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Résumé

Introduction: Le mélanome est le type de cancer de la peau le plus fréquent et les métastases du
systeme nerveux central en sont une complication fréquente et grave. Les cellules de mélanome
interagissent avec une grande variété de types de cellules dans le microenvironnement tumoral
(MET), ce qui peut entrainer des effets pro- ou antitumoral. Plusieurs voies immunosuppressives
ont été récemment découvertes comme des cibles médicamenteuses prometteuses, notamment
la voie de I'adénosine. L'adénosine extracellulaire s'accumule dans le MET suite a I'hydrolyse de
I'ATP par les ectonucléotidases CD39 et CD73. Les principaux régulateurs de la voie de I'adénosine

sont CD39, CD73, et les récepteurs A2a et A2b.

Matériel et Méthodes: Pour caractériser spatialement le MET des métastases cérébrales du
mélanome (MCM), nous avons quantifié I'expression de 35 marqueurs protéiques a l'aide du time
of flight (CyTOF) Imaging Mass Cytometry (IMC) dans 21 MCM, et segmenté et classé plus de 130
000 cellules. Ensuite, pour évaluer les effets du ciblage du récepteur A2b et du CD73 dans la voie
de I'adénosine sur le développement du mélanome, nous avons utilisé les tests de prolifération

IncuCyte et MTS pour évaluer la prolifération des cellules de mélanome.

Résultats: Dans notre ensemble de données, les caractéristiques immunitaires du MET étaient
hétérogenes dans tous les échantillons et le type de cellule le plus courant apres les cellules
cancéreuses du mélanome était les macrophages dérivés de la moelle osseuse (MDMO). Les
échantillons a propagation leptoméningée avaient significativement moins de neutrophiles, de
MDMO de type M1, d'autres cellules T et plus de cellules cancéreuses dans leur
microenvironnement. Nous avons observé que la stimulation du récepteur A2b a un effet

antiprolifératif sur les cellules cancéreuses du mélanome.

Conclusion: Cette recherche met en évidence le réle du MET dans la progression du mélanome
et I'importance du MET comme base pour le développement de nouvelles thérapies pour les

patients atteints de cancer.

Mots-clés : Mélanome, Cancer, Métastase, Voie de I'adénosine, Microenvironnement Tumoral,

CyTOF IMC, Récépteur A2b, CD39, CD73, Test de prolifération.



Abstract

Background: Melanoma is the most frequent type of skin cancer and metastasis to the central
nervous system is a common and serious complication of it. Melanoma cells interact with a wide
variety of cell types in the tumor microenvironment (TME) which can lead to tumor-promoting
or tumor suppressive effects. Several immunosuppressive pathways have emerged as promising
drug targets, including the adenosine pathway. The extracellular adenosine accumulates in the
TME as the result of ATP hydrolysis by the ectonucleotidases CD39 and CD73. Key regulators of
the adenosine pathway are CD39, CD73, A2a and A2b receptor.

Methods: To spatially characterize the TME of melanoma brain metastases (MBM), we quantified
the expression of 35 protein markers using time of flight (CyTOF) Imaging Mass Cytometry (IMC)
in 21 MBMs, and segmented and classified over 130 000 cells. Then, to evaluate the effects of
targeting the A2b receptor and CD73 in the adenosine pathway on the development of
melanoma, we used the IncuCyte and MTS proliferation assays to assess the proliferation of

melanoma cells.

Results: In our dataset, the immune landscape of the TME was heterogeneous across all samples
and the most common cell type after melanoma cancer cells were bone marrow derived
macrophages (BMDM). Samples with leptomeningeal spread had significantly less neutrophils,
M1-like BMDM, T other cells and more cancer cells in their microenvironment. We observed that

stimulation of the A2b receptor has an antiproliferative effect on melanoma cancer cells.

Conclusion: This research highlights the role of the TME in the progression of melanoma and the

importance of the TME as grounds for development of new therapies for cancer patients.

Keywords: Melanoma, Cancer, Metastasis, Adenosine Pathway, Tumor Microenvironment,

CyTOF IMC, A2b receptor, CD39, CD73, Proliferation assay.
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1. Chapter 1 — Introduction

1.1 Tumor Microenvironment

Over the last few years, multiple ground-breaking discoveries have shown that the tumor
microenvironment (TME) plays a pivotal role in tumor development which has sparked the
interest of multiple researchers across the world (1). Of upmost importance, the targeting of
specific components of the TME could constitute the grounds for development of new therapies
for cancer patients. The TME is composed of various elements such as stromal fibroblast cells,
blood vessels, cancer cells, immune cells, and the extracellular matrix amongst others (2).
Immune cell infiltration with cells like B cells, T cells, natural killer (NK) cells, macrophages,
neutrophils, and dendritic cells, have been shown to be key players in the TME after extensive
investigations (2). For example, in a study by Gentles et al. (2015) realized to evaluate the
prognostic effect of the aforementioned cell types, they analyzed the link between overall
survival and the immune infiltration of 5,782 tumors originating from 25 different types of cancer.
The infiltration of the cells was analyzed using tissue microarray analysis, flow cytometry, and
H&E staining of tumor tissue sections for morphological analysis. In their study, gamma delta T
cells and CD8 T cells were associated with a favorable prognosis and macrophages were

associated with an adverse prognosis (3).

One of the most abundant immune cell infiltrates in the TME of most tumors are macrophages.
They are categorized into two subtypes: M1-like and M2-like (4). M1-like type macrophages, also
called classically activated macrophages, have a tumor suppressive effect and mediate pro-
inflammatory processes in the TME. M2-like type macrophages, also called alternative activated
macrophages, have a tumor growth promoting effect and promote metastasis (4). However,
recent studies show that using this dichotomic approach has its limitations and is an
oversimplification of these cells, as macrophages can switch phenotypes in response to stimuli in
the environment (5). This phenotype switch can be triggered by lipopolysaccharide and
interferon-y which stimulates macrophages into M1 phenotype, and cytokines such as IL-4 and

IL-13 which stimulates macrophages into M2 phenotype (5). Additionally, it has been observed
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that macrophages accumulate in tumors that underwent therapeutic treatments, such as
chemotherapy, radiotherapy, or anti-VEGF therapy. This can lead to therapy resistance, but the

exact mechanism is unknown (1).

Another abundant cell type in the TME are neutrophils, which are granulocytic cells. In tumors,
the role of neutrophils is controversial. Some studies suggest that tumor associated neutrophils
have an anti-tumoral effect and can inhibit metastasis (6-9). On the other hand, some studies
have shown that tumor associated neutrophils have a pro-tumor effect by promoting
angiogenesis and migration of cells (10-12). This controversy can be explained by the fact that
neutrophils can switch phenotypes depending on the environment and undergo alternative
activity. For instance, transforming growth factor-b in their environment can promote
neutrophils to have pro-tumor properties whereas the presence of interferon-b or the inhibition
of transforming growth factor-f# can promote neutrophils to have anti-tumoral properties (13,
14). Also, it has been observed that in the peripheral blood, a high ratio of neutrophils to
lymphocytes could be associated with poor survival in various cancers such as esophageal, lung,
pancreatic, colorectal, and liver cancer (15). In a study by Gungabeesoon et al. (2023), they found
that neutrophils that acquire interferon gene signature are essential for successful
immunotherapy for lung cancer (16). This anti-tumor function of neutrophils was attributed to
BATF3-dependent dendritic cells, IL-12 and INF-y. They also found that following anti-PD-1
treatment, there was a neutrophil increase in the TME which led to activation of T cell mediated
tumor killing near blood vessels in the tumor stroma (16). In a study by Ager (2023), it was found
that anti-PD-1 treatment breaks tolerance of cancer cells and increases the effectiveness of the

endogenous killer T-cell response (17).

1.2 Tumor microenvironment of brain metastasis

The TME of brain metastasis differs compared to its primary tumor. The central nervous system
is composed of a relatively immune privileged environment because of the blood-brain barrier
(18). The blood-brain barrier is made up of endothelial tight junctions which restricts the passage

of blood borne cells and substances like ions and solutes. The tight junctions in the capillaries are
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regulated by highly specialized proteins that are modulated via complex intra and extracellular
signaling pathways. The presence of tissues-resident cell types, the extracellular matrix, and the

blood-brain-barrier contribute to the differences in the microenvironment of the brain (18).

Astrocytes are glial cells and are the most abundant cell type in the brain, representing around
50% of all brain cells and they play a role in modulating synaptic activity (19). They are vital for
homeostasis and provide support for other cells such as neurons and endothelial cells (5). In
MBM, astrocytes play a role in tumor invasion by the release of heparinase, IL-23 and neutrophins
(20-22). Glial Fibrillary Acidic Protein (GFAP) is commonly used as a marker to identify astrocytes
but has limitations since it doesn’t mark the cell population in its entirety (23). As explained by
Nolte et al. (2001), GFAP mRNA can be produced in multiple cells, but it is not always transcribed.
When GFAP is used in immunohistochemistry to mark astrocytes, only the intermediate filament
cytoskeleton of mature astrocytes is labelled. Therefore, only regions of the brain that express

intermediate filament protein will be labelled and not the rest thus limiting its use (24).

In brain tumors, macrophages represent the largest population of immune cells and up to 30%
of the tumor mass (18). Several different populations of macrophages are found in the
microenvironment of the brain such as tissue-resident microglia and bone marrow-derived
macrophages (BMDM) (18). Microglia are sessile macrophages and play an important role in the
innate immune system of the brain. Studies have shown that they can have tumor-suppressive
functions as well as tumor-promoting functions (5). Circulating monocytes can be recruited to
the brain in pathological conditions and give rise to BMDM. More research is needed to analyze

if the role of resident microglia and BMDM are similar (18).

T cells are usually rare in the brain microenvironment but during pathologic conditions they can
migrate to the brain (5). Depending on the T cell type, they can express a tumor-suppressive or
tumor-promoting effect. Studies have shown that tumor-suppressive T cells are CD3 positive,
cytotoxic CD8-positive and CD45RO-positive T cells, hence their presence in the brain
microenvironment has been associated with a better overall survival. Tumor-promoting T cells

are FoxP3-positive and PD1-positive T cells (5).
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1.3 Melanoma

The most aggressive type of skin cancer which is responsible for the most skin cancer related
deaths is melanoma. In Canada, melanomas represent 3.8% of all new cancers for men and 3.3%
for women. It is estimated that one in 42 men and one in 52 women will develop melanoma
during their lifetime (25). In the USA, it is estimated that melanoma of the skin represents 6% of
all new cancers in men and 5% in women (26). According to the American Cancer Society,
melanoma represents about 1% only of all skin cancers (27). In Canada, non-melanoma skin
cancers (NMSC) represent 28% of all new cancers. Common NMSCs include basal cell carcinomas
and squamous cell carcinomas which represent 77% and 23% respectively of all NMSCs (28).
Melanomas however, despite not having the highest incidence rate, have the highest mortality
of all skin cancers (26). According to the American Cancer Society cancer facts & figures 2022
analysis, the 5-year survival for all SEER stages combined is 93%. The 5-year survival rate by stage
of diagnosis in the USA is 99% for local melanomas that are confined within the original site. For
regional melanomas that invade surrounding tissues, or invades lymph nodes, or both, the
survival rate drops to 68%. Distant melanomas, meaning the metastasis have spread to distant
sites from the original site, have a 5-year survival rate of 30% (26). On the other hand, most NMSC
can be cured especially if detected and treated early, with deaths related to them being
uncommon in otherwise healthy individuals (26, 29). According to the Canadian Cancer Society,
the 5-year survival rate for basal cell carcinomas is 100%, and 95% for squamous cell carcinomas

(30).

Despite prevention campaigns, the incidence of melanoma has steadily increased throughout the
years and is continuing to rise (31). In Canada, from 1984 to 2017, the incidence rate has

increased by an average of 2.2% and 1.4% per year for male and female, respectively (32).
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Table 1. WHO classification of melanoma.

Type Description

Cumulative solar damage High-CSD include lentigo maligna melanoma,
desmoplastic melanoma

Low-CSD include superficial spreading melanoma

Not associated with cumulative solar damage Acral melanoma, mucosal melanoma, uveal
melanoma, splitz melanoma, melanoma arising
from congenital nevi or blue nevi
Nodular melanoma Can occur in Cumulative solar damage or

Not associated with cumulative solar damage

Melanoma arises from transformed melanocytes which are found in the basal layer of the
epidermis of the skin. Their primary function is to protect the skin from ultraviolet radiation by
producing melanin, which is responsible for the pigment of the skin, hair, and eyes. One of the
major environmental risk factors for developing melanoma is the exposure to harmful ultraviolet
radiation (33). Previously, melanoma was classified into anatomical subtypes based on the
location of the primary tumor. The four main types of melanomas were superficial spreading,
nodular, lentigo maligna and acral lentiginous (34). In 2018, the World Health Organization
(WHO) revised its classification and melanoma is now classified into nine distinct subtypes based
on histological, genomic, clinical, and epidemiologic characteristics (35). With this new
classification, melanomas are first divided into three categories: those with cumulative solar
damage (CSD), those not associated with cumulative solar damage, and nodular melanoma
(Table 1). The cumulative solar damage category is then further divided into high and low
cumulative solar damage according to the histopathologic degree of solar elastosis surrounding
the melanoma. Melanomas with high-CSD include lentigo maligna melanoma and desmoplastic
melanoma. Low-CSD types include superficial spreading melanoma. The “not associated with
cumulative solar damage” category includes acral melanoma, mucosal melanoma, uveal
melanoma, splitz melanoma, and melanoma arising from congenital nevi or blue nevi (34).

Melanoma can metastasize to various organs such as liver, skin, lungs and brain (36).
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1.4 Melanoma brain metastasis

The development of metastasis to the central nervous system is a common and serious
complication of melanoma. Brain metastases occur most commonly in patients with lung cancer,
breast cancer and melanoma, respectively (37). The exact incidence of MBM is uncertain but, in
previous studies, it has been observed that around 50% of patients with stage IV melanoma
develop brain metastasis. During autopsies, it has been discovered that around 80% of patients
have central nervous system involvement (38, 39). Brain metastasis may arise in different parts
of the brain such as the parenchyma, dura mater and leptomeninges (40). Historically, the overall
survival for patients with MBM was very poor, with a median survival of approximately 4 months
from metastasis diagnosis. However, with the development of systemic therapies, such as
immune checkpoint inhibitors, survival rates have improved drastically, but still, not all patients

respond favorably (38). New immunotherapies will be discussed later in the paper.

The TME of MBM has not yet been well-characterized and little is known about the specific
immunologic components. One major challenge of targeting the MBM TME is to be able to
differentiate pro-tumor cells and normal cells in order to avoid side effects of targeting normal
healthy cells (1). An in-depth understating of the MBM TME is needed to develop drugs for
therapeutic targeting of the MBM TME.

1.5 Leptomeningeal disease

A subset of patients with brain metastases have involvement of the leptomeninges and
cerebrospinal fluid, known as leptomeningeal spread (41). Leptomeningeal disease, also known
as neoplastic meningitis, is defined as the infiltration of tumor cells in the leptomeninges of the
brain, spinal cord, and cerebrospinal fluid (42, 43). It is a late-stage complication of systemic
cancers (41). Leptomeningeal disease is associated with rapid disease progression and a poor
prognosis with an overall survival of 4-6 weeks without treatment and 3-5 months with treatment
(41, 44). The leptomeninges are part of the meninges and includes the arachnoid and pia mater,

with the cerebral spinal fluid being present between the two layers (41, 42). The three most
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common tumors associated with a higher risk of developing leptomeningeal disease are breast
cancer, lung cancer and melanoma, which occurs in 10-25%, 3-5% and 5% of patients respectively
(45-47). The pathogenesis of leptomeningeal spread is not fully understood. Some studies have
suggested that leptomeningeal spread occurs via hematogenous spread (48). Patients often
presents with non-specific symptoms such as headaches, nausea, vomiting and cranial nerve
palsies making leptomeningeal spread hard to diagnose, and resulting in a late-stage diagnosis

(48).

1.6 Melanoma brain metastasis standard of care

The standard of care for metastatic brain melanoma is local treatment, either surgery or radiation
(49). Surgery is used for symptomatic and large metastasis (49). Often, radiotherapy follows, to
decrease risk of metastasis recurrence. There are different types of radiotherapy: stereotactic
radiosurgery and whole-brain radiotherapy. Whole-brain radiotherapy is mostly used for
palliative care (50). In a study by Hong et al. (2019), researchers have shown that whole-brain
radiotherapy does not offer clinical benefit regarding distant intracranial control and survival
(51). In addition, most patients also receive systemic treatments, such as chemotherapy,
targeted therapy, or immunotherapy. However, existing treatments have significant limitations,

and more work needs to be done to find more effective treatments.

1.7 Immunotherapy

Recent findings on the TME have led to the discoveries of novel targets and improvements of
cancer therapies. This has been seen especially with immunotherapies that potentiate host
antitumor immune responses. Immunotherapy is a new type of systemic treatment that has been
proven to be effective in treating metastatic melanoma (52). There are different types of
immunotherapies and one of the current therapies used in melanoma is immune checkpoint

inhibitors (ICI). ICl inactivates checkpoint proteins on the surface of tumor cells and thus allow T
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lymphocytes to perform their role of tumor suppression (53). An example of a checkpoint protein
that is found on the surface of tumor cells is the Programmed death-ligand 1 protein (PD-1). PD-
1 directly attenuates T cell receptor signaling by acting in a negative feedback loop. PD-1 thus
acts as a negative signal to attenuate T cell response. Since immune checkpoint receptors can
attenuate the T cell response that is needed to combat cancer, an ICI like anti-PD-1 can inhibit
PD-1’s actions and thus allow T cells to attack the tumor cells (54). Another ICl example is anti-
CTLA-4 (anti-cytotoxic T-lymphocyte-associated protein) which is reported to have similar

properties to PD-1 (54).

ICI combined with anti-PD-1 and anti-CTLA4 antibodies can produce a long-term durable
response for around 50% of melanoma patients (53). Unfortunately, not all patients respond to
this type of therapy. This is a reason why characterizing the tumor microenvironment of
melanoma brain metastasis is important to better understand why some patients respond

favorably to ICI while others do not.

1.8 Time-of-flight (CyTOF) Imaging Mass Cytometry (IMC)

Traditionally, conventional immunochemistry has been used in the field to characterize cell-cell
interactions. However, immunochemistry is limited in terms of number of simultaneous
fluorochromes that can be used, which is less than 10 at once, due to overlapping emission
spectra (55). CyTOF IMC allows multiplexed analysis of up to 40 markers at a time for a given
tissue section (56). CyTOF IMC technology is used to spatially map the TME and to better
understand tumor-immune interactions with an unprecedented level of detail by combining

principles of mass spectrometry and flow cytometry.

In order to discover factors indicative of positive prognostic in immunotherapy treatments of
metastatic melanoma, Martinez-Morilla et al. (2021) used IMC to quantitatively measure 25
markers simultaneously. They have successfully identified a series of biomarkers in the TME and
the stroma that are associated with a better response to immunotherapy such as MHC-I, B2M,

CD8 and LAG3 amongst others (57). CyTOF IMC technology has been used successfully in multiple
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studies to characterize cell-cell interactions in melanoma TME. In a study by Moldoveanu et al.
(2022), CyTOF IMC was used to spatially map the TME of melanoma patients (58). They used 35
simultaneous markers and profiled over 220 000 individual cells where they were able to identify
and spatially characterize interactions between melanoma cells, lymphocytes, macrophages, and
stromal cell populations. They found that proximity of antigen-experience cytotoxic T cells to
melanoma cells were associated with a favorable response to ICI therapy. With the help of
multiplex single-cell technology, the spatial cell-cell interactions within the TME were quantified
and underlines the potential of CyTOF IMC in understanding immune responses. In a study by
Tantalo et al. (2021), CyTOF IMC was successfully used to describe description of melanoma
tumor-infiltrating lymphocytes at a greater depth than would otherwise have been possible with
conventional techniques. This allowed them to detail the activation status, functional
polarization and analyze a variety of cellular parameters (59). In a study by Karimi et al. (2023),
they used CyTOF IMC to characterize 1.1 million cells of high-grade melanomas and brain
metastasis tumors and successfully described key elements in the TME associated with a better
survival in patients (60). Amongst others, these studies highlight the potential of CyTOF IMC as

an effective tool to quantify and characterize the TME in melanoma patients.

1.9 The adenosine pathway

The adenosine pathway is considered a key immune checkpoint in tumor immunity and could
potentially become a new drug target for melanoma patients. In different cancer types, it has
been found that adenosine has roles in the pathological process of cell proliferation,
angiogenesis, cell growth, apoptosis, and immune responses (61, 62). Adenosine is a purine
nucleoside, and it is produced in the intracellular and extracellular environment. Intracellularly,
adenosine is produced from AMP hydrolysis by either intracellular 5’-nucleotidase or S-
adenosylhomocysteine (63, 64). Extracellular adenosine is mainly regulated by enzymes such as
CD39 and CD73, which respectively degrade ATP into ADP and AMP, and AMP into adenosine
(Figure 1) (65). The extracellular adenosine produced by CD39 and CD73 interacts with four G-
protein-coupled receptors: A1, A2a, A2b and A3 (63, 66).
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These adenosine receptors are found on various cell types, including melanoma cancer cells, and
their effect is concentration dependent (67, 68). They are also found on various immune cells
that have a crucial role in cancer pathogenesis such as macrophages, myeloid-derived suppressor
cells, NK cells, dendritic cells, T cells, regulatory T cells and others (68). A1 and A3 receptors are
of the Gi/0 type. The Gi type inhibits adenylate cyclase activity causing a decrease in cAMP
production which leads to inhibition of protein kinase A (PKA). The GO activity activates
phospholipase-C (PLC) which leads to the production of inositol-tri-phosphate (IP3) and diacyl-
glycerol (DAG) (69). A2a and A2b are of the Gs type, activate adenylate cyclase and increase AMP
thus activating PKA and increasing IP3 and DAG (70, 71). A2b and A3 receptors can also activate

Gq type proteins and activate phospholipase C which will increase cAMP (72).

O

Tumor cell
proliferation

Figure 1. The adenosine pathway. In the microenvironment of the tumor, the extracellular
adenosine accumulates as the result of ATP hydrolysis by the ectonucleotides CD39, CD73. The
adenosine pathway is regulated by CD39, CD73 and the activation of the A2b receptor. CD39
transforms ATP into ADP and AMP. CD73 transforms AMP into Adenosine. Adenosine binds to its
receptors Al, A2b, A2a and A3.
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1.9.1 The role of the adenosine pathway in cancer pathology
A study by Dastjerdi et al. (2016) found that Al adenosine receptor stimulation by agonists
dramatically decreases cancer cell apoptosis via the downregulation of p53 and caspases 3, 8 and

9 in MCF-7 breast cancer cells (73, 74).

Activation of the A2a adenosine receptors leads to immunosuppression via the inhibition of
nuclear factor kappa B (NFkB), T cell receptor (TCR) and JAK-STAT signaling pathways (75). In a
study by Ohta et al. (2006), it was shown that A2a receptor activation protects tumors from anti-
tumor T cells (76). This immunosuppressive effect is known to be a hallmark of cancer and to
promote cancer progression (76). However, in a study by Merighi et al. (2002), it was found that

A2a can also mediate melanoma cell death in humans (77).

The A2b adenosine receptor is known to have a role in the pathogenesis of human cancer and
has functions in metastasis and tumor progression (78). In a study by Stagg et al. (2010), it was
found that activation of A2b adenosine receptor promoted spontaneous lung metastasis of
breast cancer (79). In a study by Mittal et al. (2016), it was found that the addition of an A2b
adenosine receptor inhibitor decreased metastasis (80). This pro-metastatic activity was found
via A2b knocked down mice where metastases were reduced compared to the mice with a
functioning A2b receptor. They also found that in tripe-negative breast cancer cell lines, a higher
expression of A2b adenosine receptors is associated with promotion of tumor metastasis and
thus a worse prognosis (80). In a study on oral squamous cell carcinoma by Kasama et al. (2015),
it was found that the A2b receptor is upregulated when compared to normal oral keratinocytes
(81). When they knocked down the A2b receptor, they saw a significantly higher inhibition of
cellular proliferation via hypoxia inducible factor 1 alpha (HIF-1 alpha) activation thus highlighting
the pro-tumoral effect of A2b (81). Similar results suggesting A2b’s tumor cell proliferation
effects has been found by other studies as well in colon cancer (82), prostate cancer (83, 84), and

bladder cancer (85).

Conversely, some studies suggest that A2b adenosine receptor activation may have anti-tumoral

effects via it’s ligand-independent anti-inflammatory effects (78). In a study by Sun et al. (2012),
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they suggest that this paradoxical function of anti-tumoral and anti-inflammatory functions might
stem from interactions with ligand-independent molecules like the p105 subunit of NFkB with
the A2b adenosine receptor (86). They found that the binding of the p105 subunit to the C-
terminal of the A2b receptor inhibits NFkB activation and led to a decrease in IL-10, increase in
IL-12 and tumor necrosis factor (TNFa). In melanoma specifically, it has been found that IL-10
expression by primary tumor cells is correlated with melanoma progression and metastasis (87).
In a study by Yue et al. (1999), it was found that IL-12 directly up-regulated the expression of HLA
class | and Il and ICAM-1 on human melanoma cells resulting in an increased immunogenicity
(88). In regards to TNF-alpha, this molecule can have both pro-tumoral and anti-tumoral effects
in melanoma (89). In other studies, adenosine deaminase has been found to promote T cell
activation via the interaction of CD26 and the A2b adenosine receptor (90). These opposing
functions of the A2b adenosine receptor require deeper investigation to elucidate the conditions

and molecules necessary for the different functions of this receptor.

In breast cancer stem cells and renal cancer cells, it’'s been found that activation of the A3
adenosine receptor by CI-IB-MECA will inhibit cell growth and cause apoptosis via the inhibition
of ERK1 and ERK2 protein kinases (91-93). In a study by Kanno et al. (2012), it was found that
addition of adenosine to human bladder cancer cell lines caused cell apoptosis via the
upregulation of AIF expression by the A3 receptor mediated Gq protein and PKC pathway (94).
They also found that A3 receptor knocked-down mice and addition of A3 adenosine receptor
inhibitor causes increased cell growth compared to mice with a normal functioning A3 adenosine

receptor (94).

1.9.2 The importance of the adenosine pathway in melanoma
It has been shown that tumors have more CD39 and CD73 in their microenvironment because of
tissue hypoxia which results in the accumulation of adenosine in the TME (95). Adenosine can

have both anti-tumoral and pro-tumoral effects depending on which adenosine receptor is
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activated (77, 96). There are multiple studies that focus on the adenosine pathway as a potential

target in multiple cancers, including melanoma (97-100).

In a study by Young et al. (2017) on patients with American Joint Committee on Cancer (AJCC)
stage lll melanoma, it was found that CD73 expression was correlated directly with patients
presenting with nodal metastatic melanoma (100). Multiple studies have found an association
between CD73 and a worst prognostic with reduced response to therapeutics (101-104). In a
study by Reinhardt et al. (2017), they found that induction of CD73 is linked to melanoma
phenotype switching to an invasive phenotype (105). This phenotype switching was secondary
toimmunosuppressive adenosine secretion caused by CD73 activation which led to the activation
of the c-Jun/AP-1 transcription factor complex. Presence of CD73 can be used as a marker for

nascent activation of the EMT-like invasive melanoma phenotype (105).

Activation of the Al adenosine receptor will stimulate chemotaxis and motility of melanoma
cells. Its activation will also increase expression of pro-angiogenic factors like vascular endothelial
growth factor receptor (VEGF-R) and stimulate macrophage tumor infiltration (106). Activation
of A2a receptors will inhibit tumor growth by decreasing cell viability and inhibition of cell clone
formation in melanoma cells. Via PKC and MAPK, it will also increase cell proliferation (77). In a
study by Sorrentino et al. (2015), it was found that activation of A2b receptors will increase tumor
VGEF-A production and tumor growth (107). They used Bay60-6583 as a selective agonist for A2b
adenosine receptors and found a significantly increased tumor VGEF-A expression, vessel density
and accelerated tumor growth. They also blocked the A2b receptor with PSB1115 which resulted
in a significant decrease in tumor growth via the inhibition of tumor angiogenesis and increasing
T cell numbers in the TME (107). Similar results have been found in other studies (108). A3
receptor activation will inhibit melanoma growth. It increases melanin expression and DOPA
oxidase activity in melanoma cells. Finally, A3 also causes Ang-2 accumulation and increases HIF-

1 alpha expression (109).
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2. Chapter 2 — Hypothesis and specific aims

Despite recent research efforts, little is known about the specific immunologic components of
the tumor microenvironment of melanoma brain metastasis which is needed to later develop
novel therapeutic avenues. The first aim of this thesis was to characterize and describe the
microenvironment of MBM using imaging mass cytometry technology and optimize antibodies
of the adenosine pathway (CD73 and A2a) for CyTOF IMC. Additionally, the adenosine pathway
has been found to be a key immune checkpoint in tumor immunity in multiple cancer types. Our
second aim was to examine the effectiveness of targeting specific components of the adenosine
pathway on the development of melanoma. Specifically, to determine if the A2b receptor and
CD73 have a proliferative effect in melanoma cancer cells. We hypothesize that A2b receptor and
CD73 have a pro-proliferative effect in melanoma cancer cells. A deeper understanding of the

adenosine pathway could potentially lead to new drug targets for melanoma patients.
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3. Chapter 3 — Materials and Methods

3.1Aim1

3.1.1 Sample procurement

A cohort of 21 patients underwent surgical resection of melanoma brain metastasis from 2009
to 2019. The brain metastasis samples were procured from the tumor core or the tumor margin
from the McGill University Health Center (MUHC) biobank following ethical approval. The clinical
data was obtained from pathological and surgical reports for all patients. Clinical information was

de-identified to respect confidentiality.

3.1.2 Immunostaining and IMC acquisition

The first step is designing a tissue microarray (TMA) slide. Immunostaining for all slides was
performed by an affiliated laboratory (protocol on request). The panel was developed in
collaboration with an affiliated laboratory. The panel was created to be able to characterize the
melanoma brain microenvironment. The panel includes, lymphoid lineage markers, myeloid
lineage markers, compartment markers and functional markers. Afterwards, the TMA is stained
with a panel of 35 antibodies previously conjugated with heavy metal isotopes. The complete list
and details of individual antibodies used in the panel can be found in supplementary table S1. All
the antibodies used in this panel were previously validated to confirm specific binding and
adequate staining. The TMA slide is then inserted into the CyTOF machine, and a laser ablates
the tissue sample one micrometer square at a time (Figure 2A). This creates an ionized isotope
plume that is picked up by a mass cytometer. This gives us the counts for the number of isotopes
present in each image. Each image generated corresponds to one marker. IMC Data was acquired

using the Hyperion Imaging System (Fluidigm). A total of 48 images were acquired.
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Neutrophils MPO+
Natrual Killer ~ CD94+
Dendritic cell CD11c and HLA-DR+
Endothelial CD31+
Astrocytes GFAP+
Tc CD3+/CD8+
Th CD3+/CD4+/Foxp3-
Treg CD3+ CD4+ Foxp3+
T other CD3+, CD8-,CD4-
M1-like BMDM CD68+/CD163-/P2Y12-
M2-like BMDM CD68+/CD163+/P2Y12-
M1-like MG CD68+/CD163-/P2Y12+
M2-like MG CD68+/CD163+/P2Y12+
Cl Mo CD14+/CD16-
Non-Cl Mo CD14-/CD16+
Int Monocyte CD14+/CD16+
Others All -

Figure 2. Multiplex CyTOF IMC used to characterize the melanoma brain metastasis

microenvironment. A) lllustration of the CyTOF IMC workflow used in our study: (1) TMA was

stained with 35 antibodies that were previously conjugated with heavy metal isotopes (2) Tissue

slides were then laser-ablated 1 um? at a time in order to create an ionized isotope plumes that

is then analysed by the mass cytometer. (3) Each image in the stack corresponds to one antibody

marker and together it creates a 35-layer image-stack. B) List of markers that define the 19 cell

types.

3.1.3 Cell segmentation and cell type classification

Cell segmentation was done using a computer algorithm that automates the detection of cells.

This algorithm was developed by an affiliated laboratory (protocol on request) (60, 110).
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To classify our cells (figure 3A), we first started with a marker for cancer which included cells that
were positive for PMEL, MelanA and /or PanCK. After, CD68+ cells were used to define microglia
and macrophages. P2Y12 was used to distinguish microglia (MG) and bone marrow-derived
macrophages cells (BMDM). If cells were positive for P2Y12 and positive for CD163, they were
classified as M2-like MG. If cells were positive for P2Y12 and negative for CD163, they were
classified as M1-like MG. Cells that were negative for P2Y12 and positive for CD163 were
classified as M2-like BMDM. If cells were P2Y12 and CD163 negative, they were classified as M1-
like BMDM. After, cell that were negative for CD68 were further classified. Cells that were
positive for CD3 were classified into T cells. Cells that were positive for CD8 were classified Tc.
Cells that were negative for CD8, positive for CD4 and positive for FoxP3 became regulatory T cell
(Treg). Cells that were negative for CD8, positive for CD4 and FoxP3 negative became T helper
cell (Th). Cells that were CD8 negative, CD4 negative became T other. Cells that were CD20
positive became B cells. MPO positive cells became neutrophils. CD94 positive cells became NK
cells. Cells that were CD16 and/or CD14 positive were classified into Monocytes. Monocytes were
than subdivided into Cl monocytes (CD14 positive, CD16 negative), Int Monocytes (CD13 positive,
CD16 positive) and non-Cl Monocyte (CD14 negative, CD16 positive). CD11c and HLA-DR positive
cell were classified into dendritic cells.CD31 positive cells became endothelial cells. CD115
positive cells became mast cells. GFAP positive cells became astrocytes. Cells that did not express
any of markers or lacked signal were classified as others (figure 3A). Finally, CD117 was included
to identify mast cells. However, this gene is known to be amplified in melanoma cells, hence, it
was not possible to use this marker to identify mast cells in the melanoma samples. Mast cells
could have been CD117+ cells and melanoma negative therefore, we have decided to exclude
this cell type from our analysis to avoid signal overlap and have added the cells to the “other”

cell type.

3.1.4 Cell presence-absence analysis
For every cell type, we determined the presence or absence using a threshold of 20 cells per

sample. The cell type was considered “present”, if the cell type contained at least 20 cells and
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the cell type was considered “absent” if the number of cells was below the threshold of 20. A

threshold of 20 cells per sample was used based of our lab’s previous findings (58).

3.1.5 Survival analysis

We performed 3 survival analyses. First, we compared survival between sex (female and male).
Secondly, we compared survival between age groups (under 60 years old and over 60 years old).
Thirdly, we compared survival between leptomeningeal spread status (with leptomeningeal
spread and without leptomeningeal spread). Kaplan-Meier curves were plotted in R. P values

were calculated using a log-rank test. Time zero was defined as date of surgery.

3.1.6 Comparison between different groups
When comparing core and margin samples we either compared the patients with cores only
against the margin samples (all patients only appear once in the test) or compared cores and

margin samples of the 5 patients that have both by doing a paired t-test.

When comparing leptomeningeal spread status, we either compared the patients with cores only
by measuring the total number for each cell type across all samples or compared only margin
samples. When patients had multiple cores, the median value was calculated for spatial

comparisons.

When comparing alive and deceased patients we either compared the patients with cores only
by measuring the median number for each cell type or compare only margin samples. When

patients had multiple cores, the median value was calculated.

3.1.7 Spatial analysis
Delaunay triangulation was used to identify cells that are most likely in contact with each other.

We used this method because the distance between the nucleus of cells varies depending on
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their size. To represent cell-cell interactions, direct contact between cells were represented using

edges and vertices for cells.

A shuffling algorithm (111, 112) and assortativity index (113) were used to map cell interactions
while accounting for different contact frequencies between cell types and cell type proportions.

The shuffling algorithm method was initially described by Denis Schapiro et al. (2017) (112).

Using the nominal assortativity formula, the assortativity coefficient was calculated for each cell
type relative to the other cell types. Assortativity is defined as the tendency of cells to associate
with a cell of the same type. A perfect associative mixing, when cells tend to touch cells of the
same type, was attributed a positive value of 1. Perfect dissortative mixing, when cells tend to
touch different cell types, was attributed a negative value of -1. A random mixing, when cells

touch any type of cells, was attributed a value of 0.

3.1.8 Optimisation of CD73 and A2a antibody with immunofluorescence

The tissue microarrays (TMAs) were composed of ovarian and prostate cancer. Briefly, slides
were first deparaffinized, then rehydrated. The slides were than demasked using a citrate buffer.
Then slides were blocked with a protein blocking solution and incubated for 1 hour at room
temperature. Primary antibodies were added to the slides and incubated overnight at 4°C.
Secondary antibodies were added and incubated for 2 hours at room temperature. All antibodies
are listed in supplementary table S2. After, DAPI was added for 10 minutes to the slides and
thereafter were verticality dried at room temperature. Finally, slides were mounted using
Prolong gold. The slides were imaged using VS-110 slide scanner and then were imported into
Visiomorph DP for visualization. To differentiate background noise from a positive signal, we used

a positive control (A2a cell pellet) and a negative control (TMA of colon and liver cells).

3.2 Aim 2

3.2.1 Cell line procurement
SK28 melanoma cells were obtained from the laboratory of Dr Simon Turcotte, Melanoma cancer

cell lines were cultured in DMEM/F12 (SK23mel was cultured in RPMI) with addition of 10% FBS
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NEAA Glutamax. All cells tested negative for mycoplasma using the Lonza MycoAlert mycoplasma

detection kit.

3.2.2 Quantitative PCR

Quantitative PCR was used to determine which of the melanoma cell lines express A2b receptor.
We used the RNeasy Mini Kit (Qiagen) to extract RNA from cell pellets of 17 melanoma cell lines
by following the manufacturer’s instructions and quantified on a Naondrop spectrometer
(Thermo Scientific). First, RNA was reverse transcribed by using gScript cDNA Supermix (Quanta
Biosciences). After, qPCR was performed and analyses with StepOne software V.2.3 were made.
For every cell line, the reaction was performed in triplicates and the relative expression was

normalized. The control for all cell lines was Thp.

3.2.3 Fluorescence-activated cell sorting (FACS)

FACS was used to determine the expression of CD73 on SK28 cell line. Briefly, cells were
harvested and added to FACS tubes. FACS buffer and FC block were added. After, cells were
incubated for 10 minutes at 4°C. CD73 Antibody was added and then cells were incubated for 1
hour at 4 °C. Tubes were then analyzed by the FACS machine, and the data was examined with

FlowJo software.

3.2.4 Proliferation assay: IncuCyte and MTS on SK28 cell line

We first performed an IncuCyte. Briefly, SK28 cells were harvested and then trypsinized for 5
minutes at 37 © C. After, trypsin was inactivated using the cell culture media (DMEM/F12). Cells
were then counted and were plated on a 96 well plate in quadruplicates in media. CD73 antibody

was then added.

After, an MTS was performed on the SK28 cell line. Briefly, SK28 cells were harvested and then
trypsinized for 5 minutes at 37 © C. After, trypsin was inactivated using the medium cell culture
media. Cells were then counted and were plated on a 96 well plate at cells per well in
guadruplicates in media. Plates were incubated for 72 hours, and Cell Titer 96 Aqueous Cell

Proliferation Assay was used following the manufacture's protocol to determine cell viability.
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4. Chapter 4 — Results

4.1 Aim1

4.1.1 Clinical data summary of patients included in the analysis

The clinical data information (Table 2) for the 21 patients was obtained from the patient’s
electronic medical records (EMR) from the MUHC. For the patient demographics, 15 patients are
male and 6 are female. Regarding the melanoma histological subtype, 11 had cutaneous
melanoma, 2 had mucosal melanoma, 7 were unknown, meaning they were never diagnosed

with melanoma and 1 was NA, meaning the information was not available on the EMR.

Regarding the age of the initial melanoma diagnosis, 9 were diagnosed before the age of 60 years
old, 6 after the age of 60 years old and 6 were unknown. Regarding the melanoma brain
metastasis diagnosis, 13 were diagnosed before 60 years of age and 8 were diagnosed after 60
years of age. 18 patients are deceased, 10 were under 60 years of age and 8 were over 60 years

of age, and 3 patients are still alive to this date.

Regarding the treatment information, most of the patient got multiple types of treatments:
radiotherapy and systemic treatment, such as immunotherapy, targeted therapy, chemotherapy.
Regarding their last systemic treatment (Table 2), 10 patients received immunotherapy, 3
received targeted therapy, 3 received chemotherapy, 1 received anti-cancer agent, 1 patient was
NA, and 3 received no systemic treatment. Regarding the response to the last treatment, 7 were
classified as progressive disease, 4 as stable disease, 1 complete response and 9 NA. The response

classification was obtained using the RECIST criteria (114).

In our data set, 15 tumor cores samples were obtained from patients, 1 tumor margin and 5 had
a match tumor core and margin. Nine patients were diagnosed with leptomeningeal disease and

12 did not.
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Table 2. Clinical data summary of the 21 patients included in the analyses.

# patients # images

Sex Male 15 36
Female 6 12
Melanoma histological Cutaneous 11 24
Subtype Mucosal 2 8
Unknown 7 15

NA 1 1

Age brain mets Unknown 6 13
Diagnosis Under 60 13 30

Over 60 8 18

Age Death Under 60 10 21
Over 60 8 17

NA ( still alive) 3 10

Deceased Alive 3 10
Deceased 18 38

Last Systemic Treatment Immunotherapy 10 29
Targated therapy 3 4

Chemotherapy 3 5

Anti cancer agent 1 1

NA 1 2

No systemic treatment 3 7

Response to the last Progressive disease 7 17
treatment Stable disease 4 11
Complete response 1 3

NA 9 17

Biopsy Pre treatment 9 17

Post treatment 8 18

Pre and Post 2 2 pre/ 1 post
3 pre/2 post

NA 1 3

Tumor region Core 15 28
Margin 1 1

Match core + margin 5 14C/5M

Total # Core - 42

Total # Margin - 6

Leptomeningeal disease Yes 9 23
No 12 25

4.1.2 CyTOF IMC panel used to characterize the melanoma brain metastasis microenvironment
DNA1, PMEL, MelanA and PANnCK all stained melanoma cells and were often co-expressed (Figure
3 A). A co-expression of CD68 and CD14 was observed. These are both expressed on macrophages

(Figure 3B).
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4.1.3 Analysis pipeline used to define the immune landscape of melanoma brain metastasis
microenvironment

To better visualize the melanoma brain metastasis microenvironment, raw IMC images were
converted into single-cell images. The cells were first segmented to identify where the cells were
located in the images. Afterwards, cells were classified into 19 cell types (Figure 2B). The only
marker that had an aberrant expression pattern was mast cells with a high expression of PMEL.
We have decided to include this cell type into the “others” cell type. To assess the quality of our
classification, a heatmap of the mean intensity of each marker for each cell type was generated
(Figure 3C). For every marker in our data set, the highest intensity of each marker corresponded

to the expression pattern that was expected.

Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction was
performed to confirm clusters reflecting the expression of our 19 markers (Figure 3D,
supplementary figure S1). Distinct clustering patterns can be observed. CD68 + cells, which are
M1-like BMDM, M2-like BMDM M1-like MG and M2-like MG, cluster together in the middle. Also,
melanoma cell cluster together. When comparing the raw image with the segmented/classified

image, similar staining patterns were observed (Figure 3E).

4.1.4 Immune infiltration analysis

After classifying each cell into its respective subtype, we looked at the general composition of
our melanoma brain samples. Cancer cells were the most frequent type of cell, followed by
“other” cell type and macrophages, M1-like BMDM and M2-like BMDM (Figure 4A,
Supplementary Figure S2A). In our data set, T reg cells were the least present cell type. When
looking at the immune composition of each individual samples, we can observe a higher amount
of variation from samples that have a lot of immune infiltrates when compared to samples that
do not have a lot of infiltration (Figure 4B, Supplementary Figure S2B). Most samples had M1-like
BMDM present in their microenvironment but almost no samples had Treg in their

microenvironment (Figure 4C, Figure 4D, Supplementary Figure S2C).
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Figure 3. Analysis of melanoma brain metastasis microenvironment. A) Image illustrating the overlay of DNA1, PanCK, MelanA, and
PMEL. B) Image illustrating the overlay of DNA1, CD68 (macrophage marker), CD14 (macrophage marker). C) Heatmap of the mean
intensity of each identity marker for each cell type. The mean intensity is calculated per cell type from the normalized mean expression
per cell. The red squares correspond to the marker the cell type should express. The red cross corresponds to the marker the cell type

should not express. D) UMAP projection of all. Cells are labeled according to the classification. E) Example of raw image (left) and

processed spatial graph with cell types labeled (right).
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Figure 4. Immune infiltration analyses excluding cancer cells to allow better visualisation of other cell types. A) Total number of cells
identified for each cell type. B) Total number of cells identified for each cell type for each patient. C) Stacked bar plot showing the
proportion of all the different cell types in every sample ordered by increasing proportion of M1-like BMDM. D) Presence and absence
of cell types in each sample. Light blue it is defined as at least 20 cells per lineage. Dark blue it is defined as less than 20 cells per

lineage.
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Next, we looked at the difference in cell type proportion between groups. First, the cell type
proportion was compared between core and margin samples. Core samples tend to have
significantly more cancer cells (p= 0.0143), less astrocytes (p = 0.0015), less M1-like microglia
(p=0.0110) and less T helper cells (p=0.0365) compared to margin samples (Figure 5A). When
looking at only tumor samples that have both a margin and a core, there is no statistical

difference in composition between their margin and core samples (Supplementary Figure S3A).

Secondly, we looked at leptomeningeal spread status. Core samples of patient that presented
with leptomeningeal spread had more cancer cells (p= 0.0031), less immune infiltration of
neutrophils (p= 0.0008), M1-like macrophages (p= 0.0310) and T other cell (p=0,0200) in their
microenvironment (Figure 5B). When looking at only margin samples, there is no statistical

differences between the two groups (Supplementary Figure S3B).

Thirdly, no statistical differences regarding the immune composition of the microenvironment

have been found when comparing alive and deceased patients (Figure 5C).

4.1.5 Survival analysis

In the Kaplan-Meier survival analysis, it was observed that younger patients have a significantly
higher survival rate compared to older patients (p=0.0085) (Figure 6A). Sex did not have a
significant influence on survival (p=0.46) (Figure 6B). Also, patients without leptomeningeal

spread had a better overall survival (p < 0.0001) (Figure 6C).

4.1.6 Spatial analysis

Next, spatial information was analyzed by examining the cell-cell interaction between the
different cell types. A Delaunay triangulation was used to create spatial graphs for each tissue
samples. Different patterns between margin and core samples were observed (Figure 7A). Most
margin samples have a clear border separating the normal brain tissue cells (astrocytes) from the

densely packed tumor cells. In contrast, in core samples we observe cancer cells throughout.
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After, the distance between neighboring cells was analyzed (Figure 7B). The smallest distances
were between T reg and Treg cells (5 um) and the largest distances were observed between

astrocytes and T reg (25 um).

Then, the assortativity of cells was analyzed to examine the mixing between cells (Figure 7C and
D). All cell types had a positive assortativity coefficient meaning cells tend to touch cells of the
same type. In both core and margin samples, cancer cells were the most assortative cell type.
The endothelial cells have a high assortativity score. Astrocytes were more assortative in margin

samples.

Next, we examine regions where the connected cells are of the same type (Figure 7E). All cell
types had a heavy-tailed distribution with 50% of cells belonging to a region size of one. Of the
cell types that do have large regions, most of them are cancer cells. Cancer cells tend to cluster
together in larger groups compared to any other cells type. 50 % of cells found within large
regions belong to cancer cells (Supplementary Figure S4). The second highest proportion of cells

belonging to large regions are astrocytes.

Finally, the median distance between cancer cells to all the cell types was analyzed. Margin
samples tend to have a smaller median distance between cancer cells and other immune cell
types such as M1-like MG, non-classical monocyte, T other and Tc (Figure 8A). However, the Z
score does not show this difference (Supplementary Figure S5A). Patients without
leptomeningeal spread, have smaller median distance between cancer cells and other immune
cell types such as neutrophils, M1-like MG and Int Monocytes (Figure 8B). However, the Z score
does not show this difference (Supplementary Figure S5B). Deceased patients had a smaller
median distance between cancer cells and endothelial cells (Figure 8C). However, the Z score

does not show this difference (Supplementary Figure S5C).
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Figure 8. Comparison of median distance of cancer cells and the other cell types of A) Core and margin, B) Leptomeningeal status, C)

alive and deceased.
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Figure 9. Immunofluorescence of CD73 staining patterns. Representative image of CD73 staining at different concentrations:

Concentration at A) 1/800, B) 1/400, C) 1/200. The blue represents DAPI (nuclei) and the red represents CD73 binding.

A. '. C.

Figure 10. Immunofluorescence of A2a staining patterns. Representative images of A2a staining at different concentrations:

Concentration at A) 1/200, B) 1/100, C) 1/50. The blue represents DAPI (nuclei) and the red represents A2a binding.
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4.1.7 Optimize antibodies of the adenosine pathway (CD73 and A2a) for CyTOF IMC

The optimization of CD73 antibody was successfully done. Less background noise was observed
for concentration of 1/800 (Figure 9A) compared to concentration of 1/400 (Figure 9B) and 1/200
(Figure 9C). The optimization of A2a antibody was successfully done. Less background noise was
observed for concentration of 1/200 (Figure 10A) compared to concentration of 1/100 (Figure

10B) and 1/50 (Figure 10C).

4.2 Aim 2

The expression level of A2b is heterogenous between the different cell types (Figure 11A). The
cell line that expressed the most A2b level was SK28 cell line. SK28 cell line was also positive for
CD73 antibody (Figure 11B). Next, the proliferation of SK28 cells was analyzed in different
conditions. The MTS method was used to access the proliferation of SK28 cells. The proliferation
of SK28 cells was first analyzed when adding an agonist of A2b receptor, BAY. There is a statistical
difference between the control and BAY concentrated at 10 nM (p= 0.0050) and 10uM (p=
0.0014) (Figure 11C). The proliferation of SK28 cell was then analyzed when adding AMP to
stimulate CD73 receptor. There is no statistical differences between the different conditions

(Supplementary Figure S6A).

Next, when performing an IncuCyte, to access the proliferation of SK28 cells, there was no
statistical difference in proliferation when adding BAY, an agonist of A2b receptor, to the SK28
cell line (p= 0.7320) (Supplementary Figure S6B). Also, there was no statistical difference in
proliferation when adding PSB, an antagonist for A2b receptor, to the SK28 cell line (p=0,8491)

(Supplementary Figure S6B).
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5. Chapter 5 — Discussion

5.1 Aim1

We were able to spatially map the immune landscape of melanoma using imaging mass
cytometry and in total, we were able to classify 142 875 cells total, 126 602 cells from core
samples and 16 273 cells from margin samples, from 48 samples. Heterogeneity was observed
between the different melanoma samples, and this is consistent with the current literature (58,
115). In a study by Samalley et al. (2021), they found that melanoma metastases of the brain
contain more melanoma cells, low NK cells and some B cells whereas metastases of the skin
contain more fibroblasts and highest number of B cells (115). It was observed across all our
melanoma samples that macrophages are amongst the most common immune cells (Figure 4A),
which is in accordance with the current literature. A study by Moldoveanu et al. (2022) supports
our finding with their most common immune infiltrate being monocytes/macrophages (58). In a
study by Karimi et al. (2023), they also found that macrophages were an abundant cell type
amongst all cells in the TME (60). A study by Emri et al. (2012), observed that a high number of
macrophages within the melanoma microenvironment was associated with a poor prognosis
(116) but no significant difference was found in our analysis (Figure 5C). Cancer cells tended to
cluster together in larger groups compared to any other cell type (Figure 3D), and this pattern is

consisting with what Moldoveanu et al. (2022) found in their study (58).

In our dataset, T cell infiltration was minimal in our melanoma brain metastasis samples (Figure
4D) and this finding is concurrent with the literature (5, 117). In a study by Weiss et al. (2021) on
paired intracerebral and extracerebral melanoma metastases, it was found that T cell (CD3+,
CD8+) infiltration is lower in melanoma brain metastases compared to extracranial sites (118).
This lower T cell infiltration in melanoma brain metastasis compared to extracranial sites has also
been found in a study by Herrera-Rios et al. (2020) (119). The complex mechanism underlining
the reduction level of T cells is not completely understood. However, studies have shown that

microglia could be implicated by limiting T cell infiltration (120, 121).
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In our dataset, there are three patients that are alive and responded to immunotherapy
treatment. No statistical differences regarding the immune composition of the
microenvironment have been found when comparing alive and deceased patients (Figure 5C).
However, a trend was observed. Patients that are alive tend to have more T cell infiltration in
their microenvironment compared to patients that are deceased. In concordance with the
literature, having tumor-infiltrating lymphocytes cells in the microenvironment of tumors has
been shown to be associated with a better prognostic to ICl therapy and poorly infiltrated tumors
with immune cells respond worse to immunotherapy (58, 122, 123). In a study by Azimi et al.
(2012), the researchers analyzed whether the density and distribution of tumor-infiltrating
lymphocytes could influence primary cutaneous melanoma progression to lymph nodes and
looked at overall survival for 1,138 patients (122). They found a directly proportional correlation
between the amount of tumor infiltrating lymphocytes and lymph node involvement and overall
survival. The exact mechanism of T cell migration to the tumor site is unknown but it was
proposed that putative targets for lymphocytes such as tumor specific antigens, tissue specific
antigens and common cancer specific antigens can attract lymphocytes. It is unclear however if
the lymphocyte infiltration is mediated by the normal immune response, the tumor or it’s
microenvironment. Also, in a study by Hamid et al. (2011), they found that an increased
infiltration of T cells is associated with an increased pharmacological effectiveness of ipilimumab

(123).

It was observed that there is an increased presence of astrocytes in tumor margins compared to
tumor cores (Figure 5A). This may be explained by the fact that astrocytes are part of the normal
brain tissue and that tumors disturb the physiological distribution of cells within tissues.
Additionally, when only analyzing a sub-set of patients that have both a tumor core and tumor
margin sample, we did not find a significant difference. This could be explained by a small patient
sample (n=5, Supplementary Figure S3A) which led to poorer statistical analysis strength.
However, the same trend as tumor margins compared to tumor cores (Figure 5A) was observed.
It was also observed that the overall survival of patients with leptomeningeal spread was worse
compared to patients without leptomeningeal spread, which is consistent with the current

literature (41, 44, 124). Patients with leptomeningeal spread have significantly less neutrophils,
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M1-like BMDM, T other cells and more cancer cells with a bigger median distance between cancer
cells and neutrophils (Figure 5B, 8B). Hence, leptomeningeal spread seems to be associated with
less immune infiltration in the microenvironment. This finding has also been observed in a study
by Smalley et al. (2021) characterizing the immune microenvironment of 43 samples including
skin metastases, melanoma brain metastasis and melanoma leptomeningeal spread. They
discovered that melanoma leptomeningeal metastasis was associated with an immune-
suppressed T-cell microenvironment compared to skin and brain metastases (115). In our spatial
analysis, we found that all cell types followed a heavy-tailed distribution with 50% of cells belong

to a region size of one. This finding was also observed in Moldoveanu et al. (2022) analysis.

5.2 Aim 2

According to the literature, when adding the A2b adenosine receptor selective agonist BAY, to
melanoma cells it causes an increase in cell proliferation (107). In our study, we found that adding
BAY, concentrated at 10 uM to melanoma SK28 line cells (Figure 11C), caused a decrease in cell

proliferation which rebuts our hypothesis.

The proliferative and antiproliferative effects of adenosine receptors are regulated by complex
mechanisms and mediated by a variety of second messengers. It has been shown that A2b can
regulate increase of cAMP levels (78). cAMP is involved in tumor suppressive pathways in
different types of cancer (125). In our study, the antiproliferative effect that we found when
adding BAY to SK28 cells could be explained by the increase in cAMP which can activate
downstream signaling pathways such as cAMP/PKA, cAMP/CREB, Ras-MAPK, and EPAC/Rap1l
(125).

Another explanation could be the fact that A2b has been linked with the p53 gene which is known
for its function in cell growth arrest, DNA repair and apoptosis (126). In a study by Long et al.
(2013), they demonstrated that activation of the A2b receptor significantly increased cell death
mediated via p53 upon accumulation of extracellular adenosine (126). In their study, they
knocked down A2b receptors and stimulated cells with adenosine and p53 agonist and they
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found that expression of A2b receptor was down by 80% while p53 expression was unchanged.
In addition, they found that using an A2b receptor antagonist and p53 agonist reduced cell death
by approximately 50%. This suggests that p53 induces A2b receptor expression and that A2b has

a significant role in cell death downstream of p53 in the presence of adenosine.

Another mechanism that could explain A2b’s anti-proliferative role is that it activates the
mitochondrial caspase-9 apoptotic pathway. In the study by Long et al. (2013), they transiently
expressed A2b receptor in Saos-2 cells and assessed the cell-cycle distribution after 48h and they
found that some cells were in the sub-G1 phase which is an indication of cell death (126). Then,
they added an adenosine analog and found cell death levels further increased. Interestingly, they
found that pre-treatment of cells with a pan-caspase inhibitor zZVADfmk completely prevented
cell death suggesting that the mechanism of A2b induced cell death is caspase-dependent (126).
To find through which caspases A2b acted, they used cell extracts and western blots to find that
upon agonist stimulation of A2b, there are increased levels of caspase 9 suggesting cell death
mediation through the mitochondrial caspase-9 apoptotic pathway (126). Hence, the results we
found in our analysis, could be explained by these mechanisms above. However, more research

needs to be done to confirm this finding.

There is a statistical difference between the control and BAY concentrated at 10 nM. This finding
is an abnormal result regarding the 10 nM. The exact threshold activation for the A2b receptor is
unknow and depends on a variety of experimental factors. Currently there seems to be a lack of
theoretical explanation that could account for this outlier result. For the 10 nM concentrations

the significance difference could be attributed to a manipulation error.
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6. Chapter 6 — Conclusion

We were able to spatially map the immune landscape of melanoma using IMC. With this panel,
we were able to characterize the brain microenvironment of 21 melanoma brain metastasis
patient and we were able to classify tumor cells, astrocytes, blood vessels, myeloid cells, and
lymphoid cells. We observed that heterogeneity between samples with the most common
immune infiltrate being macrophages and low T cell infiltration. In the microenvironment of
patients with leptomeningeal spread, we observed more cancer cell and less neutrophils, M1-
like BMDM, T other cells with a larger median distance between cancer cells and neutrophils.
This study highlights the potential of multiplexed single cell technology to quantify spatial cell-
cell interactions of melanoma brain metastasis. We were also able to successfully optimize
antibodies of the adenosine pathway (CD73 and A2a) for a future CyTOF IMC panel. Also, we
found that A2b receptor has an antiproliferative effect on melanoma cancer cells, but more
research needs to be done to confirm this finding. In vivo analysis needs to be done using A2b

receptor knocked-down mice in order to illustrate this finding.
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Supplemental Tables and Figures

Supplementary Table S1. Panel of 35 antibodies and the corresponding metal isotopes and clone

used.
Antigen Metal Conjugate Clone
Lymphoid Lineage Markers CD3 170Er Polyclonal
CD8a 162Dy C8/144
CD4 156Gd EPR6855
FoxP3 155Gd 236A/E7
CD20 161Dy H1
CD9%4 166Er EPR21003
Myeloid Lineage Markers CD68 159Tb KP1
CD163 147Sm EDHu-1
P2Y12 169Tm Polyclonal
CD11c 154Sm EP1347Y
HLA-DR 174Yb EPR3692
CDh14 144Nd SP192
CD16 142Nd SP175
CD117 153Eu YR145
MPO 145Nd EPR20257
Compartment Markers PanCK 175Lu AE1+AE3
PMEL 165Ho HMB-45
MelanA 168Er A103
CD31 176Yb JC/70A
GFAP 141Pr EP672Y
DNA1 1911r N/A
DNA2 193Ir N/A
CD45 152Sm D9M8I
Functional Markers Ki67 143Nd B56
cc3 172Yb S5A1E
Claudin-5 173Yb EPR7583
Ox40L 164Dy EP1168Y
MMP9 160Gd EP1255Y
MCSF-R 151Eu SP211
CTLA-4 158Gd SP355
HIFla 149Sm EP1215Y
CD39 167Er EPR20627
pPERK 171Yb D13.14.4E
pSTAT3 163Dy EP2147Y
CIRBP 146Nd EPR18783
PD-L1 biotin 150Nd E1L3N
PD1 148Nd D4W2)
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Supplementary Table S2. Concentration of primary antibody and secondary antibody used for
the optimisation of CD73 and A2a.

TMA Primary Antibody Dilution Secondary Antibody Dilution
Ovarian CD73 (Abcam, 1/200 Rabbit 647 ( Invitrogen) 1/400
prostate ab91086)

Ovarian CD73 (Abcam, 1/400 Rabbit 647 ( Invitrogen) 1/400
prostate ab91086)

Ovarian CD73 (Abcam, 1/800 Rabbit 647 ( Invitrogen) 1/400
prostate ab91086)

Ovarian A2A 7F6 65-A2 1/50 Mouse IgG1 647 (Invitrogen, 1/400
prostate A21240)

Ovarian A2A 7F6 65-A2 1/100 Mouse IgG1 647 (Invitrogen, 1/400
prostate A21240)

Ovarian A2A 7F6 65-A2 1/200 Mouse IgG1 647 (Invitrogen, 1/400
prostate A21240)
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CD68 CD163 P2Y12 CD14 CD11c HLA-DR

Supplementary Figure S1. Marker intensity overlaid on UMAP projections where points are colored by marker intensity. A threshold
at percentile .999 has been used for visualization purposes.
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Supplementary Figure S2. A) Total number of cells identified for each cell type. B) Total number of cells identified for each cell type
for each patient. C) Stacked bar plot of the proportion of all the different cell types in every sample ordered by increasing proportion

of melanoma cells.
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comparing A) cores and margins where cores from the same patient have been merged (only patients that have both core and margin

samples), B) patients with or without leptomeningeal spread (margin samples only).
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Supplementary Figure S4. Proportion of cells found within region of size.
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Supplementary Figure S5. Z score of A) Leptomeningeal status, B) core and margin, C) alive and deceased.
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A) Proliferation assay (MTS) on SK28 72h
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Supplementary Figure S6. Proliferation of SK28 cell line. A) Proliferation assay (MTS) at 72h when

adding AMP. B) Proliferation assay when adding BAY and PSB using IncuCyte (p value calculated

using the linear portion of each condition).
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