes into the brain parenchyma (Alvarez et al., 2015). This presents a 

possible role of the NZM7-S material employing a similar mechanism to damage and therefore 

potentially prime the endothelial cells for melanoma metastasis.  

4.5 The heterogeneous bioactivity of the melanoma subpopulation 

The undeniable barrier disrupting effects seen in response to the NZM7-S material warrant 

deeper investigation into characterising and defining this material, and the mechanisms used to 

instigate these effects. With the large variation in size of the NZM7-S material we determined 

the next step in characterization was to fractionate the NZM7-S in an attempt to purify the 

material responsible for disrupting barrier integrity. Through fluorescence activated cell sorting 

we were able to identify and isolate a proportion of the NZM7-S material that displayed 

hyperfluorescent levels of the cell tracker stain (CTR) compared to material fluorescing at 

lower levels (Figure 26). It was noted here, that the barrier disrupting material was directly 

related to the intensity of fluorescence, a direct measure of enzymatic activity within the 

cellular material (Figure 27).  The increased level of fluorescence is suggestive that the NZM7-

S material contains a high level of esterase activity and is biologically active. However, it also 

may be characteristic of the NZM7-S material to lack the ability to excrete the fluorescent dye, 

which appears to occur in the adherent melanoma population. Although not specifically 

detailed in the product information sheet of the CTR stain used, further investigation into the 

types of esterase’s used to cleave the fluorescent probe, and the exact mechanisms of activation 

could provide an interesting avenue in understanding the bioactivity of the NZM7-S material, 

in comparison to the low level of fluorescence seen in the NZM7A counterpart with the same 
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stain. These results combined with the confocal imaging further elucidate the nature of the 

NZM7-S, however, without extensive fractionation and characterisation of this material we 

may only speculate its nature.  

 

As proposed earlier, it is possible that the hyperfluorescent NZM7-S material is comprised of 

large vesicles including those from apoptotic melanoma cells. Programmed cell death occurs 

under physiological conditions including homeostasis and normal cell turnover, and can be 

induced both by intrinsic pathways and extrinsic stimuli (Hampton & Orrenius, 1998). 

Following induction, caspase-dependent proteolytic degradation of cellular components occur 

resulting in a highly enzymatically active process (Saraste & Pulkki, 2000). Apoptosis is 

characterised by membrane blebbing, nuclear splitting and the release of cellular content into 

distinct membrane-enclosed vesicles termed apoptotic bodies (ApoBDs). Here, the barrier 

disrupting NZM7-S material is hyper-fluorescent as detected with ECIS following FACS 

isolation (Figure 27), and display similar morphologies to that of historically described 

apoptotic cells (Figure 25).  

 

Under normal cell turnover, apoptotic cells are efficiently cleared by interactions with 

specialised phagocytes, which facilitate engulfment through the expression of “eat me” signals, 

that are the direct result of specific changes in the composition of the apoptotic cell’s membrane 

(Kerr et al., 1972). The most fundamental signal is the externalisation of the lipid moiety 

phosphatidylserine (PS), that is usually present on the inner leaflet of the plasma membrane of 

healthy cells, that is moved to the outer cell membrane of apoptotic cells and ApoBDs (Dini et 

al., 1995).  

 

ApoBDs can contrastingly be internalised by non-specialised recipient cells, when apoptotic 

clearance signals such as PS act on non-specific receptors of cells throughout the body, with 

evidence of liver endothelial cells binding and phagocytosing hepatocyte apoptotic bodies in 

vivo and in vitro (Dini et al., 1995) The endocytosis of apoptotic bodies occurs rapidly (Castillo 

Ferrer, Berthenet, & Ichim, 2021), and therefore presents a potential mechanism of uptake of 

the NZM7-S material that we see throughout this thesis. Apoptotic bodies have been 

documented to interact with the cerebral endothelium (Faille et al., 2012), with recent evidence 

in vitro of an induced apoptotic body model derived from a melanoma, used to facilitate drug 

transport across the BBB. ApoBDs with upregulated expression of CD44 were able to 

efficiently penetrate the BBB, migrating through the cerebral endothelial cells with a 
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transcytosis mechanism (Y. Wang et al., 2021). Additionally, the cell adhesion molecule CD44 

has been shown to be expressed by NZM7-S cells and multiple other metastatic melanoma cell 

lines, and could therefore be potentially involved in the uptake by cerebral endothelial cerebral 

cells and should be further explored (Dr A.Anchan, Unpublished data). 

 

Alternatively, the recent and highly relevant work in the space of tumour-cell derived 

extracellular vesicles may explain some of the vesicle-like material observed in the NZM7-S 

population. While the material assessed here is too large to be classed as exosomal or micro 

vesicle in nature (Vestad et al., 2017), the recent discovery of a subset of abnormally large 

vesicles released only from late-stage aggressive metastatic cancers deemed “large 

oncosomes”, could present a possible explanation for some of the NZM7-S material 

(Minciacchi, Freeman, et al., 2015).  

 

Previously, the idea of the controlled release of cancer cell derived extracellular vesicles 

enhancing metastatic potential was largely believed to be theory, however,  the large efforts in 

this space show unwavering evidence of this mechanism in vivo and in vitro (Bebelman, Smit, 

Pegtel, & Baglio, 2018; Becker et al., 2016). Extracellular vesicles aid in metastasis through 

the delivery of microRNA and oncogenes to endothelial cells and the surrounding tumour 

microenvironment. Resulting damage to endothelial barriers following EV interactions has 

been shown in both breast cancer and glioblastoma, acting essentially as a priming mechanism 

to enhance metastasis (Ciardiello et al., 2019; Skog et al., 2008; Voglstaetter et al., 2019). In 

regards to melanoma metastasis, there is similar evidence of the production of extracellular 

vesicles, in the category of exosomes and microvesicles (Arasi et al., 2020). Where melanoma 

derived EVs have been seen to promote an inflammatory environment (Gener Lahav et al., 

2019), and also increase metastatic ability (Lara et al., 2020).  

 

Large-oncosomes (LO) have only been described in a small subset of cancers, with the first 

discovery of these entities documented through a study by Di Vizio, et al. (2009) on late-stage 

prostate cancer. The atypically large size of large oncosomes are the result of membrane 

blebbing and are associated only with advanced disease (Meehan, Rak, & Di Vizio, 2016). The 

highly enzymatically active vesicles have been shown in prostate cancer to be enriched in 

growth factors (i.e. TGF-β), cathepsin proteases and proteins related to cell adhesion 

(Minciacchi, You, et al., 2015). Therefore we may rationalise large oncosomes as a proposed 

origin of the NZM7-S material, as here we have shown large vesicle type material that lacks 
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the presence of any nuclear material, within a similar size range that are produced by the patient 

derived metastatic melanoma cell line NZM7 (Figures 22-25). Definitive methodologies for 

identifying, isolating and purifying large oncosomes is still a developing field, and while no 

current literature defines their presence in melanoma as of yet, this is an exciting avenue that 

should be explored and considered when characterising the NZM7-S material.  

4.6 The relevance of NZM7-S in metastatic melanoma brain metastasis 

The brain endothelial disrupting effects as a result of exposure to the NZM7-S material are 

undeniable. While many of the results displayed here are derived from a high E:T ratio of 

melanoma material, the barrier disrupting effects are maintained when the E:T ratios are 

reduced. For example, one melanoma-derived NZM7-S entity for every 10 cerebral endothelial 

cells shows damage to the endothelial barrier, highlighting the potent effects of this material 

(Figure 28). This proposes the idea of a priming mechanism to aid in melanoma metastasis, a 

phenomenon that has been well documented in the space of tumour-derived extracellular 

vesicles (Akers et al., 2013). 

 

The metastatic evolution of tumours is associated with the presence of disseminated tumour 

cells (DTC) or circulating tumour cells (CTC). The detection of CTCs in the blood of patients 

with metastatic disease is associated with shortened survival rate in a number of different 

cancers including breast, colon, prostate and lung cancer (Allen et al., 2014; Deutsch et al., 

2016; Larson et al., 2004; Ren et al., 2011). Of which the first discovery of CTCs was detected 

in patients with melanoma (Khoja et al., 2015). The prognostic information derived from CTCs 

is an evolving area of research, of which initially CTCs were described for viability in the 

circulation and the capability of metastatic seeding (Barradas & Terstappen, 2013). However, 

as according to the process of the metastatic cascade, the survival of disseminated tumour cells 

in the circulation is limited due to a lack of self-sustaining survival signals (Luzzi et al., 1998; 

McGary et al., 2002). Early in vivo evidence of metastatic melanoma distribution in the 

circulation, showed that only 0.01% of melanoma cells injected into mice went on to produce 

secondary metastasis, and following melanoma addition, only 1.5% of the initial volume of the 

cells survived 24 hours in the circulation (Fidler, 1970). Therefore the majority of CTCs 

undergo programmed cell death and subsequently remain in the patients’ blood-stream until 

cleared by the immune system (Fidler, 2003). The detection of apoptotic CTCs has been used 

to detect response to chemotherapy in both breast and pancreatic cancer with higher rates of 
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apoptosis showing favourable outcomes, dictating a response to treatment (Jansson et al., 2016; 

Ren et al., 2011). However, a study in small cell lung cancer reported apoptotic CTCs produced 

independent prognostic factors, demonstrating for the first time that CTCs with apoptotic 

morphology conferred a poorer prognosis (Hou et al., 2012).   

 

The results of this thesis therefore propose a potentially harmful role of apoptotic melanoma 

cells on the cerebral endothelium, that could play a role in enhancing melanoma cell migration 

into the brain by damaging the barrier of these cells. In a study assessing the relevance of CTCs 

in the frequency of colorectal cancer metastasis to the liver, it was observed that apoptotic 

CTCs and CTC debris were specifically associated with liver metastasis, in comparison to 

patients with intact CTCs where liver metastasis was not commonly observed (Allen et al., 

2014). A similar observation was also seen in small cell lung cancer patients, in which the 

detection of high rates of apoptotic CTCs in the circulation was seen in patients with liver 

metastasis (Hou et al., 2012). This describes an enhanced organ specific, pro-metastatic role of 

apoptotic CTCs and CTC debris, similar to the type of material we have detected from 

melanoma cells here in vitro.  

 

While the mechanisms of metastasis potentially implicated by apoptotic CTCs and 

corresponding debris are yet to be described, it is possible that apoptotic metastatic melanoma 

CTCs could adopt a similar mechanism, however with brain tropism displayed due to cerebral 

endothelial cell damage. Apoptotic metastatic cells have also been described to have 

transforming effects, with evidence of the uptake of apoptotic bodies derived from H-ras and 

c-myc transfected cells inducing tumorigenicity and loss of contact inhibition in P53-/- cells of 

SCID mice (Bergsmedh et al., 2001). Similarly, the uptake of cervical cancer derived apoptotic 

bodies by fibroblasts has shown the efficient transfer of HPV-DNA in these cells (Gaiffe et al., 

2012). The process of apoptosis also results in the release of large amounts of damaging 

reactive oxygen species providing evidence of mechanistic ways apoptotic melanoma cells may 

induce damage to cerebral endothelial cell integrity (Hampton & Orrenius, 1998; Xu et al., 

2017).  

 

Similar evidence exists regarding tumour-cell derived extracellular vesicles and large 

oncosomes promoting the metastatic ability of cancers including breast and prostate cancer 

through the delivery of oncogenic material (Andrade et al., 2019; Becker et al., 2016). Although 

Large oncosomes have not yet been defined in melanoma, melanoma exosomes have been 
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shown to promote metastasis in vivo and in vitro. Peinado, et al (2013) showed the 

transformation of target cells through the transferring of the protein MET, resulting in the 

preparation of these cells for metastasis. Recently, melanoma EVs have also shown tropism to 

metastatic sites in vitro, highlighting their likely involvement in metastasis (Lara et al., 2020). 

This proposes that the NZM7-S material may be acting similarly to enhance melanoma 

metastasis.  

4.7 Limitations of this study 

In this thesis, the assessment of the melanoma-derived sub-population is focused solely on the 

material produced from the patient derived cell line NZM7. It has been observed in culture that 

all other melanoma cell lines assessed in our laboratory (NZM61, NZM48, NZM41, NZM98, 

NZM20, NZM74) produce similar non-adherent subpopulations into their culture mediums. 

However, the NZM7 culture produced the greatest abundance of this less-adherent population, 

making it the most attractive sample to further assess, due to the ability to extract large samples 

required for all the assays in this thesis within the given time frame of this project. This is 

however a major limiting factor in this study, as the results although notable, are not robust and 

are limited to one melanoma sample. To investigate the applicability of the results in this thesis 

and its role as a mechanism employed by melanoma tumours, the non-adherent subpopulations 

of melanoma material released in the culture medium of other cell lines should be subjected to 

the same assays within this thesis.  

 

Cancer cell adhesion to the cerebral microvasculature during metastasis is subject to 

haemodynamic changes in the circulation. This physiological environment is not replicated in 

the ECIS experiments conducted throughout this investigation. Instead melanoma cell adhesion 

to human brain endothelial cells was measured under static 2D conditions in a 96-well plate. 

Blood flow in vessels induces shear stress on the endothelium, which has been documented in 

the literature to alter the expression of cell-surface receptors on endothelial cells (Chachisvilis, 

Zhang, & Frangos, 2006; Sampath, Kukielka, Smith, Eskin, & McIntire, 1995). The ECIS 

results should therefore be addressed with caution, with future experiments that aim to test the 

same results under flow conditions completed.  

 

Lack of resource availability, lab access and training opportunities as a direct result of the 

global COVID-19 pandemic hindered the ability to complete essential aspects of this study. 
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Rudimentary characterisation of the NZM7-S material was planned to be undertaken, namely 

Electron microscopy and advanced flow cytometry to provide basic understanding of the nature 

of the NZM7-S material. The inability to complete this characterisation limited the applicability 

of the results obtained throughout this dissertation, and the resulting ability to understand the 

nature of the destruction measured in this thesis. Leaving uncertainty in what to deem this 

material when commenting throughout. Additionally, quantification and statistical analysis of 

the changes in both CD144 and F-actin in the immunocytochemistry experiments was unable 

to be completed. This greatly limited the significance of the results of this study, and the 

corresponding ICC results have been considered with this in mind, allowing only for 

commenting on observed changes in staining during these analysis throughout. As a result of 

this, no conclusive remarks can be made on the changes in either CD144 or F-actin in response 

to the NZM7-S, and in future studies the statistical analysis and quantification of this data 

would stand invaluable.  

4.8 Future directions 

In this study we intended to justify the functional relevance of the non-adherent melanoma sub-

population in its effects on the cerebral endothelial barrier. Having proven significant barrier 

disruption through ECIS and corresponding endothelial integrity disruption, the major future 

direction for this research is to identify the molecular basis of the bioactive material present in 

the NZM7-S, and determine its clinical relevance. Further studies will therefore use a 

combination of flow-cytometry to enrich the NZM7-S disrupting activity and then conduct 

proteomic, lipidomic and transcriptomic analysis on the material.  

 

Throughout this thesis there are many indications that the NZM7-S material could be the result 

of apoptotic melanoma cells, ApoBDs or large oncosomes. Therefore to lead the identification 

of the molecular basis of the material present, characterising the material with appropriate 

markers would be the logical next step. The detection of apoptotic CTCs in patient serum is 

commonly tested for using different biomarkers (Deutsch et al., 2016; Nolan et al., 2019). The 

most established marker of apoptosis is cytokeratin 18 (CK18), an abundant intracellular 

protein expressed by metastatic cells and released by apoptotic cells, typically cleaved by 

caspases during apoptosis. CK18 is not expressed by any other cell types that circulate in the 

blood, and is only present in the sera if apoptosis occurs. It should be noted that the presence 

of large EVs in samples does not necessarily indicate that they are ApoBDs, as large oncosomes 
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extracted from cell-culture conditions occur with no evidence of apoptosis in these cell 

cultures. Interestingly however, Cytokeratin 18 is similarly enriched in large oncosomes, and 

has been characterised as one of the only current biomarkers for their detection (Minciacchi, 

You, et al., 2015). Therefore CK18 would make for an attractive first target to test for to further 

elucidate the nature of this material, confirming that the material does in fact contain either 

ApoBDs or LO.  

 

In contrast to apoptotic CTCs identified in patient blood samples, characterising ApoBDs is far 

more complex, due to the extremely heterogeneous population of these vesicles produced 

during programmed cell death (Battistelli & Falcieri, 2020; Kakarla et al., 2020). This concept 

has been further elucidated in a large flow cytometric analysis determining ApoBDs 

characteristics for detection of a large variety of cell culture samples in vitro. Jiang et al. (2017) 

established the concept that ApoBDs are not a homogeneous identity, whereby subsets of 

ApoBDs can be defined by their intracellular contents, that differ largely based on the 

mechanism of cell disassembly. Unlike exosomes or microvesicles that are produced by 

controlled mechanisms, producing more homogeneous populations of vesicles.  

 

ApoBDs in culture samples have historically been characterised based on characteristics such 

as PS exposure and corresponding particle size and granularity (Jiang et al., 2017). Although 

the ability of apoptotic cells to expose PS via caspase dependent mechanisms is a well-

established process, its exposure alone has been shown to be insufficient in classifying vesicle 

populations as ApoBDs. Poon, et al (2019) show that PS exposure of ApoBDs is a spectrum, 

and additional markers should be employed when validating the nature of vesicles to be 

ApoBDs. When characterising ApoBDs isolated under in vitro conditions, that the levels of 

apoptosis or the process of cell disassembly should be monitored.  

 

Classical characterisation assays of EVs separate vesicles based on size and density, through 

density gradient ultracentrifugation (Witwer et al., 2017). This proves a difficult challenge of 

the melanoma-sub population as ApoBDs and large oncosomes overlap in size, both ranging 

between 1 µm–10 µm. Furthermore, large oncosomes have been documented to express low 

levels of PS on their surface, and while the amount is currently undetermined, distinguishing 

large oncosomes from ApoBDs can therefore be difficult, especially if the subtypes were 

isolated from the same tissue sample (Di Vizio et al., 2009). This would be true of the NZM7-

S population here. However, as ApoBDs are formed under apoptotic conditions, unlike large 
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oncosomes, they possess caspase cleaved proteins, unlikely to be present in large oncosomes. 

Therefore, if characterisation results in the melanoma-subpopulation positive for shared 

markers of ApoBDs and large oncosomes, they may then be distinguished through the 

monitoring and analysis of caspase 3/7-cleaved plasma membrane and cytoplasmic proteins 

during apoptosis.  

 

Successful characterisation of the NZM7-S material will however, provide a molecular 

signature that can be used to identify the activity for screening additional patient derived cell 

cultures and also melanoma-patient blood samples. It is highly likely that these entities will be 

present in the blood of metastatic melanoma patients, as melanoma derived exosomes and 

CTCs have already been characterised in patients’ blood samples (Clawson et al., 2012; Khoja 

et al., 2015). The release of melanoma EVs in situ is noted only in aggressive melanomas, 

compared to non-invasive melanomas, suggesting the importance of these vesicles in the end 

stage of the metastatic cascade (Peinado et al., 2012). Brain metastasis is a late stage 

complication of melanoma, further eluding to the potential involvement of vesicles in the 

arsenal of blood-brain barrier disrupting mechanisms employed by the cancer. While no studies 

have linked melanoma-EVs directly to brain endothelial disruption, characterisation of this 

material and determining its nature will likely provide the first evidence of this phenomenon.  

 

Following characterisation, understanding whether the melanoma suspension material is 

capable of priming cerebral endothelial cells for subsequent melanoma cell invasion should be 

assessed. These studies would occur similar to the ones throughout this thesis, however at very 

low ET ratios as to mimic a physiological setting of priming exposure to the non-adherent 

melanoma subpopulation followed by addition of the melanoma cells proper to assess whether 

invasion was facilitated or enhanced. It is also possible that the suspension material is changing 

the receptiveness of the endothelial cells by increasing the expression of adhesion molecules 

such as selectins, and integrins and therefore should be assessed simultaneously following 

endothelial cell exposure to low ET ratios of NZM7-S. In addition it is also possible that the 

large vesicle cargo contains RNA or microRNA that is influential and this should also be 

investigated in future studies.  
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5 Conclusion 

Together, the preliminary findings of this thesis provide sufficient evidence of the barrier 

disrupting effects of a population of melanoma-derived material to warrant extensive 

characterisation and further investigation. To our best knowledge, this work has demonstrated 

for the first time, large melanoma-derived vesicle-like entities, that interact with human brain 

endothelial cells in a transcellular manner and subsequently diminish structural integrity and 

barrier resistance. This illustrates a potential mechanism deployed by melanoma cells that may 

enhance extravasation through the blood-brain barrier, by inducing permeability and altering 

endothelial cell susceptibility. Better understanding of the mechanisms used by melanoma cells 

to enter the brain may provide new pharmacological targets for the development of future 

therapies, that are desperately needed in the fight against metastatic brain metastasis. Therefore  

the potentially devastating results of these findings for patients with melanoma should be 

further explored.  

 

 

 

 

 

 

6 Supplementary Material 

 
Table S-1. Corresponding cell counts of NZM7-S treatments of three repeated ECIS experiments. 
 

 5:1 1:1 1:5 1:10 1:50 
Repeat 1 

210804 
105,000  
 

21,000 10,500 2,100 1,050 

Repeat 2 
210811 

120,000 
 

24,000 12,000 2,400 1,200 

Repeat 3 
220204  

95,000 19,000 9,500 1,900 950 
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Figure S-1.Changes in CD144 expression in human cerebral endothelial microvascular cells after NZM7-S 
addition detected by confocal microscopy. hCMVECs were seeded at 20,000 cells per well, NZM7-S were 
applied to the apical face of a confluent endothelial monolayer. Cells were co-cultured for 4 hours, washed 
and then fixed. Junctions were visualised with anti-CD144 (green). Images were acquired with the Zeiss 
LSM 800 Airyscan confocal microscope. Scale bars = 20 µm. Images are representative of 1 experiment 
performed in replicates (n=3 wells). 
 
 

i ii 

5:1 NZM7-S                    

1:5 NZM7-S                    

Control 
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Figure S-2 . Changes in F-actin expression in human cerebral endothelial microvascular cells after NZM7-
S addition detected by confocal microscopy. hCMVECs were seeded at 20,000 cells per well, NZM7-S were 
applied to the apical face of a confluent endothelial monolayer. Cells were co-cultured for 4 hours, washed 
and then fixed. F-actin was stained with Phalloidin. Images were acquired with the Zeiss LSM 800 Airyscan 
confocal microscope. Scale bars = 20 µm. Images are representative of 1 experiment performed in 
replicates (n=3 wells). 
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1:5 NZM7-S                    

Control 

i ii 
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Figure S-3. Scatter profiles of FACS populations of NZM7-S based on CTR fluorescence intensity. A: shows 
the scatter profile of the NZM7-S sample before FACS. B: shows the scatter profile of the hyperfluorescent 
CTR++ and hyperfluorescent CTR+ samples added to the ECIS experiments. Both profiles show the removal 
of the adherent cell population seen in the pre-sorted NZM7-S material. All effects of the CTR++ and CTR+ 
on the endothelial barrier are that of the NZM7-S population alone.  
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