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BBB = blood-brain barrier

BM = brain metastases

BSC = biological safety cabinet

CAF = cancer-associated fibroblast

CNS = central nervous system
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1.0 Summary:

Brain metastases (BM) occur when cancer cells from the primary location spread to the brain
through the bloodstream. BM affects approximately 20-40 % of cancer patients, with the
majority originating from lung, breast, and skin cancers. If left untreated, the median survival
time is usually only one month, and aggressive treatment only extends survival to around four
months. Despite the advances in modern medicine, the blood-brain barrier (BBB) poses a
significant challenge in treating BM, restricting the entry of approximately 98 % of
chemotherapeutic drugs into the brain. Thus, better model systems are needed to understand

the complex interplay between cancer cells and normal brain cells.

In order to generate novel models, a range of cell lines derived from lung, breast and skin BM
were characterized to understand their behaviour in vitro. Subsequently, their distinguishing
features were analyzed to identify the most suitable candidates for generating three-
dimensional models, which can later be used for drug testing. We found that LBM1, derived
from a lung cancer BM, and H16, developed from a melanoma BM, were the best candidates
for spheroid formation. The two cell lines underwent treatment with thioridazine, an
antipsychotic drug that has been previously tested by our group on various melanoma BM
cell lines and demonstrated a significant reduction in their viability. Comparable results were
seen with LBM1 and H16 cells.

The potential of LBM1- and H16-derived exosomes to serve as imaging agents was also
investigated, with focus on iron oxide labelling using carboxyl-coated superparamagnetic
iron oxide nanoparticles (SPIONSs), through electroporation. To verify the electroporation,
further investigation is necessary to confirm the presence of the iron oxide particles within
the exosomes. However, dextran-coated SPIONs were successfully internalised by LBM1
cells following 24 h incubation, suggesting its potential labelling attributes and potential

uptake by LBM1-derived exosomes.

Lastly, LBM1 and H16 cells were injected intracardially into four non-obese diabetic/severe
combined immunodeficient (NOD-SCID) mice each for evaluation of their tumourigenic
potential. Despite a small sample size, H16-injected mice demonstrated a 23 % increased
survival time compared to LBM1-injected mice, but no tumours were observed at week 4. In
contrast, 3 out of 4 LBM1-injected mice displayed brain tumours four weeks following

injection, thus demonstrating its potential as a model system for future BM research.



2.0 Introduction:
2.1 What is Cancer?

Cancer is a group of diseases characterised by an abnormal and uncontrollable growth of
cells, which can remain localised or spread to other parts of the body. The body comprises
around 30 trillion cells, most of which divide and multiply to replace old or damaged cells
once they reach the end of their lifespan. However, there are instances when this orderly
process fails, and abnormal or damaged cells continue to multiply. These cells can
accumulate, and form masses of tissue known as tumours. They can be malignant, meaning
they are cancerous, or benign, meaning they are not cancerous. Malignant tumours can
infiltrate surrounding tissues and spread to far-off areas of the body, forming new tumours in
a process known as metastasis®. Contrarily, benign tumours typically do not present a
significant risk to surrounding tissues unless their growth causes compression or pressure on
vital organs. When surgically removed, they do not typically return, unlike malignant

tumours, which can reoccur following treatment.

More than half of cancers seen in the clinic today are preventable, as most are a consequence
of modifiable causes such as tobacco use, obesity, and physical inactivity. Despite this, the
cancer burden has increased tremendously in the past 60 years, due to changes in everyday
habits in combination with longer life expectancies in the developing world?. Environmental
effects can cause cancer through DNA damage, hormonal imbalance, or inflammation and
irritation. Evidence suggests that tumour formation in humans is a gradual process that
transforms normal cells into malignant ones by acquiring genetic mutations. Such genetic
mutations each offer a growth benefit which ultimately can lead to the formation of a viable
tumour3. This concept is reflected in Vogelstein and Kinzler's review*, stating that “cancer is

fundamentally a genetic disease.”

2.2 The Hallmarks of Cancer

All cancer cells that proceed to malignancy exhibit eight hallmarks® that jointly facilitate and

permit their expansion and spread. These include:

1. Abnormal cell growth and division in the absence of growth signals: Cancer cells can
surpass their expected lifespan, unlike normal cells, whose growth is regulated by growth

factors and hormones. Mutations, especially in those encoding for kinases and kinase



receptors®, result in uncontrolled signalling pathways leaving cancer cells resistant and
independent of growth signals’.

Unrestricted growth and division despite signals to stop: Cancer cells evade multiple
regulatory mechanisms to remain proliferative. Dysregulation of tumour suppressor genes
as a result of mutations leads to the activation of aberrantly functioning signalling
pathways continuously driving the proliferation of cancer cells®.

Resistance to programmed cell death (apoptosis): Apoptosis is a highly regulated type of
programmed cell death in response to unrepairable DNA damage. Apoptosis plays a
crucial role in preventing cancer development by inducing cells to undergo self-
destruction® by increasing the expression of anti-apoptotic genes (e.g., Bcl-2) and
decreasing the expression of pro-apoptotic genes (e.g., Bax)0:11,

Unlimited cell replication potential: Telomerase repression prevents unlimited cell
replication, leading to cellular senescence. In cancer cells, telomerase activity is
amplified, leading to longer telomeres allowing cell lineages to accumulate genetic
changes that render the cells “immortal” 1213,

New blood vessel (angiogenesis) promotion: Angiogenesis enables tumour cells to access
nutrients and oxygen and eliminates metabolic waste while facilitating the spread of
cancer cells via entry into the newly-formed vessels!*.

Invasion of tissue and spreading to other parts of the body: The ability of cancer cells to
overcome barriers in the surrounding tissue, establish themselves and grow, is facilitated
by communication between the cancer cells and the tumour microenvironment. This
behaviour is determined by genetic and epigenetic changes both within the cancer cells
and the tumour microenvironment (TME)*°.

Reprogramming of cellular metabolism: Cancer metabolism plays a vital role in tumour
growth as they require more energy than normal cells. The enhanced metabolism of
cancer cells supports increased growth, spread to other organs, and thus adaptation to
different tissues. It is caused by mutations in oncogenes and tumour-suppressor genes,
leading to increased production of i.e. nitric oxide and reactive oxygen species (ROS),
contributing to inflammation?®.

Avoiding immune destruction: Cancer cells escape destruction by the immune system by
altering their antigenicity and immunogenicity and establishing an immunosuppressing
microenvironment. This occurs when the immune system selects cancer cells with
missing or mutated tumour antigens, or when the cancer cells have problems presenting

antigens, such as loss of major histocompatibility complex (MHC)Y'.



Independently, these hallmarks fall short of encompassing the complexity of the routes into
malignantly progressed tumours. In light of this, Weinberg and Hanahan added new elements
to the list in 2011, referred to as "enabling characteristics” in an updated version of
“Hallmarks of Cancer” %8, The first of which is genome instability, which relates to the
malfunction of DNA monitoring and repair enzymes due to, for example, mutated p53
tumour suppressor proteins. P53 aims to preserve the genetic sequence by activating
apoptosis in the case of severe DNA damage®®-?%. The second enabling characteristic is
tumour-promoting inflammation, emerging due to the interplay between cancer, stromal, and
inflammatory cells. This forms a complex microenvironment where tumour cells stimulate

the release of inflammatory mediators and attract immune cells?223,

Specific cancer cell characteristics are intrinsic, while others arise from interactions between
the cancer cells and their microenvironment. These features can be viewed as susceptibilities

within a neoplasm, thus presenting opportunities for therapeutic interventions?*,

2.3 The Metastatic Cascade

Tumour cells can detach from the primary lesion and circulate throughout the body to
colonise in distal tissues. This progression, referred to as the metastatic cascade, comprises a
series of events that the detached cells must navigate to successfully establish a secondary
tumour?®. These include invasion into surrounding tissues, intravasation into the circulatory
and/or lymphatic system, survival within the circulatory system, arrest and extravasation, and

growth of micro- and macro-metastases at secondary sites®.

At a certain point during tumour cell proliferation, the demand for oxygen and nutrients is too
large for the environment to support its growth, leading to hypoxia, a state of inadequate
levels of oxygen to maintain tissue homeostasis?’. This would typically result in apoptosis?,
but in the case of cancer cells, they have acquired mutations providing protection against
such surroundings. Consequently, cells of the microenvironment surrounding the tumour
secrete angiogenic factors as a counteractive measure, ultimately facilitating further survival

of the tumour cells and providing means of spreading?°.

During local invasion, cancer cells secrete matrix metalloproteinases (MMPs) that break
down proteins such as collagen in the extracellular matrix (ECM), thereby disrupting the
basal membrane. This allows the cancer cells to detach from the tissue and acquire changes

enabling survival in the bloodstream and connective tissue. This process, known as epithelial-
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mesenchymal transition (EMT), enables cancer cells to acquire mesenchymal features by
modifying their cytoskeleton and switching from E-cadherin to N-cadherin expression®,
allowing them to intravasate through endothelial cells (ECs) of the blood vessels. The most
critical stage of the metastatic cascade involves the survival and adaptation of circulating
tumour cells (CTCs) to the bloodstream environment?®31, Cancer cells can reach the
circulation as single cells or clusters, with the latter showing higher metastatic potential®2.
During transit, tumour cells are exposed to hemodynamic forces, immunological stress, and
collisions with normal cells such as blood cells and ECs, thus impacting cancer cell survival.
Only CTCs that overcome these stressors, in addition to immunosurveillance, will adhere to

the vascular endothelium at distant sites and exit the circulation®°.

To do so, CTCs must engage with ECs. Altered permeability of the endothelial barrier is
induced by the CTCs and allows extravasation into the tissue?®. These halted CTCs may
release extracellular vesicles (EVs), or more precisely, exosomes. Exosomes can induce
changes to the cytoskeleton of ECs, increasing the permeability of the endothelial border.

This ultimately facilitates the passage of CTCs across the barriers3.

Once the cancer cells have lodged in the premetastatic niche - a microenvironment that
undergoes specific molecular and cellular changes to become a fertile site for CTCs to settle,
they interact with the environment to facilitate their growth through access to nutrients, but
most importantly, to evade immune destruction. Cancer cells evade immune surveillance
through various strategies, including reduced antigen presentation through downregulation of
human leukocyte antigen (HLA) genes and impairing their ability to present neoantigens3“.
They also decrease programmed cell death ligand 1 (PDL1) expression, which activates PD1-
mediated signalling in T cells, thus downregulating T cell activities in the TME®. Recent
evidence indicates that these mechanisms are amplified during metastasis formation3,

collectively promoting the growth of the newly arrived cancer cells.

2.4 Brain Metastasis (BM)

BM, also called secondary brain tumours, arise when cancer cells spread to the brain from
their original site through the bloodstream. Amongst the most typical cancer types to
metastasize to the brain are lung, breast, colon, kidney, and melanoma. Between 20-40 % of
cancer patients develop BM?®7, and due to better diagnostic abilities, as well as improved

therapies of the primary tumours, this number is expected to increase®.
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BM is a severe health problem globally, with the median duration from the presentation with
BM to death, being four months®. BM can give rise to further health issues beyond those
directly attributed to the presence of BM, which include, neurological decline, reduced motor
skills, and overall decreased quality of life*C. Factors that impact the outlook in the presence
of BM include the cancer stage at the time of diagnosis, the number of BM, and the type of

treatment given*!.

BM can result in the formation of one or more tumours in the brain, often discovered at the
same time as the primary tumour. Single BM is most often associated with improved overall
survival, compared to patients with multiple brain lesions*?. Symptoms directly related to the
tumour(s) vary depending on the size, location, and number of tumours but include headache,
changes in emotions, cognitive dysfunction, seizures, and nausea®*-4¢. Treatment options
include radiation therapy, either targeted or whole brain, surgical resection, and

chemotherapy, and a combination is often used to achieve the best results.

2.4.1 Diagnosis of Brain Metastasis

Diagnosing BM involves contrast-enhanced magnetic resonance imaging (MRI) and
computed tomography (CT) scannig*’. In addition, stereotactic needle biopsies are used to
acquire tissue biopsies in patients where the risk of resection exceeds the potential benefits*2.
Features that often characterise BM include lesions placed at grey-white matter junctions,
smooth edges, and surrounding edema“. In addition to morphological features on imaging,
immunohistochemical and molecular techniques are utilised for determining the

characteristics of a metastatic neoplasm whose origin is uncertain®.

2.4.2 Treatment of BM

Radiotherapy uses ionising radiation in high doses to destroy cancerous cells by damaging
their DNA. Two main types of radiation therapy are used to treat metastatic brain tumours:
whole-brain radiotherapy (WBRT) and stereotactic radiosurgery (SRS). WBRT exposes both
healthy and cancerous tissue to radiation. Therefore, potential adverse effects limit the
dosage. To reduce the damage to healthy tissue, WBRT is administered over multiple
sessions to allow the normal tissue to recover. The use of WBRT has declined in recent years
due to advancements in technology, providing a more targeted delivery of radiation.
Although SRS has begun to replace some of the functions of WBRT, the latter continues to
serve as a complementary therapy alongside other treatments®. SRS is a precise therapeutic

12



modality that utilises multiple converging beams of ionising radiation. The procedure uses
three-dimensional imaging techniques to localise the tumour precisely, and numerous beams
collectively deliver high doses of radiation while minimising exposure to surrounding healthy
tissues. This optimised targeting ensures the maximum therapeutic effect while reducing the

risk of radiation-induced morbidities®.

Chemotherapeutic agents impede fast-growing cells in the body and are often combined with
other treatments, such as surgery or radiation. The assertion that systemic chemotherapy is
not a viable option for treating BM stems from the decreased effectiveness due to a limited
ability to cross the intact blood-brain barrier (BBB). As BM develop and expands, the new
blood vessels formed, lack the characteristic anatomical and physiological properties
typically associated with the BBB®2. Thus, to increase effectiveness, drugs that can cross the

BBB or agents that alter its permeability must be investigated.

Corticosteroids temporarily relieve symptoms associated with increased intracranial pressure
and oedema. They have been utilised for palliative care and, when used alongside surgery and

radiation, can minimise toxicity associated with the treatment®?,

Immunotherapy is another promising approach for managing BM by boosting the ability of
the immune system to target the destruction of cancerous cells selectively. For example,
inhibitors that act against the checkpoint protein PD-1 (on T cells) or its binding partner PD-
L1 (on tumour cells). When PD-L1 binds to PD-1, it inhibits the T cell-mediated killing of
tumour cells. When blocking this interaction by binding a checkpoint inhibitor to either

protein, it allows T cells to destruct the tumour cells®.

Studies have demonstrated that modern imaging modalities combined with surgical excision
of BM lead to longer survival and better local control, compared to radiosurgery®®. Clinical
guidelines for managing BM, state that surgical intervention should be considered for patients
with a limited number and easily accessible tumours®®. The most effective means of
achieving local control of BM include preoperative structural and functional imaging and the
utilisation of adjuvant therapies, such as SRS or WBRT, that can enhance the overall efficacy

of the procedure®’.

Thioridazine is a dopamine receptor 2 antagonist that has previously been used in the

treatment of schizophrenia and psychosis®®. It has shown a strong cytotoxic effect on

13



melanoma BM cell lines and can cross an intact BBB%®, one of the major obstacles of many
chemotherapeutic agents. These characteristics make the repurposing of thioridazine a
compelling candidate for developing novel therapies for BM, while avoiding radiation-

induced morbidities.

2.4.3 Causes and Risk Factors

Although it is currently unknown why some types of cancers commonly metastasise to the
brain, patients with aggressive subtypes of cancer, such as EGFR-mutant lung cancer®® and
human epidermal growth factor receptor 2 (HER2)-positive breast cancer®, are advised to
undergo regular scanning to locate potential BM at an early stage. Additionally, some studies
refer to higher age, advanced grade and stage as prognostic risk factors decreasing the overall
survival of patients with lung cancer BM®%. Consequently, early detection and timely

management of BM can improve outcomes for such high-risk patient groups.

There is a multitude of molecular and cellular factors that allow transformed cells to
metastasise to distant organs. This is an important area of research because, as systemic
treatments become more effective at controlling local tumours, the impact of BM on patient
morbidity and mortality will become more significant®. The seed and soil hypothesis, first
proposed by Stephen Paget in 1889, suggests that the ability of cancer cells (seeds) to grow
and form metastases in other organs (soil) depends on the interactions and properties of both
the cancer cells and the target organ. By this, Paget's theory suggests that some cancers have
a greater tendency to spread to the brain, such as lung, renal, breast, melanoma, and
colorectal cancers® (Table 2.4.3.1). In contrast, other cancers, such as prostate, ovarian,
uterine, thyroid, and liver do not typically spread to the brain, according to Leonard Weiss’
1992 analysis of autopsy data®. It is thought that the CTCs of certain cancers can survive in
the brain, while others will not®?, although the specific mechanisms behind it are not fully
understood. It is therefore presumed that the brain provides either an attractive or a hostile
environment for the growth of CTCs, depending on the type of cancer they originate from
(Table 2.4.3.1).

14



Table 2.4.3.1: Incidence of BM by primary tumour type: Table adapted from 62,

Primary site Incidence of BM (%)
Lung and bronchus 19,9
Melanoma 6,9
Renal 6,5
Breast 51
Colorectal 18

The incidence of primary cancers varies by race, sex, and age®, and so it is reasonable to
believe that BM also differs by such demographic factors. Incidence Proportions (IPs) of
lung, melanoma, renal, breast, and colorectal cancer, presented in Table 2.4.3.2, were
determined based on a study of patients diagnosed from 1973-2001 by the Metropolitan
Detroit Cancer Surveillance System (MDCSS)®. This was done to estimate the expected
number of BM by demographic characteristics in the US. It is worth noting that a

considerable variation in the IPs among different races, sex, and age groups was recorded.

Table 2.4.3.2: The proportion of patients with lung, renal, melanoma, breast, and
colorectal cancer, with BM, broken down by race, sex, and age at diagnosis, represented
as IPs (%): Table adapted from 64,

Lung IP% Melanoma IP% Renal IP% Breast IP% Colorectal IP%

Race White 19,4 7,1 6,8 4,6 1,8
African 21,8 11,7 53 7.4 2,0
American
Other 21,7 8,9 3,9 5,6 0,9

Sex Male 18,9 8,7 6,6 49 1,9
Female 21,8 4.8 6,2 51 1,7

Age 20-39 25,8 55 4,3 10,0 2,2
40-49 31,3 7.4 6,0 6,6 2,4
50-59 26,3 8,5 8,8 6,4 2,8
60-69 20,2 7,8 7,7 45 2,2
70+ 12,9 55 4,1 2,4 1,2

Total 19,9 6,9 6,5 51 1,8

Additionally, as research advances, factors like genetics and epidemiology may contribute to
discoveries revealing why some tumour cells metastasise to the brain, and how to better treat
them. However, such research is complicated due to the lethality of BM and the short lifespan
of BM patients with aggressive subtypes®. There are also challenges related to the modelling
of metastatic cancer due to the unique and complex brain microenvironment. To effectively
address the clinical concern of BM, a comprehensive understanding of the biological

processes is crucial. Unfortunately, significant portions of cancer research funding and
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awareness are focused on the primary cancer sites®’. This neglect is particularly problematic
because around 90 % of cancer deaths are caused by metastasis®. In this respect, investing in

research on BM is necessary to improve survival for this patient group.

2.5 Lung Cancer BM

Lung cancer is, as mentioned, one of the most common cancer types to spread to the brain. At
the time of diagnosis, around 18-25 % of patients with small cell lung cancer (SCLC) have
BM, and approximately 50 % of the patients will acquire central nervous system (CNS)
metastases. While WBRT and corticosteroids are considered the primary treatment modalities
for lung cancer BM, systemic chemotherapy may provide beneficial therapeutic effects for
the patients®. At the time of primary diagnosis, BM is observed in around 7-10 % of patients
with non-small cell lung cancer (NSCLC) and 20-40 % develop BM. The management
strategies for NSCLC include surgical excision and advanced radiation techniques, such as
SRS, At autopsy, this condition is about 50 % more common than expected, based on the
reported symptoms®®. Patients diagnosed with BM typically have a limited life expectancy

and a survival period of only 3-6 months with treament’*.

2.6 Melanoma BM

Melanoma has one of the highest propensities to metastasise to the brain, as more than 25 %
of patients present with BM at the time of diagnosis of metastatic disease’?. Additionally, BM
is present in 36-54 % of the patients at autopsy’. The median survival for melanoma BM
patients is 6 months following diagnosis, and the standard treatment for single brain
metastasis is surgery and radiation therapy, but the outcome is typically poor. In cases of
multiple BM, a combination of radiation and chemotherapy is often used’. One of the key
factors contributing to the unfortunate outcomes in treating BM is the tendency for tumours
to recur at the location where they were previously surgically resected and the appearance of
new metastatic neoplasms in areas that were not addressed during surgery. This may result in
a proliferation of tumours both within and outside the brain, ultimately leading to a poor

prognosis’.
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2.7 Breast Cancer BM

Breast cancer is a prevalent cause of BM, affecting approximately 10-16 % of patients, while
at autopsy, it is present in 30 % of the patients’®. The prognosis and treatment options for BM
from breast cancer depend on the molecular subtype of the tumour. Breast cancer displays
notable phenotypic heterogeneity due to four molecularly distinct subtypes, with a diverse
spectrum of tumour characteristics. The subtypes include luminal A (estrogen (ER)+,
progesterone (PR)+, human epidermal growth factor receptor 2 (HER2) low), luminal B
(ER+, PR+, HERZ2 +/-), HER2+ (ER-, PR-, HER2+) and triple-negative breast cancer
(TNBC) (ER-, PR-, HER2-), in ascending order of histological grade’®. In addition to
affecting the incidence rates, the tumour subtypes act as a prognostic tool’”. Luminal A
patients have a good prognosis and metastasis to CNS occurs in ~10 % of the patients.
Treatment options for hormone-positive tumours include hormone therapies, where luminal B
patients exhibit decreased effects to hormone therapy. The survival of untreated luminal B
patients is comparable to that of TNBC and HER2+ patients, which are widely referred to as

high-risk subtypes’”.

2.8 The Tumour Microenvironment (TME)

Tumours are not composed of cancer cells alone, but also contain a complex mixture of other
cells known as stromal cells (Fig. 2.8). Stromal cells play a critical role in the growth and
progression of tumours’®. For example, ECs, which make up blood vessels and promote
angiogenesis, provide the tumour cells with the necessary nutrients and oxygen to survive.
The degree of angiogenesis is determined by the level of angiogenic promoters and
suppressors produced by the tumour cells and healthy cells. The blood vessels within tumours
exhibit abnormal morphological changes depending on the organ of origin and its functional
state’®. Another type of stromal cell found within tumours is immune cells. These infiltrate
the tumour from the bloodstream and shape the TME by, e.g., secreting inflammatory factors
like tumour necrosis factor alpha (TNF-a), which triggers EMT, a process vital for the

successful development of secondary malignant growths’®.

The combination of these stromal cells including e.g. fibroblasts, neutrophils, B and T cells,
natural Killer cells, and macrophages, participate in tumour progression®® (Fig. 2.8). The
importance of the TME in cancer progression has been well-documented for malignancies

that originate outside of the brain®, and recent findings suggest that targeting the TME may
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be a promising approach in developing new cancer therapies®. Additionally, the TME has
also been proposed as a valuable biomarker for predicting patient outcomes®.
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Figure 2.8 - Cells associated with the TME: The microenvironment of a developing tumour
is a complex and dynamic network of various cellular constituents. These include the rapidly
dividing tumour cells, the structural support provided by the stromal cells, the blood vessels
that nourish the tumour, and inflammatory cells that infiltrate the area. The TME plays a

critical role in the growth, development, and progression of the tumour. Figure adapted from
78

2.9 The Brain Microenvironment

The CNS is composed of various types of cells unique to this microenvironment. The primary
cell types in the brain include neurons, which transmit information through nerve impulses to
other neurons, muscles, and tissues throughout the body, and glial cells, which provide
structural support and are regulators of the development, protection, and function of
synapses. The three main types of glial cells in the brain are microglia, astrocytes, and
oligodendrocytes. Microglia are responsible for removing cellular debris and pathogens,
modulating synaptic connections, and are essential for CNS tissue maturation®. One of the
functions of glia in the adult nervous system is the formation of myelin sheaths around
axons®3, These myelin sheaths are composed of lipids and proteins produced by
oligodendrocytes®. Myelination allows for the fast conduction of electrical signals along
axons, which is essential for normal nervous system function. In addition to myelination, glial
cells play a vital role in maintaining the appropriate concentrations of ions and

neurotransmitters in the neuronal environment. Astrocytes, in particular, are responsible for
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buffering extracellular potassium ions and releasing neurotransmitters, which helps to ensure

proper neuronal function®,

Within the brain microenvironment lies the BBB, a specialized structure that separates the
brain from the bloodstream (Fig. 2.9). It plays a critical role in maintaining the integrity of
the CNS and comprises specialized ECs that line the blood vessels that supply the brain.
These cells are interconnected by junctional complexes, such as tight junctions (TJs) and
adherens junctions, which help maintain the integrity of the BBB®. Surrounding the ECs are
pericytes and astrocytic end-feet, which provide structural support and help to regulate the
transport of molecules across the barrier®®, The BBB is also surrounded by a basal lamina, a

layer of the ECM that provides additional structural support and scaffolding®’.

Astrocyte

Tight junctions Endothelial cell
Basement membrane

Basement membrane

Microglia

Figure 2.9 - The BBB: The BBB is a selective semipermeable border composed of various
cells, some of which are unique to the brain microenvironment. They all contribute to the
integrity of the barrier, which prevents the non-selective crossing of solutes from circulating
blood into the extracellular fluid of the CNS, where neurons reside. Created with
BioRender.com with inspiration from &8,

The process of BM presents unique challenges as the microenvironment in the brain is vastly
different from that in other parts of the body. The interactions between tumour cells and the
resident cells of the brain, such as astrocytes and microglia, and secreted factors from ECs
and endogenous plasma factors, are ongoing topics of study to better understand the
mechanisms responsible for cell-cell interactions in the brain. Thus, the entire brain

microenvironment must be considered when studying BM®°,
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2.9.1 Intercellular Communication Between Tumour Cells and

Stromal Cells in the Brain

Due to their many functions and vital role in the brain, astrocytes play an essential role in the
progression of cancer within the CNS. In the case of BM, astrocytes exhibit both pro- and
anti-tumour functions. At the initial stages of tumour cell infiltration, astrocytes undergo a
process called reactive gliosis. The astrocytes become activated and work to protect the brain
through the secretion of growth factors and cytokines®. This process induces the death of
cancer cells through the production of nitric oxide® and forming reactive astrocyte (RA)
boundaries that help separate the cancerous lesion from the surrounding healthy brain
tissue®2. Through these mechanisms, astrocytes work to limit the spread of cancer cells in
order to maintain the integrity of the brain. However, over time, this barrier of RAs around
the tumour can promote tumour cell survival. Chen et al. * revealed that specific lung cancer
cells express cadherins that release inflammatory cytokines from RAs. These include TNF- o
and interferon-alpha (IFN-a)), which thereupon activate the pro-proliferative signal transducer
and activator of transcription 1 (STAT-1) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) pathways in the CTCs. This ultimately induces proliferation as well
as chemoprotection of the tumour cells®. Despite the initial tumour suppression by the
astrocytic border, cadherin expression by the tumour cells causes successive astrocyte
secretions and thereby chemically converts their influence to becoming promotive of tumour

growth.

There is evidence that BM causes great stress to surrounding brain tissue, resulting in
neuronal loss and neurological dysfunction®*. In addition to the stress caused by tumour cells,
persistent inflammation caused by RAs and microglia also contribute to neuronal death®2. The
seed and soil hypothesis suggests that for BM to be successful, tumour cells must possess the
ability to adapt to the environment of the designated site, here, the neural environment. This
idea is supported by recent findings uncovering evidence of tumour cells acquiring neuro-
adaptive characteristics when they migrate to the brain, particularly in the case of breast
cancer. The study by Neman and colleagues® revealed that metastatic breast cancer cells in
the brain undergo metabolic changes and begin to exhibit GABAergic properties, which are
typically associated with neurons. Tumour cells also form synapses with glutamatergic
neurons due to their insufficient glutamate secretions, allowing them to utilise the glutamate

secreted by these presynaptic neurons®. This example indicates that tumour cells adapt to
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their new environment by shifting e.g., their metabolic requirements to thrive and
successfully establish BM.

2.10 Extracellular Vesicles (EVs)

EVs are a complex and diverse set of membranous structures derived from all cell types.
They include exosomes, microvesicles, and apoptotic bodies. Exosomes were initially
discovered as a means for cells to eliminate unwanted cellular content. However, it has been
found that exosomes also serve as vital mediators of intercellular communication by
transporting proteins, metabolites, and nucleic acids to target cells®”. The ability of exosomes
to selectively deliver cargo to specific recipient cells underscores their potential utility as

vehicles for therapeutic intervention in a range of pathological conditions.

Exosomes, the smallest type of EVs, range in size from 30 to 150 nm. Their biogenesis starts
when the cell membrane invaginates to create multivesicular bodies (MVBs) that fuse with
the plasma membrane. In contrast, microvesicles are vesicular structures shed by outward
blebbing of the plasma membrane, with sizes ranging from 0,1 to 1,0 um. Apoptotic bodies
are the largest type of EVs ranging from 1-5um®, and are released by cells undergoing

apoptosis (Fig. 2.10.2).

Cancer-derived EVs serve as a type of intercellular communication that facilitates cell
survival, growth, and modulation of the tumour microenvironment to enhance the metastatic
potential. Cancer cell-derived exosomes are critical players in their development and spread,
by transporting molecules in the local and distant microenvironments. This exosome-
mediated crosstalk triggers alterations in the recipient cells to prepare the microenvironment
for the tumour cells through, e.g., the modulation of immune responses by exhibiting antigen-

presenting properties, the reprogramming of stromal cells, and alteration of the ECM®°,

2.10.1 Exosomal Content and Molecular Composition

Exosomes carry molecular components that vary depending on the cell origin, environment,
developmental stage, and epigenetics. They contain various RNA species such as messenger
RNA (mRNAs), microRNAs (miRNA), ribosomal RNAs (rRNAs), and transfer RNAS
(tRNAs) that can reflect epigenetic changes and biological functions of the cells. Exosomal
protein profiles can also imply cancer mutations, protein expression patterns, and parental

cell activity®. They also contain a range of proteins, including receptors, transcription
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factors, enzymes, and ECM proteins, some specific to the cell of origin, such as MHC Class |
and Il, and others common across all exosomes. The common proteins include, e.g., fusion
and transferring proteins such as flotillin and annexin. The lipid composition is an example of
cell-specific constituents of exosomes, as well as integrins and tetraspanins such as CD9 and
CD81 (Fig. 2.10.1)', Exosomes can both initiate and suppress various signalling pathways

in the recipient cells by transporting their heterogeneous cargo.
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Figure 2.10.1 - Exosomal content and circulation in the bloodstream: a) Exosomes are
easily distinguished when imaged with transmission electron microscopy (TEM) due to their
lipid bilayer and cup-shaped morphology (arrows). Their composition varies depending on
the cell type of origin and its biological function. Some proteins enclosed within exosomes
are cell-type specific, while others, typically transmembrane proteins, are non-specific.

b) When released from cells of the primary tumour, exosomes enter the bloodstream and can
travel to the brain, where they are able to cross the BBB and enter the brain parenchyma.
Here they influence normal brain cells, such as astrocytes, to facilitate the arrival of CTCs.
The exact mechanisms of exosomal uptake and transport are not fully understood, but studies
bring evidence of a non-random process dependent on the exosomal transmembrane proteins
and brain stromal cells. Created with BioRender.com

2.10.2 Exosomal Biogenesis and Release

Exosomal biogenesis begins with endocytosis, which can occur through clathrin-dependent or
clathrin-independent pathways. Endocytosis results in the invagination of various cell-
specific receptors and signalling proteins in what is called early endosomes. The endosomal
sorting complex required for transport (ESCRT)-dependent pathway and ESCRT-
independent pathways facilitate the formation of intraluminal vesicles (ILVs)/exosomes, via
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inward budding of late endosomes/MVBs. These ILVs can selectively incorporate

cytoplasmic and nuclear molecules, including heat shock proteins, miRNAs, mRNAs,

cytoskeletal proteins, transcriptional factors, and DNA. The MVBs are then transported to the

plasma membrane via cytoskeletal and microtubule networks, and fuse with the plasma

membrane releasing the exosomes into the extracellular space via exocytosis (Fig. 2.10.2)%.
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Figure 2.10.2 - EV biogenesis: Exosomal biogenesis involves a complex series of events,
including the formation of early endosomes, the maturation into late endosomes, and the
inward budding of MVBs. MVBs are trafficked to the plasma membrane, which they fuse with
to release their content, including exosomes, into the extracellular space. Exosomal
biogenesis is a highly regulated process that involves numerous proteins and lipids and is
vital for maintaining cellular homeostasis and facilitating intercellular communication.
Microvesicles are formed by the outward blebbing of the plasma membrane, and so the
microvesicle membrane retains the surface proteins of the cell. Created with BioRender.com,
with inspiration from % and 01,

Due to their small size, exosomes can traverse the endothelial barrier of the bloodstream.
Once they reach a distant organ, they extravasate, and because of their size and unique
membrane composition, they can cross biological barriers, including the BBB (Fig. 2.9).
They are then taken up by recipient cells, releasing their contents into the cellular

environment. The bioactive molecules carried by exosomes can exert functional effects on
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the recipient cell, ultimately leading to altered conditions favourable for CTCs!%?. Exosomes
can trigger these cellular changes by either docking to extracellular receptors and generating
a downstream signalling cascade in the recipient cell, or by fusing with the plasma membrane

and releasing their content into the cytosol of the recipient cell*’.

2.10.3 Exosomal Function in the TME and Cancer Progression

In addition to the release of growth factors such as vascular endothelial growth factor
(VEGF) and TNF from malignant- and immune cells, as well as the induction of hypoxia,
recent studies have shown that the transfer of miRNAs in exosomes from cancer cells to ECs
facilitates the disintegration of the endothelial barrier. This ultimately promotes the release of
cancer cells into the bloodstream'%, Exosomes derived from cancer-associated fibroblasts
(CAFs) found in the TME, and exosomes derived from tumour cells to activate CAFs,
positively impact tumourigenesis by sustaining inflammation and producing MMPs that
proteolyze ECM components. They also induce a hypoxic environment that stimulates ECs to
release proangiogenic factors such as VEGF, which increases the tumour cell supply of

oxygen and nutrients04,

Depending on the cell of origin, exosomes can both suppress and promote the immune
system. They have been shown to activate several immune cells, including natural killer (NK)
cells, B and T cells, and macrophages. Oncogenic signalling from the activated immune cells
can lead to the release of immune-stimulating exosomes that can further trigger a potent anti-
tumour response. On the contrary, exosomes can prompt immune suppressive reactions, e.g.,
inhibition of CD4 and CD8 T helper cell activity, or by inhibiting immune cell

differentiation1,

The intricate and dynamic mechanisms underlying the ability of exosomes to modulate the
immune system to accommodate tumour progression are subject to rigorous investigation.
Nevertheless, it is clear that exosomes induce a prominent impact and that their cargo has
been shown to influence key signalling pathways for tumour progression'%. Consequently,
circulating exosomes from cancer cells can aid in the detection of tumours. They can also be
targeted therapeutically to disrupt the transfer of genetic materials and bioactive contents,

potentially inhibiting tumour growth and progression once discovered.
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Aims:

The main objectives of this master thesis are to generate models of the metastatic
microenvironment in the brain and to investigate the development of a model to track
exosomes for the detection and treatment of disease microenvironments. To achieve this,
several sub-aims were carried out. The first sub-aim was to characterise BM cell lines of
various origins and to evaluate their growth characteristics in 2D and 3D environments. The
second sub-aim was to isolate exosomes from a human lung and melanoma BM cell lines
using differential centrifugation and to load the isolated exosomes with iron-oxide particles
through electroporation, to investigate their potential as labelled imaging agents that can aid
in the detection and treatment of disease microenvironments. The lung and melanoma BM
cell lines were also injected into NOD-SCID mice to evaluate their tumorigenicity and

potentially establish models for additional characterization of the cell lines and drug testing.

Overall, this research aims to provide a better understanding of the metastatic
microenvironment in the brain to potentially contribute to the ongoing efforts in the

development of more effective strategies for the diagnosis and treatment of BM.
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3.0 Materials and Methods
3.1 Cell Lines and Cell Culture

Written consent was obtained from the patients before tumour material was collected and
subsequently used to prepare cell lines. The Regional Ethical Committee (REC) approved
tissue collection, biobank storage of tumour biopsies, as well as development and use of cell
lines (REC Approvals 2013/720 and 2020/65185). Cell line authentication was verified by

short tandem repeat (STR) fingerprinting, and the cells were regularly tested for mycoplasma.

The LBM1, H16, BrBM1 and BrBM2 cell lines were established in the laboratory of Brain
Metastasis Research Lab at the Department of Biomedicine, University of Bergen. The
LBML cell line was derived from a 61-year-old female patient with BM from lung cancer,
specifically non-small cell lung carcinoma (NSCLC), while the H16 cell line was developed
from a BM biopsy of a 65-year-old male, melanoma patient. BrBM1 and BrBM2 were
developed from BM biopsies (BrBM1; female, age unknown, BrBM2; 67-year-old female),
both with TNBC. All patient biopsies were collected after brain tumour surgery at Haukeland
University Hospital.

All cell lines were used for a maximum of ten passages after thawing to minimise genotypic
and phenotypic drift and were consistently split at 75-80 % confluency. All cells were stored
in Nunc™ EasyFlask cell culture treated flasks with filter caps (Thermo Fisher Scientific,
Nunc, Roskilde, Denmark), and LBM1 and H16 were grown in Dulbecco’s modified eagle
medium (Sigma-Aldrich Inc., St. Louis, MO, USA) supplemented with additives listed in
Table 3.1, hereafter referred to as culture medium. All cells were kept in the incubator at 37
°C, 100 % humidity and 5 % CO,, hereafter referred to as standard incubator conditions.
BrBM1 and BrBM2 were grown in Advanced DMEM/F-12 (Thermo Fisher Scientific,
Waltham, MA, USA) and supplemented with the same additives listed in Table 3.1, in
addition to insulin (Sigma-Aldrich Inc.) (0,5 uL/mL) in Advanced DMEM/F12 culture

medium.

For subculturing, the cells were washed twice with 10 mL 1x PBS prior to trypsinisation
using 3 mL 0,25 % Trypsin-EDTA (Thermo Fisher Scientific) in the incubator for 3-5 min.
The trypsin was neutralised using 7 mL culture medium and added to 25 mL fresh pre-

warmed culture medium before the flask was placed in the incubator for further culturing.
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When cell counting was required, 10 pL cell suspension was added to 10 pL of trypan blue

dye (Thermo Fisher Scientific), to determine the number of cells per mL and the viability

using the Countess Automated Cell Counter (Invitrogen, Toulouse, France).

Table 3.1: Reagents and providers used for cell culturing and handling of cells:

REAGENT

COMPANY/PROVIDER

Advanced DMEM/F12
DMEM-ALT
Dulbecco’s modified eagle medium

50 ML 10 % Heat-inactivated calf serum

5 ug/mL Plasmocin
2 % L-Glutamine
100 IU/mL Penicillin

100 pL/mL Streptomycin
1x PBS

10x Dulbecco’s phosphate-buffered saline

Autoclaved MilliQ water
0,25 % Trypsin-EDTA
Trypan Blue Solution, 0.4 %
Fetal Bovine Serum (FBS)

Thermo Fisher Scientific

Sigma-Aldrich Inc.
Thermo Fisher Scientific
Invitrogen

BioWhittaker, Verviers, Belgium
BioWhittaker
BioWhittaker

Sigma-Aldrich Inc.
Sigma-Aldrich Inc.
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

3.2 Cryopreservation of Cells

The cryopreservation medium was prepared to prevent cellular damage from ice crystals

forming due to the rapid decrease in temperature. 10 mL pre-made cryopreservation medium

(sufficient for 10 cryovials) included 8 mL culture medium, 1 mL dimethyl sulfoxide
(DMSO) (Sigma-Aldrich Inc.) and 1 mL FBS (Thermo Fisher Scientific). The cells were

harvested as described in section 3.1 and transferred to a 15 mL falcon tube (pluriSelect Life

Science, Leipzig, Germany). The tube was centrifuged at 800 rpm for 5 min, followed by

removal of the culture medium and resuspension of the cell pellet in 10 mL of

cryopreservation medium. 1 mL cell suspensions were aliquoted into cryovials (Nunc™

Biobanking and Cell Culture Cryogenic Tubes, Thermo Fisher Scientific), and placed in a

isopropanol freezing container (Mr. Frosty™ Freezing Container, Thermo Fisher Scientific)

and transferred to -80°. The vials were transferred to a liquid nitrogen storage tank the

following day for long-term storage.
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3.3 Thawing of Cells

Cryotubes containing the cells were transferred from the liquid nitrogen storage tank, and
thawed in a water bath at 37°C. In the biological safety cabinet (BSC) the cells were
transferred to 9 mL of pre-warmed culture medium and spun down at 1,200 rpm for 5 min
(Jouan B4i, Thermo Fisher Scientific). The medium was removed, the cells resuspended in 1
mL culture medium and transferred to a T25 cm? flask (Thermo Fisher Scientific). The flask

was then placed in the incubator at standard incubator conditions.

3.4 Lung- and Melanoma BM Cell Lines for Generation of Model

Systems

Current model systems of BM have limitations in replicating the unique microenvironment of
the brain, which differs significantly from the primary tumour and normal brain tissue.
Developing better model systems is essential to understand the biology of BM, identifying
new therapeutic targets, and testing the efficacy of treatments. Improved model systems of
BM can lead to better outcomes for patients with this challenging disease. To make model
systems for in vivo BM, patient biopsies were obtained and cultured as described in section
3.1, in order to remove normal brain cells from the cell cultures. The cell lines were then
characterised for their genetic and phenotypic properties, such as expression of cancer
markers through immunohistochemistry (IHC), their interaction with astrocytes through co-
culture analysis, (without further evaluation via sectioning and staining), and their ability to
form tumours in mice. In vitro models were established by culturing the cell lines in
conditions mimicking the in vivo microenvironment, using co-culture systems with astrocytes
present in the brain microenvironment, and optimising the culture conditions to maintain their
cell phenotype. In vivo models were established by injecting the BM cell lines into NOD-
SCID mice to study the metastatic progression. Finally, the BM cell lines were treated with
thioridazine, a BBB-traversing drug to assess its efficacy in reducing the viability of these
cancer cell lines, to determine the 1Cso doses of the BM cell lines, the dose in which 50 % of

the cells are still viable after drug treatment.
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3.5 Real-Time Cell Proliferation Assay

100 pL of cell suspension of concentrations ranging from 50,000 cells/mL to 400,000
cells/mL were seeded in flat bottom 96-well plates (Nunc™, Thermo Fisher Scientific) and

placed in the incubator for 24 h at standard incubator conditions, The following day the plate

was transferred to the IncuCyte® Live-Cell analysis system (Sartorius AG, Géttingen,
Germany) at standard incubator conditions. Microscopic phase contrast images were taken at
2 h intervals using a 10x objective for 5-7 days. The data was analysed using GraphPad Prism

9 (GraphPad software Inc., La Jolla, CA, USA). Each experiment was performed in triplicate.

To get a numerical comprehension of the growth, the doubling times were calculated using
the following equation, where duration equals 72 h and concentration is measured in
cells/mL:

Duration * In(2)

Doubling time = - -
8 final concentration

n(initial concentration)

3.6 Cell Morphology

100,000 cells/well were seeded in a 6-well plate (Nunc™, Thermo Fisher Scientific) using
the same approach as described in section 3.5. Following 24 h incubation at standard
incubator conditions, images were obtained using a Nikon Eclipse brightfield microscope
equipped with a Fi3 colour camera (Nikon Corporation, Tokyo, Japan) and NIS-Elements AR
software (version 5.30.05) (Nikon Corporation). Between 10-15 images were obtained for

each cell line, using the 20x objective. This was done in duplicate.

3.7 Methylcellulose Preparation for Generation of Spheroids

250 mL culture medium was heated to 60 °C and added to a bottle containing 6 g autoclaved
methylcellulose (Sigma-Aldrich). The bottle was placed on a magnetic stirrer for 2 h at 500
rpm at 60 °C. Following this, another 250 mL culture medium was added and stirred for an
additional 2 h under the same conditions. The bottle was then stirred O/N at 4 °C before the
solution was aliquoted into 50 mL falcon tubes (pluriSelect Life Science). The tubes were
centrifuged at 5,000 xg for 2 h at RT, and stored at 4 °C until further use.
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3.8 Spheroid Formation
Table 3.8: Spheroid plate map:

Concentration: 3,000 cells/well 6,000 cells/well 12,000 cells/well

% Methylcellulose | 0 [ 2 | 4 o | 2 | 4 0o | 2 |

SN

LBM1 and H16 cells were harvested and counted as described in section 3.1, and the cell
suspensions were added to 15 mL falcon tubes (pluriSelect Life Science). The following
calculations were done to determine the volume of cell suspension and culture medium

needed for the desired concentrations (Table 3.8):

(Concentration of cells we want) " ( 1 mL

) X total volume needed (mL) =
0,2 mL

Concentration of cells we have

volume of cell suspension (mL)

Total volume — volume of cell suspension = volume of culture medium needed

For example:
3,000 cell 1mL
(328 x (22 ) x 8 mL = 0,059 mL
0,2 mL 2,05x10"6

8 mL — 0,059 mL = 7,941 mL

These volumes were then added to fresh falcon tubes, and either 0,060 mL or 0,120 mL
methylcellulose was added to designated tubes to obtain the final concentrations of 2 % and 4
% methylcellulose (Table 3.8). 200 pL cell suspensions were seeded in Corning™ Costar™
Flat Bottom Cell Culture Plates (Thermo Fisher Scientific). The plates were sealed with
parafilm and centrifuged at 1,000 rpm for 10 min at 31°C using Heraeus Multifuge 3SR
(Thermo Fisher Scientific) before they were placed in the incubator at standard incubator
conditions. 24 h later, the plates were placed in the IncuCyte® Live-Cell Analysis System
(Sartorius AG) and imaged every 6 h for 7 days using the 10x objective. 100 uL culture

medium was replaced every 96 h. The experiments were performed in duplicate.
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3.9 Monolayer Viability Assay

Thioridazine is an antipsychotic drug that has been used in the treatment of schizophrenia.
Due to its ability to cross an intact BBB, previous preliminary data from our group®® shows
that thioridazine effectively reduces the viability of melanoma BM cells in vitro. Through
viability assays, the effect of thioridazine on LBM1 and H16 was tested. Thioridazine (Bio
Techne, Minneapolis, MN, USA) was received in a powdered form and diluted in DMSO
(Thermo Fisher Scientific) to obtain a solution of 50 mM. Aliquots were stored at -20 °C
until use, when it was thawed at room temperature (RT) and diluted in culture medium to the
desired concentrations of 0,1 uM, 1 uM, 5 uM, 10 uM, (15 uM for LBM1), 20 uM, 50 uM,
75 uM and 100 uM, in addition to one untreated control. The cell lines were seeded in 96-
well plates (Nunc™, Thermo Fisher Scientific) at a concentration of 5,000 cells/well and
incubated overnight (O/N). Following 24 h incubation, 100 uL of diluted thioridazine was
added at the concentrations listed above, each to one column (8 repetitions (wells) per
concentration. 100 pL of culture medium was added to two additional columns to serve as a
blank for the subsequent readout, and a DMSO control with a concentration of DMSO
equivalent to the highest concentration of thioridazine (0,6 %) to verify that growth inhibition
was due to the inhibitory effect of the drug and not the toxicity of the DMSO. The cells were
then incubated for 72 h at standard incubator conditions. 100 pL was then removed from all

the wells, and 10 uL WST-1 (Sigma-Aldrich) was added. The cells were incubated for 3,5 h

at standard incubator conditions, The WST-1 assay determined the viability of the cells by
measuring the enzymatic cleavage of tetrazolium salts within the culture medium. Cellular
enzymes converted these salts into formazan, and an increase in the number of viable cells
led to increased activity of mitochondrial dehydrogenases, generating more formazan dye.
Triplicates of this study were done to determine the concentration of thioridazine required to

inhibit the growth of the cells.

The amount of metabolically active cells was quantified using a multi-well
spectrophotometer (Multiskan™ FC Microplate Photometer, Thermo Fisher Scientific), at
wavelengths of 420-480 nm, and the average background values were subtracted. An
untreated control was used as a reference for 100 % viability, and thioridazine-treated wells
were normalized to the control. The normalized values were logarithmically transformed and
subjected to a normalized “response-variable slope logistic nonlinear regression analysis”

using GraphPad Prism 9 (GraphPad software Inc.). Average I1Cso values were determined for
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both cell lines, establishing a therapeutic window giving safe and effective treatment which
would likely yield minimal adverse effects in vivo. Three replicates were performed for each

cell line to ensure reliability.

3.10 Formalin Fixing and Paraffin Embedding of Cells (FFPE) for
IHC

To histologically examine the cell lines used, IHC was done. Prior to this, the cells were
fixed, embedded in paraffin, and sectioned. The cells were harvested from confluent T175
flasks and transferred to 15 mL falcon tubes (pluriSelect Life Science). The tubes were
centrifuged at 1,200 rpm for 5 min, washed with 1x PBS, centrifuged again under the same
conditions, and resuspended in 5 mL 3,7 % formaldehyde for fixation. The tubes were then
rotated at 12 rpm for 24 h in RT. The following day they were centrifuged at 400 xg for 10
min to remove the formaldehyde. The cells were washed again in 1x PBS and centrifuged for
5 min at 400 xg. A drop of methyl green (Sigma-Aldrich) was added to each of the pellets
and incubated for 2-4 min before 10 mL of 1x PBS was added to each tube. The tubes were
centrifuged at 400 xg for 5 min, and 50 uL pre-heated 1,6 % agarose was mixed with the
cells. The suspension was transferred to pre-heated 50 mL tubes (pluriSelect Life Science)
and centrifuged for 1 min at 400 xg to collect the cells to the bottom before the tubes were
placed in the fridge for 30-60 min. Lastly, the cells were transferred to CellSafe™ cassettes
(Ted Pella Inc., Redding, CA, USA) placed in 70 % ethanol. The cells were then embedded
in wax blocks, which were sectioned into 5 um thin slices placed on microscope slides. To
provide information about the mutational status of the cell lines, the slides were then sent to
the Department of Pathology at Haukeland University Hospital, where they performed IHC to
identify the presence or absence of specific mutations commonly mutated in the particular
cancer types, using the antibodies listed in Table 3.10. The sections were then examined
under an Olympus VS120 slide scanner (Olympus Scientific Solutions, Waltham, MA, USA)
to detect and visualize the presence/absence of the proteins of interest. The quantification of
the IHC slides was performed using the Fiji software!® (version 2.9.0 1.53t).
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Table 3.10: Antibodies used in IHC to identify the presence or absence of gene

mutations
H16 LBM1 BrBM1 and BrBM2
Melan-A TTF-1 ER
HMB45 Napsin A PR
SOX10 CK5/6 CK7
S100 CK7 Her-2
p63
Synaptophysin
Chromogranin

3.11 Intracardial Injections of BM Cell Lines into Mice

The animal experiment was conducted in accordance with the guidelines of the Norwegian
Animal Research Authority (FDU) with ethical approval from the Norwegian Food Safety
Authority. A total of 10 NOD-SCID mice were used in the study, including two untreated
control mice. The mice were housed in a pathogen-free facility at The Laboratory Animal
Facility at the Department of Clinical Medicine, and food and water were provided as

required.

One melanoma (H16) and one lung cancer (LBMZ1) cell line were injected into four NOD-
SCID mice each. The cells were harvested at ~80 % confluence and counted using an
automated cell counter (Countess™, Invitrogen), and adjusted to a concentration of 5x10°
cells/mL using 1x PBS. The cells were kept on ice until injection was performed. The mice
were anaesthetized with 3 % isoflurane in oxygen and maintained with 1,5 % isoflurane in
oxygen during the injection process. The thoracic area of the mice was prepared by removing
fur with hair removal cream, and the mice were then placed on a heated board, and the
ultrasound probe was fixed onto a holder. The syringe holder containing an insulin needle
(U100 0,3 mL BD Micro-Fine+™, Becton Dickinson, Franklin Lakes, NJ, USA) was loaded
with 500,000 tumour cells in 100 uL 1x PBS. Warm ultrasound gel was applied to the
thoracic area to visualize the left cardiac ventricle on the monitor. Using the ultrasound
monitor as a guide, the needle was inserted into the chest and guided into the left cardiac
ventricle. A small amount of bright red blood (oxygenated) was drawn into the syringe to
confirm the successful piercing of the left ventricle. The BM tumour cells were then slowly
injected, and the needle was carefully held in place for a few seconds to prevent backflow,

before retracting the needle.
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Following injections, the mice were observed daily for signs of illness, such as lethargy,
hunched posture, and ruffled fur. The mice were weighed multiple times a week to monitor
potential weight loss providing an indication of their overall health. In vivo MRI scans were
done at weeks 2 and 4, using a Powerscan 7T PET/MR (MR Solutions, Guildford, UK). T2
weighted (T2W) imaging was done using the following scan parameters: Repetition time
(TR): 4,000 ms, echo time (TE): 45 ms, slice thickness: 0,5 mm, number of averages: 2, field
of view: 20 x 20 mm, acquisition matrix: 256 x 252, flip angle (FA): 90 °. To visualize the
total number of tumours and their dimensions, MR images were analysed using the OsiriX

Lite v.10.0.0 freeware software (Pixmeo SARL, Geneva, Switzerland). The volumes of the

. . - 4
tumours were calculated using the following equation: V = gnr3.

To ensure compliance with ethical and regulatory standards (Dyrevernloven § 9), the mice
were euthanized by CO2 inhalation and cervical dislocation when loss of 15 % or more of
their body weight was observed, or when showing signs of morbidity. Autopsies were
performed to visually assess the impact of the in vivo injection of the BM cell lines.
Following euthanasia, the brains, and other organs, including the heart, lungs, liver,
gastrointestinal tract, kidneys, adrenal glands, and spleen, were fixed in a 4 %
paraformaldehyde (PFA) solution to preserve the tissues before dehydration in absolute
ethanol. This was done to prepare the tissues for histological analyses, which will be

performed after the end of this project.

3.12 Exosome-Depleted Culture Medium for Isolation of Exosomes
FBS is used to supplement culture medium to provide nutrients and growth factors. FBS
contains EV's which therefore need to be depleted when intended for use in exosome isolation
assays. The FBS (Thermo Fisher Scientific) was spun in an ultracentrifuge (L-70
Ultracentrifuge, Beckman Coulter, Brea, CA, USA) at 40,000 rpm for 18 h at 4 °C.
Thereafter, the supernatant was transferred to a sterile bottle. The FBS was filtered through a
0,2 uM syringe filter (Sigma-Aldrich) and transferred to 50 mL tubes (pluriSelect Life
Science). The FBS was heat-inactivated in a water bath at 56 °C for 30 min to prevent the
action of complement components and contamination by mycoplasma. The exosome-free,
heat-inactivated FBS was then stored at -20 °C until use. The EV-free medium was made

according to Table 3.12:
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Table 3.12: Composition of complete EV-free culture medium:

REAGENT AND COMPANY VOLUME
Dulbecco’s Modified Eagles Medium (Sigma-Aldrich) 450 mL
EV-free FBS (Thermo Fisher Scientific) 50 mL
L-Glutamine (BioWhittaker) 10 mL
Penicillin/Streptomycin (BioWhittaker) 10 mL
NEAA 100X Non-Essential Amino Acids (Lonza, Basel, Switzerland) 16 mL
Plasmocin (Invitrogen) 100 pL

3.13 Extraction of Exosomes Through Differential Centrifugation

The cells were cultured in 25-30 mL EV-free culture medium for 48-72 h (~90 % confluent).
The culture medium was collected, hereafter referred to as conditioned culture medium, and
the cells were washed with 1x PBS and harvested as described in section 3.1. 10 uL cell
suspension was mixed with an equal volume of trypan blue (Thermo Fisher Scientific) for
counting using the Countess Automated Cell Counter (Invitrogen). 10 mL of the cell
suspension was centrifuged at 1,200 rpm for 5 min (Jouan B4i, Thermo Fisher Scientific).
The cell pellet was resuspended in 10 mL 1x PBS centrifuged at 1,200 rpm for 5 min and

stored at -80 °C to be used for subsequent Western blotting.

The conditioned culture medium was centrifuged at 1,200 rpm for 5 min (Jouan B4i, Thermo
Fisher Scientific) to pellet down cells and cellular debris (Fig. 3.13). The supernatants were
centrifuged again at 2,000xg for 20 min (Eppendorf® Centrifuge 5810/5810R, Hamburg,
Germany) to remove apoptotic bodies. The conditioned culture medium was transferred to
ultracentrifuge sealing tubes (Beckman Coulter) using a syringe and topped off with filtered
1x PBS. The tubes were sealed using Tube Topper (Beckman Coulter) to prevent leakage
during the spinning. They were then ultracentrifuged for 25 min at 15,000 rpm using an L-70
Ultracentrifuge equipped with a Ti70 rotor (Beckman Coulter) to remove microvesicles (Fig.
3.13). Following this, the supernatants were transferred to new ultracentrifuge tubes and
ultracentrifuged at 40,000 rpm for 2 h to spin down the exosomes (Fig. 3.13). Once
completed, the supernatants were discarded, and 500 uL filtered 1x PBS was added. The
exosome pellets were resuspended and transferred to a single 5 mL open-top ultracentrifuge
tube. To ensure complete transfer of the pellet, an additional 500 uL of filtered 1x PBS was
added to one of the tubes and then sequentially transferred to the other tubes. These tubes
were ultracentrifuged at 100,000 xg in the Optima MAX-XP tabletop ultracentrifuge
(Backman Coulter) for 1 h using the MLS50 swinging-bucket rotor (Backman Coulter) to
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rinse the exosomes and eliminate free protein remnants (Fig. 3.13). All spins were performed

at 4 °C. Finally, the pellet was resuspended in 100 uL filtered 1x PBS and stored at -80 °C

until use.

Conditioned culture medium

l Cells and cell debris
Supernatant

l Apoptotic bodies
Supernatant

l Microvesicles

Exosome pellet (and contaminating proteins)

l

Isolated exosomes
l Free protein remnants

Rinsed exosomes

l

Resuspended exosomes
Figure 3.13: Protocol for differential centrifugation to isolate exosomes from conditioned
culture medium: The scheme delineates the workflow for the isolation of exosomes from
conditioned culture medium harvested from cells grown in EV-free culture medium for 48-72
h. The exosomal isolation begins with three low-speed centrifugations to contract cells,
cellular debris, apoptotic bodies and microvesicles. Ultimately, the exosomes are isolated
and washed with 1x PBS by ultracentrifugation to remove free protein remnants and are
stored until use. Revolutions per min (rpm), Relative centrifugal force (xg).
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3.14 SDS-PAGE and Western Blots for Detection of Exosomal

Markers

Table 3.14.1: Regents and providers used for SDS-PAGE and Western Blots:

REAGENTS

COMPANY/PROVIDER

Lysis buffer:
RIPA buffer 900 pL
10x protease 100 pL

Thermo Fisher Scientific

and Thermo Fisher Scientific
phosphatase
inhibitors
Running buffer: 50 mL 20x MOPS NuPAGE™, Invitrogen
950 mL deionized water -
Transfer buffer: 50 mL 20x transfer buffer NuPAGE™, Invitrogen
100 mL Antioxidant NUuPAGE™, Invitrogen
850 mL deionized water -
TBS-Tween: 100 mL TRIS-buffered saline | Invitrogen
1 mL Tween Invitrogen
900 mL deionized water -
Blocking buffer: 50 ml TBS-Tween -
2,5g Skim milk Sigma-Aldrich

4x LDS sample buffer

10x Sample Reducing Agent

SeeBlue™ Plus2 Pre-stained Protein Standard
Ponceau staining solution

SuperSignal West Pico Chemiluminescent Substrate
Antibody diluent reagent solution

NUuPAGE™, Invitrogen

NUuPAGE™, Invitrogen

Invitrogen

Thermo Fisher Scientific

Thermo Fisher Scientific

Life Technologies™, Carlsbad, CA, USA

To prepare the isolated exosomes and cells prepared in section 3.13, 5 uL of 4x lithium

dodecyl sulfate (LDS) sample buffer, along with 2 uL of 10x reducing agent was added to

each sample in Eppendorf tubes (Table 3.14.2). The cells and exosomes were lysed on ice for

30 min using 200 uL lysis buffer, vortexing every 10 min. The lysates were centrifuged at

12,000 rpm (Eppendorf™ 5424R Microcentrifuge, Thermo Fisher Scientific) at 4 °C for 10

min, and the supernatants were transferred to new tubes. The protein content of the samples

was measured using Direct Detect® Spectrometer (Merck Millipore, Burlington, MA, USA),

to determine the concentration of the lysates and volume of Milli-Q® water (Sigma-Aldrich)

needed for a total loading volume of 20 uL (example shown in Table 3.14.2).
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Table 3.14.2 — Constituents mixed to prepare samples for SDS-PAGE and Western blot:

Sample Concentration g 4x LDS  10xreducing  Vol. water  Total loading
(ng/uL) Protein (uL) agent (uL) (uL) vol. (uL)
LBM1 cells 4,68 4,3 5 2 8,7 20 pL
LBM1 exosomes 3,38 59 5 2 7,1 20 uL
H16 cells 6,69 3,0 5 2 1,0 20 pL
H16 exosomes 5,21 3,8 5 2 9,2 20 L

Once all components were mixed, the tubes were placed in a heating block (Thermomixer R,
Eppendorf, Hamburg, Germany) at 70 °C for 10 min allowing the sodium dodecyl sulfate
(SDS) in the running buffer to bind in the hydrophobic regions and denature the proteins to
enable the migration from the negative to positive anode. The samples were then vortexed
and centrifuged (Ministar Silverline, VWR, Radnor, PA, USA) to mix the evaporated water

back into the suspension.

The Minimal Information for Studies of Extracellular Vesicles (MISEV) proposed by The
International Society for Extracellular Vesicles (ISEV) in 2018, strongly recommends the use
of at least three positive protein markers typically seen in EVs, including at least one
transmembrane/lipid-bound protein, one cytosolic protein and lastly minimum one negative
protein marker typically seen in cells'®”. The protein markers used therefore include Calnexin
((C5C9) Rabbit mAb #2679), a 90kDa integral protein of the endoplasmic reticulum (ER). It
is cell-specific and therefore serves as a negative marker for exosomes due to its ER location.
The exosome surface protein markers include Flotillin-1 ((D2V7J) XP® Rabbit mAb
#18634,), a 49 kDa protein involved in endocytosis and other cellular trafficking steps,
Tsg101 ((E6V1X) Rabbit mAb #72312), a 44kDa positive intracellular marker, and lastly
transmembrane markers from the tetraspanins family of proteins, CD9 (24-27 kDa, (D8O1A)
Rabbit mAb #13174)) and CD81 (26 kDa, (D3N2D) Rabbit mAb #56039)). All markers were
purchased from Cell Signaling Technologies (Danvers, MA, USA) and diluted 1:1,000 prior

to use.

8uL of the SeeBlue™ Plus2 protein standard (Invitrogen) was loaded in the first lane of the
gel, a1 mm 12-well 4-12 % Bis-Tris gel (Invitrogen). 20uL of the samples were loaded in
adjacent lanes. The chamber (Mini Gel Tank, Thermo Fisher Scientific) filled with running
buffer (Table 3.14.1) was placed in a box of ice to run the gel under cooling conditions at

200V for 50 min. Once done, the gel was submerged in transfer buffer (Table 3.14.1) while
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preparing for the protein transfer. The transfer was done using the XCell SureLock™ Mini-
Cell Electrophoresis System (Invitrogen), where filter paper, a nitrocellulose membrane, and
sponges were pre-soaked in transfer buffer. To prevent resistance to the electric current in the
system, the transfer was done on ice to maintain a low temperature while running at 30V for
90 min. Following this, the membranes were incubated in Ponceau staining solution (Thermo
Fisher Scientific) for 2-5 min, followed by washing with Milli-Q® water (Sigma-Aldrich).
The membrane was then cut using the bands of the protein standard to estimate the position
of the marker proteins. The membrane sections were blocked with blocking buffer for 1 h at
RT. They were washed twice with TBS-Tween for 5 sec, before incubation with primary
antibodies diluted in blocking buffer, O/N at 4°C on a SSL4 Rocker (Antylia Scientific,
Vernon Hills, IL, USA).

The following day, the membrane sections were washed with TBS-Tween as follows: 2x 5
sec, 1x 15 min and 2x 5min. 2 mL of secondary antibodies (Cell Signaling Technology)
diluted in blocking buffer was added to the membranes for 1 h at RT on an SSL4 Rocker
(Antylia Scientific). The membranes were then washed as follows: 2x 5 sec, 1x 15 min and

4x 5 min.

The protein markers were visualized using Luminescent Image Analyser LAS-3000 (Fujifilm
Life Science, Cambridge, MA, USA). SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific) was used to amplify the bands of the markers. 100-200 uL of the
substrate was added to the membrane sections for the luminol in the chemiluminescent
substrate to react with the horseradish peroxidase (HRP) enzyme conjugated to the secondary
antibody. In the presence of HRP, the luminol reacts with hydrogen peroxide in the substrate,

which emits light that can be detected by the luminescent image analyser.

3.15 Analysis of Exosome Size Distribution Using Dynamic light
scattering (DLYS)

DLS is a technique used to determine the size distribution profile of small particles in
suspension, by measuring the Brownian motion of the molecules and establishing a
correlation between this motion and the size of the particles. The Zetasizer Nano ZS
(Malvern Panalytical, Malvern, UK) was used to analyse the size distribution of the exosome

populations isolated as described in section 3.13. The samples were prepared to 5x, 10x and
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50x dilutions (i.e., 10 uL exosome sample in 40 uL filtered 1x PBS). 40 uL was loaded into a

clean, dust-free cuvette, and placed in the Zetasizer Nano instrument for analysis.

3.16 Fixation of Exosomes for TEM

To fix the exosomes for TEM, Karnovsky’s fixative was prepared to a final volume of 1 mL

6-72 h before mounting for TEM (Table 3.16):

Table 3.16: Karnovsky’s fixative:

REAGENT COMPANY/PROVIDER

500uL 0,2M Na Cacodylate Buffer

0,2 M Dimehylarsinic acid sodium salt trihylate | Sigma-Aldrich

0,2 M Sucrose Sigma-Aldrich

0,005 M Calciumchlorid-dihydrate Sigma-Aldrich
50uL 50 % Glutaraldehyde Electron Microscopy Sciences (Hatfield,

PA, USA)

200uL 10 % PFA Sigma-Aldrich
250uL MilliQ H20 Sigma-Aldrich

3.17 Negative Staining of Exosomes for TEM

Exosomes resuspended in filtered 1x PBS were added to Karnovsky’s Fixative to make the
following dilutions: 1:2, 1:5 and 1:10. Two drops of uranyl acetate (~20-30 pL) were placed
adjacently on parafilm. 5 uL of the samples were placed onto formvar carbon-coated grids for
1 min. The grids were held onto the first drop of uranyl acetate using tweezers, and the excess
was absorbed by filter paper. This was repeated for the second drop, but for 30 seconds. The

grids were then airdried and stored in a grid box until use.

3.18 Exosome Image Acquisition by TEM

Images of the exosomes were obtained using an HT7800 RuliTEM instrument (Hitachi,
Tokyo, Japan), a 120 kV TEM with an Emsis Xarosa bottom-mounted CMOS camera
(Emsis, Muenster, Germany), at a voltage of 100 kV. The copper grids coated by formvar
carbon film were mounted on the MS2 holder and carefully inserted into the TEM for image
acquisition. Their cup-shaped morphology and unimodal size distribution were examined to
distinguish them from other contaminating extracellular vesicles, as they do not display a
central depression, which is characteristic of exosomes under TEM. This was done in

triplicate to ensure reliability and validity.
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3.19 Loading Exosomes with SPIONs by Electroporation

Table 3.19: Parameters used for electroporation of exosomes: kV = kilovolts, uF =

microfarad

Condition 'éT&%?;eosf Buffer Vgis;‘;e Cap?ucli:t)ance Resistance  Pulse(s)

1 50ug 50mM trehalose 0,300 950 none 1

2 50ug 50mM trehalose 0,300 950 none 2

3 50ug 400mM sucrose 0,950 50 none 1

4 50ug 400mM sucrose 0,950 50 none 2

Egist'r‘éf 50ug 1x PBS . - : .

U:Ota‘iféfd 50ug 1x PBS i i i i

The isolated exosomes were electroporated using the conditions listed in Table 3.19 to
incorporate carboxyl-coated SPIONs of 5 nm (Ocean Nanotech, San Diego, CA, USA) into
the exosomes. The trehalose and sucrose buffers were diluted in 1x PBS to the desired
concentrations of 50 mM and 400 mM, respectively. The resistance and capacitance values
control the time constant, also referred to as the pulse length. It determines how fast the
voltage decreases to one-third of its original value. The passive control was not subjected to
any pulses, as this sample contained the exosomes and SPIONSs incubated for 30 min on ice.

The untreated control was neither electroporated nor incubated with SPIONS.

Batches of 50 ug of exosomes were added to Eppendorf tubes labelled with the respective
condition (Table 3.19), and 2,5 ug/mL of the SPIONs was added to the samples. The tubes
were incubated on ice for 30 min, mixing every 10 min. The tubes were topped up to 750 uL
with their respective buffers (Table 3.19) before they were transferred to electroporation
cuvettes equipped with aluminium electrode plates on either side with a gap width of 0,4 cm
(Bio-Rad, Hercules, CA, USA). The samples were electroporated using the Gene Pulser Il
Electroporator (Bio-Rad) according to the conditions listed in Table 3.19. The pulse(s)
induces a transmembrane potential that results in the formation of transient pores through
which the iron oxide particles may penetrate into the exosomes. Thereafter, they were placed
on ice for 30 min to retain the SPIONs within the exosomes. Following this, the exosomes

were washed with 1x PBS by ultracentrifuging at 100,000 xg for 1 h using the Optima MAX-
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XP tabletop ultracentrifuge (Beckman Coulter) with an ML-50 rotor to remove SPIONSs that
were not internalised into the exosomes. The pellets were resuspended in 25 uL 1x PBS
before mixing 1:1 with Karnovsky’s fixative to prepare for negative staining and TEM

following the protocols described in sections 3.16 and 3.17.

3.20 Prussian Blue Staining for Detection of Ferric lons (Fe3+)

Prussian blue was used to detect intracellular carboxyl-coated SPIONs (Ocean Nanotech)
within LBM1 cells. The reaction of ferric ion (Fe*3) present in the cells combined with the
ferrocyanide results in the formation of a bright blue pigment called Prussian blue, or ferric

ferrocyanide.

The cells were seeded in a 24-well plate (Nunc™, Thermo Fisher) with a concentration of
100,000 cells per well. The following day, increasing concentrations of carboxyl-coated
SPIONs (Ocean Nanotech) ranging from 10 pug/mL to 30 ug/mL were added to the culture
medium. The cells were left in the incubator for another 48 h before the culture medium was
removed, and the cells were washed three times with 1x PBS. The cells were then fixed in 3,7
% PFA (in 1x PBS) at RT and washed 3x 5 min with 1x PBS. After 20 min, the cells were
washed in distilled H20 (dH20) and rinsed with 70 % EtOH for 2 min. Thereafter, they were
washed 2 times with dH20 and stained with the diluted potassium ferrocyanide solution
(Ka[Fe(CN)6] x 3H20) for 20 min in RT. Lastly, the plate was rinsed 2-3x with dH20. The
plate was imaged using the Nikon Eclipse microscope (Nikon Corporation).

30 nm Dextran-coated SPIONs (BioPal Inc., Worcester, MA, USA) were also incubated with
the LBML1 cells, to assess the internalization in comparison to the carboxyl-coated SPIONs
(Ocean Nanotech). Increasing concentrations ranging from 2,5-30 pug/mL were added to the
culture medium and incubated for 24 and 48 h followed by staining with Prussian blue as

described above.
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4.0 Results:

4.1 Growth Characteristics of LBM1 Cells

To assess the growth rate of LBM1, the IncuCyte Live imaging system was utilised to
monitor and capture real-time images of the cells ranging from concentrations of 50,000 to
400,000 cells/mL throughout the incubation period. Cells seeded at concentrations above
100,000 cells/mL reached confluency within 36 h. Subsequent viability experiments were
performed over 72 h, proving that these concentrations were too high (Fig. 4.1 a). Thus,
lower cell concentrations were tested. The cell cultures reached 100 % confluency at around
100 h when seeded at a density of 50,000 cells/mL, and after around 60 h when seeded at
100,000 cells/mL (Fig. 4.1 b). Therefore, a seeding density of 50,000 cells/mL was used for
subsequent and future experiments, as several assays, including viability, proliferation and

toxicity, are commonly performed over 72 h. The cell growth doubling time was around 28 h.

a) LBM1 Growth b) LBM1 Growth
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Figure 4.1 - Growth of LBML cells over a 6-day incubation period: a) Cells of the LBM1
cell line seeded at concentrations ranging from 100,000 — 400,00 cells/mL. b) Cells of the
LBM1 cell line seeded at concentrations 50,000 and 100,000 cells/mL. The error bars
indicate the standard deviation (SD).

4.2 Growth Characteristics of H16 Cells

H16 cells exhibited a slower growth rate compared to LBM1 cells. As seen in Fig. 4.2 a, the
initial cell seeding densities of 300,000 and 400,000 cells/mL were too high, as the cells
reached 100 % confluency at the beginning of the experiment. In contrast, the densities of
100,000 and 200,000 cells/mL allowed the cells to grow and expand for a longer duration
before reaching full confluency around day 6. For subsequent experiments, 200,000 cells/mL
were used, as they reached full confluency within 72-100 h (Fig 4.2 b). The cell growth
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doubling time was 47 h. In contrast to LBM1, some H16 cell cultures exhibited a deceleration
in their growth rate after exceeding passage number 29, indicating an alteration in the cellular
physiology affecting the growth characteristics. It is therefore required to take caution when

performing cell culture experiments using H16 cells past passage number 29.
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Figure 4.2 - Growth of H16 cells over a 6-day incubation period: a) Cells of the H16 cell
line seeded at concentrations ranging from 100,000 — 400,00 cells/mL. b) Cells of the H16
cell line seeded at concentrations of 100,000 and 200,000 cells/mL. Error bars indicate SD.

4.3 Growth Characteristics of BrBM1 and BrBM2 Cells

BrBM1 and BrBM2 cells showed limited growth, as evidenced by the growth curves in Fig.
4.3 a-b. Concentrations ranging from 10,000 to 150,000 cells/mL exhibited restricted growth
beyond that observed on day 1, despite being cultured for a period of 6 days and changes in
culture medium every 96 h. Due to their limited growth potential, these cell lines were not

used for further viability experiments.
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Figure 4.3 - Growth of BrBM1 and BrBM2 cells over a 6-day incubation period: a) Cells of
the BrBML1 cell line seeded at concentrations ranging from 10,000 — 150,00 cells/mL. b)
Cells of the BrBM2 cell line seeded at concentrations of 10,000 and 150,000 cells/mL. Error
bars indicate SD.
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Due to their slow growth in monolayers, the ability of these cell lines to form three-
dimensional spheroids was not studied, as it is to be expected that the intrinsic growth

properties of the cells seen in 2D monolayers will remain similar in 3D cultures.

4.4 Morphological Characteristics of LBM1, H16, BrBM1 and
BrBM2 Cells

LBML1 cells exhibited characteristic morphologies resembling those of epithelial cells (Fig.
4.4 a), with short and few filopodia and a rounded shape as opposed to elongated cells such
as e.g., neurons and fibroblasts. However, some pleomorphism was observed, which is the
variability in the shape and size within the cell population, with the shape of the cells ranging
from rounded to polygonal, reminiscent of epithelial cells. The cells appeared non-polarized
due to the centrally located nucleus. The nucleus was round, with abundant cytoplasm. The
cells displayed a compact appearance in confluent cultures and a high degree of cellular

adhesion to each other.

As seen in Fig. 4.4 b, the H16 cells displayed a more homogenous spherical morphology
compared to LBML cells, and limited cell-cell adhesion was observed in the cultures. They
had little to no filopodia and appeared non-polarized like LBM1 cells. The nucleus-to-
cytoplasm ratio was increased in comparison to LBM1 cells. H16 cells expressed some
degree of pleomorphism, as a small proportion of the cells displayed a more elongated
morphology resembling that of LBM1 cells, but the vast majority were rounded with distinct

cell borders.

The BrBM1 and BrBM2 cell lines were characterised by a distinctly irregular and
disorganized morphology with asymmetrical boundaries. They also exhibited pleomorphism.
The extensive cellular protrusions and stellate morphology were significantly more prominent
in comparison to LBM1 and H16 cells. Fig. 4.4 c-d shows that the BrBM1 and BrBM2 cell
lines exhibited a more flattened morphology compared to LBM1 and H16 cells, resulting in
poorly defined cell borders. They were distinguished by their elongated cell bodies and

invasive projections, establishing connections across cell colonies.
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Figure 4.4 — Cellular morphology of BM cell lines: The morphological appearance of
metastasizing tumour cells of different origins, including, a) lung (LBM1), b) skin (H16), and
c-d) breast (BrBM1 and BrBM2), displayed distinct cellular features due to their contrasting
genetic and epigenetic backgrounds. All images were taken with a 20x objective, and all
scale bars equal 100 um.

4.5 LBM1 Cells are Able to Form Three-Dimensional Spheroids

To assess the ability of LBM1 cells to form three-dimensional spheroids and to study how
they interact with each other in a more physiologically relevant model system, the cells were
seeded with increasing concentrations ranging from 3,000 to 12,000 cells/well, and with
different concentrations of methylcellulose to aid in the formation of stable and compact
spheroids. The cells successfully formed multicellular aggregates within three days of
incubation, with varying sizes depending on the initial seeding density (Fig. 4.5 a-b). The
spheroids that were seeded as 12,000 cells/well displayed the most rapid initial growth (Fig.
4.5 a) and size expansion (Fig. 4.5 c-d) compared to 3,000 and 6,000 cells/well. During the
initial phase, the spheroid size increased with increasing cell seeding density, proving a
positive linear correlation between the spheroid size and cell seeding density. The maximum

area over the 7-day incubation for spheroids seeded with 3,000 cells/well was 1,36 x10% um?,
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1,23 x10° um? for those seeded with 6,000 cells/well, and 1,15 x10¢ um? for those seeded as
12,000 cells/well. As depicted in Fig. 4.5 a, the spheroids seeded as 6,000 and 12,000
cells/well reached a maximum size on days 6 and 3, respectively, whereas spheroids seeded

with 3,000 cells/well were still exponentially growing on day 7.

Spheroids are complex three-dimensional structures that cannot be fully characterised by a
growth curve alone. Images of the spheroids on each day in Fig. 4.5 d provide a visual
representation of their size, shape, and organisation, supporting the conclusions made based
on the growth curves in Fig. 4.5 a-c. LBML1 is a rapidly growing cell line, so these findings

were consistent with previous experiments using LBM1 cells.

As seen in Fig. 4.5 b, there was no significant difference between the spheroids grown in the
presence of methylcellulose and those grown in the absence of methylcellulose. This suggests
that LBML1 cells effectively formed spheroids without the need for the additional support
provided by methylcellulose. The diameter of the spheroids formed by LBML1 cells
significantly increased between day 3 and day 7 (Fig. 4.5 c) for those seeded as 3,000 and
6,000 cells/well. In contrast, the spheroids seeded as 12,000 cells/well decreased in size from
day 3 to day 7. 3,000 cells/well without the addition of methylcellulose will therefore be used

for future experiments using LBM1 cells.
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Figure 4.5 — Growth of spheroids formed with LBM1 cells: a) Growth curve of spheroids
composed of LBM1 cells, grown with varying concentrations of cells and methylcellulose.
Their area (measured in um?) was tracked over 7 days. b) 7-day growth of spheroids seeded
as 3,000 cells/mL, with 0 % and 4 % methylcellulose. c) Comparison of the spheroid
diameter at day 3 and day 7, measured in zm. d) Microscopic images of each spheroid
throughout the 7-day incubation period. All scalebars are 400 xm. MC = methylcellulose.

4.6 H16 Cells are Able to Form Three-Dimensional Spheroids

H16 cells were seeded to examine their ability to form multicellular spheroids, both with and
without the addition of methylcellulose. H16 cells generated well-formed structures which
were uniform in shape and size. As seen in Fig. 4.6 a and c, the spheroids seeded as 12,000
cells/well entered a plateau phase where the growth of the spheroids slowed down
significantly. Spheroids seeded at a density of 6,000 cells per well exhibited initial growth
rates similar to those seeded at a density of 3,000 cells per well. However, by day 7, the
growth of the former reached a plateau phase (Fig. 4.6 a), in contrast to those seeded as 3,000

cells/well.

Furthermore, the spheroids seeded as 12,000 cells/well displayed the most rapid initial
growth (Fig. 4.6 a) and size expansion (Fig. 4.6 c-d) compared to 3,000 and 6,000 cells/well.
During the initial phase, the spheroid area increased correspondingly with increasing cell

number, providing a positive linear correlation between the spheroid size and cell seeding
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density, as seen with LBM1-derived spheroids. The maximum size area for spheroids seeded
with 3,000 cells/well was 1,26 x108 pm?, 1,61 x108 pm? for those seeded with 6,000
cells/well, and 1,58 x10° um? for those seeded as 12,000 cells/well. As depicted in Fig. 4.6 a,
the spheroids seeded with 6,000 and 12,000 cells/well reached a maximum size limit on day
7, whereas spheroids seeded with 3,000 cells/well were still exponentially growing on this

day.

3,000 cells/well was the selected seeding density for subsequent experiments, given their
sustained growth by day 7 and well-organized morphology (Fig. 4.6 d). Similarly, to LBM1,
spheroids were effectively formed by H16 cells, without requiring the additional support
provided by methylcellulose (Fig. 4.6 b). Fig. 4.6 d provides crucial visual information that

correlates to the growth curves and enhances the understanding of their progression from day

to day.
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Figure 4.6 - Growth of spheroids formed with H16 cells: a) The growth of spheroids
composed of H16 cells with varying concentrations of cells and methylcellulose, represented
by their area measured in zm? over 7 days. b) 7-day growth of spheroids seeded as 3,000
cells/mL, with 0 % and 4 % methylcellulose. c) Comparison of the spheroid diameters at days
3 and day 7, measured in zm. d) Microscopic images of each spheroid throughout the 7-day
incubation period. All scalebars are 400 zm. MC = methylcellulose.
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4.7 Heterogenous Spheroids with Astrocytes

Normal human astrocytes (NHA) were mixed with LBM1 or H16 cells to study the
interactions between the two cell types in a more physiologically relevant model. Varying
ratios of cancer cells and astrocytes were seeded to investigate the potential role of NHA in
promoting or inhibiting cancer cell growth. As displayed in Fig. 4.7 a, the spheroids
composed of LBM1 and NHA cells showed that the addition of NHA did not affect the
growth of the spheroids. As expected, considering the results presented in section 4.5,
spheroids composed of LBM1 and NHA (Fig. 4.7 a) were larger in size compared to those
composed of H16 and NHA (Fig. 4.7 b). Both spheroids composed of LBM1 and NHA, and
of H16 and NHA, displayed an initial drop in surface area due to the gradual aggregation of

the cells over the first hours.

Neither the spheroids composed of LBM1 cells and NHA, nor H16 cells and NHA, were
markedly affected by the addition of NHA. In comparison to the homogenous spheroids
depicted in Fig. 4.5 a and 4.6 a, the growth of the heterogeneous spheroids was only slightly
smaller. In contrast, the spheroids composed of NHA only were significantly smaller and did
not grow, in comparison to both the LBM1- and H16-cells only-spheroids and heterogeneous
spheroids (Fig. 4.7 a-b). Fig. 4.7 c displays their respective size at day 6, visually

demonstrating the notable size difference between the spheroids.
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Figure 4.7 — Growth of heterogeneous spheroids composed of NHA and LBM1 or H16
cells: a) Growth curve displaying the growth pattern of spheroids composed of NHA and

NHA:H16
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LBM1 cells, represented by their area measured in zm? over 6 days. b) Growth curve
displaying the growth pattern of spheroids composed of NHA and H16 cells, represented by
their area measured in zm? over 6 days. c) Images of the spheroids on day 6, to visually
compare their overall sizes, shapes, and the size of their cores. Spheroids seeded with LBM1
cells, H16 cells and NHA only, were seeded as 3,000 cells/well. All scalebars are 400 zm.

4.8 Thioridazine Effectively Reduces Cell Viability

LBM1 and H16 cells were treated with thioridazine for 72 h to examine the effectiveness of
the drug in inhibiting the growth of the BM cell lines. As seen in Fig. 4.8 a and b,
thioridazine effectively inhibited the viability of both LBM1 and H16 cells with
concentrations of 11 uM and beyond. The average 1Cso dose (half maximal inhibitory
concentration) for LBM1 cells after three replicates was 11,09 uM, meaning that this
concentration of thioridazine is required to inhibit the growth of the cells by 50 % compared
to untreated LBML1 cells. Similarly, for H16 cells, an average of 10,98 uM of thioridazine

was required to inhibit cellular viability by 50 %.

Viability of Thioridazine treated LBM1 cells Viability of Thioridazine treated H16 cells
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Fig. 4.8 — Viability graphs of LBM1 (a) and H16 (b) cells from WST-1 assay over 72 h: The

cells were treated with concentrations of thioridazine ranging from 0,1-100 yM to determine
an ICso dosage.

4.9 Immunohistochemical Analysis of BM Cell Lines

Four BM cell lines were analysed with IHC to assess the expression of specific markers
typically observed for the specific types of cancer: LBM1, H16, BrBM1 and BrBM2. Based
on the results shown in Fig. 4.9 a, LBM1 was determined to be of non-small cell lung
carcinoma (NSCLC) origin, specifically adenocarcinoma. The positive staining for CK7
(97,6 %) and TTF1 (95,6 %) confirms the lung lineage and adenocarcinoma properties,
respectively. Although Napsin A was not expressed in LBM1 cells, the positive expression of

TTF1, a widely used adenocarcinoma marker, provided sufficient indication that the cell line
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is of adenocarcinoma origin. CK5/6 is typically negative in adenocarcinoma in contrast to
other NSCLC:s, such as large cell and squamous carcinomas, providing additional support to
the diagnosis of adenocarcinoma. The negative staining for CK5/6 and p63, therefore,
confirms that the tumour is not squamous cell carcinoma. Synaptophysin and chromogranin
A are markers of neuroendocrine differentiation and are, therefore, negative in

adenocarcinoma.

H16 was as confirmed by the IHC analysis, a melanoma cell line expressing SOX10 and
S100 (Fig. 4.9 b). SOX10 and S100 are markers of malignant melanoma. Hence, their weak
staining (0,53 and 0,98 %, respectively) still classifies them as melanoma. However, negative
expression of Melan-A and HMB45 is atypical of melanoma cell lines. Thus, these findings
are indicative of the loss of expression of these typical melanoma markers from the primary

tumour from which the H16 cells were derived.

The IHC analysis confirms that BrBM1 and BrBM2 are TNBC cell lines (Fig. 4.9 ¢), as
neither cell line expresses ER, PR, or HER2. Weak cytoplasmic CK7 expression was detected
for both BrBM cell lines, as 3,6 % (BrBM1) and 11,12 % (BrBM2) of the cells expressed this

marker.
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Figure 4.9 — Immunohistochemical results for four BM cell lines with different origins: a)
The immunohistochemical results for LBM1, a lung cancer BM cell line. The analysis
confirms a NSCLC diagnosis. b) The immunohistochemical results of H16 support the
diagnosis of melanoma. c-d) The immunohistochemical analysis of two breast cancer BM cell
lines, confirming TNBC. Diaminobenzidine (DAB) was used to reveal positively stained cells.
Green checkmark = positive expression. Red cross = negative expression.

4.10 In Vivo Injection of BM Cells to Investigate Their Tumourigenic
Potential

The brains of LBM1 and H16 injected mice were scanned using MRI at weeks 2 and 4 (Fig.
4.10.2) to identify the tumours that formed. BrBM1 and BrBM2 cells were not injected due to
their slow growth rate. Fig. 4.10.1 shows the survival of the mice following the injection of
the cells. It was necessary to euthanize the two male mice injected with H16 cells due to
aggressive behaviour, thus suffering and discomfort. The median survival time for mice
intracardially injected with LBM1 cells was 39 days after injection and 48 days for mice
injected with H16 cells. Excluding the two mice that were euthanized due to unrelated causes,

it was observed that mice injected with H16 cells exhibited a 23 % longer survival time
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compared to those injected with LBM1 cells. Despite the limited sample size, the data yielded
representative outcomes that provide insights into the tumorigenic potential of the two BM

cell lines.

Survival of NOD-SCID mice
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Figure 4.10.1 — Kaplan Meier survival curve for eight NOD-SCID mice intracardially
injected with LBML cells (blue) or H16 cells (red): The graph shows the days following
injection on day 0, plotted against probability of survival in percentage, with day 0 counting
as 100 % viability. The two male mice administered with H16 cells were excluded from this
dataset, as they were euthanized due to causes unrelated to tumour formation.

As displayed in Table 4.10.1, no tumours were observed two weeks after injection for either
cell line. However, on the scans from week 4, three of the mice injected with LBM1 cells
displayed signs of tumours arising in different areas of the brain (Fig. 4.10.2). The two male
LBM1-injected mice exhibited one tumour each in the mid-frontal lobe, of 0,016 mm? and
0,034 mm?3, respectively (Table 4.10.2). The first female LBM1-injected mouse had a
significantly larger tumour at the left interface between the frontal and temporal lobe, with a
volume of 37,28 mm? (Table 4.10.2). None of the H16-injected mice exhibited tumour
formation at week 4. However, this observation does not preclude the possibility of tumour
development in subsequent stages. Due to maintenance on the MRI machine, a scan on week
6 was not performed as initially planned, as the scanner downtime was longer than first
anticipated. Thus, all mice were sacrificed before the next MRI scan was possible. All brains

were therefore harvested after sacrificing the animals.
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Table 4.10.1 — Scanning schedule and observed BM in mice injected with LBM1 or H16
cells:

Cell line: Week 2 Week 4
LBM1 0/4 3/4
H16 0/4 0/4

Table 4.10.2 — Dimensions of tumours observed in LBM1-injected mice at week 4:

LBM1 4 mousel | LBM1 @ mousel | LBM1 & mouse 2
Dimensions (mm): 04x04 0,31x0,31 6,15x 2,14
Volume (mm?): 0,034 0,016 37,28

The remaining mice injected with H16 cells were euthanized as a result of evident signs of
distress, indicating the presence of intra- or extracranial tumours manifesting physical
discomfort in the animals. Ex vivo MRI scans were performed of all brains, but the image
quality was too poor to make firm conclusions on intracranial tumour burden. Thus, histology
on these brains will be done in the future for studies on tumour development, as there was no
time available to include the analysis in this thesis.

LBM1 & mouse 1 LBM1 @ mouse 1 H16 & mouse 1

H16 Q@ mouse 1

LBMI1 Q mouse 2 H16 & mouse 2 H16 Q mouse 2

Figure 4.10.2 — MRI scans of mice injected with LBM1 and H16 cells: T2W MRI scans of
male and female mouse brains, at week 4 (the two male H16-injected mice were only imaged
at week 2) following injection with the two BM cell lines. No tumours were observed at the
two-week time point (scans not included), but tumours were apparent in three of the four
LBM1-injected mice at week 4, with volumes of 0,034, 0,016 and 37,28 mm?3, respectively. All
scalebars are 100 mm. All images were acquired with the parameters stated in section 3.11.
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4.11 Successful Isolation of Exosomes from BM Cell Lines

Differential centrifugation separated particles in the conditioned culture medium from LBM1
and H16 cells. Exosomes were not isolated from BrBM1 and BrBM2 due to their slow
growth rates. TEM was done to verify that the isolation procedure was successful at isolating
exosomes from other EVs. When viewed with TEM, the lipid bilayer of the exosomes
appeared as two parallel membranes with a hydrophobic space between them, as depicted in
Fig. 4.11.1 a-c (white arrows). Some exosomes also exhibited an irregular and rough surface
(Fig. 4.11.1 ¢).

LBMI:

1:2 Exo:Karnovsky’s fixative :5 Exo:Ka 3 i 2000m , 1:10 Exo:Karnovsky’s‘fixative 200nm

H16:

500 nm

1:2 Exo:Karnovsky’s fixative |10L“' 1:5 Bxo:Karnovsky’s fixativeriy 2710 | 1:10 Exo‘Karmovsky’s fixative

Figure 4.11.1 — Exosomes viewed by TEM to confirm successful isolation: a-c) LBM1
derived exosomes isolated using differential centrifugation d-f) H16 derived exosomes
isolated using differential centrifugation. The white arrows indicate exosomes.

Successful isolation of exosomes was also verified by Western blot. The results in Fig.
4.11.2, revealed that calnexin, the positive marker for cells, was not expressed in the
exosomes. The exosomal markers Flotillin-1, Tsg-101, CD9, and CD81 were positive in all
exosomal samples while negative in cell samples. This effectively ensured the absence of
contaminating materials such as other types of EVs in the isolated samples from LBM1 and
H16 cells.
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Figure 4.11.2 — Western blot to confirm the presence of exosomal markers and absence of
a cell-specific marker: The western blot was done to ensure the reliability and accuracy of
the isolation process, as recommended by ISEV. Calnexin was used as a negative marker for
exosomes, and Flot-1, Tsg-101, CD9, and CD81 were used as indicators of exosomal
presence in the samples. The combination of the absence of calnexin and the presence of the
four positive markers confirmed the successful isolation of exosomes from the conditioned
culture medium derived from LBM1 and H16 cells.

To further support the evidence of successful exosome isolation and to ensure consistency
and quality across all isolated exosome batches, DLS was utilised as a third analytical step.
The exosome samples were resuspended in 1x PBS to obtain the following concentrations:
5x, 10x, and 50x. As seen in Table 4.11, a 50x dilution of the samples provided the most
reliable outputs across triplicates, as the exosomes observably aggregated the least when
using this concentration. The observed size of 154,3 nm for LBML cells, and 159,1 nm for
H16 cells, falls within the typical size range previously reported for exosomes (Fig. 4.11.3 a-
b).

The shape of the size distribution curve (Fig. 4.11.3) revealed details about the nature of the
exosomes. As seen in Fig. 4.11.3 b, the curve is broader compared to the curve seen in Fig.
4.11.3 a. The broad curve, in combination with multiple smaller peaks, indicated a
polydisperse sample, with particles of different sizes. The curve in Fig. 4.11.3 a showed a
sharper peak indicating a more monodisperse sample, yet multiple peaks were observed. The
position of the most prominent peak corresponded to the most abundant particle size in the

sample, taking both the size, shape, and surface charge into consideration.
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Table 4.11 — DLS output for three different sample dilutions in 1x PBS:

LBM1 Average H16 Average
5x 255,6 254,7 152,3 220,86 172,6 489,9 163,6 275,4
10x | 366,4 204,4 208,9 259,9 159,1 433,1 177,2 226,8
50x | 198,2 200.2 154,3 184,2 160,9 342,0 169,7 224,2
a) LBMI b) H16
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Figure Fig. 4.11.3 — The size distribution plot obtained from DLS analyses: The plot
obtained from DLS analyses provided information about the size (in nm) and relative
abundance of the particles in the samples represented by the intensity of the scattered light
(%). a) Size distribution plot LBM1-derived exosomes diluted 50x in 1x PBS. b) Size
distribution plot H16-derived exosomes diluted 50x in 1x PBS.

Although the DLS analyses suggested exosome size distribution profiles toward the upper
end of the size spectrum described in the literature, the presence of exosomal markers and
absence of a negative exosomal marker, in addition to the visual examination using TEM, the
results provide strong evidence that differential centrifugation of conditioned culture medium

successfully isolated exosomes from both LBM1 and H16 cells.

4.12 Electroporation of Exosomes to Incorporate Iron Oxide Particles

Electroporation of exosomes isolated from LBM1 and H16 cells was done to integrate
carboxyl-coated SPIONSs into the lumen of the exosomes (Fig. 4.12.1 and Fig. 4.12.2). Due to
a limited quantity of exosomes derived from H16 cells, the electroporation was only
performed with a restricted number of experimental groups, namely protocols 1 and 3, in
addition to an untreated control. However, the selected protocols provided a valid basis for
evaluating the effects of electroporation on H16-derived exosomes under the given
experimental conditions. The images in Fig. 4.12.1 a-f and Fig. 4.12.2 a-c were used to
compare the control and the electroporated samples. Exosomes that are successfully
electroporated and thus contain SPIONs should appear darker than non-electroporated
exosomes when viewed with TEM, due to the iron oxide particles absorbing more electrons

than the exosome membrane. Given the visual comparison depicted in Fig. 4.12.1 a-f and
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Fig. 4.12.2 a-c, determining the effectiveness of electroporation solely based on the variance
in colour proved to be challenging. Some aggregation was observed amongst the exosomes
electroporated in the sucrose buffer (conditions 3 and 4) compared to those electroporated in
the trehalose buffer (conditions 1 and 2) (Fig. 4.12.1 c-d and Fig. 4.12.2 b).

a) Condition 1 b) Condition 2
S e i B 'w t3ET

200 nm

500 nm

500mm

Figure 4.12.1 — TEM images of electroporated exosomes derived from LBM1 cells: Four
different protocols were followed when electroporating the exosomes derived from LBM1
cells. The protocols differed both in procedure and buffers used (Table 3.19), but 50 g of
exosomes, and 2,5 ug/mL SPIONs were used across all conditions. a) Protocol 1 used a 50
mM trehalose buffer, 0,300 kV voltage and a capacitance of 950 xF, and only one pulse was
given. b) Protocol 2 used the same parameters, but two pulses were given. c-d) Protocols 3
and 4 used a 1:1 ratio of a 400 mM sucrose solution and 1x PBS, a voltage of 950 kV, and a
capacitance of 50 xF. One pulse was given for protocol 3, and two pulses for protocol 4. e-f)
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The passive incubation control and the untreated control were both resuspended in 1x PBS
without undergoing electroporation.

a) Condition 1 b) Condition 3 - C) Untreated control

Figure 4.12.2 — TEM images of electroporated exosomes derived from H16 cells: a)
Exosomes derived from H16 cells were electroporated following protocol 1 listed in Table
3.19. b) Exosomes derived from H16 cells were electroporated following protocol 3 (Table
3.19). ¢) H16-derived exosomes that underwent no electroporation were used as untreated
controls for comparison.

4.13 Prussian Blue Staining to Detect Cellular Uptake of SPIONs

To assess the ability of the LBM1 cells to take up iron oxide particles, the cells were first
incubated with varying concentrations of carboxyl-coated SPIONs; 10 pg/mL (Fig. 4.13.1 a),
20 pg/mL (Fig. 4.13.1 b), and 30 pg/mL (Fig. 4.13.1 c). LBML1 cells were used for this pilot
experiment due to their rapid proliferation. As shown in Fig. 4.13.1, LBML1 cells did not take
up the carboxyl-coated iron oxide particles, as evidenced by the lack of blue staining.

a) 10 pg/mL c) 30 pg/mL
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Flgure 4. 13 1 Mlcroscoplc |mages of LBML1 cells after 48 h incubation with carboxyl-
coated SPIONs and staining with Prussian blue: a) LBM1 cells incubated with a) 10 xg/mL
SPIONSs, b) 20 g/mL SPIONs and c) 30 wg/mL SPIONSs. d) Control cells that were not
incubated with SPIONSs. All scalebars are 200 xm, and images were taken using a 10x
objective.
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Based on these results, SPIONs with a dextran coating were used to investigate whether the
coating could be responsible for the inability of the cells to uptake the iron oxide particles.
The same protocol for Prussian blue staining was followed and the cells were incubated with
SPIONs for 24 h and 48 h, with concentrations ranging from 2,5-30 ug/mL. The dextran-
coated SPIONSs were successfully taken up by the LBML cells, as evidenced by the blue
pigment seen in Fig. 4.13.2. No discernible visual distinction was observed between the cells
subjected to 24 h and 48 h incubation periods. This confirms that the carboxyl-coating on the
SPION:Ss initially used, was likely the reason for the lack of internalisation of the iron oxide

particles by LBML1 cells.

2,5 u‘mL 5 u‘mL
10 u‘nL 15 u‘mL 30 u‘mL

Fig. 4.13.2 — Microscopic images of LBM1 cells after 24 h incubation with dextran-coated
SPIONs and Prussian blue staining: LBML1 cells incubated with dextran-coated SPIONs for
24 h with concentrations ranging from 2,5-30 ug/mL, followed by Prussian blue staining to
visualize the cells that had taken up the nanoparticles. 4/l scalebars are 100 um, and images
were taken using a 20x objective.

Control

As displayed in Table 4.13.1 and Fig. 4.13.2 and Fig. 4.13.3, nearly 100 % of the cells
internalised the dextran-coated SPIONs both when incubated for 24 and 48 h. Concentrations
of 2,5 ug/mL and above provided effective uptake, but satisfactory labelling was achieved
using 10 ug/mL (Fig. 4.13.2 and Fig. 4.13.3).
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Table 4.13.1 — The average number of positively stained cells following 24 h incubation
with dextran-coated SPIONSs:

Concentration | Average number of positive cells (%) | SD
2,5 ng/mL 97,33 1,3
5 pg/mL 98,88 1,09
10 pg/mL 99,58 0,52
15 pg/mL 99,58 0,58
30 ug/mL 99,76 0,41

Labelling LBM1 cells with SPIONs
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Fig. 4.13.3 — Labelling of LBM1 cells with dextran-coated SPIONs: LBM1 cells incubated
with dextran-coated SPIONs for 24 h with concentrations ranging from 2,5-30 ug/mL. The
graph shows that concentrations from 2,5 ug SPIONs per mL culture media resulted in high
uptake, both when incubated for 24 and 48 h. No significant differences were seen between
the two incubation lengths.

To evaluate the potential influence of dextran-coated SPIONs on cellular viability, a t-test
was employed with a significance level (alpha value) of 0,05 to determine whether
statistically significant differences existed in the total cell count between unlabelled cells and
cells labelled with dextran-coated SPIONSs. As displayed in Table 4.13.2 and visualized in
Fig. 4.13.4, only a slight discrepancy between the labelled cells and the control cells was seen
for almost all concentrations across both incubation times. Only one parameter displayed
discrepancy, namely cells incubated with 30 ug/mL for 48 h. Except for this one parameter,
the data, therefore, suggests that the SPIONSs did not significantly affect the cell growth or
viability at any of the concentrations or incubation times employed.

To conclude, for this cell line, a labelling concentration of 10 pg/mL and an incubation

duration of 24 h will be used for future experiments using LBM1 cells, as no significant
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differences were observed between this protocol and the alternative 48 h incubation length,

and cell proliferation was not affected by this labelling dose.

Table 4.13.2 — Unpaired t-test values to determine whether there was a statistically

significant difference between the number of cells labelled with dextran-coated SPIONs

and unlabelled cells:

Concentration

P-value 24 h incubation

P-value 48 h incubation

2,5 ug/mL 0,31 0,92
5 pug/mL 0,16 0,45
10 pg/mL 0,51 0,27
15 pg/mL 0,25 0,29
30 pg/mL 0,36 0,01

a) Number of cells following 24 h incubation
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Fig. 4.13.4 — Total number of cells following labelling with dextran-coated SPIONSs: The

total number of labelled cells following 24 h (a) and 48 h (b) incubation with dextran-coated
SPIONs with concentrations ranging from 2,5-30 xg/mL, compared to the number of control
cells to examine the cellular toxicity of the nanoparticles.

b) Number of cells following 48 h incubation
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5.0 Discussion:

Palliative management is often the treatment of choice for BM patients, as the metastatic
spread that is often seen with tumours from lung, breast, or melanoma, results in limited
treatment success and minimal improvements in patient survival. In the absence of medical
intervention, most BM patients die shortly after diagnosist®. One possible explanation for the
poor survival is likely the inability of many current chemotherapeutic agents to cross the
BBB. The search for alternative pharmacological approaches, such as the repurposing of
thioridazine, which is able to penetrate into the brain, in addition to the use of improved
model systems to fully understand the complex interplay between cancer cells and normal
brain cells, is therefore vital to improve the survival of BM patients. Thus, this master project
aimed to establish new in vitro and in vivo model systems for BM research, by investigating
the potential of different BM cell lines derived from patient biopsies, including but not
limited to, the evaluation of their proliferation properties, tumour-stromal interactions, and in

vivo tumourigenesis.

5.1 Growth Characteristics of BM Cell Lines

Four BM cell lines developed from different primary tumours were characterised in this
project. LBM1 and H16 cells, derived from lung and melanoma BM respectively, grew well
in the DMEM-ALT culture medium, while BrBM1 and BrBM2 cells, derived from breast
cancer BM, displayed a significantly reduced growth rate in DMEM-ALT in comparison to
LBM1 and H16 cells. They were therefore cultured in Advanced DMEM/F12 culture
medium supplemented with the same additives as DMEM-ALT (Table 3.1), in addition to
insulin. Insulin was added to the growth medium, as it has been reported to increase
mitogenic effects of breast cancer cells in culture'®. This improved their proliferative
potential to a limited extent, but their growth remained restricted in comparison to the lung
and melanoma cell lines. Future culturing of BrBM1 and BrBM2 cells may benefit from the
addition of estrogen to the culture medium, as the combination of insulin and estrogen has
been shown to synergistically enhance the growth of breast cancer cells in vitrol®. However,
neither BrBM1 nor BrBM2 cells expressed ER as described in section 4.9, hence, the same
favourable impact on their growth may not be observed. While optimising growth conditions
is critical to promote the ideal growth of cells, experimenting with culture conditions is a
time-consuming process that was not feasible within the project timeline, and therefore, the

focus was directed towards LBM1 and H16 cells. Further optimisation of the growth
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conditions for BrBM1 and BrBM2 cells is therefore necessary for them to be used in future

breast cancer BM research.

The focus of the project was thus to continue with LBM1 and H16, through characterising
their properties and behaviour in vitro, including evaluation of their growth patterns and
doubling time. LBML1 cells showed the strongest proliferative ability between the two. When
cultured with a seeding ratio of 1:10, the cell line required passaging after 3-4 days, even
after continuous culture beyond 10 passages. These findings position LBM1 cells as a
promising candidate for conducting research on lung cancer BM. In comparison, H16 cells
with a seeding density of 1:5 required passaging after the same number of days. However,
these cells displayed a decline in proliferation beyond passage number 29, possibly
providing a reflection of the cell health'%1! which resulted in variable data for H16 cells
when used after passage 29 (data not included). Therefore, using a low passage number is

vital when working with H16 cells.

To conclude, the overall proliferative capacities of LBM1 and H16 cells highlight the
advantageous properties exhibited by these BM cell lines, making them valuable tools for

further utilisation in model systems.

5.2 Morphological Differences

The rounded shape and short filopodia of LBM1 cells revealed morphological characteristics
similar to epithelial cells (Fig. 4.4 a), which is not unexpected given that these cells were
derived from human lung cancer BM. Despite the resemblance, LBM1 cells exhibited a
reduced differentiation with respect to filopodia compared to in vivo epithelial cells, as the
filopodia were short and scarce. In contrast, H16 cells were more rounded compared to
previously described primary melanoma cell lines, which typically display more extensive
surface projections*?. The cytoplasm of H16 cells contained structures suggesting an
abundance of e.g., rough ER, free ribosomes, mitochondria, and/or melanosomes, the
melanin-synthesizing organelles (Fig. 4.4 b). BrBM1 and BrBM2 cells were in stark contrast
to the other two BM cell lines (Fig. 4.4 c-d, respectively). The stellate morphology exhibited
by BrBM1 and BrBM2 cells has previously been documented by Kenny et. al.**3, whose cells
with similar morphology were derived from a patient with basal-like breast cancer, a subtype

of breast cancer that is widely regarded as closely associated with TNBC. Thus, these
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morphological features are not atypical for the cell type. However, the irregular and flattened
morphology made it challenging to visualize the cells under the microscope. Their flat
morphology further challenged the process of establishing optimal parameters for use in
growth assays, as the IncuCyte live imaging system did not accurately differentiate between

the cells and the background.

In conclusion, the LBM1 and H16 cells maintained a consistent morphology across
continuous passaging, enabling the establishment of a standard baseline of their behaviour
and characteristic morphological features. This implies that the cells are suitable for long-

term studies.

5.3 Strong 3D Spheroid Formation for In Vitro Modelling

The conventional 2D monolayer culturing of cells does not reveal the complex interplay
between the cancer cells and the cellular microenvironment during metastasis. Therefore, in
vitro models of both lung and melanoma BM cell lines were generated to study their ability
to self-organize into three-dimensional structures resembling the in vivo architecture, thus
providing an accessible and biologically relevant model. Spheroids seeded with 12,000
cells/well in Fig. 4.5 a and Fig. 4.6 a, demonstrate that the spheroids have a maximum size
limit, observed on day 3 for LBML1 cells and day 4 for H16 cells. This rapid saturation and
subsequent plateau phase were likely attributed to the high seeding number of cells causing a
dense core that was depleted of oxygen. This led to a state of hypoxia which ultimately
resulted in necrosis of the core, thus inhibiting further growth. Such spheroids, accompanied
by layers of quiescent cells, have been shown to be less suitable for drug toxicity assays, as
the reduced number of proliferative cells may yield unreliable results*'4. It has however,
been mathematically proven by Browning et.al., that spheroids of the same cell line seeded at
different concentrations, eventually grow to a certain maximum size, independent of the
initial number of cells used*®. Considering this, spheroids seeded at a density of 3,000
cells/well would be the most optimal for both LBM1 and H16 cells, as this number produced
stable spheroids while still allowing sufficient space for the growth and maintenance of their
shape over the span of 7 days and beyond. This seeding density should therefore be used for

subsequent experiments using these BM cell lines to generate three-dimensional spheroids.
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The spheroids seen in Fig. 4.5 b, Fig. 4.6 b, and Fig. 4.7 a and b, all exhibited an initial drop
in the spheroid surface area. This was caused by the initial aggregation of the cells into a
more dense structure over the first 24 h. It has been shown that cells initially form loose cell-
cell connections between integrins and the ECM, before forming tighter connections
between N-cadherin-to-E-cadherin interactions!'®, Once the spheroids had stabilized and
grew as a cohesive entity, they were analysed by the predetermined masking parameters in

the IncuCyte live imaging system, to measure the largest object area in the well.

For future characterization of spheroids, TEM can be utilised to image cell junctions within a
compact spheroid. Additionally, preliminary western blots can be done to detect the highest
level of E-cadherin expression across different cell lines, as this indicates a strong ability to

form tight cell-cell interactions within a spheroid?*:®.

As discussed by Friedrich and colleagues, the clinical relevance of spheroids is partly
attributed to the genetic resemblance of the clinical expression of 3D structures derived from
tumour biopsies, in comparison to 2D monolayers from the same tumour cellst’. Spheroids
derived from patient biopsy cell lines can therefore be used as a prognostic personalisation
strategy, where drugs, or a combination of drugs, can be tested to assess the best therapeutic
response ex vivo through measurements of their viability and 1Cso doses, before administering
the drug(s) to the patient'®11°, In a study by Shuford and colleagues on patient-derived
spheroids for response predictions of ovarian cancer patients, an overall prediction accuracy
of 89 % proves the relevance and potential of spheroids in predicting a patient-specific

response, before initiating treatments in the clinic!?°.

In conclusion, spheroids provide a valuable tool for drug screening and for predicting a
personalised treatment response ex vivo. Methylcellulose was not required for the spheroid
formation of LBML1 cells, as was also seen with H16 cells, as they were capable of forming
tight cell-cell interactions to form stable and consistent spheroids, which maintained their
well-organized morphology when seeded as 3,000 cells/well. The spheroid experiments
provided insight into their characteristics and behaviour in a microenvironment that closely
mimics that of in vivo tissue and demonstrated their tumour-like phenotype. Subsequent
objectives of spheroid formation using these BM cell lines, may therefore include drug

screening and efficacy testing of e.g., thioridazine, to assess their response, sensitivity, and
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resistance. Concurrently, confocal microscopy or live-cell imaging can be utilised to monitor

dynamic processes such as cellular interactions, and responses to drugs within the spheroids.

5.4 Heterogenous Spheroids Comparable to Homogenous Spheroids

A 3D coculture spheroid model was developed, consisting of BM cell lines and astrocytes, to
study if the interaction between normal cells and tumour cells would affect spheroid growth.
The heterogeneous spheroids seen in Fig. 4.7, displayed similar characteristics to the
homogenous spheroids seen in Fig. 4.5 a and Fig. 4.6 a. The heterogeneous spheroids
displayed a slightly smaller size when compared to their homogeneous counterparts, which
can be attributed to the reduced spatial niche available for the BM cells, which was occupied
by the slowly proliferating astrocytes. The closely comparable results to the homogenous
spheroids can be attributed to the highly metabolic and proliferative LBM1 and H16 cells,
evident by their rapid spheroid formation in the absence of structural support. As a result, the
BM cells outcompeted the astrocytes during spheroid formation, resulting in growth kinetics
equivalent to that seen with the homogenous spheroids. Similar observations have been made
with spheroids composed of glioblastoma cells and astrocytes®??, and pancreatic cancer cells

and fibroblasts1?2,

The spheroids composed of only astrocytes were also significantly smaller in comparison to
spheroids of LBM1 and H16 cells. This demonstrated that the NHAS have a reduced ability
to self-organize into three-dimensional structures without the additional support provided by
methylcellulose. For future heterogenous spheroids using NHAs, compounds supporting cell
aggregation such as methylcellulose or collagen, should be employed to obtain the maximal
potential 3D growth of the NHA cells. Additionally, the required nutrients of NHA may have
been absent from the DMEM-ALT culture medium used. Therefore, using an astrocyte-
specific medium supplemented with growth factors known to enhance astrocyte growth may

prove beneficial'?,

In conclusion, the addition of astrocytes to LBM1 and H16 cells did not enhance the growth
of spheroids. Rather, their presence slightly slowed the growth of the heterogeneous
spheroids, and astrocytes alone exhibited a limited ability to form three-dimensional
structures, supporting the conclusion that their presence induced suboptimal growth when

combined with BM cells.
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5.5 Thioridazine Treatment Reduces Viability of BM Cells

The antipsychotic drug thioridazine has been previously tested in our group as a novel
treatment for melanoma BM. The dopamine receptor antagonist proved strong cytotoxic
effects on melanoma BM cell lines, while NHAs tolerated similar concentrations®. Since the
drug can cross an intact BBB'241%5, and has shown anti-glioblastoma properties in a mouse
xenograft model*?®, it may be a promising adjuvant drug in the treatment of BM. Thus, in
this thesis, the effect of thioridazine was studied on an additional melanoma BM cell line

(H16), as well as a cell line generated from lung cancer BM (LBM1).

Viability assays on thioridazine-treated LBM1 and H16 cells exerted a potent cytotoxic
effect, demonstrating that the 1Cso doses for LBM1 and H16 cells were in the 10-11 uM
range. This was consistent with the findings of Taule et al., who established 1Cso doses

ranging from 9-12 uM for several melanoma BM cell lines®e,

To conclude, further investigations are needed in vitro, especially testing on a wider range of
lung cancer BM cell lines to firmly establish the efficacy of thioridazine on such tumour
cells. Also, additional in vivo experiments are needed, to establish treatment efficacy,
toxicity, and pharmacological and pharmacodynamic parameters to establish the drug as a

potential adjuvant treatment in the clinical setting.

5.6 IHC Confirms Primary Diagnoses of BM Cell Lines

Lung cancer is a complex disease with a wide range of histologic subtypes and molecular
variations. Thus, it is of vital importance to classify individual patients to determine suitable
treatments and molecular-targeted therapies. IHC was done to potentially differentiate
between cancerous and non-cancerous cells by identifying specific protein markers that are
characteristic of the cancer type, as non-cancerous cells may be collected during BM
resection. Moreover, primary tumours can express distinct immunohistological profiles
compared to secondary lesions. Therefore, it is essential to establish the marker expression
profile, particularly when variations are observed, as it can provide valuable insights into the

treatment required for the secondary tumour.

The IHC results presented in Fig. 4.9 a, showed that the LBM1 cell line was of NSCLC

origin, more specifically adenocarcinoma, which accounts for 85 % of all lung cancers*?®,
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from which 7-10 % of NSCLC patients present with BM at time of diagnosis’®. The positive
expression of CK7 confirmed that the cell line is a lung cancer BM cell line, as CK7 is a
commonly used marker for the determination of the origin of metastatic cancer tissues'?’. The
positive staining for TTF1, a highly specific marker for adenocarcinoma, conclusively
confirmed the diagnosis. Although Napsin A, another adenocarcinoma marker, was negative
in LBM1 cells, it is important to note that the presence of either marker (TTF1 or Napsin A)
can strongly indicate adenocarcinoma. Along with this, the negative staining for CK5/6 and
p63, markers for squamous cell NSCLC, in combination with the absence of the two
neuroendocrine markers, synaptophysin and chromogranin A, further supported the

diagnosis*?®.

Melan-A, HMBA45, S100 and SOX10 are all commonly used as markers of malignant
melanoma. Therefore, the combination of negative Melan-A and HMB45, in addition to
weakly expressed SOX10 and S100 (Fig. 4.9 b), was atypical in comparison to reported cases
of melanoma?®, As mentioned previously, primary tumours may exhibit a different
immunohistological profile than the secondary lesion(s). Thus, loss of expression may be a
possible explanation for the aberrant marker expression in the melanoma BM cells, as
reported in a study by Agaimy et.al., where 13 cases of metastatic melanoma showed loss of
$100, SOX10, Melan A, and HMB45 expression*?®. Agaimy et.al. described them with an
undifferentiated status or in a process of “dedifferentiation”. This phenomenon may
complicate the process of correctly identifying the melanocytic lineage, or worse, result in an
incorrect diagnosis. An alternative explanation is that melanocytic schwannoma, a rare soft-

tissue tumour, is commonly misdiagnosed as melanoma*¥,

In the case of breast cancer, IHC is used as a prognostic and treatment-response predictor.
Estrogen and progesterone receptors, as well as HER2, are markers used for this verification.
Based on the IHC results presented in Fig. 4.9 c-d, both BrBM1 and BrBM2 were classified
as TNBC, as neither cell line expressed ER, PR, or HER2, which therefore limits the
treatment options as they do not respond to a wide range of targeted therapies*®.. In
comparison to other types of breast cancer, the survival time of TNBC patients is shorter,
with 70 % of deaths occurring within 5 years of diagnosis'®?. CKk7 is expressed in the
cytoplasm of the vast majority of TNBCs but is not typically used in the diagnosis of primary
breast cancers unless secondary tumours are suspected3. Despite the lack of ER, PR and

HER?2 expression in the two breast cancer BM cell lines, the primary tumours may have
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expressed one or multiple of these receptors, as loss of expression in metastatic neoplasms is
more common than a gain of expression. This occurrence is associated with a decreased
survival rate than those exhibiting concordance between the primary and metastatic

tumours34,

In conclusion, the marker expression profiles of the four BM cell lines were determined
through IHC. With this information at hand, further characterisation of their in vitro
behaviour can be done, including e.qg., investigating the distribution of cell cycle phases using
flow cytometry, as cancer cells are known to rapidly acquire genomic mutations in
“checkpoint” genes that regulate the progression through the cell cycle'®. Further
characterisation may also include investigating their migratory and invasive properties using
e.g., a scratch wound assay, or evaluating their apoptotic reaction in response to e.g.,
thioridazine treatment using western blotting. With this information available, the BM cell
lines would be largely characterised by many fundamental behavioural properties, that

collectively hold significant value for future studies.

5.7 The Tumourigenic Potential of LBM1 and H16 Cells In Vivo

To investigate whether lung- and melanoma-derived BM cells excised from patient biopsies
would selectively metastasize to the brain in a mouse model system, the tumour cells were
injected intracardially into four NOD-SCID mice each. To examine the metastatic
progression following injection, T2W MR imaging was performed on weeks 2 and 4,
showing that three of the four LBM1-injected mice display one tumour each at the four-week
mark. This effectively indicated that LBM1 cells injected into NOD-SCID mice can
potentially serve as an animal model for lung cancer BM research. However, due to the
untimely unavailability of the MRI, scans at weeks 6 and 8 are required to conclusively
investigate its future potential. Additionally, confirmation with IHC would provide more
conclusive results by providing visualization of, and characterisation of specific proteins or

markers within the tumour tissue.

Contrary, H16-injected mice displayed no signs of intracranial tumours but were nevertheless
euthanized due to signs of discomfort and reduced mobility. This suggested that the
extracranial tumours observed during autopsy, exerted a notable impact on their overall

health, and further, intracranial tumours cannot be ruled out. Despite the lack of brain
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tumours at week 4, this does not preclude H16 cells as a possible animal model for
investigating tumourigenic potential of melanoma-derived BM cell lines. Therefore, a
repetition of the in vivo experiment should include additional MRI scans at weeks 6 and 8, to
potentially record the presence of brain tumours following injection into the bloodstream.
Furthermore, bioluminescence can be employed to visualize colonisation and growth both in
the brain and extracranial organs to better comprehend the tumour dynamics and behaviour
beyond the confines of the brain, as previously done by Thorsen et.al'3¢. Moreover, for the
sake of convenience, it is advisable to exclude male mice from future experiments due to
their tendency to behave aggressively towards one another, which can decrease the overall
sample size and thus introduce bias to the results. The aggressiveness observed has
previously been reported as a desire by the male mice to establish their own territories, from

which the inferior animals are unable to escape, leading to stress, pain and even death%’,

5.8 Isolation of Exosomes from BM Cell Lines

Exosomes were successfully isolated from LBM1- and H16-derived conditioned culture
medium. Differential centrifugation was the method of choice using an established and
validated protocol from our lab, making it easy to compare and reproduce results across
different cell lines. Immunoprecipitation may potentially produce a higher yield than
differential centrifugation by using antibodies specific to exosomal surface markers, but the
use of selected markers may limit the exosome population yielded. In addition to its higher
cost, immunoprecipitation may be better suited for studies that require the separation of

different subgroups of exosomes!%®,

The fast and effective size-exclusion chromatography (SEC) may also be an alternative due
to the high yield in combination with sample compatibility regarding high centrifugal forces
related to differential centrifugation. However, differential centrifugation allows for the
processing of larger volumes of culture medium, in addition to preventing loss of exosomes
due to adherence to other particles present in the sample or inefficient elution of the
exosomes from the SEC column. Similar observations were made in a study by Baranyai
et.al., in which the exosomal yield was intentionally reduced to minimise contamination from

albumin present in the blood plasma sample from which the exosomes were isolated*%.
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Although differential centrifugation proved to be a straightforward and successful method, it
is not without limitations related to the sedimentation rates of particles in the culture medium.
As stated by Livshts et.al., differential centrifugation is an ideal method for isolating particles
with substantial differences in sedimentation coefficients*°. EVs however, exhibit only a
slight difference in size, with exosomes typically ranging between 30-150 nm, and
microvesicles ranging between 0,1-1 um®. Consequently, it may be challenging to extract
pure exosomes due to the likelihood of other similarly sized particles being deposited
simultaneously. However, the isolated particles in this study were indeed exosomes (Figure
4.11.1), as confirmed by their average size and morphological characteristics provided by
DLS and TEM.

The irregular and rough surface visible on some of the exosomes (Fig. 4.11.1), is likely due
to the presence of transmembrane proteins such as tetraspanins, integrins or MHC proteins.
The cup-shaped morphology typically seen with TEM, is a result of the fixing and
dehydration of the exosomes prior to imaging. Thus, the exosomes were not imaged in their
native spherical state'*!. However, TEM analysis confirmed that the isolation technique
utilised, successfully isolated exosomes within the expected size range and morphology. In
future studies in our group, the exosomes will be labelled with dextran-coated SPIONSs to
serve as a contrast agent for MRI to investigate their biodistribution in vivo, as previously

done by Hu et.al.1#2,

As reported by Lyu et.al., DLS may potentially overestimate the size of the exosomes. DLS
measures transient fluctuations in the intensity of the scattered light, which is affected by the
Brownian motion of the particles in the sample. If the exosomes form larger structures by
aggregating, this Brownian motion is slowed down, distorting the signal output'43. This may
cause a substantial increase in the measured size, as the DLS is unable to differentiate
between single exosomes and aggregates, which can therefore result in a flawed output that
overestimates the size of the exosomes, as suggested in Table 4.11. It is, however, possible to
differentiate aggregates from single exosomes using TEM, so the true size of the exosomes
was confirmed by the images in Fig. 4.11.1. Although the observed sizes of the exosomes
presented in Fig. 4.11.3 a-b were slightly larger than the expected range of 30-150 nm, it is
important to note that the sizes of exosomes can vary due to size heterogeneity within a
sample, which may also contribute to variability in size measurements across the isolated

exosome batches. Therefore, the observed sizes were still considered acceptable within the
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context of the study and did not significantly impact the overall conclusions drawn from the

results previously presented.

5.9 Inconclusive Electroporation of Exosomes

While tracking of exosomes is currently a highly researched topic, the imaging aspect
exhibits some limitations. Labelling exosomes with fluorescent dyes for fluorescent imaging
is highly sensitive, but deep tissue penetration and aggregation of the exosomes induced by
the labelling dyes confines its potential'#4. Alternatively, positron emission tomography
(PET) is a sensitive modality, but the long-term tracking ability is limited by the short half-
life of radioactive tracers!4®. Therefore, SPIONSs provide an alternative regarding the
reproducible preparations using electroporation for spontaneous pore formation in exosomes,
and long-term tracking ability. With SPIONs, exosomes can be visualized in vitro and in vivo
by for example MRI*#6:147 The iron oxide core of SPIONSs has a high magnetic susceptibility
causing a local magnetic field gradient, which decreases the T2 relaxation time in adjacent
tissue'“8. This enhances the contrast of T2W MR images and allows for the visualisation of

e.g., exosomes or cells.

With its easily reproducible approach and fast processing time, electroporation may provide a
straightforward and efficient means for labelling exosomes. However, the high voltage may
cause them to aggregate or burst, altering the morphology and integrity of the exosomes, as
described by Sancho-Albero et.al.}*°. Therefore, a trehalose buffer was used for two of the
conditions (Table 3.18), as Hood et.al., revealed its protective abilities when electroporating
exosomes with 5 nm SPIONs®C. The results presented in Fig. 4.12.1 and Fig. 4.12.2 are in
accordance with the findings by Hood et.al., as some aggregation was seen with the
exosomes electroporated with the sucrose buffer in comparison to those electroporated with
the trehalose buffer, where there was minimal exosome aggregation, and their morphology
was well-preserved. To demonstrate the need for electroporation, a control group of

exosomes incubated with the SPIONs was included in the study.

The results from the electroporation of exosomes are inconclusive, as electroporated
exosomes should appear darker than non-electroporated exosomes when viewed with TEM.
The iron oxide particles absorb more electrons than the exosome membrane, resulting in a

darker appearance. It was, therefore, challenging to accurately determine the effectiveness of
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the electroporation of the exosomes depicted in Fig. 4.12.1 and Fig. 4.12.2, as the darkening
can vary by several factors such as variations in lighting conditions, image quality, and
potential overlapping colours in the samples. These factors introduced ambiguity and made it
challenging to draw definitive conclusions regarding the efficacy of the electroporation. To
provide definitive confirmation of the observations, future experiments should include a
quantitative analysis, such as spectrophotometry, to measure the absorbance of the iron oxide
particles at a specific wavelength before and after electroporation. This would provide an
objective and accurate method to quantify the incorporation of the iron oxide particles, as
opposed to relying on a subjective visual evaluation of their darkness using TEM. Due to

time limitations, these experiments were not performed in this thesis.

5.10 SPION Coating Affects Cellular Uptake

After the inconclusive results yielded from electroporation of LBM1-derived exosomes with
carboxyl-coated SPIONSs, the ability of the LBM1 cells to uptake the same particles was
assessed by incubating them with the cells for 24 and 48 h with varying concentrations. This
was followed by Prussian blue staining to examine the cellular localization and distribution of
the particles. However, as depicted in Fig. 4.13.1, the iron oxide particles were not
internalised by the cells, as no staining was observed. Consequently, this finding suggested
that the exosomes that were electroporated also failed to internalise the particles. Considering
this, a qualitative assessment of the electroporation by utilizing e.g., mass spectrometry,

would yield conclusive results at an earlier stage.

The unsuccessful attempt to induce cellular uptake of the SPIONs may be attributed to the
composition of the particle surface coating. The carboxyl-coated SPIONs used may not be
compatible with the membrane of the LBM1 cells, consequently resulting in ineffective
uptake by the exosomes. The compatibility of the SPIONs with the cells depends both on the
size and surface chemistry of the nanoparticles. The SPIONs used were 5 nm in size, and the
carboxyl-coated SPIONs were negatively charged. This specific coating may not be
compatible with the LBML cells, since cancer cells in general are known to possess a
negatively charged cell membrane due to lactate secretion in relation to increased glycolysis,
one of the cancer hallmarks®>!. SPIONs with a different surface coating such as e.g.,
polysaccharides like dextran, which is currently in commercial use as MRI contrast agents,

may provide improved stability!®2,
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Based on this, dextran-coated SPIONs were used, with the expectation that they would be
internalised by the LBM1 cells. As seen in Fig. 4.13.2, the dextran-coated SPIONs were
indeed internalised by the LBML1 cells following 24- and 48-h incubation and staining with
Prussian blue. This unequivocally confirms that LBM1 cells were not able to internalise the
carboxyl-coated SPIONS, as the same protocol was followed in the second attempt using the
dextran-coated SPIONSs. As shown in the graph in Fig. 4.13.3, concentrations as low as 2,5
ug/mL displayed labelling in close to 100 % of the cells both when incubated for 24 and 48 h.
Nevertheless, 10 ug/mL displayed the most satisfactory results and will be used in
subsequent experiments using LBM1 cells. Furthermore, the number of stained cells did not
significantly vary between the samples incubated for 24 and 48 h. Therefore, for time-saving
purposes and to minimise potential cellular toxicity, a 24 h incubation period will be utilised
in subsequent experiments. As illustrated by Fig. 4.13.4, there was no statistical difference in
the number of cells between those labelled with SPIONs and the controls, with the exception
of those incubated with 30 pug/mL for 48 h. Thus, as SPIONs may induce accumulation of
ROS in response to digestion of their coating, thus exposure to iron oxide'®3, a more
comprehensive evaluation of these SPIONs should be included in future experiments. By
measuring the viability of the cells following addition of the nanoparticles at varying
concentrations, the toxicity of the SPIONs can be measured more accurately, and a maximum
concentration yielding the greatest uptake can be determined. This has previously been done
by Sunstrgm et.al., who demonstrated that a range of melanoma BM cells did not display any
changes in viability with increasing SPION concentrations up to 15 pg/mL*™, It is, however,
worth noting that according to the literature, higher labelling concentrations are often used,

such as in the article by Sibson et.al*®,
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