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1 Introduction

1.1.  Skin structure and function

The skin is the mammal's biggest organ and functions as a natural barrier between the
organism and the environment. The main role of the skin is to protect the body against the
invasion of pathogens and fending off chemical and physical assaults, for instance,
ultraviolet (UV) radiation (Proksch, Brandner, and Jensen 2008; Madison 2003). To
ensure an effective barrier, the skin is built as a complex network, which can be divided
into two major layers: the superficial nonvascular epidermis, which is composed of stratum
corneum, stratum spinosum, and stratum basale, and the lower layer, the dermis (Figure
1). The outer layer of the epidermis, stratum corneum, is built by keratinocytes which
migrate from the stratum basale through the epidermis towards the surface and anchor
there in a lipid matrix composed of ceramides, cholesterol, and fatty acids (Prottey 1977;
Sadowski et al. 2017). The lipid composition of stratum corneum plays an essential role
in structuring and maintaining the water permeability barrier function in the skin and in
preventing unregulated loss of water and solutes (Coderch et al. 2003). Beneath the
stratum corneum is the stratified squamous epithelium, composed of proliferating basal
and differentiated suprabasal keratinocytes as well as melanocytes (Breitkreutz,
Mirancea, and Nischt 2009). Together with fibroblasts, keratinocytes constitute the
majority of cellular components in the skin (Hoath and Leahy 2003). Keratinocytes are
responsible for cell-cell junction formation in order to create a stable cytoskeleton (Bazzoni
and Dejana 2002). They are in close contact with melanocytes. Melanocytes are
pigmented cells, found in the skin, eye, mucosal epithelial, and meninges (Lo and Fisher
2014). A special feature of these cells is the production and storage of melanin, which
protects the cells against UV radiation (Bonaventure, Domingues, and Larue 2013). The
deepest layer of the epidermis, stratum basale, contains stem cells which are continually
divided into different cell types to ensure the maintenance of skin homeostasis and repair
(Blanpain and Fuchs 2006).
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The dermis is localized beneath the epidermis and functions to anchor and nourish the
vascular-free epidermis. The major structural components of the dermis are collagen,
elastic fibers, and extrafibrillar matrix, which assure strength and elasticity of the skin (Dick
1947). The dermis further contains hair follicles, several glands, and thermoreceptors to
regulate the heat and sense coolness, pain, tickling, and itching (Ewart 1842).
Furthermore, blood vessels and lymphatic vessels are present in the dermis layer to
ensure a provision and fast recruitment of innate and adaptive immune cells against

harmful penetrations (Shirshin et al. 2017).

| stratum corneum
| Stratum granulosum

b 8 T * *T 8| stratum spinosum

| Stratum basale

Epidermis [

Melanocyte Keratinocyte

sebaceous gland
Dermis

hair follicle

Ls<— artery

Subcutaneous I: ~ <— vein

tissue

nerve fiber

arrector pili muscle
sweat gland lamellated corpuscle

Figure 1: Structure of the skin. The skin can be divided into two major layers: the
epidermis and the dermis. The epidermis provides a barrier function against the
environment and regulates water balance. Within the epidermis, keratinocytes and
melanocytes build a network with various functions, like the stability of the skin and the
protection against UV light. The dermis is localized beneath the epidermis. Elastic fibers,
extracellular matrix, and collagen assure the strength and elasticity of the skin. Hair
follicles, sweat glands, and thermoreceptors play an essential role to regulate body
homeostasis (modified from BioRender template and Laberge et al. 2020).
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1.2.  Skin immunity

To ensure a protective function of the skin, a branched network of skin-resident immune
cells is crucial not only for the prevention of infection but also for tissue reconstruction.
Dysregulation of the immune system leads to impaired wound healing and low tissue
recovery function (Nguyen and Soulika 2019). Both myeloid and lymphoid cell populations
are located in the skin. The most abundant skin-resident myeloid cells are Langerhans
cells, macrophages, mast cells, and eosinophils.

Langerhans cells are specialized dendritic cells located in the epidermis. They form a
network within the epidermis through interactions between epithelial cell adhesion
molecules, such as E-cadherin, and keratinocytes (Choi et al. 2018). These cells
contribute to skin homeostasis by secreting growth factors, such as granulocyte colony-
stimulation factor (G-CSF), and epidermal growth factor (EGF), which are essential for the
survival of keratinocytes, fibroblasts, and endothelial cells (Seggewiss and Einsele 2007;
Schirmacher et al. 2001). Moreover, Langerhans cells are migratory cells and emigrate
between the skin and their draining-lymph nodes to improve tolerance in homeostasis or
initiate adaptive immune responses during infection (Romani et al. 1989; Ghigo et al.
2013).

Macrophages (Mg) are found in the dermal layer of the skin and can be categorized into
M1/activated macrophages or M2/trophic macrophages, depending on their activation
state (Malissen, Tamoutounour, and Henri 2014; Ginhoux and Jung 2014). The
phagocytic characteristics of Mg allow the removal of debris and apoptotic cells in order
to maintain skin health. During infection, M1 macrophages get activated and promote
inflammatory responses, whereas M2 macrophages improve wound healing
(Hassanshahi et al. 2022).

In addition to the innate immune system, the skin harbors different cell types of the
lymphoid lineage. Conventional ¢f T cells are found in the epidermis and in the dermis
layer where they function as resident memory T cells (Seidel et al. 2018). All known
subpopulations of T cells, such as CD8* T cells, CD4" T cells, Th17 T cells, as well as
regulatory T cells (Tregs) are represented in the skin for maintaining dermal homeostasis
(Ariotti et al. 2014; Mackay et al. 2013; Ali and Rosenblum 2017). In addition to a8 T cells,

unconventional T cells, particularly y§ T cells are located in the dermis within junctions
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between keratinocytes (Elbe, Foster, and Stingl 1996). Unlike, af T cells, yd T cells
recognize free soluble antigens and non-peptide antigens with non-classical MHC-like
molecules (Xiong and Raulet 2007). Once activated, y§ T cells secrete a range of
cytokines, e.g. interleukin (IL-)17, and growth factors to boost the antimicrobial defense in
the skin and promotes wound healing (MacLeod et al. 2013; Jameson et al. 2004).

B lymphocytes are found in lower frequency in the skin during homeostasis (Egbuniwe et
al. 2015). In addition to physical and microbiological barriers, the skin contains resident
immune cells involved in tissue homeostasis and initiates various mechanisms of
inflammatory responses to ensure optimal defense. Apart from that, tumor formation, in

particular melanoma formation, also challenges skin immunity.

1.3.  Malignant melanoma

Malignant melanoma is a neoplasm that originates in melanocytes and is the most lethal
type of all skin cancer, contributing to 1.7 % of all cancers in the world population with
rising incidence (Sung et al. 2021; Sandru et al. 2014). In 2022, recent data reported over
99000 new cases of melanoma patients in the United States which caused around 7700
disease-related deaths with overall a slight male predominance (Siegel et al. 2022).
Melanoma is a multifaceted disease and bears a high mutational burden (Pagliuca, Di
Leo, and De Zio 2022). Constant exposure of the skin to environmental stressors,
including UV radiation and chemical compounds, results in genetic mutations and
promotes tumor development (Moore 2002; Pandey et al. 2002). Early mutation in cancer
development, particularly within the mitogen-activated protein kinase (MAPK) pathway, is
a critical oncogenic event found in the majority of patients with malignant melanoma
(Fecher, Amaravadi, and Flaherty 2008). Specifically, abnormalities in the v-RAF murine
sarcoma viral oncogene homolog B1 (BRAF) and neuroblast RAS viral (v-RAS) oncogene
homolog (NRAS) are found in around 40-50 % (for BRAF) and 15-20 % (for NRAS) of
patients with melanoma (Omholt et al. 2003). Another risk factor represents the
overexpression of c-KIT, a proto-oncogene encoding for the transmembrane receptor
tyrosine kinase. Around 3 % of all patients with melanoma harbor the mutation which leads
downstream of the activation of several signaling pathways, including MAPK/ERK and

PI3K/Akt pathway, to induce cell proliferation, tumor growth, and metastasis (Pham,
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Guhan, and Tsao 2020; Yuzawa et al. 2007; Sansal and Sellers 2004). However,
unprotected sun exposure, especially in childhood, is the most environmental risk factor
as it is responsible for the development of 60-70 % of all melanoma cases (Elwood and
Jopson 1997; Arnold et al. 2018). Mechanistically, UV radiation induces DNA damage,
frequently found in the cyclin-dependent kinase inhibitor 2a (CDKN2A) gene in cutaneous
malignant melanoma. A mutation in this tumor suppressor protein can lead to permanent
activation and further abnormal cell proliferation (Merlo et al. 1995).

The best survival rate for patients is the early diagnosis during tumor onset. However, if
melanoma was diagnosed, the treatment possibilities depend mainly on the stage of
cancer. The first treatment for melanoma is surgical removal or excision in the early stage
of formation. Treatment with BRAF inhibitor (Vemurafenib®) was the first targeted agent
in advanced melanoma. However, melanoma often showed a high rate of resistance in
the first six months of treatment in 50 % of all patients (Chapman et al. 2011; McArthur et
al. 2014). A combination of BRAF inhibitor and blocking the MEK pathway (Cobimetinib®)
archives a higher clinical efficiency and longer overall survival rate in patients with
melanoma (Mackiewicz and Mackiewicz 2018; Larkin et al. 2014). In recent years,
successful treatments including immune checkpoint therapies such as PD-1 and CTLA-4
blockade significantly improve patient survival rate (Ribas 2012; Robert et al. 2014; Weber
2008). However, melanoma is a multifaceted disease with various unknown mechanisms

that hamper novel therapeutic strategies.

1.4. Onset of melanoma formation

Cutaneous melanoma arises upon the malignant formation of melanocytes, the pigmented
cells within the skin, which generally protects against UV radiation. Based on the Clark
model, tumor progression can be well-defined and subdivided into several stages (Figure
2) (Clark 1991). Ultraviolet radiation, caused by sun exposure or artificial UV, provokes
the formation of pyrimidine dimers between adjacent thymine and cytosine bases in the
DNA. This results in a DNA excision repair system, where the dimer is cut out and replaced
by the original sequence (Pfeifer and Besaratinia 2012). Besides external environmental
factors, genetic pre-deposition is another key player in the development of melanoma. 25-
50 % of people carry mutations increase their risk of the development of melanoma. For
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example, a mutation in the tumor suppressor gene CDKNZ2A leads to uncontrolled
melanocyte proliferation (Piepkorn 2000). Another mutation with high frequency found in
melanoma progression was observed in BRAF. BRAF is a member of Raf kinases which
are upstream elements of the MAPK pathway (Kong, Carlino, and Menzies 2016). The
cytoplasmic protein kinase is regulated by its interaction with Ras and downstream
activation of MAPK cascade, resulting in enriched signal transduction of cell proliferation
(Peyssonnaux and Eychene 2001) (Figure 2, Step 1) (Ascierto et al. 2012). Abnormal
growth of melanocytes in a pre-existing nevus, or newly generated cells, results in a pre-
malignant lesion with random cytologic atypia (Figure 2, Step 2). Next, mutated
melanocytes acquire the ability to proliferate in the horizontal layer of the epidermis
(Figure 2, Step 3). During the epithelial-to-mesenchymal transition (EMT), the loss of E-
cadherin and the expression of N-cadherin support the intraepidermal growth into the
lower dermis and further allow the invasion of cancer cells. Malignant melanocytes invade
the basement membrane where they proliferate vertically into the dermis, resulting in an
expanded nodule growth (Figure 2, Step 4). In the end, melanoma cells reach the
bloodstream and spread to other areas in the body, mainly lymph nodes, subcutaneous
soft tissue, and further into the lung and the brain (Figure 2, Step 5) (Thompson and Shaw
2000).
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o®e o o__ ©
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Figure 2: Melanoma formation in the skin. Dysplastic Nevus is the first step of
uncontrolled proliferation of melanocytes in a pre-existing nevus or new location
resulting in a pre-malignant lesion. Here, excessive UV exposure to melanocytes in the
skin or genetic alterations leads to abnormal cell growth. In the radial growth phase,
melanoma proliferates horizontally in the epidermis. Further, the loss of E-cadherin as
well as the expression of N-cadherin allows malignant cells to invade lower layers of the
skin and further expand with metastatic potential. Finally, malignant melanocytes reach
the bloodstream and spread to other areas of the body, usually first the lymph nodes,
lungs, and other subcutaneous soft tissues (modified from Abbasi et al. 2004).
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1.5.  Melanogenesis in melanocytes and melanoma

Melanocytes, as well as the malignant form, are melanin-producing cells that act to protect
the skin from excessive exposure to UV. Melanin is crucial in the regulation of epidermal
homeostasis and melanoma behavior (Slominski et al. 2004; Brozyna et al. 2013). Hereby,
tyrosinase is the key enzyme in which L-tyrosine is converted into brown/black eumelanin
and red pheomelanin. The entire process of melanin production is called melanogenesis
and consists of the interaction between melanocytes and an associated pool of
keratinocytes (Figure 3) (Hearing 1999). Here, UV exposure causes TP53 transcription in
keratinocytes and further leads to the translation of proopiomelanocortin (POMC)
(Gilchrest et al. 1996). POMC is cleaved to multiple peptide hormones, including alpha-
melanocytes stimulating hormone (a-MSH), which can bind to its receptor, melanocortin
1 receptor (Mc1r), on melanocytes as well as melanoma cells (Suzuki et al. 1996).
Receptor binding activates cyclic adenosine monophosphate (cAMP) and further
promotes the downstream PKA-CREB signaling pathway. CREB, in turn, activates the
transcription of the microphthalmia-associated transcription factor (MITF), the master
transcription factor of pigment genes. MITF further boosts the transcription of genes
involved in melanogenesis, like tyrosinase (TYR), tyrosinase-related protein (TYRP1),
dopachrome tautomerase (DCT), and premelanosome protein (PMEL) (Lei et al. 2002;
Videira, Moura, and Magina 2013). Via enzymatic reactions, L-tyrosine is converted into
either eumelanin or pheomelanin to form melanin-containing vesicles, called
melanosomes. Matured melanosomes are transferred from melanocytes to keratinocytes

and accumulate around the nucleus where they protect against UV light (Hida et al. 2020).
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Figure 3: Melanogenesis signaling pathway. Upon UV exposure, epidermal
keratinocytes activate TP53 transcription and downstream POMC. POMC is cleaved
into a-MSH and secreted by keratinocytes, which in turn bind to its receptor, Mc1r, on
melanocytes. The binding activates the cAMP-PKA-CREB signaling pathway and
promotes the transcription of the master transcription factor MITF. MITF promotes the
expression of pigment genes including Dct, Pmel, Tyrp1, and Tyr. Tyrosinase then
catalyzes the conversion of L-Tyrosine into L-DOPA and further to eumelanin and
pheomelanin. Matured melanosomes are transferred from melanocytes to keratinocytes
and accumulate to prevent the cells from further UV damage (modified from Hida et al.
2020).

1.6. Hallmark of Cancer - Tumor metabolism

Cancer in general comprises a variety of heterogenic features that favor abnormal growth
and thus complicate therapeutic strategies. The mutated cells show defects in regulatory
circuits that manage normal cell proliferation and homeostasis. The conversion of normal
cells into malignant cancer is a multistep process, which reflects genetic alterations that
promote progressive transformation. These mutations produce oncogenes with a
dominant gain of function, whereas tumor suppressor genes lose their function (Gutschner
and Diederichs 2012). In 2000, Hanahan and Weinberg proposed six hallmarks of cancer

that all together form the fundamental principle of malignant transformation. The six
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essential alterations in cell physiology that prescript malignant growth have been
determined as: sustaining proliferative signaling, evading growth suppressors, activating
invasion and metastasis, enabling replicative immortality, inducing angiogenesis, and
resisting cell death. Self-sufficiency in growth signals supports the tumor progression
equally with the insensitivity to anti-growth signals. The fact of limitless replication
potentially supports tissue invasion and metastasis. The induction of angiogenesis
guarantees the access of the tumor to all nutrients and energy sources. Finally, the
resistance to cell death represents the most unfavorable fact of tumor formation. All these
factors lead to the development of a complex tumor microenvironment (Hanahan and
Weinberg 2000).

In 2011, Hanahan and Weinberg extended four more specifications to their model of
cancer characterization, including genome instability, avoiding immune destruction with
simultaneous tumor-promoting inflammation, and deregulation of cellular energetics
(Hanahan and Weinberg 2011). Investigation on tumor metabolism is one of the oldest
fields in cancer research, which is based on the principle that metabolic activities are
enhanced in cancer cells compared to normal cells supporting cell survival and
proliferation (De Berardinis and Chandel 2016). For instance, activation of oncogenes and
loss of tumor suppressors promotes metabolic reprogramming in cancer, resulting in
enhanced nutrient uptake and energy production. The altered metabolic activity supports
the anabolic growth of cancer cells during nutrient-replete conditions as well as catabolism
to support cell survival during the limitation of supplements (Pavlova and Thompson
2016). Further, the reinforcement of the redox homeostasis system to counteract the
metabolic effects on oncogene activation and other stress factors is crucial for cancer cell
survival (Boroughs and DeBerardinis 2015). All of these factors support cell survival under
stressful conditions and allow tumor growth and proliferation in a pathological way (Patra
et al. 2013).

The two major processes involved in cellular energy generation are glycolysis and
oxidative phosphorylation (OXPHOS). In normal cells, glycolysis can be performed during
hypoxia and results in a high rate of pyruvate, which then is inserted into the tricarboxylic
acid cycle (TCA) in the inner membrane of mitochondria. Here, a series of chemical
reactions using carbohydrates are used to generate Acetyl-CoA which further promotes
the production of fatty acids and amino acids. Via oxidative modifications, the cells
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generate energy in the form of adenosine triphosphate (ATP) for nucleotide and lipid
synthesis. However, rapidly proliferating cancer cells show enhanced glycolysis and
OXPHOS activity, regardless of oxygen availability (Zheng 2012). The phenomenon was
described first by Otto Warburg, who observed a constitutive uptake of glucose and the
production of lactate regardless of oxygen availability (WARBURG 1956). Deregulation of

cellular metabolism promotes harmful cell growth and the invasion of melanoma.

1.7. The role of the immune system in melanoma

Cutaneous cancer is an immunogenic tumor whose interaction with immune cells present
in the microenvironment significantly influences cancer cell proliferation, progression, and
metastasis. During melanoma formation, both immune and melanoma cells undergo
immunoediting processes that include interconnected phases such as elimination,
equilibrium, and escape or immune evasion (Dunn, Old, and Schreiber 2004; R. Kim, Emi,
and Tanabe 2007). The balance between infiltrating immune cells and cancer cells

decisively determines the patient's survival change.

1.7.1. Innate immune cell response

The tumor microenvironment (TME) is a highly heterogeneous tissue, including
extracellular matrix (ECM), endothelial cells, fibroblast crisscrossed with blood vessels,
and a variety of immune cells (Villanueva and Herlyn 2008). The effector cells on the
innate immune system that directly target cancer cells are natural killer cells (NK) and
macrophages (Mg). Furthermore, dendritic cells (DC), myeloid-derived suppressor cells
(MDSCs), as well as polymorphonuclear leukocytes (PMN) with the subpopulation of
neutrophils, eosinophils, and basophils are detected in the TME of melanoma (Y. Liu and
Zeng 2012).

NK cells are the primary innate immune cell type responsible for killing non-MHC-related
cancer cells. By releasing small cytotoxic proteins such as perforin and granzyme, NK
cells initiate apoptosis in the affected cell (Yokoyama and Plougastel 2003). New
therapeutic approaches targeting melanoma suggest enhanced NK cell responses, by
blocking Tim-3 on their surface to improve cytotoxic ability (da Silva et al. 2014).
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Furthermore, adoptive NK cell therapy could be a promising treatment strategy for
metastatic melanoma in the future (van Vliet et al. 2021).

Tumor-associated macrophages (TAMs) are present in a high number in the
microenvironment of melanoma. Based on their polarization, TAMs are either involved in
cancer-related inflammation or tumor progression (Hussein 2006). Apoptotic tumor cells
can efficiently be eliminated by Mg@. By recognizing characteristic structures on tumor
cells, such as lipid phosphatidylserine (PS), oxidized PS, or the multifunctional protein
calreticulin (CRT), these cells become visible for M@ and subsequently get phagocytosed
(Jeannin, Jaillon, and Delneste 2008). M1/activated M@ have cytotoxic, antitumor effects
on cancer cells. Via secretion of a variety of proinflammatory cytokines, such as TNF-«,
IL1-8, and IL-6, M@ promote inflammation in the tumor environment and favor tumor
regression. On the other hand, M2/trophic Mg beneficially promote cancer progression,
tumor proliferation, invasion, and migration (C.-Y. Liu et al. 2013). By secretion of anti-
inflammatory cytokines, such as IL-4, IL-10, and TGF-£, Mg inhibit the differentiation of
bone marrow cells into functional immune cells, and by this their anti-tumor activity (Baek
et al. 2020). Furthermore, M2 Mg induce the activity of myeloid-derived suppressor cells
that additionally inhibit the response of the immune system (Mao et al. 2013).
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population that belongs
to the myeloid cell lineage. Two major subsets of MDSCs have been described:
polymorphonuclear MDSCs (PMN-MDSCs) resemble phenotypically granulocytic cells,
whereas M-MDSCs were defined based on their surface marker identifying them as
monocytes. Both cell types were found in increased numbers and activation state in tumor
tissue, resulting in a strong impairment of anti-tumor immune response (Gabrilovich
2017). They can effectively suppress NK cells as well as T cells by upregulation of
immunosuppressive factors, such as arginase and nitric oxides synthase (NOS2) which
further promote the release of anti-inflammatory cytokines, like TGF-g and IL-10 and thus
harmfully promote tumor growth (Ostrand-Rosenberg et al. 2012; Kumar et al. 2016).
Dendritic cells are professional Antigen-Presenting Cells (APCs) which are active players
that directly counteract the proliferation of melanoma cells. After recognition of tumor cells,
DCs can interact via cognate TCR-peptide MHC complexes with CD4* and CD8* T cells
to elicit cellular immunity (Manicassamy and Pulendran 2011). Similar to Mg, dendritic
cells can also detect apoptotic cancer cells via specific translocated molecules. This



22

benefit is used in immunotherapies, where cancer patients have been immunized with
their own DCs loaded ex vivo with tumor antigens (Gilboa 2007). In line with this, DC
vaccination leads to an increase in tumor-infiltrating T cells, which in turn has positive
effects on melanoma reduction (Bulgarelli et al. 2019).

Tumor-associated PMN, especially neutrophils, can have a great impact on tumorigenesis
and metastasis formation. Many cell types within the tumor microenvironment are capable
of secreting neutrophil-chemotactic substances. On the one hand, neutrophils show a
significant role in the TME by their production of cytokines and chemokines, which induce
inflammatory cell recruitment and activation (Granot and Jablonska 2015). However, the
secretion of reactive oxygen species (ROS) and proteinases by neutrophils, was
associated with a positive effect on tumor progression, angiogenesis, and metastasis
formation (Gregory and Houghton 2011). In some instances, the tumor cells themselves
mediate neutrophil recruitment by secreting IL-8, strongly suggesting that tumor-
associated neutrophils (TANs) are not helpful in host defense and rather promote tumor
angiogenesis (Tazzyman, Lewis, and Murdoch 2009).

In summary, the innate immune response can either fight or support tumor development.
Thus, many attempts are currently being made to skew the innate immunity towards one

with anti-tumor properties.

1.7.2. Adaptive immune response

Besides innate immune cells, the TME also contains adaptive immune cells such as B
cells and T cells, including T helper 1 (Th1), T helper 2 (Th2), regulatory T cells (Treg),
and cytotoxic T cells. These cells are located in the center of tumors, in the invasive
margin, or in the adjacent tertiary lymphoid structures (TLS) (Galon, Fridman, and Pagés
2007). Different types of infiltrating immune cells have different effects on tumor
progression, which can vary according to cancer type (Fridman et al. 2012). The tumor-
associated antigens (TAAs) are the major players in the recruitment of immune cells into
the TME. By presenting of TAAs on MHC Il molecules, CD4" T helper cells secrete
cytokines and chemokines that regulate different aspects of the immune response. CD8*
T cells themselves are directly cytotoxic and can be activated both by direct presentation
of antigen via MHC |, or CD4* T cell-mediated activation (Spurrell and Lockley 2014). On
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the other hand, Th2 CD4" T cell activation acts on B cells and results in humoral immunity
(Batista and Harwood 2009).

The persistence of tumors despite host immunity implies that tumor cells develop immune
avoidance. Some malignant tissues can lose the expression of MHC molecules making
them unable to present TAAs, thus evading T cell recognition. Other tumors create their
own immune-privileged site, therefore generating a physical barrier by enhanced collagen
and fibrin production (Lu, Weaver, and Werb 2012; Miskolczi et al. 2018). Another evasion
strategy generated by tumors is the secretion of anti-inflammatory cytokines, such as IL-
10, resulting in the expansion of FoxP3* regulatory T cells (Tregs) in the TME (Zou and
Chen 2008; Salmi et al. 2021).

Providentially, research has made enormous progress in tumor control in the last decade,
where tumor antigens can be targeted by monoclonal antibodies for specific recognition
and elimination of tumor cells. These investigations proved to be so essential in the field
of immunotherapy that the Nobel Prize 2018 in Physiology and Medicine was awarded to
James P. Allison and Tasuku Honjo for their work on cancer therapy by inhibition of
negative immune regulations (nobleprize.org). Successful treatments include immune
checkpoint therapies such as PD-1 and CTLA-4 blockade and the inhibition of oncogenic
MAPK (mitogen-activated protein kinase) signaling to increase patient survival rate.
Blocking of CTLA-4 with a monoclonal antibody (Ipilimumab®) promotes anti-tumor
immunity (Hodi et al. 2010). The second mechanism in anti-tumor treatment is the
blockage of Programmed-Death 1 (PD-1) on T cells. Thus, blocking PD-1 via anti-PD-1
antibodies can be an efficient cancer therapy (Nivolumab®, Pembrolizumab®) (Davar et
al. 2021; Sari and Saip 2018). However, lower efficiency and some side effects diminish
the success rate. Therefore, there is an ongoing interest in targeting PD-1 in different
ways, for example, targeting one of the ligands with an anti-PD-L1 antibody on tumor cells,
as well as combining blockade of PD-1 and CTLA-4 on immune cells to strengthen their
activity (Wolchok et al. 2013).

A completely new approach in the tumor research field is the different diet forms in our
modern society. The influence of individual components, such as high-fat, high-glucose
as well as high-salt is being investigated in melanoma studies.
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1.8. High-salt diet as part of the Western diet

Over the last decades, the Western diet has become more and more in the focus of
biological studies. Researchers showed that many immune parameters are determined
by non-heritable factors such as diet. This modern dietary pattern is generally
characterized by high intakes of red and processed meat, fried foods, and high-fat dairy
dishes. Therefore, characteristic components of the Western diet are high fat, high
glucose, and increased protein levels, but low in fiber and vitamins (Cordain et al. 2005).
Additionally, westernized food products also contain a high level of sodium chloride
(NaCl). According to the World Health Organization, a daily consumption of 5-6 grams of
NaCl is recommended for an adult person (Holbrook et al. 1984). However, a Western
diet nutrition contains between 9 and 12 grams of NaCl per day, which is twice the amount
of recommended value and can have substantial effects on homeostasis and diseases
(Manzel et al. 2014). Therefore, researchers started to focus on the influence of high-salt
diet (HSD) on disease outcomes and the impact on the immune system.

1.9. Effects of high-salt diet on homeostasis and disease

Excessive salt consumption is associated with several changes in body homeostasis.
Sodium binds water and therefore increases the volume of fluid in the body. The increase
of fluid promotes higher blood pressure and further enhances the risk of hypertension and
cardiovascular complications (Mente et al. 2014; Weinberger 1996). HSD has been linked
to autoimmune diseases such as multiple sclerosis and inflammatory bowel disease
(Kleinewietfeld et al. 2013; Kuang et al. 2023) Furthermore, an increased risk of
developing rheumatoid arthritis has been found in association with excessive salt intake
(Bae et al. 2021).

The kidneys are the central organ affected by HSD. High sodium levels have to excrete
through the urine, but a certain amount of water still needs to be conserved in order to
avoid dehydration. Consequently, the renin-angiotensin-aldosterone-system (RAAS),
located in the kidneys and adrenal glands, is modulated by HSD. Angiotensin Il and
aldosterone, which stimulate sodium reabsorption are downregulated in individuals on

HSD (Drenjancevic-Peri¢ et al. 2011; Rakova et al. 2017). Furthermore, excessive salt
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consumption is associated with hormonal changes, especially stress-related responses.
Plasma analysis revealed a significant increase in noradrenaline and cortisol during high-
salt intake (de la Sierra et al. 1996; A. X. Chen et al. 2020). Consistent with that, urinary
sodium concentration as well as cortisol and its metabolites were increased in patients on
HSD. Moreover, the researchers showed a correlation between high sodium intake and
insulin resistance, suggesting an additive mechanism in obesity-related metabolic
disorders (Baudrand et al. 2014). Besides stress hormones, it has been recently
demonstrated that HSD leads to plasma glucocorticoid increase in humans and mice
(Kitada et al. 2017; Rakova et al. 2017). Glucocorticoids belong to the class of
corticosteroids produced by the adrenal glands and regulate physiological processes,
mainly anti-inflammatory responses (Sapolsky, Romero, and Munck 2000). They
stimulate the maturation of the Na'/K* pump and support the development of the
neonate's renal system by increasing glomerular filtration. On the other hand,
glucocorticoids carry anti-inflammatory functions for instance reducing the number of
thymocytes and peripheral T cell under homeostatic conditions, and preventing
autoimmunity (Pazirandeh et al. 2002).

In contrast, it was shown that excessive salt leads to sodium accumulation in the skin
which is believed to have pro-inflammatory effects (Jantsch et al. 2015). Further
investigations showed that an hypertonic environment stimulates the p38/MAPK pathway,
leading to increased gene expression of the Nuclear factor of activated T-cells (Nfat5),
also known as Tonicity-Responsive Enhancer Binding Protein (TonEBP) (Kino et al.
2009). Nfat5 can also increase the transcription of proinflammatory modulators, like TNF-
a, IL1-B, IL-6, and the serum-glucocorticoid kinase 1 (Sgk1) (Cheung and Ko 2013;
Neuhofer 2010). Sgk1 is regulated by extracellular tonicity and plays an important role in
cellular osmotic stress response (S. Chen et al. 2009). Due to the activation by
glucocorticoids, Sgk1 enhances several ion channels, like the Na* channel on epithelial
cells (ENaC), K* channels in the renal outer medulla (ROMK?1), or Ca?* channels in renal
epithelial cells, to rebalance cell’'s osmolarity (Loffing et al. 2001; Welling and Ho 2009;
Xu et al. 2005). Furthermore, the infiltration of sodium depolarizes the cells and allows
cellular uptake of CI" by simultaneous removal of Ca?* (MacGregor, Cappuccio, and
Markandu 1987; Kirchner 1992).
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In summary, excessive salt intake negatively affects physiological processes in the body.
In addition, immunological changes due to high-salt diet have been observed.

1.10. Impact of excessive sodium on the immune system

Diet has long been postulated as a potential environmental risk factor for developed
countries. A common dietary factor, which is associated with the Western diet and
increased consumption of “fast food” is salt (Appel 2008). The excess intake of sodium
chloride modulates the innate and adaptive immune system. Hypertonicity results in an
increase of Th1 and Th17 cell polarization and proliferation, as well as a significant rise of
IL-2 production (Kleinewietfeld et al. 2013). Th17 differentiation is closely related to the
development of multiple sclerosis. In vivo studies could show that administration of HSD
induces Th17 proliferation and worsens experimental autoimmune encephalomyelitis
outcome (EAE = animal model of multiple sclerosis). Recent publications reveal that HSD
increases local sodium accumulation in POMC neurons, located in the hypothalamus, and
represents key regulators of metabolic homeostasis. The excessive salt leads to channel
activation, specifically the transient receptor potential vanilloid 1 (TRPV1), and further
enhances the production of adrenocorticotropic hormone (ACTH) (Zhang et al. 2022).
Furthermore, negative impacts of HSD were found in the gastrointestinal tract of mice,
where sodium exacerbates colitis by decreasing Lactobacillus (Aguiar et al. 2018). In
addition, an increasing number of Bifidobacterium causes gut leakage and affects the
development and function of NK cells (Miranda et al. 2018; Zeng et al. 2020).
Consequences of excessive salt intake could also be observed in the kidneys. HSD
worsens pyelonephritis outcome by impairing neutrophil functionality (Jobin et al. 2020).
Negative effects of HSD were also described in the skin. Here, high salt intake lowers
ECM remodeling and therefore impairs dermal tissue remodeling in mice (Pajtok et al.
2021). In line with this, wound healing of the skin was delayed under HSD, which was
associated with decreased M2 macrophages activation at the wound site (Binger et al.
2015). On the other hand, sodium accumulation in the skin favors a pro-inflammatory
environment and strengthens the antimicrobial barrier function to protect the body against
Leishmania infections (Jantsch et al. 2015).
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In summary, high-salt diet on long-term aggravation can have both, beneficial and
deleterious effects on body homeostasis and the immune system (Figure 4).

central nervous system
HSD worsens EAE by infiltration
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Figure 4: HSD-related changes in body homeostasis and diseases. Various organs are
modified caused by high-salt diet. The central nervous system showed increased
immune cell infiltration leading to EAE progression. The gastrointestinal tract undergoes
physiological and immunological differences. In addition to that, HSD negatively affects
kidney homeostasis and worsens bacterial infections by impairing the immune system.
Sodium accumulation in the skin promotes macrophage activation and improves anti-
microbial activity (modified from Wilck et al. 2019).
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1.11. Aim of the project

The main goal of this thesis was to investigate the influence of high-salt diet on cutaneous
cancer growth, in order to identify cellular and molecular mechanisms for new potential

therapeutic strategies.

First, the role of the immune system during melanoma growth under high-salt diet was
examined. Therefore, the characterization of immune cells in the tumor microenvironment
and the draining lymph nodes was performed for a better understanding of how an
enriched sodium environment may change the immune cell compartment. Furthermore,
blood kinetics should provide information on how high-salt diet changes the circulating
lymphocytes.

Secondly, the effect of high-salt diet on tumor cells was examined in detail. Here, possible
effects of osmo-protective mediators, which can be upregulated by HSD in melanoma
were investigated. Further cell-intrinsic changes in tumor cells were explored to better
understand how high-salt diet can affect melanoma growth and whether they could be
useful for possible therapeutic approaches.



2 Material and Methods

2.1. Material

2.1.1 Technical equipment

Table 1: Technical Equipment

Equipment

Manufacturer

Autoclave

Bright field scanner
Caliber

Centrifuge (5430R)
Centrifuge (5810R)
Centrifuge (Biofuge pico)
Clean Bench HeraSafe
Dissecting set

Electronic balance

Electronic precision balance

Flow Cytometers Canto I, LSRFortessa
Freezer (-20°C)

Freezer (-80°C)

Fume Hood

Heating block ThermoMixer
Homogenizer Fast Prep 24

Ice machine
Incubator HeraCell 240

Belimed, Cologne, Germany
Bergisch Gladbach, Germany
Leica Biosystems, Nussloch, Germany
Fine Science Tools,

Heidelberg, Germany

Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
Heraeus, Hanau, Germany
Heraeus, Hanau, Germany

FST Dumont Biology,

Dumont, Switzerland

Sartorius Lab Instruments,
Goettingen, Germany

Sartorius Lab Instruments,
Goettingen, Germany

Becton, Dickinson and Co.,
Franklin Lakes, NJ, USA

Liebherr, Biberach a.d. Ri3, Germany
Heraeus, Hanau, Germany
Wesemann, Syke, Germany
Eppendorf AG, Hamburg, Germany
Hohenpleillbenberg, Germany

MP Biomedicals Germany

Frimont Bettlonic, Pogliano, Italy

Heraeus, Hanau, Germany
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IVIS Lumina LT Series llI

Light Cycler 480 machine
MACS® cell separator

Mice cages

Micro centrifuge

Micropipettes

Microplates absorbance reader
Microscope (1X71)
Microscope Leica DMIL
Multichannel pipette
NanoDrop Spectrophotometer
Neubauer chamber

PCR Mastercycler
Photometer

Pipetboy acu 2

Refrigerators (+4°C)

Scalpel

Scissors

Sterile workbench
Thermomixer MaxQ
Vaccum pump
Vortex

Water bath

WES™ Western blot machine

Caliper Life Science, Massachusetts,
USA

Roche, Frankfurt a.M., Germany
Miltenyi Biotec,

Bergisch Gladbach, Germany
Techniplast,

Hohenpei3enberg, Germany

Biozym, Hessisch Oldendorf, Germany
Eppendorf AG, Hamburg, Germany
Tecan group, Mannedrof, Switzerland
Olympus, Hamburg, Germany

Leica Mircosystems, Wetzlar, Germany
Eppendorf AG, Hamburg, Germany
Thermo Fisher Scientific, Waltham, USA
Labomedic, Bonn, Germany

Eppendorf AG, Hamburg, Germany
Thermo Fisher Scientific, Waltham, USA
Integra Bioscience, Biebertal, Germany
Liebherr, Bieberach a.d. Ril3, Germany
Fine Science Tools,

Heidelberg, Germany

Fine Science Tools,

Heidelberg, Germany

Scanlaf Mars, Wertheim, Germany
Thermo Fisher Scientific, Waltham, US
Vacuubrand, Wertheim, Germany

VWR, Pennsylvania, USA

Memmert, Schwabach, Germany
Protein simple Biotechne,

California, USA



2.1.2. KlITs

Table 2: KITS

KITs

Manufacturer

a-MSH ELISA

BCA KIT for protein detection

cDNA reverse transcriptase

FoxP3 Fixation/Permeabilization KIT
GoTaq gPCR Master Mix
Permeabilization KIT

RNA NucleoSpin isolation KIT
SYBR Green PCR MasterMix
WES™ q-rabbit detection KIT

WES™ E2 Standard pack 12-230 kDa

WES™ Standard pack  60-300 kDa

2.1.3. Cell lines

Abbexa Ltd, Cambridge, UK

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Promega, Mannheim, Germany

BD, New Jersey, USA

Macherey Nagel, Diren, Germany
Thermo Fisher Scientific, Waltham, USA
Protein simple Biotechne,

California, USA

Protein simple Biotechne,

California, USA

Protein simple Biotechne,

California, USA

Table 3: Cell lines

Cell lines

Manufacturer

B16-OVA Gr’-melanoma cell line
B16-OVA luciferase melanoma cell line
B16-OVA melanoma cell line

B16-OVA Nfat5”- melanoma cell line

B16-OVA Nfat5 mNeon melanoma cell line

B16-OVA Sgk1”-melanoma cell line

B16-OVA Sgk1 mNeon melanoma cell line

B16 TyrKO melanoma cell line
CCL79 adrenal gland cancer cell line

AG Kurts / AG Holzel
AG Kurts / AG Holzel
AG Kurts / AG Holzel
AG Kurts / AG Holzel
AG Kurts / AG Holzel
AG Kurts / AG Holzel
AG Kurts / AG Holzel
AG Kurts / AG Holzel
AG Kurts / J. Yin



2.1.4. Consumables

Table 4: Consumables

Consumables

Manufacturer

12-well plate

150 cm? cell culture flask
384-well PCR plate

96-well plate, flat bottom

96-well plate, round bottom
Compensation beads

Counting beads

Cryo conservation tubes (2 ml)
FACS tubes

Falcon tubes (5 ml, 15 ml, 50 ml)
Filter (30 ym, 100 pm)

Filter tips (10 pl, 200 pl, 1000 pl)
Injection needles (0.45x12 mm)
MACS® LS-columns for cell isolation

MACS® Tumor-isolation beads

Micro tubes (0.5 ml 1.5 ml, 2 ml)
Micro-Hematocrit-Capillary
Microscope cover glasses

Microscope slides

Multichannel pipette (10 ul, 300 pl)
Neubauer chamber

Parafiim M

PCR micro seal stripe

PCR rubes, 8-stripes

Pipetboy acu 2

VWR, Pennsylvania, USA

Biozym Scientific, Oldendorf, Germany
Roche, Frankfurt a.M., Germany

VWR, Pennsylvania, USA

VWR, Pennsylvania, USA

Thermo Fisher Scientific, Waltham, USA
BD Biosciences, Heidelberg, Germany
Thermo Fisher Scientific, Waltham, USA
Sarstedt AG + Co., NUmbrecht, Germany
Greiner, Kremsmunster, Austria
Labomedic, Bonn, Germany

Nerbe-plus, Winsen, Germany
Labomedic, Bonn, Germany

Miltenyi Biotec,

Bergisch Gladbach, Germany

Miltenyi Biotec,

Bergisch Gladbach, Germany

Sarstedt AG + Co., NUmbrecht, Germany
Brand, Berlin, Germany

Paul Marienfeld GmbH & Co. KG,
Konigshofen, Germany

Paul Marienfeld GmbH & Co. KG,
Konigshofen, Germany

Eppendorf AG, Hamburg, Germany
Labomedic, Bonn, Germany

Sigma Aldrich, Missouri, USA

Biozym Scientific, Oldendorf, Germany
Biozym Scientific, Oldendorf, Germany
Integra Bioscience, Biebertal, Germany



Seahorse® 96-well plate
Serological pipet (5 ml, 10 ml, 25 ml)
Syringe (1 ml, 2 ml)

Weighing pans

Wes™ capillary 25

2.1.5. Media and buffers
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Agilent Technologies, Santa Clara, USA
Sarstedt AG + Co., NUmbrecht, Germany
Labomedic, Bonn, Germany

Waldbronn, Germany

Brand GmbH & Co. KG,

Wertheim, Germany

Protein simple Biotechne,

California, USA

Table 5: Media and buffers

Media and Buffers

Manufacturer

Aqua Bidest
Digestion media

FACS buffer

RIPA lysis buffer

RPMI 1640 + GlutaMax™ media

Sterile Phosphate buffered saline (PBS)

Solution A for mitochondria isolation

Solution B for mitochondria isolation

Kurts lab material

100 mg/ml DNAse | + 10 mg/ml
Collagenase IV in media

0.1 % BSA + 0.1 % NaN3z in PBS
Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Life Technologies, California, USA

20 mM HEPES/KOH (pH 7.6) + 220 mM
D-Mannitol + 70mM sucrose + 1 mM
EDTA + 0.5 mM PMSF in PBS

Solution A + 2 mg/ml BSA



2.1.6. Chemicals and reagents

Table 6: Chemicals and reagents

Chemicals and Reagents

Manufacturer

2-NBDG

BODIPY™ FL C16

Bovine serum albumin (BSA)
Collagenase IV (100 mg/ml)
Crystal-Violet

D-Mannitol
Deoxyribonuclease | (10 mg/ml)
Dimethylsulfoxid (DMSOQO)
Fetal calf serum (FCS)

G418 Geneticin antibiotics
Glucose

HEPES/KOH

High-salt diet food (4 % NaCl)

Indole-3-lactic-acid
Luciferin
Natrium acid (NaNs)

AAT Bioquest, California, USA

Thermo Fisher Scientific, Waltham, USA

PAN-Biotech, Aidenbach, Germany
Sigma Aldrich, Missouri, USA
Thermo Fisher, Waltham, USA
Sigma Aldrich, Missouri, USA
Sigma Aldrich, Missouri, USA
Carl Roth, Karlsruhe, Germany
Kurts lab material

Thermo Fisher, Waltham, USA
AppliChem, Darmstadt, Germany
Sigma Aldrich, Missouri, USA
ssnift Spezialdiat GmbH,

Soest, Germany

Sigma Aldrich, Missouri, USA
Thermo Fisher, Waltham, USA
Sigma Aldrich, Missouri, USA

Natrium chloride (NaCl)
Natriumdodecylsulfat (SDS)
Penicillin/Streptavidin antibiotic mix
Phenylmethansulfonylfluorid (PMSF)
Phorbol 12-myristate 13-acetate (PMA)

Protease inhibitor tablets

AppliChem GmbH, Darmstadt, Germany
Sigma Aldrich, Missouri, USA
Sigma Aldrich, Missouri, USA
Sigma Aldrich, Missouri, USA
Sigma Aldrich, Missouri, USA
Thermo Fisher, Waltham, USA
RCB Lysis Buffer Lonza, Walersville MD, USA
Sodium acid (NaN3) Thermo Fisher, Waltham, USA
Sucrose Sigma Aldrich, Missouri, USA
Trypan blue solution Sigma Aldrich, Missouri, USA
Trypsin EDTA Thermo Fisher, Waltham, USA
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Table 7:Software

Software

Manufacturer

Affinity Designer

BioRender

Compass for Simple Western™

FACS Diva vV8.0.1
Fiji ImagedJ

FlowJo V10
GraphPad Prism9
MagellanTM6

Microsoft Excel 2019
Microsoft Word 2019
Nanodrop 2000/2000c
Wheel Manager

2.1.8. Websites

Serif, Nottingham, United Kingdom
BioRender, Toronto, ON, Canada
Protein simple Biotechne,

California, USA

BD Biosciences, Heidelberg, Germany
National Institute of Health,

Bethesda, USA

Tree star Inc, USA

GraphPad Software, La Jolla, USA
Tecan Trading AG,

Mannedorf, Switzerland

Microsoft, Redmond, USA

Microsoft, Redmond, USA

Thermo Fisher Scientific, Waltham, USA
Caliper Life Science,

Massachusetts, USA

Table 8: Websites

Subject

Website

Gorilla Gene Ontology
NCBI Nucleotides
Primer3Plus

Primer Blast
Proteome Discoverer

SequenceHT node

https://cbl-gorilla.cs.technion.ac.il
https://www.ncbi.nlm.nih.gov/nucleotide/
https://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi
www.ncbi.nlm.nih.gov/tools/primer-blast/
https://thermofisher.commass-spectrometry/
https://www.ibm.com/docs/en/integration-bus
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2.1.9. Antibodies for flow cytometry analysis

Table 9: Antibodies for flow cytometry analysis

Antibody Clone Conjugate Isotype Company

CD45 30-F11  BV421 migG2a BiolLegend, San Diego, USA
CD4 GK1.5 BV421 rlgG2b  BiolLegend, San Diego, USA
CD8« 53-6.7 BV510 rigG2b  BiolLegend, San Diego, USA
CD3e 17A2 PECy7 rigG2b  Thermo Fisher Scientific, USA
TCRp H57-597 APC/BV421 hmigG  BiolLegend, San Diego, USA
CD11c HL3 APC/BV421 rlgG2b  BiolLegend, San Diego, USA
CD11b M1/70 APC rlgG2b  BiolLegend, San Diego, USA
F4/80 BM8 PE rlgG2a  BiolLegend, San Diego, USA
MHCII M5/114  FITC rigG2b  BiolLegend, San Diego, USA
Ly6G 1A8 APC/FITC rlgG2a  BiolLegend, San Diego, USA
Ly6C HK1.4 PerCP-Cy5.5 rlgG2c  BiolLegend, San Diego, USA
GR1 RB6-8C PE-Cy7 rlgG2b  BiolLegend, San Diego, USA
NK1.1 PK136 APC mlgG2a BiolLegend, San Diego, USA
CD25 PC61.5 APC/PE rigG1 BioLegend, San Diego, USA
FoxP3 F-JK-116s FITC rlgG2a  Thermo Fisher Scientific, USA
mTOR MRRBY PE/BV421 rlgG Thermo Fisher Scientific, USA
pmTOR MRBBY PECy7 rlgGx Thermo Fisher Scientific, USA
Fixable Viability Dye eF780 Thermo Fisher Scientific, USA
AnnexinV FITC Miltenyi Biotec, Germany
vdTCR GL-3 FITC/BV510 mligG1 BioLegend, San Diego, USA
IL-17A TC11-18H APC rigG1 Creative Biolabs, Shirley, USA
IFNy XMG1.2 PE rlgG1 BioLegend, San Diego, USA
RORyT Q31-378 PE/APC migG2a Thermo Fisher Scientific, USA
Tim-3 RMT3-23 APC rlgG2a  Thermo Fisher Scientific, USA
CD44 IM7 FITC rigG2b  BiolLegend, San Diego, USA
PD-1 29F.1A12 BVv421 rlgG2ak BiolLegend, San Diego, USA



2.1.10. Antibodies for Western blot analysis

Table 10: Antibodies for Western blot analysis

Antibody Class Host Isotype/ Company

B-Actin polyclonal rabbit IgG Cell Signaling Technology, NL
Mc1r polyclonal rabbit IgG Thermo Fisher Scientific, USA
mTOR polyclonal rabbit IgG Thermo Fisher Scientific, USA
p-mTORSe288 polyclonal rabbit IgG  Thermo Fisher Scientific, USA
Hif-1a polyclonal mouse IgG1  Novus Biologicals, USA

Mitf polyclonal rabbit IgG Cell Signaling Technology, NL

2.1.11. Primer sequences for gene expression analysis

Table 11: Primer sequences

Name Forward 5°-3° Reverse 5°-3°

Actb CTAAGGCCAACCGTGAAAAG ACCAGAGGCATACAGGGACA
Acta CTCTCTTCCAGCCATCTTTCAT TATAGGTGGTTTCGTGGATGC
Aldoa GGAGGAGTACATCAAGCGC TGGGAAAGAGCCTGAAGACC
Eno1 CCCCTGGCCAAATAAAGCAT GCTGGGATGACATCAGGGAT
Hifla CATGATGGCTCCCTTTTTCA GTCACCTGGTTGCTGCAATAA
Hk1 CTTCGACAAAGTGGTGGACG TTACGGACGATCTCACCCAG
Hk2 CCCTGTGAAGATGTTGCCCAC TGCCCATGTACTCAAGGAAGT
Ldha ATGAAGGACTTGGCGGATGA CGCCCTTGAGTTTGTCTTCC
Ldhb GCGTTGGACAAGTGGGTATG CACCAGGGCAAGTTCATCAG
Mc1r TCATCGTCCTCTGCCCTCAG GCAGCACCTCCCTTGAGTGTC
Mmp2 CTGGTGCTCCACCACATACA GGCCATGGGTTGGATCTT
Mmp3 TGCAGCTCTACTTTGTTCTTTGA AGAGATTTGCGCCAAAAAGTG
mt-Atp6  AAATATTAGCCCACCAACAG CTAGGAGGGTGAATACGTAG
mt-Atp8 AGTCTCATCACAAACATTCCC GTTAGTGATTTTGGTGAAGGTG
mt-Co1  CCTTTGCTTCAAAACGAGAA ATAGGTTGGTTCCTCGAATG
mt-Co2 CAAGCAACAGTAACATCAAACC GTGGAACCATTTCTAGGACAA
mt-Co3 TGTTTGCCTACTACGACAAC GGAAAAGTCAGACTACGTCTAC
mt-Cytb  GTACTGAATCCTAGTAGCCAA AGTATGAGATGGAGGCTAGT



mt-Nd1
mt-Nd2
mt-Nd3
mt-Nd4
mt-Nd4L
mt-Nd5
mt-Nd6
Mtor
Nfat5
Nr3c1
Pdha
Pdhb
Prkl
Pfkp
Pgk1
Pgm2
Slc2a1
Slc2a3
Slc3a2
Slc7ad
Slc27a1
Slc27a2
Slc27a3
Slc27a4
Slc27a5
Slc27a6
Sdha
Sdhb
Sdhc
Sdhd
Tyr
Tyrp1
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CGCCCTAACAACTATTATCTTCC
GGCCTTCCACCACTAACAGG
ACAAGCTCTGCACGTCTACC
TTAACCTCCAACCCTCACAC
CCATACCAATCCCCATCACC
ACCCATAAAATCTCTCAACC
AAAACGATCCACCAAACCCT
TTGAGGTTGCTATGACCAGAGAGA
GTGTTTAGCTCTTCAGCCAATCT

GAAGCGTGGATAAGATGCTC
AGGGTGGAAAATATTAGGTTGGGT
GCTCATGGTAGTGGAAGTAGAAGAG
AGGCCTGTAATTAGTTTTGGAC
CGTAATCTGTTCCGTACGTGTT
GTGGTTATGTTTGTGTGAAG
GGTTAGCATTAAAGCCTTCACC
TTACCAGAAAGGACACCAGCCAATG
CTGCATGGACAGCTTGAGATA

GGTGGGTTTTGTTTTGTAATTTTTT
TACGGACCACCTCATCACTG
CAGCTAGTAGAGGACACGGG
GGGTCATGTACAGCGAGGA
CAAGAGAGATCTCCTGTTTCAACC
AAGACTGGCCAAGCTACTGT
GTCCTAGCCAATGACCCAGA
GCTGTGCTTATGGGCTTCTC
TAAACCAGCTGGGCATCGTTGTTG
TGATGAATGCACCCTTGTACTTG
TCCCCAGTGAAAGTGGA
GACAAGCTGGATCAGGCAAG
GCGTGCCTCAACTACAACATT
GAGAACTTGCCACCGTATGC
CTATGACTGCCTCCCCCCTCT
GCCTTCGAGCTACGATTAAGTG
CAACACCTGTGAACCCACTG
CAGTTCCACCCCACAGGTA
ACTGGTGGAACGGAGACAAG
TGCGCTCTTGCTGAGACAT
CCTGCTCTGTGGTGGACTACT
AAGAATGCTGCCCACCATGG
CAGTGCAGCGTCTTCCTGAG

AATTTCTTTAATTTCTCTTCTCCCTAA
CAACCTCCTCTTCGTCCTGT
TGAAAACGCCTCTTCAGCAG
GGGTCATGTACAGCGAGGA
CTTGGGGATCCTGTGCTC
AATCTGCTTAGCTCGACCCA
CACTCTCCACTCACCACTGT
CACATACATGGGCACAAAGC
AATGATGGTTAAGCCAAGGAGCCC
TCCCCAGTGAAAGTGGA
CTTGTCCCATGTCCTTCCCC
GAGGCCACAGAGGCTGTTC
CCTCCTCCACAGCTTCTTGT
GGTCTCACGTAGTGGCCAAAGA
CATGCCGTGGAGTAAGCAC
GATAAGATGGCTGGCTTTGG
TCTTCTATGCTTCCAAGCAAATCT
TCTCCACGACACCCTTCTG
CCTCTGAAGTCGTCTCTGG
GTGGTTCCCAAAGGAGCAG
CCCATGAACGTAGTCGGTAAC
CACGGTCATCCACCCCTTTG
TTCCCGTGGGAGCACTGTAA
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2.1.12. Mouse strains

All mice were bred and maintained on a C57BL/6J background under specific pathogen-
free (SPF) conditions and in accordance with institutional animal guidelines at the animal
facility of the University Hospital Bonn (House of Experimental Therapy, HET). For the
experimental setup, female mice between 7-10 weeks were used and housed in
individually ventilated cages. Mice were not randomized in cages, but each cage was
randomly assigned to a specific treatment group. All animal studies were approved by the
governmental committees (Landesamt fur Natur, Umwelt und Verbraucherschutz, NRW)
with the license: 84-02. 04. 2015. A530.

2.1.13. lllustrations

Introduction figures and schematic drawings of experimental setups were created with
BioRender.com. The result figures were compiled with Affinity Designer.

2.2. Methods
2.2.1. Melanoma culturing and harvesting for in vivo experiments

Melanoma cells can be isolated directly from patient-derived samples or, in this case,
using modified B16 mouse melanoma cell lines. Here, Ovalbumin-expressing melanoma
cells (B16-OVA) were used in order to facilitate strong immune responses to tumor
antigens. The cells were kindly provided by the group of Prof. Dr. Holzel, University Clinics
Bonn. Melanoma cells were cultured in complete media (RPMI 1640 GlutaMAX™, pH 7.6)
+ 10 % fetal calf serum (FCS) and 1 % Penicillin and Streptavidin (P/S) antibiotic mix.
Geneticin antibiotic (G418 0.4 mg/ml) as a selection marker was added to the cells, so
that only the OVA-expressing cells can grow (Wagman et al. 1974). Melanoma cells were
grown adherent under controlled humid conditions (37°C and 5 % CO-) and the culturing
of the cells started one week prior to in vivo application. During that time, cells were
collected and split (1:5) every second day and fresh media was added. On experimental

day, media was aspirated and cells were washed with 10 ml PBS. After aspiration, 5 ml



40

of trypsin EDTA was added and incubated under controlled humidity conditions for 5 to
10 minutes until the cells detached. The cell suspension was transferred into a 50 ml tube
and washed with 30 ml PBS. After centrifugation for 5 min at 1200 rpm and 4°C, the pellet
was resuspended in 1 ml PBS. Living cells were counted using trypan blue staining and a
Neubauer chamber. Subsequently, cell concentration was adjusted with PBS to the final
concentration of 0.5 x 108 cells/100 pl and kept on ice until injection.

2.2.2. In vivo mouse model for skin melanoma growth

Female C57BL/6J wild-type mice between 7 and 10 weeks of age were used. Seven days
before tumor injection (d-7) mice were grouped into different diet conditions: mice on
normal-salt diet (NSD) were fed with normal mice chow, containing 0.3 % NaCl and
received autoclaved tap water (control group). Mice under high-salt diet (HSD) were fed
with 4 % NaCl-rich chow and additionally were given 0.9 % NaCl water ad libitum. On day
0 of experiment initiation, mice were shaved using an electric shaver and 0.5 x 10° B16-
OVA melanoma cells in 100 yl PBS were injected subcutaneously into each mouse. On
day 14 after tumor implantation, mice were euthanized with CO: to harvest tumor tissue,
and the whole tumor mass was weighed. For the analysis of gene expression levels, tumor
tissue was immediately frozen in liquid nitrogen. The rest was stored in digestion media

for further processing.

2.2.3. Monitoring of tumor growth

In order to determine how HSD affects tumor growth in vivo, all mice were examined daily
for their general health status. Here, weight changes were recorded over the entire period
of the experiment, starting from day -7 onwards. Five days after tumor implantation, the
first tumors could be seen by eye. The growth was documented daily over the entire
observation time. Tumor volume was determined by caliber and calculated using the
formula:

Tumor volume (mm?3) = length (mm) x width (mm)?



41

2.2.4. Mouse model of lung metastasis

A similar experimental setup was used to investigate the tumor growth in the lung. To
visualize the tumor growth in living mice over time, the luciferin-luciferase reaction assay
was used. For this purpose, genetically-modified melanoma cells expressing the
luciferase gene were provided by the group of Prof. Dr. Holzel. After one week of different
diet conditions (NSD vs. HSD), 0.5 x 106 B16-OVA luciferase-expressing melanoma cells
in 100 pl PBS were injected intravenously into the tail vein of each mouse. To quantify
metastasis formation, mice were anesthetized with a mixture of 3 % isoflurane/O2 (v/v)
and received 250 pl of luciferin (50 mM) intraperitoneally. Via enzymatic reaction, the
tumor cells emitted a visual light signal, which could be detected by the In Vivo Imaging
System (IVIS) Lumina Il machine. This measurement was repeated five times during the
experiment. 14 days after tumor injection, mice were anesthetized with isoflurane and
sacrificed via cervical dislocation and the lungs were removed. The nodules of metastatic
formation in the lung were counted manually. Lung tissue was collected and digested in
RPMI media + 10 mg/ml DNase | + 100 mg/ml Collagenase |V for further analysis. For

gene expression analysis, lung tissue was immediately frozen in liquid nitrogen.

2.2.5. Blood collection during the experimental time

To investigate the influence of HSD on possible differences in the immune cell
compartment, blood samples were collected from mice under NSD vs. HSD at different
time points during the experiment (d-7, dO, d7 and d14). Therefore, mice were kept under
infrared light to dilate the blood vessel and put into a retainer. The tail was disinfected with
70 % ethanol and a small incision was made using a blade. 30 ul of blood was collected
with heparinized capillaries and transferred into a FACS tube containing 100 pl EDTA (50
mM). After washing with 1 ml FACS buffer and centrifugation at 1200 rpm for 5 min at
4°C, red blood cells were removed by adding 1 ml of RCB lysis buffer and incubated for
10 min at RT. The reaction was stopped by adding 1 ml FACS buffer. After another
centrifugation step (1200 rpm for 5 min at 4°C), cells were stained for FACS analysis.
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2.2.6. Mouse model for skin melanoma growth with immune cell depletion

Myeloid-derived suppressor cells (MDSCs) were depleted by using Gemcitabine 60 mg/kg
i.p. injection every third day starting from day -7 on. Weekly blood analysis via FACS

confirmed sufficient depletion of MDSCs.

2.2.7. Collection of tumor tissue, blood, and tumor-draining lymph nodes

On day 14 after tumor implantation, animals were deeply anesthetized with CO. Once
the animal stopped breathing, blood was collected from the heart and transferred into a
1.5 ml tube. 100 pl of blood was used for FACS analysis, the rest was mixed with EDTA
for further experiments. The skin was cut without opening the intraperitoneal region. The
tumor was separated and the connective tissue was removed. After dissection, the total
tumor tissue was weighed and the tumor was divided for further analysis. Some material
was frozen in liquid nitrogen for further analysis. The rest was transferred into 2 ml
digestion media (RPMI media + 10 mg/ml DNase | + 100 mg/ml Collagenase V) to isolate
the melanoma cells. Furthermore, the tumor-draining lymph nodes (LNs) were collected

and stored in digestion media to obtain a cell suspension.

2.2.8. Ex vivo tumor cell processing

After transferring the tumor tissue and lymph nodes into digestion media, the solid bulk
was homogenized using a plumber of a 2 ml syringe and incubated for 20 minutes at 37°C.
Afterward, cell homogenate was resuspended by pipetting the suspension “up and down”
and further incubated for another 20 minutes at 37°C. Single-cell suspension was filtered
with a 100 pym nylon filter into a 15 ml falcon tube. The filter was washed three times with
2 ml PBS and the tubes were centrifuged for 5 minutes at 1200 rpm at 4°C. The
supernatant was aspirated and the pellet was resuspended in 1 ml media. Red cell lysis
was performed as written in section 2.2.5. and the homogenate was washed and
centrifugated again. Living cells were counted using trypan blue and cell concentration

was calculated by using the following equation:

counted cells

Total live cell number = — x 10* x dilution factor x volume (suspension)
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2.2.9. Tumor cell isolation via MACS® magnetic beads isolation

Mice were humanely sacrificed as described in section 2.2.7. and skin tumor cells were
removed and digested as mentioned in section 2.2.8. To obtain isolated tumor cells from
the tumor microenvironment, single-cell suspension was incubated with magnet-labeled
beads from Miltenyi Biotec according to the manufacturer’s description. Here, magnet-
labeled beads bound on immune cells and discarded. The unlabeled tumor cells (negative
isolation) were collected and used for further experiments.

2.2.10. Mitochondria isolation from melanoma cells

For further studies on mitochondrial function, mitochondria were isolated from tumor cells
as described by Priesnitz et al. (Priesnitz, Pfanner, and Becker 2020). Shortly, tumor
tissue was collected from mice on HSD and NSD and mixed with solution A (20 mM
HEPES/KOH (pH 7.6) + 220 mM D-Mannitol + 70mM sucrose + 1 mM EDTA + 0.5 mM
PMSF in PBS) and homogenized. After centrifugation at 800 g for 5 min at 4°C, the
supernatant was transferred into a new tube and again centrifugated at 10000 g for 20
min at 4°C. The supernatant was aspirated and the formed pellet was resuspended with
solution B and again centrifugated for 20 min at 10000 g and 4°C. The purified
mitochondria were resuspended in solution B (solution A + 2 mg/ml BSA) and the total

concentration was measured via Bicinchoninic Acid KIT (BCA).

2.2.11. Measurement of mitochondrial complex activity

Isolated mitochondria were further analyzed on their complex activity by our collaborators
Prof. Dr. Thomas Becker and Dr. Matthias Eckhardt, Institute of Biochemistry and
Molecular Biology, University of Bonn. Here, mitochondrial complex activity was
measured by using blue native polyacrylamide gel electrophoresis (BN-PAGE). Via using
antibodies, complex Il (anti-SDHA) as well as complex Ill (Rieske) activity could be

measured.
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2.2.12. Flow cytometry of ex vivo samples

Single-cell suspension from the tumor microenvironment and LNs was prepared for flow
cytometric analysis immediately after collection as described in section 2.2.8. Samples
were centrifuged at 1200 rpm for 5 minutes at 4°C and the supernatant was discarded.
Tumor samples were resuspended in 1 ml FACS buffer and 100 ul transferred into a
96-well F-bottom microplate. Lymph nodes were mixed with 200 pyl FACS buffer and
distributed on a 96-well F-bottom microplate. Cells were centrifuged again at 1200 rpm
for 5 minutes at 4°C and the supernatant was discarded. Blood samples (100 pl) were
transferred into FACS tubes and lysis of erythrocytes was performed by adding 1 ml of
RCB buffer to the cell suspension. Samples were incubated for 10 minutes at room
temperature and the reaction stopped by adding 2 ml FACS buffer. Cells were
centrifuged at 1200 rpm for 5 minutes at 4°C and the supernatant was discarded. If
necessary, red cell lysis was repeated as described. Before further processing, 1 x 10*
counting beads (APC labeled) were added to each sample. Afterwards, samples were
stained for 10 minutes at 4°C in 50 pyl FACS buffer supplemented with live/dead
discrimination dye. The reaction was stopped by adding 100 ul FACS buffer and the
cells were centrifuged at 1200 rpm for 5 minutes at 4°C. 50 pl of antibody mix for surface
markers was added to the cells and incubated for 20 minutes at room temperature in
the dark. After resuspending in 100 yl FACS buffer the cells were centrifuged at 1200
rpom for 5 minutes at 4°C. Different cell populations were identified with flow cytometric
analysis via expression of surface markers shown in Figure 5. Samples were analyzed
according to cell number and clusters by flow cytometry using BD FACS Canto Il or BD
LSR Fortessa and quantified with FlowJo 10 software.
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Figure 5: Gating strategy to identify immune cell population in the tumor
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2.2.13. Staining of intracellular molecules

To stain for intracellular molecules, samples had to be further processed using FoxP3
Fixation/Permeabilization KIT® from Thermo Fisher according to the manufacturer’s
protocol. Fixation solution was prediluted 1:3 in the appropriate buffer and cells were
resuspended in 200 pl fixation buffer. After 1 hour of permeabilization/fixation at room
temperature in the dark, the reaction was stopped by the manufacturer’s washing buffer
(1:10 pre-diluted in PBS). After centrifugation at 1200 rpm for 5 minutes at 4°C, the
supernatant was discarded and 50 pl of antibody mix (in wash buffer) was added to the
cells. The samples were stained for 30-45 minutes at 4°C. The reaction was stopped by
adding 100 pl of wash buffer and the samples were centrifuged at 1200 rpm for 5 minutes
at 4°C. After removing the supernatant, cell pellet was washed and stored in FACS buffer
until measurement. Different cell populations were identified with flow cytometric analysis
via surface marker expression and further on their intracellular signal by measuring the

mean fluorescence intensity minus one (MFI-MFlo).

2.2.14. UMAP analysis

Dimensionality reduction of flow cytometric data was performed using the Uniform
Manifold Approximation and Projection for Dimension Reduction (UMAP) plug-in in
FlowJo v. 10.6. Prior to UMAP, doublets and dead cells were excluded and specific cell

populations were identified by standard gating as described in Figure 5.

2.2.15. ROS staining

To quantify reactive oxygen species (ROS), single-cell suspensions of tumor cells were
stained with dihydrorhodamine 123 (DHR123) for 30 min at 37°C and measured via FACS.
The positive control was treated with 1 pg/ml Phorbol 12-myristate 13-acetate (PMA) for
30 min at 37°C.
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2.2.16. Glucose uptake assay

Tumor cells were collected after 14 days from HSD- and NSD-fed mice as described in
section 2.2.7. and isolated as written in section 2.2.8. After the generation of a single-cell
suspension, live tumor cells were determined via trypan blue staining and counted in a
Neubauer chamber. Then 0.5 x 108 of B16-OVA cells in 100 ul were seeded into a 96-well
plate, washed and starved for one hour in starvation buffer (PBS + 10 % FCS) at 37°C
and 5 % CO2. 100 mM of fluorescently-labeled 2-deoxy-glucose (2-NBDG) was added to
each well and incubated for 1 hour under humidity conditions (37°C and 5 % CO>).
Afterward, cells were washed again in starvation buffer and stained with a fixable viability
dye for 10 minutes at 4°C. Cells were washed and centrifuged again and the mean
fluorescence intensity minus one (MFI-MFlp) was measured using BD FACS Canto II.

2.2.17. Fatty acid uptake

Ex vivo collected tumor cells from both diet groups were processed into a single-cell
suspension and live cells were determined via trypan blue staining. 0.5 x 106 of B16-OVA
cells in 100 ul were seeded into a 96-well plate, washed and rested for 1 hour in starvation
buffer (PBS + 20 yM BSA) under humidity conditions. 5 pM of fluorescent BODIPY ™ FL
C16 was added to the cells and incubated for 30 minutes at 37°C and 5 % CO.. Afterward,
cells were washed and stained with fixable viability dye for 10 minutes at 4°C and the
mean fluorescence intensity minus one (MFI-MFlo) was measured using BD FACS Canto
Il.

2.2.18. Puromycin assay

Tumor cells were collected after 14 days from HSD- and NSD-fed mice as described in
section 2.2.8. After the generation of a single-cell suspension, live tumor cells were
determined via trypan blue staining and 0.5 x 10° cells were seeded into a 96-well plate.
10 pg/ml Puromycin was added to the cells and incubated for 30 minutes at 37°C and 5
% CO.. After washing and centrifugation, fixable viability staining was performed for 10
minutes at RT.
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FoxP3 Fixation/Permeabilization KIT was used as described in section 2.2.13. Afterward,
cells were stained with anti-puromycin antibody for 1 hour at 4°C. Mean fluorescence
intensity minus one (MFI-MFlp) was measured using BD FACS Canto |l.

2.2.19. Seahorse® real-time metabolic cell analysis

Ex vivo collected tumor cells from both investigated groups were processed to get single-
cell suspension as described in section 2.2.8. and 0.2 x 10° cells were seeded into a
Seahorse® XF96 Cell Culture microplate. After the attachment of the cells, a bicarbonate-
free media was added and the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured using the Seahorse® XFe Analyzer by following
the manufacturer’s instructions in cooperation with Prof. Dr. Christoph Wilhelm, Institute
of Clinical Chemistry and Clinical Pharmacology, University Clinics Bonn.

2.2.20. Metabolome analysis

Skin tumors from mice fed with either HSD or NSD were harvested after 14 days and
immediately stored in liquid nitrogen. Analysis of metabolites within the tumor samples
was carried out by METABOLON® INC (Morrisville, NC).

2.2.21. Proteome analysis of isolated skin tumor cells

Skin tumors of mice fed with HSD or NSD were harvested after 14 days and single-cell
suspensions were generated as described in section 2.2.7. Tumor cells were further
isolated with MACS® isolation KIT as written in section 2.2.9. and 0.2 x10° cells were
resuspended in 50 ul RIPA buffer + 10 % SDS and stored ad -80°C. Samples were
processed and analyzed by Prof. Dr. Christian Minch and Suleyman Bozkurt, Mass
Spectrometry Facility, Institute of Biochemistry Il, University Hospital Frankfurt. Briefly,
pure proteins were obtained with methanol/chloroform precipitation and digested with
trypsin (1:1000) and LysC (1:50) at 37°C overnight. Digested peptides were further
purified using Seqg-Pak tC18 cartridges and peptide concentrations were determined via
BCA assay. Samples were labeled with 2.5 ug TMT, adjusted to an equal amount and

pooled.
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For mass spectrometry (LC-MS?) analysis, the fractions were resuspended in 2 %
acetonitrile and 0.1 % formic acid and separated on fused-silica column. 1 ug of peptides
were eluted by a non-linear gradient over 150 minutes and directly sprayed into a Orbitrap
Fusion Lumos mass spectrometer equipped with a nanoFlex ion source. Sprayed
peptides were analyzed with Multi-Notch MS3-based TMT method in order to minimize
ratio compression and ion interferences. Raw data were analyzed with Proteome
Discoverer 2.4 and SequenceHT node was selected for database searches of MS2-

spectra. Ranked enriched gene ontology terms were identified using GOrilla website.

2.2.22. RNA isolation and gene expression analysis

Frozen tumor and lung samples were used for RNA isolation with the RNA NucleoSpin
isolation KIT® from Macherey Nagel according to the manufacturer’s protocol. Total RNA
was extracted from homogenized samples by the selective binding properties of a silica-
based membrane using RNeasy Mini Kit including DNase | treatment according to the
manufacturer’s protocols. Total RNA concentration was determined via NanoDrop
Spectrophotometer (ratio absorbance 260/280 nm and 260/230 nm). 1 yg RNA was
reverse transcribed with Moloney murine leukemia virus reverse transcriptase, RNAsin
and dNTPs master mix (Promega, 2020). Quantitative Real-Time PCR was performed by
using Quantstudio 5 and GoTaq® qPCR Master Mix with SYBR green. PCR primer
sequences were designed using the online-based databases: NCBI Nucleotides, Primer3,
and Primer Blast shown in Table 8.

Gene expression was normalized to the housekeeping gene (f-Actin) and AACT method

was used for comparing relative expression to the control group.

2.2.23. Protein isolation for Western blot

Melanoma tissues were harvested from mice under HSD and NSD as described in section
2.2.8. and tumor cells were isolated as written in section 2.2.10 and stored at -80°C.
Frozen tumor cells were homogenized in RIPA buffer + 10 % Protease inhibitor. After
cooling down on ice for 10 min, the solution was centrifuged at high speed for 15 min and
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4°C. The supernatant was taken and protein concentration was determined using BCA
protocol.

2.2.24. Western blot analysis using Simple Western™

Protein content was measured by using Simple Western™ technologies, combining size-
based capillary electrophoresis with immunodetection via primary antibodies. Therefore
0.25 pg/ul of total protein was used and primary antibodies were added according to the
manufacturer’s protocol. Data were analyzed with the Software Compass for Simple
Western™.,

2.2.25. Hormone level quantification in serum

a-MSH levels were quantified in the serum of mice under HSD and NSD by ELISA

according to the manufacturer’s description.

2.2.26. RNA Sequencing data processing

Skin tumors were collected from mice either on HSD or NSD and immediately stored in
liquid nitrogen. Afterwards, total RNA was isolated as described in section 2.2.22. and
sequenced with Standard 3' mRNA-Seq Library Kit for lllumina Protocol by the Next
Generation Sequencing (NGS) Core Facility from the University Clinics Bonn. Briefly, size
distribution and yield of the 3'mRNA-seq library after the PCR step were determined by
the D1000 high-sensitivity tape station prior to pooling of the barcoded libraries. The
pooled 3'mRNA-Seq libraries were loaded on the lllumina HiSeq2500 platform and
analyzed by a 50-cycle high-output run. FASTQ files were aligned to the mm10 mouse
reference genome using the StarAligner. Further computational 3'mRNA-seq analysis
was done with the Bioconductor/R computing environment. The voom method of the
limma package was used for normalization and linear modeling with quantile
normalization. To obtain mMRNA expression values, the read counts per million (cpm) were
transformed to log2 values according to the voom algorithm. Differentially expressed
genes were determined by an empirical Bayes moderated t-test statistic using the limma
package. For gene set enrichment analysis, the gene ontology gene set collection GO-
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biological processes provided by the Molecular Signature Database (MSigDb) from the
Broad Institute was used (https://software.broadinstitute.org/gsea/msigdb/). The t-test
statistic values as input ranking parametric for GSEA pre-ranked gene list mode and
default settings. For GSEA analysis, javaGSEA stand-alone version was used.
Bioinformatical analysis was done with the help of Prof. Dr. Michael Holzel, University

Clinics Bonn.

2.2.27. Histology

The fibrotic state of tumor tissue was assessed by Sirius Red staining on paraffin-
embedded tissue sections. Therefore, the entire tumor as well as the surrounding skin
was collected from mice on NSD or HSD and incubated in 4 % methanol-fee PFA in PBS
at 4°C overnight. On the next day, the samples were transferred into a histology cassette
and soaked under running tap water for 4 h before transferring to a tissue drainage
automat. Here, samples were automatically dehydrated over a total period of 17 h.
Subsequently, organs were placed in a histokinette, embedded in liquid paraffin and dried.
Afterwards, the samples were sectioned in 2 ym thick slices using a rotary microtome and
were dried overnight at 60°C before the staining was performed. After de-waxing and
hydration of the samples, the slides were washed five times with BiDest and transferred
into a glass cassette with Pico Sirius Red solution (in saturated picric acid) for one hour
protected from light. The slides were washed twice with acidified water and dried
afterwards. Tissues were dehydrated three times with 100 % ethanol and fixed with xylene
and further with ROTI® Histokitt. The scanning was performed at 20x and 40x
magnification using a bright field scanner. The fibrotic array was visualized and
determined using Fiji Imaged tool.

2.2.28. Cell confluence measurement of melanoma cells in vitro

Besides the investigation of melanoma growth in vivo, B16-OVA and B16 Tyrosinase”
cells were also kept in vitro for further experiments. Cells were cultured under the same
conditions as described in section 2.2.1. To mimic in vivo conditions, melanoma cells were
treated with high sodium media (+ 40 mM NaCl) or D-Mannitol (+ 80 mM) to discriminate

between salt-specific alterations or osmotic stress responses. To investigate growth
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changes, 0.1 x 10* live cells were seeded into a 12-well plate and incubated at 37°C and
5 % CO2 until they get attached. The adjusted media was added to the different groups;
control cells received normal media. Cells were kept at 37°C and 5 % CO.. Media was
changed every second day and cell confluence was measured daily via Tecan Spark until
the wells reached 100 % confluence.

2.2.29. Statistically analysis

The results were graphically represented as the average of the measured values together
with their standard deviation (SD) or standard error of the mean (SEM). Significances
were calculated either with an unpaired two-tailed t-test (when comparing two groups) or
with a 2-way ANOVA analysis with Tukey’s multiple comparison test and defined as
follows: *p<0.05, **p<0.01, ***p<0.001.

Outliers were identified and removed by using the ROUT method (Robust regression and
Outlier removal) with Q = 1%.
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3 Results

3.1 High-salt diet slows down B16 tumor growth in the skin and lungs of mice without

major involvement of the immune system

In this thesis, the influence of high-salt diet on cutaneous melanoma growth was
investigated. In particular, changes in the immune cell compartment due to excessive salt
intake were in the focus. Furthermore, the question was raised whether metastatic
melanoma, formed in the lungs, was similarly altered by HSD than solid tumors.

3.1.1. HSD significantly reduces B16 tumor growth in the skin

To assess the influence of high-salt diet on melanoma pathogenesis, a murine melanoma
model using a B16 melanoma cell line expressing ovalbumin (B16-OVA) was chosen.
Subcutaneously injected B16-OVA cells formed a palpable tumor between 5 to 10 days
after injection, and without intervention, a tumor volume of approximately 1 cm® was
reached by day 14. In this experimental setup, female C57BL/6J wild-type (WT) mice were
used to investigate tumor growth under two different dietary conditions. Mice on normal-
salt diet (NSD) received a regular chow and were allowed free access to autoclaved tap
water. Mice under high-salt diet (HSD) were fed with 4 % NaCl-rich chow and additionally
received 0.9 % sodium chloride autoclaved water ad libitum over the entire experimental
time. After 7 days on the respective diet, 0.5 x 10 B16-OVA melanoma cells were injected
s.c. into the mice and tumor growth was measured daily as soon as a tumor was palpable
(Figure 6, A). Similar body weights between both groups were observed, indicating that
HSD nor the implantation of melanoma cells had an effect on mice well-being (Figure 6,
B). Mice under HSD showed reduced tumor volume compared to the NSD group after 14
days (Figure 6, C). Investigation on melanoma formation over time showed similar tumor
growth in both groups in the beginning. While the NSD group displayed sustained B16-
OVA tumor growth over the experimental time, mice under HSD started to slow down
melanoma growth, starting from day 9 onwards, which became statistically significant from
day 11 until the end of experiment (Figure 6, D).

In conclusion, high-salt diet significantly delayed B16-OVA tumor growth.
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Figure 6: HSD significantly reduces B16-OVA tumor growth in the skin. Mice were fed
with high-salt diet (HSD) and given 0.9 % NaCl water one week before tumor injection.
The control group received normal chow. On day 0, 0.5 x 10 B16-OVA melanoma cells
were injected subcutaneously into all mice. Tumor volume and weight changes were
measured daily. After 14 days, tumor tissue was collected and further analyzed. (A)
Experimental setup. (B) Percentage of weight changes in mice under HSD (red, n=17)
compared to NSD (blue, n=17). (C) Representative picture of tumor size after 14 days
of tumor growth under either diet. (D) Measurement of tumor volume (mm?) over time
of mice under NSD (blue, n=33) and HSD (red, n=33). (D) Data shown as mean + SEM

of 6 independent experiments (C) and 3 independent experiments (D) and analyzed
with 2-way ANOVA. * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.1.2. Ex vivo tumor cells after HSD are significantly lower in cell number, without altering
cell proliferation or apoptosis

To further investigate the reduced melanoma growth under HSD observed in mice, the
tumors were harvested and analyzed in depth. Consistent with the reduced tumor volume,
melanoma isolated from HSD-fed mice weighed significantly less than tumors isolated
from NSD-fed mice (Figure 7, A) and contained significantly lower numbers of live tumor
cells (Figure 7, B). Potential reasons for the differences in tumor growth could be
explained by differences in tumor cell survival or proliferation caused by HSD. Therefore,
the next question was whether the excessive salt content leads to alterations in apoptosis
as well as the proliferation capacity of tumor cells. Staining with Annexin V revealed no
differences in apoptosis between tumor cells isolated from HSD and NSD, indicating that
HSD did not influence the apoptosis of tumor cells (Figure 7, C). Furthermore, the analysis
of Ki-67, a proliferation marker, indicated comparable proliferation rates in both groups
(Figure 7, D).

In conclusion, HSD diminished melanoma cells but had no effect on tumor cell proliferation

or apoptosis.
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Figure 7: HSD reduces tumor weight and lowers the number of live tumor cells ex vivo.
(A) Weight of tumors isolated from HSD (red, n=30) and NSD mice (blue, n=30) on day
14 after tumor implantation. (B) Number of live tumor cells under HSD (red, n=38) and
NSD (blue, n=38) on day 14 after tumor implantation. (C) Percentage of apoptotic cells
identified by staining with Annexin V among all tumor cells (n=7/group). (D) Percentage
of Ki-67* cells among all live tumor cells (n=6/group). Data shown as mean + SD of 8
independent experiments (A+B) and 2 independent experiments (C+D) and statistically
analyzed by unpaired t-Test. * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.1.3. Excessive salt intake also causes tumor regression in the lung

Since melanoma shows a high potential to metastasize in other organs, the question
was, whether the effect of reduced tumor growth under HSD can be also observed in
other organs. Besides lymph nodes, the lung is one of the first organs affected by
metastatic melanoma and recent publications negate a sodium storage capacity like in
the skin (He et al. 2020). To answer this question, mice were fed with NSD or HSD, and
tumor formation in the lung was investigated. Here, luciferase-expressing melanoma
cells were used to measure melanoma formation in vivo over time. After 7 days on the
diet, 0.5 x 10° B16- OVA luciferase-expressing cells were injected i.v. into the mice and
metastatic melanoma formation was quantified with In Vivo Imaging System (IVIS)
(Figure 8, A). 14 days after tumor implantation, the lungs were collected and visible
tumor nodules were counted. Mice on HSD displayed only a minor number of visible
melanoma nodules compared to the control group (Figure 8, B). Quantification of these
nodules confirmed significantly fewer counted melanoma spots in HSD-fed mice
compared to NSD (Figure 8, C) Consistent with this observation, during the course of
the experiment, HSD-fed mice showed lower luminescence signal at the end of
experiment than the NSD group, indicating a reduced melanoma growth in the lungs
under HSD (Figure 8, D). Until day 10 after tumor application, HSD- and NSD-fed mice
displayed a similar luminescence signal. Afterwards, luminescence signal under HSD
was slightly decreased as compared to the control, indicating less tumor formation. No
differences were detected in the weight change of both investigated groups (Figure 8,
E). Gene expression analysis of Ovalbumin (Oval) mRNA in the lungs confirmed that
excessive salt intake additionally diminished tumor growth in the lung (Figure 8, F).

Taken together, these data showed that HSD-mediated tumor suppression is not limited
to solid tumors in the skin, but also delayed metastasis growth in the lung.
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Figure 8: HSD delays B16-OVA melanoma growth in the lung. After 7 days on either
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nodules out of mice fed with NSD or HSD (n=7 mice/group). (D) Luminescence
measurement over the experimental time in mice fed with NSD or HSD (n=7
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mice/group). (E) Weight changes of mice on HSD and NSD (n=7 mice/group). (F)
Gene expression analysis of Ovalbumin (Oval) in the lung out of mice fed with HSD
or NSD (n=7 mice/group). Data show mean * SD of 2 independent experiments,
analyzed with unpaired t-Test (C+F) or with 2-way ANOVA (D+E). * - p<0.05; **-
p<0.01; ***- p<0. 001. Experiments were done with the help of K. Jobin and M.
Meil3ner.

3.1.4. HSD does not change the immune cell compartment in the blood

As it has already been shown that HSD polarizes the immune systems towards an
inflammatory state (Ip and Medzhitov 2015; Jantsch et al. 2015) the next question was
how the immune system changes during melanoma growth and whether HSD has
additional effects on it. Therefore, blood was collected from the tail veil before diet change
(day -7) and after 7 days on either HSD or NSD to assess the diet effect on the immune
cell composition via FACS (Figure 9, A). HSD did not change the total live CD45" cells/ml
blood (Figure 9, B) nor the number of CD4* or CD8" T cells per ml blood in comparison to
NSD (Figure 9, C + D). Also, the number of neutrophils (Figure 9, E) and monocytes
(Figure 9, F) did not change upon HSD. Overall, 7 days on HSD did not affect the
composition of immune cells in the blood.

When assessing the abundance of immune cells after tumor implantation, melanoma
transplantation in the skin induced the expansion of total live CD45" cells, total CD4* T
cells, neutrophils, and monocytes in both investigated groups but without significant
changes between the diet forms (Figure 9, B+C+E+F). Interestingly, CD8" T cells were
increased on day 7 after tumor application but dropped back to normal cell count by day
14 (Figure 9, D).

In summary, HSD alone did not affect the immune cell composition in the blood. The
transplantation of melanoma cells increased the total cell count in both groups, indicating
a reaction of the immune system to the tumor. However, no salt-specific modulations were

observed.
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Figure 9: HSD does not change total cell numbers of blood immune cells. Blood
samples were collected on day -7 (before changing the diet), day O (7 days on a different
diet and before tumor implantation), day 7 (after tumor implantation) and day 14 (end of
experiment). (A) Experimental setup. (B) Blood kinetic analysis of live CD45" cells from
mice on NSD and HSD. (C) Total CD4"* T cells (D) CD8* T cells (E) neutrophils and (F)
monocytes per ml blood were investigated. Data shown as mean + SEM of 2
independent experiments with 10 mice per group and analyzed with 2-way ANOVA. * -
p<0.05; **- p<0.01; ***- p<0. 001.



60

3.1.5. HSD does not change the intratumoral composition of immune cells

Excessive salt intake was shown to increase local sodium concentration in the skin and
exert proinflammatory effects. This has been shown to boost classically-activated
macrophages to promote bacterial clearance (Jantsch et al. 2015). To analyze whether
HSD also affects the infiltration of immune cells into B16-OVA tumors, melanoma tissue
was collected after 14 days of tumor growth in mice under HSD or NSD. Using Uniform
Manifold Approximate and Projection (UMAP) analysis, the intratumoral immune cell
distribution was visualized. HSD did not provoke immune cell infiltration divergent from
the control group. Similar patterns of immune cells were detected in the tumor
microenvironment (TME) under NSD compared to HSD (Figure 10, A). Detailed analysis
confirmed similar numbers of live CD45* cells per mm? tumor between HSD and NSD
(Figure 10, B). Analysis of the innate immune cell compartment in TME did not reveal any
influences attributed to HSD. Similar numbers of macrophages, dendritic cells,
neutrophils, and NK cells were found in the TME isolated from HSD-fed mice in
comparison to NSD (Figure 10, C-F). Further investigations of the adaptive immune
system showed comparable results between HSD and NSD. Similar numbers of CD4* T
cells, Th17 T cells, regulatory T cells, yé T cells, and NKT cells were found in the TME of
both investigated groups (Figure 10, G-K). Moreover, comparable numbers of CD8" T
cells as well as PD-1* CD8* T cells were found in the TME of both investigated groups
(Figure 10, L+M).

In summary, HSD had no great impact on the intratumoral immune cell compartment.
Similar numbers of immune cells in the tumor tissue were detected which could not explain

the HSD-mediated tumor reduction
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Figure 10: HSD does not change the intratumoral immune cell compartment.
Quantitative UMAP dimensionally reduction displays by FACS data revealed similar
distribution of immune cells in the TME from HSD and NSD-fed mice. (A) Representative
example of UMAP analysis of tumor composition under NSD (n=5) and HSD (n=7). (B)
Total number of live CD45* cells per mm? tumor of mice fed with HSD or NSD (n=28
mice/group). (C) Number of macrophages (n=14 mice/group), dendritic cells (D, n=14
mice/group), neutrophils (E, n=15 mice/group) and NK cells (F, 12 mice/group) per mm?3
tumor in mice fed with HSD or NSD. (G) Number of CD4* T cells (n=25 mice/group),
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Th17 T cells (H, n=9 mice/group), regulatory T cells (I, n=20 mice/group), yé T cells (J,
n=15 mice/group) and NK T cells (K, n=12 mice/group) per mm?3 tumor in mice fed with
HSD or NSD. (L) Total number of CD8" T cells (n=19 mice/group) and PD1* CD8" T
cells per mm3 tumor both investigated groups (M, n=20 mice/group). UMAP shows 1
experiment. FACS data shows 3-5 independent experiments and analyzed with
unpaired t-Test. * - p<0.05; **- p<0.01; ***- p<0. 001. FACS analysis was done with the
assistance of K. Jobin.

3.1.6. HSD does not influence immune cell numbers in tumor-draining lymph nodes

As a consequence of melanoma formation, the tumor-draining lymph nodes (LN) increase
in size from day 2 after tumor application and boost the accumulation of immune cells
(Commerford et al. 2018). Additionally, to assess the immune cell compartment in the
blood and the tumors themselves, the tumor-draining LN and their changes during
melanoma formation and HSD were analyzed. UMAP analysis visualized a similar
distribution of immune cell populations in tumor-draining LN after 14 days of tumor growth
under NSD and HSD (Figure 11, A). Detailed analysis revealed no differences in the
number of live CD45" cells in the LN of both investigated groups (Figure 11, B).
Comparable numbers of macrophages, dendritic cells, and NK cells were detected in LN
on either diet (Figure 11, C-E). In contrast, the number of neutrophils significantly
decreased in LN under HSD (Figure 11, F). Analysis of the adaptive immune system
revealed no changes in the total number of CD4* T cells, Th17 T cells, regulatory T cells,
or NKT cells (Figure 11, G-J). Comparable numbers of CD8" T cells and PD1* CD8* T
cells were detected in LN in mice under HSD and NSD (Figure 11, K+L).

Taken together, the overall immune cell composition in tumor-draining LN was not affected

by the excessive salt intake, but a decrease in neutrophils was observed.
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Figure 11: HSD does not change immune cell numbers in tumor-draining lymph nodes.
After 14 days of tumor growth in mice on HSD or NSD, the tumor-draining LNs were
analyzed by FACS. (A) Representative UMAP analysis of LN out of NSD-fed mice (n=5)
and HSD-fed mice (n=7). (B) Number of total live CD45" cells (n=27 mice/group),
macrophages (C, n=11 mice/group), dendritic cells (D, n=8 mice/group), NK cells (E,
n=14 mice/group), and neutrophils (F, n=12 mice/group) in LN of both investigated
groups. (G) Total number of CD4* T cells (n=18 mice/group), Th17 T cells subtype (H,
n=11 mice/group), regulatory T cells (I, n=14 mice/group) and NKT cells (J, n=11
mice/group) in LN under HSD and NSD. (K) Total number of CD8" T cells (n=23
mice/group) and PD-1"CD8" T cells (L, n=19 mice/group) in LN of both investigated
groups. UMAP shows 1 experiment. FACS data shows 2-5 independent experiments
and analyzed with unpaired t-Test. * - p<0.05; **- p<0.01; ***- p<0. 001. FACS analysis
was done with the assistance of K. Jobin.
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3.1.7. Myeloid-derived suppressor cells are no key players in HSD-mediated tumor

reduction

The effect of dietary changes on tumor progression and their therapeutic potential is a
highly researched topic. In the course of this thesis, HSD has been shown by Willebrand
et al. to inhibit melanoma growth by suppressing myeloid-derived suppressor cells
(MDSC) and in turn shifts lymphocytes toward a pro-inflammatory state (Willebrand et al.
2019). As this publication stands in contrast to the observation of this thesis, that the
immune cell composition remains unchanged by HSD, MDSCs were investigated in
greater detail in both blood and the tumor under HSD. Therefore, blood was collected at
different time points, as described in section 3.1.4. and myeloid MDSCs (M-MDSCs) as
well as granulocytic MDSCs (PMN-MDCs) were quantified. HSD did not change the
frequency of M-MDSCs or PMN-MDSCs per ml blood compared to NSD before and after
tumor implantation (Figure 12, A+B). Furthermore, the excessive salt intake did not
change the frequency of M-MDSCs or PMN-MDSCs in the tumor compared to the control
group (Figure 12, C+D). To evaluate the potential role of MDSCs in the reduced tumor
growth under HSD, MDSCs were depleted and tumor growth was assessed. For this, mice
were treated every three days with i.p. injection of Gemcitabine (60 mg/kg) (Le et al. 2009)
and tumor formation was measured as described before (Figure 12, E). Analysis of the
TME revealed significantly lower frequencies of MDSCs and PMN-MDSCs after
Gemcitabine treatment in comparison to the untreated groups, indicating a sufficient
depletion of myeloid-derived suppressor cells (Figure 12, F+G). The loss of MDSCs
significantly decreased tumor volume in mice on NSD and HSD in combination with
Gemcitabine treatment compared to the untreated control group after 14 days (Figure 12,
H). No dietary-dependent differences were detected in melanoma growth between both
Gemcitabine-treated groups.

Taken together, HSD did not change the population of myeloid-derived suppressor cells
in the blood and tumor microenvironment. The loss of MDSCs did not further inhibit tumor
growth in HSD-fed mice.
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Figure 12: HSD has no impact on myeloid-derived suppressor cells. The percentage of
M-MDSCs, as well as PMN-MDSCs, were similar in the blood and the tumor between
HSD vs. NSD-fed mice. Nonetheless, tumor implantation led to an increase of both
investigated cell populations in mice fed with HSD and NSD. Treatment with
Gemcitabine does not further decrease HSD-mediated tumor reduction. (A) % M-
MDSCs in the blood of mice under NSD (blue, n=7) and HSD (red, n=7). (B) % PMN-
MDSCs in the blood of mice fed with NSD (n=7) or HSD (n=7). (C) % M-MDSCs as well
as (D) PMN-MDSCs analyzed in the TME of both investigated groups. (E) Experimental
setup of MDSC depletion. (F) % M-MDSCs and (G) PMN-MDSCs in the TME with
Gemcitabine treatment. (H) tumor volume at day 14 of all investigated groups. (G) Data
show mean = SEM for kinetics and analyzed with 2-way ANOVA. Box blots were
calculated with mean + SD and analyzed with unpaired t-Test. Experiment was done
once with 5 mice per group. * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.1.8. In vitro treated B16 cells under high salt conditions indicate a similar growth deficit

as melanoma formation in vivo

After having observed in vivo that HSD strongly impairs the growth of B16 melanoma, and
that this effect appeared to be independent of the immune system, the direct effect of salt
in the growth of B16 cells was analyzed in greater depth in vitro. In vitro experiments allow
the study of direct effects of high sodium conditions on the tumor cells without the
influence of salt-induced factors such as hormones or the immune system. Based on the
publication by Machnik et al. has shown that HSD can increase sodium levels in the skin
of mice by up to 40 mM (Machnik et al. 2009). Therefore, media + 40 mM NaCl was used
to mimic these conditions in vitro. As an increase in sodium concentration also induces
osmotic stress, a suitable control to allow the discrimination of effects actually caused by
high sodium or by osmotic pressure in general was required. For this control, D- Mannitol
which has been shown to cause hyperosmotic stress was chosen (Yancey 2005) and
melanoma cells were treated with 80 mM D-Mannitol. 0.1 x 10° B16-OVA melanoma cells
were seeded into each well of a 12-well plate and cultured either in regular medium, under
high sodium (HS) or under high Mannitol (Man) as described in section 2.2.28. The
confluence of these cells was measured daily and the media was refreshed every other
day to ensure optimal nutrient conditions (Figure 13, A). Representative pictures of the
cell confluence measurement between day 4 and day 10 could be visualized for all
investigated groups (Figure 13, B). Until day 5, a similar increase in cell confluence could
be observed in all three groups. While the cells of the control group reached a cell
confluence of 100 % by day 9 of the experiment, the cells cultured under HS and Man
showed a significantly delayed increase in confluence (Figure 12, B+C), indicating a
slower or reduced proliferating of B16-OVA cells under these conditions. However, no
differences were detected between cells treated with high sodium in comparison to cells
under hyperosmotic stress (Figure 13, B+C).

In summary, melanoma cells treated in vitro with high sodium conditions displayed a lower
proliferation capacity than control cells. However, this effect was rather caused by osmotic
stress than by salt-specific effects, as Mannitol-treated cells also showed a proliferating
deficit.



67

A SR daily measurement of
AL )0 )0 )L cell confluence
hs —~ o o~ media change every 2. day
B16 OVA cell culture seeding 0.1x10° cells/well Analysis

with different media conditions
Control

+ 40 mM NaCl

+ 80mM D-Mannitol

day 4 day 5 day 6 day 7 day 8 day 9 day 10

+80 mM D-Mannitol

C

100

B
Control

+40 mM NaCl

-@- B16-OVA Control
C —@- B16-OVA + 40 mM NaCl
"SL _a- B16-OVA + 80 mM D-Mannitol

[o2] @
o o
1 1

Cell confluence (%)
N
o
1

20+

Figure 13: In vitro cultured melanoma cells show delayed cell growth under high sodium
conditions as well as hyperosmotic stress. 0.1 x 10° B16-OVA cells were seeded into a
12-well plate under different media conditions: control media, high sodium (+ 40 mM
NaCl) or D-Mannitol (+ 80 mM). Cell confluence was daily measured via Tecan and
media was changed every second day. (A) Experimental setup. (B) Representative
images of cell confluence over the experimental time of all three treatment groups. (C)
Quantification of cell confluence (%). Data show mean * SD of 6 independent
experiments and analyzed with 2-way ANOVA. * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.2. Salt-induced tumor reduction is independent of osmo-protective mediators

The initial data of the thesis showed that HSD significantly diminished melanoma growth
in the skin and could additionally reduce metastasis formation in the lung. Moreover, no
great changes in the immune cell composition could be observed, in particular, an
influence of MDSCs on HSD-mediated tumor reduction was excluded. Furthermore, in
vitro studies showed that melanoma growth was also diminished under high sodium

conditions. Therefore, mediators known to be activated by HSD were investigated.

3.2.1. Suppressed tumor growth under HSD is Nfat5 independent

Next, the question was whether HSD induces salt-sensitive mediators in the tumor
microenvironment and that might be involved in the reduced tumor growth. In response to
osmotic stress, the nuclear factor of activated T cell (Nfat5) gets activated and signals to
protect cells from hypertonic stress (Miyakawa et al. 1999). To assess whether Nfat5 is
also induced in the tumor during HSD, melanoma cells tagged with fluorescence on Nfat5
gene (mNeon) were generated and injected into mice on NSD or HSD. After 14 days of
tumor growth, intracellular Nfat5 expression was measured (Figure 14, A). Gene
expression analysis showed no differences in Nfats mRNA expression in tumor cells
under HSD compared to NSD (Figure 14, B). The data were confirmed by FACS, showing
similar Nfat5 signal in tumor cells of both investigated groups (Figure 14, C). To verify that
NaftS does not play a role in HSD-mediated melanoma reduction, B16-OVA melanoma
cells lacking Nfat5 were generated. Mice were fed with NSD or HSD and 0.5 x 10° B16-
OVA Nfat5’- melanoma cells were injected s.c. and tumor growth was documented over
time (Figure 14, D). Similar to previous findings, mice under HSD displayed less tumor
volume compared to the control group with a significant difference measurable at the end
of the experiment (Figure 14, E).

In summary, melanoma cells did not upregulate Nfat5 in response to HSD and the tumor
cell-specific loss of this transcription factor did not reverse the tumor-suppressive effect of
HSD.
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Figure 14: Reduced tumor growth under HSD is independent of the osmoprotective
factor Nfats. Gene expression analysis as well as FACS data indicate similar Nfat5
levels in melanoma cells under HSD in comparison to melanoma cells from the control
group. Additionally, the loss of Nfat5 in melanoma cells could not recover the salt-
induced tumor reduction. (A) Experimental setup. (B) relative mRNA expression of Nfats
(n=7 mice/group). (C) Geometric mean of fluorescence (gMFI) of intracellular Nfat5 (n=9
mice/group). (D) Experimental setup of mice under HSD vs. NSD, treated with Nfat5"
melanoma cells. (E) Statistical analysis of Nfat5”- tumor growth (n=12 mice/group). Data
show mean = SD of 2 independent experiments and analyzed with unpaired t-Test
(Figure B+C) or 2-way ANOVA (Figure E). * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.2.2. HSD does not change Sgk1 levels in melanoma cells

Besides Nfat5, other osmoregulatory mechanisms get activated during high-salt diet.
Hyperosmolarity has been shown to cause an increase of serum- and glucocorticoid-
induced kinase 1 (Sgk1) which is able to regulate the epithelial sodium transport and
constitutes a cellular response to stress (Farjah et al. 2003; Muller et al. 2003). To
investigate the levels of Sgk1, melanoma cells tagged with fluorescence on Sgk1 gene
(mNeon) were generated and injected into mice on either HSD or NSD. Tumor samples
were collected after 14 days and intracellular Sgk1 levels were determined (Figure 15, A).
Gene expression analysis showed no differences in Sgk7 mRNA expression in tumor cells
under HSD compared to NSD (Figure 15, B). The data were confirmed by FACS, showing
similar Sgk1 signal in tumor cells of both investigated groups (Figure 15, C). To exclude
the role of Sgk1 in HSD-mediated tumor suppression, melanoma cells lacking Sgk1 were
generated and used in the current mouse model. Mice were injected s.c. with 0.5 x 10°
B16-OVA Sgk1’- melanoma after one week on either HSD or control diet and the tumor
growth was measured over the next 14 days (Figure 15, D). Mice on HSD showed less
tumor volume compared to the control group which became significant after 13 days
(Figure 15, E).

In conclusion, HSD did not increase the expression of Sgk1 in melanoma cells. The effect
of reduced tumor growth is still detectable even in the absence of Sgk1.
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Figure 15: HSD-mediated tumor reduction is independent of Sgk1. Melanoma cells
under HSD showed similar Sgk1 expression on genomic levels and protein levels.
Injection of Sgk1 deficient melanoma cells in mice under HSD still showed reduced
tumor growth compared to control diet. (A) Experimental setup. (B) Relative mRNA
expression of Sgk1 (n=9 mice/group). (C) Geometric mean of fluorescence (gMFI) of
intracellular Sgk1 expression (n=9 mice/group). (D) Experimental setup. (E) Melanoma
growth of Sgk1 deficient melanoma cells (n=9 mice/group). Data show mean + SD of 2
independent experiments and analyzed unpaired t-Test (Figure B+C) or 2-way ANOVA
(Figure E). * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.2.3. HSD directly suppresses melanoma formation independent of glucocorticoid
receptor signaling

Besides osmo-protective mediators, tumor reduction under HSD might be mediated by
the production of glucocorticoid receptor on melanoma cells. High sodium intake is
associated with increased glucocorticoid (GC) production, such as corticosterone, which
binds to its receptor (GR) (Baudrand et al. 2014). Downstream signaling activates
transcription factors of mainly anti-inflammatory modulates in response to salt stress
(Hayashi et al. 2004). Therefore, the question came up whether melanoma exposed to
HSD express higher GR levels. After 14 days of tumor formation in mice fed with either
HSD or NSD, melanoma tissue was collected and glucocorticoid receptor levels were
measured in both groups (Figure 16, A). Interestingly, RT-PCR data revealed significantly
less GR mRNA expression (Nr3c7) in melanoma cells under HSD compared to control
group (Figure 16, B). FACS analysis confirmed less intracellular GR levels in tumor cells
from HSD-fed mice compared to the control group (Figure 16, C). Furthermore, melanoma
cells lacking the glucocorticoid receptor were injected into mice on NSD and HSD and
tumor growth was measured over time (Figure 16, D). Mice under high-salt diet developed
lower tumor volume compared to the control group, which was significantly less from day
12 on (Figure 16, E).

In summary, HSD diminished glucocorticoid receptor expression in tumor cells compared
to the control. However, melanoma lacking GR still showed reduced tumor growth under

HSD indicating a GR-independent regulation of tumor growth under HSD.
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Figure 16: Melanoma cells under HSD trend toward lower glucocorticoid receptor
expression. GR expression was measured in melanoma cells under HSD compared to
control group. RT-PCR data as well as FACS analysis indicated lower expression of GR
in melanoma cells after HSD. Further, melanoma lacking GR was injected into mice on
either HSD or NSD and tumor formation was measured. (A) Experimental setup. (B)
Relative mRNA expression of Nr3c71 in tumor cells (n=11 mice/group). (C) FACS
analysis of intracellular GR expression (n=5 mice/group). (D) Experimental setup. (E)
Tumor formation of Nr3c1” melanoma in mice fed with either HSD or NSD (n=10
mice/group). Data show mean + SD of 2 experiments (B) and 1 independent experiment
(B) and analyzed with unpaired t-Test. in Figure E shows data from 2 independent
experiments + SD and analyzed with 2-way ANOVA. * - p<0.05; **- p<0.01; ***- p<O0.
001.
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3.2.4. Melanoma cells under HSD tend towards more fibrosis in the surrounding skin,

while fibrosis-inducing mediators remain unaffected

Since cancer cells, and thus melanoma, cause chronic inflammation, the probability of
fibrotic tissue formation is very high. Fibrosis is a pathological feature of chronic
inflammation and enhances cancer initiation and progression (Coussens and Werb 2002).
In recent years, several studies demonstrated a connection between increased salt
consumption and fibrosis in various organs. Therefore, the role of fibrosis in melanoma
growth under HSD was investigated. Sirius Red staining of the respective tumor tissue
and the surrounding skin revealed a significant increase in fibrotic area at the border of
tumor tissue to skin tissue under HSD (Figure 17, A+B). Also, inside the tumors
themselves a trend towards more fibrosis under HSD was observed in comparison to NSD
(Figure 17, C+D). Next, to the analysis via histology, the expression of genes involved in
fibrosis was assessed on mRNA levels. Fitting to the histology results, elevated mRNA
levels of matrix metallopeptidase 2 (MmpZ2), matrix metallopeptidase 3 (Mmp3), and
metallopeptidase inhibitor 3 (Tim-3) were detected in HSD tumors (Figure 17 F-H). Similar
gene expression of actin alpha 2 smooth muscle (Acta2) was found in both investigated
groups (Figure 17, E). Moreover, excessive salt consumption was found to increase the
expression of transforming growth factor-beta (TGF-£) in renal fibrosis (Yu et al. 1998).
No differences in the mRNA and protein expression of TGFfS were detected between
melanoma cells from either diet (Figure 17, 1+J). Based on the literature, it was shown that
HSD induced liver fibrosis, which could be explained by excessive ROS production (G.
Wang et al. 2016). Contrary to the literature, similar levels of ROS were measured when
melanoma cells were grown under salty conditions compared to control group (Figure 17,
K).

In conclusion, HSD slightly increased fibrosis at the border of tumor tissue and healthy
skin tissue, but not inside the tumors. However, the increase in fibrosis did not appear to
be caused by the known fibrosis modulators, such as TGF-f and ROS production, as their

production remained unaffected by HSD.
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Figure 17: Melanoma cells under HSD trend towards more fibrosis. Fibrotic area was
analyzed via Sirius Red staining of the inner tumor and the surrounding skin.
Furthermore, fibrotic-related genes were investigated, as well as Tgfb1 expression and
ROS production. (A) Representative picture of Sirius Red staining of melanoma tissue
and surrounding skin. (B) Quantification and statistical analysis of fibrotic area (n=7
mice/group). (C) Representative picture of Sirius Red staining of inner tumor
environment. (D) Quantification and statistical analysis of fibrotic area in inner tumor
without surrounding skin out of mice fed with either NSD or HSD (n=7 mice/group). (E)
Gene expression analysis of smooth muscle actin alpha 2 (Acta2, n=7 mice/group).
(F+G) Gene expression analysis of matrix metallopeptidase 2+3 (Mmp2 + Mmp3, n=7
mice/group) as well as metallopeptidase inhibitor 3 (H, Timp-3, n=7 mice/group). (l)
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Gene expression (n=5 mice/group) and (J) FACS analysis of transforming growth factor-
beta 1 (TGF-£, n=10 mice/group)). (K) Intracellular ROS production (n=7 mice/group).
Data shows mean + SD of 3 independent experiments for Sirius Red analysis (A-D)
which were analyzed with unpaired t-Test. Gene expression analysis as well as FACS
analysis show 1-2 independent experiments which were analyzed with unpaired t-Test.
* - p<0.05; **- p<0.01; ***- p<0. 001.

3.3. HSD significantly diminishes tumor metabolism, particularly by reducing glycolysis

3.3.1. RNA sequencing data reveal downregulation of tumor metabolism and reduced cell
cycle progression in melanoma cells after HSD

After having excluded several salt-specific modulators, the melanoma cells themselves
were deeper analyzed. RNA sequencing data were generated to provide an overview of
the changes in melanoma cells under HSD. RNA was isolated from tumor tissue after 14
days on either HSD or NSD and the sequencing was performed at the Next Generation
Sequencing Core Facility (Figure 18, A). The RNA sequencing data revealed 9666
differentially expressed genes between HSD and NSD tumor cells (Figure 18, B). Gene
Set Enrichment Analysis (GSEA) identified pathways that were significantly
downregulated (Figure 18, C) or upregulated in melanoma cells after HSD (Figure 18, D).
HSD was found to reduce the expression of genes involved in cell cycle progression (E2F
targets, G2M checkpoints and less DNA repair), proliferation (Myc targets) and metabolic
activity (oxidative phosphorylation, fatty acid metabolism and glycolysis) (Figure 18, C).
On the other hand, HSD increased the expression of genes involved in the inflammatory
responses (complement system, TNF-a response and protein secretion) as well as
epithelial-to-mesenchymal transformation (EMT), coagulation and apoptosis in these
melanoma cells (Figure 18, D).

In conclusion, the results of the RNA sequencing data indicated cell-intrinsic changes after
HSD. In particular, excessive salt intake significantly downregulated genes that are mainly
involved in metabolic activity and cell proliferation.
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Figure 18: RNA sequencing data from melanoma cells under HSD and NSD. After
isolation of tumor RNA from both groups, sequencing data were generated and
analyzed. Differentially expressed genes were investigated and Gene Set Enrichment
Analysis (GSEA) showed up-and downregulated pathways modulated by HSD. (A)
Experimental Setup. (B) Volcano plot from differentially expressed genes. (C) GESA
analysis of pathways either significantly downregulated (blue) or (D) upregulated (red)
in melanoma cells under HSD. Data were generated from 1 experiment with 5 mice per
group and diet. RNA sequencing was performed by A. Heimbach and analyzed with the

help of M. Holzel.
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3.3.2. HSD has no impact on mTOR activity and Hif-1a production

Initial RNA sequencing data indicated that HSD significantly upregulates genes of
pathways known to promote tumorigenesis. One of the most prominent pathways is the
PI3K/AKT pathway which further activates the mammalian target of rapamycin (mTOR)
kinase. Overactivation of mTOR leads to massive cell proliferation and survival (P6pulo,
Lopes, and Soares 2012; Saxton and Sabatini 2017). To test whether HSD modulates
mTOR activity, intracellular mTOR expression was measured in melanoma cells from both
investigated groups. Contrary to what was shown in the RNA sequencing data, no
difference in Mfor mRNA expression was detected in melanoma under HSD (Figure 19,
A). The results were confirmed by FACS analysis (Figure 19, B) as well as Western blot,
showing similar protein levels of mMTOR expression in melanoma cells from HSD versus
NSD mice (Figure 24, C+D). Although no differences in mTOR expression were found,
HSD could activate the phosphorylation of mTOR. However, comparable levels of
phosphorylated mTOR (p-mTOR) were measured by FACS (Figure 19, E) and Western
blot (Figure 19, F+G). It has been shown that the transcription factor hypoxia-inducible
factor 1-alpha (Hif-1a) and its target genes are activated by mTOR in the renal medulla in
response to HSD (Z. Wang et al. 2010). Examination of Hif-1a gene expression in
melanoma cells under HSD did not reveal any changes compared to the control group
(Figure 19, H). Furthermore, similar protein levels of Hif-1a were measured in melanoma

cells under HSD compared to the control diet (Figure 19, 1+J).

Contrary to RNA sequencing data, HSD did not change the activation and phosphorylation

of mMTOR. Moreover, excessive salt intake did not affect Hif-1a expression.
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Figure 19: HSD has no effect on the expression of mTOR and Hif-1a. Melanoma cells
were harvested from mice on either HSD or NSD after 14 days and further analyzed for
their gene and protein levels. (A) Gene expression analysis of Mtfor (n=10 mice/group).
(B) FACS analysis of mTOR expression in tumor cells under HSD and NSD (n=10
mice/group). (C) Western blot of mTOR protein level and (D) statistical analysis of
mTOR protein level (n=7-9 mice/group). (E) FACS analysis of phosphor-mTOR
expression in tumor cells under HSD and NSD (n=10 mice/group). (F) Western blot of
phosphor-mTOR and (G) statistical analysis of p-mTOR protein level (n=7 mice/group).
(H) Gene expression analysis of Hif1-a in tumor cells under NSD and HSD (n=16
mice/group). (I) Western blot of Hif-1« levels and (J) statistical analysis of Hif-1a protein
level (n=5-8 mice/group). Data show mean + SD of 2-3 independent experiments and
analyzed by unpaired t-Test. * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.3.3. HSD significantly impairs the metabolic activity of tumor cells

Further analysis of the RNA sequencing data indicated that HSD significantly
downregulates genes involved in the metabolic activity of tumor cells. Deregulation of
metabolic processes is one of the Hallmarks of Cancer, where cancer cells reprogram
their glucose metabolism and thus their energy production (Hanahan and Weinberg 2011;
WARBURG 1956). To examine whether HSD alters the metabolism of melanoma cells on
a functional level, Seahorse® analysis was performed. Single-cell suspensions of tumors
from HSD and NSD animals were seeded into a specific Seahorse® 96-well plate and the
extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were
measured (Figure 20, A+E). Melanoma cells from HSD-fed mice showed significantly
lower glycolysis (Figure 20, B), lower glycolytic capacity (Figure 20, C) and lower glycolytic
reserve activity (Figure 20, D) than cells of the control group. Based on the measured
oxygen consumption rates (Figure 20, E), tumor cells under HSD also showed reduced
basal mitochondrial respiration (Figure 20, F), a strong trend towards less ATP production
(Figure 20, G), less maximal respiration (Figure 20, H), and significantly less spare
respiratory capacity (Figure 20, I). In parallel with high glycolytic activity, elevated glucose
also stimulates protein synthesis in most cells, including tumor cells (Jeyapalan et al.
2007; Avagliano et al. 2020). The protein synthesis rate of melanoma cells under HSD
was measured by using the SCENITH assay. Cells were incubated with fluorescence-
labeled puromycin, which will be taken up by cells and used during the protein synthesis.
Melanoma cells under HSD showed significantly less puromycin incorporation than cells
of the control group indicating less activity of protein synthesis (Figure 20, J+K).

In conclusion, confirming the previous results from RNA sequencing, melanoma cells
under HSD performed significantly less glycolysis and oxidative phosphorylation than
control cells, suggesting an impairment in the metabolic activity of the cells. In addition,
HSD reduced the protein synthesis in these cells. Taken together, the reduced metabolic
activity and reduced protein synthesis might be the cause of the reduced tumor growth
under HSD.
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Figure 20: HSD significantly slows down tumor metabolism. Melanoma cells were
analyzed for their energy production. Seahorse® analysis revealed changes in the
glycolytic capacity as well as mitochondrial respiration in melanoma cells under HSD.
In addition, protein synthesis was significantly reduced in tumor cells after excessive
salt intake. (A) Seahorse® analysis of extracellular acidification rate (ECAR). (B)
Analysis of glycolytic capacity, glycolytic capacity (C) and reverse capacity (D). (E)
Seahorse® analysis of oxygen consumption rate (OCR). (F) Basal respiration and (G)
ATP production of melanoma cells under HSD vs. NSD. (H) Maximal respiration as well
as (l) spare capacity analysis. (J) Histogram of intracellular puromycin signal. (K)
Statistical analysis of intracellular puromycin level (n=5 mice/group). Seahorse®
experiments were done with the help of V. Schmitt. Data show mean + SD of 3
independent experiments with 10 mice/group for Seahorse® assay (A-l) and analyzed
by unpaired t-Test. Puromycin assay was performed once and data were analyzed by
unpaired t-Test. * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.3.4. Melanoma cells under HSD are able to take up more glucose while simultaneously
reducing fatty acid uptake

As HSD impaired tumor metabolism, the question was addressed whether HSD might
cause dysfunction in nutrient uptake. For this purpose, melanoma cells were collected
from mice fed with HSD or NSD. The single-cell suspension was incubated with
fluorescent-labeled glucose (2-NBDG) to examine the ability of the cells to take up
glucose. FACS analysis revealed a significant increase in the uptake of glucose by
melanoma cells under HSD compared to NSD cells (Figure 21, A+B). Interestingly, gene
expression analysis of the glucose transporters 1 and 3 (Slc2a1 and Sic2a3) did not show
a difference in mMRNA levels between HSD and NSD (Figure 21, C+D). In addition, the
influence of HSD on the uptake of fatty acids was investigated. Melanoma cells were
incubated with a fluorescent-labeled fatty acid derivate (BODIPY-FL C16) and the uptake
was measured by FACS. In contrast to the increase in glucose uptake, HSD significantly
diminished the uptake of long-chain fatty acids by tumor cells compared to NSD (Figure
21, E+F). However, similar mRNA expression levels of the fatty acid transporters were
detected in both investigated groups (Slc27a1-Slc27a6, Figure 21, G-L). Analysis of the
large neutral amino acid transporter (Lat7) consisting of heavy subunit (S/c23a7) and light
subunit (Slc7a5), showed no differences in the mRNA level of the heavy subunit Lat1
(Figure 21, M) but a significant increase in the mRNA level of the light subunit of Lat1
upon HSD (Figure 21, N).

In conclusion, HSD increased the uptake of glucose and decreased the uptake of long-
chain fatty acids in comparison to NSD, without affecting the mRNA levels of the

respective nutrient transporters.
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Figure 21: Nutrient uptake of melanoma cells under HSD. The capacity of nutrient
uptake was examined by FACS. Glucose uptake was significantly increased while fatty
acid insult was decreased. Gene expression analysis showed no further differences
between HSD and NSD melanoma cells. (A) Representative histogram of intracellular
2-NDBG signal and (B) statistical analysis (n=3 mice/group). (C) Gene expression
analysis of glucose transporter Glut1 and (D) Glut3 (n=10 mice/group). (E)
Representative histogram of intracellular BODIPY signal in melanoma cells from HSD
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versus NSD and (F) statistical analysis (n=4 mice/group). (G)—(L) Gene expression
analysis of fatty acid transporter family (Fatp, n=7-10 mice/group). (M)+(N) Gene
expression analysis of amino acid transporter (Lat7, n=7-10 mice/group). Data show
mean = SD of 1-2 independent experiments and analyzed by unpaired t-Test. * - p<0.05;
**- p<0.01; ***- p<0. 001.

3.3.5. HSD does not impair mitochondrial function

Previous findings indicated that HSD diminishes glycolysis activity in melanoma cells and
trends towards less mitochondrial respiration capacity. One possible explanation could be
that HSD impairs the tricarboxylic acid cycle (TCA) and further diminishes the energy
generation via the electron transport chain. To test this, melanoma cells were harvested
from mice under HSD and NSD after 14 days and mitochondrial mass was quantified.
Comparable levels of MitoTracker were detected in tumor cells from both investigated
groups, indicating no changes in total mitochondrial mass upon HSD (Figure 22, A).
Furthermore, tumor cells from both diet groups were stained with JC-1 to indicate changes
in membrane potential. Melanoma cells under HSD showed a similar ratio of JC-1
compared to the control group, implying no defects in mitochondrial fithess (Figure 22, B).
Next, the metabolites involved in the TCA cycle were examined by analyzing intracellular
metabolome compounds. A similar metabolite composition was found in melanoma cells
under HSD compared to NSD (Figure 22, C). To get a closer look of the electron transport
chain, the individual complexes were analyzed on their gene levels. Overall, comparable
levels of relative mMRNA expression were measured for complex | (NADH-dehydrogenase)
and complex Il (succinate dehydrogenase) between HSD and NSD. Analysis of complex
lII' (ubiquinol-cytochrome c reductase) showed significantly lower mRNA expression in
tumor cells after HSD. Complex IV (cytochrome c oxidase), as well as complex V (ATP
synthase), were unchanged on their gene level between HSD and NSD (Figure 22, D).
Both pathways are connected via the succinate dehydrogenase, which is an enzyme in
the TCA cycle and functions as complex Il of the respiratory chain. Based on the reduced
gene expression, complex Il and complex Il were further investigated. Melanoma cells
were homogenized and mitochondria were obtained by buffer-based isolation. Similar
levels of complex Il and complex Il activity were detected in mitochondria out of tumor
cells after both diet forms (Figure 22, E+F).
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In conclusion, HSD did not alter the totality of mitochondrial mass and its membrane
potential. No changes in the metabolite composition were detected in melanoma cells
under HSD. Slightly reduced gene expression was found in complex Il and complex Il of

the electron transport chain in melanoma cells under HSD but its activity was not impaired.

A Mitochondrial mass B Mitochondrial fitness C Metabolites TCA cycle
6000 w 057
= 3 .
g o) g 0.4 () Citrate-
8 = )
8 40004 oo .. o OR Aconitate [cis or trans]-
i ® o, é alpha-ketoglutarate- 4
= Q o0.24 . -
= 2000 3 Succinylcarnitine (C4-DC) < 3
= b o AU
L 14
= ‘\T/ 0.1 Succinate- 2
S 1
0d 0.0 Fumarate+
NSD  HSD NSD  HSD Malate-
Itaconate
Tricarballylate
2-methylcitrate/homocitrate

3=
*
< [
2%, i
2 E 2
88 [ o O o S . °
<2 d i °
z2 ° ° ° e
=5 8 °
o
5 1
[
0=
S & & e B & & @ P
N N T I N N e =
& & &S s N
Complex | Complex Il ] Complex VI Complex V
E Complex Il activity F Complex lll activity
80+ ° 200+
%o
o 601 o 150
£ £
£ £
S IS
3 40+ 3 100
£ £
c c
20 50
0- 0-
NSD HSD NSD HSD
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(blue) versus HSD (red) (n=20 mice/group). (B) JC-1 ratio in live melanoma cells under
HSD vs. NSD (n=7 mice/group). (C) Metabolome analysis of metabolites involved in the
TCA cycle. (D) Gene expression analysis of mitochondrial complexes (n=12
mice/group). (E) Analysis of complex Il and (F) complex Ill activity of isolated
mitochondria of both investigated groups. Each point represents 5 pooled mice. (E) +F).
Complex activity was done with the help of T. Becker and M. Eckhard. Data show mean
+ SD of 2 independent experiments and analyzed by unpaired t-Test * - p<0.05; **-
p<0.01; ***- p<0. 001.

3.3.6. Metabolome analysis reveals accumulation of metabolites involved in carbohydrate

pathways in melanoma under HSD

Previous experiments have shown that HSD significantly reduces melanoma growth
through less metabolic activity and lower protein synthesis. While a connection between
reduced metabolic activity and reduced tumor growth is likely, it remained unclear how
HSD caused the loss of metabolic activity. One possible explanation could be limited
metabolite availability during HSD. To test this, melanoma cells were collected after 14
days under HSD and NSD and the metabolite composition was analyzed (Figure 23, A).
METABOLON® analysis revealed changes in metabolites, necessary for carbohydrate
synthesis, nucleotide as well as amino acid metabolism, whereas lipid compositions
remained unchanged in melanoma cells under HSD (Figure 20, B) Detailed analysis of
the carbohydrate synthesis pathway showed a significant increase in glucose and glucose
6-phosphate in melanoma cells under HSD compared to NSD (Figure 23, C). Moreover,
elevated levels of metabolites involved in the pentose phosphate pathway were detected
in melanoma during HSD (Figure 23, D). In addition to that, metabolites associated with
the nucleotide sugar pathway were significantly increased in melanoma under HSD
(Figure 23, E).

Taken together, melanoma cells under HSD showed an accumulation of metabolites
essential for glycolysis. Furthermore, increased levels of intermediates involved in the
pentose phosphate pathway and nucleotide sugar metabolism were found in melanoma
cells after excessive salt intake.
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melanoma cells under HSD in comparison to NSD. (C) METABOLON data show
increased levels of several metabolites crucial for glycolysis, pentose phosphate
pathways (D) and nucleotide sugar pathway. Data represented one experiment and was
analyzed with 2way ANOVA.

3.3.7. HSD reduced the gene expression of enzymes involved in glycolysis

RNA sequencing data revealed downregulation of genes involved in glycolysis,
Seahorse® assays confirmed this on a functional level and METABOLON® data showed
an accumulation of metabolites crucial for carbohydrate metabolism. For deeper analysis,
enzymes of the glycolysis pathways were examined for their gene expression level. HSD
significantly decreased the gene expression of the first enzyme Hexokinase 1 and 2 (Hk1
and Hk2) (Figure 24, A+B). Examination of Aldolase A (Aldoa) mRNA levels showed no
changes in melanoma cells under HSD and NSD (Figure 24, C). Gene expression analysis
of Phosphofructokinase (Pfk), Triosephosphate isomerase 1 (Tpi1) as well as
Phosphoglycerate kinase 1 (Pgk1), were significantly downregulated in melanoma cells
after excessive salt intake (Figure 24, D-F), whereas Phosphoglucomutase 2 (Pgm2)
mRNA levels were not affected (Figure 24, G). Furthermore, Enolase (Eno) gene
expression was significantly downregulated in melanoma cells under HSD (Figure 24, H).
Finally, equal levels of Pyruvate dehydrogenase A (Pdha) and Lactate dehydrogenase A
(Ldha) were measured in melanoma cells under HSD compared to NSD (Figure 24, I+J).

In conclusion, HSD significantly downregulated gene expression of several enzymes
involved in glycolysis. In particular, the key glycolysis rate-limiting enzymes, Hk1, Hk2 and

Pfk, were significantly downregulated in melanoma cells under HSD.
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Figure 24: HSD significantly reduces mRNA expression of enzymes involved in
glycolysis. (A) Gene expression analysis of Hexokinase 1 (Hk7, n=9 mice/group). (B)
Gene expression analysis of Hexokinase 2 (Hk2, n=12 mice/group). (C) Gene
expression analysis of Aldolase A (Aldoa, n=.9 mice/group). (D) Gene expression
analysis of Phosphofructokinase (Pfk, n=9 mice/group). (E) Gene expression analysis
of Triosephosphate isomerase 1 (Tpi1, n=9 mice/group). (F) Gene expression analysis
of Phosphoglycerate kinase 1 (Pgk1, n=9 mice/group). (G) Gene expression analysis of
Phosphoglucomutase 2 (Pgm2, n=9 mice/group). (H) Gene expression analysis of
Enolase (Eno, n=9 mice/group). (I) Gene expression analysis of Pyruvate
dehydrogenase A (Pdha, n=11 mice/group). (J) Gene expression analysis of Lactate
dehydrogenase A (Ldha, n=11 mice/group). Data show mean + SD of 2 independent
experiments and analyzed by unpaired t-Test. * - p<0.05; **- p<0.01; ***- p<0. 001.
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3.4. HSD-mediated tumor reduction specifically affects melanoma growth by promoting

melanogenesis

3.4.1. HSD promotes melanin biosynthesis in B16 melanoma cells

Melanoma cells under HSD showed impaired energy metabolism, especially a
downregulation of glycolysis. To determine the underlying mechanisms between HSD, the
decrease in metabolic activity and the resulting tumor reduction, the proteome of the
melanoma cells was analyzed. Tumor tissue was collected from mice under HSD or NSD
after 14 days. Using MACS isolation, tumor tissue was depleted of immune cells and the
proteome was analyzed via mass spectrometry (Figure 25, A). Proteome analysis
revealed 6197 proteins differentially expressed between melanoma cells under HSD and
NSD (Figure 25, B). Protein Set Enrichment Analysis (PSEA) revealed a significant
increase in proteins involved in melanin biosynthesis, melanosome formation, and
tyrosine metabolism under HSD (Figure 25, C).

In conclusion, HSD significantly enhanced proteins necessary for melanogenesis-related

processes in melanoma.
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Figure 25: HSD upregulates proteins involved in melanogenesis. Melanoma cells were
harvested from mice on HSD or NSD after 14 days and tumor cells were purified by
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MACS isolation. Proteomics was performed by mass spectrometry by our collaborators.
(A) Experimental setup. (B) Volcano plot of up- and downregulated proteins under HSD.
(C) Analysis of upregulated processes of isolated melanoma under HSD. Proteomics
was done with the help of C. Munch and S. Bozkurt. Data represents 1 experiment with
10 mice per group.

3.4.2. HSD significantly increases modulators required for melanogenesis

Analysis of the protein composition of melanoma cells under HSD revealed an increase
in melanogenesis activity in these cells. Researchers found a connection between
increased melanogenesis and anti-proliferative effects in B16 murine melanoma cells
(Smalley and Eisen 2000). As described in detail in section 1.5. during melanogenesis,
the alpha-melanocyte stimulating hormone (a-MSH) binds to its receptor (Mc1r) on
melanocytes as well as melanoma and activates downstream the transcription of the
master regulator Mitf. The transcription factor leads to the conversion of tyrosine to
melanin via the enzyme tyrosinase. To further analyze melanogenesis activity during
HSD, blood and tumor tissue were collected from mice on HSD and NSD after 14 days
and were further investigated. Analysis of a-MSH levels in the serum of mice under HSD
revealed significantly lower a-MSH levels in comparison to the control diet (Figure 26, A).
Metabolome data indicated a significant increase of tyrosine and its isomer o-tyrosine in
melanoma under HSD compared to NSD (Figure 26, B). Moreover, melanoma cells under
HSD showed significantly higher Mc1r mRNA expression compared to the control group
(Figure 26, C). In line with this, Western blot analysis of isolated tumor cells revealed
significantly elevated protein levels of Mc1r in melanoma under HSD (Figure 26, D+E).
Moreover, significantly increased Mitf mRNA expression and protein levels were
measured in tumor cells under HSD compared to NSD (Figure 26, F-H). Tyrosinase (Tyr)
MRNA expression, the key enzyme for melanogenesis, was significantly increased in
melanoma cells when exposed to HSD (Figure 26, 1). RNA sequencing data of genes
regulated by Mitf showed a trend toward downregulation of genes involved in cell cycle
progression, cell proliferation and cell survival. On the other hand, genes encoded for cell
differentiation were slightly increased in melanoma cells under HSD compared to NSD
(Figure 26, J).

In summary, HSD reduced serum levels of a-MSH, but significantly upregulated key

regulators involved in the melanogenesis pathway.
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involved in melanogenesis were investigated by Western Blot and RT-PCR. (A) Gene
expression analysis of Melanocortin 1 receptor (Mc7r, n=11 mice/group). (B)
Representative example of Western blot analysis of Mc1r in isolated tumor cells and (C)
statistical analysis of Western blot of Mc1r (n=10-14 mice/group). (D) Gene expression
analysis of melanogenesis associated transcription factor (Mitf, n=14 mice/group). (E)
Representative image of Western blot analysis of Mitf in isolated tumor cells and (F)
statistical analysis of Mitf expression based on Western blot (n=10-14 mice/group). (G)
Gene expression analysis of dopachrome tautomerase (Dct, n=10 mice/group). (H)
Gene expression analysis of tyrosinase-related protein (Tyrp7, n=10 mice/group). (I)
Gene expression analysis of tyrosinase (Tyr, n=10 mice/group). (J) Metabolome data of
tyrosine pathway. Red-marked metabolites were significantly upregulated in melanoma
cells under HSD. (K) ELISA of serum a-MSH levels in mice under HSD vs. NSD (n=14
mice/group). Data show mean + SD of 2-3 independent experiments and analyzed by
unpaired t-Test. * - p<0.05; **- p<0.01; ***- p<0. 001.

3.4.3. Melanoma cells lacking tyrosinase growth similar under high salt conditions

compared to control cells in vitro

Melanoma cells under HSD showed increased melanogenesis activity by higher mRNA
levels of the master transcription factor Mitf. Moreover, proteome analysis as well as RNA
sequencing data revealed an upregulation of tyrosinase, the key enzyme in melanin
synthesis. To prove that salt-mediated tumor reduction is dependent on melanogenesis,
melanoma cells lacking tyrosinase (B16-TyrKO) were generated and treated in vitro as
described in section 2.2.28. Briefly, 0.1 x10° B16-TyrKO cells were seeded into each well
of a 12-well plate and cultured either in regular medium, under high sodium (HS), or under
high Mannitol (Man) conditions. The confluence of these cells was measured daily and
the media was refreshed every other day (Figure 27, A). Until day 7, a similar increase in
cell confluence could be observed in all three groups (Figure 27, B). Then B16-TyrKO
cells under Man cells started to grow less compared to the control group, which was
significant from day 8 until the end of the experiment. Interestingly, B16-TyrKO cells under
high sodium showed a similar cell growth compared to the control cells. In addition, a
significant difference between B16-TyrKO cells under HS and Man was measured on days
10 and 11 of the experiment. However, B16-TyrKO cells did not reach 100 % of confluence

as they started to be confluent and detached due to media change.
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In conclusion, B16-TyrKO cells under high sodium showed similar cell proliferation
compared to the control cells. This may strengthen the theory, that HSD promotes

melanogenesis in B16 melanoma and thereby stopping cell proliferation.
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Figure 27: Melanoma cells lacking tyrosinase activity growth similar under high
sodium compared to control cells. 0.1 x 10° B16-TyrKO cells were seeded into a 12-
well plate under different media conditions: control media, high sodium (+ 40 mM
NaCl) or D-Mannitol (+ 80 mM). Cell confluence was daily measured via Tecan and
media was changed every second day. (A) Experimental setup. (B) Quantification of
cell confluence (%). Data show mean + SD of 3 independent experiments and
analyzed with 2-way ANOVA. * - p<0.05; **- p<0.01; ***- p<0. 001.

3.4.4. HSD does not affect tumor growth in other epithelial-derived cancers

To prove the hypothesis, that HSD reduced melanoma proliferation by promoting

melanogenesis, the experiment was repeated by using another murine cancer model

which is not capable of melanogenesis. CCL79 tumor cells are murine epithelial-derived
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cancer cells isolated from the adrenal gland (ATCC). Mice were placed on either HSD or
control diet one week prior to tumor injection. Then 0.5 x 106 CCL79 cells were injected
Subcutaneously into the mice and tumor volume was monitored for 14 days (Figure 28,
A). Mice under NSD showed a continuous increase in tumor volume over the experimental
period. Surprisingly, mice on HSD showed similar tumor formation compared to the control
diet (Figure 28, B).

In conclusion, HSD specifically inhibited melanoma growth but apparently no other
epithelial-derived tumors. These results supported the hypothesis that HSD limits the

growth of B16 tumors by promoting melanin biosynthesis.
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Figure 28: HSD has no growth-inhibiting effect on other epithelial-derived tumor cells.
(A) Experimental setup. After one week on either HSD or control diet, mice were
injected with 0.5 x 108 CCL79 cells and the tumor formation was measured for 14
days. The tumors were then harvested for further analysis. (B) Tumor formation over
the experimental period between mice on HSD (red) versus NSD (blue) (n=10
mice/group). Data show mean + SEM of 2 independent experiments and analyzed
with 2way ANOVA. * - p<0.05; **- p<0.01; ***- p<0. 001. Cells were kindly provided by
J.Yin.
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4. Discussion

Malignant melanoma is an aggressive form of cancer that develops in the pigment-
containing cells of the skin, called melanocytes. The primary cause of melanoma is
unprotected exposure to ultraviolet light (UV) or artificial UV sources, which causes DNA
damage (Pfeifer and Besaratinia 2012). As a consequence, genetic mutations within
melanocytes promote malignancy and trigger uncontrolled proliferation. Untreated or late
diagnostic cancer leads to poor survival in patients with melanoma (Clark 1991). Another
risk factor in developed countries is the so-called Western diet. This diet is characterized
by high levels of fat, glucose, and proteins. Many researchers have found a link between
high glucose intake and tumorigenesis in various tissues, such as breast or colon cancer
(Stoll 1998; Mehta et al. 2017). Additionally, the Western diet consists of twice the amount
of salt (up to 12 grams/day) as the recommended daily intake (5-6 grams/day) (Manzel et
al. 2014). The increased consumption of salt leads to changes in body homeostasis and
affects physiological and immunological processes. For example, sodium accumulation in
the skin compromises wound healing and impairs dermal tissue remodeling, resulting in
dermatitis progression (Pajtok et al. 2021). On the other hand, excess salt was shown to
be stored in the skin creating an hypertonic microenvironment, in which the immune
system is markedly activated (Jantsch et al. 2015).

The aim of the thesis was to elucidate the effect of high-salt diet (HSD) on cutaneous

cancer growth and to gain insight into various factors involved in disease progression.

4.1. High-salt diet reduces tumor growth independent of the immune system

4.1.1. Myeloid-derived suppressor cells are not key players in the HSD-mediated tumor

reduction

Reduced melanoma growth under excessive salt intake was first described in 2019. HSD
inhibited myeloid-derived suppressor cells (MDSCs), which promotes the activation of
tumor-specific lymphocytes (Willebrand et al. 2019). Further studies then identified the
underlying mechanism. HSD leads to sodium accumulation in the skin and activates Nfat5
expression in MDSCs, which in turn alters their differentiation (He et al. 2020). Specifically,
monocytic MDSCs (M-MDSCs) were significantly decreased in abundance in the tumor
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and the spleen, as well as in the circulation, whereas granulocytic MDSCs (PMN-MDSCs)
were unchanged. To assess, whether HSD abolished myeloid-derived suppressor cells in
our mouse model, the total number of MDSCs was quantified by FACS in mice on HSD
and NSD. Based on the literature, M-MDSCs were identified as CD45* CD11b* Ly6C"
cells, whereas PMN-MDSCs were positive for CD45* CD11b* Ly6G™ (Bronte et al. 2016).
No differences in the frequency of M-MDSC and PMN-MDSC in the blood and the tumor
microenvironment (TME) were observed between HSD-fed mice and the control diet.
However, no specific claim can be made based on the gating strategy, as neutrophils and
monocytes express similar surface markers as MDSCs (Z. Liu et al. 2020). Moreover, the
authors depleted the MDSC population with anti-GR1 (anti-Ly6G/anti-Ly6C) treatment to
reverse the salt-induced tumor reduction. However, anti-GR1 is commonly used in
experimental studies to successfully deplete neutrophils (via anti-Ly6G) and additionally
monocytes (via anti-Ly6C) (Fleming, Fleming, and Malek 1993). In the current study, the
absence of MDSCs was investigated by treating the mice with Gemcitabine i.p. every third
day (Le et al. 2009; Dawod et al. 2020). In addition to MDSCs depletion, Gemcitabine is
a cytostatic drug that is effectively used in cancer therapy, especially in patients with
pancreatic cancer and non-small cell lung carcinoma (Conroy et al. 2011; van der Lee et
al. 2001). Gemcitabine treatment resulted in similar tumor growth in mice on HSD and
NSD. The depletion of MDSCs in combination with HSD should further decrease tumor
reduction, as the absence of suppressor cells should promote T cell infiltration. Contrary
to the literature, HSD did not abolish myeloid-derived suppressor cells in our model. In
addition to the influence of MDSCs on salt-induced tumor reduction, other immune cells

were investigated.

4.1.2. Immune cell composition in the TME and tumor-draining lymph nodes were
unchanged during HSD

As introduced in chapter 1.7. melanoma formation has an enormous impact on the body’s
immune system to defend against the disease. Immune cell infiltration of specific CD8*
and CD4" T cells into the tumor microenvironment is a positive prognostic factor for tumor
regression (Clark 1991; Mahmoud et al. 2011). Furthermore, sodium accumulation itself

is known to alter several immune responses in different organs, including the skin. Skin-
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resident macrophages polarize in response to the osmotic stress and change their
function into a pro-inflammatory one (Jantsch et al. 2015). Moreover, the excessive Na*
accumulation leads to an increase in Th17 T cells (Kleinewietfeld et al. 2013), which
improved anti-tumor immunity (Muranski et al. 2008). Therefore, UMAP analysis of
immune cells found in the TME as well as tumor-draining lymph nodes were performed.
In the current model, HSD did not have a strong effect on the innate immune cell
compartment in the TME as well as in the tumor-draining lymph nodes. Furthermore, a
similar distribution of cells belonging to the adaptive immune system was observed. These
data are surprising, as they ruled out the involvement of the immune system in HSD-
mediated tumor reduction. However, overall low immune cell numbers were found in the
TME of both investigated groups. One possible explanation could be that murine B16
melanoma cells are not sufficient to induce inflammation that promotes T cell infiltration.
Leick et al. described that B16-OVA growth in mice leads to spare infiltration of immune
cells around the intratumoral vessels. Additionally, low expression of critical homing
receptor ligands on endothelial cells fails to recruit immune cells from the circulation in the
TME during melanoma formation (Leick et al. 2019). RNA-sequencing data from Id et al.
identified low expression of markers on B-16 melanoma required for NK function,
macrophage activity, T cell co-stimulatory receptors, and antigen processing. Moreover,
the authors described that only 4 % of all cells in the TME are immune cells (Id et al.
2018), which is in line with the low numbers of immune cells found in the current melanoma
model. In addition to the FACS data, melanoma was used in different knockout mice to
rule out the influence of specific immune cells in HSD-mediated tumor regression.
RAG2" mice (T and B cells), CCR2" mice (monocytes) as well as depletion of NK cells
(anti-NK1.1), neutrophils (anti-Ly6G) and macrophages (Clodronate-Liposomes), still
showed reduced tumor growth upon HSD, supporting previous findings that diminished
melanoma growth is independent of the immune system (data not shown). However,
further analysis of the immune cells at the functional level should be done to exclude the
role of the immune system in HSD-reduced tumor growth.

After finding, that HSD did not change the immune cell compartment in the TME, the
tumor-draining lymph nodes were analyzed. Tumor-draining lymph nodes are formed
during melanoma, where tumor antigens are presented by DC to naive T cells to elicit
antitumor immunity (Fisher and Fisher 1971; Shu et al. 2006; Toki et al. 2020). No
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differences were found in the number of immune cells in the tumor-draining lymph nodes
between HSD and NSD. So far, no data are available investigating the role of HSD on
tumor-draining lymph nodes during melanoma growth.

In conclusion, our melanoma mouse model did not recruit many immune cells in the TME.
Furthermore, HSD had no further impact on immune cell distribution, thus, the reduced
tumor growth is mainly immune cell-independent, contrary to the current beliefs. This
theory was supported by further in vitro experiments. Melanoma cells under high sodium
conditions (+ 40mM NaCl) showed significantly less cell growth compared to control cells,
indicating a direct effect of salt on melanoma proliferation, independent of the immune
cells or other circulating factors, such as hormones. Similar results were described by
Arimochi et al. showing that glioma cells under high salt culture stopped cell growth and
arrested cell cycle (Arimochi and Morita 2005). On the other hand, reduced melanoma
growth could also be mediated by osmotic stress, induced by the use of D-Mannitol (Pefia-
Oyarzun et al. 2017). With the in vitro experiment, we cannot distinguish between salt-
specific cell inhibition and osmotic stress responses. Nevertheless, reduced melanoma
growth could be explained by the osmotic stress of cancer cells, independent of the

immune system.

4.1.3. Reduced tumor formation under HSD is not limited to the skin

To rule out the possibility that local sodium accumulation in the skin alone led to reduced
tumor growth, another mouse metastasis model was chosen, in which tumor cells grew in
the lungs. Luciferase-expressing tumor cells were injected intravenously and the
malignant cells attached to the lung tissue. Using the In Vivo Imaging System (IVIS), a
reduced melanoma formation in the lung upon HSD was observed. In line with this,
Willebrand et al. showed a reduction of Lewis lung carcinoma cells (LLC) growth in the
lungs of mice on HSD (Willebrand et al. 2019). Interestingly, He et al. detected similar
levels of sodium and chloride in the lungs of mice fed with HSD compared to NSD (He et
al. 2020).

In conclusion, the results indicate that excessive salt intake promotes tumor suppression

in an immune cell and sodium accumulation-independent manner.
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4.2. Salt-sensitive factors are not key players in HSD-mediated tumor reduction

High consumption of salt leads to the accumulation of sodium in the skin, thereby
generating an hypertonic environment (Wiig et al. 2013). In response to osmotic stress,
cells upregulate the osmoprotective transcription factor Nfat5 and the enzyme Sgk1. Both
lead to the activation of ion channels to rebalance cell osmolarity (Miyakawa et al. 1999;
Yang et al. 2020). Besides this, both modulators were found in melanoma to promote
tumor growth. Kim et al. identified Nfat5 as an oncogenic gene in melanoma where it is
involved in metastasis formation (D.-H. Kim, Kim, and Ramakrishna 2018). In line with
this, Zhu et al. found an accumulation of Sgk1 in several tumors, leading to increased
mTOR signaling which is believed to trigger tumor progression (Zhu et al. 2020). We
asked whether HSD triggers salt-sensitive regulators to protect melanoma against
hypertonic stress. Contrary to expectations, both investigated mediators were unchanged
in terms of gene expression and protein levels in melanoma cells grown under HSD. In
addition to that, the absence of either Nfat5 or Sgk1 could not restore sodium-mediated
tumor reduction.

HSD is associated with increased glucocorticoid production and its anti-inflammatory
function (Baudrand et al. 2014; Hayashi et al. 2004). In addition, researchers described
an unfavorable function of glucocorticoids on epithelial-derived tumors by increasing local
Sgk1 and activation of mitogen-activated protein kinase (MAPK) (Lin and Wang 2016).
Therefore, the involvement of Glucocorticoid receptor (GR) expression in melanoma cells
under HSD was investigated. Glucocorticoid receptor analysis showed significantly lower
MRNA expression and a trend toward less protein level in melanoma cells exposed to
HSD. Moreover, melanoma cells lacking glucocorticoid receptor still exhibited less tumor
formation under HSD compared to NSD. This may explain why HSD did not induce Sgk1
expression, as glucocorticoid receptor levels trend to be downregulated. Furthermore,
analysis of downstream mTOR activity revealed no changes in melanoma cells exposed
to HSD compared to the control diet.

In conclusion, the observed tumor reduction by HSD was independent of Nfat5, Sgk1, and
glucocorticoid receptor signaling.
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4.3. High-salt diet significantly modulates energy production in melanoma cells

Metabolic rewiring is one of the Hallmarks of Cancer across all cancer types and is
markedly different from the surrounding tissue (Ward and Thompson 2012). The TME is
often low in oxygen and nutrients, driving metabolic rewiring to ensure survival and growth.
Increased cell proliferation requires additional energy as well as precursors of amino
acids, lipids, and nucleotides. As a result, the central carbon metabolism is highly
activated in malignant cells (Denko 2008). In general, melanoma prefers glycolysis and
lactic acid fermentation as it produces energy faster than mitochondrial respiration
(Avagliano et al. 2020). Thus, melanoma cells under HSD were deeply analyzed on their
metabolic signature. RNA-sequencing data revealed a downregulation of genes involved
in tumor metabolism and cell cycle progression. The data were confirmed by Seahorse®
experiments showing a significant reduction of glycolysis and a trend towards less
mitochondrial respiration in melanoma cells exposed to HSD. In line with this, Aykin-Burns
et al. showed that the blockade of glycolysis was sufficient to induce cell cycle arrest and
further force cell death in cancer cells (Aykin-Burns et al. 2009; Saito et al. 2009). Ruocco
et al. investigated higher glucose uptake and its transporters in tumor cells, which is
associated with a high tumor progression (Ruocco et al. 2019). In line with this, the
excessive salt intake significantly increased glucose uptake compared to the control
group. However, gene expression analysis of glucose transporter 1 and 3 (S/c2a1 and
Slc2a3) were unchanged in melanoma under HSD compared to NSD. Contrary to the
literature, the increase in glucose did not lead to tumor progression in melanoma cells
under HSD. Metabolomic data revealed an accumulation of glucose in these cells,
possibly indicating that HSD somehow impairs glycolysis. Additionally, in vitro data
supported the theory that HSD may directly inhibit glycolysis in tumor cells. Seahorse®
experiments with melanoma cells under high sodium conditions showed a trend towards
lower ECAR as well as OCR, suggesting a direct effect of high salt on melanoma
metabolism (data not shown). Therefore, glycolytic enzymes were further investigated.
Shimada et al. showed that HSD leads to increased mRNA expression of genes encoding
for key glycolytic enzymes and the release of pyruvate in the kidneys of Sprague Dawley
rats (Shimada et al. 2023). In line with this, Amara and colleagues showed increased

glycolytic activity and elevated expression of key rate-limiting enzymes of aerobic
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glycolysis in breast cancer cells under HSD (Amara, Zheng, and Tiriveedhi 2016).
Contrary to the literature, several glycolytic enzymes were significantly downregulated on
mMRNA levels in melanoma cells under HSD. In addition, the key rate-limiting enzymes
Hexokinase (Hk7 and Hk2) and Phosphofructokinase (Pfk) were significantly
downregulated in melanoma under HSD, strengthening the theory that excessive salt
intake affects glycolysis.

In conclusion, these findings suggest that HSD directly inhibits melanoma glycolysis and
by this inhibits cell proliferation. These data were supported by the results that
mitochondrial mass and fithess were not altered upon HSD. Analysis of mMRNA expression
of the electron chain transporter revealed overall no differences between melanoma cells
under HSD compared to NSD. Moreover, complex activity was not affected by high
sodium levels and metabolomic data revealed similar metabolite occurrence in melanoma
cells under HSD. This data may surprise as Geisberger et al. showed that high salt (HS)
reduces mitochondrial membrane potential in macrophages. Especially the activity of
complex Il (succinate dehydrogenase) of the electron transport chain was inhibited by HS
(Geisberger et al. 2021). These results support the theory that HSD primarily affects
glycolysis rather than mitochondrial respiration.

Taken together, the reduced glycolysis in melanoma cells due to HSD may be a unique
phenomenon that can be used for future treatment strategies specifically for melanoma.
Downstream of glycolysis, other metabolic pathways get activated. The generated Acetyl-
CoA produced from glucose is used for fatty acid synthesis to build up new lipids (Folch
and Bisschops 2021). Several alterations in fatty acid metabolism have been described to
contribute to melanoma progression. A recent study reported that melanoma cells
upregulate fatty acid transporter 2 (Fatp2/Sic27aZ2) to increase fatty acid uptake (Alicea et
al. 2020). Moreover, fatty acid uptake and lipid storage were induced by Hif1-a expression
and further promoted melanoma growth and survival (Bensaad et al. 2014). Contrary to
the literature, HSD significantly diminished fatty acid uptake in the current melanoma
study, and RNA-sequencing data indicated downregulation of pathways involved in the
fatty acid synthesis. In line with this, Li et al. revealed downregulation of pathways involved
in lipid metabolism in liver tissue from HSD-fed mice (Li et al. 2021). This data may indicate

a negative effect of HSD on fatty acid synthesis. The unchanged expression of Hif1-a as
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well as reduced gene expression of hypoxia-related genes supported a negative effect of
melanoma metabolism under HSD.

Although, these data suggest an inhibitory effect of HSD on tumor metabolism. Excessive
salt consumption somehow impairs glycolysis and further inhibits cell proliferation.
Furthermore, the lower energy production could explain the impaired cell cycle activity
and thus arrest melanoma cell division. These new findings could represent a new
therapeutic approach in the treatment of melanoma formation. By additionally blocking
specific glucose transporters (Koch et al. 2015) in combination with increased salt,
glycolysis could markedly inhibit and force tumor reduction.

4.4. Melanogenesis is a unique characteristic of melanoma cells that may explain HSD-
mediated inhibition

The effect of excessive salt consumption on cancer growth has been described by several
researchers. Chen et al. investigated that excessive salt promotes the progression of
breast tumors by remodeling the immune response towards an increased Th17 T cells
population (J. Chen et al. 2020). Studies about salt consumption in humans showed a
high correlation between excessive sodium intake and increased risk of colorectal cancer
(Yakoob and Baig-ansari 2019). Furthermore, long-term dietary sodium intake favors the
risk of developing renal cell cancer (Deckers et al. 2014). In summary, the current state of
knowledge suggests that HSD promotes tumor growth. However, skin cancer growth was
significantly reduced by dietary salt consumption. A possible explanation may be that
melanoma cells are unique in their ability to perform melanogenesis, which can be altered
by excessive salt intake. Recent publications reported that HSD leads to an accumulation
of sodium in the brain of mice and further the activation of pro-opiomelanocortin (POMC)
neurons (Zhang et al. 2022). Enzymatic cleavage of POMC gives rise to multiple peptide
hormones, including adrenocorticotropic hormone (ACTH) which is further cleaved into
alpha-melanocyte stimulating hormone (a-MSH). Both hormones can bind to the
melanocortin 1 receptor (Mc1r) on melanocytes as well as melanoma cells (Orth et al.
1970; Wolf Horrell, Boulanger, and D’Orazio 2016). In our model, serum a-MSH levels

were dramatically lower in mice exposed to HSD. One explanation could be that a-MSH
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has already bound to the receptor in the tissue and on melanoma cells. Further
experiments should be done to measure a-MSH in melanoma cells and the surrounding
tissue to reinforce the hypothesis. Jobin et al. measured high corticosterone levels in mice
fed with HSD (Jobin et al. 2020). In line with this, Costello et al. investigated that ACTH,
the precursor of corticosterone, was more produced in mice under HSD (Costello et al.
2022). Suzuki et al. showed that ACTH could also bind to Mc1r on melanoma cells and
promote downstream signaling pathways that activate melanogenesis (Suzuki et al.
1996). We asked whether HSD increases ACTH, which in turn binds on Mc1r instead of
a-MSH. Dr. med. Sebastian Schwab found elevated levels of ACTH in the serum of mice
exposed to HSD for one week (data not shown). This may indicate that ACTH binds to
Mc1r and activates downstream pathways to promote melanogenesis. Analysis of Mc1r
revealed significantly higher mRNA expression and protein levels in melanoma under
HSD compared to NSD. The master transcription factor that regulates melanogenesis is
the microphthalmia-associated transcription factor (Mitf). Mitf is known to be upregulated
in malignant cells and has been described as a key player in melanoma progression,
proliferation, and migration (Hoek et al. 2008; Giuliano et al. 2010). On the other hand,
Mitf can stimulate melanogenesis which in turn promotes cell differentiation. The
differentiation step is associated with the loss of the replicative immortality characteristic
of melanoma cells and thus limits uncontrolled cell growth (Valyi-Nagy et al. 1993).
Melanoma cells under HSD showed significantly elevated levels of Mitf at mRNA
expression and protein levels, supporting the theory of altered melanogenesis activity
caused by high sodium intake. Distinct gene expression signatures regulated by Mitf were
identified and further cell characteristics were determined (D’Mello et al. 2016). RNA
sequencing data showed less expression of genes associated with cell proliferation and
cell cycle progression regulated by Mitf. On the other hand, RNA sequencing data and
proteomic data confirmed an increased expression of genes involved in melanogenesis
and the resulting differentiation when melanoma are exposed to HSD. The results
presented here suggest a role for altered melanogenesis activity under HSD. One possible
explanation could be that the increased activity of POMC neurons in mice under HSD
promotes the production of ACTH. Through the bloodstream, ACTH enters skin tissue and
binds to Mc1r on melanoma cells which leads to the downstream activation of
melanogenesis. As a result, melanoma cells differentiate and fail to proliferate in the
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aggressive manner of cancer cells. To strengthen this theory, adenocarcinoma cells
(CCL79) were injected in mice under HSD or NSD and tumor formation was observed.
Like melanoma cells, CCL79 cells are epithelial-derived cells but are not able to perform
melanogenesis. Indeed, CCL79 cells grew similarly under HSD compared to the control
group. These results reinforce the idea that HSD specifically promotes melanogenesis
activity in melanoma, which in turn stops cell proliferation.

Taken together, HSD significantly diminishes tumor metabolism and irreversibly stops cell
proliferation. Furthermore, the current state of the project investigates the influence of
HSD on melanogenesis activity, which can lead to stop tumor cell proliferation.
Furthermore, melanoma cells lacking tyrosinase (B16-TyrKO) were used in vitro to
investigate cell proliferation by measuring cell confluence. The loss of tyrosinase prevents
melanogenesis and thus may reverse cell proliferation. Culturing of B16-TyrKO cells
under high sodium showed similar cell proliferation compared to the control cells.
Furthermore, treatment of B16-TyrKO cells with D-Mannitol showed significantly less cell
proliferation in comparison to the control cells and to cells under HS. This may strengthen
the theory, that HSD promotes melanogenesis thereby stopping cell proliferation.
However, these data have to be confirmed in vivo.

Taken together, HSD significantly diminishes tumor metabolism and irreversibly stops cell
proliferation. Furthermore, the current state of the project investigates that HSD
specifically influences melanogenesis activity, which can lead to stopping tumor cell
proliferation.
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5. Summary

Malignant melanoma is one of the most aggressive cancers in the world and is on the rise.
Therapeutic treatments for patients with metastatic melanoma have a low success rate
and many side effects. As a result, melanoma mortality has increased dramatically over
the past 40 years. Furthermore, new diseases of the Western world are being identified
due to changes in their diary patterns. In particular, salt consumption, which has increased
due to the high consumption of processed foods, has many effects on the body’s health.

In this thesis, the effect of high-salt diet (HSD) on melanoma growth was investigated.
The results showed a significant decrease in tumor formation in mice fed with HSD
compared to a normal diet. In addition, tumor formation in the lungs was also reduced
when mice were fed with HSD. The initial hypothesis was an activation of the immune
system due to the increased sodium content. Analysis of the tumor microenvironment
revealed a similar abundance of immune cells in both investigated groups. Furthermore,
the distribution of immune cells in the tumor-draining lymph nodes was not altered by the
increased salt intake. Blood analysis indicated no differences in the immune cell
compartment of mice fed with HSD compared to the control diet. In vitro experiments
indicated a direct effect of high sodium on reduced melanoma growth.

The next question was whether salt-sensitive mediators are activated in melanoma cells
in response to excessive salt consumption. No changes in the expression of Nfat5 and
Sgk1 were found. Glucocorticoid receptor levels were slightly downregulated in melanoma
cells under HSD, ruling out a direct effect of these modulators involved in tumor

suppression.

Therefore, the direct effect of HSD on melanoma cells was analyzed. Surprisingly, HSD
significantly diminished tumor metabolism, especially glycolysis activity. Analyzing
glycolytic enzymes showed downregulation of mRNA levels in melanoma cells under
HSD, strengthening the theory that excessive salt intake impaired glycolysis. By analyzing
the activity of mitochondrial complexes, no defects were detected in melanoma cells under
HSD, and therefore the impaired tumor metabolism could be attributed to the inhibition of

glycolysis.
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Finally, melanogenesis activity was highly increased in melanoma cells, suggesting a
direct effect of HSD on reduced tumor growth. Here, the Mc1r, as well as downstream
pathways were significantly increased in melanoma cells exposed to HSD. This activity
may rather promote melanoma toward cell differentiation and result in the inhibition of cell

proliferation.

In conclusion, the thesis revealed new insights into how HSD influences melanoma
growth. The direct effect of HSD affects tumor metabolism and could be considered in
future therapeutic approaches. Furthermore, the presented data indicate changes in
melanogenesis activity in melanoma cells exposed to HSD and may explain the salt-

mediated tumor reduction.

Normal-Salt Diet High-Salt Diet
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Figure 29: Summary of HSD-mediated modifications of melanoma cells. In the
present thesis, melanoma cells under high-salt diet showed less tumor formation
compared to the control group. The reduced tumor growth was associated with a
lower tumor proliferation rate and less metabolic activity. On the other hand, HSD
promotes melanogenesis and results in the inhibition of massive cell proliferation.
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