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Summary

Melanoma is the most aggressive and malignant type of skin cancer, which arises from the
uncontrolled proliferation of melanocytes. A key player in melanoma pathology is the
transcription factor E2F1 that affects tumor progression by regulating invasiveness, DNA
repair, cell cycle, and apoptosis. In addition, E2F1 induces metastatic transformation by
orchestrating epithelial mesenchymal transition (EMT), neoangiogenesis and extravasation,
chemoresistance as well as evasion of immune surveillance.

This study investigated whether E2F1 regulates the immunomodulatory melanoma secretome
and whether E2F1-regulated secreted factor modulate the melanoma-immune cell
communication. To this aim, a trans-well co-culture system was established that permits
studying the effect of the E2F1-regulated melanoma secretome on the transcriptional profile
of immune cells, and vice versa, the effect of immune cell-derived factors on melanomas.
When pairs of melanoma cell lines with high and low E2F1 expression were co-cultured with
CD4" or CD8" T cells, changes in the pattern of secreted cytokines were detected, indicating
that E2F1-regulated factors indeed impacted on immune cells. To predict putative E2F1
target genes with immunomodulatory function, an in silico pipeline, utilizing transcriptomics
data and bioinformatics analysis, was employed. These analyses identified E2F1-dependent
gene regulatory network with IL6 as a hub factor that mediates EMT and immune regulation.
E2F1-induced activation and secretion of IL6 led to an autocrine forward-feedback loop that
exacerbated IL6 secretion, promoting invasiveness and epithelial-to-mesenchymal transition.
Mechanistically, E2F1 was found to bind to the IL6 promoter and transcriptionally regulate
the IL6 expression. In neighboring CD4" and CD8" T cells, IL6 induced the expression of
IL10 as well as changes in the secretome profile. Although known as immunosuppressive
cytokine, IL10 exerted an antimetastaic feedback effect on melanoma cells. IL10 reduced
their migratory activity, invasiveness as well as expression of genes involved in EMT, and
this effect was further enhanced when combined with a knockdown of E2F1. In combination
with clinical data from TCGA, this study suggests a new melanoma cancer-specific
molecular signature, low-E2F1/high-IL10/low-IL6, which is associated with a favourable
clinical outcome.

These findings highlight a novel gene regulatory network by which E2F1-induced factor IL6
modulates the melanoma microenvironment by altering CD4" or CD8" T cell responses.
Further characterization of this tumor-immune cell crosstalk may contribute to the rational

design of personalized therapies.

v



Introduction

1. Introduction
Cancer is the second leading cause of mortality worldwide, responsible for one of every six
deaths, according to the World Health Organization (Cancer 2024). Cancer is a disease
characterized by uncontrolled proliferation of transformed cells (Brown et al. 2023).
Abnormally proliferating cells may form a tumor that can be cancerous (malignant) or not
cancerous (benign). Malignant tumor can invade the surrounding tissues as well as spread to
other organs resulting in metastasis. Multiple factors play a role in the development and
progression of cancer. However, cancer is generally caused by molecular changes in three
types of genes - proto-oncogenes, tumor suppressor genes, and DNA repair genes (Cooper
and Adams 2023). The body's immune system is also a crucial factor that is closely linked to
cancer development and progression. Furthermore, cancer progression and development are
profoundly influenced by bidirectional communication between cancer cells and the tumor
immune microenvironment (TIME) (Anderson and Simon 2020). In recent years, cancer
research has made impressive advances. However, numerous genetic and biological
mechanisms that regulate cancer initiation and progression remain unknown. A more
comprehensive understanding of uncontrolled cell proliferation and cancer-immune cells
communication is needed to develop effective therapies that ultimately will make cancer

become a curable disease.

1.1 Melanoma

Melanoma is the most aggressive type of skin cancer and one of the common cancers
worldwide. The incidence of melanoma has gradually increased over the last decade and is
projected to raise with a clear upwards trend in Australia, Europe and North America.
According to the American Cancer Society, the number of new cases of melanoma rose to
97,610 in 2023, and caused 7990 deaths in the United States alone (Figure 1) (Siegel et al.
2023).
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Figure 1: Estimated number of newly diagnosed cancer cases and cancer-associated deaths in USA

(Siegel et al. 2023).

Melanoma arises from the uncontrolled proliferation of melanocytes, anatomically located in
the lower layers of the epidermis (Matthews et al. 2017). Figure 2 illustrates the anatomy of
skin, including epidermis, dermis, hypodermis, and subcutaneous layer as well as local
development of melanoma as a result of uncontrolled growth of melanocyte. Melanoma
affects both women and men but men more frequently. The risk of melanoma increases with
age; the average age at diagnosis is 66 years. Nevertheless, melanoma is one of the most
common cancers in young adults but death rates are usually higher among the middle-aged
and elderly. Ultraviolet radiation (UVR) is a major environmental risk factor for melanoma
development. UVR causes DNA damage including somatic mutations. Besides, lighter skin
color and heredity predisposition are additional risk factors for melanoma (Timar and
Ladéanyi 2022). Once it reaches a metastatic stage, melanoma is one of the most lethal
cancers. Treatment options for melanoma include surgery, chemotherapy, radiation,
immunotherapy, and targeted therapy such as BRAF and MAPK kinase inhibitors (McArthur
et al. 2014). If diagnosed early, simple surgery can solve the problem. However, due to its
aggressive nature, melanoma has often already spread to other organs at the time of
diagnosis, primarily the lungs, liver, and brain (Zbytek et al. 2008). In case of advanced

melanoma, management is complex, particularly in those patients with cerebral metastases.
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Figure 2: Schematic skin section and melanoma development. Anatomical overview of the skin
including the three layers epidermis, dermis and hypodermis. Melanoma develops from melanocytes
that reside in the epidermis (outermost layer). (Strazzulla et al. 2019). The figure was adapted from

aimatmelanoma.org.

1.2 Overview of immune system

In broad sense, the immune system allows a living organism to discriminate between "self"
and "nonself". It consists of two lines of defense: the innate and the adaptive immune system.
The innate immune system comprises physical and anatomical barrier as well as effector
cells, antimicrobial peptides, soluble mediators, and cellular receptors (Basset et al. 2003).
Cells of the innate immune system utilize evolutionary conserved structures on pathogens;
termed pathogen-associated molecular patterns (PAMPs) and to identify invaders using
pattern recognition receptors (PRRs). Cells of the innate immune response, such as
granulocytes, macrophages, and dendritic cells (DCs), are mostly phagocytic and able to
present antigen to cells of the adaptive immune system (Akira et al. 2006; Medzhitov and
Janeway Jr 2000). When an intruder is encountered, the innate immune system responds
immediately by recruiting immune cells to sites of infection through the production of
cytokines and chemokines (Marshall et al. 2018; Song et al. 2018). When the innate immune
system is unable to clear the infection, the adaptive immune system takes over. The adaptive
immune response is also known as an acquired or specific immune response. The core
cellular players in adaptive immunity are lymphocytes, specifically T cells and B cells (Chi et

al. 2024). With their clonotypic antigen receptors they can specifically recognize antigen, e.g.
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neutralizing antibodies produced by B cells that bind to and thereby block infection by
viruses. Traditionally, T cells are classified as CD4" helper T cells and CD8" cytotoxic T
cells. The effector functions of CD4" T cells are mediated by both soluble factors and cell-to-
cell interactions. CD8" T cells act primarily through the killing of specific target cells. While
protecting the host from infections and cancer, failures in the self/non-self-discrimination by
the immune system can lead to pathophysiological conditions such as autoimmunity (Chi et

al. 2024; Tan et al. 2022)

1.3 Hallmarks of cancer

Cancer is a very heterogeneous disease, characterized by genetic mutations leading to
abnormal cell division with the potential to invade local tissue or spread eventually into
distant organ via the bloodstream or the lymphatic system by a process known as metastasis
(Leong et al. 2022). The hallmarks of cancer, introduced by Hanahan and Weinberg more
than two decades ago, are a logical framework that interprets the complex nature of cancer
phenotypes and genotypes to understand the pathology of cancer (Hanahan 2022). As
illustrated Figure 3, the ten hallmarks currently comprise genomic instability and mutation,
tumor promoting inflammation, sustaining proliferative signaling, evading growth
suppressors, resisting cell death, replicative immortality, inducing angiogenesis, invasion and
metastasis, deregulating cellular energetics and finally avoiding immune destruction
(Broertjes 2015). The tumor microenvironment (TME) plays an integral role in the
functioning of these hallmarks. Genomic instability is an important hallmark for the
development of malignant tumors that potentiates other hallmarks and eventually drives
tumor progression. Normally, genomic integrity and mutation are closely monitored by
several surveillance mechanisms including DNA damage checkpoint, DNA repair machinery
and mitotic checkpoint. When DNA damage is recognized, the cell cycle is halted until the
damage is repaired. If the DNA damage is beyond repair, tumor suppressor proteins such as
p53 induce senescence or apoptosis (Yao and Dai 2014). Tumor promoting inflammation,
another important hallmark, has been identified as another key player in cancer development.
In healthy tissue, the innate and adaptive immune cells carry out their designated task by
engulfing and/or destroying foreign invaders. However, during chronic inflammation, cancer
cells hijack inflammatory mechanisms (i.e secretion of signaling molecules, enzymes and
reactive oxygen species (ROS) into the tumor microenvironment) to promote their own
growth and survival (Roncati and Figueiredo 2023). Another important hallmark of cancer is

that tumor cells acquire the ability to sustain proliferative signaling in multiple ways, e.g. by
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producing their own growth factors and the corresponding receptor molecules, resulting in
autocrine stimulation. Alternatively, malignant cells may produce paracrine signals to
stimulate tumor-associated cells, which in turn produce various factors to support their
growth. Moreover, cancer cells become hyper-responsive due to elevated growth factor
receptor levels or altered receptor signaling cascades. Last but not least, constitutive
activation of multiple signaling pathways (e.g. Wnt, Notch, IGF, PI3K/Akt, NF-kB) may
promote uncontrolled proliferation. Between 40- 60% of all melanomas carry activating
BRAF mutations that ultimately regulate the RAS/RAF/MEK/ERK pathways and cause
excessive proliferation (Feitelson et al. 2015; Gutschner and Diederichs 2012). Besides,
sustaining proliferative signaling, evading growth suppression is a highly complementary
feature of cancer. A number of tumor suppressive protein (e.g. Tp53, PTEN or RB) have
been identified that inhibit diverse signaling pathways driving cell proliferation or mediate
resistance to programmed cell death. Such tumor suppressor proteins are often inactivated or
rapidly degraded in tumor cells following binding to oncoproteins. One such example is the
human papilloma virus (HPV) encoded oncogenes E6 and E7, which are often expressed in
human cervical cancers and are known to interact with Tp53 and RB leading to their
inactivation (Subramanya and Grivas 2008). Continuous proliferation is an important feature
of malignant cells and replicative immortality is caused by increased telomerase reverse
transcriptase (TERT) expression. Mutations in the TERT promoter region or alternative
splicing of the TERT transcript in cancer cells endow them with unlimited replicative
capacity (Dratwa et al. 2020). The ability of cancer cells to induce angiogenesis is an
additional hallmark of cancer. The formation of new blood vessels, induced by tumor cells,
secures not only the supply with nutrients and oxygen but also allows tumors to dispose of
their metabolic (toxic) wastes. Vascular endothelial growth factor A (VEGF-A) and its
receptors (VEGFR1 and R2) play important roles in tumor angiogenesis. Moreover, some
angiogenic factors (VEGF-A, FGF-2 and ILS8) are strongly correlated with poor clinical
outcome in melanoma patients (Ugurel et al. 2001). Activation of tumor cell invasion and
metastasis is a multistep process, which starts with local invasion of tumor cells into the
surrounding stroma, followed by intravasation into the vasculature and eventually
extravasation at distant organs or sites. As cancer cells grow in a fast and uncontrolled
manner, deregulating cellular energetics to sustain energy metabolism is essential. An
emerging characteristic of cancer is avoiding immune attack. Cancer cells evolved several
mechanisms to evade immune surveillance. For instance malignant cells often down-regulate

the expression of MHC class I molecules as well as immunogenic antigens, thereby rendering
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the cancer cells invisible to CD8" T lymphocytes. Also, up-regulation of immune inhibitory
molecules such as PDL1 on cancer cells averts immune destruction by inducing T cells
exhaustion (Te). In addition, tumor cell may induce an immunosuppressive
microenvironment by secreting suppressive cytokines (e.g. TGF-B) or by recruiting
immunosuppressive cells into the tumor microenvironment, such as myeloid-derived
suppressor cells (MDSCs), which strongly inhibit the effector T cell response and promote
the differentiation of regulatory T cells (Trg) (Kim and Cho 2022).

Resisting
cell death

S8 m
3T 3
o5&
a0 =
D=3
Za“

Figure 3: The hallmarks of cancer. Cancer hallmarks provide a solid foundation for understanding
the vast complexity of cancer phenotypes and genotypes. The potential biological capabilities that
contribute to cancer progression are acquired during the development of tumors. The ten hallmarks
include genome instability, inducing angiogenesis, activating invasion and metastasis, tumor
promoting inflammation, enabling replicative immortality, avoiding immune destruction, evading
growth suppressors, sustained proliferative signaling, resisting cell death and deregulating cellular

energetics. The figure was adapted from Hanahan, Douglas 2022.

1.4 E2F1

The family of E2 promoter binding factors (E2F) is divided into four subgroups according to

their mechanism of action and potential function. Proteins of the E2F family can either act as
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repressors or activators of transcription, depending on their association with Rb
(retinoblastoma protein). E2F1, E2F2, and E2F3a (E2F1-3a) are potent transactivators that
can transiently bind to and activate E2F target promoters (Attwooll et al. 2004). In contrast,
E2F4 and E2F5 possess predominantly repressive activity. E2F1 binds to phosphorylated
retinoblastoma protein (pRb), which prevents its interaction with the cell's transcription
machinery. Notably, E2F1 is able to transactivates the E2F1 target genes when RB is
hypophosphorylated (Manickavinayaham et al. 2020).

E2F1 is a key player in melanoma pathology. Typically, E2F1 expression levels are
considerably higher in metastatic melanoma as compared to primary tumors (Alla et al.
2010). In melanoma pathology, metastasis is mainly driven by the E2F1 transcription factor,
which orchestrates EMT, neoangiogenesis and extravasation, chemoresistance, and evasion
of immune surveillance (Meier et al. 2014; Khan et al. 2017; Engelmann et al. 2013). In
addition to its well established biological functions that govern cellular response including
cell cycle, DNA synthesis and replication, checkpoint control, DNA damage and repair
(Stevens and La Thangue 2004), apoptosis (Ginsberg 2002), autophagy, self-renewal,
development and differentiation (Polager et al. 2008) and senescence (Dimri et al. 2000), a
high expression of E2F1 is also involved in the activation of downstream prometastatic gene
regulatory networks (GRNs), which in turn lead to metastatic transformation in melanoma as
well as other types of cancer (Khan et al. 2017). Consistent with that, high E2F1 expression
has been associated with poor outcome in many cancers including melanoma (Khan et al.
2017; Richter et al. 2019). Conversely, E2F1 ablation led to a restoration of E-cadherin
expression (Alla et al. 2010) and the induction of cell death in melanoma metastatic cells
resistant to BRAF inhibitors (Rouaud et al. 2018). Furthermore, E2F1-regulated microRNAs
(miRNAs) and long noncoding RNAs (IncRNAs) promote tumor growth, invasion and
metastasis by modulating the activation of oncogenic pathways as well as regulating tumor
suppressive genes (Niu et al. 2020; Knoll et al. 2014; Logotheti et al. 2020). E2F1’s
aggressive activity is generally mediated by binding to transcriptional co-regulators which
then induce expression of metastasis-related genes in cancer cells (Meier et al. 2014; Wang et
al. 2016; Logotheti et al. 2020). For instance, E2F1 forms complexes with metastasis-
associated protein 1 (MTA1) thereby potentiating cell motility and expression of hyaluronan
synthase 2 (HAS2) and hyaluronic acid (HA) production that in turn modulates the tumor
microenvironment by regulating the infiltration of tumor-associated macrophages in TIME

(Goody et al. 2019). However, the underlying mechanism by which E2F1 signaling
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modulates the immune response in the melanoma microenvironment (TME) remains largely

unknown.

1.5 Tumor immune microenvironment (TIME)

The tumor immune microenvironment (TIME) consists of a complex network of multiple cell
types including fibroblasts, endothelial cells, infiltrating leukocytes (T cells, B cells, DCs,
MDSCs, TAMs), as well as soluble factors e.g. cytokines, chemokines, growth factors and
matrix remodeling enzymes as illustrated in Figure 4 (Hassan and Seno 2020). The
composition of the tumor microenvironment varies between tumor types. It is believed that
the "tumor microenvironment is not just a silent bystander, but rather an active promoter of
cancer progression" (Truffi et al. 2020). Within the TIME, tumor cells and non-cancerous
cells including immune cells interact with each other either directly (in physical proximity) or
indirectly (paracrine signaling). Direct interaction between cancer and immune cells occurs
due to adhesion molecules, electrical coupling, and gap junction communication (Dominiak
et al. 2020). Secretome and extracellular vesicles are involved in indirect communication
between cancer and immune cells. This interaction influences tumor resistance, progression
and metastasis. Moreover, it is a critical facilitator of immune escape (Salemme et al. 2021).
Depending on the context, immune cells can either suppress or promote tumor growth. The
secretome consists of a diverse set of factors including chemokines, cytokines, growth
factors, coagulation factors, hormones, enzymes, glycoproteins released by cancer cells and
immune cells within TIME ( (Ritchie et al. 2021; Nagarsheth et al. 2017). Cytokines are
categorized into distinct superfamilies based on their structure and function, including
interferons (IFNs), interleukins (ILs), tumor necrosis factors (TNFs), transforming growth
factors (TGFs), chemotactic cytokines (chemokines), and colony-stimulating factors (CSFs)
(Kartikasari et al. 2021). In general, immune cells change their function and phenotype
depending on the stimuli they receive from molecules secreted in the TIME (Da Cunha et al.
2019). Consequently, immune cells also secrete molecules that modulate the activities of
neighboring immune and tumor cells (Etxebeste-Mitxeltorena et al. 2021).

Oncogenic signaling pathways such as BRAF/MAPK, Wnt/B-catenin and JAK/STAT can
alter the cellular composition of the tumor immune microenvironment in different cancers.
For instance, hyper-activation of tumor-intrinsic pathway such as BRAF-MAPK or WNT/B-
catenin signaling in melanoma cells, regulates immune cell exclusion from TIME (Kakavand
et al. 2017; Sumimoto et al. 2006; Luke et al. 2019). Also, the tumor-derived secretome

containing chemokines and cytokines, adenosine, vascular endothelial growth factor (VEGF)
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and indolamine 2, 3-dioxygenase (IDO), can modulate the interaction between tumor and
immune cells (Truffi et al. 2020; Anderson and Simon 2020; Zhang and Veeramachaneni
2022). A better understanding of the interaction of tumor cells with other cell types in TIME
is important for overcoming the limitations of immunotherapy as well as the development of

effective therapeutics strategies against cancer.
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Figure 4: Schematic illustration of the tumor immune microenvironment (TIME). The tumor
immune microenvironment comprises cellular and non-cellular components. The cellular component
includes cancer cells, endothelial cells, pericytes, carcinoma-associated fibroblasts, and immune cells
including B-cells, T-cells and natural killer cells, tumor-associated macrophages, myeloid-derived
suppressor cells, and dendritic cells. The secreted factors and extracellular matrix components mainly
consist of cytokines, chemokines, growth factors as well as matrix remodeling enzyme. Figure was

adapted from (Zhang and Veeramachaneni 2022).

1.6 Role of CD4" and CD8" T cells in cancer

T cells are critical for the human immune system to maintain health and to protect against
infections with pathogens and the development of tumors. T cells develop from
hematopoietic stem cells in the bone marrow in multiple discrete steps, beginning with
migration of committed precursors into the thymus, the production of a functional T cell
receptor by genetic rearrangement, followed by the exit of naive T cells from the thymus into

the periphery. T cells are divided into two main subsets depending on the expression of the
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co-receptors CD4 or CDS8. Upon antigen recognition via their T cell receptor (TCR) and
provision of co-stimulatory signals on antigen presenting cells, naive T cells differentiate into
effector or memory cells (Sun et al. 2023). Naive CD4" T cells can differentiated into several
subsets including Thl, Th2, Th9, Thl7, follicular helper T (TFH) cells, and regulatory T
(Treg) cells that produce distinct sets of cytokines and fulfill different functions in the
immune system (Speiser et al. 2023). An antitumor immune response can be exerted by CD4"
T cells in several ways; either directly by eliminating tumor cells or indirectly by enhancing
antitumoral responses of other immune cells. For example, Th1 cells can directly kill MHC II
positive tumor cells by FasL/Fas interactions and/or in a perforin/granzyme B dependent
manner (Haabeth et al. 2014). Furthermore, helper T cells (Th) can activate not only other
cell types of the adaptive immune system (e.g activate B cells to secrete antibodies) but also
activate innate immune cells such as macrophages. In addition, helper T cell-derived
cytokines can trigger death receptors on the tumor cells, induce cellular senescence of cancer
cells, or affect tumor vasculature. CD4" T helper cells also improve the efficacy of cytotoxic
T lymphocytes (CTLs) responses through the licensing of antigen presenting cells, which in
turn increase their antigen-presenting and co-stimulatory capacities to enhance the antitumor
immune function of CTLs (Poncette et al. 2022). CD8" T cells play a central role in cancer
immunity through their ability to selectively eradicate malignant cells via multiple
mechanisms. For example, CD8" T cells induce apoptosis by ligation of the Fas receptor with
the Fas ligand. In addition, CD8" T cells kill their targets via the delivery of pro-apoptotic
molecules such as granzyme and perforin. Moreover, cytotoxic T cells induce cytotoxicity in
cancer cells by releasing cytokines like IFN-y and TNF-a and exert anti-tumor response by
stimulating M1 macrophage (Philip and Schietinger 2022; Huff et al. 2019). Although CD4"
T cells are critical for orchestrating antitumor response, certain CD4" T subtypes, such as

Treg, can contribute to tumor development, persistence, and metastasis.

1.7 Cancer and immunotherapy

Because of the ability of the immune system to recognize and eliminate tumours, many
attempts have been made to boost the immune response against cancers. These include
nonspecific stimulation with cytokines, active immunization, adoptive immunotherapy and
most recently, immune checkpoint inhibitors. Today, immunotherapy is a cornerstone in the
treatment of melanoma, capable of reducing the risk of recurrence following conventional
treatment modalities such as surgery and chemotherapy (Knight et al. 2023). Checkpoint
inhibitors block checkpoint proteins expressed on T cells, such as CD28, CTLA-4 and PD-1
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that normally downregulate immune responses, e.g. after an infection has been cleared.
Tumor cells often express natural ligands for these checkpoint proteins and thereby actively
down-regulate immune response. The most prominent example is PD-L1 that binds PD-1 on
activated T cells and inhibits T cell activation and effector functions (Dong et al. 2002).
Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) counteracts the positive signal
mediated by CD28 by competing for the same ligands (CD80/86) expressed on APCs with
higher affinity, causing T cells exhaustion (Schildberg et al. 2016). By preventing the
interaction of checkpoint proteins with their ligands, checkpoint inhibitors re-invigorated
exhausted and maintain effector functions of T cells, including T cells directed against
tumors, and thereby sustain antitumoral immune control (Franklin et al. 2017; Sanlorenzo et
al. 2014). In patients with advanced melanoma, the survival rate is 52% with treatment of
anti-PD-1 antibodies (Nivolumab) and 34% when treated with anti CTLA-4 antibodies
(Ipilimumab). When both antibodies were combined, long term survival was achieved in 58%
of patients with advanced melanoma. Before, the overall survival rate for melanoma patients
was 26% at 3 years (Wolchok et al. 2017). Despite the tremendous success in the treatment of
cancer patients, the application of checkpoint inhibitors can be limited by autoimmune side
effects caused by an over-reactive immune system. Furthermore, a substantial proportion of
all tumors are refractory to this type of therapy (Gide et al. 2018). The reasons for this failure
are not fully understood, but TIME appears to be a vital factors influencing treatment efficacy

(Binnewies et al. 2018).

1.8 Aim of the thesis

The role of E2F1-regulated factors in the T cell response against melanomas is largely
unknown. Therefore, the aim of this study was to unveil how E2F1-regulated melanoma
immunoregulatory factors modulate the melanoma immune microenvironment.

The specific aims of the studies were:

1) To establish an in vitro co-culture system for studying tumor-immune cell interactions
through secreted factors.

2) To investigate whether E2F1 expression in melanoma cells affects the immune
microenvironment.

3) To examine the effect of E2F1-regulated melanoma-derived factors on CD4" and CD8" T
cell response.

4) To assess the mechanism of melanoma-immune cell signaling.
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2 Materials and Methods
2.1 Materials
Table 1: Kits
Kits Manufacturer

CD4 MicroBeads, human

Miltenyi Biotec GmbH, Germany

CDS8 MicroBeads, human

Miltenyi Biotec GmbH, Germany

Clariom™ D Array, human

Thermo Scientific Inc., USA

Dual-Luciferase® Reporter Assay System

Promega Inc., USA

ELISA MAX™ Deluxe Set Human IFN- y

Biolegend Inc., USA

ELISA MAX™ Deluxe Set Human IL6

Biolegend Inc., USA

First Strand cDNA Synthesis Kit

R&D Systems Inc., USA

Human IL10 ELISA

Invitrogen Inc., USA

1Q™ SYBR® Green Supermix

Bio-Rad Laboratories GmbH, Germany

NucleoSpin® Gel and PCR Clean-Up

Macherey-Nagel GmbH & Co. KG,

Germany

NucleoSpin® RNA kit

Macherey-Nagel GmbH & Co. KG,

Germany

pcDNA™3.1 TOPO® TA Expression Kit

Invitrogen Inc., USA

peqGold Hot Start Mix Y

Peqlab Biotechnologie GmbH,Germany

Pierce™ ECL Western Blotting-Substrat

Thermo Scientific Inc., USA

Plasmid DNA Purification Kit (Nucleo-Bond)

Macherey-Nagel GmbH & Co. KG,

Germany

Proteome Profiler Human Cytokine Array Kit

R&D Systems Inc., USA

RNeasy Kits

QIAGEN GmbH, Germany

SuperSignal™ West Femto

Thermo Scientific Inc., USA

TACS® XTT Cell Proliferation Assay

R&D Systems Inc., USA

TuroboFect™ Transfection Reagent

Thermo Scientific Inc., USA

Zombie Green™ Fixable Viability

Biolegend Inc., USA

Table 2: Chemicals and reagents

Chemicals and enzymes

Manufacturer

5x Non-Reducing Sample Buffer

Thermo Scientific Inc., USA

Agar

VWR International GmbH, Germany
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Amphotericin B

Thermo Scientific Inc., USA

Aphidicolin

Thermo Scientific Inc., USA

Bio-Rad Protein Assay

Bio-Rad Laboratories GmbH, Germany

Buffy Coat

University Hospital of Rostock, Rostock

Cell Staining Buffer

Biolegend Inc., USA

Corning® Matrigel® Matrix

Corning Inc.,USA

Dimethyl Sulfoxide (DMSO)

Merck & Co., Inc., USA

DMEM

PAN Biotech GmbH, Germany

DNA Loading Dye (6 x) New England Biolabs GmbH, Germany
Ethidium Bromide Merck & Co., Inc., USA

FBS PAN Biotech GmbH, Germany

Ficoll PAN Biotech GmbH, Germany
Formaldehyde Sigma-Aldrich GmbH, Germany

GeneRuler 1 kb DNA-Ladder

Thermo Scientific Inc., USA

Isopropanol Walter-CMP GmbH & Co. KG, Germany
MACS buffer Miltenyi Biotec GmbH, Germany
Methanol J.T. Baker, USA

Milk powder Carl Roth GmbH, Germany

Non-essential amino acid

Thermo Scientific Inc., USA

Penicillin/Streptomycin

PAN Biotech GmbH, Germany

Phytohaemagglutinin (PHA)

Thermo Scientific Inc., USA

Puromycin

Sigma-Aldrich GmbH, Germany

RNeasy Lysis Buffer

QIAGEN GmbH, Germany

Recombinant Human Interleukin 10

Miltenyi Biotec GmbH, Germany

Recombinant Human Interleukin 2

Roche Diagnostics GmbH, Germany

Recombinant Human Interleukin 6

Miltenyi Biotec GmbH, Germany

Restriction Enzyme (Kpnl/EcoRV)

New England Biolabs GmbH, Germany

ROTIPHORESE®Gel 40 Carl Roth GmbH, Germany
RPMI-1640 PAN Biotech GmbH, Germany
TEMED Bio-Rad Laboratories GmbH, Germany
T4 DNA Ligase New England Biolabs GmbH, Germany

B-Mercaptoethanol

Carl Roth GmbH, Germany
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Table 3: Consumables

Consumable supplies Manufacturer

96-Well PCR Plate Bio-Rad Laboratories GmbH, Germany

Cell Culture 6-Well Plate Greiner Bio-One GmbH, Austria

Cell Culture 96-well Plate Greiner Bio-One GmbH, Austria

Cell Culture Flask (75 cm”) Greiner Bio-One GmbH, Austria

Cell Culture Insert Corning Inc.,USA

Cuvettes (10 x 4 x 45 mm) SARSTEDT AG & Co. KG, Germany

FACS Tube STEMCELL Technologies GmbH,
Germany

Falcon (15 ml, 50 ml) Greiner Bio-One GmbH, Austria

Petri Dish Greiner Bio-One GmbH, Austria

Pipette Tips (10, 20, 100, 200, 1000 pl) Greiner Bio-One GmbH, Austria

Plastic Cryotubes Greiner Bio-One GmbH, Austria

Serological Pipette (5-25 ml) Greiner Bio-One GmbH, Austria

Table 4: Equipment

Devices Manufacturer

Axiovert 25 and 40 Microscope Carl Zeiss SMT GmbH,Germany

Bacteria Incubator Kendro Laboratory GmbH, Germany

BD FACSVerse™ Flow Cytometer BD Biosciences, Germany

CFX96 Touch™ Real-Time PCR System Bio-Rad Laboratories GmbH, Germany

ChemiDoc™Touch Imaging System Bio-Rad Laboratories GmbH, Germany

CO2 Incubator CB150 BINDER GmbH, Germany

Eppendorf Biophotometer Eppendorf Vertrieb Deutschland GmbH
Germany

Gel Doc™ EZ Imager Bio-Rad Laboratories GmbH, Germany

Hera Cell 240 CO2- Incubator Heraeus Medical GmbH, Germany

KERN 572-43 Precision Balance Kern & Sohn GmbH, Germany

Lumat LB9507 Luminometer Berthold Technologies GmbH, Germany

Multifuge 3L-R Centrifuge Heraeus Medical GmbH, Germany

Nanodrop ND1000 Spectrophotometer Peqlab Biotechnologie GmbH, Germany

S@feflow 1.2 Cell Culture Work Cabinet Nunc GmbH & Co. KG, Germany
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SevenExcellence S470-Basic Mettler Toledo, Switzerland

T100™ Thermal Cycler

Bio-Rad Laboratories GmbH, Germany

Tecan Spark M 10 Plate Reader

Tecan Group Ltd., Switzerland

Thermo Mixer 5436

Germany

Eppendorf Vertrieb Deutschland GmbH,

Vortex-Genie 2

Scientific Industries Inc.,USA

Table 5: Cell lines

Cell line Morphology Medium

SK-Mel147 Human metastatic melanoma cell line derived from | DMEM
dermal lesion (CVCL _3876).

SK-Mel147-Ctl Human melanoma cell clone with stable expression | DMEM +
scrambled control shRNA (SHC002), considered as E2F1 | Puromycin
control cell line.

SK-Mel147-KD | Human melanoma cell clone with stable expression of | DMEM +
shRNA against E2F1, considered as E2F1 knockdown | Puromycin
cell line.

C8161 Human metastatic melanoma cell line derived from | DMEM
abdominal wall (CVCL_0196).

C8161-Ctl Human melanoma cell clone with stable expression | DMEM +
scrambled control shRNA (SHCO002), considered as E2F1 | Puromycin
control cell line.

C8161-KD Human melanoma cell clone with stable expression of | DMEM +
shRNA against E2F1, considered as E2F1 knockdown | Puromycin
cell line.

SK-Mel-103 Human metastatic melanoma cell line isolated from the | DMEM
skin (CVCL_6069).

Mel888 Human melanoma cell line derived from hypodermis | DMEM
(CVCL _4632).

SK-Mel-19 Human melanoma cell line derived from dermal lesion | DMEM
(CVCL _6031).
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Table 6: Oligonucleotides

Oligonucleotides Sequences

B-Actin_ Fwd 5-CGGGAAATCGTGCGTGACATTA-3"
B-Actin_Rev 5'-ACCGCTCATTGCCAATGGTGAT-3’
GAPDH_Fwd 5-ATCGTGGAAGGACTCATGACCACA-3’
GAPDH_Rev 5-AAGGCCATG CCA GTGAGCTTC-3’
E2F1 Fwd 5-TCACGCTATGAGACCTCACT-3’
E2F1 Rev 5-CTCAAGGACGTTGGTGATGT-3"
IL6 Fwd 5'-ATGAGGAGACTTGCCTGGTG-3

IL6 Rev 5-CTGGCATTTGTGGTTGGGTC-3"

IL10 Fwd 5'-GGCGCTGTCATCGATTTCTTCC-3"
IL10 Rev 5-GTAGATGCCTTTCTCTTGGAGC-3’

IL6 promoter Fwd

5'-CCTGGAGACGCCTTGAAGTA-3’

IL6 promoter Rev

5'-GGAATCTTCTCCTGGGGGTA-3'

ChIP_A Fwd 5-TCCCCCTAGTTGTGTCTTGC-3'
ChIP_A Rev 5-ATCTTTGTTGGAGGGTGAGGG-3'
ChIP_B_Fwd 5-AGGACTGGAGATGTCTGAGG-3'
ChIP_ B Rev 5-GGGCTAAGGATTTCCTGCAC-3'

Table 7: Antibodies

Target Species ID Conjugate | Manufacturer

E2F1 Rabbit, #3742 - Cell Signaling
Polyclonal Technology Inc.,USA

IL6 Rabbit, D3K2N, #12153 - Cell Signaling
Monoclonal Technology Inc.,USA

Stat3 Mouse, 124H6, #9139 - Cell Signaling
Monoclonal Technology Inc.,USA

Phospho-Stat3 | Rabbit, D3A7, #9145 - Cell Signaling

(Tyr705) Monoclonal Technology Inc.,USA

B-Actin Mouse AC-15,#A1978 - Sigma-Aldrich GmbH,
Monoclonal Germany

SNAI Rabbit, H-130, #sc- - Santa Cruz
Polyclonal 28199 Biotechnology Inc.,
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USA
Vimentin Mouse VO, #sc-6260 - Santa Cruz
Monoclonal Biotechnology
Inc., USA
E-cadherin Rabbit, #3195 - Cell Signaling
Monoclonal Technology Inc.,USA
N-cadherin Mouse, #610921 - BD Biosciences,
Monoclonal Germany
Slug Rabbit, C19G7, #9585 - Cell Signaling
Monoclonal Technology Inc.,USA
IL1I0RA Rabbit, #PAS5-119895 - Invitrogen Inc., USA
Polyclonal
Control IgG Rabbit #sc-2027 - Santa Cruz
Rabbit Biotechnology Inc.,
USA
Anti-Mouse Horse #7076 HRP Cell Signaling
IgG-HRP Technology Inc.,USA
Anti-Rabbit Goat #7074 HRP Cell Signaling
IgG-HRP Technology Inc.,USA
Anti-hIL6-IgG | Mouse, #mabg-hil6-3 - InvivoGen Inc.,USA
Neutralizing
monoclonal
Human CD3 Mouse, HIT3a, #300318 | APC-Cy7 | Biolegend Inc., USA
Monoclonal
Human PD-1 Mouse, EHI12.2H7, PE Biolegend Inc., USA
Monoclonal #329906
Human CD4 Mouse, RPA-T4, APC Biolegend Inc., USA
Monoclonal #300514
Human CDS Mouse, SK1#344722 APC Biolegend Inc., USA
Monoclonal
Isotype Mouse IgG1,k | MOPC-21 Biolegend Inc., USA
Control #329906
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Table 8: Plasmids

Name

Description

pcDNA3.1(+)

Vector with a CMV promoter for expression in

mammalian cells (Addgene).

pcDNA3.1-E2F1

An E2F1 expressed plasmid with CMV promoter
generated by Alla et al., 2010.

pcDNA3.1-E2F1-E132

E2F1 DNA binding defective mutant generated by
Alla et al., 2010.

pcDNA3.1-E2F1-TA

E2F1 transactivation- defective vector generated by

Alla et al., 2010.

pGL4-1L6-promoter

Reporter plasmid encoding the luciferase reporter
gene (firefly luciferase) with upstream IL6

promoter.

pGL4.75(hRLuc-CMV)

Reporter plasmid encoding the luciferase reporter
gene (renilla luciferase) with upstream CMV

promoter (Promega).

pLKO.1-puro-sh.E2F1

Lentiviral based vector with stable expression of

shRNA against E2F1 (Sigma-Aldrich).

pLKO.1-puro-sh.control

Lentiviral based vector with stable expression of a

scramble shRNA (Sigma-Aldrich).

Plasmids maps are shown in appendix.

Table 9: Software and online databases

Name

Manufacturer/Link

Image lab 6.0

Bio-Rad Laboratories GmbH, Germany

Image J 1.53t

NIH, USA

BD FACSSuite™ V1.0.6.5230

BD Biosciences, Germany

FlowJo™ v10

BD Biosciences, Germany

Affymetrix Transcriptome Analysis

Console (TAC)

Thermo Scientific Inc., USA

Enrichr

https://maayanlab.cloud/Enrichr/

SRPLOT

https://www.bioinformatics.com.cn/srplot
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UCSC Genome Browser https://genome.ucsc.edu/

JASPAR https://jaspar2020.genereg.net/

UCSC XENA https://xena.ucsc.edu/

OligoCalc http://biotools.nubic.northwestern.edu/OligoCalc.ht
ml

NCBI https://www.ncbi.nlm.nih.gov/

Venndiagram https://bioinformatics.psb.ugent.be/webtools/Venn/

2.2 Methods

2.2.1 Cell culture

Melanoma cell lines were cultivated at 37°C with 5% CO2 in DMEM culture medium
supplemented with 10% FBS, 1x MEM non-essential amino acids, 100 pg/mL Penicillin, 100
U/mL Streptomycin, 1,25 pg/mL Amphotericin B, (optional, 2 pg/mL Puromycin, only for
stable cell lines).

T cells were grown in RPMI 1640 culture medium containing 10% FBS, 2 mM L-Glutamine,
1 mM Sodium pyruvate, 4.5 g/L. Glucose, 10 mM HEPES, 1.5 g/LL NaHCO3, 1x MEM non-
essential amino acids, 100 pg/mL Penicillin, 100 U/mL Streptomycin, 1,25 pg/mL
Amphotericin B at 37°C with 5% CO2.

2.2.2 Cell thawing and cryopreservation

For thawing cells, cryovials were retrieved from liquid nitrogen storage or -80°C, transferred
to the cell culture laboratory on ice and thawed by placing the lower half of the vial into a
37°C water bath for 1-3 minutes. The cell suspension was transferred into a 15 mL falcon
tube containing 5 mL of pre-warmed medium followed by centrifugation for 5 minutes at
1500 rpm to pellet the cells. Finally, the cell pellet was re-suspended in fresh, pre-warmed
culture media.

For cell cryopreservation, cells were washed with PBS and detached from petri dish by
trypsinization. The cells were then centrifuged and the pellet resuspended in fresh media.
Following cell counting, the cells were resuspended in freezing media (90% FBS + 10%
DMSO) prior to placing cells (1-2 x 10°cells/mL) in a cryovial. The cryovials were put in a
cell freezing container and transferred immediately to -80°C for at least 24 hours before

permanent storage in liquid nitrogen.

2.2.3 Cell counting and viability assessment
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For cell counting, 10 uL of a cell culture aliquot was mixed with 90 uL of trypan blue
solution (Thermo Scientific), and 10 uL the mixture was introduced into a Neubauer cell
counting chamber. Cells (living and dead), in the 4 big squares, were counted under the
microscope and the mean was calculated. The number of cells was determined using
following formula.

Cell number (cell/mL) = Mean of cell counting x Dilution factorx10*

To assess the percentage the viable cells, living and dead cells (unable to exclude Trypan

blue) were counted using the following formula.

Cell Viability(%) _ The number of live cells>< 100

Total number of cells

2.2.4 Generation of stable cell lines by lentiviral transduction

Stable E2F1 knockdown melanoma cell lines were generated using lentiviruses kindly
provided by the Institute for Experimental Gene Therapy. For this purpose, 1x10° SK-Mel-
147 and C8161 melanoma cell lines were resuspended into 9 mL media containing control
and targeted lentiviral particles and subsequently transferred into 10 cm plates and incubated
for 1 hour at 37°C with 5% CO, Afterwards, 3 mL of fresh culture medium was added to
each plate and the cells incubated for 72 hours at 37°C with 5% CO,. Next, medium was
removed and cells were harvested by trypsinization and centrifuged at 1500 rpm for 5 min.
The cells were then resuspended in selective medium containing puromycin (2 pg/mlL).

Successful knockdown of E2F1 was verified by Western blot.

2.2.5 PBMCs isolation from buffy coat

To isolate plasma and peripheral blood mononuclear cells (PBMCs) from buffy coats, Ficoll
(PAN Biotech GmbH, Germany) density gradient centrifugation was performed for 30
minutes at 1000 x g without using the break. Following centrifugation, the interphase
between plasma and Ficoll was carefully harvested. PBMCs were then washed two times

with PBS and then resuspended in culture medium.

2.2.6 Isolation of T cells

For the purification of CD4" or CDS8" T cells, 20 pL of microbeads for either CD4 or CDS8
(Miltenyi Biotec) were added to 10’ PBMCs and incubated for 15 minutes at 2-8°C. After
washing the cells with MACS™ buffer (Miltenyi Biotec), cells were placed in LS columns in
the magnetic field of a QuadroMACS™ (Miltenyi Biotec). Subsequently, the LS column was
rinsed three times with MACS™ buffer followed by flushing out the magnetically labeled
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cells by firmly pushing a plunger into column, and CD4" or CD8" T cells were collected in a

tube for further processing.

2.2.7 Co-culture system

On day 1, melanoma cells expressing high or low levels of E2F were seeded in a 6-well plate
(Corning) at a density of 1x10° cells per well. After 24 hours, CD4" or CD8" T cells isolated
from healthy human buffy coats were co-cultured with the melanoma cells in the insert of
trans-well plates (Corning) in the presence of 20 U/mL IL2 and 0.25 pug/mL PHA
(Phytohemagglutinin) for 72 hours in a 5% CO2 humidified atmosphere. After 72 hours, cell
culture supernatant, as well as melanoma and immune cells were collected for further

analyses.

2.2.8 Flow cytometry

After culture for 72 hours, CD4" or CD8" T cells were harvested and centrifuged at 300 x g
for 9 minutes. The cells were then washed with cell staining buffer (Biolegend) and
subsequently stained with Zombie Green™ Fixable Viability Kit (Biolegend) according to
manufacturer’s instructions and incubated for 10-15 minutes at room temperature.
Afterwards, cells were stained with the following antibodies (all from Biolegend): APC-Cy7-
coupled anti-human CD3, APC-coupled anti-human CD4, APC-coupled anti-human CDS,
PE-coupled anti-human PD-1 and Isotope control (Mouse IgG, k) followed by incubation for
15-20 minutes at RT (room temperature). Cells were analyzed by flow cytometry (BD
FACSVerse™) and FlowJo software (FlowJo, LLC).

2.2.9 Enzyme-linked immunosorbent assay (ELISA)

The concentration of cytokines in the supernatant of cells were measured using the human
IFN-y (Biolegend), IL6 (Biolegend), and IL10 (Invitrogen) ELISA kits following the
instructions of the manufacturers. Briefly, 96-well plates were coated with capture antibodies
diluted in coating buffer and incubated overnight at 4°C. On the following day, the plates
were washed thrice with ELISA washing buffer and blocked with ELISA blocking buffer for
1 hour at room temperature. Subsequently, plates were washed three times with washing
buffer. Next, cell culture supernatant (100 puL) as well as standard were added to plates and
incubated overnight at 4°C. The following day, the plates were washed and the detection
antibodies were added and incubated for two hours at room temperature followed by three
washes with ELISA washing buffer. Streptavidin-horseradish peroxidase was then added and

incubated for 30 min in the dark followed again by a washing step, before TMB substrate
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solution was added. The reaction was stopped by adding stop solution (2N H2SO4).
Subsequently, the plates were read on a Tecan ELISA reader, using a test wavelength of 450
nm and a reference wavelength of 570 nm. The standard curve was generated by 2-fold serial

dilution of the standard for a total & values.

2.2.10 Proteome Profiler-Human Cytokine Array

The human cytokine array (R&D system) allows assessment of 36 soluble factors including
cytokines, chemokines and growth factors, and was performed according to the
manufacturer’s instructions. In brief, immune cells (CD4" and CD8" T cells) were treated
with or without IL6 for 72 hours. Supernatants from monocultured (cultivation of melanoma,
CD4" or CD8" T cells alone) and melanoma cell co-cultured with T cells was then subjected
to cytokine array analysis. To this end, membranes containing 36 different capture antibodies
were blocked with array buffer for 1 hour. Subsequently, cell culture supernatant and a
cocktail of cytokine, chemokine and growth factor detection antibodies was added and
incubated overnight at 4°C with gentle shaking. After carefully washing with wash buffer, the
membranes were incubated for 30 min with streptavidin-HRP (1:2000) diluted in assay
diluent A. After, another washing step, the membranes were developed using ECL (Thermo
Scientific) and the membranes exposed using the ChemiDoc™ Touch Imaging System
(BioRad) to detect the signal. The spots were quantified by Image lab software (BioRad) and

the signal intensity was normalized against the internal standards.

2.2.11 Western blotting (Immunoblotting)
Western Blotting, also known as immunoblotting, was used to identify specific proteins

resolved by SDS polyacrylamide gel electrophoresis according to their molecular mass.

2.2.11.1 Cell lysis and protein extraction

To prepare cellular extracts, cells were washed in PBS and then lysed in NP 40 buffer (50
mM TRIS-HCI pH7.5, 150 mM NaCl, 1% NP-40, 0,5% sodium deoxycholate) supplemented
with 1% protease and phosphatase inhibitor cocktail (Roche) and incubated for 30 min on ice.
Debris was removed by centrifugation at 4°C for 15 min and 14,000 rpm and the cleared cell

lysates stored at -20°C.

2.2.11.2 Bradford assay for determining protein concentration
Total concentration of protein was quantified using protein assay dye reagent concentrate
(BioRad). In the Bradford assay, Coomassie Brilliant Blue G-250 binds to proteins in

solution, which confers the proteins a blue color with an absorbance maximum at 595 nm.
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The intensity of the color is directly related to the amount of protein in the sample. To
prepare the sample for protein measurement, 1 pL of protein extract was diluted into 999 uL.
master mix (700 pL of water, 99 uL of PBS, and 200 puL of protein assay dye reagent
concentrate). The mixture was then incubated for five minutes at room temperature and the
concentration of the protein was measured using a BioPhotometer (Eppendorf) at 595 nm. A

pre-programmed BSA calibration curve was used to determine the protein concentration.

2.2.11.3 SDS-PAGE and Western blotting

SDS-PAGE, one-dimensional polyacrylamide (PAA) gel -electrophoresis, separates
polypeptide chains according to their molecular weight. The binding of sodium dodecyl
sulfate (SDS) to polypeptide chains causes them to have a negative charge proportional to
their molecular weight. The PAA gel is usually composed of a stacking gel in the upper layer
(125 mM TRIS-HCI pH6.8, 0.1% SDS, 4% polyacrylamide, 0.11% TEMED, 0.051%
ammonium persulfate) and a separating gel (375 mM TRIS-HCI pHS8.8, 0.1% SDS, 10%
polyacrylamide, 0.06% TEMED, 0.051%ammonium persulfate) in the lower layer. For 20 uL
sample preparation, 40-50 pg protein extract was mixed with 4 puL of 5x non-reducing sample
buffer (Pierce Biotechnology), 2 uL of 10x DTT (1 M), and the remaining volume filled with
water and the mixture heated at 95°C for 5 minutes to convert the secondary and tertiary
structure of proteins into denatured polypeptides. Prepared samples and prestained PageRuler
(Thermo scientific) were then loaded into a stacking gel. The gel was run at 80 V for 2-3
hours. The proteins separated by SDS-PAGE were transferred to a nitrocellulose membrane
(Hybond ECL) in a transfer unit (BioRad). The membrane was first activated by incubation
for 5 min in 100% methanol. The blotting sandwich was composed of one sponge, 2 pieces of
Whatman paper, then the gel, and over the gel the activated nitrocellulose membrane, then 2
pieces of Whatman paper and finally one more sponges and the transfer blot chamber filled
with transfer buffer (40 mM TRIS, 25 mM glycine, 20% methanol). The transfer was carried
out at 130 V for 1.5 hours. After transfer, the membrane was blocked with blocking buffer
(5% nonfat dry milk powder or 5% BSA + 0.1% Tween 20 + TBS: 20 mM TRIS, 140 mM
NaCl) for 1 hour at room temperature (RT), and then incubated overnight at 4°C with the
primary antibody with gentle shaking. Next day, membranes were washed 3 times for 5 min
with TBST (20 mM TRIS, 140 mM NacCl, 0.1% Tween 20) and then incubated with a
horseradish peroxidase-conjugated (HRP) secondary antibody for 1 hour at RT and
subsequently washed twice with TBST for 5 min and once with TBS (20 mM TRIS, 140 mM
NaCl). Specific signals were detected by using ECL Plus Western Blotting Detection Kits
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(Thermo Scientific) or SuperSignal™ West Femto (Thermo Scientific) and the membranes
exposed to ChemiDoc™ Touch Imaging System (BioRad). The signal intensity of bands was
quantified using Image lab software (BioRad).

2.2.12 Cloning of recombinant plasmids
Recombinant plasmids were generated using restriction enzymes and the digested insert and

vector DNA fragments covalently linked using T4 ligase.

2.2.12.1 Polymerase chain reaction (PCR)

To amplify the IL6 promoter region, PCR was performed using genomic DNA as a template.
PCR reaction mixture consisted of 25 uL. peqGOLD hot start master mix, 2 pL. forward and 2
uL reverse primers, 1 ng template genomic DNA and water to make up 50 pL. The DNA was
amplified in a thermal cycler with the following program: initial denaturation at 95°C for 5
min, followed by 35 cycles of denaturation at 95°C for 10 sec, annealing at 57°C for 30 sec,
extension for 30 sec at 72°C and followed by cooling to 4°C. The PCR products were
separated by electrophoresis at 120 V in 1% agarose gels in 1 x TAE buffer containing 2 L.
ethidium bromide (per 100 mL agarose gel) and visualized by UV light.

2.2.12.2 Restriction enzyme digestion of PCR product (insert) and vector

The insert (PCR product) and vector DNA were digested with restriction enzymes to create
compatible ends for cloning. For the generation of the pGL4[luc2]-IL6 promoter plasmids,
the respective PCR products and respective DNA vectors were digest with EcoRV and Kpnl
restriction enzymes (New England Biolabs) in the corresponding reaction buffers according
to the manufacturer's instructions. The size of PCR products and vector were separated by
electrophoresis at 120 V for 45-60 min in 1% agarose gels with EtBr (2 pL /100mL) in 1 x

TAE buffer and examined in the UV-Gel-documentation-system.

2.2.12.3 DNA purification from agarose gels

Following gel electrophoresis, DNA band was excised from the agarose gel and purified
using NucleoSpin® Gel and PCR Clean-Up (Macherey-Nagel) according to the
manufacturer's instructions. 200 pL NT1 buffer for each 100 mg of agarose gel was added to
the excised agarose gel. The mixture was incubated for 10 min at 50°C to solubilize the
agarose gel followed by transferring the sample to NucleoSpin® Gel and PCR Clean/up
column and centrifugation for 30 sec at 11,000 x g. Subsequently, the supernatant was
carefully removed and the pellet washed once with 700 uL. NT3 buffer. After removing the
NT3 buffer completely by centrifugation, the pellets was air-dried for 10-15 min, and then re-
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suspended in 15-30 uL of water to elute DNA. The supernatant containing DNA was
collected after centrifugation at 11,000 x g for 1 min.

2.2.12.4 Ligation
The digested insert and vector products were mixed at 3:1 molar ratio, and ligated with 1 pL

10x T4 buffer and 1 uL T4 ligase in a final volume of 10uL for overnight at 16° C.

2.2.12.5 Transformation

For the heat-shock transformation, 5 puL of the ligation reaction was incubated with 50 uL of
chemically competent E. coli cells (XL-10) on ice for 30 minutes followed by heat-shock at
42°C for 45 seconds and then placed back on ice for 2 minutes. The whole mixture was then
quickly transferred into 1 mL of S.O.C (super optimal broth with catabolite repression)
medium and incubated in an incubator at 37°C for 1 hour. The cell suspensions were then
centrifuged at 8000 rpm for 2 min and 800 pL supernatant were discarded. The bacteria pellet
was resuspended in the remaining S.0.C medium and plated on LB agar plates containing 50
pug/mL ampicillin and incubated at 37°C overnight. Next day, several single colonies were
picked and cultured in 2 mL LB media (ampicillin 50 pg/mL) in a bacterial shaker at 37°C

overnight.

2.2.12.6 Minipreps

For mini prep, 1.5 mL of overnight bacterial culture was centrifuged at 14000 rpm for 3 min.
The supernatant was discarded and the pellet re-suspended in 300 uL. RES buffer (50 mM
Tris/HCI pH8, 10 mM EDTA, 100 pg/mL RNase A). Bacterial cells lysis was performed by
adding 300 pL LYS buffer (200 mM NaOH, 1% SDS) for 5 minutes at room temperature
followed by addition of 300 uL NEU buffer (2.6 M potassium acetate pH 7.2) for 10 minutes
on ice. The resulting viscous solution was centrifuged at 14000 rpm for 10 minutes and 4°C.
The supernatant was mixed with 630 pL isopropanol in a new tube and centrifuged the same
way for 20 minutes. The resulting DNA pellet was washed once with 70% ethanol and
centrifuged again for 5 minutes. The DNA pellet was dried and dissolved in 30 pL of water.
To test the plasmid DNA, 1 puLL of DNA was digested with restriction enzymes and separated

in an agarose gel.

2.2.12.7 Maxipreps
Plasmid maxi-preparations were carried out using the NucleoBond AX 500 kit (Macherey-
Nagel) according to the manufacturer's instructions. In brief, 400 mL of bacteria culture were

centrifuged at 4600 rpm for 15 min at 4°C and the supernatant was discarded. Subsequently,
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12 mL resuspension buffer (50 mM Tris-HCI, 10 mM EDTA, 100 pg/mL RNase A, pH 8.0)
was added to the bacterial pellet and resuspended until homogenous, followed by the addition
of 12 mL lysing buffer (200 mM NaOH, 1 % SDS) and a 5 min incubation at room
temperature. Next, 12 mL neutralization buffer (2.8 M KAc, pH 5.1) was added and the mix
centrifuged at 4600 rpm for 10 min. In the meantime, the maxi column was rinsed with
equilibration buffer (100 mM Tris, 15 % ethanol, 900 mM KCI, 0.15 % Triton X-100,
adjusted to pH 6.3 with H3PO4) and the supernatant was then loaded onto the column and
allowed to drain by gravity flow. The bound DNA was washed three times with wash buffer
(100 mM Tris, 15 % ethanol, 1.15 M KCl, adjusted to pH 6.3 with H3PO4) and then eluted
from the column using elution buffer (100 mM Tris, 15 % ethanol, 1 M KCI, adjusted to pH
8.5 with H3PO4). The DNA was pelleted using isopropanol, the DNA pellet washed with
70% ethanol and then resuspended in 1 mL of TE buffer. Identity of the plasmid DNA was
confirmed by sequencing at Microsynth Seqlab.

2.2.13 Transient transfection

Transient Transfection of melanoma cells was carried out using TurboFect™ Transfection
Reagent (Thermo Scientific) according to the manufacturer's instructions. In brief, cells
(1.5x10°) were seeded in 10 cm plates one day prior to transfection. Next day, the
transfection cocktail consisting of 200 pL FBS free medium, 1pg DNA and 2 pL of 1x
TurboFect™ reagent was prepared and incubated at room temperature for 20 minutes. Then,
the mixture was added to each well by droppings. 48 hours later, cells were harvested for

immunoblotting.

2.2.14 RNA isolation

Isolation of total RNA from different melanoma cell lines, CD4" and CD8" T cells was
carried out using the NucleoSpin® RNA isolation kit (Macherey-Nagel). Purity and
concentration of RNA were determined using a NanoDrop ND1000 Spectrophotometer
(Peqlab Biotechnologie). The RNA samples were immediately stored at -80 °C until further

use.

2.2.15 Reverse transcription
The isolated RNA was subjected to reverse transcription using the first strand cDNA
synthesis kit (Thermo Scientific) according to the manufacturer’s instructions. To reverse

transcribe 1 pg of RNA into complementary DNA (cDNA), oligo(dT)18 primer was used and
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reverse transcription was performed for 60 min at 37°C followed by 5 min at 95°C to

inactivate the enzyme and cooling to 4°C. The sample was stored at -20°C for future use.

2.2.16 Quantitative real-time polymerase chain reaction (qPCR)

qPCR was performed to quantify the mRNA expression levels using SYBR premix iQ™
SYBR® Green Supermix (Bio-Rad Laboratories) on CFX96 Touch real-time PCR detection
system (Bio-Rad Laboratories) according to manufacturer’s instructions. SYBR Green
fluorescent dye binds to double-stranded DNA molecules by intercalating between the DNA
bases. Upon binding to double-stranded DNA, SYBR green increased the fluorescence signal
which is directly proportional to the amount of double-stranded DNA present in the samples.
All experiments were performed in triplicate for each condition. Relative mRNA expression
levels were calculated using the 2" method, with GAPDH and actin as the internal
controls. The thermo-cycling conditions were as follows: initial denaturation at 95°C for 30
sec, followed by 40 cycles of denaturation at 95°C for 10 sec, annealing at between 58°C and

60°C (depending on oligonucleotides) for 30 sec, extension at 72°C for 30 sec.

2.2.17 Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) was used to evaluate the interaction of protein with
DNA in cells. These experiments were performed according to the (Nelson et al. 2006)
protocol, but with an optimized ChIP buffer (50 mM TRIS-HCL pH7.5, 120 mM NacCl, 10
mM KCI, 2 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 0.5% sodium deoxycholate, 0.5% NP-
40, 0.5% Triton-X 100). One day prior to the ChIP assay, melanoma cells were seeded at
5x10° cells per 150 mm dish. On the following day, cells were incubated with formaldehyde
(40 uL/1 mL cell culture medium) for 15 min at room temperature to cross link proteins with
DNA, followed by addition of glycine to stop the crosslinking reaction. Subsequently,
melanoma cells were lysed using the ChIP buffer supplemented with phosphatase protease
inhibitor cocktail (Roche). Chromatin was then sheared by sonification (15 sec on, 15 sec off
pulse for 4 times at 50% amplitude) and the sample placed on ice for two minutes between
pulses. Subsequently, an aliquot of each sample was collected and the DNA was pelleted by
ethanol precipitation and stored at -20°C for future use as input. The samples were then
immunoprecipitated by adding 2 pg of anti-E2F1 antibody (Cell Signaling Technology) for 1
mg of cell lysate, or an unconjugated anti-rabbit IgG antibody (Cell Signaling Technology) as
mock-IP. The protein-protein complexes were then pulled down by binding the antibodies to
protein G-coupled Sepharose beads (GE Healthcare). After washing the samples with ChIP
buffer, both sample and input DNA samples were isolated using Chelex 100 solution
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followed by boiling for 10 min at 95°C, in order to reverse cross-links and to extract DNA.
Sample and input were then centrifuged to remove the Chelex and Chelex bounded proteins
and the extracted DNA carefully collected from the supernatant. The immunoprecipitated
DNA fragments were amplified and quantified using PCR-based methods or stored upto 1

month at -20°C for future use.

2.2.18 Luciferase reporter assay

To analyze the transcriptional regulation of the IL6 promoter by E2F1, the dual-luciferase
reporter assay (Promega) was performed according to manufacturer’s instructions. On day 1,
melanoma cells with high or low E2F1 levels, were seeded in 48-well plates. On the
following day, E2F1 knockdown cells or their scrambled shRNA-expressing control cells
were transiently co-transfected with pGL4.10 [luc2]-IL6-promoter (firefly luciferase) plasmid
and pGL4.75 [hRLuc/CMV] (renilla luciferase). In addition, SK-Mel-147 E2F1 knockdown
cells were transiently co-transfected with pGLA4.10 [luc2]-IL6 promoter plasmid and pGL4.75
[hRLuc/CMV] along with or without pcDNA3.1 (control plasmid), pcDNA3.1-E2F1
(E2F1expression plasmid), pcDNA3.1-E2F1-E132 (E2F1 mutant expression plasmid), and
pcDNA3.1-E2F1-TA (E2F1 mutant expression plasmid). After 24 hours, cells were washed
with PBS followed by the incubation of the cells with 1X passive lysis buffer for 15 min at
room temperature with gentle shaking. To measure dual (firefly and renilla) luciferase
activity, 20 pL of lysate was transferred to the luminometer (Berthold Technologie) that
automatically dispense 50 puL of LARII, substrate for firefly luciferase, and measured
immediately firefly luciferase activity with a luminometer. Subsequent automated addition of
50 puL Stop & Glo reagent, substrate for renilla luciferase, rapidly quenched firefly
luminescence, with simultaneous activation of the renilla luciferase luminescent reaction and
quantitated the renilla luciferase activity. The firefly RLU were normalized using the renilla

RLU.

2.2.19 Invasion assay (Boyden chamber assay)

To study the invading capability of melanoma cells, invasion assay also known as Boyden
chamber assay was performed. For this purpose, melanoma cells (1x10°) were seeded in
serum-free medium in a cell culture insert (pore size: 8.0 pum) on a Matrigel-coated
membrane and suspended in 6-well plates with 15% FBS medium. Cell culture inserts were
coated with Matrigel (Corning) which was thawed on ice, mixed with an FBS-free medium
and adjusted to 3 mg/mL in concentration. Matrigel coated inserts were then incubated for

20-30 minutes at 37°C until the gel solidified. After incubation, the cells were placed on the
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Matrigel-coated inserts in 1% FBS medium and the inserts were suspended in the lower
chamber containing medium with 15% FBS as chemoattractant. Matrigel and non-migrated
cells were removed with cotton swabs after 24 hours of incubation of cells in the incubator at
37°C with 5% CO2. The inserts were then washed with PBS and cells were stained with the
fluorescent dye DAPI. Images of the underside of the membrane were taken with a
fluorescence microscope and the number of invaded cells was counted with ImageJ software

(NIH, USA).

2.2.20 Migration assay (wound healing assay)

Migration assay, also known as wound healing assay, was carried out to determine migration
patterns of cancer cells. For migration assay, cells were seeded into 2-well silicone cell
inserts (IBIDI) at a density of 1x10° cells/per 100 pL cell culture medium. Inserts were
carefully removed, and cells were then washed with PBS, once the cells reached about 90%
confluency. Afterwards, fresh culture medium containing cell proliferation inhibitor
aphidicolin (5pg/mL) was added and the size of wound area measured under a light
microscope. After 24 hours, the measurement was repeated. Cell migration was measured by
assessing the wound area in each photograph. The images were analyzed with Imagel

software (NIH, USA).

2.2.21 Cell proliferation assay (XTT assay)

For cell proliferation and viability assay, cells were seeded at a density of 2500 cells/well in a
total volume of 100 pL in 96-well plates with or without IL10 (2 ng/mL). XTT assay was
performed according to manufacturer’s instruction using TACS® XTT cell proliferation
assay kit (R&D Systems). The cell supernatant was removed and the cells were incubated for
2 hours with 150 pL TACS XTT labeling mixture (100 pL fresh growth medium, 50 uL XTT
reagent and 1 uL. XTT activator). Afterwards, the absorbance was measured at 490 nm using
a microplate reader (Tecan Spark M10, Tecan). Cell proliferation kinetics was determined by

performing the XTT assay after different time intervals.

2.2.22 Micro-array analysis

For micro-array analysis, cells were lysed using chaotropic lysis buffer (RNeasy Lysis
Buffer, RTL) and RNA extraction and purification was carried out using the RNeasy Kits
(Qiagen), including a DNase I digestion step on the chromatography spin column. Finally,
purity and concentration of RNA samples were determined with a NanoDrop 1000

spectrophotometer (Thermo Fisher Scientific). The gene expression profiling was performed
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using Applied Biosystem TM ClariomTM D arrays (formerly Affymetrix, Thermo Fisher
Scientific) according to previously described protocol (Koczan et al. 2018)). Clariom D
arrays analysis was carried out by Dr. Dirk Koczan at Institute for Immunology, Core Facility
Genomics, University of Rostock. Briefly, total RNA (70 ng) from each sample was
subjected to reverse-transcription and subsequent polymerase chain reaction to synthesize T7
promoter-tagged double-stranded DNA (cDNA). The cDNA was then incubated overnight
with T7 RNA polymerase for in vitro transcription, resulting in the synthesis of
complementary RNA (cRNA). Following this, the cRNA was reverse-transcribed using
random primers and dNTPs to synthesize single-stranded sense cDNA. Following the
removal of template RNA using RNase H, the sense-strand cDNA was enzymatically
fragmented using uracil-DNA glycosidase and apurinic/apyrimidinic endonuclease 1.
Subsequently, the 3" ends of the single-stranded DNA fragments were labelled with biotin
using terminal deoxynucleotidyl transferase. Hybridization on Clariom D microarrays was
performed at 45°C overnight using a GeneChip Hybridization Oven 645 (Affymetrix).
Following hybridization, the microarrays were washed and stained on an Affymetrix Fluidics
Station 450 and then scanned at a resolution of 0.7 pm using the GeneChip Scanner 3000 7G
(Affymetrix). To visually inspect the scanned array images as well as to generate raw data
i.e., CEL files, containing processed pixel intensity values for each probe on the Clariom D
microarrays, Affymetrix GeneChip Command Console Software was employed. For data
processing, the CEL files were analyzed using Affymetrix Transcriptome Analysis Console
(TAC) software, with the following parameters (Analysis Type: Expression (Gene), Array
Type: Clariom D Human, Summarization: Gene Level — SST-RMA, Gene-Level Fold
Change < -1 or > 1, Condition Type: Comparison, Algorithm settings: default), performing
normalization of signal intensity, quality control and statistical analysis. Significantly
differentially regulated genes (p-value < 0.05) in test samples versus corresponding controls
were determined. Gene lists were processed to obtain only relevant official gene names.
Differential gene expression analyses (DGE) and in silico analyses were done by Dr. Krishna
Pal Singh at the Department of Systems Biology and Bioinformatics, University of Rostock.
2.2.23 Enrichment and functional network analysis

For gene set enrichment analysis and functional network analysis, down-regulated genes
(E2F1-KD vs control) in SK-Mel-147 were mapped to the E2F1 Chip Seq target genes
(14906). E2F1 Chip Seq target genes were extracted from the transfac database
(https://genexplain.com/transfac/) Next, to identify immune related genes involved in

immune modulation, cytokine production, and regulators of secretion were retrieved from the
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AmiGO database (http://amigo.geneontology.org). The immune-related gene list was
compiled by Dr. Stephan Marquardt. For enrichment analysis, genes were analyzed using the
Enrichr tool (https://maayanlab.cloud/Enrichr/) with the MSigDB Hallmark 2020 database.
To explore the interaction between the genes and their functional networks, differentially
expressed genes were uploaded to the STRING database (https://string-db.org/). A cut-off
standard of a comprehensive score greater than 0.4 was applied to construct the networks.
Nodes represent genes and edges represent interactions.

2.2.24 Patient survival analysis

Overall survival curves were analyzed using the Kaplan-Meier method, with statistical
significance evaluated by the log-rank test. Data from melanoma patients were obtained from
the Cancer Genome Atlas (TCGA) database, specifically the TCGA Skin Cutaneous
Melanoma (SKCM) study cohort. Patients were separated according to the median expression
levels of E2F1, IL10, and IL6 mRNA, individually or in combination thereof, using the Xena

browser (https://xena.ucsc.edu/).

2.2.25 Statistical analysis

All experiments were performed at least in triplicate, if not stated otherwise. Statistical
significance was calculated by paired Student's t-test (two-sided). P values less than 0.05
were considered as significant (* P < 0.05, ** P < 0.01, *** P <(.001), and P > 0.05 as not

significant (n.s.). All data are presented as mean + standard deviation (SD).
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3. Results

3.1. Evaluating the correlation between E2F1 expression and melanoma invasiveness

E2F1 is playing a pivotal role in melanoma pathology, impacting multiple cancer hallmarks,
including regulation of cell cycle, survival, apoptosis, and metabolism. In addition, E2F1
induces metastasis by orchestrating epithelial-mesenchymal transition (EMT),
neoangiogenesis, extravasation, and chemoresistance (Alla et al. 2010; Engelmann et al.
2013; Logotheti et al. 2020; Rosenfeldt et al. 2014). To determine whether E2F1 expression
levels are associated with invasiveness, E2F1 expression levels in the melanoma cell lines
SK-Mel-29 and Mel888 (low invasiveness and low metastatic potential) and SK-Mel-147,
C8161, SK-Mel-103, (high invasiveness and high metastatic potential) (Alla et al. 2010) was
analyzed by Western blot (Figure 5B) and invasiveness assessed using Boyden chamber
assay (Figure 5A). The least invasive melanoma cell lines SK-Mel-29 and Mel888 showed
low E2F1 expression levels compared to the highly invasive cell lines SK-Mel-147, SK-Mel-
103 and C8161. These results suggested that E2F1 expression in melanoma cell lines

positively correlates with the invasive potential.
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Figure 5: Invasive potential of indicated melanoma cell lines positively correlated with E2F1
expression. (A) Boyden chamber assay was used to measure invasiveness of different low and high
invasive melanoma cell lines. (B) E2F1 expression in different melanoma cell lines was determined
by Western blot. Actin served as gel loading control. All experiments were performed in triplicate.
Data were analyzed using Student’s t-test (two sided) and considered significant if *P<0.05,

**P<(0.01, ***P<0.001 and not significant (n.s.) if P>0.05.
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3.2 Development of a co-culture system for studying the tumor microenvironment

E2F1 is considered a key cancer biomarker and tumor promoter in different malignancies (Li
et al. 2023). However, the impact of E2F1 on immunoregulatory genes and their roles in the
tumor immune microenvironment (TIME) is not entirely understood. To study the effect of
the E2F1-induced melanoma secretome on phenotype and transcriptional program of immune
cells, a trans-well co-culture system was established where different melanoma cell lines
were cultivated with CD4" or CD8" T cells isolated from PBMCs of different healthy donors.
The outline of the co-culture setup is presented in Figure 6A. To directly assess the effect of
E2F1 on the melanoma secretome, pairs of melanoma cell lines with high and reduced levels
of E2F1 expression (designated E2F1-high and E2F1-low) were used. These pairs were
generated by shRNA-mediated knockdown of E2F1 in the E2F1-high melanoma cell lines
SK-Mel-147 and C8161. Successful knockdown of E2F1 was verified by Western blot as
shown in Figure 6A. The different melanoma cell lines were co-cultured with CD4" or CD8"
T cells that had been activated using low dose of the T cell mitogen phytohemagglutinin
(PHA) and IL2 to facilitate detection of activating and inhibitory effects of the secretome on
immune cells and of immune cells on the tumor cells. In parallel, the melanoma cell lines as
well as CD4" and CD8" T cells were cultured alone (designated monoculture).

In monoculture, CD4" and CD8" T cells were stimulated with or without PHA for 72 hours to
induce activated and nonactivated T cell states. T cells activation status was tested by
measuring typical activation markers, namely IFN-y secretion and PD-1 expression
(Brenchley et al. 2002; Castro et al. 2018; Simon and Labarriere 2018). IFN-y secretion was
quantified by ELISA, while PD-1 expression level was measured using flow cytometry. The
corresponding data for CD4" T cells are depicted in Figures 6B and 6C, while those for CD8"
T cells are presented in Figures 6D and 6E. The findings demonstrated that activated T cells
exhibited significantly elevated IFN-y secretion and PD-1 expression compared to
nonactivated T cells. The gating strategies for PD-1 expression are shown in appendix
(Figure 18).

To evaluate potential toxicity in both coculture and monoculture conditions, the viability of
CD4" and CD8" T cells was monitored using flow cytometry (Figure 6D, 6E), while
melanoma cell viability was tested by trypan blue exclusion (Figure 6F, 6G). Collectively, the
results showed no significant differences in cell viability between coculture and monoculture
conditions, demonstrating that the established coculture system does not induce cytotoxic

effects.
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Figure 6: Co-culture system for studying tumor/immune cell interactions. (A) Outline of the
experimental setup of the co-culture system. Successful E2F1 knockdown (KD) in melanoma cell
lines (SK-Mel-147 and C8161) was confirmed by Western blot and purity of isolated CD4" and CD8"
T cells was verified by flow cytometry. (B, C, D, E) IFN-y secretion and PD-1 expression of CD4"
(B, C) and CD8" T cells (D, E) after incubation with (+) or without (-) PHA. IFN-y secretion and PD-
1 expression were detected by ELISA and flow cytometry, respectively. PD-1 expression on T cells
was measured as mean fluorescence intensity (MFI). (F, G) Viability analysis of CD4" (F) and CD8"
T cells (G) after cultivation with or without melanoma cells was assessed by flow cytometry (data are
representative of three healthy donors). (H, I) Viability analysis of melanoma cells was assessed by
trypan blue staining after monoculture or co-culture with CD4" (H) or CD8" T cells (I) (data are
representative of three healthy donors). All experiments were performed in triplicate. The data were
analyzed using Student’s t-test (two sided) and considered significant if *P<0.05, **P<0.01,
**%¥P<(.001 and not significant (n.s.) if P>0.05.

Following monoculture of T cells and co-culture of SK-Mel-147 Ctl (high-E2F1) and SK-
Mel-147 KD (E2F1-knockdown) melanoma cell lines with CD4" or CDS8" T cells for 72
hours, the cell culture supernatant was subjected to cytokine and proteome profiling using an
array containing 36 factors including cytokines, chemokines, growth factors and other soluble
proteins. The secretion of different molecules under the influence of E2F1 in various co-
cultured conditions is shown as heat map (Figure 7). In comparison to CD4" T monoculture,
co-culturing of SK-Mel-147 Ctl cells with CD4" T cells resulted in increased levels of most
secreted proteins (cytokines and chemokines). Moreover, co-cultivation of SK-Mel-147 Ctl
cells with CD4" T cells resulted in increased secretion of various factors, including CCL1,
CCL2, C5/C5a, CXCL10, CXCLI11, IL1a, IL4, IL10, IL13, IL17E, IL12p70, IL27, and
IL32a, compared to both CD4" T cell monoculture and co-culture with SK-Mel-147 KD
cells. Conversely, co-culture of SK-Mel-147 KD cells with CD4* T cells led to increased
secretion of CXCL12, IFN-y, IL2, IL8, IL21, and TNF-o compared to both CD4* T cell
monoculture and co-culture with SK-Mel-147 Ctl cells.

On the other hand, co-culture of CD8* T cells with SK-Mel-147 Ctl, compared to both CD8"*
T cell monoculture and co-culture with SK-Mel-147 KD cells, resulted in decreased levels of
IL1B, IL12p70, IL32a and TREM-1. Conversely, co-culture of CD8* T cells with SK-Mel-
147 KD led to an increased secretion of multiple chemokines and cytokines, such as CCLI1,
CCL2, C5/C5a, CXCLI1, CXCLI11, CXCL12, IFN-y, IL1a, IL1ra, IL18, and IL21, and IL27
compared to both CD8" T cell monoculture and co-culture with SK-Mel-147 Ctl. Overall,
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these findings indicated that the established in vitro co-culture system is an effective model

for studying the effects of the tumor-derived secretome on immune cells and vice versa.
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Figure 7: Proteomic profiling of secreted factors. Heat map of secreted proteins following co-
culture of SK-Mel-147 Ctl (E2F1 high) and SK-Mel-147 KD (E2F1 low) cells with CD4" or CD8" T
cells as well as monoculture of CD4" or CD8" T cells. Cell culture supernatants were analyzed by
protein array (data are representative of one healthy donor). The signal intensity value of the cytokine
array was normalized against the internal standards and subsequently converted into log10 values for

heat map generation.
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3.3 Identification of E2F1-regulated immunomodulatory factors in melanoma

The role of E2F1 in EMT and resistance to tumor therapy is well accepted (Knoll et al. 2014;
Rosenfeldt et al. 2014; Yan et al. 2014; Khan et al. 2017). Furthermore, increased levels of
E2F1 have been reported in invasive and metastatic tumors and are associated with poor
patient survival (Alla et al. 2010; Vera et al. 2013). However, little is known about the role of
E2F1 in shaping the tumor-immune microenvironment. The detection of differentially
secreted immunomodulatory proteins depending on E2F1 expression levels in the co-culture
experiments suggested that E2F1-regulated factors impact on immune cells. To identify
E2F1-regulated immunomodulatory genes in melanoma cells, RNA was isolated from SK-
Mel-147 Ctl and SK-Mel-147 KD cells. These cell lines were selected because the parental
cell line had shown the highest invasive potential and high E2F1 expression (Figure 5A).
After quality control, RNA samples were subjected to microarray analysis. Differential gene
expression analyses (DGE) and in silico analysis were carried out by Dr. Krishna Pal Singh,
Department of Systems Biology and Bioinformatics, University of Rostock. The data
obtained from the Transcription Analysis Console (TAC) was utilized to generate gene lists.
Differential gene expression analysis (p value <0.05) of E2F1-depleted cells revealed 865
upregulated and 1258 downregulated transcripts (Figure 8A).

Next, to search for putative targets of E2F1, a list of genes harboring E2F1 binding sites
(14906) was retrieved from the transfac database. This list of genes was then integrated with
downregulated genes (1258) of the melanoma cell lines with the earlier generated list of
potential E2F1 target genes (14906). This analysis identified 512 genes contain potential
E2F1 binding sites indicating that E2F1 may regulates these targets. Next, to identify E2F1-
dependent immune functional genes, an additional list of immune modulating genes (2138)
involved in immune modulation, cytokine production, and regulation of secretion, which was
extracted from AmiGO database. This list of immune modulatory genes was then integrated
with the 512 predicted E2F1 targets. Finally, the analysis identified 54 significantly
downregulated putative E2F1-targets with an impact on immune regulation in melanoma
cells. The outline of the in silico analysis is shown in Figure 8B. The list of 54 identified
genes is provided in the appendix (Table-10).

Next, Gene Set Enrichment Analysis (GSEA) was performed to investigate whether the
predicted E2F1 target genes (54) mediate both immune modulation and metastatic activity.
The GSEA analysis revealed enrichment of several hallmarks emphasizing genes not only
associated with cancer, for example mTORCI1 signalling, angiogenesis, PI3K/AKT/mTOR

signaling and EMT, but also unleashed immunomodulation signatures such as inflammatory
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response, TNF-a and IL6 signalling pathways. The list of genes involved in these hallmarks
are shown in Figure 8C. Notably, IL6 gene involved in multiple hallmarks, including
apoptosis, inflammatory response, UV response, TNF-a and IL6 signalling pathways,
epithelial-mesenchymal transition (EMT), and hypoxia, alongside with other genes. The other
genes associated with these pathways are also presented in Figure 8C. E2F1 is known to drive
metastasis and progression in various cancers through mechanisms mediated by the
PI3BK/AKT/mTOR and mTORCI1 signalling pathways (Qiao et al. 2021; Xu et al. 2020; Real
et al. 2011). Additionally, the E2F1-targets show strong enrichment of immune regulatory
pathways such as TNF-a and IL6 that are critically involved in the pathogenesis of several
immunological disorders like Rheumatoid arthritis (RA) and multiple sclerosis (MS) (Hirano
2021; Jang et al. 2021).

To gain a deeper understanding of the underlying functional connections in the E2F1
regulated 54 identified genes, functional network analysis was conducted using STRING
(https://string-db.org/). Functional and network analysis demonstrated that E2F1-regulated
factors are highly interconnected. More importantly, IL6 occupied a central network hub
position (Figure 8D) indicating that E2F1 regulates an immunomodulatory network via IL6.
More importantly, IL6 showed the highest differential expression after E2F1 knockdown in
melanoma cells. Thus, IL6 emerged as a promising candidate that could be associated with
common pathways underlying melanoma progression as well as key mediator of immune

regulatory function orchestrated by E2F1.
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Figure 8: Identification of E2F1-induced immunomodulatory factors. (A) Total number of
differentially expressed genes (DGE) identified between SK-Mell1-47 Ctl and SK-Mel-147 E2F1 KD
cells, with number of up and down regulated genes indicated. (B) Workflow of in silico pipeline for
the prediction of E2F1-regulated genes in melanoma cells. (C) GSEA analysis of the identified E2F1-
regulated factors in the transcriptome of melanoma cell lines showed a strong enrichment for
prometastatic and immunomodulatory functions. Enrichment analysis was performed using the
Enrichr tool (https://maayanlab.cloud/Enrichr/enrich/) with the MSigDB Hallmark 2020 database. (D)
Functional network analysis and network visualization using string software illustrated a highly
interconnected network with IL6 positioned as the hub. All microarray experiments were performed

in triplicate for each sample.

3.4 Correlation between E2F1 and IL6 expression in melanoma cell lines

To understand the molecular mechanistic relationship between E2F1 and IL6, a pair of E2F1
knockdown melanoma cell lines were generated. These pairs were generated by shRNA-
mediated knockdown of E2F1 in the E2F1-high melanoma cell lines SK-Mel-147 and C8161.
The protein expression of E2F1 and IL6 was confirmed by Western blot, as shown in Figure
9A. Next, the mRNA expression levels of E2F1 and IL6 were examined by qPCR in these
melanoma cell lines (high-E2F1/invasive and low E2F1/non-invasive). These experiments
showed that mRNA expression of IL6 is markedly decreased in the E2F1-low melanoma cell
lines compared to the E2F-high melanoma cell lines (Figure 9B). Furthermore, secretion of
IL6 from E2F1-high and E2F1-low melanoma cell lines were determined by ELISA. A
significant reduction in the levels of IL6 in the cell culture supernatant was noticed in E2F1-
low cell lines as compared with E2F1-high cell lines (Figure 9C). The results collectively
suggest that the expression and secretion of IL6 positively correlate with E2F1 expression in

melanoma cell lines.
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Figure 9: Functional correlation between E2F1 and IL6 expression in different melanoma cell
lines. (A) intracellular protein levels by Western blot. (B) E2F1 and IL6 mRNA expression was
analyzed by qPCR and (C) Levels of secreted IL6 were determined by ELISA. All experiments were
performed in triplicate. The data were analyzed using Student’s t-test (two sided) and considered

significant if *P<0.05, **P<0.01, ***P<0.001.

3.5 IL6 contributes to E2F1-regulated EMT and invasiveness of melanoma cells

IL6 is a critical mediator of tumor metastasis, playing a significant role in promoting both
invasiveness and epithelial-to-mesenchymal transition (EMT) (Zhang et al. 2021). To
investigate the functional contribution of IL6 in melanoma cell metastasis further, SK-Mel-
147 E2F1-KD cells were treated with recombinant IL6 and expression of genes involved in
EMT analysed by Western blot. Knockdown of E2F1 resulted in decreased levels of N-
cadherin and Vimentin, and an increased level of E-cadherin. In contrast, IL6 treatment
reduced E-cadherin levels in E2F1-KD cells and restored N-cadherin and Vimentin levels
(Figure 10A). Boyden chamber assays demonstrated that invasive potential of E2F1 low
melanoma cells (SK-Mel-147 KD) was significantly impaired as compared to control SK-
Mel-147 cells, highlighting the role of E2F1 in melanoma cell invasion. Interestingly,
treatment with IL6 (5Sng/mL) restored the invasive capacity of SK-Mel-147 KD cells,
suggesting that IL6 can compensate for the loss of E2F1 in promoting cell motility.
Conversely, the addition of an IL6 inhibitor (neutralizing mAb, 30 ng/mL) led to the strong
reduction in cell motility, emphasizing the critical role of IL6 in melanoma cell invasion
(Figure 10B). Neither IL6 nor IL6 inhibitor affected the viability of melanoma cells,
excluding toxic effects as cause for the observed results (Figure 10C). Collectively, these
findings suggested that IL6 contributes to E2F1-induced melanoma metastasis by inducing

genes involved in EMT and thereby promoting invasiveness of melanoma cells.
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Figure 10: Contribution of IL6 to E2F1-induced melanoma invasiveness and EMT. (A) Western
blot analysis of the expression of EMT markers in SK-Mel-147 Ctl, SK-Mel-147 KD cells, and SK-
Mel-147 KD treated with IL6. (C) Invasive potential of E2F1 Ctl and KD cells was analyzed using
Boyder chamber assay. E2F1 KD cells were also treated with recombinant IL6 alone, or IL6 plus an
IL6 neutralizing mAb (IL6 inhibitor). (D) Cell viability of E2F1 Ctl and KD melanoma cells untreated
or treated with IL6 alone, or with IL6 and an IL6 neutralizing mAb, was measured by trypan blue
staining. All experiments were performed in triplicate. The data were analyzed using Student’s t-test
(two sided) and considered significant if *P<0.05, **P<0.01, ***P<0.001 and not significant (n.s.) if
P>0.05.

3.6 IL6 is a direct transcriptional target of E2F1

To analyze transcriptional regulation of the IL6 promoter, E2F1 binding sites were mapped
within the 10 kbp region upstream of the IL6 transcription start site. To this end, the
ENCODE Transcription Factor ChIP-seq data of the UCSC genome browser was utilized. A
major E2F1 binding cluster of 701 bp proximal to the translational start site was identified.
Next, to identify the exact binding positions of E2F1 in the IL6 promoter region, the JASPAR
database was analyzed. This analysis revealed two E2F1-responsive binding motifs (BS1: -
112 bp and BS2: +7 bp) as schematically illustrated in figure 11A. To validate whether newly
predicted E2F1 binding motifs (BS1: -112 bp and BS2: +7 bp) are subject to binding on the
IL6 promoter, two ChIP assays (ChIP A and ChIP B) were performed in the SK-Mel-147 Ctl
(E2F1 high) and SK-Mel-147 KD (E2F1 depleted) cell lines. ChIP A and ChIP B were
performed to confirm the E2F1 binding site 1 at -112 bp and E2F1 binding site 2 at +7 bp
respectively. These experiments showed that E2F1 binding was drastically reduced in E2F1-
knockdown cells compared to the Ctl cell line indicating the binding of E2F1 sites to the IL6
promoter (Figure 11B).

Next, to confirm IL6 transcriptional activity by E2F1, a luciferase construct comprising the
predicted E2F1 binding sites (969 bp fragment) was cloned into a pGL4.10 [luc2]- reporter
plasmid and transiently transfected in E2F1-high and E2F1-low melanoma cell lines. The
outline of the cloning strategies is provided in appendix (Figure 19). Knockdown of E2F1 in
SK-Mel-147 (E2F1-low cell lines) resulted in a greatly reduced (approximately 40% lower)
luciferase activity compared to E2F1 control cells (SK-Mel-147) (Figure 11C). To assess
whether E2F1 transactivates IL6 directly, empty vector (pCMV_Ctl), or E2F1 wildtype, or
E2F1 mutants deficient in DNA binding (E132), or transactivation (ATA), were co-
transfected with pGL4.10[luc2]- reporter plasmid into the SK-Mel-147 E2F1-low cell line.
Compared to the empty vector and E2F1 mutants (E132 or ATA), E2F1 expression resulted
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in the reactivation of IL6 promoter activity (Figure 11D). In contrast, overexpression of either
E2F1 mutant did not induce promoter activity, indicating that both the DNA-binding domain
and the transactivation domain of E2F1 are essential for the transcriptional regulation of IL6.
The expression of E2F1 and its mutants was confirmed by Western blot analysis (Figure

10E). Altogether, the results suggested that E2F1 regulates the transcriptional activity of the

IL6 promoter.
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Figure 11: E2F1 transcriptionally regulates IL6 expression. (A) Schematic illustration of the
newly predicted binding site for E2F1 as well as E2F1 ChIP seq clusters (https://genome.ucsc.edu) on
the IL6 promoter. E2F1 binding sites (BS) were predicted by JASPAR (https://jaspar.elixir.no/). The

ChIP fragments utilized for analysis, along with their respective sizes are also illustrated. All positions

are annotated relative to the transcription start site (TSS) (B) ChIP assay in E2F1-high and low
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melanoma cells. Input represents 10% of sheared chromatin, IgG served as mock control. (C)
Luciferase activity of an IL6 promoter construct was measured after transfection in E2F1-high
melanoma cells versus their KD counterparts (D) Relative luciferase activities after co-transfection of
IL6 promoter construct together with expression plasmid for wild type E2F1, a DNA binding deficient
E2F1 mutant (E132) or transactivation- defective E2F1 mutant (ATA) in Sk-Mel-147 E2F1 KD cells.
(E) Expression levels of these E2F1 proteins were analyzed by Western blot. All experiments were
performed in triplicate. The data were analyzed using Student’s t-test (two sided) and considered

significant if *P<0.05, **P<0.01, ***P<0.001 and not significant (n.s.) if P>0.05.

3.7 Impact of T cells on E2F1-regulated IL6 secretion in melanoma cells

Given that E2F1 regulates an immunomodulatory network via IL6 (Figure 7D), experiments
were designed to investigate whether CD4" or CD8" T influence E2F1-regulated IL6
secretion in two E2F1-high (SK-Mel147 Ctl and C8161 Ctl) and two E2F1 low melanoma
cell lines (SK-Mel147 KD and C8161 KD). In parallel, the melanoma cell lines as well as
CD4" and CD8" T cells were cultured alone (monoculture). The concentration of IL6 in the
supernatants was quantified by ELISA under both monoculture and co-culture conditions. As
expected, monoculture of E2F1-high melanoma cell lines produced significantly higher levels
of IL6 compared to E2F1-knockdown melanoma cell lines. Surprisingly, the level of IL6 was
significantly elevated when melanoma cells (E2F1 high/low) were co-cultured with CD4" T
cells (Figure 12A). A similar pattern was observed when melanoma cells (E2F1 high/low)
were co-cultured with CD8" T cells (Figure 12B). These results demonstrated that IL6 was
predominantly produced by the melanoma cells, with minimal secretion by CD4" or CD8" T
cells, but in the presence CD4" or CD8" T cells IL6 levels were significantly increased. This
are true for both cell lines even though Mell147 cells produced significantly higher levels of
IL6 than C8161 cells.
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Figure 12: Effect of T cells on E2F1-regulated IL6 secretion by melanoma cells. (A) CD4+ T cells
and (B) CD8+ T cells were co-cultivated with SK-Mel-147 Ctl and SK-Mel-147 KD, as well as
C8161 Ctl and C8161 KD cells. In parallel, CD4" and CD8+ T cells, as well as melanoma cell lines
were cultured alone. IL6 in the cell culture supernatants was measured by ELISA. Data are
representative of T cells from three healthy donors. All experiments were performed in triplicate. The
data were analyzed using Student’s t-test (two sided) and considered significant if *P<(.05, **P<0.01,

**%P<0.001.

3.8 Melanoma-derived IL6 influences the secretion of immunomodulatory factors by T
cells

To evaluate the impact of IL6 on the secretion of immunomodulatory factors by T cells,
supernatant of co-cultures from SK-Mel-147 Ctl and CD4" T cell was subjected to cytokine
array profiling. In parallel, supernatant from CD4" T cells treated with recombinant IL6 for
72 hours was analyzed to better differentiate between the immunomodulatory effect of IL6
alone and the IL6-containing melanoma secretome. IL6 treatment of CD4" T cells resulted in
an increased release of many cytokines, most notably IL10. By contrast, IL17A, IL4, ILS, and
CXCL1 levels were slightly reduced with the strongest reduction observed for GMCSF.
These factors, however, were upregulated in the SK-Mel-147 Ctl and CD4" T cells co-
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cultures. Moreover, three factors i.e IL6, CXCL1, and C5/C5a were dramatically elevated in
the supernatant of co-cultures. Importantly, comparable levels of IL10 were detected in the
supernatants of both, CD4" T cells co-cultured with tumor cells and CD4" T cells treated with
IL6 (Figure 13A). On the other hand, IL6 treatment of CD8+ T cells led to an increased
release of several cytokines, including C5/C5a, ICAM-1, and IL10. In contrast, the levels of
IL8, CXCLI1, IL17A, IL1B, ILS, IL12p70, and CXCL10 were slightly reduced. Furthermore,
co-culturing E2F1-high melanoma cells with CD8+ T cells resulted in enhanced secretion of
numerous cytokines, including IL10, CCL2, SerpinE1/PAI-1, and IFN-y, alongside with a
decreased expression of TREM-1, IL-32a, GM-CSF, and IL1, with the most significant
reduction observed for IL12p70 (Figure 13B). Collectively, these experiments indicated that
melanoma cells exert an immunomodulatory effect in modulating the production of cytokines
and chemokines by T cells, and many of these effects are also mediated by IL6. To
understand the immunomodulatory effect of the tumor derived IL6 in more detail, CD4" T
and CD8" T cells were treated with different concentrations of recombinant IL6. The ELISA
results revealed that IL6 increased the secretion of IL10 by CD4" and CD8" T cells in a dose-
dependent manner (Figure 13C, 13D). Interestingly, the production of IL10, as determined by
ELISA, and mRNA expression by qPCR, was significantly diminished when CD4" (Figure
13E-F) and CD8" T (Figure 13G-H) cells were treated with an IL6 neutralizing mAb. The
viability of CD4" and CD8" T cells was not affected by modulation of IL6 signaling (Figure
131, 13J). Overall, these results indicated that IL6 modulates the CD4" and CD8" T cell

response in terms of IL10 secretion.

- 46 -



Results

SO D
STI

2SD/SD

¥II

VLI

TTOXD
IT10XO
UI0XO

$TI
AT-dIN/eT-dIIN
T-IVd/1Td wdisg
(114 )]
T-INAAL

ALTTI

(411

9T'TI

ST

€11

eI TI

AT

i

k(Yo 3]
oLdzrTn

eI

71

8-NAI

1130

STTI

eANL

BTl

7100

LTTI
SASANL/TOPAD
T-IWVOI

0TI

9TI

IL6 + CD4+ T cells m SK-Mel-147 Ctl + CD4+ T cells

(o} [} <+

e l 1
< DAT30]

6 A~
4

u SK-Mel-147 Ctl + CD8+ T Cells

mJL6 + CD8+ T Cells

480D
EANL
V11
HLTTI
eT1l

AN
VLTI
€1l

STII
9T'II
BITTI
8-NUI
T10X0
7100
4411
411
LTI
0TIl
UT1OXD
ML
eIl
T-INVOI
©6D/SD
911

AI-dIN/eT-dIIN

1-Ivd/ig uidig

SASANL/TOFAD

=
+
-
a
O
[
“ ¥
4 a
O
: :
* +
=+
a
r T T T C
(=] (=] (=] (=]
S S (=]
0 (3] —
(1wy3d) 01711
T *
w :
@
(=3 (=2 (=] (=]
o (3] —
(1wy3d) 01'1L
ot
4 i
*
a
@)
(=] (=] [ (=3 (=]
S S [=) S
- L) (o] -
(1w/3d) 01711

el

Ctl

3
IL.6 (ng/ml)

Ctl

IL6
IL6i

IL6(ng/m)

=

o

CD8+T CD8+T CD8+T

0 -

woen =g
o Al (=]

uoIssaIdxd YN W dAne[dy

T
+
®
a
Q
n )
H +
m
o @)
* =~
+
=]
a
Q

(= (=) (=] S

L] (3] -
(1w/3d) 01711

T
+
-]
a
Q
T
+
-]
@ a
=] Q
M [l
H &
a
Q

_\w (o] 5 - 5 =}

(o] - (=]

uoIsSAIAXD YN W IADE[RY

IL6

IL6

=

IL6i

IL6i

IL6i

-

n.s

100 -

T T T
w; =4 e}
~ [I7] o

(%) Anpiqera )

n.s

100 -

uw;

w =]
~ 7] o~

(%) HImqeia D

CD8+ T CD8+ TCD8+TCD8+ T

CD4+T CD4+T CD4+T CD4+ T

IL6

IL6

IL6i

IL6i

- 47 -



Results

Figure 13: Impact of E2F1-induced IL6 melanoma secretome on CD4" and CD8" T cells. (A)
CD4" and (B) CD8" T cells were stimulated with PHA in the presence or absence of IL6 (5 ng/mL)
for 72 hours. Subsequently, cell culture supernatant was collected for cytokine expression profiling
(data are representative of one donor). (C) CD4" and (D) CD8" T cells were stimulated as in A for 72
hours with increasing concentrations of IL6. Subsequently, IL10 production was determined by
ELISA. IL10 mRNA and protein secretion in CD4" (E, F) and CD8" T cells (G, H) was measured
upon treatment with recombinant IL6 and/or IL6 inhibitor (IL6i) by qPCR and ELISA, respectively.
Effect of IL6 and IL6 inhibitor on CD4" (I) and CD8" (J) T cell viability as determined by flow
cytometry. Data are representative of three healthy donors. All experiments were performed in
triplicate. The data were analyzed using Student’s t-test (two sided) and considered significant if

*P<0.05, **P<0.01, ***P<0.001 and not significant (n.s.) if P>0.05.

3.9 Melanoma-immune cell communication via the E2F1-IL6/IL10 axis

To gain further insight into the potential E2F1-1L6/IL10 axis, the effect of IL6 neutralizing
mADb was tested in the co-culture system of T cells with different melanoma E2F1-high and
low cell lines. These experiments demonstrated that IL6 levels were significantly reduced
upon treatment with the IL6 neutralizing antibody, indicating that IL6 production follows an
autocrine loop (Figure 14A). Moreover, IL10 production was significantly reduced upon
addition of the IL6 neutralizing monoclonal Ab (Figure 14B). These experiments confirmed
that IL10 was mostly released by CD4" T cells. Taken together, these results suggested that
the E2F1-IL6 axis regulates IL10 secretion by CD4" T cells and thereby modulates
melanoma-immune cell communication. To investigate whether CD8" T cells also
participated in this melanoma-immune cell crosstalk, CD8" T cells were co-cultivated with
pairs of melanoma wild type and E2F1 KD cell lines in the presence or absence of an IL6
neutralizing mAB. As with CD4" T cells, addition of an IL6 neutralizing antibody reduced
IL6 and IL10 levels (Figure 14C, 14D), suggesting that E2F1-induced IL6 also regulates
IL10 expression in CD8" T cells. Of note, the concentration of IL10 produced CD8" T cells
as compared to CD4" T cells upon co-culture with melanoma cells was significantly lower,
which may reflect a possible difference in the immune response between the two subtypes of
T cells. Nevertheless, these results clearly demonstrated that E2F1-induced IL6 modulates

cytokine production by neighboring immune cells.
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Figure 14: Melanoma-immune cell communication via the E2F1/IL6/IL10 axis. IL6 and IL10
secretion by high and low E2F1-expressing SK-Mel-147 and C8161 melanoma cell lines was
analyzed following monoculture or co-culture with CD4" (A-B) or CD8" (C-D) T cells in the presence
or absence of an IL6 neutralizing antibody (IL6 inhibitor). IL6 and IL10 concentrations were
determined by ELISA. Data are representative of three healthy donors. All experiments were
performed in triplicate. The data were analyzed using Student’s t-test (two sided) and considered

significant if *P<0.05, **P<0.01, ***P<0.001 and not significant (n.s.) if P>0.05.

3.10 IL10 exerts anti-metastasis effects on melanoma cells

IL10 is a pleotropic cytokine but its biological role in the melanoma microenvironment is still
obscure (Wang et al. 2019). Since the E2F1-induced melanoma secretome modulated 1L10
gene expression in neighbouring T cells, this study sought to investigate whether IL10 exerts
a feedback effect on melanoma cells. To address this possibility, pairs of E2F1-high and low
melanoma cell lines (SK-Mel-147 Ctl and KD, C8161 Ctl and KD) were treated with IL10 (2
ng/mL) for 24 hours. Subsequently, Boyden chambers assay was performed to test the effect
of IL10 on the invasiveness of melanoma cells. Interestingly, E2F1 knockdown and IL10
treatment both reduced invasiveness of melanoma cells and together exerted an additive
effect (Figure 15A). Furthermore, IL10 treatment had a significant inhibitory effect on the
migratory activity of E2F1-low cell lines in the wound healing assay (Figure 15B). To
determine the effect of IL10 on the expression of EMT markers, E2F1-high and low
melanoma cell lines (SK-Mel-147 Ctl and KD, C8161 Ctl and KD) were treated with IL10 (2
ng/mL) for 3 days before EMT marker expression was analyzed. These experiments showed
that IL10 treatment caused a significant reduction in the expression of EMT markers such as
Vimentin, Slug and SNAI | as detected by Western blot in E2F1-low cell lines (Figure 15C).
Importantly, no detectable difference in IL10 receptor expression, as measured by WB, was
observed between E2F1 high and low melanoma cell lines (Figure 15D). In order to
determine whether IL10 affected melanoma cell proliferation, two E2F1 high and E2F1
knockdown melanoma cell lines (SK-Mel-147 Ctl and KD, C8161 Ctl and KD) were treated
with IL10 for different time periods. The results of XTT cell proliferation assay showed that
IL10 had no inhibitory effect on melanoma cell viability and did not inhibit proliferation of
tumor cells (Figure 15E). Taken together the results suggested that IL10 has a negative effect
on invasiveness and migratory capacity of melanoma cells, especially in cells with low E2F1

levels.
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Figure 15: IL10 reduces the invasiveness and migratory capacity of melanoma cells. Invasiveness
(A) and migratory activity (B) of E2F1-high and E2F1-low melanoma cell lines in the absence or
presence of IL10 was assessed using the Boyder chamber and wound healing assays. (C-D) Western
blot analysis of EMT marker and IL10 receptor expression in response to IL10 treatment. (E) Effect
of IL10 on melanoma cell proliferation examined by XTT assay. All experiments were performed in
triplicate. Data were analyzed using Student’s t-test (two sided) and considered significant if *P<0.05,

**P<(0.01, ***P<0.001 and not significant (n.s.) if P>0.05.
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3.11 Impact of different E2F1/IL6/IL10 signatures on melanoma patient survival

IL6 has been demonstrated to promote E2F1-driven metastatic activity in melanoma cells, as
depicted in Figure 10. Conversely, IL10 inhibits the metastatic properties of melanoma cells,
with its anti-metastatic effects being notably pronounced under conditions of low E2FI
expression (Figure 15). To evaluate the potential clinical relevance of these findings, Kaplan-
Meier analyses of RNA-Seq data from TCGA datasets in SKCM (human skin cutaneous
melanoma) patients were performed based on the calculated median value. As shown in
figure 16A, high E2F1 levels alone were consistently associated with poor outcome, while
high IL10 levels alone were associated with longer survival (Figure 16B). Neither high nor
low expression levels of IL6 had a significant impact on the overall survival rates of
melanoma patients (Figure 16C). The antagonizing effects of IL10 and E2F1 on patients
survival became evident when expression levels of both were analyzed (Figure 16D). When
IL6 expression was added as third variable, patient overall survival (OS) negatively
correlated with IL6 levels (Figure 16E). These findings suggest that patients achieve most
significant benefits from elevated levels of IL10 and low levels of E2F1 and IL6. Combined
low expression of E2F1, IL10, and IL6 correlates with better OS (Figure 16E, pink line) than
combined high expression of E2F1, IL10, and IL6 (Figure 16E, violet line). There is no
significant difference in overall survival between patients with high E2F1/low IL10/low IL6
expression (Figure 16E, maroon line) compared to patients with low expression of E2F1 and
IL10 along with high expression of IL6 (Figure 16E, red line). Moreover, patients with low
E2F1/high IL10/high IL6 profile (orange line) have better OS than patients with high E2F1
and increased level of either IL10 or IL6 (Figure 16E, green and blue line). Finally, TGCA
data analysis identified a subgroup of melanoma patients with low E2F1/high IL10/low IL6
molecular signatures with a striking survival advantage, which are supported by the in vitro

experiments of this study.
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Figure 16: IL10 correlates with patient survival. Kaplan-Meier plots for overall survival
probability based on RNA-Seq data of SKCM (human skin cutaneous melanoma) patients from
TCGA datasets performed using UCSC Xena browser. (A) E2F1-low (blue) versus E2F1-high (red)
mRNA levels. (B) Low IL10 (blue) versus high IL10 levels (red). (C) Low IL6 (blue) versus high IL6
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levels (red). (D) Patients co-expressing low levels of E2F1 and high levels of IL10 (low E2F1/high
IL10, yellow) in their tumors have a significant better survival rate than tumors with high E2F1 and
low IL10 expression (high E2F1/low IL10, blue) but their survival time is shorter than in patients with
high E2F1/high IL10, (violet) or low E2F1/lowlL10 (red) expression patterns. (E) Patients with
tumors that express low E2F1, high IL10 and low IL6 (low E2F1/high IL10/low IL6, yellow) survive
significant longer than all other patients groups. Log-rank test p-values are depicted on the survival

curves.
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4. Discussion

Melanoma is still a significant health problem, especially among fair-skinned people of
European descent (Arnold et al. 2022). Although new drugs and treatment regimens have
been approved in the recent decade that have revolutionized melanoma treatment, most
notably checkpoints inhibitors, some patients are refractory or resistant of these therapies
(Buder-Bakhaya and Hassel 2018; Seliger and Massa 2021). Emerging evidence suggests that
the interaction between immune cells and tumor cells in the TIME significantly influences
therapeutic responses and clinical outcome (Wu and Dai 2017). Tumors have been implicated
in creating an immunosuppressive microenvironment that inhibits immune recognition and
elimination via several mechanisms, including the recruitment of immunosuppressive cells,
activation of immune checkpoint pathways, and exclusion of immune cells. Gaining a better
understanding of these immunosuppressive mechanisms will allow developing novel
strategies to improve efficacy of cancer immunotherapies. Here, this study investigated the
immunomodulatory properties of the E2F1-induced melanoma secretome and to which extent

it influences the immune response by modulating TIME.

4.1 A co-culture system to study the tumor immune microenvironment

To mimic the interaction between immune (CD4" or CDS8" T) and melanoma cells through
secreted factors in the tumor immune microenvironment, an in vitro trans-well co-culture
system was established which allows analysing viability, and the secretory and transcriptional
profile of tumor and immune cells. The suboptimal activation of the T cells by low dose of
the T cell mitogen phytohemagglutinin (PHA) and IL2 in this system allows studying
positive and negative effects of the tumor secretome on the co-cultured T cells. No drastic
fluctuations in IFN-y secretion were observed among different donors, verifying the
robustness of the experimental setup. Special attention was given to the number of melanoma
and immune cells to ensure that neither cell type was facing nutrient shortage. The high
degree of cell viability at the end of the incubation period indicated that this was indeed not
the case. However, due to media exhaustion, the co-culture system had to be limited to 72
hours, which is too short for studying T cell differentiation (Cousins et al. 2002; Ford et al.
2023). Also, no cell contact mediated immune modulation could be studied in this co-culture
setting because homogeneous cell populations were required for the intended transcriptome
analyses. Recently, a similar approach was used to investigate the effect of T cell-derived
secreted factors on colon cancer cell proliferation in the immune microenvironment. In these

experiments, the cancer cells were co-cultivated with immune cells for 48 hours only (Che et
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al. 2024). A recent study suggests that an established co-culture model is a suitable tool for
studying the influence of E2F1 on the communication between melanoma and T cells (CD4"
or CD8" ) in tumor immune microenvironment (Spitschak et al. 2024). Taken together, these
findings demonstrate that the co-culture system established in this study is an effective tool
for studying the effect of tumor cell derived secretme on immune cells or vice versa, the

effect of immune cell-derived factors on melanoma cells.

4.2 Identification of E2F1-regulated immunomodulatory factors in melanoma cells

E2F1 is an indispensable component of the DNA damage response and repair (Stevens and
La Thangue 2004). However, it is not known whether E2F1 influences immune functions
within TIME. By using an in silico pipeline that is based on combined transcriptomic
approaches with bioinformatics and structural modeling, 54 E2FI-dependent
immunomodulatory genes were identified. Gene set enrichment analyses revealed several
cancer-related hallmarks, such as mTORCI1 signaling, PI3K/ Akt /mTOR signaling and
epithelial-mesenchymal transition. These signaling pathways are well known mediators of
E2F1-driven epithelial-to-mesenchymal transition (EMT) and therapy resistance in melanoma
(Qiao et al. 2021; Xu et al. 2020; Real et al. 2011).The results are consistent with previous
studies showing that E2F1-induced tumor progression activates downstream pathways such
as RassMAPK/ERK pathway and the PI3K/Akt pathway, as well as metastasis (Alla et al.
2010). Furthermore, the study identified several immune-related hallmarks such as
inflammatory response, TNF-a signal via NF-kB, IL6/JAK/STAT3 and IL2/STATS signaling
pathways. Within the complex tumor microenvironment, cancer cells are known to hijack
inflammatory mechanisms to promote their own growth and survival. Several factors secreted
by surrounding cells, including immune cells, have been described to promote tumor growth,
angiogenesis, invasion, metastasis, and drug resistance (Greten and Grivennikov 2019;
Kitamura et al. 2015). The inflammatory response is primarily regulated by three pathways,
NF-kB, MAPK, and JAK-STAT (Chen et al. 2018). These finding suggested that E2F1
modulates the tumor immune microenvironment (TIME) by shaping the inflammatory

microenvironment.

4.3 IL6 is a direct transcriptional target of E2F1

Up to now, four different transcription factors have been reported to regulate transcription of
the IL6 gene, namely NF-kB, activation protein (AP)-1, CCAAT/enhancer binding protein
(C/EBP), and cAMP response element (CRE)-binding protein (CREB) (Hershko et al. 2002;
Xiao et al. 2004). In a recent study, Yoon et al. reported that E2F1 and STAT3 synergistically
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activate H2AZ transcription in glioma stem cells (Yoon et al. 2022). But, the present study
demonstrated that E2F1 directly regulates the transcription of IL6 in melanoma cells.

Two new E2F1 binding sites were identified in the IL6 promoter. Although IL6 was
described to be produced by different cell types including immune cells (T cells, B cells,
macrophage, DC, NK cells) as well as different types of cancers (Murakami et al. 2019;
Hoejberg et al. 2012b; Xu et al. 2022), our experiments demonstrated that melanoma, but not
immune cells, were the primary if not exclusive source of IL6. However, IL6 secretion by
melanoma cells was exacerbated in the presence of CD4" or CD8" T cells, thereby creating
an immunosuppressive TIME by promoting pro-metastatic properties such as invasiveness
and EMT. What factors produced by T cells caused this increase in IL6 production and which
transcription factors and signaling pathways were involved in this enhanced expression,
remain to be determined. No changes in the transcriptional regulation of the IL6 receptor
were detected in these co-culture experiments, indicating that melanoma-derived IL6 has a
primarily paracrine function in TIME. It is noteworthy that there is a marked difference in the
secretion and expression of the IL6 cytokine between the SK-Mel-147 and C8161 melanoma
cell lines, which may be attributed to variations in E2F1 expression levels and genetic
backgrounds that affect cytokine production. For example, differences in the mutational
landscape or genetic alterations in signaling pathways may influence expression and secretion
of IL6.

Liu et al. reported that E2F1 plays an important role in promoting inflammatory pathways by
transactivating the IL6 promoter in nasopharyngeal carcinoma (Liu et al. 2020). Although the
authors used the same bioinformatics tool (JASPAR and UCSC), the present study identified
two different new E2F1 binding sites upstream of BS1 and BS2 in a region that was not
investigated in their study. Why BS1 and BS2 remained unidentified in their study is not
known. However, the identification of additional new binding sites in the promoter region
suggests that expression of the IL6 gene is tightly regulated by E2F1. In further difference to
the present study, Liu et al. assessed regulation of IL6 expression only at the transcriptional
level and investigated the immunomodulatory effect of IL6 on macrophages but not T cells.
Taken together, both studies suggest an important role of IL6 as immune modulator in the
tumor microenvironment in different tumor entities. Moreover, this study demonstrated that
CD4" or CDS" T enhanced the secretion of IL6 by melanoma. Which T cell-derived factor(s)

induced this IL6 production by melanoma cells remains to be investigated.
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4.4 Cytokine profiling and role of E2F1 induced secretome in tumor immune
microenvironment

One has to keep in mind that cytokines and chemokines can have opposing effects depending
on the immune context and that the expression of certain immune modulatory factors may
have unpredictable effects. Cytokine profiling experiments revealed increased expression of
several cytokines, including IL4, IL10, IL13 and IL17E when CD4" T cells were co-cultured
with E2F1 high-expressing melanoma cells (SK-Mel-147 Ctl) compared to co-culture with
E2F1-low cells (SK-Mel-147 KD). These cytokines are characteristic of T helper type 2
(Th2) cells, suggesting that high expression of E2F1 favours Th2 polarization via Th2-type
cytokine production. Moreover, IL6 has been demonstrated to facilitate Th2 differentiation
by inducing IL4 production (Diehl and Rincoén 2002). These observations suggest that
elevated IL6 expression also plays a potential role in triggering Th2 cell development. Th2
cells play a key role in tumorigenesis and metastasis as well as immune escape of tumors due
to the down-regulation of antitumoral immune responses (Li et al. 2021; Wan 2010).

On the other hand, co-cultivation of E2F1-low melanoma cells with CD4" T cells resulted in
enhanced secretion of IL2, IFN-y, and TNF-a as compared to co-culture with E2F1 high-
expressing melanoma cells. Notably, the loss of E2F1 led to a significant reduction in IL6
levels. IL6 inhibits Th1 differentiation by cytokine mediated signalling pathways (Diehl and
Rincon 2002). IL2, IFN-y, and TNF-a are typically produced by T helper type 1 (Thl) cells.
These findings suggest that knockdown of E2F1 as well as down-regulation of IL6 promote a
shift towards Th1 polarization by modulating cytokine profiles. Thl cells mediate antitumor
immunity, either by killing tumor cells directly or indirectly by activating innate and adaptive
immune cells, by reducing angiogenesis, or by inducing cancer cell apoptosis (Andreu-Sanz
and Kobold 2023). Chemokines play important roles in recruiting immune cells to the tumor.
For example, CCLI is considered one of the major regulatory T cell attracting factors that
create an immunosuppressive environment (Kuehnemuth et al. 2018). NK cells, Thl and
CDS8" cytotoxic T cells are recruited by the CXCL10/CXCL11 axis (Ozga et al. 2021). These
finding strongly indicated that E2F1 plays a pivotal role in immune regulation in TIME,
possibly by modulating immune cell recruitment, polarization, or activity. A shift from Thl
to Th2 is commonly observed in patients with advanced cancer (Shang et al. 2024). These
findings suggest that E2F1 expression could be a critical factor in regulating the balance
between Th1 and Th2 responses, potentially influencing cancer progression.

Cytokine profiling experiments revealed increased levels of several cytokines such as IFN-y,

IL1, IL12 and IL27 when CD8+ T cells were co-cultured with E2F1 knockdown melanoma
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cells (SK-Mel-147 KD) compared to co-culture with E2F1 high-expressing melanoma cells
(SK-Mel-147 Ctl). The expression of IFN-y is a functional surrogate marker for cytotoxic
CD8" T cells, also known as Tcl cells (Ghanekar et al. 2001). IL1, IL12 and IL27 not only
contribute to CD8" T cell expansion and differentiation, but also enhance the antitumor
effector function of CD8" T cells by increasing expression of granzyme B and IFN-y
(Gerhardt et al. 2023; Ben-Sasson et al. 2013; van den Eeckhout et al. 2021). Thus, low E2F1
levels may enhance the effector functions of cytotoxic CD8" T cells by regulating the release
of cytokines.

Interestingly, the co-culturing of E2F1-high melanoma cells (SK-Mel-147 Ctl) with CD8" T
cells increased IL6 and IL17A levels. IL6 has been shown to potently inhibit CD8" T cell
activation and cytokine production (Tsukamoto et al. 2018), and to confer therapeutic
resistance, such as multidrug resistance (MDR) and resistance to immunotherapy (Huseni et
al. 2023b; Ghandadi and Sahebkar 2016). Furthermore, it has been demonstrated that cancer
cells expressing IL17 reduce the infiltration of CD8" T cells and promote exhaustion of CD8"
T cells within TIME (Wang et al. 2020; Kim et al. 2021). Collectively, these findings
highlight the role of E2F1 in promoting an immunosuppressive tumour microenvironment,
most likely by modulating the secretion of cytokines.

Cytokine profiling of monocultures of immune cells (CD4" and CD8" T cells) revealed that
all proteins were secreted by both T cell types, albeit to differing extents. However, when
immune cells and melanoma cells were co-cultured, the cytokine secretion patterns shifted.
This change suggests that the interaction between immune cells and melanoma cells
influenced their respective cytokine production. Such alterations indicate a bidirectional
crosstalk, where immune cells affect the tumor microenvironment, and in turn, melanoma
cells modulate the immune response. Shifts in the cytokine patterns depending on E2FI
expression levels are difficult to interpret. Moreover, the difference in the cytokine patterns
observed after co-culturing T cells with E2F1-high and low melanoma cells are based on
cytokine arrays. Unlike ELISA, cytokine arrays have a relatively low sensitivity and are not
well suited for detecting low concentrations of cytokines (Anloague and Lowery 2019) and
several exposures are needed when expression levels of different cytokines vary strongly.
Nevertheless, cytokine arrays can provide first information on possible changes in the
expression of a large set of cytokines, which then needs to be verified using other detection
methods like ELISA. In addition, modifying the co-culture system to allow for T cell
differentiation might provide direct functional insights into the role of E2FI in

immunomodulation.

-59 -



Discussion

4.5 E2F1-IL6-IL10 melanoma-immune cell crosstalk

In addition to the well-established proinflammatory effects of IL6, the IL6/JAK/STAT3
signalling pathway has been implicated in promoting tumorigenesis, invasiveness, and
metastasis in many cancers including melanoma (Johnson et al. 2018; Murakami et al. 2019;
Na et al. 2013). Elevated IL6 serum levels have been associated with poor outcome in
melanoma patients (Hoejberg et al. 2012a) and most recently, was reported to impair anti-
PDL1 and anti-CTLA4 checkpoint inhibition (Huseni et al. 2023b). Consistent with this,
blockade of IL6 enhanced the anti-tumor cytotoxic T lymphocyte response and tumor control
following immune checkpoint inhibition as compared with ICI alone (Delyon and Lebbe
2022). Thus, IL6 levels may predict immune checkpoint therapy response and strategies to
reduce IL6 levels may enhance efficacy of immune checkpoint therapy (Bent et al. 2021).
Overall, IL6 inhibition may enhance antitumor immunity by decreasing Th17 and increasing
Thl and CD8" T cells density in tumours, and alleviate ICB-induced autoimmunity
(Hailemichael et al. 2022).

E2F1-regulted secretion of the pro-inflammatory cytokine IL6 melanoma cells exerted an
immunomodulatory effect on CD4" and CD8" T cells and induced the release of the anti-
inflammatory cytokine IL10. IL6 expression has been linked to IL10 production within
melanomas in a previous study (Terai et al. 2012), but the producing cell population and the
immunological consequences have not been defined. IL10 has been reported to be produced
by immune cells such as activated T cells and dendritic cells (Naing et al. 2018). Additional
cell types, such as melanoma cells, especially primary melanoma tumours, are also capable of
producing IL10 (Itakura et al. 2011). The present study demonstrated that melanoma cell-
derived IL6 causes IL10 production in T cells and delineated a previously unknown E2F1-
IL6-IL10 axis where E2F1 expression in melanoma cells induces IL6 secretion, which in turn
enhances the production of IL10 in CD4" and CD8" T cells through intercellular cytokine
signalling.

Although having pro and anti-inflammatory functions, IL6 and IL10 both signal through the
signal transducer and activation of transcription 3 (STAT3) (Braun et al. 2013). How these
opposing effects are achieved is not fully understood. Both, IL6 and IL10, activate STAT3
which induces expression of suppressor of cytokine signalling 3 (SOCS3) in immune cells.
SOCS3 in turn inhibits IL6 signalling via binding to gp130, thereby terminating STAT3
activation. However, SOCS3 does not block activation of STAT3 by IL10, which results in
prolonged STAT3 activity. Most likely, transient STAT3 activation causes a pro-
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inflammatory, while prolonged STAT3 activation causes an anti-inflammatory response
(Yasukawa et al. 2003; Wang et al. 2011).

Anti-inflammatory interleukins such as IL10 are critical immune regulators that
counterbalance pro-inflammatory signals and facilitate the resolution of inflammation (Iyer
and Cheng 2012). However, IL10 is known to have pleiotropic effects and the function of
cytokines is often context-dependent (Atwell et al. 1998). Although classically considered as
an immunosuppressive cytokine IL10, can inhibit macrophage function, thereby causing
tumour cell proliferation and angiogenesis in an in vivo melanoma model (Saraiva et al.
2019;Garcia-Hernandez et al. 2002). Furthermore, IL10 suppresses the activation and effector
function of CD4" and CD8" T cells and tumor-infiltrating CD8" IFN-y" T cells in patients
with different tumors including breast (Chang et al. 2021), ovarian (Li et al. 2019) and
esopharyngeal cancer (Li and Zuo 2019). Moreover, tumor-associated macrophage (TAM)
secreted IL10 drives immune evasion in the tumor microenvironment, resulting in poor
prognosis and low therapeutic responsiveness to adjuvant chemotherapy in gastric cancer
patients (Zhang et al. 2022). On the other hand, it has been shown by Naing et al. that
PEGylated IL10 induces CD8" T cell-mediated immunity in cancer patients through its
ability to stimulate proliferation, tumor infiltration, and the production of IFN-y and
granzyme B (Naing et al. 2018). In addition, a combination of PEGylated IL10 with immune
checkpoint blockade enhanced intratumoral expansion of antigen-specific CD8" T cells
(Tannir et al. 2021; Tannir et al. 2018). Qiao, et al. demonstrated that IL10 combined with
immune checkpoint blockade (ICB) significantly prolonged antitumoral effects by regulating
IFN-y production by dendritic cells, by enhancing CD8" T cell-dependent antitumoral
responses and by reducing adverse effects caused by immune checkpoint therapy (Qiao et al.
2019). This study adds another facet to the function of this cytokine by showing that IL10
exerts significant anti-metastatic effects on E2F1-low melanoma cell lines by reducing
invasiveness in an in vitro model. E2F1 is known to regulate a wide range of metastatic
pathways that result in promoting migratory activity, invasiveness, and EMT (Alla et al.
2010; Khan et al. 2017). Furthermore, IL6 significantly enhances the E2F1-driven metastatic
activity. This study revealed that IL10 can counter these effects, as long as E2F1 expression
and IL6 expression levels are low. How IL10 suppresses EMT and the development of
mesenchymal phenotypes is not known yet, but a better understanding of its antimetastatic
mechanisms could lead to the design of improved adjuvant therapies.

To date, TCGA is providing the largest publicly available tumor tissue RNA-seq data with

real clinical applicability that includes samples collected at different institutes (Rehan Akbani
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et al. 2015). Here, TCGA data from malignant melanoma patients was utilized to determine
the prognostic values of hub genes (E2F1, IL6 and IL10) with respect to overall survival.
Kaplan-Meier analyses revealed that E2F1 is an important prognostic biomarker and high
levels are associated with poor survival of melanoma patients. Also in other tumor types such
as lung, ovarian, and breast cancer, E2F1 overexpression has been found to be associated
with unfavorable overall survival (Li et al. 2023). Surprisingly, high expression of IL10 in the
melanoma tumor microenvironment was associated with improved overall survival.
However, opposite results were described in other tumor entities such as breast (Chu et al.
2020), thyroid (Cunha et al. 2017), and cervical cancer (Liu et al. 2021), where patients with
high IL10 mRNA expression had a worse prognosis. Also, high IL6 expression is associated
with significantly shortened overall survival in different tumors types, including breast cancer
(Tawara et al. 2019), and lung adenocarcinoma (Dong et al. 2019). Moreover, recent studies
have demonstrated that elevated IL6 levels attenuate the therapeutic efficacy of anti-PD-L1
checkpoint inhibitors and suppress the anti-tumor cytotoxic T lymphocyte (CTL) response
(Huseni et al. 2023). However, prognostic markers for melanoma have not been fully
elucidated. In this regard, the finding that low expression of IL6 had a favorable effect on
overall survival when combined with low E2F1 and high IL10 expression suggested that
combinations of different prognostic factors need to be evaluated in melanoma patients. Thus,
the finding that patients with low-E2F1/high-IL10/low-IL6 expression show significantly
longer survival may indicate that patients can be sub-grouped according to their individual

prognostic patterns and antitumoral therapies tailored accordingly.
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In summary, the main points of this work are illustrated in a simplified graphical overview

(Figure 17).

Modulation of TIME Melanoama- Immune cell crosstalk
Secretome profile change Invasiveness
Establishment of co- - ~
ST e i, N
culture system  / \Teey | “Teen s
- ‘z A -

FEgdé] Tt

4 .. ) A \\‘

' “FSecretome

i E2F1 ® oo

Melanoma cell CD4+T/CD8+T cell

Melanoma specific signature

==3 Low E2F1,High IL10,Low IL6 (n=34)
ms= High E2F1,High IL10,Low IL6 (n=47)
0.75 m=m Low E2F1,Low IL10,Low IL6 (n=75)

mmm High E2F1,Low IL10,Low IL6 (n=73)

054 al m== Low E2F1,High IL10,High IL6 (n=87)
> 44 {
£ mem High E2F1,High IL10,High IL6 (n=65)
[} -

0252 - —L—' s Low E2F1,Low IL10,High IL6 (n=32)
= p-value=0.0005450  b—|
P va RS ™ wmm High E2F1,Low IL10,High IL6 (n=51)
2 Log-rank test statistics = 25.81

T T r T r  days
0 1,000 2000 3,000 4000 5000 6,000

Figure 17: Overview of the main findings of this work. A trans-well co-culture system was
established to study the effect of the E2F1-induced melanoma secretome on CD4" and CD8" T cells
and of T cell secreted factors on melanoma cells. These experiments revealed that a tumor-intrinsic
E2F1 directly transactivates the expression of IL6 in melanoma cells, and that tumor-derived IL6
induces the expression of IL10 in CD4" and CD8" T cells (E2F1-IL6-IL10 axis). IL10 exerts
antimetastatic effects on tumor cells by reducing invasiveness and EMT. The analysis of TCGA data
from Melanoma patients corroborated these findings by showing that survival is prolonged in
melanoma patients with low-E2F1/high-IL10/low-IL6 signatures. TIME; tumor immune

microenvironment, EMT; epithelial-mesenchymal transition.
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Figure 19: Outline of the cloning strategy for the pGL4-IL6 promoter plasmid.
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Table 10: List of E2F1-regulated immunomodulatory genes

Number Gene Name  Number Gene Name  Number Gene Name
1. AKAPI2 19. HSPD1 37. POLR3G
2. ALDHI1A2 20. ILTA 38. PRDMS5
3. ATF2 21. IL6 39. PTGERI
4. C4A 22. INPP5D 40. PTPNI

5. CALCOCO2 23. ITGAV 41. ROCK2
6. CEBPG 24. KDMS5B 42. SCNNI1B
7. COL3Al 25. LSMI14A 43. SIRT1

8. CTSC 26. MCL1 44. SLC12A2
9. CXCR4 27. MFHASI1 45. SOCS2
10. DFFA 28. MME 46. SOSI1

11. DROSHA 29. NAV3 47. SP100

12. EDNI1 30. NFKB2 48. STK39
13. EZH?2 31. NRI1H3 49. SYTI1
14. FOXPI 32. NUBI 50. TACRI1
15. GSK3B 33. NUPRI 51. TGFB2
16. HAS2 34. PAWR 52. UPF1

17. HNRNPU 3s. PLA2G2D 53. WNK4
18. HSP90ABI 36. PLCG2 54. 7YX
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Table 11: List of microarray generated for this study

Description

No of Array

SK-Mel-147 Ctl (E2F1 high expression) monoculture
SK-Mel-147 KD (E2F1 knockdown) monoculture

CD4" T cells monoculture

CDS8" T cells monoculture

SK-Mel-147 Ctl co-cultured with CD4" T cells (SK-Mel-147 Ctl)
SK-Mel-147 Ctl co-cultured with CD4" T cells (CD4" T)
SK-Mel-147 KD co-cultured with CD4" T cells (SK-Mel-147 KD)
SK-Mel-147 KD co-cultured with CD4" T cells (CD4" T)
SK-Mel-147 Ctl co-cultured with CD8" T cells (SK-Mel-147 Ctl)
SK-Mel-147 Ctl co-cultured with CD8" T cells (CD8" T)
SK-Mel-147 KD co-cultured with CD8" T cells (SK-Mel-147 KD)
SK-Mel-147 KD co-cultured with CD8" T cells (CD8" T)

W W W W W W W W W W W W
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