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Melanoma is a metastatic, drug-refractory cancer with the ability to evade
immunosurveillance. Cancer immune evasion involves interaction between
tumor intrinsic properties and the microenvironment. The transcription factor
E2F1 is a key driver of tumor evolution and metastasis. To explore E2F1's role in
immune regulation in presence of aggressive melanoma cells, we established a
coculture system and utilized transcriptome and cytokine arrays combined with
bioinformatics and structural modeling. We identified an E2F1-dependent gene
regulatory network with IL6 as a central hub. E2F1-induced IL-6 secretion
unleashes an autocrine inflammatory feedback loop driving invasiveness and
epithelial-to-mesenchymal transition. IL-6-activated STAT3 physically interacts
with E2F1 and cooperatively enhances IL-6 expression by binding to an E2F1-
STAT3-responsive promoter element. The E2F1-STAT3/IL-6 axis strongly
modulates the immune niche and generates a crosstalk with CD4* cells
resulting in transcriptional changes of immunoregulatory genes in melanoma
and immune cells that is indicative of an inflammatory and immunosuppressive
environment. Clinical data from TCGA demonstrated that elevated E2F1, STAT3,
and IL-6 correlate with infiltration of Th2, while simultaneously blocking Thl in
primary and metastatic melanomas. Strikingly, E2F1 depletion reduces the
secretion of typical type-2 cytokines thereby launching a Th2-to-Thl
phenotype shift towards an antitumor immune response. The impact of
activated E2F1-STAT3/IL-6 axis on melanoma-immune cell communication
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and its prognostic/therapeutic value was validated by mathematical modeling.
This study addresses important molecular aspects of the tumor-associated
microenvironment in modulating immune responses, and will contribute
significantly to the improvement of future cancer therapies.

E2F1-STAT3/IL-6 network, melanoma secretome, tumor microenvironment,
immunomodulation, CD4 +/CD8 + T cells, Th2-Thl shift, cancer metastasis,
mathematical modeling

1 Introduction

Tumor metastasis is the leading cause of mortality in cancer
patients. At each step, metastasis involves a complex cascade of events
that includes a tight bidirectional interaction between cancer cells and
immune system (1). As a tumor evolves and during its progression,
neoplastic cells adopt a variety of intrinsic traits driven by genetic and
epigenetic aberrations, deregulated signaling or altered metabolism,
and hijack immune cells to orchestrate an inflammatory
immunosuppressive tumor microenvironment (TME) (2).
Depending on the tumor type and stage, different immune cell
populations such as T and B lymphocytes, macrophages, dendritic
cells (DCs), natural killer cells (NK), and neutrophils contribute to
the TME. They exhibit considerable diversity and plasticity, and
respond to environmental signals by acquiring distinct functional
phenotypes that either inhibit or promote metastasis (1). The
mechanisms by which cancer cells can evade an immune response
are manifold comprising the induction of immune cell exhaustion,
recruitment and expansion of immunosuppressive cells, and the
production of immunosuppressive cytokines and factors like
immune checkpoint molecules that impair cell functions, shifting
the immune response towards immunosuppression (3). This
reciprocal crosstalk between cancer and immune cells not only
supports immune escape and metastatic spread, but also the
efficiency of immunotherapies that render the mediators or
mechanisms responsible for immune reprogramming attractive
targets for drug development. Potential target structures for
treatment are intracellular variables such as transcription factors
(TF) and their interactome, coregulatory molecules, ligand-receptor
interaction, exosomes or secretomes. Thus, to overcome current
therapeutic limitations a better understanding of the intricate
communication between cancer cell characteristics and the tumor
immunological microenvironment (TIME) may provide a
foundation for the development of advanced personalized immune
intervention therapies, which is best demonstrated by the partial
clinical success of immune checkpoint inhibitors (ICI).

Melanoma is a skin cancer with increasing prevalence and infaust
once it reaches a metastatic stage. In general, it is considered an
immunogenic tumor that expresses several tumor-specific as well as
tumor-associated antigens as a result of chromosomal rearrangements
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or genetic polymorphisms (4). Tumor-specific T cell responses have
been detected in a significant portion of patients (5). Moreover,
adoptive transfer of tumor-specific T cells can mediate durable
responses in patients with metastatic melanoma. Recently, ICI have
revolutionized the treatment of advanced melanoma, achieving tumor
regression and long-lasting cancer control in nearly 50% of patients
(6). These high response rates underscore the immunogenicity of this
tumor entity and suggest that in most patients the antitumor immune
response is impaired and can only be restored in a subpopulation by
currently available immunomodulators (7). Besides an increased
production of inhibitory molecules such as PD-LI, the ligand for
PD-1 receptor and target of ICI, melanoma can block immune cell
activation by a plethora of mechanisms (8). Hyperactivation of
tumor-intrinsic pathways like BRAF-MAPK or WNT/B-catenin
signaling, for instance, has been shown to mediate immune cell
exclusion (9, 10). Moreover, recruitment of immunosuppressive
cells such as regulatory CD4" T cells (Tregs), CD4" T helper 2
(Th2) and B cells, tumor-associated macrophages (TAMs) and
myeloid-derived suppressor cells (MDSCs) can inhibit antitumor T
cell responses and promote tumor proliferation, metastasis, and
angiogenesis (11). Another key influential factor to regulate the
interaction between melanoma and recruited immune cells in the
TME is the secretion of cancer-derived chemokines or cytokines (12)
and negative modulators of immune cell activation, including
adenosine, vascular endothelial growth factor (VEGF), and
indolamine-2,3-dioxygenase (4). Melanoma progression is also
correlated with the presence of Tregs and Th2 within the tumor
and that their recruitment by cancer cells helps them to avoid the
immune response, mainly through secreted tumor growth factor 8
(TGF-B) and interleukins (ILs) (11, 13).

A key epigenetic player in melanoma pathology is the E2F1
transcription factor. Beyond its physiological role as regulator of the
cell cycle, metabolism, or tumor surveillance factor via apoptosis
induction in response to DNA damage, abundantly high E2F1
expression stimulates metastatic transformation in melanoma and
several other cancers (14-16). This TF orchestrates metastatic spread
by promoting epithelial-to-mesenchymal transition (EMT),
neoangiogenesis, extravasation, and genomic instability, predicting
disease exacerbation, and poor patient outcome (17). Ablation of
E2F1 restores E-cadherin and induces death of metastatic melanoma
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cells resistant to BRAF inhibitor expression (14). Through integration
of logic-based network modeling and gene expression profiling of
cancer cell lines from E2F1-driven tumors and patient cohorts with
aggressive cancer, tumor type-specific receptor signatures associated
with EMT were found, in which the combined activity of high E2FI,
TGFBRI1, and FGFRI1 triggers the most invasive phenotype (15).
Previous studies have shown that the aggressive activity of E2F1 in
cancer cells is largely dependent on the spatiotemporal availability of
transcriptional coregulators that can enhance its transcriptional
programs through formation of protein-protein interaction (PPI)
complexes to favor the expression of genes that support a metastasis-
prone TME (17-19). A good example for cooperativity associated
with changes in the tumor immune contexture is the complex
between E2F1 and metastasis-associated protein 1 (MTAIL). This
complex potentiates cell motility and pulmonary metastasis in vivo
via increased expression of hyaluronan synthase 2 (HAS2) and
hyaluronic acid (HA) production, which in turn activates
infiltration of M2-type TAMs in the TME. Disruption of the E2F1-
MTA1 complex efficiently impairs the establishment of a
prometastatic TME, which is achieved by reducing the HAS2/HA
production (19). Considering the engagement of immune cells with
cancer cells, a crucial mechanism for tumor progression along the
metastatic cascade is a strong case for an immunomodulatory
potential of this TF. The exact role of E2F1 signaling in the
immune niche, the extent it regulates antitumor immunity, and
consequently, the underlying mechanisms are widely unknown.

Here, we demonstrate that E2F1 is of outstanding importance for
melanoma-immune cell communication. We investigated the
immunomodulatory properties of the E2F1-induced melanoma
secretome in an indirect coculture system with healthy donor-
derived CD4" and CD8" T cells. Using transcriptomic profiling,
bioinformatic analyses, and structural modeling, we found that E2F1
orchestrates the tumor niche by activating an IL6-based gene
regulatory network (GRN) and a highly inflammatory secretome.
IL-6 expression, driven by a newly identified interaction between
endogenous E2F1 and active STAT3, leads to massive cytokine
secretion via a positive feedback loop, both in melanoma and CD4"
T cells. Monitoring T cell activity revealed changes in the
transcriptional landscape and secretome of CD4" T cells that are
indicative of a Th2-polarized immune response, which could be
shifted toward T helper 1 (Thl) by transcriptional perturbation of
E2F1. Consistently, upregulation of E2F1 and IL-6 positively correlates
with tumor infiltration of immunosuppressive Th2 cells in melanoma
patients. Mathematical modeling of the discovered E2F1-STAT3/IL-6
axis supported by patient data provides a powerful tool for the rational
design of personalized next-generation immunotherapeutics.

2 Materials and methods

2.1 Melanoma cell culture and
stable transduction

The melanoma cell lines SK-Mel-29, Mel888, SK-Mel-103, SK-

Mel-147, and C8161 were maintained as described (20). All cell
lines were tested negative for mycoplasma. The procedure of
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generating lentiviral vectors expressing shRNA against E2F1
(clone ID: TRCN253) or scrambled control shRNA (SHC002)
were previously described (19). Lentiviral transduction of the cell
lines was performed for 72 h and stable cell clones were generated
by puromycin selection (2 pug/ml).

2.2 T cell culture

Human peripheral blood mononuclear cells (PBMCs) were isolated
from bufty coats of healthy donors using Pancoll separating solution
(#P04-601000, PAN-Biotech) and cryopreserved according to standard
protocols. CD4" and CD8" T cells were selected from PBMCs by using
either CD4 (#130-045-101) or CD8 (#130-045-201) microbeads
(Miltenyi Biotec). Selected T cells were kept activated for 72 h with a
low dosage of 0.25 pg/ml phytohemagglutinin (PHA) in RPMI 1640
supplemented with 10% fetal bovine serum, 10 mM HEPES, 1%
Penicillin/Streptomycin, 1 pg/ml Amphotericin B, 2 mM L-
glutamine, and 20 U/ml IL2. All donors had given their written consent.

2.3 Indirect coculture of melanoma with
either CD4* or CD8" T cells

Melanoma cell lines expressing shctrl or shE2F1 were
cocultured with either CD4" or CD8" T cells in trans-well plates
(#353502, Corning). Briefly, melanoma cells (1x10” cells/well) were
seeded and allowed to rest for 24 h. Either CD4" or CD8" T cells
were added into the inserts (#353102, Corning) of the trans-well
plates and cultivated further in a 5% CO, humidified atmosphere
for 72 h in the presence of 20 U/ml IL2 and 0.25 pg/ml PHA to
support T cell activation and proliferation (21).

2.4 Flow cytometry

T cells were harvested after 72 h of culture and stained with
Zombie Green' " Fixable Viability Kit (#423111, BioLegend) according
to manufacturer’s instructions followed by incubation with FITC-
coupled anti-human CD3 (#300306), PE-Cy7-coupled anti-human
CD4 (#300512), PE-coupled anti-human CD8 (#344706), and PerCP-
coupled anti-human CD279 (PD-1, #329938) antibodies (BioLegend).

2.5 ELISA
IL-6 (#430515, BioLegend) and interferon-y (IFN-y; #430105,

BioLegend) concentrations were determined in the supernatants from
T cell cultures by ELISA according to manufacturers” instruction.

2.6 Human cytokine array
To measure secreted proteins Proteome Profiler Human Cytokine

Array Kit was used according to manufacturer’s instruction
(#ARY005B, R&D Systems). Briefly, cell culture supernatants from
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mono- or cocultured melanoma and T cells were collected to
simultaneously detect 36 factors including cytokines, chemokines
and acute phase proteins. Captured proteins were visualized with
ECL (#32106, Thermo Fisher Scientific) and imaged with
ChemiDoc' ' Touch Imaging System (Bio-Rad). Spot densities were
quantified using Image lab software v6.0 (#1709690, Bio-Rad) and
normalized against the internal standards.

2.7 Cytokine and drug treatment

Cells were treated with 30 ng/ml of human recombinant IL-6
(#130-095-352, Miltenyi Biotec) and/or 30 ng/ml neutralizing IL-6
antibody (#mabg-hIL6-3, Invitrogen).

2.8 Immunoprecipitation and Western blot

Immunoprecipitation (IP) was performed as previously
described (18). Briefly, 0.5 mg of purified cell lysate were
precipitated with 0.2 pg E2F1 antibody (#3742, Cell Signaling) or
unconjugated normal rabbit IgG (#2729, Cell Signaling). Protein G
Sepharose beads (#17061801, Cytiva) were added to bind and purify
the protein-protein complexes. After extensive washing, samples
were boiled in SDS sample buffer at 95°C for 10 min to separate the
proteins which were subsequently fractionated in SDS-PAGE and
detected by Western blots as described (20). Antibodies were used
against E2F1 (#3742), IL-6 (D3K2N, #12153), STAT3 (124Hs,
#9139), Phospho-STAT3 (Tyr705, D3A7, #9145; all from Cell
Signaling Technology), actin (AC-15, #A1978, Sigma-Aldrich),
and vimentin (V9, sc-6260, Santa Cruz Biotechnology).

2.9 RNA isolation and qPCR

RNA isolation and qPCR was performed as described (19).
Total RNA from melanoma and T cells was extracted using the
NucleoSpin® RNA kit (Macherey-Nagel) and reverse-transcribed
using First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
For qPCR, ¢cDNA was added to iTaqTM Universal SYBR Green
Supermix (Bio-Rad) and analyzed using CFX96 Touch™ RealTime
PCR Detection System (Bio-Rad). Relative gene expression was
calculated by comparative CT method and normalized to GAPDH
or B-actin. The following primers were used (5-3’): E2F1_F,
TCACGCTATGAGACCTCACT; E2F1_R, CTCAAGGA
CGTTGGTGATGT; IL6_F, ATGAGGAGACTTGCCTGGTG;
IL6_R, CTGGCATTTGTGGTTGGGTC; B-actin_F, CGGGAAA
TCGTGCGTGACATTA; B-actin_R, ACCGCTCATTGCC
AATGGTGAT; GAPDH_F, ATCGTGGAAGGACTCATG
ACCACA; GAPDH_R, AAGGCCATGCCA GTGAGCTTC.

2.10 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay was carried out
as described (19). The immunoprecipitated DNA fragments were
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amplified by PCR using the primers for specific E2F1 binding sites
(BS; 5°-3°): ChIPA-F: TCCCCCTAGTTGTGTCTTGC; ChIPA-R:
ATCTTTGTTGGAGGGTGAGGG; ChIPB-F: AGGACTGGA
GATGTCTGAGG; ChIPB-R: GGGCTAAGGATTTCCTGCAC.

2.11 Promoter cloning and luciferase
reporter assay

ChIP-seq cluster for E2F1 and STAT3 on the IL6 promoter were
received from UCSC genome browser (RRID: SCR_005780; https://
genome.ucsc.edu/) and JASPAR for specific BS (https://
jaspar.elixir.no/; relative profile score threshold: 85%). The IL6
promoter luciferase construct pGL4.10 [luc2]-IL6 was generated
by amplifying the 969 bp fragment from human genomic DNA
using forward: 5'-CCTGGAGACGCCTTGAAGTA-3’ and reverse:
5'-GGAATCTTCTCCTGGGGGTA-3" primers, cloned into
pcDNA™3.1/V5-His TOPO'™ TA (#10575383, Thermo Fisher
Scientific). Subsequently, the insert was excised with Kpnl and
Xbal, incubated with DNA Polymerase I, treated with the large
Klenow fragment M0210 (NEB), cloned into the EcoRV site of
pGL4.10[luc2] from Promega, and verified by sequencing. E2F1 and
both its mutant expression plasmids (E132 and ATA) have been
described (18). Transient transfection was performed using
TurboFect™ (Thermo Fisher Scientific). SK-Mel-147 (ctrl/E2F1-
KD) and C8161 (ctrl/E2F1-KD) cells were transiently transfected
with 0.4 ug pGL4.10 [luc2]-IL6, or 0.2 pg of either E2F1 or both
mutants together with 0.1 pg pGL4.75 [hRLuc/CMV], and
incubated for 24 h. Cells treated with 5 uM Stattic (#HY-13818,
MedChemExpress) and incubated for 3 h, followed by cell harvest
and lysis. Luciferase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega).

2.12 Invasion and cell viability assays

Matrigel and cell viability assays were conducted as described
(19). Melanoma cell lines (ctrl/E2F1-KD) were seeded at a density
of 2.5x107 cells/well in a total volume of 100 pl in 96-well plates. For
XTT assay (#4891-025-K, R&D Systems), supernatants were
removed and the cells incubated for 2 h with 150 pl of TACS
XTT labeling mixture (100 ul fresh growth medium, 50 pl XTT,
reagent and 1 ul XTT activator). Afterwards, the absorbance was
measured at 490 nm using a microplate reader. Cell proliferation
kinetics were measured every 24 h for 3-4 days.

2.13 Molecular docking

To elucidate the mode of interaction and binding affinity of
STAT3 and E2F1 with the IL6 promoter, we designed a 3D model of
a 34 bp long fragment from the IL6 promoter sequence which
includes the STAT3 and E2F1 BS using Biovia Discovery Studio
2022. The 3D model of E2F1 was received from previous work (17).
For molecular docking, we selected first the DNA binding domain
of E2F1 and the indicated E2F1 binding motif followed by a two-
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step molecular docking analysis of STAT3 and E2F1 with the
promoter fragment. The 3D structure of STAT3 was acquired
RCSB Protein Data Bank (RCSB PDB) using ID: 6QHD (22).
Interaction analyses of the complex were performed using the
HDOCK server (http://hdock.phys.hust.edu.cn) (23), which
integrates template-based modeling and ab initio docking to
facilitate investigations into protein-protein and protein-DNA/
RNA interactions. Molecular dynamics simulations of the
protein-protein and protein-DNA complexes were accomplished
with the cascade protocol in BIOVIA Discovery Studio (DS2022)
and subjected to molecular dynamics simulation in an implicit
solvent environment focusing on diverse electrostatic interactions.
The Standard Dynamics Cascade protocol of DS2022 was employed
and the complex underwent an initial minimization phase of 5,000
steps using the steepest descent algorithm, followed by an additional
10,000 steps employing the Adopted Basis NR method with the
CHARMm force field (24). After minimization, a heating phase
incrementally raised the initial temperature from 50 K to 300 K in
50 ps intervals. Subsequently, a 50 ps equilibration step was
performed, configuring the adjusted velocity frequency at 50 for
both heating and equilibration phases. Following the preparation
phases, a production run of 15 ns was conducted within an NVT
assembly (maintaining normal volume and temperature) at a
constant temperature of 300 K, with results saved at intervals of
0.02 ns. Each simulation run involved the analysis of trajectories
comprising 7,500 conformations. Various properties, including
root-mean-square deviation, and the bond information, were
examined using the Analyze Trajectory Protocol of DS2022.

2.14 Microarrays and GSEA

RNA was isolated from melanoma cell lines (ctrl/E2F1-KD) and
from CD4" and CD8" T cells. Equal amounts were subjected to
Clariom™ D Assay (Thermo Fisher Scientific) and each analysis
was done in triplicate. Background-corrected signal intensities were
determined, processed and normalized using the Transcriptome
Analysis Console (TAC 4.0, Affymetrix) and the SST-RMA
algorithm. Significantly, differentially regulated targets (p value <
0.05, |A| = 1-fold) in test samples vs. corresponding controls were
determined. For gene set enrichment analysis (GSEA) differential
expressed genes (DEGs; P<0.05, |A|>1.5-fold cut-off) were analyzed
with GSEA software (v.4.3.3) using the Hallmark gene set (25-27).

2.15 Functional network and gene
ontology analysis

To extracted the list of potential E2F1 target genes the
TRANSFAC database (https://genexplain.com/transfac/) was used
considering sequence segments of 10,000 bp upstream of annotated
genes. The ImmuneSigDB gene signature (subset of C7) was
downloaded from MSigDB (https://www.gsea-msigdb.org/gsea/
msigdb/index.jsp) to generate the list of immunorelevant genes
(28). To obtain the final list, all genes from the 4872 gene sets were
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merged and duplicates were removed (Supplementary Table S1). In
order to identify potential immunoregulatory E2F1 target genes we
subsequently aligned both lists with the DEGs from the
transcriptomics data. To explore the interaction between genes
and their functional network, DEGs were uploaded to the
STRING database (RRID: SCR_005223; https://string-db.org/)
and the comprehensive score>0.4 was used as the cut-off
standard to construct the networks which were uploaded to
Cytoscape (3.10.2) to perform Gene Ontology (GO) and KEGG
(RRID: SCR_012773) pathway enrichment analysis of the network
members. Nodes represent genes and edges represent interactions.
To obtain GO and pathways enrichment analyses from DEGs of the
coculture experiments, we selected genes with a |A|>1.5-fold cut-off
and uploaded them to the Database for Annotation, Visualization,
and Integrated Discovery (DAVID; https://david.ncifcrf.gov/) (29,
30). Results with P < 0.05 were considered statistically significant.

2.16 Tumor immune infiltration analysis

The Tumor Immune Estimation Resource database (TIMER
2.0; http://timer.cistrome.org/) offers a web interface to study the
molecular characteristics of tumor immune interaction (31).
TIMER can assess the abundance of several infiltrating immune
cell types based on gene expression profiles from TCGA. To
investigate the immune infiltration of genes in melanoma
(SKCM), TIMER and the integrated XCELL deconvolution was
used to estimate the levels specifically for Thl, Th2, monocytes,
eosinophils, and neutrophils in correlation with the expression of
selected genes in primary and metastatic melanoma patient
samples. P< 0.05 was considered to be statistically significant.

2.17 Mathematical modeling

We utilized previously published models (32, 33) to derive a
qualitative mathematical model in ordinary differential equations
describing the activation of the signaling pathway IL-6/IL6R/STAT3-
E2F1. Information from the literature, normalization, and model
assumptions were used to assign values to the model parameters. We
created two instances of the model, one reflecting the activation of
the pathway in melanoma cells, and another for the activation in
CD4" T cells, which differ in the expression levels attributed to the
components of the IL-6 signaling pathway as indicated by the
transcriptomic data from monoculture experiments. For the case
of simulating melanoma cells, we set up the model to a switch-off
configuration, modified iteratively the values of E2F1 expression in
the model (from 0.1 to 100 a.u.), performed simulations, and
computed the values of IL-6 at time 100 h. The procedure was
repeated but modifying iteratively the expression levels of E2F1 and
STATS3 (from 0.1 to 10 a.u.), and computed the values of IL-6 at time
100 h. To simulate CD4" T cells, we configured the model to a
switch-off state. The model was implemented in Octave (RRID:
SCR_014398) and is available on Zenodo (RRID: SCR_004129;
https://zenodo.org/doi/10.5281/zenodo.10777251).
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2.18 Statistical analysis

Statistical significance was calculated by paired Student’s t-test
(two-sided). All experiments were performed at least in triplicate. If
not stated otherwise data are presented as mean * standard
deviations (SD). P values less than 0.05 were considered
as significant.

3 Results

3.1 Identification of E2F1-induced
immunoregulatory network in
metastatic melanoma

High levels of E2F1 have been found in invasive and metastatic
tumors, associated with unfavorable patient outcomes (14, 33).
Abundant expression of the TF leads to a functional switch by
rewiring GRNSs that promote resistance to cancer therapies (18, 33),
angiogenesis, extravasation, and EMT (15, 17). In addition, E2F1
contributes to the manifestation of cancer stem cells, linking E2F-
dependent processes with immune cell crosstalk in cancer
progression (34). However, little is known about the impact of
E2F1 on immunoregulatory genes and its effects on TIME.

To evaluate E2F1’s potential to activate relevant immune-
related factors, we compiled a list of genes involved in
immunomodulation and cytokine production/secretion and
screened them for E2F1 BS. Out of 20,457 immune-related genes
identified, 13,674 (66.8%) were found to harbor an E2F1 BS
(Figure 1A). For gene expression analyses, we used a human
melanoma tissue culture model comprising different cell lines
with characteristic invasive/metastatic potential that show a
positive correlation between E2F1 levels and cell motility
(Figure 1B). After generating a stable E2F1 knockdown (E2FI-
KD) in the aggressive cell lines transcriptome arrays were
performed, which revealed 3687 significantly differentially
expressed genes (DEGs) compared to parental controls
(Figure 1C, P=0.05). Applying GSEA on the DEGs showed that
the gene sets for EMT and inflammatory response are suppressed
upon knockdown of E2F1 in melanoma (Figure 1D), implicating a
pleiotropic effect of E2F1-regulated genes that combines its
prometastatic and immunomodulatory activity. Notably, IL6
emerged as the only candidate after comparisons of enriched
genes from both hallmark sets (Figure 1E).

To further elucidate the effect of the TF, we combined the lists
from Transfac and the immune-relevant genes (Figure 1A) with our
transcriptomic data and identified 165 significantly downregulated
genes that bear a putative impact on immune regulation
(Figure 1F). STRING analysis of the identified genes
demonstrated a highly interconnected network including E2F1,
MYC, CD274 (PD-L1), EZH2, and IL6 (Figure 1G). Network
clustering revealed three interconnected subgroups, two of which
are related to biological processes such as RNA metabolism (blue
subcluster), gene expression (green subcluster) and signal
transduction (red subcluster, Supplementary Table S2).
Interestingly, IL6, which exhibits the strongest reduction after
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E2F1 ablation (Figure 1C, -3.3 and -4.5-fold, respectively)
occupies a central hub position in the gene expression subcluster
(Figure 1G, green) associated with cytokine-mediated signaling,
regulation of Th2 cytokine production and cell migration
(Figure 1H, Supplementary Table S2). These data support a
functional link between E2F1 and immune regulation, and
strongly suggest that IL-6 is a key factor of the
immunomodulatory activity exerted by this transcription factor.

Subsequent analysis of IL-6 expression and secretion clearly
verified the positive correlation with endogenous E2F1 expression
(Figure 1I). As production of IL-6 can enhance invasion and EMT
(35), and given the observed pathway enrichment for ‘regulation of
cell migration’ in the IL6 cluster (Figure 1H), we speculated that this
cytokine could be involved in E2F1’s metastatic activity. Therefore,
we examined the expression of both, E2F1 and IL-6, and
mesenchymal or epithelial cell markers in aggressive melanoma
cells, and analyzed their correlation (Figure 1J). Importantly, there
was a positive correlation between E2F1/IL-6 (high, control) and N-
cadherin/vimentin expression and a negative correlation with E-
cadherin. After loss of E2F1, IL-6, N-cadherin, and vimentin
decreased while E-cadherin increased. In turn, IL-6 treatment of
E2F1-depleted cell lines could restore the N-cadherin and vimentin
levels but reduced E-cadherin expression (Figure 1]). Accordingly,
matrigel assays demonstrated that IL-6 treatment of shE2FI-
expressing melanoma cells rescues their invasive capability,
whereas addition of the IL-6 inhibitor led to the strongest
reduction of cell motility (Figure 1K). Neither IL-6 nor the IL-6
inhibitor affected the cell lines” viability (Figure 1L). These data
strongly suggest that IL-6 contributes to E2F1-induced metastasis
by enhancing EMT and invasiveness of melanoma cells.

3.2 IL-6 is a direct transcriptional target of
the E2F1-STAT3 activator complex

To investigate the mechanism underlying a connection between
E2F1 and IL-6, we examined both factors in high-E2F1/high-invasive
SK-Mel-147 and C8161 vs. their E2F1-KD counterparts. Depletion of
E2F1 significantly reduced IL6 transcripts in both cell lines as
confirmed by Western blot and ELISA demonstrating decreased
expression and secretion of IL-6 (Figures 2A-C). To further assess
transcriptional regulation of IL6 we searched for E2F1 binding clusters
using ChIP-seq data (https://genome.ucsc.edu/) by screening a 10,000
bp stretch upstream of the IL6 gene. We found a major E2F1 cluster at
the center of a transcriptionally active region proximal to the
translational start site. Notably, this region also contains a STAT3
cluster (Figure 2D), which harbors earlier described STAT3 BS (36).
As it has been reported that STAT3 and E2F1 can generate
transcriptional synergy depending on the cell context (37, 38), we
applied JASPAR to the promoter sequence and identified a segment
within the STAT3 cluster where the E2F1 binding motif is located in
close proximity to a STAT3 BS, situated 112-125 base pairs upstream
of the transcription start site (Figure 2D). The specific binding of E2F1
to this BS was confirmed by ChIP (Figure 2E, ChIP A), using another
E2F1 BS at position +7 of the E2F1 cluster as control (ChIP B). For
both newly detected E2F1 motifs, a strongly reduced binding was
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FIGURE 1

Identification of the E2F1-induced immunoregulatory network in metastatic melanoma. (A) Comparison of the genomic DNA-binding profile of E2F1
(TRANSFAC) with a gene list related to immunregulatory functions (ImmuneSigDB). (B) E2F1 expression levels correlate with the invasiveness in
several melanoma cell lines determined by Matrigel assay. (C) Transcriptome of control (ctrl) and shE2F1 cell lines were compared to identify DEGs
using cut-off values for P<0.05. Western blot confirmed knockdown of E2F1. Actin was used as loading control. (D) GSEA of genes differentially
expressed in SK-Mell47 E2F1-KD mRNA microarrays show that EMT (left) and Inflammatory response are suppressed. (E) Venn diagram depicting the
comparison of DEGs enriched in EMT and inflammatory response. (F) Downregulated genes (FC<-1.5, P<0.05) were filtered against the lists from

(A) identifying 165 E2F1 regulated target genes with potential immunregulatory function. (G) STRING analyses show a highly interactive network
composed of 89 of the 165 genes. K-means clustering reveals three interconnected sub clusters (red, blue, green). Within the green cluster IL6 has a
hub position. (H) Functional analysis of the IL6 subcluster using GO and KEGG pathway enrichment. () High IL-6 expression and secretion in highly
invasive melanoma cell lines were validated with ELISA and Western blot. (J) EMT marker expression in control and stable E2F1-KD cells with or
without addition of IL-6. (K) Trans-well migration assay after depletion of E2F1 in aggressive melanoma cells. E2F1-KD cells were treated in parallel
with recombinant I-L6 or IL-6 inhibitor (anti-IL-6) and compared to the control. (L) Determination of cell viability after treatment with IL-6 or anti-
IL-6. n.s., not significant, *** P < 0.001; ** P < 0.01; * P < 0.05.
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FIGURE 2

E2F1 interacts with STAT3 on the IL6 promoter regulating its expression. (A, B) Knockdown of E2F1 diminishes IL-6 expression on RNA and protein
level in SK-Mel-147 (A) and C8161 (B). (C) Reduced secretion of IL-6 in shE2F1 expressing melanoma cell lines (n=5). (D) Schematic diagram of the
IL6 promoter including E2F1 and STAT3 ChIP seq clusters (https://genome.ucsc.edu) and the newly identified binding sites (BS) predicted by JASPAR
(https://jaspar.elixir.no/). Additionally, ChIP fragments used for analysis is depicted with their corresponding sizes. Indicated positions are relative to the
transcription start site (TSS). (E) ChIP assay was performed using IgG as negative control; input represents 10% of sheared chromatin. Bar graphs show
quantification signal intensity of E2F1 bands normalized to input. (F, G) Luciferase activity of the IL6 promoter after transfection with E2F1 and mutants
E132 or ATA in SK-Mel147 E2F1-KD (F) or in the presence or absence of E2F1 and inhibition of STAT3 (Stattic) (G). Untreated cell lines were set as 1.
Immunoblots confirmed E2F1 and STAT3 expression. (H) Representation of the final 3D model of E2F1-STAT3/IL6 promoter complex. (I) Illustration of
the root mean square deviation (RMSD) from the docked complex throughout the molecular dynamics simulation. (J) Pie charts of changes in bond
formation inside the E2F1-STAT3-IL6 promoter complex before and after molecular dynamics simulation. (K) SK-Mel-147 cell lysates expressing shctrl or
shE2F1 were immunoprecipitated (IP) with anti-E2F1 antibody and immunocomplexes were blotted with anti-E2F1 and anti-STAT3. Actin was used as
loading control; input represents 10% of total cell lysate. n.s., not significant, *** P < 0.001; ** P < 0.01; * P < 0.05.
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visible after E2F1 knockdown (Figure 2E). In addition, luciferase
reporter assays revealed a significant decrease of IL6 promoter
activity in E2F1-depleted vs. the parental cells (Figure 2F, left).
Conversely, cotransfection of E2F1 into E2F1-KD cells induced a
strong promoter reactivation, which was not observed after
overexpression of DNA binding- (E132) or transactivation-deficient
(TA) E2F1 mutants (Figure 2F). Strikingly, regarding a potential
interaction between E2F1 and STAT3 due to spatial proximity of
both BS (Figure 2D, ChIP A), we found that inhibition of each
transcription factor alone only leads to partial reduction of promoter
activity, whereas concomitant E2F1-KD together with STAT3
blockade causes almost complete loss of the luciferase signal
(Figure 2G). These results ultimately emphasize a cooperative
synergistic effect between E2F1 and STAT3 on the IL6 promoter.

Further, we examined whether both TFs establish a PPI on the
target promoter. To this end, using above sequence data we designed a
3D model of the IL6 promoter region that comprises the neighboring
BS (Figure 2D) and performed molecular docking studies with E2F1
and STATS3. The interaction of both TFs leads to the formation of a
particularly stable E2F1-STAT3/IL6 promoter complex (Figure 2H),
which has a high number of total interactions (Supplementary Table
S3) and, compared to STAT3 alone, a significantly enhanced docking
score of -237.31 kcal/mol (STAT3 dock score: -133.03 kcal/mol).
Furthermore, the study revealed that the E2F1 region encompassing
amino acids 110-194, is responsible for protein-DNA and protein-
protein interactions (Supplementary Table S3). To then assess the
flexibility and stability of the E2F1-STAT3/IL6 promoter complex, we
simulated time-dependent molecular dynamics (MD) using DS 2022.
The analyses incorporated the Root Mean Square Deviation and
showed an initial deviation of 3.2 A in the first eight ns (up to 4,000
conformations), which subsequently converged without further
deviations (Figure 2I). We also extracted binding information of the
complex from the last frames of the simulation and compared them
with the initial condition. In addition, we investigated alternative
scenarios with only two factors, namely E2F1:IL6, STAT3:IL6, and
E2F1:STAT3. In summary, bond formation increased in STAT3:IL6
and E2F1:STAT3 complexes (25 vs. 48 and 2 vs. 8, respectively), which
contributed to the stability of the docked complex. For E2F1:IL6 and
the entire complex, the number of bonds decreased during the MD
simulation (87 vs. 49 and 114 vs. 105) (Figure 2], Supplementary Table
S4). However, the overall stability of the E2F1-STAT3/IL6 promoter
complex is mainly attributed to the bond formation between STAT3
and E2F1. The results of the in silico docking analyses were confirmed
by IP experiments. As demonstrated in Figure 2K, STAT3 was clearly
recovered from E2F1 immunoprecipitates of whole melanoma cell
lysates, whereas knockdown of E2F1 resulted in decreased binding
of STATS3.

3.3 E2F1-dependent melanoma-T cell
crosstalk modulates transcriptional
landscape boosting IL-6 expression and
disrupting anticancer immunity pathways

Since E2F1 orchestrates the immunomodulatory network via
IL-6 (Figure 1G), we first investigated the effect of IL-6 on the
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cancer-immune crosstalk. We established an indirect coculture
system that permits cytokine communication while preventing
direct contact between cancer and immune cells (39). As shown
in Figure 3A, we used high-E2F1 vs. E2F1-KD melanoma cell lines
grown as monocultures or together with either CD4" or CD8" T
cells from healthy donors. To support T cell activation, a minimal
doses of 0.25 ug/ml PHA (40) and 20 U/ml IL2 were added to the
medium and their activity was validated by measuring PD1
expression (41) and IFN-y secretion (42). Viability of cocultured
melanoma and immune cells was verified by live/dead staining
(Figure 3B, Supplementary Figures S1A, B).

After three days of culturing, the amounts of IL-6 secreted into
the supernatants were quantified. In contrast to monocultured
CD8" (left panels) or CD4" (right panels) T cells, metastatic
melanoma cells showed a high IL-6 concentration in the
supernatant (Figure 3C). Importantly, IL-6 levels considerably
increased when cancer and immune cells were cultured together,
suggesting a positive feedback loop between melanoma and T cells
(43). Although depletion of E2F1 mainly counteracts this effect, IL-
6 is still detectable under coculture conditions and could only be
reduced by direct inhibition. In fact, combined treatment with IL-6
inhibitor and E2F1-KD was necessary to diminish the elevated
cytokine levels in the presence of T cells (Figure 3C) without
affecting cell viability (Supplementary Figures S1C, D).

Due to the impact of E2F1 on GRNs in cancer cells and the
observed intriguing changes in IL-6 secretion, we wondered to what
extent gene expression profiles of melanoma and T cells are altered,
and whether E2F1-KD can positively influence the genomic
program of T cells in the sense of an antitumor immune
response. Thus, we performed high-throughput array analyses of
cancer and immune cells from mono- and coculture
experiments (Figure 3A).

Comparison of transcriptomes from cocultured CD4" T cells
and SK-Mel-147 ctrl vs. their corresponding monocultures revealed
a total of 9,453 and 4,521 DEGs (P<0.05, Figure 3D), indicating a
strong reciprocal induction of transcriptional changes in E2F1-
abundant melanoma and immune cells through a cytokine-
mediated crosstalk. It is notable that IL6 is most strongly
expressed in melanoma cells under coculture conditions
(Figure 3D, right), which also verifies the detected increase in IL-
6 secretion shown in Figure 3C (right panels) and supports the
presence of an active feedback loop. E2F1 knockdown severely
reduced these alterations in gene expression in both cell types to
1,462 (CD4") and 1,708 (SK-Mel-47 E2F1-KD) DEGs, respectively
(Figure 3E), underlining the regulatory role of E2F1 in the crosstalk
between tumor and immune cells.

To further investigate the potential biological functions of the
identified genes, we selected fully annotated DEGs with a |A[>1.5-
fold cut-off (Figure 3D) and performed GO enrichment analyses.
We found that 1,315 upregulated genes in CD4" cocultured with
SK-Mel-147 are primarily associated with processes and pathways
like T cell activation and increased MHC-II-related responses (i.e.
antigen processing and presentation) (Figure 3F, top), indicating T
cell functionality (44). In contrast, 1,662 downregulated genes are
related to chemotaxis of monocytes, eosinophils, and neutrophils
(Figure 3F, bottom), suggesting an impaired directed
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FIGURE 3

Influence of the E2F1-dependent crosstalk on the transcriptional landscape in melanoma and CD4" T cells. (A) Workflow and culture conditions of
highly aggressive melanoma with T cells. Separated by a membrane, CD4" or CD8" T cells were indirectly cocultured with SK-Mel-147 or C8161
expressing shctrl or shE2F1. Monocultured cells served as reference to their cocultured counterparts. (B) Left: Representative flow cytometry images
of isolated T cell populations. Right: IFN-y levels were determined by ELISA to verify activation of CD8"* and CD4" T cells from four different donors
used in the coculture experiments. (C) IL-6 secretion was quantified in mono- and cocultured immune and control or E2F1-KD cancer cells in the
presence or absence of an anti-IL-6. (D, E) Expression analysis in CD4" cells cocultured with high-E2F1 melanoma cells (ctrl) compared to CD4*
monoculture (D, left) and SK-Mel-147 cocultured with CD4* cells compared to SK-Mel-147 monoculture (D, right) and (E) transcriptomes of
cocultured CD4* (left) and SK-Mel-147 E2F1-KD cells (right) in comparison to their respective coculture condition with high-E2F1 (ctrl). Scatter plots
show significantly differentially expressed genes (P<0.05) while bar graphs depict the amount of annotated genes with a 1.5-fold change (FC)
subjected to GO analysis. (F, G) Bubble blots demonstrate the most enriched groups and their GO terms for biological processes of up- and
downregulated genes of cocultured CD4* (F) and SK-Mel-147 ctrl (G) lines ranked by most significant P-values (-logio, x-axis). Bubble size and
numbers indicate the amount of related genes. *** P < 0.001; ** P < 0.01; * P < 0.05.
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communication with innate immune cells. Importantly, the analysis
also revealed repression of genes associated with responses to IFN-y
and TNF-0, two pivotal mediators of CD4" Th1 differentiation that
are known to promote an antitumor response (45). This is in line
with the repression of genes related to ERK1/ERK2 pathways
(Figure 3F, bottom) that have been connected with Thl
development (46). In melanoma cells, we found high scores for
antigen processing/presentation and positive regulation of the
immune response from 331 upregulated genes (Figure 3G, top)
which is consistent with the highly active immune phenotype of
melanoma (47), whereas downregulated genes are mainly involved
in neuronal processes (Figure 3G, bottom). Surprisingly, among the
upregulated immune activating genes, we identified several
immunosuppressive factors like CCL2, a potent chemoattractant
for Th2 cells, and checkpoint inhibitor CD274 (Figure 3G, top),
which is, as shown in Figure 1G connected to the identified
immunomodulatory E2F1 network via the IL6 cluster.

3.4 Tumor infiltration of CD4"* Th2 cells in
melanoma patients and
immunosuppressive type-2 cytokine
secretome correlates with an activated
E2F1/IL-6 axis

The TIME is a complex and dynamic ecosystem in which
diverse populations of tumor and immune cells coexist.
Considering the impact of E2F1 on the surroundings via the
tremendous upregulation of IL-6 and the ambivalent alteration of
the transcriptional landscape, we analyzed the potential correlation
between the expression of E2F1 and tumor infiltration of immune
cells in primary and metastatic skin cancer using TIMER 2.0. Based
on functional annotations and pathway enrichment (Figure 3F), we
first investigated the abundancies of monocytes, neutrophils, and
eosinophils. Interestingly, we found that E2F1 had a limited
negative correlation with monocytes in both primary (Figure 4A,
left) and metastatic (Figure 4B, left) patient samples. However, no
significant presence of neutrophils or eosinophils was evident in
both cancer groups (Figures 4A, B) corroborating our previous
findings with downregulation of genes related to chemotaxis for
these immune cell types (Figure 3E, bottom).

More importantly, our data evidently supported a strong
influence of E2F1 and its target IL-6 on the Th1/Th2 development
like Th2 cytokine production (Figure 1H), downregulation of ERK1/2
pathways, IFN-y response (Figure 3F, bottom), or CCL2 expression in
melanoma cells (Figure 3G). Surprisingly, E2F1 showed a significant
positive correlation for Th2 infiltration in the primary tumor, while
IL6 had no effect (Figure 4C, top). In contrast metastatic samples
exhibit only a moderate correlation with Th2 cells, but also with Thl,
which could support the observation of the cooccurrence of
immunostimulatory and immunosuppressive mechanisms (47).
However, Th2 prevalence could be further promoted by IL6, as
indicated by an increased abundance of Th2 and a concomitant
decrease of Thl cells in advanced melanoma (Figure 4C, bottom).
This shift is further amplified via the expression of E2F1’s cofactor
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STAT3, which consistently suppresses Thl. Furthermore, CD274
simultaneously blocks Thl and promotes Th2 infiltration in both,
primary and metastatic tumors (Figure 4D).

To validate the E2F1-dependent Th2 shift, cytokine arrays were
performed with supernatants obtained from melanoma-immune
cell cocultures, with a particular focus on type-1 and type-2
cytokines (Figures 4E, F). As illustrated in Figure 4E, the
supernatant of CD4"-SK-Mel-147 coculture revealed a profound
increase for all detected type-2 cytokines, with IL-6 showing the
strongest response. Strikingly, loss of E2F1 resulted in a remarkable
reduction of most pro-inflammatory proteins, but without affecting
the type-1 cytokines (Figure 4F). Consistent with our previous data,
the dramatically elevated IL-6 levels measured in high-E2F1
melanoma cocultures (Figure 4E) substantially decreased under
E2F1-KD (Figure 4F). These results provide strong evidence that
increased E2F1/IL-6 expression triggers Th2-driven inflammation
via type-2 cytokines, whereas Thl cell activity is suppressed,
establishing an immunosuppressive environment.

3.5 Mathematical model predicts E2F1-
dependent mechanisms of cancer-
immune crosstalk

According to Figures 4C, D, STAT3, which cooperates with
E2F1 in IL-6 expression, critically contributes to the Th2/Thl
balance in melanoma patients. To verify the dynamics of the
molecular mechanism and the cancer immune crosstalk, we
finally derived a mathematical ordinary differential equation
(ODE) model based on the core cancer-immune interaction
network that describes the activation of the E2F1-STAT3/IL-6/
IL6R signaling pathway and consequences of the interplay between
E2F1 and STAT3 on transcriptional regulation of IL-6 (auto- and
paracrine activation; Figure 5A). We created different versions of
the model to represent the regulation of the pathway in melanoma
and CD4" T cells. Based on our analysis of TF binding sites and
current literature (37, 38), we assumed that IL6 transcription is
controlled synergistically by E2F1 and active STAT3. Also, the
coculture system indicates that IL-6 secreted by melanoma cells to
the tumor niche activates in a paracrine manner CD4" cells in their
vicinity. We performed iterative simulations modifying the values
of E2F1 expression and found, that under basal STAT3 activation,
increasing levels of E2F1 in melanoma cells can trigger the
expression and secretion of IL-6 (Figure 5B). Our simulations
suggest that high levels of IL-6 secretion by melanoma cells can
be either achieved through high levels of E2F1, high levels of
STATS3, or moderate levels of both TFs (Figure 5C).

In addition, we simulated the effect of IL-6 secreted by melanoma
on CD4" T cells present in the TME (Figure 5A, right). The simulations
propose that IL-6 secreted by high-E2F1 melanoma cells is sufficient to
trigger the activation of the IL-6/IL6R/STAT3 axis in CD4" immune
cells, which could also trigger secretion of other inflammatory factors.
Importantly, this model displayed ultrasensitivity in the CD4" response
induced by IL-6-mediated autocrine activation and thus, enables a
therapy-oriented interpretation of the patient data.
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FIGURE 4

The impact of E2F1 on immune cell infiltration and cytokine release in coculture with T cells. (A, B) Correlation of E2F1 expression with infiltration of
monocytes, eosinophils, and neutrophils in melanoma patients with primary tumors (A) or metastasis (B). (C, D) Estimation of CD4* Th1 and Th2 cell
infiltration cells in melanoma patients with primary tumors or metastasis correlated to the expression of E2F1, IL-6 (C), and STAT3, CD274 (D).
Significant correlations are highlighted in red. (E, F) Cytokine assays of supernatants from different culture/coculture conditions were compared as
illustrated showing an E2F1-dependent increased secretion of immunosuppressive type 2 cytokines (E) that was completely reversed after E2F1-KD
in melanoma cells (F). Asterisks indicate transcriptionally upregulated factors. FC, fold change.

Discussion

Patients with malignant melanoma and other advanced cancers

have in recent years significantly benefited from ICI treatments.
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Nevertheless, some patients are refractory or resistant to these
therapies most likely due to immune inhibitory soluble and
cellular components within the TME that promote tumor
progression and facilitate the immune escape of cancer cells (48).
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immunosuppressive TME through feedback loops triggered increased release of IL-6 inducing a Th2 shift (left). In contrast, E2F1 depletion in
melanoma cells blocks the augmented IL-6 secretion and, in turn, diminishes type-2 cytokine production favoring an anti-tumor Thl response.

As such, melanoma is one of the most heterogeneous cancers in
terms of histology, genomic alterations, gene expression patterns,
and metastatic behavior. The search for triggers and clinically useful
markers of metastasis revealed that E2F1 critically orchestrates
epigenetic cancer evolution and therapy resistance (14, 15, 33).
Assuming that changes of the immune niche by tumor-intrinsically
elevated E2F1 expression could be mechanistically crucial for its
prometastatic function, which also impairs the virtue of
immunotherapies, the influence of this TF on the communication

Frontiers in Immunology

13

between highly aggressive melanoma and healthy donor-derived T
cells was comprehensively investigated by an integrative approach
combining cell coculture models, high-throughput analyses, and
structure-based modeling.

We report here that E2F1 physically interacts with active STAT3
and synergistically controls IL-6 expression to induce a tumor-
associated inflaimmatory GRN that ultimately mediates metastatic
traits and modulates the TME by releasing immunomodulatory
factors. Data-based simulations revealed that high levels of E2F1 in

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1470368
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Spitschak et al.

melanoma cells trigger autoactivation and a paracrine positive
feedback loop with CD4" T cells via secretion of IL-6 to the tumor
niche to generate an inflammatory secretome. This leads to the
exacerbation of intercellular cytokine signaling including IL-6 and
deregulation of the transcriptional landscape in immune and cancer
cells. Our studies clearly show that E2F1-STAT3/IL-6 produced by
skin cancer cells shifted the Th1/Th2 balance toward the Th2
phenotype, whereas depletion of E2F1 in turn caused a
pronounced decrease in type-2 cytokines that potentially
determines the development and responsiveness of Thl cells
(Figure 5D). Consistently, the clinical data revealed that melanoma
with abundant E2F1, STAT3 and IL-6 preferentially induce and
maintain infiltration of Th2, while simultaneously blocking Thl
cells. Thus, our experimental setting provides a mechanistic model to
derive the immune response in melanoma patients and emphasizes
the prognostic and therapeutic benefit of disrupting the E2F1 and/or
STATS3 coregulator interaction and its networks.

An active immunological microenvironment with a high
density of activated T cells has been associated with a favorable
prognosis and a good response to immunotherapy (49). At the same
time, the efficacy of the antitumor response or immune checkpoint
inhibition hinges on maintaining a delicate balance between
immunostimulatory and immunosuppressive mechanisms in the
TME (47). In particular, this can be mediated by genomic
dysregulation of oncogenic pathways (50, 51) and correlates with
T cell exclusion, a process termed primary immune ignorance (47).
According to our findings, E2F1, as a major driver of EMT signaling
pathways and metastasis (14, 15) has the ability to control an
immune GRN that includes well-characterized targets such as
MYC, CD274, and IL6 to orchestrate the immunological
landscape (52-54). Furthermore, our data point to a dynamic
crosstalk between melanoma and CD4" T cells leading to E2F1-
dependent perturbations in the immunoregulatory transcriptome of
both cell types. The upregulation of pro-inflammatory genes like
IL6 is accompanied by the expression of immunosuppressive
markers and inhibitory molecules, reflecting the simultaneous
presence of opposing mechanisms that are mediated by E2F1.

Tipping the balance of immunosurveillance from tumor
destruction to its promotion requires multiple signaling pathways
that are impacted by the expression of cytokines from cancer cells,
immune cells, and other cell types in the surrounding tissue (55).
We demonstrate that high levels of E2F1 in melanoma cells disrupt
the balance regulated by various cytokines/interleukins such as IL-6.
This disruption negatively affects the diversity and differentiation of
immune cells and leads to a TME that could be immunosuppressive
and ultimately prometastatic. In particular, CD4" T cells are crucial
for cytokine-mediated control of the immune response. The
plasticity and heterogeneity of these cells provide an equilibrium
of pro- and anti-inflammatory mechanisms that ensures an
appropriate immune response (56). In this respect, Th2, a specific
subset of CD4" T cells, have long been known to promote tumor
growth and metastasis by suppressing the immune system (56).

Infiltration data from skin cancer patients confirmed the
presence of Th2 cells with increased E2F1 expression in primary
tumors, stressing the induction of a primary immune suppression
(47). Regarding the influence of E2F1 on DNA repair and genetic
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instability (57), Tan and colleagues (2023) have recently shown that
hyperactivation of E2F1-induced DNA replication stress in tumors
promotes their mutational burden, which is associated with the
infiltration of immunosuppressive Th2 and MDSCs (11). In
patients with metastatic melanoma, however, E2F1 appears to
exert a beneficial influence on Thl infiltration, which may be
associated with the activation of additional immunostimulatory
mechanisms. Nevertheless, E2F1-induced expression of IL6 and
CD274, or elevated levels of STAT3, can mitigate the effect
nurturing toward the Th2 direction in advanced stages of
melanoma. The dominance of the Th2 subset is also evident by
the enriched levels of type-2 cytokines, including IL4 and IL10, in
the coculture of cancer and immune cells. However, this effect on
cytokine constellation was fully reversed when E2FI is ablated in
metastatic melanoma cells, while type-1 cytokines IL2, IFN-y, and
TNF-o. maintained in the supernatant, potentially restoring a
Th1 equilibrium.

In addition, CCL2, another critical factor in the TIME, was
upregulated under coculture conditions and showed a strong
response upon E2F1 knockdown. The chemokine is a potent
chemoattractant for Th2 and Treg cells as well as a driver of
metastasis and contributes to the differentiation of TAMs (58—
61). This is in line with our previous findings that E2F1 promotes
metastasis by enhancing the infiltration of TAMs via physical
interaction of the TF with metastasis-associated protein MTALI
and induction of HAS2 target gene expression in pancreatic cells
(19). Therefore, it is highly feasible that E2F1-KD negatively
regulates chemoattractants in skin cancer, contributing to an
antitumor immune response by blocking TAMs and Th2 cells.

A master player in the E2Fl-induced cancer-immune cell
crosstalk is IL-6. Deregulated, elevated expression of this pro-
inflammatory cytokine is associated not only with chronic
inflammation and autoimmune diseases, but also with tumor
development, invasiveness and metastasis (62, 63). Beyond its pro-
inflammatory properties, IL-6 is associated with anti-inflammatory
functions that are depending on two signaling pathways. Classical IL-
6 signaling stimulates target cells by binding to a membrane-bound
complex of IL6R and glycoprotein 130 (gp130), which activates anti-
inflammatory processes. In contrast, trans-signaling of IL-6 is
mediated by binding to a soluble IL6R inducing pro-inflammatory
responses (64). While gp130 is ubiquitously expressed, membrane-
bound IL6R is mostly restricted to leukocytes and hepatocytes (65).
This supports the potential to generate immunosuppression in an IL-
6-enriched milieu, like macrophage differentiation, increased IgG
production from activated B cells, or negative regulation of DCs
maturation through STAT3 activation (66). Eventually, IL-6
promotes the polarization of CD4" T cells into Th2 while
inhibiting the Thl phenotype (67), underscoring the
immunosuppressive function of the E2F1-STAT3/IL-6 signaling axis.

Given IL-6’s pleiotropy as well as its cell- and dose-dependency,
clinical application has proven difficult. Recent studies have shown
that high IL-6 levels can impair the effectiveness of anti-PD-L1 and
anti-CTLA-4 checkpoint inhibitors (68). Therefore, IL-6 blockade in
combination with ICI can enhance the cytotoxic T lymphocyte
response to the tumor and improve its control compared to ICI
alone (69). IL-6 neutralization may allow patients to continue ICI
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treatment by counteracting cytokine release syndrome, an adverse
effect that can occur from immune and chimeric antigen receptor
(CAR)-T cell therapies (70). Subsequently, IL-6 levels can be used to
predict the response to immune checkpoint therapy, and reducing IL-
6 levels may enhance their efficacy (68). Of note, the combination of
IL-6 neutralization with ICIs remains controversial, since inhibition
of IL-6 has been reported to suppress PD-1 and PD-L1, thus
attenuating the activity of ICIs (63). In fact, the balance in the
TME involves more than one cytokine (71), which could be
achieved by directly silencing tumor-associated E2F1.

The inclusion of E2F1, for instance, in the form of patient
signatures, offers the opportunity to better assess the efficacy of
cytokines like IL-6 or their inhibitors as therapeutic agents. High
E2F1 levels in advanced melanoma favor a Th2 response. Lowering
E2F1 expression or blocking the deleterious E2F1-STAT3/IL-6 axis
to modulate the tumor secretome could therefore improve antitumor
responses and reduce adverse effects when interleukins and ICIs are
used in combination. Clinically, a significant proportion of patients
with advanced melanoma develop autoimmunity, or existing
autoimmune disease worsens on ICI (72). This suggests that E2F1
also plays a role as a predisposing factor for autoimmune
comorbidities. Possible adverse consequences of cancer
immunotherapy could be predicted based on the transcriptional
signature and need to be clarified by further investigations.

A promising approach to disrupt the E2F1-STAT3/IL-6 axis
could be the pertubation of the E2F1-STAT3 assembly. The ability of
E2F1 to interact with certain transcriptional coregulators expands its
functional portfolio, as previously demonstrated for metastasis-
initiating and metabolic processes (18, 19). The physical
association with STAT3 creates an immunosuppressive TME by
promoting pro-metastatic properties such as invasiveness and EMT
through the upregulation of IL-6. Since STATS3 itself is an important
driver of tumor progression in various cancers and its constant
phosphorylation leads to deregulated activity, therapeutic
approaches have been pursued to block STAT3 function.
Currently, the main strategy is to prevent the formation of
functional dimers by interrupting phosphorylation (73, 74).
However, none of these approaches have been clinically applied
(74) The present study now offers new alternative solutions either by
transcriptional perturbation or by disrupting the cooperation
between E2F1 and the coregulator, in this case STAT3, which has
the potential to rescue a cancer-refusing immune response by
rebalancing the TME and removing prometastatic properties.
Finally, computer models that describe the complexity and
dynamics of cellular processes and predict disease progression
equip scientists with powerful tools. By training these models with
patient-derived omics data and high-resolution secretome profiles,
design and accuracy of patient-specific drugs can be improved.
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