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1 Preface 

I present a cumulative thesis consisting of two published and one accepted for publication  

peer-reviewed original articles. 

The work presented in this thesis was carried out between November 2017 and May 2022 

under the supervision of Prof. Dr. rer. nat. Annette Paschen, principal investigator of the Group 

Molecular Tumor Immunology at the Department of Dermatology, University Hospital Essen, 

Germany. 

I hereby declare that this thesis submitted for the consideration of Dr. rer. nat. award has 

been composed by me. 
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2 Summary 

The landscape of melanoma treatment has tremendously changed over the last two 

decades with the implementation of immune checkpoint blockade (ICB). However, long-term 

beneficial effects are still limited to a minority of patients due to primary or acquired resistance. 

Tumor-cell intrinsic therapy resistance can be established by genetic alterations or non-genetic 

phenotypic adaptation. The latter can be associated with a switch from a differentiated towards 

a dedifferentiated cell state. Genetic, as well as non-genetic mechanisms, frequently establish 

resistance of melanoma cells to cytotoxic CD8 T cells. Those lymphocytes become activated 

upon recognition of tumor antigens presented on cognate HLA class I (HLA-I) molecules. The 

clinical efficacy of ICB is critically dependent on the anti-tumor activity of CD8 T cells. Thus, 

it is of importance to understand the diverse tumor-cell intrinsic resistance mechanisms to 

overcome those barriers and improve patient outcomes. Using different melanoma patient 

models consisting of tumor tissue, corresponding cell lines, and autologous cytotoxic CD8 

T cells from tumor tissue or peripheral blood, we demonstrate (i) therapeutic targeting of the 

cytosolic innate immune receptor RIG-I in melanoma cells could be a strategy to overcome 

specific resistance to CD8 T cells and (ii) that phenotypic alterations induced by RIG-I signaling 

in melanoma cells do not protect from CD8 T-cell recognition. 

In longitudinal tumor samples from patient-derived metastases, we detected an 

evolutionary pattern of resistance to cytotoxic CD8 T cells. Melanoma cells from late 

metastases evaded the anti-tumor activity of T cell-derived interferon-gamma (IFN-γ) by 

acquiring genetic defects in JAK1, a kinase of the IFN signaling pathway. In addition, some 

JAK1-mutant melanoma cells silenced the expression of HLA-I genes resulting in loss of 

immunogenicity and total evasion from CD8 T-cell surveillance. Interestingly, targeting of the 

innate immune receptor RIG-I restored HLA-I antigen presentation in those JAK1-mutant cells 

in an IFN-independent manner and resensitized the melanoma cells to cytotoxic CD8 T cells. 

Importantly, combinations of RIG-I agonists with immune checkpoint inhibitors showed 

synergistic effects on anti-tumor CD8 T-cell responses (article Such et al., JCI, 2020, in this 

thesis). 

Besides enhancing antigen presentation, RIG-I activation in melanoma cells induced the 

switching from a differentiated towards a non-proliferative dedifferentiated cell state lacking 

expression of melanoma differentiation markers. The observed RIG-I-induced dedifferentiation 

was JAK-dependent and reversible as receptor signaling declined (article Thier et al., JITC, 

2022, in this thesis). Importantly, transition into more dedifferentiated cell states has repeatedly 
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been associated with resistance to targeted therapy. In fact, our own studies on MAPK inhibitors 

(MAPKi) demonstrated that prolonged MAPKi treatment dynamically changes the melanoma 

cell phenotype (article Harbers et al., JID, 2021, in this thesis). In the course of this, distinct 

tumor cell states were found to be tightly linked to CD8 T-cell activity, as recognition of 

dedifferentiated melanoma cells by CD8 T cells was impaired. In contrast, upon RIG-I 

stimulation we found dedifferentiated melanoma cells to be still efficiently recognized by 

CD8 T cells as enhanced melanoma immunogenicity was preserved in those dedifferentiated 

cells. Hence, a dedifferentiated cell state does not necessarily imply resistance to CD8 T cells. 

Overall, our findings suggest that the therapeutic context and the concomitant changes in 

the immunogenicity are decisive for the T-cell stimulatory capacity of melanoma cells. 

Moreover, targeting RIG-I strongly enhances melanoma immunogenicity and is a promising 

approach to overcome T-cell resistance in melanoma. The discoveries of this thesis provide 

rationals for future treatment options and may help to improve treatment protocols and thus 

melanoma patient outcomes. 
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3 Zusammenfassung 

Die Landschaft der Melanom-Behandlung hat sich in den letzten zwei Jahrzehnten mit 

der Einführung der Immun-Checkpoint-Blockade (ICB) stark verändert. Aufgrund von 

primärer oder erworbener Resistenz bleiben jedoch langfristige positive Wirkungen nach wie 

vor auf eine Minderheit von Patienten beschränkt. Die intrinsische Therapieresistenz von 

Tumorzellen kann durch genetische Veränderungen oder nicht-genetische phänotypische 

Anpassung entstehen. Letztere kann mit einem Übergang von einem differenzierten zu einem 

dedifferenzierten Zellzustand verbunden sein. Sowohl genetische als auch nicht-genetische 

Mechanismen führen häufig zu einer Resistenz der Melanom-Zellen gegenüber zytotoxischen 

CD8-T-Zellen. Diese Lymphozyten werden durch die Erkennung von Tumorantigenen 

aktiviert, die auf kognitiven HLA-Klasse-I-Molekülen (HLA-I) präsentiert werden. Die 

klinische Wirksamkeit von ICB hängt entscheidend von der Anti-Tumor-Aktivität der CD8-

T-Zellen ab. Daher ist es wichtig, die verschiedenen intrinsischen Resistenzmechanismen der 

Tumorzellen zu verstehen, um diese Barriere zu überwinden und die Behandlungsergebnisse 

der Patienten zu verbessern. Wir zeigen anhand verschiedener Melanom-Patientenmodellen, 

die aus Tumorgewebe, entsprechenden Zelllinien und autologen zytotoxischen CD8-T-Zellen 

aus Tumorgewebe oder peripherem Blut bestehen, dass (i) die therapeutische zielgerichtete 

Aktivierung des zytosolischen angeborenen Immunrezeptors RIG-I in Melanom-Zellen eine 

Strategie zur Überwindung der spezifischen Resistenz gegenüber CD8-T-Zellen sein könnte 

und (ii) dass phänotypische Veränderungen, die durch die RIG-I-Signalgebung in Melanom-

Zellen ausgelöst werden, nicht vor der Erkennung durch CD8-T-Zellen schützen. 

In longitudinalen Tumorproben von Patienten-Metastasen haben wir ein evolutionäres 

Muster einer Resistenzausbildung gegenüber zytotoxischen CD8-T-Zellen festgestellt. 

Melanom-Zellen aus späten Metastasen entzogen sich der Anti-Tumor-Aktivität von durch 

T-Zellen-freigesetztem Interferon-gamma (IFN-γ), indem sie genetische Defekte in JAK1, 

einer Kinase des IFN-Signalweges, erwarben. Darüber hinaus haben einige JAK1-mutierte 

Melanom-Zellen die Expression von HLA-I-Genen herabreguliert, was zu dem Verlust der 

Immunogenität und zur völligen Umgehung der CD8-T-Zellüberwachung führt. 

Interessanterweise wurde durch die gezielte Aktivierung des angeborenen Immunrezeptors 

RIG-I die HLA-I-Antigenpräsentation in diesen JAK1-Mutanten auf IFN-unabhängige Weise 

wiederhergestellt und eine Resensibilisierung der Melanom-Zellen für zytotoxische CD8-

T-Zellen erreicht. Von Bedeutung ist, dass Kombinationen von RIG-I-Agonisten und Immun-
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Checkpoint-Inhibitoren synergistische Effekte auf die anti-tumorale CD8-T-Zellantworten 

zeigten (Artikel Such et al., JCI, 2020, in dieser Arbeit). 

Neben der Verstärkung der Antigenpräsentation führte die RIG-I-Aktivierung in 

Melanom-Zellen zu einem Wechsel von einem differenzierten zu einem nicht-proliferativen 

dedifferenzierten Zellzustand, in welchem die Expression von Melanom-Differenzierungs-

markern fehlt. Die beobachtete RIG-I-induzierte Dedifferenzierung war JAK-abhängig und 

reversibel, wenn die Rezeptor-Signalgebung nachließ (Artikel Thier et al., JITC, 2022). 

Hervorzuheben ist, dass der Übergang in einen stärker dedifferenzierten Zellzustand wiederholt 

mit einer Resistenz gegenüber einer zielgerichteten Therapie in Verbindung gebracht wurde. 

Unsere eigenen Studien zu MAPK-Inhibitoren (MAPKi) ergaben, dass sich der Phänotyp von 

Melanom-Zellen bei längerer MAPKi-Behandlung dynamisch verändert. Dabei zeigte sich, 

dass unterschiedliche Tumorzellzustände eng mit der CD8-T-Zellaktivität verknüpft sind und 

die Erkennung von dedifferenzierten Melanom-Zellen durch CD8-T-Zellen beeinträchtigt war 

(Harbers et al., JID, 2021). Im Gegensatz dazu konnten wir feststellen, dass dedifferenzierte 

Melanom-Zellen nach einer RIG-I-Stimulation immer noch effizient von CD8-T-Zellen erkannt 

werden, da die erhöhte Melanom-Immunogenität in diesen dedifferenzierten Zellen erhalten 

blieb. Diese Beobachtungen legen nahe, dass ein dedifferenzierter Zellzustand nicht zwingend 

mit einer Resistenz gegenüber CD8-T-Zellen einhergeht. 

Insgesamt deuten unsere Ergebnisse darauf hin, dass der therapeutische Kontext und die 

damit verbundene Veränderung der Immunogenität entscheidend für die T-Zell-stimulierende 

Kapazität von Melanom-Zellen sind. Darüber hinaus steigert die zielgerichtete Aktivierung von 

RIG-I die Immunogenität des Melanoms und ist ein vielversprechender Ansatz zur 

Überwindung einer T-Zell-Resistenz. Die Entdeckungen dieser Arbeit liefern Anhaltspunkte 

für künftige Behandlungsmöglichkeiten und könnten dazu beitragen, die Behandlungs-

protokolle und damit die Erfolge für Melanom-Patienten zu verbessern. 
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4 Introduction 

4.1 Cancer immunosurveillance and immunoediting 

The field of cancer immunology and immunotherapy evolved around the concept of 

“cancer immunosurveillance”, which envisaged the immune system’s capability to identify and 

eliminate malignant cells specifically.1,2 Different pre-clinical and clinical observations 

supported the idea of immunosurveillance in cancer control. Experiments in mice lacking 

immune effector cells demonstrated the linkage between immune deficiency and tumor 

development.3 In line with this, immunocompromised patients, for instance, after organ 

transplantation or with acquired immune deficiency syndrome (AIDS), have an increased 

cancer risk over the general population.4–6 Inversely, spontaneous regression of tumors from 

immunocompetent patients is considered as an immune-related event that occurs in the absence 

of any therapeutic intervention. This phenomenon was observed in various cancer entities, such 

as melanoma, renal cell carcinoma, and neuroblastoma.7 Furthermore, the presence and density 

of tumor-infiltrating lymphocytes (TILs) within the tumor lesion serve as prognostic values for 

good clinical outcomes of patients with melanoma, head and neck, breast, bladder, lung, and 

colorectal cancer.8–10 

The indispensability of lymphocytes and the pro-inflammatory cytokine interferon-

gamma (IFN-γ) is well established in protecting against tumor development. However, anti-

tumor immune responses can lead to the selection of less immunogenic tumor cells that escape 

from immune recognition and favor tumor outgrowth.3 Therefore, the capacity of the immune 

system to shape tumor immunogenicity refined the concept of immunosurveillance to the 

“immunoediting” hypothesis.11–13 Cancer immunoediting is a dynamic process that comprises 

three phases. The elimination phase represents the concept of immunosurveillance and thus 

tumor elimination by the innate and adaptive immune system.13 However, some tumor cell 

variants survive the elimination phase and enter a dynamic equilibrium, in which adaptive 

immune cells control further tumor growth and shape tumor cell immunogenicity. The 

equilibrium is the most prolonged phase, possibly explaining the latency between initial tumor 

formation and clinically detectable malignant disease.13,14 In this phase, some residual tumor 

cells remain in a quiescent cell state characterized by immune-controlled proliferation arrest. 

These cells accumulate mutations under selective immune pressure, giving rise to new tumor-

cell variants with immunoevasive properties.13–15 In the escape phase, these tumor-cell variants 

progressively proliferate in an immunologically unrestricted fashion and establish tumors.  
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The immunological escape can be achieved by mechanisms at the tumor cell level (see chapter 

4.5) or by the establishment of an immunosuppressive tumor microenvironment.13,14,16 

4.1.1 Tumor-CD8 T-cell interaction 

Anti-cancer immunity involves various effector cells from the innate and adaptive 

immune system, such as NK cells and T lymphocytes (T cells), respectively. Especially, 

cytotoxic tumor-infiltrating T lymphocytes play an essential role due to their high destructive 

potential. Their indispensability in cancer control was demonstrated in different tumor growth 

studies of carcinogen-induced malignancies in lymphocyte-depleted mice and a spontaneous 

lymphoma model depleted for T-cell-derived perforin.3,17,18  

CD8 T cells, the main mediators of cytotoxic adaptive immunity, can recognize and 

eliminate infected or malignant cells specifically. Via their T cell receptor (TCR) in cooperation 

with the CD8 co-receptor, they recognize distinct tumor-antigen epitopes presented on the 

major histocompatibility complex class I (MHC-I) molecules on the surface of the target cell. 

In humans, the MHC-I is termed human leukocyte antigen class I (HLA-I). Additionally, T cell 

function requires secondary signals for self or non-self-discrimination, which can either 

promote (co-stimulatory) or inhibit (co-inhibitory) T cell activation.19,20 Examples of co-

stimulatory receptors on T cells are CD28, ICOS, 4-1BB, and CD40, which bind to their 

respective ligands on antigen-presenting cells (APCs) and tumor cells.21–25 The most well-

studied co-inhibitory receptors on T cells are CTLA-4 (cytotoxic T lymphocyte antigen-4) and 

PD-1 (programmed cell death-1), which can block T-cell function by binding to their 

corresponding ligand on the target cell.21,26,27 Both so-called immune checkpoints are 

upregulated upon T cell activation and provide a negative feedback loop to prevent excessive 

immune responses and preserve self-tolerance.28 

As CD8 T cells become activated, they use different cytotoxic mechanisms to kill infected 

or cancerous cells.29,30 One mechanism to induce programmed cell death of the direct target cell 

is granule-dependent exocytosis. In doing so, activated CD8 T cells release the content of 

cytolytic granules, like perforins, granzymes, and granulysin, into the T cell-target cell interface 

(immunological synapse). Perforin polymerizes at the target cell’s membrane and forms 

transmembrane pores. The latter pave the way for granzymes and granulysin to enter the target 

cell and allow ionic influx causing osmotic stress that results in cell death.31,32 Additionally, 

granzymes induce apoptosis by caspase-dependent and -independent pathways.31,33,34 Another 

mechanism is the Fas/FasL-mediated apoptosis induction, whereby Fas ligands (FasL) on 
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activated T cell binds to the Fas receptor expressed on tumor cells. The initiation of receptor-

dependent apoptosis pathways requires recruitment of Fas-associated death domain (FADD) 

proteins, subsequent caspase-cascade activation, followed by cell death.35–37 The tumor cell-

destructive capacity of activated CD8 T cells implies also the production and release of pro-

inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and IFN-γ which activate 

several apoptosis pathways in tumor cells.35,38–43 The relevance of cytokines in tumor control 

was demonstrated in a thymoma mouse model, in which contact-dependent killing alone by 

cytotoxic T cells was insufficient for tumor regression.44 Notably, T cell-secreted cytokines are 

not restricted to only act on the target cell but also on bystander cells.45 A recent study imaged 

the long-distance spreading of IFN-γ throughout the tumor lesion modulating remote tumor 

cells, even in case of antigen-loss variants and at low frequencies of tumor-specific CD8 TILs.46 

4.1.2 Role of interferons in cancer control 

IFNs play a pivotal role in cancer control. Specifically, type I IFN (IFN-I, e.g., α, -β) and 

type II IFN (-γ) are principal mediators of anti-tumor immunity by facilitating crosstalk between 

tumor and immune cells. IFN-I are produced by both immune cells and infected cells and act 

autocrine and paracrine.47 As part of the defense mechanism against pathogens, IFN-I are 

produced and released by infected cells upon sensing danger signals, such as DAMPs or PAMPs 

(damage/pathogen-associated molecular patterns), by pattern recognition receptors (PRRs).48 

In contrast, IFN-γ is mainly secreted by activated T lymphocytes and NK cells.47,49 Binding of 

IFN-I to the IFN-α/-β receptor (IFNAR1/2) and IFN-γ to the IFN-γ receptor (IFNGR1/2) leads 

to the activation of distinct JAK (Janus kinase)-STAT (Signal transducer and activator of 

transcription) signaling pathways, which share specific components. Association of either 

JAK1/TYK2 or JAK1/2 to the receptor complex initiates tyrosine phosphorylation of STAT 

molecules, which are translocated to the nucleus as homo- or heterodimers driving expression 

of primary interferon-stimulated genes (ISGs). Many ISGs are transcription factors, such as 

interferon-regulatory factor 1 (IRF1), promoting secondary effector gene expression.49–53  

The effects of IFNs are pleiotropic as they act either directly on tumor cells or indirectly 

via effective anti-tumor immune responses. Accordingly, IFNs can affect tumor cell 

proliferation, differentiation, apoptosis, and immunogenicity.43,47 Particularly, the latter is 

increased due to the upregulation of HLA-I molecules on the cell surface via JAK-STAT 

signaling.43,54–57 Likewise, IFNs modulate the activity, migration, differentiation, and survival 

of immune cells.47,58 The contribution of treatment-induced IFN-I in tumor control has been 

studied in a melanoma mouse model showing delayed tumor outgrowth and prolonged survival, 
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which was even enhanced in the presence of a PD-1 inhibitor.59 Recent studies demonstrated 

the indispensability of type II IFN for T-cell-based immunotherapy, as expression data analysis 

of patient-derived melanoma biopsies revealed that IFN-γ-related gene expression signature 

predicts clinical response.60,61 Although IFNs are essential in cancer control, they exhibit 

immunomodulatory and pro-tumorigenic functions inducing an immunosuppressive 

microenvironment by, for instance, upregulation of PD-L1/2 and indoleamine 2,3-

dioxygenase 1 (IDO1), promoting tumor immune evasion.62,63  

4.1.3 HLA-I-restricted antigen presentation 

IFNs can enhance tumor immunogenicity and thus T cell-mediated tumor killing by 

upregulating genes involved in HLA-I antigen presentation.55–57 The antigen processing and 

presentation machinery (APM) coordinates a highly complex multistep process involving 

numerous interacting components (Figure 1). A key element is the proteasome, which 

enzymatically degrades cellular proteins into short fragments. The central proteolytic machine 

is the constitutive 26S proteasome consisting of a catalytic 20S core and two 19S regulatory 

caps. The 20S core possesses two pairs of outer α-rings and two pairs of β-rings with seven 

subunits each. Furthermore, the β-subunits β1, β2, and β5 have enzyme-like activities and 

represent the catalytic center. The 19S regulatory complex functions as a gatekeeper 

recognizing ubiquitinated proteins and facilitating their access to the active site of the 

proteasome. 64–67 Notably, exposure to IFNs induces the evolvement of an immunoproteasome, 

in which the catalytic β-subunits are replaced with the more efficient subunits LMP2 (PSMB9), 

MECL-1 and LMP7 (PSMB8), and the 19S regulatory complex with the proteasome-associated 

activator PA28. The accompanied elevated proteolytic functions promote increased efficacy of 

HLA-I antigen presentation on the cell surface.66,68–71  

As precursor peptide fragments exit the proteasome they are eventually further processed 

by cytosolic peptidases and subsequently transported into the endoplasmic reticulum (ER) via 

ATP-dependent transporters TAP1 and TAP2 (transporter associated with antigen 

processing).72 Here, they may be proteolytically processed by ER-resident aminopeptidases 

ERAP1 and ERAP2 to an optimal 8-10 amino acid length.73,74 In the ER lumen, newly-

synthesized HLA-I heavy chains are stabilized by the chaperons BiP (binding of 

immunoglobulin protein) and calnexin protecting the chains from degradation and facilitating 

their folding for the dimerization with the β2-microglobulin (β2m) light chain.75–77 The loading 

of processed peptides onto the HLA-I/β2m dimer requires a large protein assembly, known as 

the protein loading complex (PLC). It consists of the TAP1/2 dimers, the chaperons Tapasin 
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(TAPBP) and calreticulin, and the thiol oxidoreductase ERp57.77–80 As soon as the peptide is 

bound to the HLA-I molecule, the complex dissociates from the PLC and translocated via the 

Golgi apparatus to the cell surface for antigen presentation.81,82 

 

 

In the past 30 years, many HLA-I-restricted tumor antigens recognized by cytotoxic 

T cells have been described. According to their tumor specificity and molecular characteristics, 

they can be categorized into different groups. Several tumor antigens are shared between 

patients, different cancers, and tissues (shared antigens). One example is cancer-germline 

antigens, for instance, the Melanoma-associated antigen (MAGE) family and NY-ESO-1.83,84 

They are aberrantly expressed in tumor cells but not in normal tissues except for germline and 

trophoblastic cells, that lack HLA-I surface expression. Therefore cancer-germline antigens are 

highly tumor-specific and represent an attractive target for T cell-based immunotherapy.84,85 

Further shared antigens are differentiation antigens that are derived from proteins expressed in 

tumor cells and their corresponding healthy tissue. In melanoma, many melanocyte-lineage 

antigens participate in melanin production, such as tyrosinase, tyrosinase-related protein-1/2 

Figure 1: HLA-I antigen processing and presentation machinery. Created in BioRender.com. 
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(TRP1/2), glycoprotein 100 (gp100), and Melan-A/MART-1, of which all are recognized by 

CD8 T cells.86–88 In some melanoma patients, spontaneous T-cell responses towards 

differentiation antigens can cause vitiligo, a plaque-patterned depigmentation of healthy skin. 

Nevertheless, this adverse event is associated with a good prognosis.85,89 

The most highly tumor-specific antigens are neoantigens generated by tumor-specific 

non-synonymous mutations or chromosomal alterations. Due to their unique expression in 

malignant cells, neoantigen-specific CD8 T cells are unaffected by negative selection in the 

thymus (central tolerance) and enrich a tumor-specific T-cell repertoire. Certain cancer entities 

with high mutation rates, such as melanoma and lung carcinoma, are expected to be more 

immunogenic due to their enriched putative neoantigen load.90–93 

4.2 Cutaneous malignant melanoma 

Malignant melanoma is one of the most highly immunogenic tumors due to the high level 

of antigens potentially recognized by immune cells, as previously mentioned. The high 

mutational load of cutaneous melanoma is predominantly caused by ultraviolet (UV) light-

induced DNA damage.93–95 Under normal conditions, the pigment melanin produced by skin-

resident melanocytes serves as a protectant from UV light-induced DNA damages for 

melanocytes themselves and neighboring keratinocytes by scattering and absorbing UV 

radiation. However, sun exposure and subsequent sunburns, especially in early childhood and 

adolescence, result in irreversible genetic alterations contributing to melanomagenesis. Based 

on this, light-skinned and fair-haired individuals having low melanin content are more prone to 

develop melanoma. Additional genetic and environmental determinants of melanoma risk are 

personal or family predisposition, presence of melanocytic or dysplastic nevi, age, chronic 

immunosuppression, and socioeconomic and lifestyle factors.96–100 

According to the GLOBOCAN 2020 cancer estimate, melanoma is the 6th most common 

newly-diagnosed malignant disease across all ages and genders in Europe.101 The incidence of 

cutaneous melanoma steadily increased since the 1970s, reaching 324.635 cases (1.7 % of all 

new cancer cases) and accounting for 57.043 cancer deaths (0.6 % of all cancer deaths) in 2020, 

worldwide. Notably, the incidence and mortality rates differ strongly between countries due to 

geographic locations, ethnic origin, health education, and primary cancer prevention.99,102–104 

Among all types of skin cancer, melanoma is the most aggressive and lethal form due to its 

early metastatic spread. Different studies demonstrated that melanoma cells from primary 
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tumors disseminate very early in parallel to local and distant sites via lymphatic and vascular 

routes, respectively.96,105,106 

The cellular properties and invasive behavior of melanoma cells are well-founded in their 

origin and biology. They emerge from melanocytes in the skin, iris, or mucosa undergoing a 

stepwise malignant transformation. At baseline, melanocytes are low proliferative; however, 

they start to divide more frequently with increased genetic alterations.107 During the malignant 

transformation of melanocytes, certain genetic mutations lead to dysregulation of key cellular 

pathways resulting in unbalanced cell fate determination towards increased cell survival and 

reduced cell death. The different melanoma subtypes are classified according to the cumulative 

sun damage, which correlates with distinct oncogenic driver mutations.108 This thesis focuses 

on cutaneous malignant melanoma, in which the central and most prevalent mutated signaling 

pathway is the mitogen-activated protein kinase (MAPK) pathway. Mutations in the v-Raf 

murine sarcoma viral oncogene homolog B (BRAF) encoding for a serine/threonine kinase, or 

other MAPK pathway components are early oncogenic events promoting cell proliferation. 

Around 50 % of cutaneous melanomas harbor an activation mutation in BRAF, most commonly 

the V600E (valine to glutamate) mutation. The accompanying constitutive activation of the 

MAPK pathway leads to uncontrolled proliferation despite any extrinsic growth signal. Of note, 

benign nevi often possess an activating BRAF mutation only that does not result in unrestricted 

cell proliferation. Further less frequent mutations occur in the neuroblastoma RAS viral 

oncogene homolog (NRAS; around 25 %), and the negative RAS regulator NF1 (around 15 %). 

In general, cutaneous melanomas can be categorized based on their genetic makeup as BRAF, 

NRAS, NF1 mutant, or triple-wildtype (wt).99,109,110 

4.3 Cellular plasticity of melanoma 

The most critical step in melanoma progression is the transition of melanoma cells to 

become invasive. Besides irreversible genetic alterations, phenotypic changes in melanoma 

cells can provide metastatic potential and therapy resistance. In response to signals in the 

microenvironment, specific gene expression programs deeply anchored in their cell origin can 

drive the process of phenotype switching in a reversible fashion. Therefore, the invasive 

potential of melanoma arises from the intrinsic migratory nature of the melanocyte precursors 

melanoblasts. The property of cell motility is essential in melanocyte development when 

melanoblasts derived from pluripotent neural crest stem cells migrate dorsolaterally from the 

neural crest to the basal layer of the epidermis. At their final destination in the skin, they 
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undergo lineage-specific differentiation tightly governed by the microphthalmia-associated 

transcription factor (MITF), the master regulator of genes engaged in melanocytic 

differentiation.111–114 In melanoma cells, MITF controls a variety of cellular processes by 

regulating the expression of genes involved in, for instance, cell proliferation and survival 

(CDK2, CDK4, p27KIP1, BCL2), differentiation, and pigmentation (Melan-A/MART-1, gp100, 

tyrosinase), and invasion (Dia1, c-Met).115–121 

Besides the development of melanocytes, MITF activity defines the phenotype of 

melanoma cells. Based on the MITF level, two distinct transcriptional subtypes have been 

initially described, the MITFhigh and MITFlow phenotype. While higher expression levels of 

MITF characterize a proliferative and differentiated cell state, low MITF-expressing cells are 

more invasive, mesenchymal, and dedifferentiated.113,122 To explain the diverse roles of MITF 

activity in melanoma cell cycle and invasiveness, Carreira et al. proposed the rheostat model, 

which implies the high dynamic and reversibility of phenotype switching concerning MITF 

expression influenced by the tumor microenvironment.117,123,124 However, recent gene 

expression analyses revealed further MITF intermediate cell states refining the initial concept 

of the rheostat model by discrete gene regulatory networks that provide a highly complex and 

diverse landscape of melanoma cell states (Figure 2).122,125–128 Besides MITF, distinct 

phenotypes are assigned to the expression of other specific molecules, such as the receptor 

Figure 2: Distinct melanoma cell states. Classification according to the MITF activity level and 

simplified marker expression profile. Illustration adapted from Rambow et al.135 and created in 

BioRender.com. 
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tyrosine kinase (RTK) AXL and the neural-crest stem cell marker NGFR (CD271), which 

describe distinct invasive melanoma cell states.126,129,130 

The tumor microenvironment can direct melanoma cells towards certain cell states in 

response to stresses, including hypoxia, limited nutrient and amino acid supply, and 

inflammatory signaling.131–133 Importantly, melanoma cells profit from their extraordinary 

plasticity and undergo phenotype switching to adapt to inflammation and therapeutic 

interventions.134,135 The aspect of phenotype switching in the context of escape from therapeutic 

interventions will be explained in a later chapter (4.5). 

4.4 Current treatment options for melanoma and prospectives 

Therapeutic decisions highly depend on the melanoma subtype, the stage of the disease, 

and the patient's physical condition. In the case of localized or cutaneous metastatic tumors, 

surgical excision of the lesion is the primary treatment option. Early detection and complete 

surgical removal can be highly curable for primary melanomas, whereas 5-year overall survival 

rapidly declines for patients with regional or distant metastases.136 Therefore, patients with 

metastasized melanoma require other treatments to prevent disease recurrence and further 

metastatic spread.99,110 Ten years ago, the gold standard of care for the management of 

metastatic melanoma was chemotherapy with dacarbazine. However, it failed to have 

significant therapeutic benefit with only complete responses in about 5 % of patients due to the 

insensitivity of melanoma cells to the cytotoxic effects of chemotherapeutics.137,138 But 

prognosis and survival of patients with advanced melanoma dramatically improved with the 

implementation of new therapeutic strategies, based on small molecule inhibitors targeting 

oncogenic MAPK signaling and antibody-based immunotherapies. 

4.4.1 Targeted therapy 

The knowledge about the impact of molecular alterations in melanoma development led 

to the discovery of small-molecule inhibitors selectively targeting the mutated BRAF V600 

protein.139,140 Vemurafenib and dabrafenib were the first two BRAF V600 inhibitors receiving 

approval by the US Food and Drug Administration (FDA) and the European Medicine Agency 

(EMA) to treat patients with BRAF-mutated unresectable or metastatic melanoma in 2011 and 

2013, respectively.141,142 As first-line treatment, both BRAF inhibitors showed superior 

response rates, representing 48 % for vemurafenib and 50 % for dabrafenib compared to 

chemotherapy with dacarbazine (5-6 %).143,144 However, the duration of response to BRAF 
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inhibitor monotherapy was limited in most patients, who only benefited from a median 

progression-free survival of about five months.143,144 The rapid tumor progression was due to 

the development of acquired resistance to BRAF inhibition, for instance, by mutation-mediated 

MAPK pathway reactivation.145,146 To decrease MAPK-driven acquired resistance, BRAF 

inhibitor monotherapy was replaced by combinational treatment with BRAF inhibitor plus 

MEK inhibitor (vemurafenib+cobimetinib; dabrafenib+trametinib) acting on the mitogen-

activated protein kinase kinase (MEK) downstream of BRAF. Simultaneous administration of 

both inhibitors resulted in longer response durations, better response rates, and comparable rates 

of adverse events to monotherapy.146–148 

In 2018, the second-generation MAPK inhibitors were approved by the FDA.149 In 

contrast to first-generation inhibitors, the BRAF inhibitor encorafenib has distinct 

pharmacological modifications improving pharmacodynamics and thus efficacy and 

tolerability.150 In the COLUMBUS phase III clinical trial, encorafenib monotherapy and a 

combination of encorafenib with the MEK inhibitor binimetinib showed improved progression-

free survival compared to vemurafenib monotherapy for the treatment of BRAF-mutant 

advanced melanomas.151,152 Even though the discovery and advances of targeted therapies 

improved tremendously in the past ten years, acquired resistance to combinational therapy with 

BRAF and MEK inhibitors is still a major obstacle in the management of metastatic melanoma. 

Thus, other therapeutic approaches are needed to prolong patient outcomes. 

4.4.2 Systemic immunotherapies 

Immunotherapies were developed to boost the patient’s immune system to fight against 

cancer cells and achieve robust anti-tumor responses with long-lasting immunity.153 In the 

1990s, two immunotherapy approaches using high-dose IFN-α and interleukin-2 (IL-2) were 

developed for adjuvant treatment of resected high-risk melanoma.154,155 These early 

immunotherapies were non-specific exhibiting pleiotropic effects accompanied by severe 

toxicities when used in high doses.153,156 Nevertheless, the clinical application of cytokines set 

a milestone in cancer therapy, paving the way for the intense development of new 

immunotherapeutic strategies in the last decades. 

A revolutionary breakthrough in the systemic treatment of advanced melanoma was the 

discovery of immune checkpoint blockade (ICB), e.g., antibodies targeting the co-inhibitory 

receptors CTLA-4 and PD-1 on T cells that impair T-cell activation. Both receptors modify 

distinct spatiotemporal events during immune responses. CTLA-4 restricts the co-stimulation 
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of naïve T cells during the priming phase in the lymph nodes, whereas PD-1 prevents T-cell 

activation in the effector phase, predominantly in peripheral tissue.157 Tumor cells exploit these 

peripheral tolerance mechanisms to evade the immune system by, for instance, PD-L1 

expression on their cell surface. Blocking the inhibitory receptor-ligand interaction releases 

T cells from the inhibitory break, which results in elevated T-cell activation and tumor-cell 

killing.28 In the last ten years, four monoclonal antibodies either targeting CTLA-4 

(ipilimumab), PD-1 (nivolumab, pembrolizumab), or PD-L1 (atezolizumab) were approved by 

the FDA for the treatment of melanoma.158 In the CheckMate 067 phase III clinical trial 

(NCT01844505), the combination of nivolumab with ipilimumab demonstrated superior 

clinical efficacy compared to each monotherapy as a first-line treatment for metastatic 

melanoma.159,160 Within the 5-year follow-up, the median overall survival of patients, who 

received combined nivolumab and ipilimumab, was still unreached, accounting for a survival 

rate of 52 %, followed by 44 % for nivolumab alone and 26 % for ipilimumab alone. In general, 

the overall and progression-free survival and the objective response rates were higher in the 

groups receiving either combinational treatment or nivolumab alone than in the ipilimumab 

group.161 Besides the remarkable clinical success, 59 % of patients treated with the combination 

suffered from high-grade immune-related adverse events, which were much less frequent in the 

nivolumab and ipilimumab monotherapy groups accounting for 23 % and 28 %, respectively.161 

Around 40 % of patients with advanced melanoma, who received combinational therapy, 

needed to discontinue the treatment because of high-grade adverse events. Nevertheless, a 

retrospective analysis of phase II and III clinical trials revealed beneficial effects of 

combination treatment even after discontinuation. The efficacy outcome was similar to patients 

who did not discontinue.162  

Despite the improved therapeutic landscape of advanced melanoma targeting PD-1 and 

CTLA-4, primary and acquired resistance to immune checkpoint blocking inhibitors limit 

patient outcomes.163 For this reason, further immune checkpoints have been recently identified, 

which seem promising targets for cancer therapy. Lately in March 2022, relatlimab, an immune 

checkpoint blocking antibody against LAG-3 (Lymphocyte activation gene-3), in combination 

with nivolumab received FDA approval for the treatment of patients with unresectable or 

metastatic melanoma.164 Further potential ICBs, such as TIM-3 (T cell immunoglobulin and 

mucin-domain containing-3), and TIGIT (T cell immunoglobulin and ITIM domain) are under 

investigation in combination with anti-PD-1 antibodies for the treatment of melanoma and other 

solid tumors (NCT03743766, NCT04139902, NCT02913313).165 Nowadays, the 

immunotherapeutic standard of care for patients with metastatic melanoma is either PD-1 
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inhibitor monotherapy or a combination of nivolumab and ipilimumab.99 To improve patient 

outcomes, there is growing interest in the intratumoral application of immune-stimulatory 

agents to boost anti-tumor immune responses, also combination with immune checkpoint 

blocking antibodies.  

4.4.3 RIG-I agonists in intratumoral immunotherapy 

The goal of intralesional administration of immune-stimulatory agents is to enhance a 

local tumor-specific immune response and to generate systemic and durable clinical responses. 

This strategy is based on the local delivery of highly concentrated agents into the tumor lesions, 

thereby diminishing toxicities associated with systemic delivery and facilitating the use of 

multiple synergistic combinations.166 In the last several years, immune-stimulatory agents for 

intratumoral administration gained great attention resulting in various therapeutic interventions 

with different modes of action, such as oncolytic and non-oncolytic viruses, engineered immune 

cells, pattern recognition receptor agonists, and immune-stimulatory mRNAs.167 Several 

immune-stimulatory agents have successfully entered clinical trials, demonstrating 

encouraging results in combination with immune checkpoint blocking antibodies. This chapter 

will focus on agonists targeting the innate immune receptor RIG-I, which are under intense 

investigation for the treatment of metastatic melanoma. 

RIG-I-like receptors (RLRs) belong to a group of intracellular pattern recognition 

receptors (PRRs), key players in innate immune activation. They are the first line of defense 

against pathogens by sensing cytosolic viral or endogenous double-stranded RNAs (dsRNAs). 

To date, three members of intracellular RLRs are known: RIG-I (retinoid acid-inducible gene I), 

MDA5 (melanoma differentiation-associated factor 5), and LGP2 (laboratory of genetics and 

physiology 2).168,169 They are ubiquitously expressed but at low basal levels. Their expression 

can be strongly enhanced upon viral infection or exposure to IFN-I.168,170 RIG-I and MDA5 

share structural and functional similarities. Both receptors possess two N-terminal caspase 

activation and recruitment domains (CARD), followed by DExD/H box RNA helicase 

containing an ATPase domain and a C-terminal regulatory domain, which is essential for RNA 

binding and autoregulation.169 Nevertheless, RIG-I specifically recognizes short dsRNA 

fragments possessing a 5’triphosphate end (3pRNA) that enables non-self discrimination. The 

triphosphate residue is required for RIG-I activation to its full potential. Therefore, synthetic 

3pRNA serves as a valuable immune-stimulatory agent.171 



INTRODUCTION 

 

| 18 

Upon binding of its ligand, RIG-I multimerizes and interacts with the mitochondrial 

antiviral signaling protein MAVS (also known as IPS-1/VISA/Cardif) via the CARD domains 

(Figure 3). This interaction subsequently results in MAVS oligomerization and the formation 

of a signalosome that requires the recruitment of tumor necrosis factor receptor-associated 

factor (TRAF) proteins. The recruited proteins trigger two distinct signaling pathways: On the 

one hand, phosphorylation of the transcription factors IRF-3 and IRF-7 induce expression of 

type I and  III IFNs, and on the other hand, phosphorylation of the transcription factor NFκB to 

activate the gene transcription of pro-inflammatory cytokines.168,169 In tumor cells, RIG-I 

activation can be achieved upon transfection with synthetic 3pRNA which triggers various 

effects, such as production and release of IFN-I and other pro-inflammatory cytokines and 

induction of tumor cell apoptosis.172–174 Importantly, IFN-I drive a feed-forward loop by 

autocrine and paracrine binding to IFNARs, leading to JAK-STAT signaling activation in the 

target and neighboring cells. This feed-forward loop amplifies pro-inflammatory cytokine 

production and the induction of proteins involved in antiviral activity, such as antigen 

presentation, RLR signaling, IRFs, and immune cell recruitment.168,175,176  

Different studies showed striking effects of RIG-I activation on the tumor 

microenvironment. Upon RIG-I activation, cancer cell-released chemokines and IFN-I enrich 

immune-cell infiltration into the tumor lesion and enhance dendritic cell-mediated cross-

presentation of tumor antigens to CD8 T cells, respectively.173,174,177,178 Furthermore, uptake of 

RIG-I agonists by immune cells can lead to their activation, as shown for NK cells and dendritic 

cells.179,180 These promising effects gave rise to combinational pre-clinical studies with immune 

checkpoint inhibitors. In mice, therapeutic targeting of RIG-I combined with anti-CTLA-4 

inhibitors led to the control of locally 3pRNA-injected melanomas and distant, non-injected 

lesions.178 Currently, RIG-I agonists are tested for the anti-tumor effects also in clinical settings. 

In a first-in-human phase I/II clinical trial (NCT03065023), the RIG-I activator MK-4621 

(RGT100) was evaluated as safe and tolerable, showing antitumor activity in patients with 

advanced or recurrent tumors.181,182 In keeping with this, intralesional application of MK-4621 

is currently tested in combination with systemic PD-1 inhibition in a phase I clinical trial 

(NCT03739138) to assess therapeutic effects, safety, tolerability, and drug 

pharmacokinetics.182,183 Another RNA-based agonist CV8102, targeting Toll-like receptor 

(TLR-) 7/-8 and RIG-I, demonstrated synergistic effects in combination with anti-PD-1 

antibodies in mice reasoning the translation into a clinical trial (NCT03291002). This phase I 

study evaluates the efficacy, safety, and tolerability of CV8102 as monotherapy or in 

combination with PD-1 inhibition, including patients with melanoma and cutaneous squamous 
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cell carcinoma.182,184–186 Detailed results of the studies mentioned above on both RIG-I 

stimulators are still awaited.  

4.5 Tumor cell-intrinsic resistance to therapies 

The field of melanoma therapy improved to a broad landscape of treatment options for 

patients with advanced or inoperable lesions. However, durable response rates to any approved 

therapy are still limited due to primary (intrinsic) and secondary (acquired) resistance. An 

important contributor to therapy resistance is the intratumoral heterogeneity of melanoma, 

which mainly emerges from genetic and phenotypic modifications during tumor progression. 

The high intratumoral diversity of cell subpopulations with distinct properties can confer 

tolerance towards therapeutic agents by selecting cell clones with survival advantages and 

elimination of others.127,187 It is still unclear whether the selective pressure caused by drug 

treatment or inflammatory processes gives rise to tolerant tumor cells from pre-existing 

Figure 3: RIG-I signaling pathway. Adapted from “Innate Immune Antagonism by SARS CoV”, 

by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates. 

https://app.biorender.com/biorender-templates
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resistant subclones, via newly-acquired mutations. Also, phenotypic adaptation has to be 

considered.188 In the last decade, various resistance mechanisms to both targeted therapies and 

immunotherapies have been discovered. Nevertheless, it is an urgent need to extend the 

knowledge of how melanoma cells can escape from therapeutic intervention to improve long-

term patient outcomes. 

4.5.1 Escape mechanisms from targeted therapy 

Elucidating molecular mechanisms leading to MAPKi resistance has been of tremendous 

interest. Early acquired resistance is a major obstacle to the efficacy of targeted therapy and 

limits long-term benefits. BRAFi-mutated melanoma cells mainly circumvent MAPKi effects 

by reactivation of the MAPK pathway and sustained ERK activation implying a solid 

dependency on this signaling pathway.189 Genetic mechanisms conferring BRAFi and MEKi 

resistance are BRAF V600E amplifications, gain-of-function mutations in NRAS and MEK1/2, 

and loss of NF1.189–194 Non-genetic bypass of BRAF inhibition includes aberrant BRAF V600E 

splice variants, expression of CRAF, and elevated levels of the kinase COT that activates ERK 

signaling by MEK-dependent mechanisms.195–197 Additionally, cell proliferation, and survival 

can be maintained by alternative pathway activation, such as the PI3K-AKT-mTOR pathway, 

frequently activated in drug-resistant cells. Dysregulation of the PI3K pathway by loss of its 

negative regulator PTEN contributes to cell survival by suppressing pro-apoptotic BIM in 

BRAFi-resistant melanoma cells.198 Overexpression of RTKs, such as AXL, epithelial growth 

factor receptor (EGFR), platelet-derived growth factor receptor beta (PDGFRβ), and insulin 

growth factor-1 receptor (IGF-1R) can lead to reactivation of the MAPK and the PI3K pathways 

conferring to MAPKi resistance.192,199,200 Furthermore, Miller and colleagues demonstrated that 

proteolytic shedding of RTKs, predominantly AXL and MET, from the cell surface is impaired 

under MAPKi treatment in melanoma mouse models. Consequently, reduced proteolytic 

shedding of surface receptors protects the cells from negative feedback loops on signaling 

network activity and augments bypass signaling that adds to other pathways of resistance. 

Melanoma patients treated with combined BRAFi+MEKi that rapidly progressed showed 

decreased levels of shedded circulating RTKs in the blood serum.201 

Within the last several years, epigenetic mechanisms received growing appreciation as 

drivers of adaptive plasticity facilitating melanoma phenotypic drug evasion. The 

accompanying cell state transition impacts on cell cycle progression, differentiation, and 

metabolic rewiring.202 A comparative large-scale transcriptomic and methylomic study of 

melanoma patient biopsies prior to MAPKi therapy and during disease progression revealed 
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high recurrence and frequency of transcriptomic and epigenetic alterations that contribute to 

intra-patient and intratumoral heterogeneity.203 Moreover, Konieczkowski and colleagues 

described distinct transcriptional profiles in BRAFi/MEKi-sensitive and -resistant BRAF-

mutant melanoma biopsies. Accordingly, drug-sensitive tumors exhibited high levels of MITF, 

whereas drug-resistant possessed low MITF but high NFκB and AXL expression.199 The 

MITFlow/AXLhigh phenotype has been described as a predictor of early resistance to MAPKi.129 

With the implementation of single-cell approaches, multiple drug-tolerant states were 

discovered to coexist in melanoma. Rambow and colleagues demonstrated the high complexity 

and dynamic of phenotypic heterogeneity in melanoma patient-derived xenograft mouse 

models upon BRAFi/MEKi treatment.127 Different cell states with distinct MITF-

transcriptional activities were identified, which can be therapy-induced and mediate drug 

tolerance (see Figure 2).127,135 Beyond the classical proliferative MITFhigh and invasive MITFlow 

phenotype, these additional intermediate cell states possess discrete gene regulatory networks 

that may co-emerge within the same lesion.127,128,135 Several studies demonstrated the adaptive 

trajectories of melanoma cells under BRAFi treatment. Upon short-term BRAFi exposure, an 

initial upregulation of MITF towards a more hyperdifferentiated cell state was observed, 

following a transition into a dedifferentiated, slow-proliferative and neural crest stem cell-like 

(NGFRhigh) phenotype.204–207 Moreover, in both drug-tolerant melanoma cells and BRAFi-

resistant melanoma patient biopsies, high expression of NGFR was associated with drug 

resistance and disease progression, respectively.127,205 Notably, prolonged exposure to MAPKi 

can convert a transient-transcriptional, drug-tolerant cell state into a stably resistant state by 

epigenetic reprogramming.206 The emergence of phenotypic resistance mechanisms to therapies 

demands for new therapeutic avenues to counteract adaptive cell state transition and therapy 

resistance. 

4.5.2 Escape mechanisms from immunotherapy 

The key purpose of cancer immunotherapy is to support and elevate tumor cell 

elimination by the host’s immune system. As in a previous chapter described, the immune 

system exerts selective pressure that can lead to immunoediting by shaping tumor cell 

immunogenicity and promoting tumor escape from immune control. Several tumor cell-

intrinsic mechanisms that enable melanoma cells to evade T cell-mediated surveillance have 

been described. The absence of HLA-I antigen presentation caused by mutational loss or 

silencing of HLA-I APM components protects tumor cells from recognition by cytotoxic 

T cells. Multiple lines of evidence demonstrated that mutations in the B2M gene result in loss 
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of HLA-I surface expression in melanoma.208–211 Clinical relevance of B2M loss in resistance 

to immunotherapy was outlined by a study by Sade-Feldman et al., who found loss of 

heterozygosity of B2M in almost 30 % of non-responding melanoma patients under anti-

CTLA-4 and anti-PD-1 blocking therapy.212 Alternatively, resistance to T cells can be achieved 

by genetic alterations affecting HLA-I genes.210,213 Besides these irreversible genetic defects in 

HLA-I that are unrestorable by IFN signaling, HLA-I expression is often downregulated by 

epigenetic silencing of HLA genes or APM components.214,215 Transcriptional HLA-I 

downregulation can occur via promotor-associated DNA hypermethylation and histone 

hypoacetylation of APM genes. Inhibiting involved epigenetic modifiers can restore HLA-I 

surface expression and resensitize tumor cells to cytotoxic T cells in different cancer entities, 

including melanoma.214,216–218 Importantly, pharmacological inactivation of the histone 

methyltransferase EZH2 could reverse the HLA-I downregulation and synergize with anti-

CTLA-4 blocking therapy in a melanoma mouse model.217 

Another way to evade immune cell recognition is the absence of tumor antigens, resulting 

from phenotype switching induced by T cell-derived pro-inflammatory cytokines. Adoptive 

T cell transfer (ACT) studies in mice and one clinical case report showed that T cell-derived 

TNF-α induces a reversible loss of differentiation antigens, causing resistance to differentiation 

antigen-specific cytotoxic T cells in melanoma. Hence, inflammation-induced dedifferentiation 

by TNF-α is associated with resistance to ACT therapy.133,219 Strikingly, inflammatory 

signaling by IFN-γ and TNF-α during immunotherapy can induce melanoma 

dedifferentiation.125,133,220 However, gene expression analysis of on-therapy biopsies from 

melanoma patients receiving anti-PD-1 therapy revealed an association of an IFN-γ-driven 

dedifferentiation signature with initial therapy response.220 NGFR, another key player in 

phenotype switching, is upregulated upon pro-inflammatory signaling and desensitizes 

melanoma cells to the cytotoxic effects of T cell-derived cytokines.59,220,221 Different studies 

demonstrated that the dedifferentiated NGFRhigh melanoma phenotype confers cross-resistance 

to both targeted and immunotherapy.203,204,221,222 

Defects in the IFN-γ pathway play a critical role in resistance to T cell-mediated anti-

tumor immunity and thus to immune checkpoint inhibitors. Genetic defects in the IFN-γ 

signaling pathway facilitate resistance to ICB therapy. Loss-of-function mutations in 

JAK1/JAK2 impair IFN signaling and impede IFN-γ-induced PD-L1 upregulation on 

melanoma cells. Consequently, the lack of reactive PD-L1 on the tumor cells drives resistance 

to anti-PD-1 therapy.223 Furthermore, melanoma cells with JAK1/2 deficiency are insensitive 

to the anti-tumor activity of IFN-γ, giving rise to T cell-resistant metastatic lesions.43  
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Several studies outlined the impact of primary and acquired mutations in IFN-γ signaling 

components in clinical ICB resistance.211,223,224 Consistently, unbiased genetic screens revealed 

the indispensability of intact IFN-γ signaling for the effectiveness of immunotherapy.225,226 The 

clinical relevance of this pathway was underpinned by Ayers and colleagues, who identified 

IFN-γ-related gene signatures as potential biomarkers for ICB responses in melanoma 

patients.61 Nevertheless, further uncovering of resistance mechanisms to immunotherapy is 

needed to find strategies to overcome therapy resistance and prolong clinical responses of 

melanoma patients. 
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5 Objectives 

The landscape of melanoma therapy changed tremendously over the last two decades by 

implementing MAPK small molecule inhibitors and immune checkpoint blocking antibodies 

and increased therapeutic options for patients diagnosed with advanced melanoma. However, 

intrinsic and acquired therapy resistance still limits durable outcomes for the majority of 

patients. The overarching objectives of this thesis were to deeper understand the non-genomic 

resistance mechanisms of melanoma cells towards targeted therapy and immunotherapy, with 

a specific focus on mechanisms establishing insensitivity to tumor-reactive cytotoxic CD8 

T cells. These mechanisms include the invisibility of tumor cells to T cells by silenced HLA-I 

molecules and phenotype switching in response to therapeutic interventions. Knowledge of 

these mechanisms can be exploited to optimize or develop novel treatment protocols that might 

delay or overcome therapy resistance. To achieve this goal, different melanoma patient models 

consisting of tumor tissue, corresponding cell lines, and autologous T cells from tissue or 

peripheral blood were used to investigate the following: 

1) Discovering therapeutic strategies to overcome T-cell resistance, also in IFN-

insensitive melanoma, 

2) Assessing the dynamic transition of melanoma phenotypic cell states under 

prolonged MAPK pathway inhibition and their effects on CD8 TILs, and  

3) Elucidating RIG-I-mediated melanoma cell state switching and its impact on 

CD8 T-cell stimulation. 
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6.1 Article I 
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7 Discussion 

7.1 Genetic and non-genetic resistance mechanisms in melanoma 

A major obstacle in treating melanoma is disease progression due to acquired resistance. 

Under selective pressure, a reservoir of drug-tolerant or early resistant cells can persist and 

undergo an adaptation process that shapes their immunogenicity.13 The genetic and non-genetic 

intratumoral heterogeneity favors the selection of cell clones with survival advantages. In this 

thesis, different resistance mechanisms in melanoma were elucidated that led to insensitivity to 

CD8 T cells. 

In the first presented study, we analyzed cell lines established from longitudinal 

metastases of melanoma patient Ma-Mel-61, an illustrating immunoediting in stage IV 

disease.227 Tumor cells from late metastasis Ma-Mel-61g acquired IFN resistance under 

IFN-α2b immunotherapy by JAK1 inactivation. JAK1 deficiency evolved by an allelic loss and 

a subsequent inactivation mutation in the second allele. Interestingly, IFN resistance due to the 

same mechanism was observed for the following metastasis Ma-Mel-61h, clearly indicating the 

survival advantage of IFN insensitive melanoma cells in this patient.43,227 Recently, genetic loss 

of function of JAK1/2 in melanoma has also been shown to drive resistance to different T cell-

based immunotherapies.43,211,223,226 An concomitant advantage of defective IFN signaling for 

tumor cells is the loss of IFN-induced HLA-I expression, enabling melanoma cells to maintain 

an HLA-I-low or even HLA-I-negative phenotype in an IFN-γ-rich microenvironment.43 We 

and others have intensively studied the strong interdependency of intact IFN signaling and 

antigen presentation.43,227–229 Neither HLA-I nor the intercellular adhesion molecule ICAM-1 

could be upregulated in cells lacking distinct IFN pathway components.227 Of note, reduced 

expression of ICAM-1 has been shown to diminish the tumor-T cell interaction and thus T-cell 

recognition.226,230 

Loss of HLA-I surface expression is another vital escape mechanism to T cell-based 

immunotherapies and was found in melanoma cells from metastasis Ma-Mel-61h, displaying 

the JAK1 inactivation.43,227 In this case, the HLA-I-negative phenotype resulted from a 

coordinated downregulation of distinct components of the HLA-I antigen processing and 

presentation machinery (APM).227 The reversibility of the HLA-I APM gene silencing was 

proven by JAK1 reconstitution in these cells, leading to de novo HLA-I restoration upon IFN-γ 

treatment.227 Former studies discovered HLA-I-negative tumor-cell variants generated by 

coordinated downregulation of APM components under immune-selective pressure of 
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T cells.231,232 In summary, patient model Ma-Mel-61 represents the paradigm of T cell-based 

immunoediting. Additionally, it exemplifies intra-patient heterogeneity, hence the diverse 

genetic and phenotypic makeup among different metastases from the same patient. The 

continuous evolution of metastases within individual patients was recently outlined by gene-

expression profiling and targeted deep sequencing of treatment-naive melanoma metastases, 

which pointed out the phenotypic and genetic divergency of different tumor lesions within the 

same patient.233 

The highly plastic nature of melanoma cells enables them to phenotypically adapt to 

cellular stresses in response to drug exposure and inflammatory signaling. Phenotypic plasticity 

and subsequent dedifferentiation have been described as hallmarks of cancer progression in 

melanoma.234 Especially melanoma dedifferentiation has repeatedly been observed in 

melanoma patient biopsies and is associated with resistance to targeted therapy and 

immunotherapies.203,219,222 Recently, Rambow and colleagues revised the rheostat model of 

different melanoma cell states, according to MITF activity levels and distinct cell-state specific 

marker expression that can promote tumor progression.135 The articles II (Harbers et al., JID, 

2021) and III (Thier et al., JITC, 2022) presented in this thesis investigated phenotype switching 

in melanoma cells that persisted MAPKi and RIG-I agonist treatment. Both treatments reduced 

cell viability and induced cell death; however, some melanoma cells survived and remained in 

a non-proliferative cell state.235,236 As described in Harbers et al., continuous treatment of four 

different melanoma cell lines with either single BRAFi or combined BRAFi/MEKi induced a 

drug-tolerant cell state until resistance was established.235 During this transition phase, all 

treated cells exhibited a hyperdifferentiated phenotype until day 7 or 14 of treatment. Several 

studies have shown that MITF-mediated survival signaling promotes early drug tolerance in the 

initial MAPKi response phase leading to a MITFhigh hyperdifferentiated cell state.127,129,204,237 

In two of four tested melanoma models, prolonged MAPKi exposure led to a stabilization of a 

hyperdifferentiated BRAFi-resistant cell state, while the combined BRAFi/MEKi treatment 

induced a dedifferentiated NGFRhigh resistance phenotype.235 Recently, single-cell RNA-

sequencing of MAPKi-treated melanomas uncovered diverse differentiation trajectories that 

melanomas can follow to acquire drug resistance. The trajectory towards a dedifferentiated and 

neural-crest stem cell-like cell state is strongly driven by retinoid X receptor γ (RXRγ).127 

Underpinning these observations, our findings demonstrate that tumor cells from the same bulk 

population can dynamically transit along distinct differentiation trajectories, eventually 

acquiring discordant resistance cell states in a treatment-dependent manner. Furthermore, the 
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cellular heterogeneity of the bulk cell population may promote therapy-mediated phenotype 

selection. 

Melanoma phenotype switching can also be induced by inflammatory stimuli. Cytokine-

induced melanoma dedifferentiation has been deeply studied for TNF-α.133,219,238 In the third 

presented study (Thier et al., JITC, 2022), we elucidate melanoma phenotype switching upon 

activation of the innate immune receptor RIG-I.236 Activation of RIG-I by its ligand 3pRNA 

results in a robust immune response, including the production and secretion of pro-

inflammatory cytokines, such as IFN-β, IL-1β, IL-6, and TNF-α, and chemokines, such as 

CCL5 and CXCL10.173,174,176,227 We discovered a transient cell state switch towards a non-

proliferative and dedifferentiated melanoma cell phenotype upon RIG-I activation.236 

Interestingly, the duration of treatment seems to be critical in the process of dedifferentiation, 

as we and others did not detect changes in the differentiation status after 24 hours of short-term 

3pRNA-treatment.236,239 Furthermore, we found evidence for the engagement of the JAK-STAT 

signaling pathway in RIG-I-mediated dedifferentiation by pathway analysis of transcriptomic 

data and partial blockade of 3pRNA-induced dedifferentiation by the JAK1/2 inhibitor 

ruxolitinib.236 Ohanna and colleagues have found evidence of an impact of JAK-STAT 

signaling in melanoma dedifferentiation. They showed that the secretome of senescent 

melanoma cells induces STAT3 activation and increases a MITFlow cell subpopulation 

harboring stemness-like features.240 Still, the specific mechanism of how RIG-I induces this 

cell state remains unknown. Therefore, it needs to be investigated whether phenotype switching 

is induced directly by RIG-I-driven gene expression or indirectly by cytokines from 3pRNA-

treated cells. Supporting the latter, our observations of RIG-I-mediated dedifferentiation 

resemble in several aspects cytokine-induced dedifferentiation by TNF-α and IFN-γ. For 

instance, both TNF-α and IFN-γ altered melanoma cell phenotype by decreasing melanocytic 

and increasing neural crest markers.133,219,220 Two independent studies described inflammation-

induced dedifferentiation by TNF-α in the context of T cell-derived inflammatory signaling to 

be reversible when the immune stimulation is removed.133,219 Similarly, as the RIG-I and 

IFN signaling declines, dedifferentiated 3pRNA-persisters escaped from the quiescent 

dedifferentiated cell state by regaining their proliferative capacity and switching towards a more 

differentiated phenotype. These findings indicate a transient cell state switch upon RIG-I 

activation.236 Although we found similarities of 3pRNA-induced phenotypic dedifferentiation 

to IFN-γ and TNF-α, it is still unclear whether the RIG-I-mediated cell state switch follows 

identical mechanistic tracts. Kim et al. reported by chromatin landscape analysis that IFN-γ and 
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TNF-α have divergent effects on epigenomic reprogramming, despite their similar phenotypic 

dedifferentiation.220  

The three presented studies of this thesis (Such et al., JCI, 2020; Harbers et al., JID, 2021; 

Thier et al., JITC, 2022) demonstrated that melanoma cells escaped from the selective pressures 

of either the immune system or therapeutic interventions via genetic alterations or phenotypic 

plasticity. Thus, there is an urgent need to unravel persister-directed strategies to overcome 

therapy resistance. 

7.2 Therapy-mediated sculpting of melanoma cell immunogenicity 

The immunogenicity of melanoma cells, which comprises a cell's capacity to initiate anti-

tumor immune responses, can be shaped by different stimuli. Major events contributing to 

enhanced immunogenicity are the expression of antigens and their presentation towards 

immune cells.241 Therefore, adequate levels of tumor-specific antigens presented on HLA-I 

molecules on the cell surface of melanoma cells are required to elicit activation of cytotoxic 

CD8 T cells. In the studies presented here (Such et al., JCI, 2020; Harbers et al., JID, 2021; 

Thier et al., JITC, 2022), we observed shaping of melanoma cell immunogenicity by distinct 

molecular events upon treatment with 3pRNA or MAPKi. 

We found loss of immunogenicity in Ma-Mel-61h cells due to HLA-I APM 

downregulation establishing an HLA-I-negative melanoma cell phenotype, which was 

reversible upon targeted RIG-I activation.227 In general, HLA-I downregulation can result from 

epigenetic silencing, transcriptional or post-transcriptional/translational modifications of the 

HLA-I genes or genes involved in the processing of antigens into peptides, transport of peptides 

and their loading on HLA-I molecules.242 Recently, different histone modifiers have been 

shown to epigenetically downregulate HLA-I APM gene transcription in melanoma and Merkel 

cell carcinoma.214,217 Inhibition of these modifiers could restore HLA-I antigen presentation in 

epigenetically silenced HLA-I-negative tumor cells.214,217 In our studies, we detected enhanced 

antigen presentation in several 3pRNA-treated patient-derived melanoma cell lines, which 

increased over time.227,236 Interestingly, RIG-I signaling led to de novo HLA-I expression in 

Ma-Mel-61h cells. The HLA-I reexpression was IFN-independent and restored the CD8 T-cell 

sensitivity of Ma-Mel-61h cells. The fundamental mechanism of RIG-I-mediated upregulation 

of HLA-I molecules and APM components involves IRF1 and IRF3 via an IFN-independent 

salvage pathway, as silencing of IRF1 and IRF3 diminished RIG-I-mediated antigen 

presentation. Importantly, all tested melanoma cell lines induced IRF1 upon 3pRNA 
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transfection, regardless of their IFN sensitivity.227 IRF1 is known to bind to regulatory elements 

of APM component genes. Together with NFκB p65, it has been shown to restore HLA-I-

restricted tumor antigen processing and presentation in neuroblastoma cells, supporting our 

observations upon RIG-I activation.243,244 Recently, it was demonstrated that induction of 

immunoproteasome subunits in melanoma cells could result in a distinct HLA-I-bound tumor-

antigen repertoire with a more robust T-cell stimulatory capacity.245 Here, we found evidence 

for the constitution of immunoproteasomes upon RIG-I activation, which might further improve 

HLA-I antigen presentation by multiplying and selectively generating immune-relevant 

peptides.227,246 In fact, we observed enhanced T-cell activation by short-term 3pRNA-treated 

melanoma cells, and anti-HLA-I blocking antibodies completely impeded T-cell activation.227 

Overall, these results imply that targeted activation of RIG-I can overcome T-cell resistance, as 

it restored HLA-I antigen processing and presentation in an IFN-independent manner.227 

In the second paper of this thesis (Harbers et al., JID, 2021), we demonstrated that 

melanoma cell immunogenicity upon MAPK pathway inhibition was strongly modulated over 

time. In general, MAPK signaling is a potent suppressor of HLA-I expression. Bradley et al. 

uncovered that BRAF-mutant melanomas exhibit downregulated HLA-I expression resulting 

from rapid and constitutive internalization and subsequent sequestration of HLA-I molecules 

from the cell surface. Inhibition of the MAPK pathway counteracts this process, thus, 

recovering HLA-I surface expression and augmenting melanoma recognition by CD8 T cells.247 

This is in line with our observation that short-term BRAFi single or combined BRAFi/MEKi 

treatment upregulated HLA-I surface expression.204,235 Furthermore, a recent RNA sequencing 

analysis of short-term MAPKi-treated tumor cells revealed an inflammatory reprogramming, 

comprising genes involved in antigen presentation.248 Moreover, short-term inhibitor treatment 

altered the melanoma cell phenotype towards a hyperdifferentiated cell state with increased 

differentiation antigen expression. Therefore, short-term treated melanoma cells exhibit 

enhanced immunogenicity by upregulated HLA-I expression and high levels of differentiation 

antigens that led to improved CD8 T-cell responses.235 However, the duration of MAPK 

inhibition seems to be highly critical as prolonged treatment reverts the initial tumor-

immunogenicity-increasing effects and established resistance to CD8 T cells and T-cell-based 

immunotherapies.204,235,249,250 We and others observed that prolonged MAPKi treatment 

reduces HLA-I expression in drug-resistant tumors and melanoma cell lines.203,235,251 

Furthermore, continued MAPK inhibition induced a dedifferentiated phenotype of 

BRAFi/MEKi-resistant melanoma cell lines, indicating that targeted therapy impacts the 

antigen repertoire.235 An association of a dedifferentiated melanoma cell phenotype with 
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resistance to targeted therapies has repeatedly been observed by us and others.125,126,129,203,204,235 

Moreover, our group showed that the presentation of tumor antigens others than differentiation 

antigens can be altered upon MAPK inhibition, including shared and neoantigens.204 We 

observed a link between the dynamic in melanoma cell differentiation under prolonged MAPK 

inhibition and their capability to stimulate CD8 T-cell responses. The dedifferentiation of 

MAPKi-resistant melanoma cells was associated with a decrease in their T cell-stimulatory 

capacity.235 Previously, it has been shown that differentiation antigens play a critical role in the 

immunogenicity of melanoma, as HLA-A-restricted CD8 TILs from 123 patient-derived 

cultures recognized predominantly melanocytic-lineage antigens.252 This underpins our 

observation that loss of differentiation antigens in drug-treated melanoma cells diminished 

T-cell activation.235 Nevertheless, we could exclude the contribution of HLA-I and PD-L1 

levels on drug-resistant melanoma cells to the differences in their T-cell stimulatory capacity 

due to similar expression patterns among BRAFi- and BRAFi/MEKi-resistant melanoma cell 

lines.235 

In summary, both targeted RIG-I activation and MAPK inhibitors could powerfully shape 

melanoma cell immunogenicity by altering the expression of HLA-I molecules and tumor 

antigens. These results deepen the knowledge of the tight connection between therapy-induced 

melanoma phenotypes and their CD8 T cell-stimulatory capacity paving the way for novel 

therapeutic strategies to counteract the evolution of T-cell resistance. 

7.3 RIG-I agonists: potent immunity booster in melanoma treatment 

Targeting the innate immunoreceptor RIG-I emerged as a promising approach to 

orchestrate adaptive immunity by activating innate immune responses. The dual effects of 

RIG-I activation on tumor cells and the tumor microenvironment have been intensively 

investigated in the last decade. Besides the previously mentioned inflammatory responses, 

RIG-I signaling induced mitochondrial apoptosis in cancer cells.172–174,253,254 Our study (Thier 

et al., JITC, 2022) demonstrated the induction of apoptosis upon 3pRNA transfection in some 

melanoma cells, supporting the tumoricidal activity of RIG-I signaling.236 According to our 

data on IFN-independent HLA-I upregulation, the pro-apoptotic signaling mediated by RIG-I 

activation also occurs in a type I IFN-independent manner, suggesting that RIG-I signaling 

could direct IFN-resistant melanoma cells towards cell death.172 Furthermore, RIG-I-induced 

apoptotic tumor cells contribute to adaptive immune responses, as dendritic cells in the tumor 

microenvironment engulf them and cross-present tumor antigens to CD8 T cells.173 The tumor 
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itself turns into a vaccine since apoptotic tumor cells release their entire antigenic repertoire. A 

polyclonal anti-tumor response is elicited, directed towards a broad repertoire of tumor antigens 

derived from heterogeneous tumor cells.166 In glioblastoma 3pRNA was able to counteract 

cellular heterogeneity. Primary glioblastoma populations responded to RIG-I activation by 

inducing apoptosis and anti-tumor activity, regardless of their diverse phenotypes.254 Similar 

effects are achieved by the intralesional application of the FDA-approved oncolytic virus 

talimogene laherparepvec (T-VEC), a genetically modified herpes simplex virus-1 (HSV-1) 

expressing human granulocyte-macrophage colony-stimulating factor (GM-CSF). Unlike 

RIG-I agonists, T-VEC selectively replicates in and destroys tumor cells but likewise targets 

cellular heterogeneity by releasing tumor antigens that set off local innate and systemic adaptive 

immune responses.255,256 As previously mentioned, RIG-I activation in melanoma cells elicits 

de novo pro-inflammatory stimuli orchestrating adaptive immunity. We and others detected 

elevated release of chemokines, such as CCL5 and CXCL10, by different cancer cell lines upon 

3pRNA application.173,174,227,239,254 Importantly, our study (Such et al., JCI, 2020) underlined 

the IFN-independency of chemokine expression upon RIG-I activation in JAK-deficient 

melanoma cells. Furthermore, in a chicken chorioallantoic membrane (CAM) model we 

demonstrated that 3pRNA-induced chemokine secretion by melanoma cells enhanced their 

T-cell chemoattractive capacity.227 According to our experimental findings, we reported a 

positive correlation of increased levels of CD8 T-cell infiltrates in patients with RIG-Ihigh 

expression in two different patient cohorts.236 Our results indicate the capability of targeting the 

receptor RIG-I to foster immune-cell infiltration into the tumor lesion and, thus, potentially 

converting immune-cold into immune-hot tumors. Data from a phase Ib clinical trial combining 

T-VEC and anti-PD-1 blocking antibody indicated enhanced immune-cell infiltration into 

injected lesions with low CD8 baseline levels and partially into non-injected tumors.257 The 

abscopal effects of RIG-I-induced immunity on regression of distant metastases were only 

observed in the context of immune cell-mediated anti-tumor activity.178 Importantly, Torrejon 

et al. demonstrated that targeting the innate TLR9 counteracted locally injected and non-

injected IFN-resistant melanomas and improved host survival. In line with our data (Such et al., 

JCI, 2020), JAK-deficient melanomas showed increased immune-cell infiltration upon innate 

immune receptor stimulation in vivo.258 

In addition to the experimental data on RIG-I activation, we and others also highlighted 

the critical role of tumor cell-intrinsic RIG-I expression in therapeutic efficacy and melanoma 

patient outcome.178,227,259 High expression of RIG-I (DDX58) in human melanomas correlates 

with improved patient outcome, also in response to ICB therapy.178,227 Experimental in vivo 
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data support these findings as tumor control and host survival were impeded in RIG-I-deficient 

B16 melanoma-bearing mice.259 Moreover, tumor-cell intrinsic RIG-I expression was reported 

to be indispensable for the efficacy of chemo- and radiation therapy.259,260 Both treatments 

induced genotoxic stress in cancer cells resulting in endogenous RNA leakage into the 

cytoplasm, thus activating RIG-I.260 

Taken together, both presented RIG-I studies (Such et al., JCI, 2020; Thier et al., JITC, 

2022) strongly support the immune-stimulatory capacity of targeting this innate immune 

receptor that orchestrates innate and adaptive immunity and strongly underpins the 

implementation of RIG-I agonists in melanoma therapy. 

7.4 Dedifferentiation: A marker for T-cell and therapy resistance in melanoma? 

The emergence of a dedifferentiated phenotypic cell state is frequently associated with 

resistance to CD8 T cells and targeted therapy.133,204,235,250,261 Dedifferentiated melanoma cells 

are characterized by downregulation of melanocytic-lineage markers. Distinct dedifferentiated 

cell states can be distinguished showing expression of either AXL or NGFR and have been 

associated with invasiveness and resistance to MAPK inhibitors.129,130,199,206 Specifically, 

NGFR was described to be a key effector in melanoma phenotype switching.130 Furthermore, 

Boshuizen and colleagues demonstrated that pre-existing NGFRhigh cell populations confer 

resistance to the cytotoxic effector mechanisms of CD8 T cells.221 Accordingly, dedifferentiated 

MAPKi-resistant melanoma cells with loss of differentiation antigen showed concomitant 

increased NGFR expression and reduced T cell-stimulatory capacity.204,235 Similarly, these 

inversely correlated expression patterns of Melan-A/MART-1 and NGFR have been reported 

to arise in response to T cell-derived inflammatory stimuli.133,219,220,238 Subsequently, we 

observed dedifferentiation upon RIG-I stimulation with 3pRNA in different melanoma cell 

lines, which occurred in a JAK-dependent manner.236 However, in contrast to dedifferentiated 

drug-resistant cells, we found RIG-I-mediated dedifferentiated melanoma cells being still 

efficiently recognized by CD8 TILs.236 The differences in recognition of dedifferentiated 

melanoma cells by CD8 T cells could be due to the duration and frequency of the different 

treatments and the activation of distinct signaling pathways involved in the MAPKi- or RIG-I-

mediated phenotypic switch. In fact, RIG-I activation strongly induced JAK-STAT signaling 

and concomitant HLA-I APM upregulation that is associated with a strong enhancement in 

melanoma cell immunogenicity.227,235,236 However, our study cannot exclude that for melanoma 

patients with high frequencies of differentiation antigen-specific CD8 T cells a RIG-I-induced 
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dedifferentiated melanoma cell phenotype might negatively affect T-cell sensitivity and 

function. Landsberg and colleagues exemplified that melanoma dedifferentiation can confer 

T-cell resistance in a genetically engineered mouse model, in which therapy was exclusively 

directed towards differentiation tumor antigens.133 

The therapeutic context driving melanoma phenotype switching is intensively 

investigated and pointed out decisive differences in treatment-induced melanoma 

dedifferentiation. Recently, melanoma biopsies from ICB-responding patients showed 

decreased levels of melanocytic markers, suggesting that in this context dedifferentiation could 

be an indicator of initial responses to immunotherapy.220 In accordance, we demonstrated that 

a dedifferentiated melanoma cell phenotype is not necessarily associated with T-cell 

resistance.236 In sum, our results challenge the prevalent association between melanoma 

dedifferentiation and therapy resistance and suggest that the impact of therapy-induced 

phenotypic plasticity on immunotherapy efficacy depends on the type of therapy and the 

duration of treatment. 

7.5 Exploiting combinational treatment to overcome therapy resistance 

A significant obstacle in melanoma treatment is acquired therapy resistance after initial 

response resulting in disease progression. Combination therapies can target different melanoma 

subpopulations potentially delaying or even preventing resistance development and prolonging 

patient survival. In the treatment management of patients with advanced BRAF-mutant 

melanomas, two pillars exist. Targeted therapy and immune checkpoint blockade can be applied 

in combination, either as first- or subsequent-line treatment or concomitant administration.262 

So far, no guideline for the sequential administration is fully validated to date. Several studies 

by us and others uncovered the drug-induced shaping of melanoma immunogenicity bearing 

the urgent need to refine treatment protocols to achieve the most clinical 

benefit.203,204,222,235,247,263 The majority of patients treated with BRAFi monotherapy rapidly 

progress, while the combination of BRAFi and MEKi has been shown to improve patient 

survival by delaying therapy resistance.147,264 Although single BRAFi- and double-drug 

BRAFi/MEKi-resistant melanoma cells acquire resistance due to MAPK pathway 

reactivation,265 we found only BRAFi/MEKi-resistant melanoma cell lines being drug-addicted. 

Thus, drug-addicted cells were resensitized to the combinational treatment after a drug holiday, 

providing a rationale for intermittent therapy.235,266 However, recent results from a randomized 

phase II clinical trial comparing continuous or intermittent dosing of dual MAPK pathway 
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inhibitors showed that the promising drug-withdrawal effects, potentially avoiding tumor cell 

adaptation, were absent in melanoma patients receiving intermittent drug dosing.267 Besides 

reduced tumor-cell immunogenicity as shown by us and others,204,235,251 drug-resistant 

melanomas possess an altered immune landscape, including T-cell exclusion and exhaustion, 

as well as the absence of functional antigen-presenting dendritic cells, which can confer cross-

resistance to immunotherapy.203,250 Finally, MAPKi treatment should be considered short-term 

before drug resistance is established. Moreover, short-term MAPKi treatment transiently 

increases melanoma cell immunogenicity,204,235 potentially favoring ICB therapy efficacy. 

Clinical trials of triple-combined anti-PD-1 inhibitors and BRAFi plus MEKi gave evidence of 

durable anti-tumor responses suggesting that triple treatment reduces primary ICB and acquired 

MAPKi resistance.268–270 Evaluating different sequences of both single and combined ICB and 

MAPKi application, a recent in vivo pre-clinical study proposed a sequential regimen of brief 

ICB lead-in before additional MAPKi co-treatment. Furthermore, this strategy has been shown 

to suppress melanoma brain metastases that significantly limit patient survival.271 Nevertheless, 

clinical trials are needed to validate these beneficial effects in human beings. Recently, 

transcriptomic analyses of oncogene-driven tumors, including BRAF-mutant melanoma, 

uncovered a MAPK/IRF-1 inflammatory response upon kinase inhibitor treatment, which 

sensitizes xenografted tumors to tumoricidal effects of RIG-I agonists in humanized mouse 

models.248 The synergistic effects of combined short-term MAPKi and RIG-I agonist treatment 

should be considered for further investigations. 

Clinical application of immune checkpoint blocking antibodies, such as anti-PD-1 

monotherapy or combinational treatment with CTLA-4 inhibitors, are today’s standard of care 

in melanoma therapy. Response to ICB therapy is dependent on a T cell-inflamed tumor 

microenvironment. Therefore, treating patients with poorly immune-infiltrated melanoma 

emerges as a major clinical challenge, which PRR agonists could overcome. We and others 

demonstrated the chemoattractive effects of targeting PRR to recruit immune cells to the tumor 

site.59,178,227,258 Accordingly and in line with the previously discussed immune-stimulatory 

potential, lead-in RIG-I agonist treatment of low immune-inflamed melanomas could provide 

an optimal immune contexture for following anti-PD-1 co-treatment. Essentially, in our study, 

we could show the synergistic effects on T-cell activation of combinational treatment of the 

RIG-I agonist 3pRNA with anti-PD-1 or anti-TIGIT blocking antibodies in melanoma.227 But 

even in T cell-inflamed melanomas primary and acquired ICB resistance limits therapeutic 

efficacy to only a minority of patients. Our group and others showed that primary and acquired 

resistance to anti-PD-1 therapy is often accompanied by genetic or non-genetic defects in 
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components involved in IFN-γ signaling or antigen presentation.43,211,223,224 In the first 

presented study (Such et al., JCI, 2020), we could demonstrate that targeting RIG-I can, on the 

one hand, restore silenced HLA-I expression and, on the other, overcome genetic IFN 

resistance.227 These findings were simultaneously validated by Kalbasi et al. in pre-clinical 

melanoma models. The PRR agonist BO-112 resensitized anti-PD-1 resistant JAK-deficient 

melanomas towards adoptive T-cell transfer therapy.228 Furthermore, the synergistic effects that 

we observed on T-cell activity by 3pRNA and ICB were enlarged on tumor control in JAK-

deficient mice that received combinational treatment of a TLR9 agonist and anti-PD-1 blocking 

antibodies.258 

8 Perspective 

In cancer therapy, the responsiveness of a patient towards a selected treatment is largely 

uncertain. Currently, molecular profiling of oncogenic driver mutations in patient biopsies 

assists in therapeutic decision-making, for instance, in stratifying melanoma patients according 

to their BRAF status for targeted therapy. Nevertheless, genomic and phenotypic heterogeneity 

are highly dynamic. As previously outlined for patient Ma-Mel-61, lesional and cellular 

heterogeneity evolves under selective pressure. Melanoma cells acquired genetic defects in the 

IFN signaling pathway and silenced antigen presentation over time, as the alterations were 

absent in early lesions.43,227 These observations imply the need for longitudinal monitoring of 

melanoma patients before and on treatment to guide further treatment decisions. To detect 

therapy resistance before patients relapse, precision medicine approaches using integrative 

analysis of multi-omic data could be expedient. With this intention, liquid biopsy from blood 

or cerebrospinal fluid can provide non- or minimal-invasive sequential analysis of circulating 

tumor cells (CTC), cell-free tumor DNA (ctDNA), or tumor-derived extracellular vesicles. 

Advantageously, this approach can be used for early tumor detection, therapy response 

prediction, and patient follow-up.272 Since melanoma immunogenicity is dynamically 

influenced by therapeutic intervention as presented in this thesis,227,235,236 profiling of the 

genomic and phenotypic diversity of CTCs might reveal an ideal time point for ICB application 

when melanoma cells are highly immunogenic.  

Based on the results of this thesis, the application of a RIG-I agonist is a promising 

therapeutic tool to induce tumor cell death, enhance melanoma immunogenicity and recruit 

immune cells to lesions with an immune-desert phenotype. The high inflammatory response of 

melanoma upon innate immune receptor stimulation makes the tumor highly receptive to 
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following ICB treatment. Accordingly, we found synergistic effects of combined RIG-I 

agonists and immune checkpoint inhibitor treatment on CD8 T-cell responses. A major 

challenge in melanoma management is refractory tumors that acquired therapy resistance. Even 

in these cases, administration of PRR agonists could serve as a promising therapeutic option to 

resensitize tumors from ICB-non-responders as we demonstrated the potential of RIG-I 

activation by 3pRNA to overcome T-cell resistance in melanoma. 

In conclusion, the results obtained within this thesis support combinational treatment for 

melanoma therapy. However, further investigations are needed to optimize treatment protocols 

to counteract therapy resistance and reinforce patient benefit. 
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